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ABSTRACT

In the present study, numerical predictions of infrared spectrum of rocket plume with considering
effect of particles based on approximation theories were performed by using a line-by-line radiation
model with radiation databases. The high-resolution radiation databases were used to predict thermal
emission spectra of gas molecules within the rocket plume regime. The particles were modeled as soot
particles by using 1st term approximation of Mie theory and Rayleigh approximation. The reliability of
modeled effect of soot particles using the two approximation theories was verified, and the spectral
radiance of rocket plume was predicted based on the verification. The results were improved in the
short wavelength range by considering the effect of soot particles.
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c : speed of light olggt &4 % YA &R HHE =E3=
B : lower state energy Aol Fagk FAAE Eoh
I, : spectral radiance Rothman 52 thgt Ax 9 Exo] st
k : Boltzmann constant or absorptive index B3 AaE X33 54} tlolEH o], High-
K : Voigt function resolution TRANsmission(HITRAN) d]o]EfH]©]
l : optical path length 25 AAEIRLen, olE wEog ALZ Y
m : complex index of refraction s FaA e 2 adgdE 3 53t
Q : partition function Hlgh-TEMPerature =~ molecular  spectroscopic
@, : absorption efficiency factor database(HITEMP2010)E A A13tH EAL d] o]
Q,,, : extinction efficiency factor wlo]2e] 7]ES A H3ATH1-3].
Q. : scattering efficiency factor Tashkun 52 ©]2tatgtio] E3ld 1A=
S, : spectral line intensity A} dle]E# o] 2=, Carbon Dioxide Spectrosco-
T : size parameter pic Databank(CDSD-4000)E& A AlstF o™ o]&
B, : spectral extinction coefficient o] g3t 11 Z7oA HU} FFHE Hogd E
€, : spectral emissivity AL d& 23S AASFATH4]. Jansons T &
n : wavenumber Al dlolgWo]2~E  ©]&3t  line-by-line(LBL)
ol : half width at half maximum Bdo] A#E ALlsta olE AF Are} Hlu
Koy : spectral absorption coefficient 3RO H[5], Ozawa 5= HAF HolEu o] 7]
& : normalized line profile function Hko] LBL 71 FE(soot) YAFe] F&o]
7, : spectral transmissivity H vEE A 2dS A THe).
27 2% A F, g2 Aol vda dA
o] S Ao Brp A3 HAL oS0
.M B bk, 53 nAldgeY] Ae olHd AFS
s Astdde7]. 2A &% A T v
A e AA A5 d&E T Hldste Aol vlda dake] A7 AL g 3
ZAolY FEFV AL Ax YHEZRE “(wavelength)oll HI3te] F£3] vk 7H4S
2e dEAE HEEn olE EEA T B2 g ATHS]. o] AF HdL: A= FE YRR
o] A9l Md(infrared) ¥ Gl HFTHH, dxd & do g dFAsdd d FE
Aawrgel AaE YhHe ALPPE] FF PAfell HZE ZAPA Q] EAF o]&F50] A5
R A we} AJolgt BAF dUAE W stoH, ol T UFo] A o3 FAH
mepA ol EZHEH WEHE dEAE HIPA Aol ZA3FAT9,10].
A e FARLE T A 5Hog o B dAFelMe EAF HelEHolAE 28T
42 F Ao 53], €A A B3 Ve LBL 24§ ol&dte] Fo da AHES 5
< A= Aoy 2V ARALFSY Fo 7], olAtstgt s, dAtsEAEA ] dE £ H
TS B95ty] Wio] A% Foko g 4 olHE =ZEstern, ofE Hdl HAle s
o] IZFHI A = dle]gulo] 2=l HITEMP20103% CDSD-4000
FEAL] e BEE BARSHAHAS 4 = &8s o8 HEo 2A ZF ol &
gozx A& F Utk BARESLAHAS Y Aste dAE FE dAE mdy o
g

st7]1 HsiAe A 2 4R FFAF u(Mie) ©]29 138 <A 2 2 Y (Rayleigh)
(absorption coefficient)S BlE3le] o3t 3 ZAE A L3 FE Yo FstE EALS T
A

d] o] ¥] (spectroscopic data)7} Z83}th. oA 231 1] o231 H|wIYT} o= uHlglow =
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21 EA} dofefujo]2 gl mellg)
A& ®EEel o3 2

Fo3 ExY 2HEH o5
AL dlolEHl o] 28 &&3 LBL & Z]
9tk HITEMP2010 ©] o] €] V\E—,—H %
2 i FFAFE EE8 e, okt
slekao] disiAE CDSD-4000 © o] e o] =5
o] &3tAT. 99 EA} dolEuo]2de Hole
A=A zte], 2o w& A Al7I(line strength),
1 ¥ (line broadening) &3 ol T3 £F
FE 23l ith

%%Hﬂ
H

AUA Aol @ sz B FrAs
k(n—n)) e Th&3 o] xdHE
r(n=mny) =8,(T)n,P(n—mn,) (1)

Eq. 1914 5,(7)= ol9A ﬂom oy 3}
Fob IR A A7, n,E AEEAY
FHE, 283 d(p—n)) e A 41?“ e o

B 4F Suheln o, pE AF S0
ol F4 H5E gWEw 4" ol

(pressure-shift)oﬂ e BAo] wmelso] th
BA} glolHuo] Ao e w4 W] s,

NE'E 1,,;,=29 K 3 71E4™ p,,=1atm
X A /‘1]7] S(T,,,)& AFstH o]ZHH
54 &= 2 g™ A Al7VI= Eq 29 2
o] kAT
5,(7) =

(7 ) QA Ty) A )
SI/ Tmf Q(T) e—E;/kT,“f l_e—hm/kTH,

o gk %HHiv’F(partltlon functlon)O]‘I] Fischer
ol AL MBS o] &3 ATH13].
Eq. 1914 A& Z718s d(n—n,)E 71

RN FE AT AF FrtEaHAS] =24
= ¥ (Lorentz broadening)°] +% O]—rE} =l
Huy 27 &5 A9 #Zo] i

=Z % (Doppler) &I st
(Doppler broadening)®] < 3Fo] F7Fstoi[14]. =
A 2= 9 =52 3o £ adRE A
et XIE 4 FH(Voigt line shape)E

gom I FelE Eq. 3% 2t}
1 In2
@(n—no>—7D - — Kl(z,y) 3)

o, Klzy)e TIAE FFE Az 2 =
=9 HPZY A= —Erﬁ(convolution)fféli}] 2 %3
=™ Humlicek =29 o]lgdle] ALY
tH15]. y= H&%k HJ (Half Width at Half
Maximum, HWHM)S. 2 A% F7te] 548
Bty 2dx 2 =28 5o gig ukg uk
%2 77 Eq. 6, 79 2tk

Tre nry
Vo= ( Tf ) (’YQM (p_ps) +’yawps) (6)

o T T
Yp = | 2kIn2-- =3.5906 % 10 [ (7)

=9 Aes, 10, % v, = A Ty
2 pE ™ W7 %%?Jr 2}7} ZTE o3 A
ZZ7F a7t dist Aol EAL dlo]EH o]
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2o M AFsths golth. mI M A7 449 e Aole o Fe] mar w2 d7AEe]
Ay 2AFS on g A9 Adel £ BEA d7E Ao

AZE Z7te] ggom M kel FHol dojut fapell o7t ERAL ads AFEY g ¥
A e, ole F4 po MEWS el xgw ¥ WH Ak Al 27, A A, e
A Ao |55 dow AT At Al YA Aol we ekt dAke] A A

Hoz 7t BAe FEFASFE Eq 8% 2ol
hA=E1=n

~

K, = Z Ky @

4 (homogeneous)stil 5 -(isothermal)Z 71
%l 7k=F(gas layer)oll thate] uh poll Ao &
=i}

F-& (transmissivity) 7, B AHE (emissivity) e

= Eq. 9, 105} o] Yehdrh

—K,l
T =e )
e, =1—-7,=1—¢ " (10)

olwf, | % Zo|(optical path length)E <
vlst, wl AW o] 2FH(scattering)S] @ a2 HiA|
gtk oe BExbe]l E3HE (mixture)S T3]
o BaAle ggez HEFS £ Ut wg
A EE] Fae 3 AR S ¥ Eq 11
I 2

m=1 o (11)

g poll A BALF = (spectral radiance)= W
AbET E8a g9 Fo2 R¥EEY, Eq 12
3 2o

2hen?

O T e

22 & YAe) I
QA SIF BAbS 3P

o

dgstA 2ddy

o

2718 duiske setelE oo Uael A
IAEE B4 Z8E(complex index of refraction)

m o3 2

ne FAAF(refractive index), kT F
(absorptive index)E UEFHTE B AT A
AAZE A"y T3] 27 Wil Aol A=
SHAH o Z Jojdrhar 7 HATH8E].

JAe g TR/ b FE A= @3t
FAA AR ‘{i‘?}%oﬂf‘i HL@O]“— v Adx
B AJAE 9ujsit). F 5% (fuel-rich) =
Ao A B3, A %% _“.j:;q]oﬂ/\{ 1 EHE
HEHQ GAteltt. drtygoz FE YAe A
717} &8 A7) & z7F 12Y wg Ao
3 3 4 do(z < 1). TienT} Leew FE
Ao} B8 Ado] s FRA & JIFES
A 12 7oA BA ZHEC
250 g MAET} HS5S AEstdvie].
ol EAge JAE

FE 9429 FFe IdAZS AE ZEe 7A
(sphere)2 7Fg8l3lomn, o]&e] Ao Fdad
At HELS FARAES B FS3H9-12]

221 0| o|22| 1& ZA}

PApe] JEFs et BEAF @SS AMe
& wf m o]&o] de AHEET. W] oS 74
st AlFELS 2 71E]-M A (Riccati-Bessel) 34~
2RE 78 & o 11]. a2y v olgel 3



28 =P - Yy - Y - HREFE S FEZf3| R
83 AFsES d8sA 7] dsiMe & (number density)E °|F]3tH FE A} A7)
F AL tEol Faas FuE E%°H°]= O]' 3 (distribution)dl] g AR E EFstar Yt

22, Ao wet F=3 AL Ado]l a-E
T AT B2 A7AEY AY ATl da =
E gAs 2ol Ao aslel dael dant
o olgel 19 2AE Agaw Ate BEA
o] BAHT CEel, © olge] YUy A

W w 9% o) FIEE Ze Aoew &
HA ATH12].

vl A4 AlS(Mie scattering coefficient)®] 1

& A, 0T FA Q7 AFAEE UE
e 4 38 AR (scattering efficiency factor)
Qe 2 FF &8 <A (extinction efficiency

factor) Q& THe3} ol BejHT),

e W)y () —ma, (y) ¢, (2)
T Y P A TS M
mw{(y)wl (ZC) _1/11 (y)dfl (JZ’) (16)

6 2 2
QsmtzyRe(|al| +|bl| ) (17)
6

ng = ?Re ((11 +bl) (18)
Eq. 1518914 y=ma Bl diste]

P, G2 7HE-HA oy WA 8l A
(Hankel) 379t #AIATDHS]. FE YAt 93k

Y A=E Yeile &4 528 AA Qab%gjr
A%k, 2200 FBAS 55 Bee) E
19213 #o] Holet)
Qa,bs = Q@mt - Qsmf (19)
KU = 7-‘FG‘Q‘]\'/YTQabs (20)
/817 = WO’QNTQemt (21)

Eq. 20, 21914 N, & FE

222 Hdz| ZAt

FE Qs gol W e =719 9AE
aHE o, v o9 13 Aol = L
2AE 483 ¢ Aok AU A BE #
AL v ol2e Ywaf] 209 AL AT
—o_‘i)ﬁ Oé.% Z': QJ‘OD:]’ Qsmt 7_< Qe.’rtoﬂ EH?} ';j“‘
de theol Eq 22, 3% 2tk
8| m’—1 ? 4
Qsmt - g‘m €z (22)
Q ——Mn(M ¢~ Q 23)
ext m2+2 ~ Wabs

FE Aol 3 Az < 1) wet Eq. 22
o] oA ' K zo|EE Eq. 239 Q=

abs

AR, It ik FuE A8 4 3
2g onlan dyE +E U4 FrAS
ke Thed 2ol sdET
2_
K, :—[m(m2 Ulers (24)
m
Eq. 23, 24914 In& EAigo sgn
(imaginary part)g& 9v|stth. f < AR}

P
ZE

A 2 E-&(volume fraction)2 <v|3tt}. Eq. 242

FH, g4 A 488 5 9)\‘{—, Z &3]

2 ARy AS FFATFE §

SHA o SAAT YA e
ZA At

Eq 20, 24014 =

lo

2 AoAE A e BA

tl o] B v o] 2~
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Fig. 1 Comparison of simulated transmissivity with
measurement[17] at p=1 atm, 7=1000 K, I
=20 cm for 100% H,O in the 2.7 pum(top)

and 6.3 pm (bottom) band.
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Fig. 2 Comparison of simulated transmissivity with
measurement [18] at p=1 atm, 7=1550 K
1=50 cm for 100% CO, in the 2.7 pm (top)

and 4.3 um (bottom) band.
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Fig. 3 Comparison of simulated spectral emissivity
with measurement [19] at p=2 atm, 7=1500
K, =20 cm for 100% CO in the
1900-4500 em ! range.
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dFol Ao 7| g 1 JFo] 17 3

Mie 1" T ]
=4 gtk FF71e disiAEs HITEMP2010 I Rayleigh )
golEHo] =g olgstloen olitsteiol o

A E CDSD-4000< o] &34t 134 LOS
(Line-of-Sight) *#H& o]&3ld 11712 Holl o
St 33 B Al (spectral radiance) <Z0]

o to to o2

Aol A AFL the
UEbgth o= o -‘:r 7}X1 B—"J°ﬂ 94?'?} Ao
2 wadn. AA, 2=0E (scatter)7} ASHA Y
Ehbs 2 EY goelA d AlgsHdigitizing)
o g Fxea, =4, 4FFH A5 FA
of og AAl Aol W WAHA &S
Z2 stellA, 2 S dg2 udste AdE
Aol

o) Az RE B Aol AMEE HAL dlo]
Huo]z B BAl mdlo] AdE st

32 2AF Rdlo] mE FE Y] 54
FE 4o #F3H 549 Wsts A 2dd
uet #FsRen O ARE W o9 et
H] 23T
Fig. 5= 7] v&vE oo & F3 3 4
a5A4E Yetd Aotk B4 2HELS »
=20, k=108 nAsFFoH 0<zr <19 W
2 aHEYT. gAY A7 FHE] Ze W9
o thaix= Al 74A] mde] Aol Zpo]zt (it
SIA M FE YAE VAT £ e HYE H
oJu= 2> 03FHE ddy ZA=
o o]&9] 13 ZAbo o3 AFe} thi zjol}
€ A%E fFdsith v o2 18 FAE ©
o9 Autet A9 Aol7} Qv AAF =&
Aok gAdu AR AE =27), o7 AR
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Fig. 5 Comparison of calculated extinction efficiency

factor(top)  and  scattering  efficiency

factor(bottom) depending on models in the
range of size parameter, 0-1.
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Fig. 7 Calculated spectral radiance of Mie 1st term
approximation and Mie theory in the 2-10
pm range, compared with  experimental
measurement(7].
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