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Abstract

A simplified model for the numerical simulation of a Synergistic Air-Breathing Rocket Engine together with its
precooler has been proposed in the present investigation. A literature survey on the thermodynamic
parameters highlighting the energy cycles at various stations of SABRE engine has been conducted.
Altogether 43 groups of energy conservation equations, pressure balance equations and power balance
equations have been solved using a nonlinear system solver integrated in commercial software MATLAB. In
addition to the mass flow rate, temperature and pressure at each station, the pressure ratios of the air
compressor and the helium compressor, the expansion ratios of the helium turbine and the hydrogen turbine
have all been investigated numerically. Moreover, as the critical component of SABRE engine, the precooler
with micro-tube structures has been modeled based on two-dimension spatial discretization, and the results
have been presented in the form of matrices, which show the high performance of the precooler.
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1. Nomenclature

T = Temperature

P = Pressure

g = Residual

PR = Pressure ratio

k = Specific heat ratio
ar = Air

He = Helium

oxX = Oxygen

mix = Mixture

U = Overall heat transfer coefficient
A = Heat transfer area
Cmn = Heat capacity

q = Heat flux

2. Introduction

Synergistic Air-Breathing Rocket Engine (SABRE) is a combined cycle engine, which was initially
developed in the early of last 80’s century when British engineers selected it as the power plant of
SKYLON [1]. Integration of an air-breathing engine with a rocket engine is the fundamental feature
of the SABRE engine.

The air-breathing engine offers higher specific impulse at low speed. However, its low thrust-to-
weight ratio limits the Mach number range. The SABRE engine is designed to have a high thrust-to-
weight ratio but moderate fuel consumption whilst switching to the rocket engine mode at Mach
number 5 and altitude of 26 kilometers. SABRE engine is one of the major technology challenge
standing in the way of hypersonic flight. The ability of compressor to handle high temperature inlet
flows is seriously limited by the necessity to compress air prior to combustion. In order to use the
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atmospheric oxygen at high pressure, SABRE engine cools the incoming airflow through a precooler
[2], which brings in a series of complications for the engine design, such as the fabrication of
microtubes and its implementation. Moreover, the frost formed on the cooling surfaces of precooler
induces an additional thermal resistance and decreases the performance of precooler [3].

Webber et.al [4] compared SABRE engine with LACE engine (Liquid Air Cycle Engine) and the
results showed that through entropy minimization, the SABRE made substantial gains in
performance over the traditional LACE precooled engine. It was demonstrated that the precooler is
the major source of thermodynamic irascibility within the engine cycle, and the entropy can be
reduced by increasing the heat transfer coefficient on the air side. Fernandez-Villacé et.al [5,6]
presented a numerical model of SABRE engine during the entire air-breathing mode using the
programming environment of EcosimPro based on ESPSS (European Space Propulsion System
Simulation) set of libraries, and a more realistic turbomachine behavior is implemented. The authors
have proved the appropriateness for the simulation of SABRE engine during the air-breathing
trajectory. Moral et.al [7] presented a simplified model using the standard ESPSS model of heat
exchanger modules, and fitted the turbomachinery elements to represent the physical behavior of
SABRE engine in design and off-design operation modes. Zhang et.al [8] carried out the efficiency
calculation and cycle optimization for SABRE engine and proposed a method to improve the cycle
efficiency. In this study, the cycle efficiency of SABRE engine is demonstrated to be between 29.7%
and 41.7% within the entire flight envelope, and most of the wasted energy is occupied by the
unburned hydrogen in exit gas.

Many studies to date have focused on the concept introduction of SABRE engine and qualitative
analysis. Moreover, studies about engine performance mostly make use of commercial software.
The main objective of the present investigation is to provide a simplified numerical code for simulation
and optimization of SABRE engine including its precooler with easy approach. The code is
programmed using MATLAB for its combination of concise language and portability.

3. Mathematical Model
3.1 Performance Model for SABRE Engine

The SABRE engine is designed to be capable of single-stage-to-orbit with two modes of operation,
which is shown in Figure 1 and Figure 2. The air-breathing mode combines a turbo-compressor with
a microchannel precooler just behind the intake, which chills the hot air, leading to an ultra-high
pressure ratio. The high pressure air is subsequently fed into the rocket chamber where the air is
ignited along with hot gas from the preburner. At the same time, part of the compressed air is fed into
the preburner for the purpose of heating helium gas in the closed cycle. The valve located between
the preburner and the turbo-compressor regulates the exhaust gas temperature, the heat transfers
across the reheater and the helium turbine inlet temperature.

Air/H, Pre-Burner

i Air Bypass Burners
High Temp HX

AirIntake  Ajr Pre-cooler

Air Turbo-Compressor

Combustion Chamber
& Rocket Nozzles

Heat Rejection HX

Figure 1 — SABRE engine. [9]

The air compressor is driven by helium turbine, and the temperature as well as the pressure of helium
gas decrease at the same time. However, the temperature of helium is still very high and the heat is
transferred into liquid hydrogen within HX4. The helium compressor driven by hydrogen turbine is
used to compress the cooled helium gas to the previous pressure. At this moment, the closed helium
loop is completed, and the supercritical helium gas is ready to chill the hot air from the intake.
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On the other hand, liquid hydrogen is heated by hot helium gas and changes into hot hydrogen gas,
which flows into hydrogen turbine and drives the helium compressor. Rich hydrogen gas flows into
the preburner where it is ignited along with air to produce hot gas. Finally, the rich fuel gas flows into
rocket chamber and joints the compressed air. Helium gas works as the intermediate medium and
transfers heat from air to hydrogen though a closed cycle with constant mass. Although the nitrogen
from the air cannot be used for participating in the combustion process, the thrust is increased when
it flows through the nozzle at high speed. However, the equivalence ratio of air and hydrogen in the
chamber cannot be 1 exactly since there is only about 23.3% oxygen in the air. According to the
formula that describes the reaction process of air and hydrogen, when equivalence ratio is 2.8,
remaining hydrogen will be wasted through nozzle [10]. Therefore, liquid oxygen is supplied into the
system, which can be found in Figure 5, leading to difference in thrust and specific impulse compared
with the key operating parameters of SABRE engine.
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Figure 2 — Thermodynamic cycle of SABRE engine.

The thermodynamic cycle can be described as accurate math expressions in Table 1. The 43 groups
of unknown variables needed to be solved, along with 43 groups of constraint equations. These 43
groups of variables consist of 1) temperatures and pressures at various stations; 2) pressure ratios of
air compressor, helium turbine, helium compressor and hydrogen turbine; 3) mass flow rates of air,
helium gas, liquid oxygen and liquid hydrogen. The 43 groups of constraint equations consist of
energy conservation equations, power balance equations, and pressure balance equations.

Table 1 — Constraint equations.

Equation No. Equation No.

91 =Ty —Tacar (1) 92 =Ti6 — Ti6cal (2)
gz = P3 = Py — APy (3) ga = P35 — P1g — APisca 4)
gs = Py — Ps — APy, B) g=Ts—Ta (6)
97 = P¢ — Ps x PR, (7) gg=Ts—Ts- PRl((k—l)/k) (8)
go = Ps — P; — AP35 Q) g10=T,—Ts (10)
911 = Pruet — Po (1) 912 = Tryer — To (12)
913 = Toz — Toocar (13) 914 = T1o — Trocal (14)
915 = Pa1 — Poy — APpycq (15)  g16 = Py — P1g — APygcq (16)
917 = Pio/P Ry — Py; — APy, (17) g1s =Ty1 — TlO/PR4((k_1)/k) (18)
910 = (P11 - Mpyer + Py - Mgy /B) /Mupiy — Pry — APy (19) 920 =T12—T¢ (20)
921 = T1g — Tigcar (21)  g22 = T13 — Tizcal (22)
923 = P17 — Pig = APigcar (23)  goa = P13 — Py3 — APy3cq (24)
925 = P13 — Py — APy (25) 26 =Tia—T13 (26)
927 = P1g — P17 — APpg (27) g8 =T17 — Ti6 (28)
929 = P1g — Pig — APpg (29) g30 =Tio—Tig (30)
931 = Pyo — P1o/PR, (31) gz2 = T19— Ty - PRZ((k_l)/k) (32)
93z = Pyg — P;1 —APpq4 (33) g3a=To1 — Ty (34)
93s = Pa3 - PR3 — Py3 — APpyp (35) 936 = To3 — Ty - PR3((k_1)/k) (36)
gz7 =P3 — P, (37) gss=T5—T, (38)
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939 = Py3 — Py (39) G40 = Ws_g — Wig_3 (40)
ga1 = I/!/10—11 - W22—23‘ ‘ (41)  gaz = P; = Py3 (42)
943 = Mgjr + Mpyer + Moy — Mygzz1e (43)

In the table, T., and AP, can be described as the functions of mass flow rate, pressure and
temperature of heat transferring mediums, which can be described as follows.

T4cal' Tchalr APz}cal' AP16cal = HXl(mair' Tairr Pair' Mye, THer PHe)

T22cat Trocat AP2zcar AProcar = HX4(Mye, T21, P21, my, To, Po) (44)

Tigcaw T1zcat APigcat, AP13car = HX3(Muix, Trz, Pra, My, T17, P17)
Since the proposed model is zero-dimensional, coupling two-dimensional calculation of heat
exchangers is not necessary. To perform rapid calculation of heat exchangers, the method developed
by Kays and London [11], using the effectiveness-number of transfer units is used in the iterative
process. In the sections of a precooler heat exchangers, the supercritical helium gas flows through
the microchannel and are in cross flow with compressed air. The effective-NTU equations for unmixed
cross flow heat exchangers can be given as

e=1—exp(1/Cp - NTU*?? - (exp(—Cy, - NTUP78) — 1)) (45)
Assuming HX3 and HX4 are counter flow heat exchangers, the effectiveness can be given as
e=(1-exp(=NTU- (1= Cp))) - (1= Con - exp(=NTU- (1 = C,n))) (46)
where the number of transfer unit has the following value.
NTU = % (47)

3.2 Key Component Model for Precooler
NTU method is efficient in the simulation of SABRE engine, but a model with a higher precision is
expected since the precooler is a key component. The configuration of the precooler is shown in

Figure 3(a), and the precooler can be equalized as Figure 3(b).
| Coolant Flow

Hot Air

Cold Air

@ ¥ B u (b)

Figure 3 — The configuration and matrices module of SABRE engine. [3]

As shown in Figure 4, the precooler core is discretized into j x j micro units, where i is the layers of
tubes and j is the number of cells along the direction of tubes. Apparently, the outlet condition of layer
i is the inlet condition of layer i+1, and the outlet condition of cell j is the inlet condition of cell j+1.
Within micro unit (i,j), we can build 4 groups of energy conservation equations that describe air, helium
gas, hot side tube wall and cold side tube wall, respectively. Taking micro unit (i,j) as an example,
heat fluxes in the hot channel are given by

kH;jAp (TH;j+THiiqj TH; j+TH;_qj
41 =mgjhi;— LH ( 2 N 2 ) (48)
kHiyq1jAp (THiy1,j+THiy2; THiyqj+THj
qz = mi+1,jhi+1,j T, ( 2 - 2 ) (49)
NuHi_iji,]- THL"]'+TH,:+1J'
3 =—p  Aij ( —TWH,; (50)

where m; ; is the mass flow rate; 4; ; is the effective heat transfer area; 4, is the effective flow area
of hot fluid; h; ; and h;, 4 ; are the enthalpies at inlet and outlet interfaces, respectively; kH; ; is the
fluid thermal conductivity; LH is the characteristic length; NuH; ; is a function to calculate the local
Nusselt number; TWH, ; is the wall temperature at the hot side. The heat transfers in the microtubes
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are solved in an analogous way.
Heat conductions in the axial direction along the tube wall are calculated as

_ kw-a, (TWHi’j+THCL"j TWHi’j_1+THCi’j_1) (51)
1= =" 2 2

_ kw-a, (TWHi’j+1+THCL"j+1 TWHL"j+THCi’j) (52)
72 = =7 m 2 2

where g, is the heat fluxes at the left side and g, is the heat fluxes at the right side.
The cross wall heat fluxes are calculated as follows.

q7¢ = w (TWH;; = THC; ;) + 1222 (54)

The actual temperatures are solved by using these relationships to minimize the residuals of energy
conservation equations:
0=q1—q2—q3
0 =4g35 —qn
0=qs—qyc (59)
0=qs+35—7s
Eq. (55) can be solved using a system solver integrated in MATLAB, namely ‘fsolve’.

| | Hot fluid | |
TH, . IPH, TH,,.PH TH,, PH, .
—_— T, rc.|re,, TG AT0 e,
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TH, .PH,, TH,,.PH,, TH,..PH
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ﬂLlid P ! re,, P PC. PEL PC
I, . PH,, TH,..PH,. IH, IPH
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Figure 4 — Spatial discretization of matrices module.

Heat transfers are determined by empirical heat transfer correlations that take account of the local
flow conditions and thermal properties. Murray et.al [12] built and tested a small precooler heat
exchanger with 0.38 mm tubes using conditions reflecting the operating characteristics of the helium
flight precooler of the SABRE engine, and gave a correlation with the bulk Reynolds number by fitting
a curve to the interpolated data for external flow as follows.

St = —— = 0.5978Re™%3?,Re < 3000 (56)
14
The friction factor was also given in an analogous way, which allows to determine the pressure drop

from one cell to the next using the following empirical correlations:

1 Re 170.04
+ foarey = 0.1923 |52 Re < 3000 (57)

Murray et.al [12] demonstrated that the relations are with the best fit accuracy of approximately 3% in
the range of Re<3000.

The internal flow has been well researched in previous work, and the Nusselt number is calculated
according to the correlations of Taylor [13].

Nu = 0.023Re®®Pr®* () - exp (— (0.57 - 1;"’)) (58)

=
T
D

And the friction factor is given according to Haaland equation [14].



Model for the SABRE Engine

-2
fparcy = <—1.8lg<(ﬁ)1.11 s %>> (59)

where fpq,¢y is the Darcy friction factor; ¢ is the tube roughness height; D is the tube diameter.

4. Results and discussion
4.1 Performance Discussion
Since some of the key parameters of SABRE engine are confidential, the related data are gathered
from different publications and the heat exchangers parameters are adjusted to allow a direct
calculation. For this reason, verifying the model itself becomes the focus of this study rather than the

precision of the results compared with the actual performance of the SABRE engine. Table 2 gives
the key operating parameters of SABRE engine.

Table 2 — Key operating parameters of SABRE engine.

Air-breathing Mode Rocket Mode

Altitude 20270 m Hydrogen Mass Flow 46 kg/s
Mach No. 4 LOX Mass Flow 278 kg/s
Intake Pressure Recovery Factor 0.1592 Chamber Pressure (nominal) 145 bar
Hydrogen Mass Flow 31 kg/s Total Thrust 145.8 ton
Equivalence Ratio 2.8

Air Mass Flow 382 kg/s

Chamber Pressure (nominal) 103.8 bar

Core Engine Gross Thrust 104.5 ton

Total Gross Thrust (including By-Pass Flow) 145.0 ton

Figure 5 gives the simulation results of SABRE engine at Mach number 4, height 25 kilometers,
operating in air-breathing mode. However, the air must be decelerated since the pressure drop of air
gets large rapidly with the increasing Mach number. The total pressure and temperature of the air are
322 kPa and 924.8 K, respectively, before flowing into the precooler. Subsequently, the air is chilled
down to 199.7K under fixed pressure by helium gas at 134.8 K. The pressure ratio of air turbo-
compressor is 66, which could even reach 150 under certain circumstances if the inlet pressure of
precooler is much smaller or the pressure drop is much larger to keep the pressures of air and
hydrogen balanced. The compressed air at temperature 662.8 K and pressure 21.24 MPa is used to
supply the rocket combustion chamber and preburner.

l 1167.7
- 19200.0

B Air
Helium
772.4
Cair=66.0 19200.0 B Hydrogen
Eneij; B oxygen
He=4.
Ta=12 [l Pre-burner Exhaust
Products
Red, Unit: K

3 Black, Unit: KPa
mga;r= 371.9kg/s

my2 =47.7kg/s
354.5kg/s

p— mye = 90.0kg/s
S B=3.2
1167.7
192000
1256.2 m
| T=2344992N
Pre T 540 3 12501 44.3+30.5+I5§‘1kg/s 301,

lsp=309s
- 21240.3

Pexic=1.0atm
- =15
116.2kg/s 255.7kg/s  662.8 s
21240.3
c*=1845.0m/s

47.7kgls

Figure 5 — Simulation results at different positions (Ma=5, H=25km).

On the other hand, the hot helium gas with a temperature of 772.4 K is heated up again by an auxiliary
heat exchanger to 1167.7 K under fixed pressure. The hot helium gas drives turbine to work and the
expansion ratio is 4.7, which indicates that the fluid used to heat up hydrogen is at the temperature of
794.1 K and pressure of 4.126 MPa. Meanwhile the exit temperature of helium gas is 73.2 K, which
increases to 134.8 K after being compressed by the helium turbine. Liquid hydrogen is heated up to
783 K and is able to drive the hydrogen turbine. The combustion chamber temperature is 3291.3 K
which is determined by energy conservation equations. Applying the nozzle characteristics, it is easy
to find that the gross thrust is 234.5 ton and the specific impulse is 309 s.
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Figure 6 shows the residuals of these 43 groups of equations in Table 1, and the least residual is
smaller than 108 after 264 iterations while the initial residuals are huge.

To investigate how the performance changes under various conditions, we first performed simulations
with the temperature in the range of 300 K to 1600 K, then with the pressure in the range of 1 atm to
20 atm, and at last with a given flight mission. The performance parameters to be evaluated are thrust,
specific impulse, pressure ratio, critical temperature and mass flow rate. Moreover, the mass flow

rates of helium gas and liquid hydrogen maintain constant.
8.00E+007 ~

6.00E+007

4.00E+007 +

2.00E+007

Residuals

Maximum residual error=1.8626e-08

0.00E+000 ]

-2.00E+007

-4.00E+007 T T T T T 1
0 50 100 150 200 250 300

Iterations
Figure 6 — Residuals of 43 groups of variables during iterative process.

4.2 Precooler performance discussion

Considerable literature mentioned a precooler core named JMHX of SABRE engine, which consists
of 415 microtubes packed in 38.95 mm x 40 mm x 3.762 mm. The tube inner diameter of JMHX is
0.28 mm, when the actual tube inner diameter of SABRE engine is 0.9 mm. Moreover, nitrogen gas
with a temperature of 80 K is used as the coolant to chill nitrogen gas with a temperature of 1000 K,
when the actual working fluids are helium gas and air, respectively. In the present study, we use the
actual tube diameters and actual working fluids to study the precooler performance of SABRE engine,
at the same boundary conditions for comparison, which is shown in Table 3. It can be seen that the
total mass flow rates of helium gas and air are both 0.023 kg/s.

Table 3 — Boundary conditions.

Tcin 80 K Pcin 10 MPa mcin 0023 kg/S

Thin 1000 K Phin 100 kPa Mhin 0.023 kg/s

For this case, the precooler module has 10 layers with alternating layers of 41 and 42 tubes. In other
words, there are 41.5 tubes on average. Therefore, if we discrete n grids in the direction of tubes, the
inlet mass flow rate of air is (0.023/41.5/n) kg/s, when the inlet mass flow rate of helium is always
(0.023/415) kg/s. A total of 10n micro units bring 4x10n equations to solve. The computational cost
will increase with more layers and grids. If we calculate the full-scale precooler, which means tens of
millions of equations are to be solved simultaneously. One of the solutions is space stepping method.
Since the air flows through the microtubes one layer by one layer, we can solve at most 4n equations
at the same time. Then the inlet condition of next layer will be the outlet condition of previous layer,
which has already been solved.

Depending on the mathematical model of the precooler proposed in this study, it is able to calculate
the temperature and pressure of every micro unit, and the results are shown in Figure 7. The total
heat transfer power is 11.6 kW and the average outlet temperature of air and helium are 538.5 K and
175.4 K, respectively.

Obviously, the layers of microchannel should be increased since the designed outlet temperature of
air for the precooler is 123.15 K. Figure 8 gives the results when the layers of microchannel add up
to 56 and the total heat transfer power is 21.12 kW. Figure 9 and Figure 10 describe the outlet
temperatures of helium and air, respectively. It can be seen that the minimum temperature of air is
122.8 K while the maximum temperature of air is 134.1 K, therefore the differential temperature is
only 9.2 percent of the minimum temperature. It is worth noting that the friction factor of air is almost
30 times of those of helium, which denotes a larger pressure loss of air. It can also be found that the
non-uniformity of temperature decreases with the increasing number of layers.
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1000K Air, temperature Helium, temperature
1000 222.0
937.3 204.3
8745 186.5
811.8 168.8
80
749.0 151.0
686.3 133.3
6235 115.5
560.8 97.75
80.00
498.0

0.8240

Air, friction factor Helium, friction factor
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0.8223
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Figure 7 — Performance of precooler core (black arrows indicate the flow directions).
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Figure 8 — Performance of precooler core when the outlet temperature of air reaches 150°C.
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240 136
= QOutlet temperature of helium = QOutlet temperature of air
220 134
200 f
132
< <
= 180 g
L S130)
© 160 e
3 2128
£ 140 &
= =
126
120
100 124
80 L ‘ ‘ ‘ ] 129 L ‘ . |
0 10 20 30 40 50 60 0 2 4 6 8 10
Layers Number of nodes
Figure 9 — Outlet temperature of helium. Figure 10 — Outlet temperature of air.

5. Conclusions

A simplified model for the steady simulation of Synergistic Air-Breathing Rocket Engine has been
proposed and implemented using commercial software MATLAB. Temperature, pressure ratio, heat
transfer efficiency and mass flow rate at various stations are considered in the governing equations
of the model according to the real thermal cycle processes. The inputs of the SABRE engine
simulation program include the flight Mach number, flight height, bypass ratio, mass flow rate of helium,
mass flow rate of liquid hydrogen, geometry parameters of heat exchangers, geometry parameters of
nozzle and the thermodynamic parameters. The outputs are the pneumatic parameters at various
stations and the corresponding performance of the SABRE engine. The results of the simulation
model are compared and checked with the available data in open literature regarding to the SABRE
engine. Moreover, as the key component, the performance of the precooler has also been analyzed
with a 2D model considering energy balance and pressure balance. For this geometry structure, 56
layers of microchannel are found to be enough to cool the air from 1000 K to 123.15 K.
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