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Development of numerical methodology for regenerative cooling system of additive
manufactured aerospace mobility
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HENEE S§232F ZECIEC MAMWUAME0l JIXse A& HEHO Qs oiddllss HLoll RS
QMEN F= P2 24Aol)| AT HARIF 2HEUCH SAEHQ HE HOH2 JIRAIF BE=z JIEGHY
MELZACH HSHE HHN SHELZ LXEHC. HEl HEHO RSoHA ZUZRH HEgx~E JfHet)| {18t
O 2tctst SHEHS MZ& H&D| &2=(Roughness function)Jt MICHEI AL MZ22 HED| &£= HE HZEHS
Xl HIE H2WEo ASANE & MSoles 222 HOIZUCH 7RIS HE ZHH Uist €8s oids
Sofl HE YWargel X5t Heat transfer deterioration)2 28t S40| ZAIEYULH JIEQ FHE £
AZAD HIWERUCEH 0248 HSHITE MAHHAME2 &l EHO st i8IS HLEo=2M HE
d2AMEe 2HY s W50 93822 Hgd U2 I,

Key Words : Additively Manufactured; Regenerative Cooling Channel; Irregular Rough Surface;
Roughness Function; Nusselt Number Correlation:
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(b) evolution of manufacturing process

Traditional

Manufacturing AM Development

Evolving AM

—[ 12-18 mos / $310k* 3-5 mos / $125k* }—

6-8 mos / $200k*

Fig. 1. Additively manufactured liquid rocket engines‘”

ZItAID|E Bt IEDS SHAAID|= 2102 2™ JUCHY,

S8RRE QUP|E|IQ WAAAHO AHYICE CHASH AAHFEN e ZEES W2H LI A
IS N QAT ADDHE S5 SHEY0l =2 A0, Figure 2(b)= 01248t SR =o et
WS LIEIUCH Y AZ2H= MEXNOR AS HOIHZREH YOHMSCH DLt 229 =2
SBEWYAM HEL= SFRRT DUZIEIQ MU AAESS ZQUH 4ol Aoy U IHE20
Woro] Z22AE SAX SIS SEHEIH S0 DAY AHRE 2HHAM UEUE I9dY K562
2o =2xst g9 Hds HE=s S4AXI9 UAs ol A9 Oz odiM z2 I9Fg
AZBHE CFD AS¥0l4d Z2UZREH SSCUHM O Pizzareli S22 =2 42 5HoIA
JtEels LYol ol CFDE Sdof EXY Mot H#AS RAME & UASS BNFACH IsS =2
BIEH W20 24X I DHE SN ADDZHS HOHSHACH E5F HYR2UAE H2HTH Lt
20| EZYUSAH JIDE=E TARLE THEo ZXHY AMDDHES MAISH AW Mz F2LA=s
MO CH®  Shokri and Ebrahimi'®= HIE W2tiggol 3k A8y o842 850 1se
Wora Retoar WobTHY orl( Qs IEY Motol CHSh IES EZAMMCH 1SS 015 =X
BIEH W20l CHEH JHAE DAY AZZHSS MO, Zhang S92 vty =cH| &2
M50 UM HES IAY AZZHEZS BXGI= UPS MHOFCE 01248 &8 ARSH 26l
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(a) heat transfer characteristics for surface roughness
conventional machmmg smhce (Xle et al. 2024)

3 X = 3
2 \ Prs ’é 2
\smooth surface - \ rough surface
1 flow \ s é 1 flow /
0 (methane) Heat transfer deterioration(HTD) = 0 (methane) Heat transfer enhancement(HTE)
i 0 5 10 0 5 10
x(mm) X(mm)
(b) analysis method
| three dimensional CFD | I:> | thermal resistance method
i - coolant i 5 coolant :
i Rough fi i
! 1 oughness unction 1
! "Wall resolved RANS model E> R (Wall modeled RANS) E> ©* Nu

Fig. 2. Schematics of surface roughness

2 HE W2ge Y NHok A e Oldie AYst JE0l UAULCT.

SSIAM =2 01HE SHE HZot)| oA HE EHH st 3X& CFD AI2d0ld &=
THHED| U2 prgst 42240 98 sial HdRS0| 23 ACH Garg S92 HEHE0l 2l oH
HEHN HMelsE =22Lst HHZ2 JiXle ToIZ0o st 3Xd AZdo0l482 =#otALCH =
EHL0 U= =D Us TOHO HIgd=EH KRS0 HEt &IEJ Large eddy simulation(LES) Z1E
MAIGHRLCE Oldst A= HE HHZ ZAMSHI| {8 HEI =22 N e SSoHAH
ANE2EC} Plzzarelll S92 TEAHEI|I0 o &&= Spalart-Allmaras 222 H26t0] HIEHO
ZAH HE HAIHEW CHSE CFD old2 d3Xo2 &5l 1SS &322y HEHIED]
=Z0ll EEP% ALY U AAGZS WIIGIRACE Ricci S WAL o THAHEIIZS Do
Hets~ QY2 MESI0H CFD sHHZ I 1=0] ="st A8y & LIS 2HFALL OS2
LA 46 MPa B0 =2 MEHQl My 23X H2ATHEol Hs5eteol 10 MPallME DA AQI
gEY AM2THA HWNE Sol «¢st Y Motdb Mol Az EHIRC. 0ld8 CFDE
A8 HE HEHHH g 280l BEHSZIIL A DW= =3Potl o&al HE EZHo
2 g™ & (Heat transfer enhancement) S40| DeiE =L Y249 IEY AN O
g2 ZEAQ MNHE ZO0EUCH.
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2. ETAH2E 73 BEHO 3XHE diMT|E WY

22 30 TZRIE) ool MAHE DHS 2RIUNOL2 HEA EAHZS IIECH 0248t HE HH 92
52 UERS2 SYUsS™ HEOZ2 050 N EH 9 521 o5 2 Ss=E4S
HOICH HA2ANAX JPMHAILEC == HH HE)| S LA =) L I SFAQ)
UM UCHY, 2 APUAME HEHEE HHHEANLEO 3K CFD dHAII==2 =26 <Adh
SO EMots ERENCR HE HHNMIY HERRESEMH0l EAMJACH Figure 3= =
ARNA A2 23RS DHZS JINs X4 FA9=2 BHEC aldxH2 22k ot2iel

=

SRMNMO2 HE HH A0IZ 429 BIIJt 52& ZAH0I0HY. 0JIA dHagelo Spise 25
FIFH ZFA0ID, s=T@ MLE0/9 HEHOICL OIE 30IsX $& Re~uod/v2 FHECLL
OIJIN, ve SH&NA01D DHEEE u = —dp 'dp/de OICH OI2RE FIIZH ZA RS
ZHEGI| AT dp/dIt HASOIXCH SHL OE IS 4HSBI| AAHA 22 otehe 27HE
HE Helols 2RE AAXA0! ASEL
o 2 Jelly and Busse''?2| M4 2N2BS AIS5H0 &
H, & HPgS MH5ILR ot =He A#XQ SYS 319 2XF IIRAIY LB p,
X

o
MABICH MAHE S22 HOlA £Z2s 9Eo HED| =019 JIEZ AT, &AM B
HEDIQF SHECZ 2 =02 JHANLD HAE(A0 HEHZE 0IfFEE o) fs EXot =&
HX, OsS Al 22 Eeie Xolat&sts=(autocorrelation function)S S8 MY St ZEH

HEACH

Ca
OIIM C,= AJla2 20101 HOtE+= ddE HUH0 =2 3MESE IO =382 n,2
Xolar2sts R(z,z)8 1% Folol HES Sol Fo= SN M2 ScHEC. Jd2ln 0%

Fig. 3. Computational domain



i [ rough surface(Jelly and Busse, 2019)
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dimensionless wall distance, y

Fig. 4. Comparison of dimensionless velocity profile for six turbulence models
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Fig. 5. Dimensionless velocity on smooth and rough surface for four friction Reynolds numbers
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Fig. 6. Comparison of dimensionless velocity profile
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(a) dimensionless velocity profiles

(b) various formular for roughness

20 a DNS data (Jelly and Busse, 2019) 14 F . present )
5 I present (Re =180) . t <& DNS data (Forooghi et al. 2018)
- t (Re.=240) = D 12F o] DNS data (Jelly and Busse, 2019)
,%’ presen B roth wall <~ I < experiment data (Flack et al. 2007) - o
(_é 15F present (Re =360) (ks=23 Mm) 5 107 D> experiment data (Schultz and Flack, 2007) // ;f7
[ —— present (Re =540) = B Sand-grain data (Nikuradse, 1933) "o
o S 8o Fluent (Cebeci and Bradshaw, 1988) o
% 10 @ 6: — ———— CFX (White and Majdalani, 2006) é
2 | smooth wall 2 F Colebrook formular 2
é st (k, =0 um) gt -§, 4~ fully-rough asymptote ) '//'{if%;%\k*‘=24
° S s
10° 10’ 10° 10° %07 10° 10’ 10 10°
dimensionless wall distance, y* equivalent sandgrain roughness, &
(c) Iin1ear variation of roughness constant (d) present roughness function with variable C_
a present 14 F L] present
< DNS data (Forooghi et al. 2018) I < DNS data (Forooghi et al. 2018)
o 08 o) DNS data (Jelly and Busse, 2019) 5 12F o DNS data (Jelly and Busse, 2019)
E’ ————— Fluent (Cebeci and Bradshaw, 1988) <ﬁ d experiment data (Flack et al. 2007)
s + ——— CFX (White and Majdalani, 2006) ‘E 10F > experiment data (Schultz and Flack, 2007)
2 06 Colebrook formular E I Sand-grain data (Nikuradse, 1933)
8 b ] 2 8 present (variable C,)
7] n [
® 04} 2 6F
= —— c |
T |[eeeeeeesssassassssssssasss e e S 4F
8 o2} B S \_ 3 |
________ a5 C,=0.0029k +0.0566 k=84 2r
% 20 40 60 80 100 Qo7 10° 10 10° 10°
equivalent sandgrain roughness, kj equivalent sandgrain roughness, k_
Fig. 7. A new roughness function with variable roughness value
H3t2 Qlgf OHE d0l=X £° ZJts 27ES HA EHO He=s SIHAIID y" =10001A
XA EEE FE o HOLKIA et
OlME EA=E HE HEHO st CFD 820 JIsHESHE S0t HHYZAAX H2HTHLE 2
20l AHLOl HED| =0 AHLS 10° B ==22 R AJ] M20 H2AME 2E 400 =HY
HEl 2HE 28 AL a2 HZotes A2 WMol THHQ A2 g0 UCH Tetd e
HRAX=S el HEHO HAGANAM HE HOO HEkg UHFRQUO| HEA( BHH6ls 2SS
L BHACH? 24 Figure 6= Re, =18091 EAHOA OHN2 EHI SAEE HE FHHOA 20a
SXUA HECDZ2MYEE LEHHO B2 HEHHO dlol 48 HEA ZHUAM 20F2 FXA
2 S =EFECZ 2AEe= A0l =ZHQIEC Olddg A2 ZHOUAHA S428 HE
HTHozo £-Z 29 olE0IS AUTE HED|I 4(Roughness function)22 &2I&tCH 0l2f&t
HED| &2 Idsf2 HHole 2 S22 e OsS Al 22 2HE &I
U'=r"Yogly")+B—AU"
OIIM, k= & 28 &= 04101 B=E WHUHA2 HUHUMALY 2H &= 530/C. £ A=
MESIH Figure 2(b)0IA LIEIW 2dME 4B R4l HEH H2DH SEE 84 Qol: HA
HOHO Hes DHE £ U =0
HED| g2 AUNl OetAd HE EHO Hsko| e Zetd = UAJ| W0 Hax2AH0 %=
MNAESH SAZ ALESOHOFeH StC LBt oZ HED| &2 Art= D2 EHI A& ZE e
oy 2 o= XEstd Z2UZ22H AHXA EC Figure 72 S AAMA MSAH H ot
HED| &4 A2 BOEC Figure 7(a)s &M o979 HAZD Jelly and Busse!'™2 DNS
209 y Ut BT Z2MYUES BO0HECL HEI =010 23 um HHNAM X ¢
DZOgde N2 EHEC0 Ay tE 246t0 UL SEZANM 26t 9 HEMEs o &
MI=5tD QASH TS 20l CHEsH HED| 8240 M NSCH. O & ANSYS fluent®o s
Cebeci and Bradshaw!®®2| H&lJ| &4 ZAle (121 20}



AU =0 if kI <2.25
ki —2.

AU =r""og W—#O 5k, |sin[0.4258{log (k] )—0.811}] if 2.25 < k7 <90

AU =k "og(140.5k]) if k7 =90

OIDIM SIt 2eHY HED|(equivalent sand-grain roughness)s kI =uk,/v0l12, SII 2
HEDIO [MetM HED| 82 AUt SHENDF BSElD QUCH BHH ANSYS CFXPP0 HES White
and Majdalani®e] H&DJ| &4 ZAS (1S 20| Sas S22 PSS

AU =k "og(l+ CE), €, =03

S
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Fig. 8. Computational domain for cooling channel
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Table 1. Operating conditions of MTP test bench'”

Mass flow rate | Inlet temperature | Outlet temperature | Inlet pressure |Outler pressure e
Tests| = g/s) (K) (K) (bar) (bar) | SOUrce
(kW)
0A 15.72 133.0 135.0 85.72 82.98 0
4 20.57 140.8 262.8 128.92 120.61 11.0

Table 2. Parameters and coefficients for the extened RK-PR EoS®¥

Parameter
5 dy +dy(dy — Z75) "+ dy (dy — 2205 )™
0y (1—-6,)/(1+06,)
. 3y2+3yd+d2+d—1(RuTi)
(By+d—1)* P,
) 1 (Ru 7, )
By+d—1)*\ P,
a(T) (ﬁ/%)[{
K (Ag+ 2554, )w? + (By+ ZF°B) )w, + (Cy + ZF*5 ¢))
zP5) 7, —1.2(Z,—0.26) +1.168
d, =0.428363, d, = 18.496215, d; = 0.338426, d, = 0.66, d5 = 789.723105, d; = 2.512392
Ay =0.0017, A, =—2.4407, B, =1.9681, B, =7.4513, C, =—2.7238, C, =12.504
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density(kg/m®)
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viscosity (LPa*s

e | ok
MJF_)a }JF G, —pe— Yy

€ :

ox; ox (ot j
5(,0€Uj) a K| o€ € e
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Fig. 9. Thermal and transport properties of methane
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Fig. 12. Effect of roughness height and pressure on wall temperature
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(a) heat transfer coefficient at near critical pressure (5MPa)
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