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A Design Optimization through the Hot—firing Performance Evaluation of
GCH4-LOx Small Rocket Engine Employing Film-cooling System

Yun Hyeong Kang

Department of Mechanical Engineering, The Graduate School

Pukyong National University

Abstract

As a hot-firing performance evaluation for the design optimization of
GCH4-LOx small rocket engine employing film-cooling system using LOx
as a coolant, the following research was conducted; a characteristic length
optimization for the combustion chamber of GCH;-LOx small rocket engine
and performance evaluations varying propellant supply-conditions of small
rocket engine with film—-cooling applied. Attention has been received to the
necessity for reusable launch vehicles with the intention of reduce the
dramatic cost of development for space propulsion engine, and a need for
research of eco-friendly propellants has also increased. Among various
fuels, liquid methane 1s considered appropriate as a
high-performance/low-cost propellant because it is superior in terms of
performance, eco—friendly and economy compared to liquid hydrogen and
kerosene. And application of a cooling system 1is essential to rocket
engines because of an extreme heat flux coming from hot combustion gas.
In general, regenerative-cooling and film-cooling are used to protect
combustor and nozzle from the thermomechanical damage.
Regenerative-cooling has the advantage of minimizing heat loss and
improving combustion efficiency. However, this method has a disadvantage
of system complexity which results in poor reliability as well as

manufacturing difficulty specifically related with geometric limitations in



small engines. Contrariwise, film—cooling is more effective than the former
in small rocket engines which needs the less area of cooling, such as
vernier engine and orbital maneuvering thruster, because of the system
simplicity. Besides, when the film-cooling is applied to staged
combustion—-cycle engines, a preburner operating in a fuel-rich/-lean
condition can supply a high enthalpy propellant to the main combustion
chamber without wasting the film-coolant of preburner. Additionally, the
film-cooling can be employed not only for an upper stage engine but also
for an 1st-stage engine of launch vehicle when combined with
regenerative—cooling system. Inasmuch as these application points, it can
be said that the film-coolings are taken up on various scale of rocket
engines. The optimization of the chamber -characteristic length was
performed for that is one of the critical design parameters of a small
rocket engine. Performance characteristics such as thrust, characteristic
velocity, and specific impulse at the steady-state could be acquired as the
crucial parameters of the engine performance. The performance
characteristics obtained through the test were evaluated and analyzed
make the use of the theoretical performance which is calculated from CEA
(Chemical Equilibrium with Application) code. And in order to derive the
optimal operating—-condition of the GCH;-LOx small rocket engine
employing film-cooling system, hot-firing tests were conducted under
various propellant supply—conditions. The operating—condition optimization
study was analyzed through the trade-off between combustion performance
and cooling performance attributable to the propellant supply-conditions

including coolant.
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Table 1.1. Comparison of propellant combination characteristics at optimum

(O ), i,
Erpe Fuel Kerosene CH4 H,
combination Oxidizer 0,
(O/ F), ativopt 2.70 3.39 456
Bulk density (kg/m?) 1.00 0.85 0.35
Ly idear (M/S) 3400-3500 3500-3550 4500-4700
Eco—friendliness AN O @)
Reusability X O A
Reliability A (@) A
Launch vehicle dry mass
(payload not included) N v g
Development difficulty A O X
Storability O X X
Film-cooling X © O
ISRU X O O
Cost A ) X

*O: favorable, A: intermediate, x: unfavorable (relatively among the 3 combinations)
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Fig. 1.1 Schematic of film—cooling.
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Table 1.2. Summary of various experiments.

Researchers Engine parameters Coolants studied
water
aniline—alcohol
F = 1,000 Ibf anhydrous ammonia
Boden[19] P, = 315 psia methyl alcohol
gasoline
JP-3
NMorrelli20] F = 1,000 Ibf water
orre P, = 220-270 psia ammonia
ethyl alcohol
MMH
Stechman et al. | £ = 10-1,000 Ibf H,
[21] P. = 10-500 psia B.Hs
CHy4
Volkmann et al. b
(23] P, = 2,000 psia CH,

HA F¥E A= Table 1.2 E Table 139149} Zo] iRE A=
WAAZ At o, FE4d d4s A3 AR ARSA| (A A AA)7E A
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Table 1.3. Major studies of liquid film—cooling adoptable to rocket engine.

Researchers Research methodology Target of study
Boden[19] Experimental Feasibility of films
Morrell[20] Experimental Feasibility of different coolants
Warner and Experimental Feasibility of Hy, as a coolant
Emmons[27]
Kirchberger et Experimental Kerosene as a coolant
al.[28]
Cook and .
0% an Experimental Hydrocarbons as a coolant
Quentmeyer[24]
Stechman ot al. Experimental Propellant§ as a. cooqut
i Introduced ‘flow instability
[21] Analytical o . ,
efficiency correction factor
Perf d
Kinney et al.[29] Experimental .er o.rme.mce stu. Y
Visualization of films
Abramson[30] Experimental Cooling of nozzles
Arringt t al. ; )
rrlng[:;) ﬁ T Experimental Cooling of bell nozzle
Volk t al. : 1
© nE;;l] F- Experimental Cooling of nozzle throat
Experimental Stability of liquid films
Knuth[32] ] Method for calculating
Analytical . C o .
evaporation rate of liquid film
K Iri t al.
e8se Egﬁ ¢ a Experimental Development of analytical model
; Determinati f the heat
Emmons[34] Analytical geeriunation Ot Lhe aea
transfer coefficient
Analysis of liquid—fil
Croocol35] Analytical nawysts o 1qu1d o
evaporation
Analytical model containing
Gater et al.[36] Analytical transpiration effects and film
instability
Incorporated transpiration,
Grisson[37] Analytical free-stream turbulence and
radiative heat transfer
Shembharkar and Numerical Couette flow model

Pai[38]
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Table 2.1. Typical characteristic length of combustion chamber
for various chemical propellant combinations[39].

*

Propellant combination L (m)
NoH,/LF 0.61-0.71

NyHy-base fuel/HNO; 0.76-0.89
LH./LF 0.64-0.76

NH;/LOx 0.76-1.02

RP-1/H,0 (including catalyst bed) 1.52-1.78
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LH»/LOx 0.76-1.02
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A F8 54742 (Thrust Measurement Rig, TMR), &Ao" B (Flow
Control Valve, FCV), Z}& AlA, A543 2 AoJA X (Data Acquisition
and Control System, DACS) 522 T4 5™, Fig. 2.10] =A|gt}.
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Fig. 2.1 Schematic of experimental setup.

_10_



H 5 0~
IO i ..
S R g
o.x,mu 0 = il
T:i]ﬂoTﬂ;sao . _
T u_xmaﬂﬂjo_u%m ¥ X = &
moﬁwﬂh_ow&:zﬂ, X B = TH T w
< s ® ﬂq.urﬂ < A
uuummﬂr,_ﬂﬁﬂofr%mmm momE o moé
o ) = 1r1_| _—
A w 3= W T £ % e = 2
E&oﬂoﬂﬂ%%%iﬁ .ﬂaﬂ__ uTﬂﬁmﬂ
ﬂ;%@m%%@w_wo_a BN : ZTes
%M@@rﬂ { G ) a T o o
17@%% Wy A NS 4 4 o=
;IAW\I,LI \;L)A .IO_U =l ‘mv‘._ 1o
BT w = » B R o N ® o
] ﬂ%ioﬁaafﬂmoma i TR T H %0
ﬂﬂr%aﬁmﬂognuumamﬂd._.m_m ﬁaﬂm_w&
o ow o - X - s 70 T T
iwe_eﬂmqvémmﬁﬁ, L= =T
T o N K Ak ! B = C,q%
ﬂﬂﬂ%?ﬂﬂ%@ﬁ%%g tE o 07"
ﬂ%w%m%ﬂmgwwgw —E sz 57T
o° I~_1_\O|\_I_.A‘I‘Ir“| 1Cp ‘,H_M —
L ,_L;Lgo ]OH ._A.I_z AN+ [ < 0
Aémov,m_wwgawwwww% L CR
meqa%%Hlmgﬂm ~l N
ox o ]Aﬂ_rm o 2 701_o_au,m.‘_
wﬁ%o_aq T B dyﬂe & =
ﬂ%ﬂ%ﬂ%@%ﬂﬂaig_ Z 5w P
Ho ]ioﬂmm@ﬁo A,_,mwongo RLE =0 oo AR
Z_Emmﬂﬂ%iﬂ@;;;m v SEzd
A U T S S o = . *,w_.wri
) 3 Hﬂ%,ris ~ Q0 Ch
%ﬂﬂ@k L A %Luﬂﬂ ,ﬁ.mﬂ,
O)ES%LE%}ﬂ Hgﬂm
oW om T ER S
T S g
d!l
g W R
Si_/.
i

N .
& Fig. 2.2

]

A
=

A4

=)
=
- 11 -

}= 137 m

©

golel = 20%el
Sl

E
=



=1.37m L*=1.71m L*=2.06m

Fig. 2.2 Combustion chamber with varying characteristic length.
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Table 2.2. Ground hot=firing test condition.

P Sia) L* (m) ) P. (psia)
ot 1.00 142.6
220 A 1.05 149.6
2.06 1.13 151.9
1.37 0.91 162.9
255 1.71 0.97 165.8
2.06 1.02 168.8
1.37 0.75 195.3
320 1.71 0.75 202.3
2.06 0.87 194.4
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Table 3.1. Test subjects of GCH4—LOx SRE employing film—cooling system.
Subject ¢, m, ¢, m, m,
Depending Depending
1 Fixed Fixed . . Varied
on m, on m,
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2 . . Fixed Fixed Varied
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Table 3.2. Propellant supply condition for the test depending on
the coolant- mass flow-rate.

Case No. Q, ?, PFC (%)
FC1-1 0.72 0.72 0
FC1-2 0.71 0.49 27.0
FC1-3 0.71 0.45 336
FC1-4 0.71 0.43 35.7
FC1-5 0.73 0.42 39.1
FC1-6 0.73 0.39 424
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Fig. 3.5 Plume comparison of the test according to the (&/0),,., variation.
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