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a/m Channel width p/MPa Pressure

b/m Rib width Pr Prandtl number

Bo Boiling number q/(W/m*) Heat flux

d/m Hydraulic diameter QIwW Quantity of heat

D/m Diameter Re Reynolds number

S/ Friction coefficient T/IK Temperature

FIN Vacuum thrust u/(m/s) Velocity

R(W/(m*-K)) Convective heat transfer coefficient VTR Variable thrust range

H/m Rib height We Weber number

i Compute node x Mass quality

K, Dimensionless pressure parameter X Martinelli number

L/m Length z/m Axial coordinates of thrust chamber
n/(kg/s) Mass flow rate A(W/(m-K)) Coefficient of thermal conductivity
M/(g/mol) Molecular weight pl(kg/m*) Density

MR Oxidizer to fuel mixture ratio 8/m Thickness

n Number of compute units Y Specific heat ratio

N Number of cooling channel A Variation of parameter

Nu Nusselt number
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Subscripts

aw Adiabatic wall of gas—side
c Combustion chamber

co Coolant

i Inlet

max Maximum value

0 Outlet

tot Total propellant
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re Regenerative cooling channel

t Nozzle throat

w Wall of thrust chamber
wg Gas—side wall

we Coolant=side wall

wo Outside wall
Acronyms

RPL Rated power level
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Fig. 1 Schematic diagram of thrust chamber structure
Table 1 Thrust chamber design parameters Internal Cooling External
wall channel wall
Parameter Value
FIkN 5
VTR 5:1
7 Hot gas Coolant External
m, /(kgls) 1.87 = environment
MR 3.2 T, I [ | T,
Pe.rer/MPa 3 l l l
T
DD, 2.7

Fig.2 Schematic diagram of regenerative cooling channel
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Fig. 3 Schematic diagram of thrust chamber heat transfer

process
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Fig. 4 Flow chart of regenerative cooling channel design

Table 2 Input parameters of regenerative cooling channel

design (75%RPL)
Parameter Value
p/MPa 2.25
Y 1.172
M/(g/mol) 20.808
m, /(kgls) 0.225
P i/MPa 4.40
T, /K 125
T, /K 3369
a,/mm 1
H /mm 1.5
o, /mm 0.7
N 48
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Fig.5 Flow chart of calculation of heat transfer

characteristic parameters
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Table 3 Parameters of methane regeneration cooling test

Parameter Value
p/MPa 0.8
MR 1.92
m,/(kgls) 0.125
P /MPa 6.76
r J/K 136
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Fig. 6 Comparison diagram of calculation and test data
Table 4 Comparison of predicted and experimental results
Parameter T./K Py /MPa T, /K
Experimental result 525 443 236 189 4.97 580
Predicted result 569 479 210 169 4.99 599
z/mm -154 -41 9 39 -194 -194
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Table 5 Cooling channel dimension parameters

Position a/mm b/mm H/mm
Cooling channel inlet 2.0 2.7 1.5

Throat 1.0 1.1 1.5
Cooling channel outlet 2.0 3.6 1.5
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(a) Straight channel (b) Spiral channel
Fig. 7 Schematic diagram of spiral channel and straight

channel
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Fig.8 Comparison of heat transfer characteristic parameters

between spiral channel and straight channel
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Table 6 Parameters of straight channel and spiral channel

Parameter Ap /MPa AT /K T, /K T, ..J/K
Straight channel 0.73 195 842 956
Spiral channel 1.31 243 789 937
Discrepancy 0.58 48 =53 -19
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75% ,50% , 20% ML 7Y T 350 FF J& o3 A, 3= 2R 58 1% 2 )
TR R R ) R B R RO SO TR AR S R0
AL, AR TS BNE TR .

Table 7 Parameters of different working conditions

Working p/MPa T /K o MPa T K
condition ‘ : (kgfs) T
100%RPL  3.00 3417 0.30 5.60 125
75%RPL 2.25 3381 0.23 4.40 125
60%RPL 1.80 3353 0.18 3.60 125
20%RPL 0.60 3216 0.06 2.60 125

32,1 VAR TR R KR

P9 g ¥ R0 T B2 U HE ) & i) oy A i 2 B
W B H AN ZE R R S B R A L E . TR
HIFRNGE B J7 1), MU 8 D5 WA DX A DX SORE X T
PIAR X N AT BE = 0.6 43 5, B TAE ABL L R
A, XCA] it — 20 4 S A AE AR BL (0 < » < 0.6) Rl
POBALB BE (0.6 < x < 1) @y #AH IX 1] 75 AH
X0 e 37w, @ 2y 5 Ak AL T B B i A% FAO Ak B B 1Y
BT 05, B WO AH DX ] BRAH S KB i . TR
INT 0.6 B, A BOBLBE DAAZ S W s R 3 308 A A
XoF I A PR A K R R T S TR T 062
Jei o A5 I R AR R T BRI A ¥4 0 ) TR A B
JAHZAE T, FRARCEAR L KA. LLT5%RPL A
i), ¥ H 50 HE VS Il IS Bl Gk R A A
TEz=392mmAbVEAPIAHIX , B & T 5 09 A Wi B8,
YR 2 I7 SR AR AE 4 (29.3 mm < z < 39.2 mm) Fl {5 #h
AL B B2 (16.7 mm < z < 29.3mm) , 7E z = 16.7mm 4t
HANSRSHERMNEE R O, FE X AT
0T B i RT N, O R, v AR R AT AE XY 7
BRSO H, XOR RO IR AR YA R i
BN A 5 W R R AR AR AR H SR TR LR
V3R L R 2 Wi A AR AR SRS

P10 2 ¥ 207003 B L 07 1 4 J & Bl ) 3 A it

o ERHWEENR T, BT HE D E R
A 388 DA R U o PR 4 BHL Ty ) A7 AE ¥ 05003 BB AN D T
1R AN B B AL, F7E TR AH DX P, v A0 50 IR A T
XoF N FE 7 B A R IR RE  BRL AR B DX ) L R ST B
A o BE A 00 REAR, ¥ 20500 I A S W | AR
SRR RN AE A IR EMFE AT, T
ARG , ¥4 AR R TR R R, A TR AR A 125 K
75%RPLZ&AE T R AR T 471 K, 1 20%RPL %%
PR R IR 530 Ko A, IR T2 T ¥ 5500 3
B O /N A 25 5 3O T 45K /N L 75%RPL B Ve )
# % 4 0.82 MPa, 1Mi 20%RPL B, [ [ W] 3 /N Ky
0.62 MPa.

12

10 e — ~}7‘—F'A\;>

0.8 -

06 L —=—75%RPL 2.\ 2
I 60%RPL =00
o 04r -~ 4 20%RPL
02}

Gas-phase

0.4 5 L i L 1 L : L L "

-160 -120 -80 -40 0 40 80
z/mm

Fig. 9 Distribution of coolant dryness along the axial

direction under different working conditions
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Fig. 10 Distribution of coolant temperature and pressure

along the axial direction under different working conditions
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Fig. 11 Distribution of heat flux along the axial direction

under different working conditions
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Fig. 12 Distribution of gas side wall temperature along the

axial direction under different working conditions

Table 8 Typical heat transfer characteristic parameters

under different working conditions

Working Ap./ q/

condition MPa AT.JK (MW /m?) LK g K
75%RPL 0.82 471 12.04 775 1351
60%RPL 0.79 483 10.24 766 1355
20%RPL 0.62 530 4.41 745 1399
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Table 9 Cooling channel dimension parameters

Case Position a/mm b/mm H/mm
Inlet 2.0 2.7 1.5
1 Throat 1.0 1.1 1.5
Outlet 2.0 3.6 L.5
Inlet 2.0 2.7 1.8
2 Throat 1.0 1.1 1.8
Outlet 2.0 3.6 1.8
Inlet 1.8 2.9 1.5
3 Throat 1.0 1.1 1.5
Outlet 2.0 3.6 1.5
Inlet 1.8 2.9 1.5
4 Throat 1.0 1.1 1.5
Outlet 2.2 34 1.8
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Fig. 13 Heat transfer characteristics of different schemes
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Heat transfer characteristics of spiral channel regenerative
cooling in LOX/LCH, variable thrust engine

SUN Jun, LI Qinglian, CHENG Peng, SONG Jie, LIU Xinlin

(Science and Technology on Scramjet Laboratory, College of Aerospace Science and Engineering,

National University of Defense Technology, Changsha 410073, China)

Abstract: In order to explore the heat transfer characteristics of spiral channel regenerative cooling under a
wide range of working conditions, based on the phase change heat transfer model of cryogenic working medium in
a tiny channel, this paper adopted one—dimensional heat transfer calculation method to study the heat transfer
characteristics of spiral channel regenerative cooling for 5 kN liquid oxygen—methane variable thrust engine. The
results show that the heat transfer calculation model adopted in this paper can be used for heat transfer prediction.
Compared with the test results, the error of coolant temperature rise is 4.3%), the error of pressure drop is 1.1%,
and the error of throat outer wall temperature is —11%, which is within the acceptable range of engineering calcu-
lation. Compared with the straight channel, the spiral channel regenerative cooling can effectively reduce the gas
side wall temperature. Meanwhile, under a wide range of variable thrust conditions, the lower the actual power
level, the smaller the coolant temperature rise and pressure drop, and the lower the throat gas side wall tempera-
ture, but the higher the maximum wall temperature in the “heat transfer deterioration zone”. When the engine
thrust is adjusted from 75% to 20% of the rated power level, the maximum gas side wall temperature increases
from 1 351 K to 1399 K. Considering wall temperature and pressure loss of coolant comprehensively, this paper
carried out optimization design of the cooling channel, and compared the heat transfer performances of four cool-
ing channel schemes, among which, scheme 4 was the best. At 20% rated power level condition, the temperature
rise of coolant is 491 K, the pressure drop is 0.34 MPa, and the maximum gas side wall temperature is only
1297 K, which is 102 K lower than that of the initial design scheme and far lower than the ultimate temperature
of materials.

Key words: Liquid oxygen methane engine; Variable thrust; Regenerative cooling; Spiral channel;

Heat transfer characteristics
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