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To meet the demand for air-breathing power for wide-range vehicles at Mach 0-10, two thermal cycles with ammonia as the
fuel and coolant were analyzed, namely the precooled rocket-turbine cycle (PC-RT) and the precooled gas-turbine cycle.
Firstly, the operating modes of the precooled cycle engines were divided into turbine mode, precooling mode, and ramjet
mode. Secondly, a fluid-structure coupling heat transfer program was used to evaluate the cooling effects of different fuels on
the incoming high-temperature air. The result shows that the equivalent heat sink of ammonia is higher than that of other fuels
and can meet the cooling requirement of at least Mach 4 in the precooling mode. Thirdly, the performance of the PC-RT in the
turbine and precooling modes was compared at Mach 2.5. The result shows that air precooling alleviates the restriction of the
pumping pressure on the minimum required f and improves the specific thrust within a reasonable range of f. Fourthly, the
performance of the precooled cycle engines was compared when using different fuels. The result shows that the specific thrust
of ammonia is greater than that of other fuels, and the performance advantages of ammonia are the most obvious in the
precooling mode due to its highest equivalent heat sink. To sum up, the precooled cycle engines with ammonia as the fuel and
coolant presented in this study have the advantages of no carbon emissions, low cost, high specific thrust, and no clogging of
the cooling channels by cracking products. They are suitable for applications such as the first-stage power of the two-stage
vehicle, and high Mach numbers air-breathing flight.
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1. Introduction

Ultra-fast, economical, and green traveling is pursued in the
foreseeable future. In order to meet the demands of the
wide-speed range and long-time working capability, con-
cepts of variable cycle and combined engines were proposed
[1,2]. Among them, the turbine-based combined cycle
(TBCC), with its advantages of horizontal takeoff and
landing, low oxidant carrying requirement, and high relia-
bility, is one of the most promising power system solutions
and has become the focus of research in recent years [3,4].
However, the scramjet engine cannot provide sufficient
thrust below Mach 4, and the existing turbine engine cannot
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provide sufficient thrust above Mach 2.5 due to the con-
straint of the compressor exit temperature, resulting in a
thrust gap problem [1,5]. To solve the problem, researchers
have proposed a solution to increase the maximum operating
Mach numbers of the turbine engine by cooling the in-
coming air with onboard coolant.

There are two main ways to achieve air precooling: mass
injection precooling and heat exchanger precooling [6,7].
Mass injection precooling is carried out by mixing coolant
into the incoming high-temperature air through an additional
injection device in front of the compressor to keep the air
temperature at the compressor exit within the upper toler-
able limit. It causes a pressure loss of the intake airflow, and
the injection of the general water-based cooling medium
results in a reduction in the oxygen content of the air, so the
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maximum flight Mach numbers achievable with this method
are generally not high. For example, the mass injection pre-
compressor cooling (MIPCC), based on the F100 engine of
the United States, is designed with a maximum Mach
number of 3.5 and a flight altitude of 25 km [8]. In Ref. [9],
an ammonia MIPCC aeroengine was proposed and its per-
formance was evaluated, providing a new idea for the ap-
plication of ammonia in mass injection precooling. Heat
exchanger precooling includes fuel-direct precooling and
indirect precooling by introducing an intermediate medium.
For example, the air-turbo ramjet with expander cycle
(ATREX) directly uses liquid hydrogen as the coolant, with
heat exchange components installed in the intake and near
the combustor, and drives the turbine through coolant ex-
pansion [10-12]. The precooled turbojet engine (PCTJ) also
directly uses liquid hydrogen as the coolant. After com-
pleting the heat exchange with air in the precooler, some of
the fuel reacts with pressurized air in the main combustor to
produce oxygen-rich gas to drive the turbine, and the re-
maining is added into the afterburner to further burn with the
oxygen-rich gas expanded from the turbine [13,14]. The
synergetic air breathing rocket engine (SABRE) uses an
indirect precooling mode, which introduces a closed helium
cycle between hydrogen and air, and uses cold helium to
cool hot air while reducing hydrogen embrittlement [15,16].

Selecting suitable propellants is indispensable to realize
the wide-range operation for air-breathing engines. The
ideal propellants must have sufficient energy density and
heat sink. Many studies have shown that hydrogen can meet
these requirements, but the use of hydrogen is difficult and
costly due to its low-temperature and low-density properties
[17,18]. Some researchers have turned their attention to
other fuels. Yu et al. [19] compared the performance of fuels
such as hydrogen, methane, decane, and methanol in terms
of specific thrust, specific impulse, and vehicle flight range.
The result shows that although the specific impulse of a
hydrogen-fueled engine is much larger than that of other
fuels, the corresponding flight range is the smallest due to
the low-density properties of hydrogen. Lu and Fan [20]
proposed a fuel-rich precooled combined cycle engine using
methane as the fuel and coolant, and preliminarily verified
its feasibility to operate from low altitude and low speed up
to Mach 7. In Ref. [21], alcohol fuel was introduced to the
chemical precooled turbine engine cycle. The result shows
that increasing the fuel cracking rate can reduce fuel con-
sumption for air precooling and improve the specific im-
pulse of the engine. In Ref. [22], ammonia was introduced to
the chemical precooled turbine engine cycle. It is assumed
that ammonia cracks well in the precooler at Mach 3-4 flight
conditions, that cracking can occur at 300 K, and that the
cracking rate of ammonia has reached more than 70% at
700 K. Also in Ref. [23], it is assumed that ammonia cracks
at 300 K and that the increased chemical heat sink from
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cracking cools the incoming high-temperature air at
300-800 K effectively. On the other hand, in Ref. [24], the
cracking rates of ammonia without catalysts were measured
experimentally, showing that the initial cracking tempera-
ture of ammonia is about 873 K. There is a bias between the
two. The reason is that in Refs. [22,23], the cracking rate of
ammonia is derived from chemical equilibrium calculations
of the cracking reaction. Different catalysts have been stu-
died to lower the initial cracking temperature of ammonia.
According to Refs. [25-27], the initial cracking temperature
of ammonia is rarely below 650 K using most catalysts in
practice. Thus, for Mach 3-4 flight conditions, ammonia
cannot be supposed to have a high cracking rate in the
precooler without special treatment. In Ref. [28], according
to the ammonia cracking rate curve in Ref. [26], it is pro-
posed that the cracking rate of ammonia in the precooler at
Mach 5 flight condition is about 65% when the equivalence
ratio is 1.0. The cracking rate is about 7% at Mach 4 flight
condition, and ammonia cannot crack at Mach 3 flight
condition when the equivalence ratio is 1.0. However, in
Ref. [28], ammonia is merely considered to absorb heat
from the precooler, which limits a further increase in the
cracking rate. In fact, under all conditions, the combustor
also needs to be cooled to keep the temperature within the
upper tolerable limit. In this study, in addition to the pre-
cooler, the regenerative cooling heat exchanger is also
placed on the combustor. Therefore, ammonia is heated in
the precooler and the regenerative cooling heat exchanger to
further increase the cracking rate and hydrogen content,
which promotes combustion. On the system level, the in-
coming air and the combustor can be cooled by ammonia,
which results in a performance improvement.

In this study, two thermal cycles are closely examined.
According to the different working mediums used to drive
the turbine to do work, they are named the precooled rocket-
turbine cycle (PC-RT) and the precooled gas-turbine cycle
(PC-GT) [29]. “Rocket” here means that just like the rocket
engine, the source of the turbine-driven fluid for this cycle is
the onboard fuel or oxidizer. The source of the turbine-
driven fluid for the PC-GT is the high-temperature oxygen-
rich gas. The application of ammonia as the fuel and coolant
in the precooled cycle engines based on the PC-RT and PC-
GT is studied by numerical simulation and theoretical ana-
lysis. The cracking rate of ammonia and the corresponding
air temperature after cooling in the precooler were evaluated
at different Mach numbers. The variation of the engine
performance as the cracking rate increases is discussed
using ammonia as the fuel and coolant. And the performance
of ammonia is compared with that of conventional fuels
such as hydrogen, methane, and kerosene. And the perfor-
mance of the PC-RT and PC-GT is also compared. The study
provides a useful reference and technical support for engine
design when ammonia is used as the coolant and cracked
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ammonia is used as the fuel in the precooled cycle engines.

Taking the PC-RT as an example, the energy transfer
process is shown in Fig. 1. O, is the heat absorbed by the
fuel in the precooler corresponding to a unit mass of air. O,
is the heat absorbed by the fuel from the combustor corre-
sponding to a unit mass of air. After absorbing the heat from
0, and @, the liquid ammonia cracks into nitrogen and
hydrogen, and the ammonia-nitrogen-hydrogen mixture
expands and drives the turbine to compensate for the work
consumed by the fuel pump (W5) and the compressor (W).

2.  Analysis of fuel characteristics

Reference [28] proposed to use the equivalent calorific va-
lue to measure the theoretical maximum amount of heat that
can be provided per unit mass of incoming air by the fuel
combustion when the equivalence ratio is 1.0.

O=fs - hpr (1)
where Q is the equivalent calorific value of the fuel, MJ/kg;

f« 1s the fuel-air mass flow ratio at the equivalence ratio of
1.0; hpr is the net calorific value of the fuel, MJ/kg. For
ammonia, kerosene, methane, and hydrogen, fi is 0.165,
0.067, 0.058, and 0.029, respectively.

The comparison of the equivalent calorific value for several
fuels has been shown in Ref. [28]. Hydrogen has the highest
equivalent calorific value among the four fuels, followed by
ammonia. Although ammonia has the lowest net calorific
value, it ultimately has a higher equivalent calorific value
than methane and kerosene because it has the highest fuel-air
mass flow ratio at the equivalence ratio of 1.0. For ammonia,
kerosene, methane, and hydrogen, the equivalent calorific
value is 3.07, 2.97, 2.91, and 3.50 MJ/kg, respectively.

Reference [28] proposed to use the equivalent heat sink to
measure the cooling capacity of fuel when the equivalence
ratio is 1.0,

Or =Jat ~ hges ()
where O is the equivalent heat sink of the fuel, kl/kg; Ay is the
total heat sink (physical heat sink + chemical heat sink) absorbed
by per unit mass of the fuel from storage conditions (stored in
liquid state) to 1000 K, kJ/kg. In this study, it is assumed that the
storage temperature of cryogenic fuels in the tank is their cor-
responding boiling point temperature at atmospheric pressure,

o 0
Qtotal W
Absorbed by  Drive P
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3
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Figure 1 Schematic of energy transfer for the PC-RT.
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and the storage temperature of kerosene is 293 K.

The comparison of the equivalent heat sink for several
fuels has also been shown in Ref. [28]. Ammonia has the
highest equivalent heat sink among the four fuels, followed
by hydrogen. Because ammonia has the highest fuel-air mass
flow ratio at the equivalence ratio of 1.0, and the cracking
reaction further increases its equivalent heat sink. For am-
monia, kerosene, methane, and hydrogen, the equivalent heat
sink is 742.5, 219.8, 194.3, and 414.5 kJ/kg, respectively.

According to Refs. [24-26], ammonia cracks into hydro-
gen and nitrogen in the microchannel at high-temperature
conditions. The standard enthalpy of ammonia cracking is
2717 kJ/kg. The chemical equation of ammonia cracking is
2NH; — N, + 3H,.

As shown in Fig. 2, Ref. [26] used the computational fluid
dynamics (CFD) method to calculate the ammonia cracking
rate curve when using ruthenium as the catalyst in the mi-
croreactor with a size of area/volume =31 cm™ and compared
it with the experimental values to verify the accuracy of the
calculation method. Then, the cracking rate curve of ammonia
in the microreactor without the catalyst was calculated with a
size of area/volume = 38.15 cm™ (equivalent to a channel
inner diameter of 1.05 mm) under heating conditions. The
cracking rate curve without the catalyst is chosen as the basis
for the ammonia cracking rate calculation in this study.

Figure 3 shows the calculated results of the ammonia heat
sink, where the total heat sink refers to the sum of the
physical heat sink and chemical heat sink. The standard
enthalpy of ammonia cracking is 2717 kJ/kg, which means
that ammonia will absorb 2717 kJ/kg of heat when it com-
pletely cracks into nitrogen and hydrogen at 298.15 K.
Taking the temperature of 1000 K as an example, as shown
in Fig. 4, the calculation of the heat of reaction at 1000 K
can be broken down as follows: imagine that the tempera-
ture of ammonia is first lowered from 1000 to 298.15 K,
which gives off 1988 kJ/kg of heat (the negative sign re-
presents exothermic), and then it completely cracks into
nitrogen and hydrogen at 298.15K, which absorbs

100
90 [ =-=- Without catalyst
| = With ruthenium
80} © Experimental data

70|
60
sof
a0
30
20
10k
N P < sl S I S

600 650 700 750 800 850 900 950 10001050 1100
Fuel temperature (K)

Cracking rate of NH, (%)

Figure 2 Cracking rate curve of ammonia in the microchannel [26].
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2717 kl/kg of heat, and then the nitrogen-hydrogen mixture
is heated to 1000 K, which absorbs 2452 kJ/kg of heat. In
summary, ammonia will absorb 3180 kJ/kg of heat when it
completely cracks into nitrogen and hydrogen at 1000 K.
According to the cracking rate curve of ammonia shown in
Fig. 2, the cracking rate of ammonia is about 60% when it is
heated to 1000 K. The initial cracking temperature of am-
monia is 704 K, and the storage temperature of ammonia is
239 K. The total heat sink of ammonia when it is heated to
1000 K is calculated:

g = Ah 3% +0.4 - AR [9% +0.6 - 3180,

where A/ is the physical enthalpy difference of ammonia
calculated by the National Institute of Standards and Tech-
nology (NIST). As shown in Fig. 3, when ammonia is he-
ated to 1000 K in the microchannel, the total heat sink
reaches 4800 kJ/kg.

In summary, ammonia has an outstanding cooling capacity
and a higher equivalent calorific value than methane and ker-
osene. Besides, the combustion products of ammonia do not
contain carbon, making it an environmentally friendly fuel.

3. System description
The configurations of the precooled cycle engines based on

the PC-RT and PC-GT are shown in Figs. 5 and 6. As
shown, according to the flight Mach numbers range, the
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Figure 3 Calculated results of the ammonia heat sink.

2NH; — N, + 3H, (1000k)
——

AH=3180 kl/kg
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2NH; — N, + 3H, (298.15k)
——

AH=2717 kl/kg

Figure 4 Schematic of the calculation of the heat of reaction at 1000 K.
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operating modes of the precooled cycle engines can be di-
vided into three modes, namely the turbine mode, the pre-
cooling mode, and the ramjet mode, which correspond to
Mach 0-2.5, Mach 2.5-5, and above Mach 5, respectively.
Their corresponding ideal pressure-volume (p-v) diagrams
are shown in Figs. 7 and 8.

For the PC-RT, the engine is in the turbine mode when the
flight Mach numbers are 0-2.5 (Fig. 5(a)). After being
compressed by the intake and the compressor, the incoming
air burns with the expanded fuel from the turbine exit in the
combustor. The generated high-temperature gas is dis-
charged through the nozzle to provide thrust for the vehicle.
After being compressed by the fuel pump, the low-tem-
perature fuel absorbs heat through the regenerative cooling
heat exchanger on the wall of the combustor. The vaporized
fuel expands and drives the turbine to compensate for the
work consumed by the fuel pump and the compressor. The
purposes of using the regenerative cooling heat exchanger
are to vaporize the fuel so that it can fully expand to drive
the turbine to do work and cool the combustor walls to
ensure that they are below the temperature tolerance limit of
the wall material. For the PC-GT, the engine is also in the
turbine mode when the flight Mach numbers are 0-2.5 (Fig.
6(a)). After being compressed by the intake and the com-
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Figure 5 Schematic of the precooled cycle engine based on the PC-RT.
(a) The turbine mode (Mach 0-2.5), (b) the precooling mode (Mach 2.5-5),
(c) the ramjet mode (Mach > 5).
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pressor, the incoming air enters the gas generator to burn
with the fuel pumped by the fuel pump, which generates
oxygen-rich gas to drive the turbine to do work. Here, it is
assumed that the equivalence ratio of the fuel in the gas
generator is 0.3. Then, the expanded oxygen-rich gas from
the turbine enters the combustor to burn with the other part
of the fuel pumped by the fuel pump, and the generated
high-temperature gas is discharged through the nozzle to
provide thrust for the vehicle. Similarly, the regenerative
cooling heat exchanger is arranged on the combustor.

For the PC-RT, the engine turns into the precooling mode
when the flight Mach numbers are 2.5-5 (Fig. 5(b)). The air
compressed by the intake first passes through the precooler
and is cooled by the low-temperature fuel. Then, it is further
compressed by the compressor. Then, it burns with the ex-
panded fuel from the turbine in the combustor. The generated
high-temperature gas is discharged through the nozzle to
provide thrust for the vehicle. After absorbing heat through
the precooler and regenerative cooling heat exchanger, the
fuel expands and drives the turbine to do work. When the
flight Mach numbers are 2.5-5, to maintain a high thrust, the
compressor needs to keep a high pressure ratio. So the
cooling temperature of the air in the precooler outlet cannot
be too high. For most fuels, they cannot cool the high-tem-
perature air to a low temperature when the equivalence ratio
is 1.0, so their amounts have to be increased. The combustion
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s P 5generator nozzle
Air 0 1
—><‘ Combustor|7 8
Intake u
Compréssor rurbine Regenerative
Pump L>*Fue1 cooling
(a)
Bypafs
i nozzle
Fuel
p— Gos MM
5generator nozzle
Air 0 1

Combustor

s

cooling

Compressor Turbme Regenerative

AV
’7 Fuel—< | Pump
()
Air
Fuel
R0 1 Combustor Nozzle
T s
Intake B -
Regenerative
cooling
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Figure 6 Schematic of the precooled cycle engine based on the PC-GT.
(a) The turbine mode (Mach 0-2.5), (b) the precooling mode (Mach 2.5-5),

(c) the ramjet mode (Mach > 5).
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is arranged at the equivalence ratio of 1.0, and the rest fuel is
discharged directly through the bypass nozzle to provide
supplementary thrust for the vehicle. For the PC-GT, the
engine is in the precooling mode when the flight Mach
numbers are 2.5-5 (Fig. 6(b)). Compared with the turbine
mode, the precooler is arranged before the compressor. Other
working principles are similar to those in the turbine mode.

When the flight Mach numbers exceed 5, operated like a
ramjet (Figs. 5(c) and 6(c)), after being compressed by the
intake, the air directly enters the combustor and burns with
the fuel. The generated high-temperature gas is discharged
through the nozzle to generate thrust.

In Figs. 7 and 8, f'is the actual fuel-air mass flow ratio. And
4 1s the fuel-air mass flow ratio at the equivalence ratio of 1.0.

4. Modeling method

4.1 Turbine and precooling modes

4.1.1
models
Equations based on the zero-dimensional thermodynamic
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Figure 7 p-v diagram of the precooled cycle engine based on the PC-RT.
(a) The turbine mode, (b) the precooling mode, (c) the ramjet mode.
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Figure 8 p-v diagram of the precooled cycle engine based on the PC-GT.
(a) The turbine mode, (b) the precooling mode, (c) the ramjet mode.

models of the intake, the compressor, the turbine, the
combustor, and the nozzle are listed in Table 1. Some engine
operation parameters are listed in Table 2. For the intake, the
calculation of the total pressure recovery coefficient is based
on Ref. [30]. For the combustor, the combustion products
are determined based on the minimum Gibbs free energy
principle. In the case of ammonia and air, the combustion
products are nitrogen and water when the equivalence ratio
is 1.0.

The heat recovered ratio from the combustor is used to
evaluate the ratio of the heat absorbed by the fuel in the
regenerative cooling heat exchanger to the heat released by
the fuel combustion,

___ O
p Sst - her 1y’ )
where O, is the heat absorbed by the fuel in the regenerative
cooling heat exchanger from the combustor corresponding
to a unit mass of air; f is the fuel-air mass flow ratio at the
equivalence ratio of 1.0, the combustion is arranged at the
equivalence ratio of 1.0; Apg is the net calorific value of the
fuel; 7 is the combustion efficiency.
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4.1.2  Precooler model

The fluid-structure coupling heat transfer program is used to
evaluate the cooling effects of fuels under different condi-
tions. Figure 9 shows the precooler model used in this study
and the mesh division in the heat transfer calculation do-
main. The model is also described in Ref. [31]. As shown,
the high-temperature air and the fuel exchange heat are in
the reverse directions. The fuel channel is a circular channel
with an inner diameter of 1 mm, and the air channel is a
triangular channel enclosed by the circular channels and
fins. The precooler can be viewed as a whole consisting of
multiple heat exchange units, with one heat exchange unit
being the area enclosed by a single red regular hexagon in
Fig. 9(b). The seven adjacent heat exchange units in Fig. 9(b)
are taken as the heat transfer calculation domain, and the
heat transfer of cold and hot fluids in the calculation domain
can be equivalent to that of the whole precooler. In this
study, the section area of the heat transfer calculation do-
main is assumed to be 216 mm?, and the axial length of the
heat transfer calculation domain is 700 mm. The mass flow
rate of the high-temperature air is assumed to be 14 g/s in
the heat transfer calculation domain.

As shown in Fig. 9, the program divides the heat transfer
calculation domain of the precooler into many continuous
cross sections along the axial direction, and the distance
between the two adjacent cross sections is dx. The heat
exchange between the two cross sections follows the energy
and momentum equations:

(it 172 ul ) = (H+ 172 ul)+ AH, (4)

i i
m g tp A +J.i71PdA =mu;+p;4; +_|.l.717wdA- (5)

AH; is the difference in energy of the fluids between the
two adjacent cross sections. The calculation equation is

AH;=gq;- ;- dx. (6)
q; is the heat flux of the fluids. The calculation equation is
q;=h;- (TF Tw,i)s (7
_Nu;- 4
h,= D, ®)
Nu; is the Nusselt number. The calculation equation is [32]
/%[Re— 1000|Pr
Nu = 7 Q)
2/3_
1+12.7(Pr 1)@
o1y (10)
7 4\1.8lgRe—1.5) "
7y, 1s the wall shear stress. The calculation equation is
, =f/2- pu. (11)

The Fenics finite element calculation platform [33] is used
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Table 1
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Equations for the mathematical models in the turbine and precooling modes

Components Calculation equation No.
Py =Py {1410~ D2IMa® 0 g (14)
15
T, =T, {1 - 1)/2]Ma2} (s
Intake
Npa = 0:95, (Ma <1.0)
g = 0:95 - [1 = 0.075(Ma — 1)}, (1.0 < Ma<5.0) (16)
B = 095 - [800/(Ma4 + 935)], (5.0 < Ma)
Poul:Pin * T eomp (17)
Compressor T, =T - {1 + (l/ncomp){(ﬂcomp)(yi1)/;’ _ 1}} (18)
Wcomp = hcomp,out — hcompfin (19)
Poul = Pin/n—lurb (20)
Tubin Ty {1~ 11 = (1 0]} ey
Wiurb = hturb, in hturb, out (22)
Pow= P, (23)
Combustor (1 ‘*’fsl) g Tou— (1 +fsl) G g Ty :fsl “hpr - 7, (1 =B 24
B=0Mfy - hox - 1y) (@5)
Nozzle = - K (26)
Uou = 2- Cp,g : Ti“ |1 (pout/pin) 9

Table 2 Engine operation parameters

Components Symbol Value

Fuel pump adiabatic efficiency "y 0.70
Compressor adiabatic efficiency Heomp 0.80
Turbine adiabatic efficiency Hiurb 0.80
Combustion efficiency My 0.90
Nozzle velocity coefficient 1) 0.98

to solve the partial differential equation for heat conduction
to calculate the wall temperature of the heat transfer cal-
culation domain. The wall material of the precooler is
1Cr18Ni9Ti, and its thermal conductivity is treated as a
linear function of the wall temperature,

k=0.01525T+10.6. (12)

The effectiveness of the precooler is used to evaluate the
differences in the cooling effects of different fuels in the
precooler [34],

|T in_ Iz)utlmax
e=L_— " 'max

(Thin—Ten)’
where Ty ;, and T, are the inlet temperatures of the air and
fuel in the precooler, respectively. The numerator is the
larger of the actual temperature difference between the inlet
and outlet of the air or fuel.

(13)

4.2 Ramjet mode

Equations of the intake, the combustor, and the nozzle are

listed in Table 3. Some engine operation parameters are
listed in Table 4.

4.3 Performance parameters

Some performance parameters are adopted to measure the
engine performance. They are listed in Table 5.

5. Validation of the model

5.1 Validation of the precooler model

Due to the lack of reported supercritical heat transfer ex-
perimental data for precoolers, in this study, we choose the
experimental data on single-tube heating from Ref. [35] to
validate the results of the heat transfer calculations. The
comparison results are shown in Fig. 10. As shown, the
calculated results agree well with the experiment results,
with errors within 5%.

5.2 Validation of the thermodynamic cycle model

The ground test data of the ATREX engine with hydrogen
as the fuel and coolant in Ref. [36] is quoted to verify the
thermodynamic cycle model in this study. The comparison
results are shown in Table 6. The calculated results agree
well with the ground test data. Most errors are within 5%.
It proves that the thermal cycle calculation method is
feasible.
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Figure 9 Schematic of the mesh division of the heat transfer calculation
domain. (a) Axial mesh division, (b) cross-sectional mesh division.

6. Results and discussion

6.1 Cooling effects of different fuels

The cooling effects of four fuels, ammonia, hydrogen, me-

Table 3 Equations for the mathematical models in the ramjet mode
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thane, and kerosene in the precooler design in Sect. 4.1.2 are
evaluated using the fluid-structure coupling heat transfer
program. In the calculation, the air outlet temperature is set
to the same value to compare the performance of the dif-
ferent fuels. The fuel inlet temperatures are their boiling
point temperatures at atmospheric pressure, which are 239,
112, and 20 K for ammonia, methane, and hydrogen, re-
spectively. For kerosene, this is 293 K. The cracking me-
chanism of kerosene can be referred to Ref. [31]. The fuel
inlet pressure is 12 MPa. The length of the precooler is
700 mm. At Mach 3, the air inlet temperature is 601 K, and
the air inlet pressure is 0.202 MPa. According to the cal-
culation, the air outlet temperature is about 363 K, and the
air outlet pressure is about 0.19 MPa. At Mach 4, the air
inlet temperature is 890 K, and the air inlet pressure is
0.40 MPa. The air outlet temperature is about 482 K, and the
air outlet pressure is about 0.39 MPa. At Mach 5, the air
inlet temperature is 1247 K, and the air inlet pressure is
0.73 MPa. The air outlet temperature is about 527 K, and the
air outlet pressure is about 0.723 MPa. The calculated outlet
temperatures, effectiveness, and equivalence ratios of the
fuels are listed in Table 7. As shown, the equivalence ratio
requirement for ammonia is the lowest when the cooled air
temperatures are nearly the same. The equivalent heat sink
of ammonia can meet the cooling requirement of at least
Mach 4, which means a lot to designers, because there is no
further problem dealing with excess fuel other than that
required for combustion.

Components Calculation equation No. The change in fluid temperature along the flow direction
w=T,/T: 27 using ammonia as the coolant at the equivalence ratio of 1.0
1) 28) is shown in Fig. 11. Due to the reverse flow of ammonia and
Intake Pouw=Pan- {V’{‘/’(l )+ ’L}} air for heat exchange, the temperature of both is highest at
y ‘"f””’"f’/ 1 the precooler inlet. There is a gentle slope in the ammonia
e |V [ '7““3] =1 (29 temperature curve corresponding to the critical temperature.
» _p 30) At Mach 3 and Mach 4 flight conditions, the ammonia outlet
Qoo temperature is 438.6 and 775.3 K, respectively. The crack-
Combustor Uy = Uin 1(1 tfy ~ufx/uin)/ (1 +fs[) ing rate is 0 and 7.3%, respectively, according to the curve
G in Fig. 2. Thus, for Mach 3-4 flight conditions, ammonia
_(Cf Aw/ Ai")/{z(l T )]} does not have a high cracking rate in the precooler without
special treatment.
Table 4 Engine operation parameters
Components Symbol Value 6.2 Performance of the PC-RT in the turbine and
Intake static temperature ratio 74 5 precoo]ing modes at Mach 2.5
Combustor inlet velocity ratio of fuel to air gy, 0.5
Combustor resistance coefficient C;-A /A, 0.2 This section compares the performance of the PC-RT in the
turbine and precooling modes at Mach 2.5, which is a mode
Table 5 Equations for the performance of the engine
Components Calculation equation No.
Specific thrust (N/(kg/s)) Fg= (1 +-fsl) TR (f_fst) Uy — U (32)
Specific impulse (s) I =Fg/f-g) (33)

Overall efficiency (%)

1= Fe - ug(f, - heg - 1,) G4
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transition Mach number, using ammonia as the fuel and
coolant. Air precooling can effectively reduce the minimum
f required to drive the turbine corresponding to the pumping
pressure limit. The specific thrust at the equivalence ratio of
1.0 in the turbine and precooling modes is higher than that at
the equivalence ratio of 0.8 in the precooling mode, and it
turns out just the opposite for the specific impulse and

400
[ =—Calculated value = @ EXP1
3T5F =35 kW/m? T =170 K
350 P,=6.0 MPa m=0.155 g/s
[ ====Calculated value
350 =30 kWm? T-172K
300 F Pm=6.0 MPa m=0.239 g/s

A EXP2
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overall efficiency.

The physical properties of the ammonia cracking mixture
are calculated using reference fluid thermodynamic and
transport properties database (REFPROP), developed by
NIST [37]. The flight dynamic pressure is 45 kPa for dif-
ferent Mach numbers. The pressure ratio of the compressor
is 2.2. As shown in Fig. 12(c), the cracking rate curve of
ammonia in Fig. 2 is partially extended to 1300 K according
to its trend. The total temperature of the incoming air at
Mach 2.5 is 486 K. The total pressure is 0.145 MPa. Based
on the fluid-structure coupling heat transfer program, the air
at 486 K can be cooled to 347 and 335K when the
equivalence ratio of ammonia is 0.8 and 1.0, respectively. If

Y 2B the pumping pressure of 20 MPa is set as the upper limit, the
250} - minimum required £ corresponding to the limit is 10% and
25k o8 8% for the precooling mode at the equivalence ratio of 0.8

I VY L
200[ VYN

175F

() S S
0 250 500

L i 1 i 1 i 1 i
750 1000 1250 1500 1750
x(d)

Figure 10 Comparison of the calculated inner wall temperature and the
experimental values [35].

and 1.0, respectively. And it is 18% for the turbine mode at
the equivalence ratio of 1.0. It means that air precooling can
effectively reduce the minimum heat required to drive the
turbine absorbed from the combustor, which makes the heat
exchanger design easier. If the minimum required S is to be
reduced, the structure of the precooler needs to be optimized
so that the air is cooled to a lower temperature while the fuel

Table 6 Comparison with the experimental results of Ref. [36]

Parameter Ref. [36] Calculation results (error)
Total temperature of incoming air (K) 287 287 (0)
Equivalence ratio 1.21 1.21 (0)
Air temperature at precooler exit (K) 172 172 (0)
Coolant initial temperature (K) 34.1 34.1 (0)
Coolant temperature at precooler exit (K) 243 266.58 (9.6%)
Air pressure at compressor entrance (kPa) 101 101 (0)
Compression ratio 3.7 3.7 (0)
Air pressure at compressor exit (kPa) 381 373.7 (1.9%)
Air temperature at compressor exit (K) 270 270 (0)
Coolant temperature at turbine entrance (K) 1379 1379 (0)
Coolant pressure at turbine entrance (kPa) 2086 2086 (0)
Expansion ratio of turbine 5.67 5.67 (0)
Coolant temperature at turbine exit (K) 1191 1200 (0.80%)
Coolant pressure at turbine exit (kPa) 368 368 (0)
Temperature of combustor (K) 2473 2473 (0)
Pressure of combustor (kPa) 381 373.7 (1.9%)
Gas temperature at heat exchanger exit in combustor (K) 2046 2160 (5.6%)
Expansion ratio of nozzle 3.8 3.8 (0)
Gas velocity at nozzle exit (m/s) 1165 1199 (2.9%)
Table 7 Cooling effects of different fuels
Fuel Mach 3 Mach 4 Mach 5
T e ® 0 0 Taw® Tww® e ¢ T ® Tww® e 4 Tew®
NH; 438.6 0.66 1.00 362.4 775.3 0.82 1.00  482.2(445%) 947.6(821*)  0.71 1.50 526.9
H, 567.3 0.94 1.08 362.8 803.4 0.90 1.34 482.4 995.6 0.80 1.97 526.3
CH, 551.7 0.90 2.77 362.6 765.4 0.84 3.30 482.3 923.9 0.72 4.70 527.0
Kerosene 442.0 0.77 10.0 363.3 667.0 0.68 6.20 482.6 776.0 0.75 8.50 526.8

* represents the result of calculations taking into account ammonia cracking.
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Figure 11 Change in fluid temperature along the flow direction using
ammonia as the coolant.

is heated to a higher temperature in the precooler. In addi-
tion, the smaller the minimum required f, the larger the
combustor size can be manufactured.

There is a total pressure drop of about 10% for the air in
the precooler when the equivalence ratio is 1.0. Therefore,
the specific thrust is lower than that in the turbine mode
when f is less than 22%. As the fuel temperature at the
turbine inlet increases, on the one hand, the increase in the
fuel temperature at the combustor inlet and the increase in
the hydrogen flow rate improve the specific thrust and
specific impulse. On the other hand, the increase in the
cracking rate means that the fuel must absorb more heat
from the combustor, resulting in a decrease in the specific
thrust and specific impulse. As shown in Fig. 12(c), the
slope of the ammonia cracking rate curve decreases rapidly
when the fuel temperature is greater than 1020 K. The in-
crease in the specific thrust and specific impulse caused by
the increase in the fuel temperature at the combustor inlet
and the hydrogen flow rate is greater than the decrease in the
specific thrust and specific impulse caused by the increase in
heat absorption from the combustor. Therefore, the specific
thrust and specific impulse begin to increase when the fuel
temperature is greater than 1020 K. Accordingly, the overall
efficiency begins to increase.

Due to the restriction of the minimum required S, the
pressure ratio of the compressor in the turbine mode cannot
take a high value. Taking the pressure ratio of 1.5 as an
example, the minimum required S corresponding to the
pumping pressure limit of 20 MPa can be reduced from 18%
to 10.3% when the pressure ratio is reduced from 2.2 to 1.5 in
the turbine mode at the equivalence ratio of 1.0. However,
compared with the pressure ratio of 2.2 in the precooling
mode (the minimum required S is 8%), the specific thrust
decreases by about 5.0%. Thus, air precooling can increase
the specific thrust within a reasonable range of f. An ap-
propriate reduction in the equivalence ratio will increase the
specific impulse but decrease the specific thrust. For example,

323513-10

in the precooling mode, the equivalence ratio of 0.8 increases
the specific impulse by 6.2% but reduces the specific thrust
by 15% compared with the equivalence ratio of 1.0.

In summary, air precooling can effectively reduce the
minimum required £ and thus reduce the design difficulty of
the regenerative cooling heat exchanger. Air precooling can
improve the engine performance within a reasonable range
of . The equivalence ratio of 1.0 is preferred if we want to
increase thrust and solve the thrust gap problem at Mach 2.5.
The equivalence ratio of 0.8 is preferred if we want to ex-
tend the cruising time of the vehicle and save fuel.

6.3 Performance of the PC-RT in the precooling mode
at Mach 4

This section compares the performance of the PC-RT in the
precooling mode at Mach 4 using ammonia, methane, and
hydrogen as fuel and coolant. When the air outlet tem-
perature in the precooler is nearly the same for the three
fuels, ammonia has the highest specific thrust among the
three fuels, and its specific impulse is higher than that of
methane.

According to Table 7, when the equivalence ratios of
ammonia, methane, and hydrogen are 1.0, 3.3, and 1.34,
respectively, the effectiveness of the precooler can reach
0.82, 0.84, and 0.90, respectively. For ammonia, when the
effectiveness is 0.82, based on Eq. (13), the ammonia outlet
temperature in the precooler is 775.3 K, and the cracking
rate is 7.3%. Based on the principle of energy conservation,
the air outlet temperature in the precooler is about 445.0 K.
The pressure ratio of the compressor is 2.2 for the three
fuels. As shown in Fig. 13(d), Wp and Wp are the work
consumed by the fuel pump and the compressor, respec-
tively. Wr is the work from the fuel vapor to drive the tur-
bine. Compared with methane and hydrogen, when thermal
cracking is considered, ammonia can cool the incoming air
at 890 K to a lower temperature. Therefore, the work con-
sumed by the compressor using ammonia is less than that
using methane and hydrogen. When f is less than 12.7%, the
fuel temperature at the turbine inlet of ammonia is the
lowest among the three fuels, and its compatibility with the
manufacturing materials of the regenerative cooling heat
exchanger and turbine is the best. As shown in Fig. 13(e)
and (f), ammonia has a higher specific thrust than methane
and hydrogen, and a higher specific impulse than methane.

In summary, the highest fuel-air mass flow ratio at the
equivalence ratio of 1.0 gives ammonia a higher specific
thrust than methane and hydrogen. The highest fuel-air mass
flow ratio at the equivalence ratio of 1.0 and thermal
cracking give ammonia a higher equivalent heat sink than
methane and hydrogen, which can meet the cooling re-
quirement of at least Mach 4. To achieve nearly the same
cooling effect in the precooler as ammonia, the fuel-air mass
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Figure 12 Comparison of performance of PC-RT in the turbine and precooling modes at Mach 2.5. (a) Pumping pressure, (b) fuel temperature at the turbine
inlet, (c) cracking rate of NHj, (d) specific thrust, (e) specific impulse, (f) overall efficiency.

flow ratio of methane and hydrogen must exceed that re-
quired for combustion. Therefore, the specific impulse of
ammonia is higher than that of methane.

6.4 Performance of the PC-RT in the precooling mode
at Mach §

This section compares the performance of the PC-RT in the

precooling mode at Mach 5 using ammonia, methane, and
hydrogen as fuel and coolant. When the air outlet tem-
perature in the precooler is nearly the same for the three
fuels, the specific thrust of ammonia is higher than that of
hydrogen, but slightly lower than that of methane when f is
less than 12.8%. The specific impulse of ammonia is higher
than that of methane.

According to Table 7, when the equivalence ratios of
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Figure 13 Comparison of performance of ammonia, methane, and hydrogen in the precooling mode at Mach 4. (a) Pumping pressure, (b) fuel temperature
at the turbine inlet, (c) cracking rate of NHj, (d) power of turbine, compressor, and pump, (e) specific thrust, (f) specific impulse, (g) overall efficiency.
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ammonia, methane, and hydrogen are 1.5, 4.7, and 1.97,
respectively, the effectiveness of the precooler can reach
0.71, 0.72, and 0.80, respectively. For ammonia, when the
effectiveness is 0.71, based on Eq. (13), the air outlet tem-
perature in the precooler is 526.9 K. Based on the principle
of energy conservation, the ammonia outlet temperature in
the precooler is about 821.0 K, and the cracking rate is
16.7%. As shown in Fig. 14(d), the work consumed by the
compressor is nearly the same for the three fuels because the
air outlet temperature in the precooler is nearly the same.
The fuel temperature at the turbine inlet of ammonia is the
lowest among the three fuels, and its compatibility with the
manufacturing materials of the regenerative cooling heat
exchanger and turbine is the best. As shown in Fig. 14(e)
and (f), ammonia has a slightly lower specific thrust than
methane when f is less than 12.8%, but a higher specific
impulse than methane.

In summary, due to the increase in the equivalence ratio of
methane, the supplementary thrust provided by methane
discharged through the bypass nozzle increases. Therefore,
the specific thrust of ammonia is slightly lower than that of
methane when £ is less than 12.8%. However, the specific
impulse is higher for ammonia. The specific thrust of am-
monia is higher than that of hydrogen.

6.5 Summary of performance of the PC-RT across a
wide range of Mach numbers

This section compares the performance of the PC-RT at
different Mach numbers using ammonia as the fuel and
coolant. As the Mach number increases, the minimum f
required to drive the turbine corresponding to the pumping
pressure limit decreases. For the precooling mode at Mach
2.5-6, the PC-RT is easily implemented with the minimum
required £ less than 8%. Mach 4, where the minimum re-
quired S is 4%, is a sweet point because the specific impulse
has not dropped significantly as it has at Mach 5 and 6. The
equivalence ratio of 1.0 can meet the cooling requirement at
Mach 4.

When the Mach number is 6, based on the heat transfer
program, the effectiveness of ammonia is 0.79, with the
incoming air at 1667 K cooled to about 543 K. According to
the principle of energy conservation, the outlet temperature
of ammonia in the precooler is about 848 K, and the
cracking rate of ammonia is 24.3%. The pressure ratio of the
compressor is 2.2. As shown in Fig. 15, as the Mach number
increases, the minimum required f decreases. At Mach 5
and 6, ammonia does not need to absorb heat from the
combustor and can meet the pumping pressure requirement
by relying solely on the heat absorbed from the precooler.
However, due to the increase in the equivalence ratio, the
specific impulse has dropped significantly at Mach 5 and 6.

In summary, £ is a key factor in the feasibility of the PC-
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RT. Within a reasonable range of £, the PC-RT using am-
monia as the fuel and coolant can achieve high specific
thrust. Its specific impulse is also much higher than that of
the liquid oxygen/kerosene rocket engine (about 300 s). The
feasibility of using ammonia in the PC-RT has been initially
verified.

6.6 Summary of performance of the PC-RT and the
PC-GT using different fuels at Mach 0-10

This section compares the performance of the precooled
cycle engines based on the PC-RT and PC-GT over a wide
speed range (Mach 0-10). Ammonia has the highest specific
thrust among the four fuels. To effectively cool the incoming
air, the fuel-air mass flow ratio of methane and kerosene
must greatly exceed that required for combustion, resulting
in a decrease in their specific impulse in the precooling
mode. When using ammonia as the fuel and coolant, the
performance of the PC-GT with a higher pressure ratio of
the compressor is better than that of the PC-RT in the turbine
mode, and the opposite is true in the precooling mode.

The specific thrust and specific impulse for different fuels
are shown in Fig. 16. The equivalence ratio and air outlet
temperature in the precooler for different fuels in the pre-
cooling mode are shown in Table 8. In the turbine mode, the
equivalence ratio of hydrogen and methane remains at 1.0.
When the pressure ratio of the compressor is 1.5, the
pumping pressures of hydrogen and methane are less than
15 MPa for the Mach numbers of 1, 2, and 2.5 with the same
£ as ammonia.

Considering the low work capacity and coking of kero-
sene, the performance of the PC-RT using kerosene as the
fuel and coolant is not calculated. As shown in Table 7, to
achieve the same cooling effect as other fuels, the equiva-
lence ratio of kerosene in the precooling mode must be very
high, which is 10.0, 6.2, and 8.5 when the Mach numbers are
3, 4, and 5, respectively. Therefore, to reduce the kerosene
energy waste, it is necessary to reduce the equivalence ratio
appropriately. The pressure ratio and £ are the same for the
four fuels.

The specific thrust and specific impulse of the PC-RT
corresponding to the pumping pressure of 15 MPa are
shown in Fig. 16, using ammonia as the fuel and coolant in
the turbine and precooling modes. For the turbine mode at
Mach 2.5, when the pressure ratio of the compressor is 2.2, 8
corresponding to the pumping pressure of 15 MPa is 19.1%,
which brings great difficulty to the design of the heat ex-
changer. Therefore, it is necessary to appropriately reduce
the pressure ratio of the compressor in the turbine mode,
which is set to 1.5, accordingly. In the turbine mode, when
the pressure ratio of the compressor is 1.5, f corresponding
to the pumping pressure of 15 MPa is 8.1%, 9.2%, and
10.9% when the Mach numbers are 1, 2, and 2.5, respec-
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Figure 14 Comparison of performance of ammonia, methane, and hydrogen in the precooling mode at Mach 5. (a) Pumping pressure, (b) fuel temperature
at the turbine inlet, (c) cracking rate of NHj, (d) power of turbine, compressor, and pump, (e) specific thrust, (f) specific impulse, (g) overall efficiency.
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tively. In the precooling mode, when the pressure ratio of the
compressor is 2.2, f corresponding to the pumping pressure
of 15 MPa is 8.4%, 7.5%, 4.9%, and 0.8% when the Mach
numbers are 2.5, 3, 4, and 5, respectively. For the precooled
cycle engine based on the PC-GT, the main factor limiting
the increase in the pressure ratio of the compressor is not the
minimum required S, but the air outlet temperature of the
compressor. Therefore, in the turbine and precooling modes,
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Figure 15 Summary of performance of ammonia at different Mach
numbers. (a) Pumping pressure, (b) specific thrust, (c) specific impulse.
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the pressure ratio of the compressor of the PC-GT can take a
higher value than that of the PC-RT. It is assumed that the
pressure ratio of the compressor of the PC-GT is three times
that of the PC-RT and that of the PC-GT is 4.5 and 6.6 for
the turbine and precooling modes, respectively. And f of the
PC-GT is consistent with that of the PC-RT at different
Mach numbers in the turbine and precooling modes.

In the ramjet mode, the thermal cycle structure of the PC-
RT is consistent with that of the PC-GT. Based on Sect. 4.2,
the performance of the precooled cycle engines is also
shown in Fig. 16, using ammonia, hydrogen, methane, and
kerosene as fuel and coolant in the ramjet mode. The
equivalence ratio of different fuels is 1.0. Limited by pyr-
olysis coking problems, the maximum Mach number using
kerosene as the fuel and coolant generally does not exceed 8
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Figure 16 Summary of the engine performance at Ma 0-10. (a) Specific
thrust, (b) specific impulse.

Table 8 The equivalence ratio and air outlet temperature in the precooler
for different fuels

A Toirone (K) NH; CH, H, Kerosene
Mach 2.5 1.00/335.0  2.15/334.0 1.00/304.0 4.00/384.2
Mach 3 1.00/362.4  2.77/362.6 1.08/362.8 4.00/433.3
Mach 4 1.00/445.0  3.30/482.3 1.34/482.4 5.00/512.0
Mach 5 1.50/526.9  4.70/527.0 1.97/526.3 6.00/600.0
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[38]. For ammonia, the heat flux on the combustor wall is
assumed to be 1-5 MW/m?® when the Mach numbers are 6-
10. The inner diameter of a single regenerative cooling
channel is assumed to be 1 mm, the length is 1.5 m, and the
flow rate of ammonia in a single channel is 1.25 g/s. The
cracking rate can be calculated from the above assumptions,
as can the specific thrust and specific impulse.

As shown in Fig. 16, when using ammonia as the fuel and
coolant, the specific thrust and specific impulse of the PC-
GT with a pressure ratio of 4.5 are higher than those of the
PC-RT with a pressure ratio of 1.5 in the turbine mode. The
specific thrust and specific impulse of the PC-RT with a
pressure ratio of 2.2 are higher than those of the PC-GT with
a pressure ratio of 6.6 in the precooling mode. For the PC-
RT in the turbine mode, the specific thrust of ammonia is
similar to that of hydrogen and higher than that of methane.
However, the specific impulse of ammonia is lower than that
of hydrogen and methane. For the PC-RT in the precooling
mode, the specific thrust of ammonia is higher than that of
hydrogen and methane, and the specific impulse of ammonia
is higher than that of methane at Mach 4 and 5. For the PC-
GT in the turbine mode, when the equivalence ratio of
ammonia and kerosene is 1.0, the specific thrust of ammonia
is higher than that of kerosene. The specific impulse of
ammonia is lower than that of kerosene. For the PC-GT in
the precooling mode, as the equivalence ratio of kerosene
increases, the specific impulse of kerosene decreases ra-
pidly. The specific thrust and specific impulse of ammonia
are higher than those of kerosene. In the ramjet mode, the
specific thrust of ammonia is higher than that of other fuels.
However, the specific impulse of ammonia is lower than that
of other fuels.

In summary, for the PC-GT in the turbine mode, its per-
formance is not limited by the pumping pressure, so its
specific thrust and specific impulse with a pressure ratio of
4.5 are higher than those of the PC-RT with a pressure ratio
of 1.5. For the PC-RT in the precooling mode, ammonia can
absorb heat from the precooler and combustor to drive the
turbine to do work, which alleviates the restriction of the
pumping pressure on its performance, so its specific thrust
and specific impulse with a pressure ratio of 2.2 are higher
than those of the PC-GT with a pressure ratio of 6.6.
Therefore, in the turbine mode, the PC-GT is preferred. In
the precooling mode, the PC-RT is preferred because it can
greatly reduce the pressure ratio of the compressor while
maintaining good performance. Moreover, the PC-RT does
not contain a gas generator in its structure. Therefore, the
weight of the PC-RT can be lower than that of the PC-GT.
Compared with other fuels, the advantages of ammonia in
the precooling mode are highlighted due to its highest
equivalent heat sink. In the turbine and ramjet modes, al-
though its specific thrust is the highest among the four fuels,
its specific impulse is lower than that of other fuels.
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7. Conclusion

In this study, we analyze two thermal cycles with ammonia
as the fuel and coolant, namely the PC-RT and PC-GT,
which use the onboard fuel and the high-temperature oxy-
gen-rich gas to drive the turbine to do work, respectively. By
modeling and analyzing the two thermal cycles, their per-
formances with ammonia, hydrogen, methane, and kerosene
as fuel and coolant are compared, and the feasibility of using
ammonia in the two thermal cycles is initially verified. The
following conclusions can be drawn.

(1) The operating modes of the precooled cycle engines
based on the PC-RT and PC-GT can be divided into three
modes, namely the turbine mode, the precooling mode, and
the ramjet mode, with speed ranges corresponding to Mach
0-2.5, Mach 2.5-5 and above Mach 5, respectively. The
purpose of setting the precooling mode is to solve the bot-
tleneck problems of the narrow operating range of the
compressor and insufficient thrust at Mach 2.5-5.

(2) A fluid-structure coupling heat transfer program is
developed to evaluate the cooling effects of different fuels
on the incoming high-temperature air. The result shows that
the equivalent heat sink of ammonia is higher than that of
hydrogen, methane, and kerosene, and can meet the cooling
requirement of at least Mach 4 in the precooling mode,
providing sufficient flexibility for the design of various
engines in a wide speed range.

(3) For the PC-RT at Mach 2.5, the performance in the
precooling mode is compared with that in the turbine mode
using ammonia as the fuel and coolant. The result shows
that air precooling can alleviate the restriction of the
pumping pressure on the minimum required f and increase
the specific thrust within a reasonable range of f. The
smaller the minimum required /£ is, the less difficult the heat
exchanger design is. Reducing the equivalence ratio in-
creases the specific impulse but decreases the specific thrust
and increases the minimum required /.

(4) The performance of the precooled cycle engines based
on the PC-RT and PC-GT is compared using ammonia,
hydrogen, methane, and kerosene as fuel and coolant at
Mach 0-10. The result shows that the PC-GT is preferred in
the turbine mode, and the PC-RT is preferred in the pre-
cooling mode. The specific thrust of ammonia is greater
than that of other fuels due to its highest fuel-air mass flow
ratio at the equivalence ratio of 1.0, which indicates that
ammonia has better acceleration performance than other
fuels and is suitable for the first-stage power of the two-
stage vehicle. The performance advantages of ammonia are
the most evident in the precooling mode due to its highest
equivalent heat sink.

(5) The application of ammonia has broadened the choice
of fuel family for precooled cycle engines. The advantages
of no carbon emission, low cost, high density, high specific
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thrust, and high heat sink make it a potential alternative to
hydrogen in the Mach 0-10 flight range.
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