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The liquefied air cycle engine (LACE) is an ad- percharged Ejector Ramjet ( SERJ) combined cycle,
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vanced future engine“’ Taking liquid hydrogen coolant return LACE cycle, and LACE cycle with air

(LH,) as coolant, the engine liquefies the air from the separation and so on"* ">’

atmosphere, and then pumps the liquefied air into the

combustion. The liquefied air combusts with gas hydro- ’

gen, and provides propulsion power by flowing out the 4

nozzle. Fig. 1 shows a basic LACE cycle. The engine 1 S 6 U

> < >§_ 58
combined with a rocket, and breathing air as the pro- _Oﬂ/—\
pellant of the rocket, as a result, the working range I._>_

and the thrust weight ratio increases, so the LACE en-

ine cycle interests many research groups. The US.
& y y sroup Fig.1 Basic LACE cycle
Marquardt had ever engaged in researching on various |—Air, 2—Air intake, 3—LH, from tank, 4—Pump, S—Heat

LACE cycles in the 1950s. Japan National Aeronautics

exchanger,6—Liquid air pump,7— Rocket engine,8—Ejected gas,
laborato NAL) began its LACE cycle aerospace 9—Gas hydrogen

ry g y p
plane research project in 1987. In 1985, Britain star- There are some key technologies on the develop-

ted the HOTOL space shuttle program, one of the cases ment of LACE cyele'®”) | such as improving the lique-

adopted LACE cycle. As the research going on, vari- faction ratio A, high efficient and compact heat ex-

ous kinds of LACE cycles were developed, such as su- changer design, LACE combination configurations de-

sign and so on. The liquefaction ratio A is one of the
2010 44 A 19 HYE]

S—AEE A LI (1982—) , 55 VLo PN, T B A, B
SO UL LR, tion ratio indicates that more liquefied air could be ac-

most important performance parameters. High liquefac-
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quired with the same volume coolant, and the quantity
of oxygen taking from the ground could decrease largely
or even to zero, then the aerospace plane can take
more payloads into the space. At the same time, as the
propellant decreases, the specific impulse increases.
For the basic LACE cycle, one kilogram liquid hydro-
gen can liquefy about 3.8 kilogram airs at temperature
of 288 K and pressure of 0. 1 MPa, with the hydrogen
temperature increasing from 14 K to 123 K. The mix-
ture ratio of oxygen/hydrogen in a LACE combustor is
less than 1:1, however the stoichiometric ratio of LH,/
(liquid oxygen ) LO, rocket engines is about 34, the
oxygen/hydrogen combustion is not complete, a large
quantity of hydrogen ejected without combusting. So in
this case the specific impulse of this LACE is not dis-
tinctly higher than that of the current LH,/LO, rocket
engines. Furthermore, it has a low thrust weight ratio.
Theoretical specific impulse of LACE on sea level is up
to 70 000 m/s, however it actually only get 10 000 m/
s for basic LACE cycle, much lower than the theoreti-
cal value. New LACE cycle should be designed to im-
prove the liquefaction ratio, and improve the specific
impulse. Based on the proceeding discussing, a new
concept air-breathing rocket combined cycle ( ARCC)
with LACE subsystem is presented. The ARCC engine
is composed of the turbojet, ramjet and LH,/LO, rock-
et engines. It can be used as the first stage propulsion
of a two-stage-to-orbit (TSTO) vehicle. As the tech-
nology developing, it can be adopted as propulsion of a

single-stage-to-orbit (SSTO) vehicle further.

1 ARCC with LACE subsystem working

mechanism

1.1 LACE subsystem working process
The air from intake divided into two parts, one

goes into the turbojet or ramjet, the other goes into the

LACE subsystem. The LACE subsystem takes slush

hydrogen as coolant. As fig. 2 shows, the air 11 flow-
ing into the LACE subsystem is cooled to about 84 K
after passing through the first heat exchanger 2. Com-
pressed by a ram-rotor 3" | whose single stage com-
pression ratio is between 12 and 15, to a pressure
about 1.4 MPa, the air is cooled to the condensation
temperature by passing through the second heat ex-
changer 4. Passing through the expander 5, most of
the oxygen in the air is liquefied with a small friction
of nitrogen liquefied. After a separator 6, the lique-
fied oxygen is pumped and stored into the liquid oxy-
gen tank 8, and the nitrogen is led to the first heat ex-
changer as a coolant. When the nitrogen leaves the
heat exchanger, a part of the gas goes to cool the tur-
bine blade of the turbojet, left goes to cool the turbojet
afterburner or ramjet combustor, and finally goes into
the nozzle, ejected out to provide additional propul-
sion. As the turbine blade, turbojet afterburner and
ramjet combustor are cooled, it can improve heat re-
sisting capability of the turbojet and ramjet. More fuel
can be ejected into the combustor, so the propulsion
of turbojet and ramjet increases. Further more all the
nitrogen goes into the nozzle, and ejected out to pro-

vide additional propulsion, which can also increase

the ARCC thrust largely.

Fig.2 The configurations of the LACE subsystem

1—Gas nitrogen, 2—Nitrogen/air/hydrogen heat exchanger,
3—Ram-rotor compressor,4—Slush Hydrogen/air heat exchanger,
5—Expander,6—Gas liquid separator,7—Liquid oxygen pump ,8—
Liquid oxygen tank ,9—Liquid hydrogen pump,10— Slush hydrogen
tank ,11—1Inlet air,12—Heated gas hydrogen,13—Power imported

from outer system.
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For the coolant cycle, the slush hydrogen from the
slush hydrogen tank first goes into the second heat ex-
changer 4. The gas temperature increases to about
67 K. A part of the gas hydrogen return to the slush
hydrogen tank 8 to be re — liquefied, the other goes in-
to the first heat exchanger 2 to cool the inlet air 11,
and then is compressed and goes to cool the aerospace
plane body or some parts which need cooled, finally
ejects into the combustor to combust. In the slush hy-
drogen tank, when all the slush hydrogen turns to lig-
uid hydrogen and the liquid hydrogen is heated to satu-
ration state under the tank pressure, the tank return
cycle stops. After that, all the gas hydrogen flowing
out of the second exchanger goes into the first heat ex-
changer.

1.2 ARCC engine working process

The turbojet 5 and the LACE subsystem 4 work
first, when the aerospace plane takes off from the
ground. A part of inlet air flows into the turbojet 5,
compressed in the compressors, burning in the com-
bustor, expanding in the turbine, re — burning in the
afterburner 8, and finally ejected from the nozzle 12 to
provide propulsion. Turbojet 5 adopts two stages ram —
rotor as the low pressure compressor and high pressure
compressor. The ram — rotor is a simple, light, high
compression ratio and high efficient compressor, so the
thrust weight ratio of the turbojet 5 is very high, more
than 15, but the structure is much simpler. The other
part of the air flows into the LACE subsystem 4, lique-
fied and separated into liquid oxygen and gas nitrogen.
The liquid oxygen is stored into the liquid oxygen tank
the gas nitrogen is used to cool some important parts
and sent into the nozzle to be ejected out to produce
additional propulsion as foreword mentioned. As the
turbojet adopts heated gas hydrogen as fuel, the specif-
ic impulse is about three times of the normal turbojet.

When the aerospace plane accelerates to a speed

between 2.5 and 3 Mach and a height about 20 000 m,

the thrust and specific impulse of the turbojet decrease
tremendously, and a ramjet 6 should be operated to
functioning instead of the turbojet 5. As the turbojet
and ramjet share the intake 1, the switch boards 3 be-
fore the turbojet and switch board 7 after the turbojet
close, air from the intake goes through the bypass into
the ramjet combustor 8 which is also the afterburner of
turbojet. In this way, the turbojet stops working and
ramjet replaces its function. For the LACE subsystem,

its cycle process is the same as foreword.

——=air 4 5 ] 8 1 12

Fig.4 ARCC propulsion configuration when ramjet works

1—Variable geometry intake ,2—Adjustable intake cowl lip ,3—Tur-
bojet/ramjet switch boards, 4—LACE subsystem, 5—Turbojet,
6—Ramjet, 7—Turbojet/ramjet combustor switch boards, 8—Com-
bustor shared by turbojet and ramjet, 9—Slush hydrogen tank,
10—Liquid oxygen tank,11—LH,/LOy rocket combustor chamber
and nozzle , 12—Nozzle , 13—Nozzle baffle of the LH2/LOy rocket

engines, 14—Adjustable bottom board of the nozzle ,15—TLow

temperature nitrogen gas,16—Liquid oxygen.

When the aerospace plane flies to a height or a
speed that the ramjet could not work steadily, the ram-
jet should stop working and the scramjet starts to work
or the LH,/LO rocket engines 11 start to work if the
scramjet is not available. The LACE subsystem adopts
oxygen and nitrogen separation technology, the lique-
fied oxygen can be used as propellant, and nitrogen
can also be heated to provide propulsion, so the LACE
subsystem can insist on working until the air-breathing

propulsion is shut down. When the air-breathing pro-
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pulsion stops working, the adjustable intake cowl 2
turns upwards to close the entrance of the intake, and
the adjustable bottom board 14 of the nozzle turns up-
wards, together with the unwrapped nozzle baffle 13 of
the LH,/LO, rocket engines to close the nozzle of air-
breathing propulsion. Then the LH,/LO, rocket en-
gines 11 operate. As the liquid oxygen used in the
LH,/LOy rocket engines mostly comes from the atmos-
phere, not from the ground, the performance of the
ARCC propulsion is excellent, and the aerospace plane

can taking more payloads into the space.

2 LACE performance calculation model

To make good use of the cooling capacity of the
coolants, the heat exchangers should be well designed
and evaluated the performances.

For quick estimation of the heat exchanger per-
formances, the simple and convenient correlations can
be found in the following calculation equation. The
heat exchanger temperature efficiency 7,,,is defined to
be the ratio of the temperature difference between cool-
ant inlet and outlet and the temperature difference be-

tween air inlet and coolant inlet .
e
Mool = Ti‘" B Tin (1)
Where, T—temperature,
Superscript; in; inlet, out: outlet;
Subscript; a; air, c¢: coolant;
The air pressure recovery ratio o, is defined to be

the ratio of air stagnation pressures in the outlet and the

inlet of the heat exchanger:

P*oul
o, = - (2)

Where, P*—stagnation pressure
Superscripts; in: inlet, out: outlet
Subseript; a; air
Assuming the heat exchangers have no energy

loss, the energy equation can be described as follow;

For the first heat exchanger:
mac,uin (T = THO + M, (T = T
= m,c,, (T = ") (3)
For the second heat exchanger:
ManCon (T = Th) = M (Thy = T3 (4)
Where, T: temperature, m: mass flow rate,
¢, : specific heat capacity at constant pressure.
Superscripts; in: inlet, out: outlet;
Subscript; N: nitrogen, H: hydrogen, a: air, 1
first heat exchanger; 2 second heat exchanger
For the low-temperature air compressor, the power

and the outlet air temperature can be expressed as:

(y=1)
Car -1
N, = mye, T T 2(5)
n(‘,
Ty = THIL + (75 - D/ (6)

Where, N—power, T—temperature, m: mass flow
rate , /—compression ratio, n—efficiency , y—specific
heat ratio; c,—specific heat capacity at constant pres-
sure.

Superscripts—in; inlet, out; outlet.

Subscript; a—air, c¢: compressor, 1: first heat
exchanger, 2 second heat exchanger.

There is phase transition existed in the process
when the low temperature air passes through the ex-
pander. Normal turbine performance calculation formu-
las are no longer applicable to this expander. As the
pressure of air inlet and the expansion ratio are known
parameters, the outlet air pressure could be calculat-
ed. Assuming the expansion process is isentropic, and
according to the thermal parameters of the air inlet and

the outlet pressure, the power of the isentropic expan-

sion process could be computed in the pressure-enthal-

py diagram.
N = (M)
The real power of the expander;
N.=N'm, (8)

Where , N—power, h: enthalpy, 7: efficiency

Superscripts—in; inlet, out: outlet, N’ isentropic
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parameter

Subseript—a air, e: expander.

3 LACE performance analysis

According to the performance calculation model,
the thermal parameters of the four main parts of the
LACE subsystem are calculated. Table 1 show the
thermal parameters when the LACE subsystem is on the
ground. After the expander, about 20 kg/s oxygen is
liquefied. The heated gas hydrogen mass flow rate is
only 2.5 kg/s, which is 2. 5% of the total air mass
flow rate. The mass flow rate of hydrogen returning to
the tank is 3 kg/s, about 54.5% of the total hydrogen
mass flow rate. Considering the total cooling capacity
consumed , the liquefaction ratio A,is about 5.8, and if
only considering the ratio of the liquefied oxygen mass
flow rate to heated gas hydrogen mass flow rate, then

the liquefaction ratio A is 8.

Table 1 Thermal parameters of the four main parts of the

LACE subsystem on the ground

First heat Second heat
he Compressor he Expander
exchanger exchanger
Air side
Inlet temperature/K 288 84 183.5 109.8
Outlet temperature/K 84 183.5 109.8 97.6
Inlet pressure/MPa 0.103 0.092 7 1.39 1.25
Outlet pressure/MPa  0.092 7 1.39 1.25 0.25
Mass flow rate/ 100 100 100 100
(kg-s™)
Fxchanging heat or 5 46 9 950 6780 4554
power/kW
Coolant side
N, H, H,
Inlet temperature/K 97.6 67 13.8
Outlet temperature K 259.4 254.9 67
Mass flow rate, kg/s 80 2.5 5.5
Exchanging heat k] 13 440 7 020 6 780

As the LACE subsystem works from the Mach
number 0 to 5 or even more, analysis the LACE per-
formances vs. flight state is necessary. Fig. 5 shows
curves of the liquefaction ratio vs. the flying height
and Mach number. Below the height of 20 km, the
liquefaction ratio A, changes little. Above the height
20 km, the liquefaction ratio A, decreases with the
height increasing. However, the curves of the lique-
faction ratio A, vs. the flying height have a different
discipline. The liquefaction ratio A, gets the peak val-
ue at the height of 20 km. According to calculation
results, liquefaction ratio of the LACE subsystem is
very high, and the performances of the LACE subsys-
tem are excellent. That means the LACE subsystem

could supply a lot of liquid oxygen for LH,/LO, rocket

engines.
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Fig.5 Liquefaction ratio vs. the flying

height and Mach number

4 ARCC performance analysis

Whether the performances of ARCC engine are
good or not, it should be judged by the performance
data. By the thermodynamic cycle modeling and per-

formance cycle analysis, the performances of the tur-



19 14 JRELH A R AL S SAE IR T R G ARCC RSP 4867
bojet and ramjet are given out. Fig. 6 shows the spe- Iy F
cific impulse of turbojet vs. the height. Fig. 7 shows 8000 %ﬁg% Eg o
the specific impulse of turbojet vs. the Mach number. Ng iHe}% t— 12000
i 1ght—20 000
Fig. 6 indicates that the specific impulse of the turbo- 7000
jet increases from 0 to 11 000 m height, and above I
the 11 000 m height, the specific impulse keep the 6000l
same. Fig. 7 shows that with the Mach number in- i
creasing, the specific impulse of the turbojet decrea- 5000:
ses. i
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Fig.6  Specific impulse of turbojet vs. the height

Fig. 8 shows the specific impulse of ramjet wvs.
the height. As the height increases, the specific im-
pulse of ramjet changers little. Fig. 9 shows the spe-
cific impulse of ramjet vs. the Mach number. With
the Mach number increasing, the specific impulse of
ramjet first increases, and then decreases. At about
3.2 Mach, the specific impulse of ramjet reaches the
peak value.

By the research on the specific impulse of ARCC,
it can be concluded that the ARCC engine has very ex-
cellent specific impulse performance at most of the fly-

ing conditions.

Fig.7 Specific impulse of turbojet vs. the Mach number
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Research on Air-breathing Rocket Combined Cycle with
Liquefied Air Cycle Engine Subsystem

YAN Hong-ming, HAN Shao-bing' , ZHONG Jing-jun', YANG Ling'
(School of Energy Science and Engineering, Harbin institute of Technology, Harbin 150001 ,P. R. China;

Marine Engineering College, Dalian Maritime University! , Dalian 116026, P. R. China)

[ Abstract] To overcome the propulsion difficulties of aerospace plane, a new concept air — breathing rocket com-
bined cycle (ARCC) with LACE subsystem is presented. This combined engine integrates the turbojet, ramjet and
rocket engines into one propulsion system. When the air — breathing propulsion works, the LACE subsystem lique-
fies the oxygen from the atmosphere and stores it in a liquid oxygen tank as propellant of the liquid hydrogen/liquid
oxygen rocket. As it takes a little liquid oxygen or even none from ground, the aerospace plane is much economi-
cal. To enhance the LACE subsystem liquefaction ratio, a new cycle of LACE subsystem is designed with several
measures adopted. The thermal processes of the LACE subsystem and the specific impulse performance of ARCC
are calculated. The results show that the liquefaction ratio of the LACE subsystem is very high at most of the air-
breathing flight states and the specific impulse performance of ARCC is excellent at most of the flying conditions.
[ Key words] ARCC LACE liquefaction ratio thermal analysis



