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A Study of Liquid Hydrogen Cooled LO,/LH, Rocket
Combustor with Slotted Wall Liner

Nobuyuki YATSUYANAGI, Masayuki NIINO, Akinaga KUMAKAWA,
Hiromi GOMI, Akio SUZUKI, Hiroshi SAKAMOTO, Masaki SASAKI
and Eiji SOGAME

ABSTRACT

An experimental investigation of the combustion and the heat transfer charac-
teristics of a liquid oxygen-liquid hydrogen rocket combustor was conducted.

The liquid hydrogen cooled chamber with a slotted wall liner made of OFHC
copper for coolant passage was designed for use at a thrust level of 300 kgf with a
nominal combustion chamber pressure of 35 atm.

In order to obtain the liquid hydrogen cooling characteristics at near- and super-
critical conditions, the combustion experiments were performed using both the inde-
pendent cooling method and the regenerative cooling methods. And to obtain data on
the combustion performance of coaxial type injectors, the number of injector elements,
the oxidant-fuel ratios and the hydrogen injection temperature were varied over a wide
range.

The following results were noted. The regenerative cooling combustion tests at
the design thrust and the combustion pressure were successfully performed. The slotted
wall chamber was revealed to have a sufficiently high heat transfer rate and enough
cooling margin even in this small thrust level combustor.

In the independent cooling experiments, a new thermal design equation was ob-
tained, which should be recommended as the design equation for regeneratively cooled
rocket engines. As a result, many design equations previously obtained from Joule
heated tube experiments proved to be not suitable for the design of slotted wall com-
bustors.
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Observed C* efficiencies were correlated as a function of the hydrogen-oxygen
injection velocity ratio and were found to be the same as the results obtained by the
previous studies on the liquid oxygen-gaseous hydrogen rocket combustion performance.
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3770 480  0.792 " 1.062 | 0.21 | 0.236 123 56 61=26G,,
4 820 530  0.875 " 1.145 | 0.26 | 0.301 172 74
5 870 580  0.957 " 1.227 | 0.35 | 0.431 308 120
6 920 630  1.040 " 1.310 | 0.48 | 0.654 623 215
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LO; 35 LH,
from 70/ tank from 300! tank

(1)

— t0 vacuum
pump
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1.0
cal
o esp (Run 124) 0.5} Taylor DR,
..E Perkins D
- Petkhov
DX
Kutateladze
DR
o1 (Re=5X10%123543 % (L #)
1 5 10 2030
6=T./T,
B45.22 fs.n/fs.i & 6 DAEBE
0,.
W HBs DIFA 1 Taylor RO Mm@ s 2t 2350,
100 50 0 50 7T 2 RTBMEEIEIC X D RUN 124iC 81 2%
r m BDTy, /Ty ERHTHBEM4 L1520, H5.22%
£15.20 BE 5D H & 5T/ To=4ICXT BPERDTHBEP=0.7
R A

ECATHFEHECBOTRERE, TOUDE
TERTZEFECAV IEBRES, IRRADLS
KEkbIN B,
fr=fsi ¢ & (5.9)
CCTE(=S, i/ fo i) BIEMBEHC BT, M
MRS & 5 EBBRE(f, ) D, BHOHE
HRED £, T B THD, R, OBETH 3,
Z CTH5 2.1 ATHRL 72 LH.IC X A 84 (D
5.15) & © RUN 124 TORBEM R, =3X10°TO ¢
ZRHDEMVL2DMEZEBZ, ULEDOEEK (5.9)
AT B L
fr(exp)=0'84fs,i (5' 10)
a6l E18 B, ELADBFEHCHVAR(2.12) 131.9¢4rms
DREHEEFOBED S, 25X 3R THY, R,
a5k =3X10° TOEARWHTHB L1480 5, FEt
BT D £, (ca1) 13

fr(eal) =1.487, ; (5.11)

E1SDFIME (APeyp) & BEHE (APey) DHIHE
—\/ oS0l

100 50 0 50 APexp/ AP oa) (=fr (exp)/ fr (cal) ) =0.57
(5.12)

[521 P;AAOREHE L ERIEO B LB, BBZZTHEBERHETOKRELLODT
‘/EBLTH 5B,

MP.
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—F805.28 &0 Pexp & 4P DHERDTH B
&
AP oxp/ 4Py = 0.60 (5.13)
EHVEDHETROIFERLB(C—EL TN S,
W 5.231C Ty AHOHBERT , HEHEVS
HIRTTNEDORGAREBEPREIHETRIAD, H
OfETELEHIIHTHA 5o 5524 DFLES
HCRERBEOHMBLRBICDILDEIREDIKT
Tnd, CHIZEREDGHI%NERENLHTDH
%o
05.251CH Tpg, Tyt SADHBETRT o Ty &
Ty 3 QT BIT 2 DTEERME, REHEL b EOR
EEICKEXIHRNVBAL, £CT T DAHICONT
%%ﬁi@mgéﬁﬁﬁﬁ@mn®%&%ﬁmof
BB, FBEEILDID Tyg(can) HBHIKTTS
DREREEEOYHREBHTIERL LOLERL
TWALDEBEDN S, THRHTRT,=T1,, (x
=—90mm)FfEic, BEOERMBERTEHEIN
By -z SO psgEEicRbNTY B, L
HUEBERENS I, BEHEROY — <AL )
BREELEM o1, COEREBARBTENCANY
DBEABABETEBLIORENIHTHS ),

[5.23 ¥HHE SO RKEHE & KERE D LB

m/s

524 BEBREDOREHELRRE L OHLEK
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PREZOBZFCHO LN 4B —RICRATSE
Zohd,
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KN, {BEBHONEHELRO BRI ME
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RN ¥, Qent HADBERT, ¢, 3RME
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O AVI/E |

Taylor w52
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7,171,
ETr: Tf (: 2 )]
Hess — Kunz ®& ¢-2)
N, =0.0208R.7" P {140.0145 (v, %)}
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(EEOYHEx TRAICKLOF

) o~ J‘Tw'rw B
x=( TbT—bxdt)/(Tw 1)

(Tr:Tb)

(5.15)

@ 7 4LE

® ®moR
e 2,

Schacht~Quentmeyer DX (.22)
N, ,=0.023R," B (5.17)
Y EDERCHEF w, b, fRT,ELTT,, T,
TAGRT 5 C &2 BIKT 5o
Qent DN TRB TV F Ll VL y bt DBESITEL
TEx3bD0ELTRDZAKBH 5,
Taylor A
Gent =052 (145,/5,/D,) (5.18)
Boelter & @K(s-z“)
Oone=2.88,/(s./D, % (5.19)
3 7 COMNICHHKED Aerojet FE 7 v — TS EAL
1 BEBEEE Db Pt LE—DHDOTH
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BOTHe L RO HEESHONEELT

Taylor D
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RUN 114

o Tayler O (5.15)
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bAo—- PAGETant—-27%2RrL TS, THi3
HED/ DA exp IEML THEHLDTH D, X
5203 & SR (5.21) 1Kk B (+) ZfmL
nEREAETT, RN(5 15 UARRITERICD
D1%5%E T3, AKX 1)ICLTHADN
ETOELAHRB K&, £ TR (51520
TS5 31 DERDDS Gy DABAL 2K E 2K
5.30 iR T, o= 25mm DB KEIR ¢, (+) DEN
HHBIHT, o (+) 2EBTNE aiZPPET
TEAEEMAH B, x=— 110mmEBALTRS
LaRfireksLTATHOHERERL, a=
LICHAL T <y TDT ENL Qopy EFELICHELR
TRETHOTEERDL TN S, ECTIDA
OFHROLILNEERX, LELIAdBETIETS
Taylor @3
Taylor D= (5.23)

Pent, = 07100 (5.23)
AL, #FRXEL TR @ &L TR (5.23) %
AL B8t EBOFRUEREEE5Z 5 (5.17)
%, ¢ ELTIERA(5.20), ¢, &L T (5 21)
THEAEBEIBEOaLFHEHSNKKRT,

=25mm TERAENLES N ZDRB ¢ (+) ODHRE
LEZOLNBDT, TOALLQ (H)XEET
2La=09THho0T6RKIETL, afmiZLD
LT B, T TERBRA 0 ROENTHBES
bEiILL T, —ICEBOKEG ZEFAXEZHUD
THBLELTDEDICIE S,

HAXEL TER(5.17) DFEE% 0.023 X 0.8 =
0.018 & L 726

ZJ¥ Schacht—Quentmeyer M3k
N, ,=0.018 R* P! (5.24)

R Peny & L TIIK(5.23), 9, &L TI3R(5.20)
P ELTIBA(.21) ZMEDL LOHMEKLTAEANS
30 D,(¢1p) ETHEL THEAT 5, BERBT10%T
& 5o

FEORHRBIEOERELTELLLDT,
SBRECDEBLEER, JOBEOFORIR %R
TN UEAMAN

(2) SFEBB®ILDIT

SEIR®IT DI TIBRUN204IC SO THAREOH,

TEBAEITD, 5. R EER(515)~(5.17) D H B

RTo ARFBEDIKERDRTLEDTPE Y,

RUN 114
3l o Tayvlor ®& (5.15)

—1150 -100 -50 0 50
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AOBEBRKENLEDEBDN D, 545331013 Pent
ELTRGI8) ML AERETT, &2FRiICDT:
0 P PFHLL 2 BEF B DM 5, WL ELTH(,
20) 2L 1R MES.38 THB, 3RLEBAD
FHETOFEDESHRKE <LOELD DIEED D
MR Bo CHUT Pent DXNEHDEBRIDKE
72D THADo A0— MIATOE— 733O
EOEBICLEHDT, Rice (+), ¢.(—) DHFIE%E
L 7R E5.35 Th b, (5341t~ 5 &M
DBEL LN 5T 5, £ THBOMMDAITNK
AL - THRETAMA b0 T x=—52mmiC
E— I BHELNTWAEDR e (—) BT3B ELEEE
BIFLTHIEWcHEEZONS, ELTIDORK
BT e () #ERTHLEald0.7505 0.58 i
TO, SAEFBILT 5, EHICxr=25mmiCE
BE— 7@ e, () ORRMIS D, IO HEISHK
TR ESEZEARLTEBY, CORKBNTHE,
D E2EERTHCLICEDa=0.91 55 0.70 T{K
TL, af/mid X0FBILT 5, UTKEBIDOFHER
HRICOWNWTx=—52, 25mmiC @EEE/S#HIEE ML,

R (5.17) iC Pent » @,, ¢ DBEWMERFERL 145
BEFRTo KL, Pen DT, R (5. 18)&
DENBOEH& HDLIEOR(519) ZAHNTH %,
5.3613 ;=158 g/s (RUN 206), 53743 G, =
252 g/s (RUN126-2) D3[ETH 5,

PYEORBERY,S, ER®ICET 2BEEER

ELT, BAROD

N, ;=0.019R, ** P, *!
AEBREL, MBOEHER ( et £LTEIKG
19), ¢, &L TRK(5.20), ¢ &L TEMEPDOED
#.(5.21) Z B RE SUMBKR TANS 30D, (p) %
TEEL TRV ) Mo B 2BFEFXERTRT 2,

CDEIICLTHBONIEEMRE (N, cal ) LLeE
B{E (N, exp) OAEBZ X 5. 38R d, THME
CEBREOD—KZIX*DOHTRIFTHD, 125%0D3A
EZRKET—2DN%BEEN TS,

U EBEKXBEENS DAHUMN T HREDRER
THoD, JOBEORBVHREIREELTIHIEBS
%, ARG ELRAFROBEIHEET 5ABRAFEH
W BESMBRAERAITHCEICLDPEHCDNOTO

RUN 204

o Taylor ®& (5.15)
& Hess & Kunz DR, (5.16)
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HMET -2 A BHLEND B,
LTATINEFTREROBEZICENT, BEK
SLUTOLH, D Ay 2ERIL 7-ME— DB &L TScha-
cht—Quentmeyer @_g‘t%(s_zz) BHb, FESIRT -
— 7TREREET A, RRIFEREIC T, AEH
T.CEBEL, BREABRET, 4/DTF — 252G
L7ce ZTOREXMABRFIEZRS.30ITRT, 51HIE
KRB HEREL OB REL TRIBL X
GANBABHOLNTN S, LMLEESER, HFHD
RMEICIESOBEABDHIEDEEZL TS, &
TEBEMDORT, T, MAT.CDREDIHICNAR
AT.COENSHRLTOEZCEDB LTSNS, &

Nu, exp

10° "
10° 2

I S L A
Nu, cal

[95.38 AEEX &EHRERLEOHE

‘R

I Range of experimental data
———— Predicted data

:

Hot-g;ns-side tube well le;nperature, Tew. K

g

<&—— LH; flow

g

800
12001 600
4004
400t & 200+ Upstream Throat Downstream
—_—

(=]
o

4 i 1 1 1 ]
-40 -30 -20 -10 0 10 20 30
Axial location relativelto throat, X, ecm
1 1 1 J

L 1 1
-6 -12 -8 -4 0 4 8 12
Axial location relative to throat, X, in.

5.39 Schacht-Quentmeyer @ HAERKS R H!

Hot-gas-side tube wall temperature, Ty.,

MECOREASAKE (EEBL, ADERECHE
KB bDEBDN S, FLERADLELLC, T
TORBELBROTRENIEMSCEFLHRRITEH
Vo FREBMEIDVTROOENS CERIN
TH0, CORBEEHESOXMEPED mg 5 —
5LOFETHERDT— FHT Ay (ean) T #30%
HCERL, Tog(ea) 3K IS0KETT ST LICHK
0, EREEDERI I SITHEKRT 5, FHREE
BERBELCOE-MLETERITELOS, 0WTh
i€ L A Schacht —Quentmeyer DL T 55K (5.
1M 220 F FHREAALE L THVWRIRBAENAL N
BB ELIEHI T EEYE/ T3,

RICEZESBIT-LBEE, BLIUBMBLLT 2E
SUNMBAEER & DB A BRICR~NS,

ARRBRLIEZOCDT > LEIMBAELER O
22t BT 2L, R (5.15) 54 5 %k,
X (5.17) OFPEHF 10 %, R (5.16) &K dFH
L8l <, ¥30 %ML 5, ThiIHEFICLS
ERDBEICII Ty, ITBBEIEIC—FRTH 5DITHE
~NT, BREBEBOBEEIRES 22BICRLALLDOK
T, 53 %ERH > T b, COEBMEBMEELT
T, AFEHELICEN, BERET, DEIEROW
HEFMICBPICERELEZ bDLEDN S, C
DADHILBIREAHTH > R EMBROLELZE
Zoh, BRETERBRISHFICERT ST LIS,

P DN THE, ZCTEALAK(G.2)MBELT
HBEMEIDRBMBESEO M IEHAKIC L 2R
FEREAFLITOEEREI BRI,

POV TIIELMBER TH DS Wi MEDLHE
DBERHLHNL TN E, TAMEICDONTH A DR
MO EZMBEBE LD NIDTHE BN
AR

COEHIRKAERBEREATREAA B IUESES
M > BEOBIMBEREOMICKELERD
HDHLEBHALMILIE 51t TLTZORKBHDBR
EABER INT X 2ENAE FEHMBADERNK
BRTI26DOTHA D LRI S, SHERBEIC
33048y FEAROBREEZ 28, BREEDS
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6.7 [REETREN T OESEBPRET

6.2 HEBE o BEHEHE

20 N EAR (mm Hg) | (it HE) o /G
oy stEX 16 13.6 0.390 0.1235 1.058
Co = i G. T 17 14.0 0.1219 1.045
VT 213 VAP (R P 18 15.3 0.1164 0. 997
» 19 20.2 0.1011 0.866
ccT Q; 15°C, 1 REMH (nd  hr) 20 11.8 0. 1329 1.139
G, HAKE(15C, 1GEDair £1) 21 13.2 0.1256 1.076
T > TGN, G2 0.97 22 17.5 0.1088 0.932
T, WABE  297.2°K 23 13.2 0.1256 1.076
4P; B $H (kg/enfd) 24 17.7 0. 1081 0.926
Py ADEN (kgsenfa) 25 13.6 0. 1235 1.058
Py HOES  (kgenfa) 26 17.2 0. 1097 0. 940
27 15.3 0. 1164 0. 997
CUPES - — 28 14.8 0.1185 1.015
N |EH(mmHg) | HE(nd, Hr) & &G 29 12.8 0.1274 1.092
1 26. 6 0. 390 0.0879 0.753 30 14.0 0.1219 1.045
2 23.3 0.0941 0.806 31 18.8 0. 1048 0.898
3 16.0 0.1140 0.977 32 16.3 0.1127 0. 966
4 15.2 0.1167 1 33 13.3 0.1249 1.070
5 14.3 0.1206 1.033 34 12.5 0. 1289 1.105
6 14.3 0.1206 1.033 35 15.3 0.1164 0. 997
7 14.4 0.1200 1.028 36 18.8 0.1048 0.898
8 13.6 0.1235 1.058 37 12.0 0.1317 1.129
9 13.6 0.1235 1. 058 38 12.3 0.1301 1.115
10 16.0 0.1140 0.977 39 15. 2 0.1167 1
11 13.6 0.1235 1.058 40 12.0 0. 390 0.1317 1.129
12 17.8 0.1078 0.924
13 18.8 0.1048 0.898 K& 760/mmHe
14 20.3 0.1001 0.858 5B 24.2°C
15 16.3 0.39% 0.1127 0. 966 Cy OFIHIE 0. 1167
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