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Abstract: Numerical simulations were conducted to research the pre-cooling effects of water injection
on the turbine inlet of a turbine-based combined cycle (TBCC) engine under different flight conditions.
Then, the performance of the water injection pre-compressor cooling (WIPCC) engine was calculated
by mathematical modelling with different water to air ratios (WAR). It was the first time that the
mass injection field of the turbine inlet of a TBCC engine was simulated, and it was also the first time
that the performance of a subcomponent turbine engine of a TBCC was assessed. The calculation
results showed the relationship of the inlet temperature with respect to WAR, inlet length and flight
Mach number. The strategy for inlet length and water mass flow was proposed in order to meet
the requirements of pre-cooling. When the length of the turbine inlet was 10 times the diameter of
the inlet exit, the air could be cooled by 167.5 K with WAR = 0.09. The highest evaporation ratio
reached at 93%. Finally, the calculation results revealed the performance of the water-pre-cooled
turbine engine, of which the flight envelope was expanded to Ma3.0 from Ma2.3 by pre-cooling.
The engine thrust as well as the specific impulse were significantly improved. The thrust reached
at 0.9 times the characteristic thrust meeting the TBCC mode transition requirement of thrust and
working speed spectrum.

Keywords: TBCC; pre-cooling; engine performance; water injection

1. Introduction

The turbine-based combined cycle (TBCC) engine is the most attractive power source
for high-speed vehicles. The TBCC engine is one of the ideal power systems for multi-stage-
to-orbit (MSTO) vehicles and high-speed aircraft. However, there is a thrust gap when
the operation mode transforms from turbine engine to ramjet, because the highest flight
velocity of the turbine engine is about Ma2.3, and the lowest start velocity of the ramjet is
about Ma2.5.

Pre-compressor cooling by mass injection in the turbine inlet is an effective approach
to eliminate the thrust gap. The MSE Technology Applications, Inc. firstly proposed the
concept of the mass injection pre-compressor cooling (MIPCC) engine [1], as shown in
Figure 1. The MIPCC engine comprises a compressor, combustor, turbine, afterburner and
nozzle. Compared with a conventional turbine engine, more mediums can be injected
into the engine, such as water, liquid air (LAir), and some oxidizers. Sometimes, different
mediums will be injected into both the combustor and afterburner with the purpose of
expanding the working speed spectrum and stabilizing the flame. The strategy of MIPCC
aimed to cool the inlet airflow by injecting cooling water into the inlet duct ahead of the
compressor [2]. If the injected materials only contain pure water, it will be named as a water
injection pre-compressor cooling (WIPCC) engine. However, excessive cooling water might
result in unstable combustion [3] and even quenching in both combustor and afterburner.
The study from MSE Technology Application, Inc. by Balepin showed that the mass fraction
of oxygen in the main combustor decreased obviously after water injection in the engine
inlet [4]. Therefore, oxidizer was injected into the inlet combined with cooling water or into
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the afterburner individually, which helped to stabilize and sustain the combustion. The
cooling water not only cooled the airflow and augmented the amount of the captured air,
but also itself contributed to the mass flow that entered the engine. The thrust was thus
improved since it was proportional to the total mass through the engine [5].
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The MSE Technology Applications, Inc. analyzed different combinations of wa-
ter/oxidizer [6], and found that liquid oxygen (LOX) appeared to be the best reasonable
oxidizer [7]. They also explored the capability of the Steamjet, and demonstrated that the
Steamjet could provide sufficient thrust from sea level static (SLS) condition to Ma6+ [8].
The Defense Advanced Research Projects Agency (DARPA) initiated the Responsive Access
Small Cargo Affordable Launch (RASCAL) program in 2002, aiming at the key technology
of the MIPCC engine. The test of the MIPCC-enhanced F-100 engine indicated that the
thrust can be improved by 11~34% [9–11]. NASA Dryden Flight Research Center carried
out an experiment on MIPCC-enhanced F-4 and F-15 airplanes, and the flight tests deter-
mined that the capability of both F-4 and F-15 can be improved by an MIPCC-enhanced
engine to deliver a usable payload [12].

Liang, Z.X. [13] built a mathematical model to study the characteristics of the Steamjet
engine, then the velocity and altitude performance of the Steamjet engine with afterburner
were calculated and analyzed. The computation results indicated that the water injection
turbojet could operate up to as high as 30 km at Ma6.0, and the Steamjet with an afterburner
which met the requirement of high-speed flight had better thrust characteristics compared
with the Steamjet without an afterburner. Tu, H.Y. [14] researched the effects of water-to-air
ratio on injection characteristics of WIPCC engine by numerical model incorporating the
physical properties correction method, and then validated the calculated results with the
available experimental data. The maximum relative deviation was lower than 3%, which
showed high consistency. The numerical calculation found that the maximum cooled
temperature was about 140 K at water-to-air ratio 0.07, and the absolute evaporation
distance was 10 times the diameter of the injection chamber at water-to-air ratio 0.03.

Liu, X.F. [15] designed an MIPCC vehicle with high evaporation efficiency and low
resistance based on a traditional turbine engine to investigate the injection characteristics of
liquid water by experimental tests. The results demonstrated that the cooled temperature
and evaporation efficiency rose as the inlet temperature increased. The temperature ahead
of the fan remained within 353~393 K by adjusting the injection flow rate, and the total
pressure loss of MIPCC appeared to be no more than 4%.

Lin, A.Q. [16–19] simulated the flow and heat transfer characteristics in an MIPCC
engine pre-compressor section. The simulation accuracy of the numerical procedure was
qualified by comparing with the experimental data. The numerical results indicated that the
temperature drop was 7.3~135.5 K after water injection in the pre-compressor section. The
geometry structures of the spray apparatus were optimized, but there was no significant
difference in the droplet evaporation characteristics and air temperature drop. However,
the geometric structure in his study was a straight circular tube. In fact, a practical engine
inlet is not so uniform, the air duct shape was usually irregular.

Lv, C.K. and Chang, J.T. [20,21] proposed a new high-Mach-number turbine scheme, it
is an MIPCC that applied ammonia as coolant. The thermodynamic model incorporating



Energies 2022, 15, 7447 3 of 16

the ammonia mass injection pre-compressor cooling was developed to evaluate the engine
performance. The evaluation results showed that the ammonia MIPCC engine has an
advantage in specific impulse, but a disadvantage in specific thrust.

Most of the previous research studies did not take the practical TBCC inlet structure
and flow field into account, the studies on the WIPCC engine based on a practical TBCC
turbine inlet structure and flow field are still lacking. This paper employed a practical TBCC
inlet as a geometric model, in which the cross-section shape at different axial positions of
the inlet is variable. It is still a problem to determine the inlet length and the mass of water
that is injected into the inlet to ensure a high working speed and thrust of the TBCC turbine
engine. The requirement of water mass that needs to be injected into the inlet at different
flight Mach numbers is still uncertain. Therefore, a numerical simulation was conducted
using self-developed software (NNW) which is used for computational fluid dynamics to
simulate the evaporation characteristics of injected water in the practical TBCC turbine
inlet. It was the first time that the mass injection field of the turbine inlet of a TBCC engine
was simulated. Then, a mathematical model for the WIPCC engine was developed based
on a general engine performance program to calculate the influence of water injection on
the performance of the turbine engine.

2. Inlet Model and Numerical Method
2.1. TBCC Turbine Inlet Model

The practical TBCC inlet structure was designed first, as shown in Figure 2. This
TBCC contained two subsidiary engines, namely, a ramjet engine at the upper side and
a turbine engine at the other side. Water injection was operated only in the turbine inlet
channel. Eighteen injectors were employed at the cross-section in the rear of entrance, from
which pure water with a temperature of 288 K was injected into the turbine inlet channel
as coolant. In order to reduce the amount of calculation, a half-model was adopted for
simulations of water injection, as shown in Figure 3.
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The shape of the cross-section of the turbine inlet at the entrance was similar to a
rectangle, then the shape transformed into a circle at the exit of turbine inlet channel. The
diameter at the turbine channel exit was employed as the characteristic length, hence,
the length of the turbine channel was nondimensionalized as 10 times the characteristic
length precisely, namely, X = 10 D. The injectors of coolant were installed at the entrance
cross-section.
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2.2. Numerical Method

The incoming air is continuous phase. The continuity equation for the compressible
flow can be written as follows:

∂ρ

∂t
+

∂

∂xi
(ρui) = Sm (1)

The last item Sm is the source item, which represents the mass injected into the
continuous phase from the dispersed phase.

Equation (2) describes the conservation of momentum for continuity phase:

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂τij

∂xj
+ ρgi + Fi (2)

where p is the static pressure, τij is the stress tensor, ρgi and Fi represent gravitational body
force and external body forces, respectively. Fi contains the interaction with the dispersed
phase. The energy equation is written as follows:

∂

∂t
(ρE) +

∂

∂xi
(ui(ρE + p)) =

∂

∂xi

keff
∂T
∂xi
−∑

j′
hj′ Jj′ + uj

(
τij
)

eff

+ Sh (3)

where keff is effective conductivity, Jj′ is the diffusion flux of species J. The last item of
Equation (3) on the right hand includes volumetric heat sources from the injected water,
and the rest of the items on the right-hand side represent energy transfer due to conduction,
species diffusion, and viscous dissipation, respectively.

Water served as the discrete phase. Cone injector was applied in the simulation.
Figure 4 illustrates the schematic of the cone injector. The radius of the cone was 0.25 mm,
the cone direction was kept on the X-axis. The angle between the injection direction and
X-axis was set to θ = 75◦. The Rosin–Rammler law was used for the diameter distribution
of droplets, the minimum, maximum and mean diameters were set as 10 µm, 30 µm and
50 µm, respectively.
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Some water droplets might break up after the heat transformation and aerodynamic
interaction with incoming flow successively. Dynamic drag model was utilized to calculate
the droplet drag coefficient, accounting for droplet deformation. Wave model was adopted
to evaluate second breakup. When the water droplet was ejected from the injector, it would
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be heated first, then evaporated, and finally continued to absorb heat. The process of heat
exchange between air and water was described in the following equation:

mpcp
dTp

dt
= hAp(T∞ − Tp)−

dmp

dt
hfg (4)

where mp represents mass of a droplet; cp and Tp represent droplet heat capacity and
temperature, respectively; h represents convective heat transfer coefficient; T∞ is the tem-
perature of continuous phase; hfg represents latent heat of the droplet, and dmp/dt means
the rate of evaporation.

The piecewise-polynomial method was selected to calculate the specific heat, and
viscosity was computed using Sutherland’s equation. The flow field was solved using a
density-based and transient solver.

After the simulations for WIPCC engine inlet, an engine performance program for
WIPCC engine was utilized to calculate the performance of WIPCC engine [22]. The air
temperature and pressure that flowed into the compressor should be revised in advance in
the engine performance program, because the injected water cooled the incoming air and
led to total pressure loss. The thermodynamic parameters variation of the air that flowed
into the compressor were determined by simulations for WIPCC engine inlet:

T′t_2 = Tt_2 − ∆Tt_1 (5)

p′t_2 = σ · pt_2 (6)

The total temperature T′t_2 and total pressure p′t_2 correspond to the air thermodynamic
state at inlet channel exit after water injection. Tt_2 and pt_2 represent air total temperature
and total pressure at the inlet entrance, ∆Tt_1 is the cooled temperature by water injection
in the inlet, σ represents total pressure recovery coefficient.

Another influence of the injected water on the incoming gas was the physical property,
so the property of the mixed gas was revised according to the gas-mixing law [23].

2.3. Boundary Conditions

The trajectory of a TBCC vehicle was chosen as shown in Figure 5. During turbine
mode, the vehicle kept the constant dynamic pressure at 34.8 kPa, then transformed from
turbine mode to ramjet mode at Ma3.0, and next kept the dynamic pressure at 48.0 kPa.
The inlet boundary conditions were defined based on this trajectory. The simulation was
divided into two phases. At first, three-dimensional domain of the whole practical TBCC
inlet was simulated without water injection, and the results are shown in Figure 6.
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After the first phase, the simulations of water injection in the WIPCC inlet channel were
carried out. The data at the location of the injection were extracted from the first simulation
phase to specify the initial field of the WIPCC inlet. Table 1 shows the simulations boundary
condition for water injection.

Table 1. Boundary condition for water injection simulations.

Flight Mach
Number

Cross-Section at Water Injection Inlet Channel
Exit

Static Pressure
(kPa)

Total Temperature
(K)

Incoming
Mach Number

Static Pressure
(kPa)

Ma2.2 98.2 426.2 0.541 109.1
Ma2.4 100.0 466.4 0.559 112.5
Ma2.6 104.7 509.5 0.5962 119.1
Ma2.8 109.4 556.2 0.6326 128.8
Ma3.0 113.8 606.5 0.669 132.5
Ma3.2 119.3 662.7 0.710 141.4

As for this engine, the limit temperature before the low-pressure compressor was as-
sumed at 470 K, and the limit temperature at the last stage of the high-pressure compressor
was assumed at 928 K. For different working conditions, the maximum temperature at the
exit of the combustor and the afterburner was limited at 1665 K and 2050 K, respectively,
by adjusting the shaft rotation speed and fuel supply.

3. Grid Independence and Numerical Model Validation

The grid independence was verified by a sequence of multi-block structured grids. The
average edge length of densest grid, fine grid and coarse grid in the direction perpendicular
to the incoming flow were specified as 1.0× 10−3, 2.26× 10−3, and 5× 10−3 m, respectively.
Figure 7 shows part of the fine grid. In order to simulate the flow area of the boundary
layers correctly, the grid size declined gradually from the freestream to the adjacent area
of the walls. The height of the nearest grid from the wall was set as 1 × 10−5 m, and the
typical value of y+ kept no more than 10 for most cells.

The water-to-air ratio and inflow total temperature were specified as 0.03 and 606 K,
respectively. The average total temperature along the inlet of different grids was compared
as shown in Figure 8. Good consistency can be seen between the results from different
grids, in all of which the relative deviation was lower than ±1.0%. In view of the cost of
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numerical simulations as well as the precision, the fine grid was adopted for the subsequent
simulation cases.
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In order to validate the accuracy of the numerical method, simulation of the water
spray in a wind tunnel diffuser was conducted and compared with the experimental data.

As shown in the upper part of Figure 9, the configuration of the experimental model
was a diffuser of a pulse combustion wind tunnel. A bundle of injectors was assembled at
the expanded section, as the blue lines show in the top left corner of Figure 9. The incoming
fluid was subsonic gas with the total temperature of 1458 K. The mass flow rate of incoming
gas was 15.44 kg/s. Pure water served as the coolant with mass flow rate of 8.61 kg/s
and 14.4 kg/s, respectively. Several temperature sensors were mounted along the duct at
central height, the blue spots show the locations of the temperature sensors in the upper
region of Figure 9. The lower part of Figure 9 shows the numerical simulation results.
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It can be seen from Figure 9 that the total temperature of the gas dropped sharply once
the cooling water was injected into the diffuser, Figure 10 confirmed this phenomenon,
which illustrated the variation of total temperature along the diffuser. The total temperature
of the gas was cooled at lower than 500 K after X = 10 m, then the trend became gentle. It
implied that the water droplets evaporated mainly in the first half of the diffuser, hence the
gas was cooled efficiently, after that the temperature became slightly lower.
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Figure 10 also compared the numerical results with the experimental data. The
experimental total temperature at the tunnel exit was 406.2 K as the injected mass flow
rate of the cooling water was 8.61 kg/s. While the injected mass flow rate of cooling water
altered to 14.4 kg/s, the total temperature at the exit of the tunnel declined to 326.2 K. In
contrast, the numerical results were 394.7 K and 336.9 K correspondingly. Good consistency
could be observed from the comparison. The maximal relative deviation at the wind tunnel
exit was lower than 3.5%.

4. Results and Discussions
4.1. Influence of Inlet Length on Evaporation Characteristics

The process of evaporation and pre-cooling are analyzed by taking Ma = 2.6 as an
example. Figure 11 shows the contours of evaporation ratio at different sections with
various water-to-air ratios (WAR), and the local evaporation ratio at equally spaced trans-
verse sections with WAR = 0.03. Figure 12 shows the distribution of the corresponding
total temperature at the same locations as Figure 11. We can see from Figure 11 that local
evaporation ratio rises gradually along the inlet, while the droplets spread across almost
the entire transverse section at X = 4 D and the gaseous water likewise evenly diffuses
at the inlet exit (X = 10 D). This proves that the distribution of injectors is reasonable for
the droplets to diffuse over the whole inlet. It can be seen from Figures 11 and 12 that it
requires a longer distance for higher WAR to achieve the same evaporation ratio, but the
incoming high-temperature gas is cooled in a shorter distance. There is more vaporized
water near the inlet wall, and the reason is that the air velocity near the wall is slower than
the central area, therefore, temperature distortion is inevitable.
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Figure 13a,b shows the distribution of the local evaporation ratio and the vaporized
mass (half-model) of the injected water along the inlet at Ma2.6. The length of the inlet is
10 times the diameter of the inlet exit. As we can see, the local evaporation ratio increases
slowly for each WAR, but the gradient of WAR = 0.03 is the steepest. When the WAR
increases, the evaporation ratio becomes lower, and the highest evaporation ratio is 76.28%
with WAR = 0.03 while the lowest evaporation ratio is 34.16% with WAR = 0.09. Although
the evaporation ratio drops as WAR increases, the local vaporized mass of the injected water
still increases slightly, as shown in Figure 13b. The local vaporized mass in this paper has
been revised as a relevant nondimensional parameter. It can be seen in Figure 13b that the
vaporized mass is rather close when the WAR alters from 0.05 to 0.09, which substantiates
the notion that the amount of vaporized water that the incoming air could contain is limited
under a specific condition, so it is not recommend to facilitate the vaporized mass only
by increasing the WAR when the air is nearly in saturation state. Figure 13c indicates the
variation of total temperature along the inlet, and Figure 13d indicates the cooled amplitude
of the temperature along the inlet. According to the results from Figure 13c,d, we can
conclude that higher WAR contributes to lower total temperature at the inlet exit, and the
effect of WAR on the total temperature is more significant when WAR is lower than 0.05.
The trend of the case that WAR = 0.03 is noticeable, which appears to be smooth while X
position is greater than 6 D. This phenomenon implies that the latent heat of the droplets is
nearly consumed up, hence the length of the inlet is not the dominant factor affecting the
evaporation characteristics anymore. Nevertheless, prolonging the length of the inlet is
still an available method for higher WAR to improve the evaporation ratio and boost the
pre-cooling effect.
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Figure 13. The evaporation and temperature along the inlet (a) local evaporation ratio, (b) local
vaporized mass, (c) total temperature, (d) cooled total temperature.

Detailed results regarding the evaporation characteristics versus the length of the inlet
are plotted in Figure 14. Figure 14a shows the distribution of the evaporation ratio at the
inlet exit versus the length of the inlet duct with WAR = 0.09 at different flight Mach number,
and Figure 14b indicates the influence of the inlet length on the total temperature at the
inlet exit. It is very clear that the evaporation ratio at the inlet exit is improved significantly
when the inlet length is lengthened, for instance, the evaporation ratio with X = 10 D is
nearly 2.5 times the evaporation ratio with X = 2 D and almost 2 times the evaporation
ratio with X = 4 D. The temperature requirement of the low-pressure compressor for inlet
length is analyzed in Figure 14b, where the limitation temperature that the low-pressure
compressor can tolerate is assumed as 470 K. The incoming total temperature will reach
470 K as the flight Mach number reaches around Ma2.4 if no water is injected into the
inlet, as shown by the dotted line AB in Figure 14b, thus prolonging the inlet length and
injecting water which are demanded for pre-cooling the high-temperature gas. As we
can see in Figure 14b, the flight Mach number is expanded to Ma2.56 with X = 2 D and
WAR = 0.09. The dotted line BC in Figure 14b reveals that the inlet length must continue
to be lengthened if the vehicle flies at a higher Mach number. When the inlet length is
10 times the diameter of the inlet exit, the vehicle is competent to fly at Ma3.0, as shown by
point C in Figure 14b. The dotted line CD in Figure 14b shows the lowest total temperature
at the inlet exit with X = 10 D and WAR = 0.09, this line determines the deepest pre-cooled
temperature for the inlet.

Overall, in this section the evaporation and pre-cooling progress are revealed. The
temperature range at the inlet exit with water-pre-cooling under the condition of different
Mach numbers and inlet channel lengths is obtained. The water droplets demand at least
X = 4 D to diffuse to all parts of the cross-section. The length of the inlet is supposed to
be 10 times the diameter of inlet exit if the working point of the turbine engine reaches
at Ma3.0.
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Figure 14. Distribution of evaporation ratio and total temperature with different inlet length at
different Mach number (a) evaporation ratio with WAR = 0.09, (b) total temperature of the air with
WAR = 0.09.

4.2. Influence of WAR and Mach Number on Evaporation Characteristics

In order to analyze the optimal pre-cooling effect, all the numerical results in the
following sections are extracted with X = 10 D.

The total temperature in the inlet varies with flight Mach number, which contributed
to the discrepant evaporation ratio. Numerical simulations illustrate the contours of
evaporation ratio and total temperature distribution at the inlet exit with WAR = 0.03
at different flight Mach numbers, as shown in Figure 15. When the flight Mach number
is low, the evaporation ratio remains at a low level. However, when the flight Mach
number transforms to Ma3.2, the evaporation ratio surges to 0.9 over the entire cross-
section. Therefore, the injected water works more efficiently for higher flight Mach numbers.
Although the evaporation ratio at the inlet exit grows gradually with the increase in the
flight Mach number, the total temperature at the inlet exit increases slowly as usual.
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Figure 15. Contours of total temperature and evaporation ratio at different Mach numbers.

Comprehensive results about the evaporation characteristics with regard to WAR are
plotted in Figure 16, where Figure 16a presents the variation of the evaporation ratio at the
inlet exit with different WAR, and the corresponding vaporized mass of the injected water
is depicted in Figure 16b. The distribution of the total temperature with different WAR
at different Mach numbers is shown in Figure 16c,d, which illustrates the distribution of
the cooled temperature under the conditions of different WAR and Mach numbers. It can
be concluded from Figure 16a,b that the evaporation ratio experiences a mild downward
trend at any specific Mach numbers as WAR increases, the maximum evaporation ratio
reaches 93% with WAR = 0.3 at Ma3.2, and the minimum evaporation ratio appears with
WAR = 0.09 at Ma2.2. Figure 16a reveals that the vaporized mass does not persistently
climb when the Mach number is lower than 2.6 after the WAR reaches 0.05. As for higher
Mach numbers, the vaporized mass increases as usual until reaching the maximum amount
of 1.93 times the characteristic mass with WAR = 0.09 at Ma3.2. The reason why the
vaporized mass remains horizontal when Ma < 2.6 and WAR > 0.5 is that the air becomes
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saturated, unless there is an increase in the flight Mach number. The distribution of the total
temperature at the inlet exit witnesses a similar trend with the vaporized mass, as shown
in Figure 16c. It was obvious that the temperature trend in the case of Ma3.2 maintains
downward, so we can infer that the total temperature would keep dropping if the inlet
was injected with more water, and Figure 16d also validates this inference. The effect of
WAR on the total temperature becomes quite slight when WAR is greater than 0.05 for
lower Mach numbers, whereas the cooled temperature sustains an upward trend for higher
Mach numbers, so the WAR can cool the incoming air as usual. The maximum cooled total
temperature appears to be 167.5 K with WAR = 0.09 at Ma3.2.
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Briefly, when the air is unsaturated, namely, when the flight Mach number is slower
than 2.6 and WAR is lower than 0.05, the water-pre-cooling effect is proportional to WAR.
More water will evaporate with the increase in flight Mach number. Water-pre-cooling
works better at higher Mach numbers and higher WAR. The air can be cooled by 167.5 K
at most.

4.3. The Performance of WIPCC Engine

The numerical results of the simulations are utilized to evaluate the performance of
the WIPCC engine using the engine performance programs. Some momentous findings are
obtained. Figure 17 illustrates the range of the total temperature before the compressor. Val-
ues of 470 K and 928 K are assumed as the limit temperature of the low-pressure compressor
and the limit temperature at the last stage of the high-pressure compressor, respectively.

The trajectory line AB in Figure 17 shows the variation of the total temperature
without any water injection before the compressor with the increase in the flight Mach
number, as well as the total temperature before the low-pressure compressor reaches the
maximum temperature that the low-pressure compressor can tolerate once the flight Mach
number achieves at about Ma2.4. Then, more water injection is demanded to keep the total
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temperature before the low-pressure compressor at a constant value 470 K until WAR = 0.09.
Moreover, the flight Mach number is extended to Ma3.0, as shown by the trajectory line BC
in Figure 17. In fact, the vehicle cannot operate along the trajectory line BC, because the
total temperature at the last stage of the high pressure has already exceeded the maximum
temperature it can endure while the flight Mach number reaches about Ma2.3, so water
injection must be carried out at Ma2.3. Then, a growing amount of the injected water is
demanded when the flight Mach number increases to keep the total temperature at the
last stage of the high-pressure compressor at a constant value of 928 K, and the trajectory
line EC in Figure 17 shows this process. The maximal flight Mach number to which the
WIPCC engine can be extended appears at Ma3.0 with WAR = 0.09, as shown by point C in
Figure 17. Therefore, trajectory line A–E–C can be employed as the working boundary of
the vehicle. Finally, the line CD shows the trajectory with highest WAR, namely, in which
the total temperature of the pre-cooled gas is the lowest. As a result, the trajectory line
A–E–C–D indicates the working boundary of the WIPCC engine.
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Figure 18 depicts the evaluation results of the WIPCC engine which operates by the
trajectory that is shown in Figure 5, where Figure 18a indicates the variation of the turbine
engine thrust without afterburning versus the flight Mach number, and Figure 18b indicates
the variation of the turbine engine thrust with afterburning versus the flight Mach number.
In order to compare the relative relation between the performance without afterburning
and with afterburning, the thrust Fd and specific impulse Isp_d without afterburning and
water injection at the designed point are employed as the characteristic values. The cooling
water is injected from Ma2.2 to the working boundary of the engine. What can be found
clearly is that the thrust is boosted dramatically once the incoming air is pre-cooled by the
cooling water, and the thrust becomes higher with higher WAR. When the afterburner does
not work, as shown in Figure 18a, the thrust with WAR = 0.09 is more than 2 times the
thrust without water injection, the thrust is still far below the thrust requirement for TBCC
mode transition. When the afterburner is working, the thrust with WAR≥ 0.07 is improved
to be at least 0.9 times the characteristic thrust, which could provide sufficient thrust for
TBCC mode transition, as shown in Figure 18b. The maximum thrust can be improved to
about 1.0 times the characteristic thrust. In addition, the flight Mach number can also be
extended from approximately Ma2.3 to Ma3.0, which can meet the velocity requirement for
ramjet initiation.
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Improved performance of the WIPCC engine is calculated with afterburning, as shown
in Figure 19. The specific impulse rises with the increase in WAR, which is more than
0.5 times the characteristic impulse as WAR ≥ 0.07, as shown in Figure 19a, and as a result
it demonstrates that the WIPCC engine is competent to fly for a longer distance with the
same amount of fuel. It can be concluded from Figure 19b that the WIPCC engine with
afterburning has a lower specific impulse, but water injection will improve the specific
impulse by about 10%, which implies that the WIPCC engine can provide more impulse for
the TBCC with the same mass flow of fuel. Although the WIPCC engine can work at a high
flight Mach number, the consumption of water is massive, and it will bring an increased
load burden for the vehicle if required to cruise with water injection for a long time.
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Overall, water injection promotes the comprehensive performance of the turbine
engine, which is beneficial to TBCC mode transition.

5. Conclusions

According to the simulations regarding the WIPCC engine with a practical structure,
the process of water-pre-cooling for the turbine inlet is revealed. The performance of the
WIPCC engine is analyzed. The main conclusions are as follows:

(1) It is the first time that the mass injection field of turbine inlet of the TBCC engine was
simulated. The air can be cooled by 167.5 K with WAR = 0.09, and the water droplets
can evaporate by 93% at most. The effect of water-pre-cooling in the TBCC turbine
inlet is proportional to the injected water mass when the flight speed is slower than
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Ma2.8, more water will not strengthen the pre-cooling effect even if the WAR exceeds
0.05. This is because that the air becomes saturated. However, a higher flight Mach
number can improve the saturation point. Prolonging the inlet length is a feasible
approach to enhancing the pre-cooling effect if the evaporation ratio is low.

(2) The interaction between the cooled temperature and WAR at different flight Mach
numbers was revealed. The range of the pre-cooled temperature by water injection is
obtained, which reveals the requirements of the water mass flow and inlet channel
length under a certain temperature limitation of the compressor. Water injection must
be performed when the flight Mach number exceeds Ma2.3. The highest working
speed of the turbine engine can be extended to Ma2.6 with WAR = 0.03. When the
mass flow of the water climbs to WAR = 0.09, the working speed spectrum of the
turbine engine can be extended to Ma3.0, and the temperature of the air remains lower
than 470 K under this condition.

(3) Water injection not only extends the working speed spectrum of the conventional tur-
bine engine, but also improves the engine thrust and specific impulse. The thrust can
be augmented to nearly 1.0 times the characteristic thrust at Ma3.0 with WAR = 0.09,
which meets the thrust requirement of mode transition of the TBCC engine. However,
mass injection reduces the specific impulse of the turbine engine, especially at high
flight Mach numbers. Therefore, it is recommended that the WIPCC engine work at a
high speed for a long time, because it will consume much water.

(4) The simulation results of the study contribute to the inlet design of the TBCC engine.
Due to the fact that the physics model of the inlet is a practical model, it is beneficial
engineering applications. The evaluation provides a mass injection strategy for the
MIPCC engine, which can promote the advancement of the engine design.
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Nomenclature

TBCC Turbine-Based Combined Cycle
SLS Sea Level Static
LOX Liquid Oxygen
MIPCC Mass Injection Pre-Compressor Cooling
WIPCC Water Injection Pre-Compressor Cooling
WAR Water-to-Air Ratio
MSTO Multi-Stage-to-Orbit
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