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Abstract

A boundary layer integral combined with a 1-D isentropic core flow model has been successfully used to determine heat transfer
rate on the surface of a supersonic nozzle. However its accuracy is affected by the core flow condition which is used as a boundary
condition for the integral calculation. Because flow behavior near a nozzle throat deviates from 1-D isentropic condition due to 2-D
flow turning and interaction between core flow and boundary layer, accuracy of heat transfer calculation decreases at a nozzle throat.
Therefore, CFD 1is adopted to deduce improved core flow condition and increase accuracy of boundary layer integral at nozzle throat
in this research. Euler model and SST k-0 model is solved by CFD code and used as a boundary condition for boundary layer
integral. Developed code is tested in the supersonic nozzle from the previous research and improvement in accuracy is observed,
especially at nozzle throat and diverging section of the nozzle. Error between experimental result and calculation result reduced by
16% when a calculation is made based on the SST k- model. Method developed in this research is expected to be used in thermal

design of the rocket nozzle.
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Fig. 1 Coordinate system of nozzle core flow and

boundary layer in this research
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Fig. 2 Geometry of supersonic nozzle used in this
research

Fig. 3 Computational grid for CFD to deduce
boundary layer edge values

50 EEMMTREESE =2% H30H M15(2017.2)

o

ofje

A 94-‘?—%%91 s HoH Fig. SJJr

"
ox

ied

:?g‘;

tlo o i
oS

o o oZi
w
S
S
X
5 a
S
0 =
N
+
>
°¥°
i
32

H &2
e R

:GH AH AAEFE
CFD Z3s A5 2 —Er*?i 1
e ARE ddsHA wxs

zﬂ]x}d /\]-8.5} 1= ko), aHA_,OHL ANSYS Fluent

AH&H3A = e HEm FEe S8l

h=13
o
V.

n

>—‘ rlo

<]

density-based solver7} AMEE AT TS FAS e
ANSYS Fluent®] User Defined Function 7]1%< ©]-&3to
3= A

2

e ® @
o
TS

N

)

b

Ly
jins
-
R
2
iV

[o
it

T
—r
2
—d
N
(o,
o
rk
pash

o B MmN M w
ol (e
N FiF ;t{o\.
IR i
i) B N
2
5 ol
ot
9,
=
£ 2
offl
o,
%
)
i
!
=
o
ol
ESZ
JE
o

2 @0 v oY K z@ to
< 4,
§ r
&2
e

o ¥
=
i
~.
o,
o -
—{El:
o,

et 5= 2 E“éj SST k-o 29| 735 T°ro
272k s Xo] ThestnR g HeA Akt A8t
A3 velin. ede] 293t SST k

Aol e 2% WO SST ko2 B&F 4] =5 % ]
A& oz v Ut

Fig. b =29 WHgdoz Jdas

o] npslrE vERH Zlojtt wA 1219 3 2
wZo] HAN R wlelrE EEIRE wE HofA9 D}s}frﬂ
1o] H= AL ¢ 5 dvk. 28y 244 595 1@ 7
=29 §8 =F H(effective throat)e BHA] &

Ao Qe wF & AAelA] TG o] Z sl i =
o w2 Bo|Ale] malrt 1R
% 2 Aol7} *%415471

4o e P A 3
CFDAN ZA% 474l we %%%

7l 314331 W]t Fig. 5ol Ve vlalee)
BARE 0|21 vl Aol Q18 AAS Al



Throat
1.0 A Exp. by Back
——1-D isentropic
Euler CFD

08 | ——SST CFD
=)
o
=
0
o 06
=
o
e
2
2 041
o
o

0.2

| | | I | |
o5 005 0025 o oos o005 |
0.0 1 L I L
-0.075 -0.050 -0.025 0.000 0.025 0.050

X coordinate (m)

Fig. 4 Comparison of pressure distribution along the
nozzle wall between experiment of Back et al.(1964)
and current calculation

Throat

25
——1-D isentropic
Euler CFD
——SST CFD

20

o

Mach number
P
T

0.5

0.0 1 1 1
-0.075 -0.050 -0.025 0.000 0.025 0.050
X coordinate (m)

Fig. 5 Computed Mach number distribution along the
nozzle

o
BAE Are

4
o%l‘l
o
iin]

5 2 Z=Z% energy thickness
o BE sMolA 6,5 mEo] £ wet faste]
5 R2ollx] Havt HJt o] st oA S
© %S VR ok 12y 2] o R-fg s A gl
upet ghe] ztol7h UEhk o o] oA zhel 7} 7
A Yehgth ol =& 4FTEE FES 7RI o
olZ Qlal §%9 221 I} =F YFREIAE dHAYEt
7] Wimo® AtErh oA ede =
k*@‘i‘éfﬂ ztol= SST ko B Af =5 4FE
EAste WEFRA AT HER Q1T f59] FEHA
AL pEE R ody RdoA] E&Ee 3 B} vlslert
& gloln o] & Qlal AAIFo| gl oS o] WA Aow

ol
T
1o

>

Btk g A AFehite} o] 2219 &R QI3 &
w2 2o Aol o= ug CFDE Ate 2ddME 6,7t

DEER L R s E R

Throat
——1-D isentropic
Euler CFD

2.0x10°

——SST CFD

1.6x10°

1.2x10°

8.0x10*

Energy thickness (m)

4.0x10"

0.0 I L I L
-0.075 -0.050 -0.025 0.000 0.025 0.050

X coordinate (m)

Fig. 6 Calculated energy thickness 6, distribution on
the nozzle surface

x10° Th(oat
®  Exp. by Back B
1-D isentropic
5x10° - Euler CFD
——SST CFD

& axio’
E
%3)(105
2
T
£ 2x10°

1x10°

0 1 | 1 1
-0.075 -0.050 -0.025 0.000 0.025 0.050

X coordinate (m)

Fig. 7 Comparison of surface heat flux distribution
along the nozzle wall between experiment of Back et
al.(1964) and current calculation

a7t e Aol A wZ Froh A 2AET)
qME 121] SAERY RdRE d2d ¢ Qe w2
oxe] s§4E Wl w2 A
859 vletert SST ko BdoA o =4 o2y
=% PN BAZE FAVE o W] F

2 oy

l'l

;

1o,

e

5

-

£

[N

i)
R

o i !
fu o E{E

> b 4
N
D
fr
S
o
e

& vehd Aot “W Back 0(1964)4 AdelA
=2d dRES AvEA ok AWE nist Zo] 234
oz Qe dA =2 5 Al Al FE =2 5lA
Aol AUrt He U2 APAP eE2ElleE ¢ &
Atk ol A fEe] T2 WA Fopdd uet
=2 HoA ©@e] WS Aue AdFSel Hurh =H
ATE 7P GorA7] mEelth ole 4 (172 =3% e
RN AFRSE pu ot 0,5 FTFE FHE st
AN 72 5 A

B 1249 SRlERY 2dlg 283 M dnE A Ed
BTN dddaet FARE ghol =EEleu dA

e
H
Bl
el
-
P
0H
£
@
HD
10}
=
wW
o
]
>
fol

S
(@)
~
)
w



(

¥

=
A=

a4 FE71H

o

o8 1

pul

il

WA xd

2oy @hgo] Ao} e e vepid o

2349 B3} nRlEA) FR7) WEolT), £ o] B B
}1\_]:

AtelM el et dAeh s W o] fRadHs 7

N
n
—

o oto
ol N e

_0|L

wr & o
mi DT o R

for
ro

4.

o oRz wAsH] AAF A% welrs e 7
o aldjel oA WG ol qlgte] wZe] P
dxe) QRgel A7k AXA HYlem B AA| w2 2

7 FYe 29 £ AR sl WA 15

ol é
T >
fr
i
>
—

B 47 439 ASE AR,

ko Bd2 =39 dfE5S =29 F£HTS B
o Bd= AN dfE diEg vl Eke
AR =S A olFelle ¥ A debdoh

0,5 PRV ERER =2 FoA ARt
A SAERY RdE AR At

8o
g(:
4
1o
B
=
o
)
rir
8
N
o
o
-z
1o
rE
]
)
rd
>
X

< 25.1%, SST k-0 29

2
=

rhu

Slal A2 At AAxA 0B ALEEE AAF IF-RE &
A9 A AT aA it =& FolA dojue
27l Jakek AAIZo] =F Folfrsel MAE dFE WY
37 9laf CFDE AHgste] A <F-fae ajAsilon
o] 2d3} SST ko ZEE A8siith. 22]a CFD=
=29 AT AFfres BAS AR 48 £ xS
UDF= d&she AR /Ndsisich. e sid7He
A3317] A8l Back 5(1964)2] A@NA AHE =2 il
=2 9] dAgE st

AT} 712 AHEHE 1Ak SAERY] o] H)d)
=g HHe] 4 8 AR oSl slojr Heert FEEE
Ae AT = A 53] 228 "yt A BAeks

52

ST ASE S =28 M30H H15(2017.2)

[

Lo
e
N
)
o,

5
w5 Sur Al PYses o}% =% 59

B QT ARe A e wd Belde] geus
PIATIRNE BA% AEEE o] 8a)

B ATE PR TeDaTLe AdoR 59
b o ZA=HYTHAIFH S UD140024GD).

References

Anderson, J.D.Jr. (2005) Ludwig Prandtl's Boundary
Layer, Physics Today, 58(12), pp.42~48.

Back, L., Massier, P., Gier, H. (1964) Convective
Heat Transfer in a Convergent-Divergent Nozzle,
Int. J. Heat & Mass Trans., 7(5), pp.549~568.

Bartz, D.R. (1965) Turbulent Boundary-Layer Heat
Transfer from Rapidly Accelerating Flow of Rocket
Combustion Gases and of Heated Air, Advances in
Heat Transfer. 2. James P. Hartnett and Thomas
F. Irvine, Jr. eds., Academic Press, pp.1~108.

Dittus, F.W., Boelter, L.M.K. (1930) Heat Transfer
in Turbulent Pipe Flow of Gases with Viable
Properties, Heat Trans. Sov. Res, b, pp.109~116.

Kwong, K., Suchsland, K., Tong, H. (1978)
Momentum/Energy Integral Technique(MEIT) User’s
Manual, No. ACUREX-UM-78-86(7257), Acurex Corp/
Aerotherm Mountain View Caaerospace Systems Div.

Nichols, R.H., Nelson, C.C. (2004) Wall Function
Boundary Conditions Including Heat Transfer and
Compressibility, AIAA J., 42(6), pp.1107~1114.

Yoder, D. (2016) Bdwind user's Guide, NASA,
www.grc.nasa.gov/WWW/winddocs/utilities/b4wind
_guide(Online; accessed 9-Nov. 2016).



x|

o
_Tﬂo,z
fof =T Eﬂ_wo%io
Iwwﬁo,wﬂ Xﬁo-H‘LIW
%L%L%%EHTVH
P 7LO#MﬂW_I1J|
@ﬂaia%ii
d.ﬂnﬁ%zhﬂm,]o,_
%ﬂ%%M%WQ
pul _ﬁﬁ.oﬂdﬂdr.
ﬂ%%ﬂﬁ%@ﬂ%
o — llo.XO Y
W o o o o E Ma x
ﬂmeo_eﬂﬁﬂ%_ﬁruﬁo
@ﬂmuﬂo_ﬂ@uo%i
=5 Wf aﬂi .WTWO#
ﬂnﬂﬁxﬁﬁmﬂw s
g o e M O L
Ay T < =
maﬁﬂ%V§%%
Hmﬂﬁo%%ﬁi\]mr
ﬂgo%ﬂﬁgdﬁ_ﬂAﬂ
%%M@wmmiﬁﬂa
T Aok;omlmO
%¢wqﬂ%gj%
o P mmwaﬂ
@i%%ﬂ%waﬁ
Lﬂrﬂ %Mmﬂé
T%ﬂﬂg._o;i%
%ﬂmz_aﬂﬂ%e_m
%%Wi%maﬂﬂ
o = by
H &y
LS

Gt
ol ~
I
o X o g
%2_1%2“%1%@@% 1
v T o wa Ld 2
ﬁoﬂE ﬂ_OI HIZQA],WH J‘L
mﬂ%muﬂo o .
mﬁﬂuﬁﬂ]ﬂdmﬂ ~
%%.ﬂoﬁx T Ao
o p T e :
i‘io#FLt = a
%}@C@rﬂ%&ma o
Euhaﬁﬂuiﬂi%nﬁu "
S LFEESE y
i_rufﬂfd71@kﬂ i
ELmﬂﬂi%meﬁT .
ﬂﬂﬁﬂ]ﬁmu_s 2
%%Hu%%ys $
—_ o <° o o piull ojn
~ s <2
o ® ] ﬂrdl B
o R o
BL -y

Gigpt! -
oE U © w op
o] = i3
5 oo

53

(2017.2)

=l

HM30H A1

PN
=



