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A Study on Heat Transfer Characteristics of Water
Cooled LO,/LH, Rocket Combustor

Masayuki NIINO, Akinaga KUMAKAWA, Nobuyuki YATUYANAGI,
Hiromi GOMI, Akio SUZUKI, Hiroshi SAKAMOTO,
Masaki SASAKI, and Koji YANAGAWA

ABSTRACT

Recently, new trends toward reusable high performance rocket engines have in-
creased the demand for the knowledge to accurately predict the hot gas side heat transfer
rate. While Bartz’s semi-empirical equation is usually recommended for predicting the
heat transfer rate in the nozzle region, there is no establised procedure for the chamber
region, which plays an important role in predicting the amount of enthalpy increase of
coolant in the regeneratively-cooled engines. With this motivation, an experimental
investigation using the water-cooled calorimetric combustor was conducted to determine
the local heat flux distribution along the axis and to study the boiling characteristics
of cooling water under various combustion conditions. The inner contour of the com-
bustor was the same as the one used in the authors’ previous report “A Study of Liquid
Hydrogen Cooled LO,/LH, Rocket Combustor with Slotted Wall Liner”.

The following results were noted:

The variation of burning parameters, such as pressure, mixture ratio and hydrogen
injection temperature, significantly influenced the distribution of wall heat flux rate
along the axis and the total heat input to the wall.

It was also shown, that the local value of heat transfer coefficient in the thrust
chamber could be roughly correlated by the hydrogen-oxygen injection velocity ratio.

In the coolant side, the surface with fine triangular fins was revealed to have excel-
lent heat transfer characteristics.

Three kinds of empirical formulas for the boiling characteristics on that surface,
namely, the incipience of fully-developed nucleate boiling, heat transfer in nucleate
boiling region and critical heat flux rate, were derived.
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FT8—-1 XAARRABER—EX
*£hOFERTS, BARBUTOEBOTHS, POUT ®wAKHO= =4 FES (MP,]
PC R (MP, ) TOUT 7 7Y beHKEORE (K)
TIH KEEHEE (K3 ™W 7 v MER (K]
Nc* Hi BESGERE W 74 P RRKKEE (cc/sec)
TIN AHKAO-=+r FEE (K) Q 7 ;Y PRAR (KW)
WTOT B HKEE (cc/sec) q 7 v MEGREE (KW/cm? )
- \' X 2
QTOT AHKMZHE (KW) aSTD +® 7 2 v FEHE{LBKE (KW/cm? ]
PIN ABHAAOZ=41FEH [(MP,) (Pc= 3.43MP, 4824 Off )
(a) 18x L+ v FEHEBICL 2 ERERE
__RN 239  S.1.s 43 - a8 s
PC 3 3,31 MPA 0/F = 5,26 TI H: 294,0 K net: 9,999
TINe 293,77 K WYOTs 4753, CC/S QT0T= 463.6 K¥ PINz S,.08 MPA FOouTs 3,09 MPA
B ToUuT ot Tw " Q q qSTD
U SR R S K cc/s K xu/cm Ku/CcH* o
1 333.7 42.1 - 190. 33.5 0.608 0.626
2 323.0 31.3 - 243, 31,8 0.807 0,832
3 324.3 32.7 542, 239, 32.6 0.828 0.853
4 318.1 26,4 - 421, __ 46,5 1,120 4,154 .
e 324.¢0 32,4 - 208, 38.6 0.93¢ 6.95¢9
6 324.1 3.3 . e 319, 2.8 . 1.1%7 _1.15% B
? 310.3 18,6 - 737, 87,4 1.926 1.986
8 304.7 13.0 667, 1164, 63.5 3.299 3,398
[] 308.7 17.1 - 632, 45,1 2.006 2.066
10 319.5 27.8 - .28y, 32,7 . _1.308 T S5
11 329.9 38.2 - 243, 39.2 0.711 0.732
...... R N_~2§_1,, $.7,3 24 - 29 S — . . __ e
PC = 3.52 MPA 0/F = 5.76 T1 He 140.1 K nc¥: 0.972
TIN= 293.8 K W10Tz 6285. CC/8 QTOT= 3¢8.6 KW PIN= 6,48 HPA FOUTS 2.48 MPA
. T Trour DT W Tw T T T a9 T qsyo T
o K K K .. ._¢Ccrss S KW kwew o mesewr
1 302.3 8.5 365, 332, 11.% 0.214 0.210
2 301.1 7.3 363. 447, 13.6 0,345 0.338
3 307.2 13,4 40, 347, 19.4 0.492 0.482
4 (317.4 23.6 - .. 264, 26,1 0.62% _ ____©O.616
H] 317.9 24.1 469, 312, 31.5 0.7%9 0.743
6 318,55 24,7 529, 348, 36.0 0.939 0.%20
7 308.9 15.2 488, 824, 52.0 1.745 1.708
8 301.4 7.2 381, 1862, 59.7 3.402 3.037
9 307.1 13,3 546, 858, 47,6 2.117 2.073
100 o 316.1 0 0 22.3 499. 352, 32,9 1.117 1.094 .
11 318.4 24.6 443, 341, 35.0 0.635 0.622
RN 280 S.T.z 15 - 20 §
PC z 3.52 MPA O/F = 4,27 T1 M= 154.0 K nc*s= g.986
TIN= 291.7 K WTOT= 5565. CC/S QT0T= 347.6 Kw PIN: 4,92 MPa POUTE 1.59 MPa
o TOUT oy ™ W Q q QqsTD _
K K K cc/S KW KuzCH Kh/CH2 _
1 303.6 11.9 389, 318, 15.8 0.287 0.282
2 304.9 13.3 385, 308, 17.3 0.435 0.427
3 309.¢9 18,3 440, 307, 23.5 0.596 0.584
4 .316.6 24.9 = . 287. _ ____29.9 0.723 __Q.707
5 318.3 26.7 479, 270. 30.2 0.727 0,713
- 318.6 26,9 524, 298, 32,8 0,856 0.839 . -
? 309.1 17.4 482, 620. 45.3 1.519 1,489
8 299.3 7.6 564, 1718, 54,9 2.8%2 2,795
9 304.0 12.3 519, 7Y 40.0 1.776 1,741
10 311.5 19.8 462,  349. __ _28.% _0.983 ___G.962 __ _
11 313.6 21,9 418, 320. 29.3 0.532 0.521
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RN 281 S.Te% 49 = 29 8 e
PC = 3.37 NPA 0/F = 5.36 T1 H= 77.2 K nc*: g.938
TIN= 291.0 K W10T= 5556, CC/S 70Tz 259.3 KW PINZ 4.92 MPA POUT=z 1.59 WPA
TOUT X Tw "] Q q qsto
K SO S K _...__gess L] _ KW/CH _kwsewr
I T 3.4 326, 318, 4,6 0.083 0.084
2 296.2 5.2 337, 307. 8.7 0.171 0,173
3 299.2 8.2 356, 307. 10.6 0.269 0.272
4 303.6 42.7 = . ._ _288. 5.2 . ___0.368 0,373
TS T 7T 308,85 T T T 4106 441, 269, 19.8 0.477 0,484
[ 310.% 19.6 488, 289, 23,7 0.619 0.628
T 7 7T s05.0 14.0 438, 618, 36.3 1,219 1,236
8 297.6 6.7 527, 1736, 47.9 2.490 2,825
¥ 302.6 11.7 505, 778, 37.8 1.682 1,706
10 310.0 19.1 469, _ 348, _27.8 0.942 0,956
BEET! 312.5 21.5 425, 319, 28.8 G.522 0.530
RN 282 5.1, 53 -58s
PG = 2.78 MPA O/F = 6,46 TI K= 205.0 K nc¥: 0.966
YINz 291.1 K Wi0T= 3338, CC/sS Q70Y= 321.1 KW PIN= 3,01 MPa FoUT= 1.62 MPA
TOUY DY ™™ W 0 9 qsTD
X K K _ _ccrs KW _ KW/CcMd Kyscn?
Ty 299.9 8.8 362. 320. 11.8 0.214 0,254
2 299.8 8.7 353, 318. 11.4 0.288 0,341
3 302.7 11.6 383. 30°9. 15.1 0.382 0,452
4 300-7_ _ 17-6 hel P __2?! « ,“..,._21_'45_ . . ,_Qgsio Dvel‘
-5 313.9 22.9 454, 268, 25.6 0.618 0.731
6 316.4 25.3 543, 292. 30.9 0,808 0,956
7 307.9 16.8 493, 623. 43.7 1,466 1.73%
8 298.5 7.4 541. 1729, 53.5 2.782 3.294¢
[ 304.4 {3.3 820, 781, 43,4 1,928 2.260
10 312.5 21.9% 475, 350. 31.4 1,066 1,261
11 315.4 24.3 425, 322. 32.8 0.595 0.704
(b) 8T LAY MHERSBICLZEBRERA
RN 245 LS.z 24 - 29§ - e
PC = 3.46 MPA O/F = 5.54 T1 H: 146.4 X nct= 0.942 o
TINz 292.9 K WT0T= 5132, CC/S GTOT= 379.6 KW PIN= 7,33 MPA FOUT= 3,82 MPA
TOUT DT T W Q q qsTo
— N [ R S K. _..cgers Lk o KW/gW o kW/CW
1 313.0 20.1 - 283, 23.9 0.434 0.431
2 319.2 26.4 - 180, 19.9 0.50% 0,501
3 316.2 23.3 467, 233, 22.8 0.579 0.575
.4 %20.7  ~ 27.8 = 224, _26.13  0.629 0,625
5 314.2 21.4 - 333, 2v.8 0,718 0.713
6 314.3 21.2 - 395. _ 35.2 _0.918 0.913
7 308.5 15.6 - 845, 55.1 1.881 4,839
8 303.3 10.4 60%. 1277, 55,7 2.893 2.875
[J 367.5 14.6 - 732, 4.7 1.986 1.974
20 3815.8  __22.7 _ _  _ - . __ _%40. 82,2 1,093 1,088
11 321.1 28.2 - 290. 34.3 0.622 0.618
. IEN. 2.53 L _S5.Y43 24 - 29 S
PC 2 3.51 MPA Q/F = 4.46 TI Mz 130,44 K nct: p.91e
TIN= 292.2 K WTOT= 4856, CC/S QTOT= 354.4 KW PINZ 6,27 MPA POUT= 3,33 MPA
TOUT DY W W ] q qsTD
K K K__ _CC/S KW _KW/CM__ Ku/CH
1 309.6 17.4 - 259. 18,9 0.343 0.337
2 313.0 20.9 - 208. 18,2 0.462 0,454
3 I11.7 19.5 446, 267, 21.7 0.552 0.542
A __31%.8 27.4 Sl 208.  ___ _28.9 0.577_ 0,567
5 310.9 18.7 - 364, 28.5 0.687 0.675
&6 312.9 20.7 = 362, 31.4 _0.820 _ 0,805
7 30%.5 17.3 . 771. 55.8 1.874 1,841
8 302.4 10.2 576, 1176, 50.5 2,623 2,577
9 306.5 14.3 - 667, 39.8 1.771 1,740
40 314,3 223 . _ . _ ..t . _.._._.__%08. . 28,5 _ 0,965 0,948 O
11 325.7 33.5 - 266, 37.3 0.676 0.5664
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RN 256

MZEFHBR P RRTHE 708 5

S.T,z 24 - 29 S

PC = 3.45 MPA

o/F 3 5,77

TI H= 106.0 K

nc*z g.871

TINz: 292.2 K

WTO0Ts 4775, CT/S

QY07= 331.3 Ku

PIN= 6.06 MPaA

PoUT=z 3.21 NP4

ToUT bY T™ " 7 q qsTo
3 X K CC/S Ku KW/CM2 XW/CH2
1 304.7 12.5% - 2558, 13.4 0.243 0.242
2 307.7 15.5% - 206, 13.4 0,341 0.33¢
3 307.6 15.4 403. 266, 17,2 0.436 0,434
4 314.3 22.2 - 205, 19.0 0.4%9 0.457
S 308.3 16.2 - 356. 24,1 0.582 0.579
6 310.6 18.4 . 356. 27.4 0,736 0.712
7 309.9 17.7 - 758, 56.3 1.890 1.882
8 302.7 10.5 571, 1157, 50.8 2,642 2,630
[ 307.5 15.3 - 654, 42.0 1.867 1.859
10 315.9 23.7 - 302. 30.0 1.019 1,014
11 326.7 34.6 - 260. 37.6 0.681 0.678
RN 289
PC = 3,32 MPA QIF = 5,06 Il Hs 29%5.1 K C = 0,933
TiNe 291,.8 K wWTOT= 2200, CC/S eTOT= 510.1 KW PIN= 0,81 MPA POUT= 0,28 MPA
TOUT oT Tw w [ STD
K K X CC/S Kw KW/CM KW/CH
1 381.3 89.6 510, 134, 50,2 0.913 0.936
2 364.6 12.8 485, 132. 40,2 14021 1.048
3 363.1 Ti.4 491, 126. 37,6 0.956 0.980
4 355.0 6£3.2 175. 46,3 12117 1,145
b] 369.4 77.6 476, 142, 46,1 1.112 1.14%
[ 366.9 11.2 504, 153, 49,4 1.291 1.324
1 335.1 43,3 553. 33s, 60.6 2.033 2,085
8 330.9 39.2 64l1a 38Q. 62,3 32240 3.323
9 326.1 34.4 560, 357. 51.3 24283 2,343
10 3%0.8 9.1 472, 132, 32.6 12106 1139
11 350.6 98.8 445, 135, 33.2 0,602 0.618
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