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Abstract: Closed-Brayton-cycle (CBC) is a potential scheme to provide high-power electricity for
hypersonic vehicles, but finite cold source onboard limits its power level. A thermoelectric generator
(TEG) combined with CBC is a feasible power enhancement approach by extending the available
temperature range of cold source. In this study, a performance assessment of the CBC-TEG combined
power generation system coupled with hydrocarbon-fueled scramjet is performed to exhibit its
possible operation characteristics and performance limitations on hypersonic vehicles. Results
indicate that, at a fixed flight Mach number, a larger fuel equivalence ratio (¢) leads to a higher
total electric power and CBC power but a lower TEG power. There are three limitations on the fuel
equivalence ratio, TEG temperature difference, and combustion heat dissipation adjustment for the
operation of CBC-TEG. The total power of CBC-TEG can be adjusted by ¢, but the adjustable range
becomes smaller at higher Ma. The electric quantity at unit fuel mass increases with ¢, mainly due
to the higher thermoelectric conversion efficiency. Moreover, the maximum value of the electric
quantity at unit fuel mass for CBC-TEG reaches 277.0 k] /kg, which is about 33.4% higher than that of
standalone CBC.

Keywords: closed-Brayton-cycle; thermoelectric generator; hydrocarbon-fueled scramjet; hypersonic
vehicle

1. Introduction

Hypersonic vehicles [1,2], the propulsion systems of which can be scramjets [3-6],
combined cycle [7-10], or pre-cooled engines [11], are designed for commercial applica-
tions and military missions [12] in or across the atmosphere. These advanced vehicles
demand a substantial and indispensable supply of electrical power to realize functions
such as fuel feeding [13], radar detection, flight control [14], and potentially electromag-
netic weapons [15]. The air-breathing hypersonic propulsion systems commonly have
no rotating machinery for converting shaft power to electric energy, and meanwhile, the
existing power generation devices, such as the auxiliary power unit (APU) [16] and ram
air turbine (RAT) [17], have been proven unsuitable for hypersonic vehicles operating at
high Mach numbers. Consequently, a diverse array of innovative technologies for onboard
electricity generation has emerged in recent years. Magnetohydrodynamic (MHD) power
generation has captured the attention of researchers, primarily due to its exceptional at-
tributes including high power generation efficiency, rapid responsiveness, and seamless
compatibility with scramjet systems [18]. Harada et al. [19] conducted a comprehensive
series of experiments for scramjet-driven MHD power generation, culminating in the
successful extraction of a reasonable output of electric power. Furthermore, numerical
simulations, spanning both one and three dimensions, were executed to elucidate and
expound upon the experimental findings. However, certain technical challenges persist
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prior to the practical application of MHD technology. Present superconductor materials
remain reliant on cryogenic environments, with only liquid hydrogen being able to provide
the requisite ultra-low temperatures within the context of hypersonic vehicles. Additionally,
the ionization of airflow at low flight Mach numbers is so weak, making the noble metals
as ‘seed’ necessary to enhance the ionization levels, which increases the cost dramatically.

In contrast, power generation devices based on thermal cycles have attained a higher
degree of technical maturity, consequently garnering substantial interest among researchers.
Building upon the foundation of a regenerative cooling system, a power generation concept
centered around a fuel vapor turbine has been formulated. The inception of this concept
can be attributed to Sforza, who initially introduced it as a Rankine cycle power generation
plant [15]. The conceptual framework involves the utilization of high-pressure liquid fuel
to absorb the heat generated by combustion within the combustor wall cooling channels,
thereby transforming the fuel into vapor form. The ensuing steps encompass the division
of the fuel vapor into a fuel injection stream and a bypass, with the latter being subjected
to further superheating. This superheated bypass is subsequently employed to propel an
electric generator through the agency of a fuel vapor turbine. The turbine’s exhaust, once
discharged, undergoes condensation back into a liquid state, with the fuel tank serving
as the heat sink for this condensation process. However, this scheme is associated with
two inherent drawbacks. Firstly, the mass flowrate of fuel vapor must be kept quite
low to enable the condensation of the turbine exhaust, particularly when dealing with
hydrocarbon fuel. This limitation substantially caps the achievable power output. Secondly,
there exists the potential for heat transfer degradation within the wall cooling channels,
especially when the fuel is in a subcritical state. This phenomenon exposes the system to
significant risks of structural damage. To circumvent these limitations, Zhang put forth
an open-cycle fuel-feeding and electricity supply system grounded in a hydrocarbon fuel
vapor turbine. This alternative approach encompasses the development of a performance
evaluation model for the fuel vapor turbine, employing the SRK (Soave-Redlich-Kwong)
equation of state [13]. The outcomes of this evaluation indicate that the hydrocarbon fuel
vapor turbine can indeed yield sufficient power to drive the fuel supply pump. This is
attainable when specific conditions are met, such as a turbine expansion ratio of 2 and an
isentropic enthalpy drop of over 100 k] /kg at a turbine expansion ratio of 5 and an inlet
temperature of 940 K. Furthermore, Li conducted an empirical study to assess the practical
power generation performance of a fuel vapor turbine test system, culminating in the
highest recorded output-specific work of 35 k] /kg [20]. In summary, the power generation
system based on a fuel vapor turbine holds several advantages in terms of its technological
maturity, structural efficiency, and compact size. Nevertheless, its electric power output
is constrained by the finite mass flowrate of fuel and the comparatively modest specific
work of fuel vapor. Consequently, achieving high-power electricity generation through this
approach remains a challenging proposition.

Owing to its compact size and high thermal efficiency, closed-Brayton-cycle (CBC) be-
comes another thermodynamic cycle suitable for onboard power generating. The working
fluids employed within the CBC, such as helium—xenon mixtures [21] and supercritical
carbon dioxide (5-CO,) [22,23], exhibit superior performance in terms of heat transfer and
heat-work conversion compared to common working fluids used in open cycles (typically
air or fuel vapor). However, a critical limitation facing closed-Brayton-cycle systems is
the finite availability of a cold source, a factor that significantly impacts their performance
within the context of hypersonic vehicles. In our prior investigations, we engaged in the
optimization of power output for an S-CO, CBC under conditions of finite cold source
availability. This study involved a comparison between a simple recuperated layout and
a recompressing layout in terms of specific power and thermal efficiency [24]. Results
indicated that the recompressing layout had advantages in thermal efficiency, but the
simple recuperated layout exhibited better electric power per unit mass flowrate of fuel,
because the latter can utilize more cooling capacity of fuel. However, a significant perfor-
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mance degradation occurred for CBC under the finite cold source conditions because of the
contradiction between the fuel cooling capacity and thermal efficiency.

Considering the limitation of single power generation systems, combined power gen-
eration systems are proposed to make better use of the cooling capacity of fuel. According
to the Carnot theorem, a higher cold source temperature leads to a lower thermal efficiency
under a constant heat source condition for thermodynamic cycles. Hence, it is a better
choice to combine a thermal cycle-based generating system with a non-thermodynamic
cycle power device. Thermoelectric generators (TEGs) [25,26], which are one of the non-
thermodynamic cycle devices qualified to build combined power systems [27-29], have the
potential to be combined with CBC on hypersonic vehicles. In previous research endeavors,
a combined system that pairs a CBC with a TEG generator cooled by liquid methane has
been proposed. In this configuration, the cold source is initially utilized by the CBC system
and subsequently employed to cool the TEG, thus achieving a cascaded utilization of the
cooling capacity inherent in the fuel. Theoretical investigations have substantiated that
incorporating additional TEGs can notably enhance electric power output by broadening
the available temperature range of the cold source in hypersonic vehicles. In fact, the CBC-
TEG combined system achieved a remarkable 18.2% increase in power output compared
to standalone CBC systems [30]. Hence, the combined CBC-TEG system emerges as a
promising technological avenue for achieving high-power electricity generation objectives
within the realm of hypersonic vehicles.

However, it is extremely difficult to obtain the actual performance of CBC-TEG if
only analyzing the power plant itself because of the deep coupling relationship between
the propulsion and power generation system for hypersonic vehicles. On the one hand,
considering that the cold source of closed-cycle power generation system is the fuel of the
propulsion system, as well as the propulsion system obviously has a higher priority, the
cooling capacity of fuel actually depends on the demand of the combustion process. Mean-
while, the heat source of the power generation system comes from the heat dissipation from
gas to engine walls, which means the quantity of heat available for electricity generation is
also dependent on the combustion process of the engine. On the other hand, the cooling
process of the power generation system has a significant influence on the combustion
process through varying the injection state of the fuel. Thus, it is necessary to use an
integrated design for the propulsion and power generation system of hypersonic vehicles.

This article focuses on the performance prediction of the combined CBC-TEG power
generation system coupled with a hydrocarbon-fueled scramjet, in which CBC-TEG is
involved in the cooling and power generation [31]. A liquid metal loop serves as the
intermediary between the CBC-TEG and scramjet through transferring the combustor’s
heat dissipation to the combined power generation system. In this study, the performance
evaluation model for the combined power generation system, the CBC power of which
is optimized using the genetic algorithm under finite cold source conditions, is estab-
lished, in which the energy balance among the scramjet combustor, wall cooling channels,
closed-Brayton-cycle, and thermoelectric generator is achieved by iterations. Notably,
the influence of the fuel equivalent ratio on power generation is dissected across various
flight Mach numbers. Additionally, the operating range and performance boundary of the
combined CBC-TEG power generation system are calculated to obtain its possible oper-
ation characteristics and performance limitations when CBC-TEG works in coordination
with scramjet.

2. System Description

The configuration of the integrated power generation system, consisting of a closed-
Brayton-cycle and thermoelectric generator in tandem with a hydrocarbon-fueled scramjet,
is visually depicted in Figure 1. Within this configuration, liquid metal, specifically liquid
sodium in this context, assumes dual roles. It serves as both the coolant for the combustor
walls and the conduit for channeling the dissipated heat from combustion. This heat
is subsequently directed towards both the heater of the CBC and the heating channel
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of the TEG. The hydrocarbon fuel undertakes a multifaceted role as well. It functions
as the cold source, characterized by a cascading utilization approach. This entails its
successive absorption of heat in the primary cooler of the CBC and the cooling channel
of the TEG. Following this, the fuel finds its way into the combustor, contributing to the
phenomenon of supersonic combustion. Thus, the scramjet emerges as the determinant of
heat source parameters for the integrated power generation system, thereby influencing
the fuel injection conditions for the entire arrangement. Conversely, the performance
characteristics and behavior of the combined power generation system wield an influential
role in shaping the fuel injection dynamics within the scramjet.
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Figure 1. Sketch of combined CBC-TEG power generation system coupled with hydrocarbon-
fueled scramjet.

The closed-Brayton-cycle power device employs a straightforward recuperated layout
chosen for its benefits in terms of structural weight, system control, and electric power
per unit mass flowrate of fuel. These advantages become particularly pronounced when
operating under limited cold source conditions [24]. Given the significant temperature
differential inherent in the thermoelectric generator, a three-stage thermoelectric module
(TEM) is adopted to enhance the overall conversion efficiency.

3. Mathematic Modeling

The performance evaluation model for the combined CBC-TEG power generation
system coupled with the hydrocarbon-fueled scramjet mainly consists of three key modules:
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the power generation model, the supersonic combustion and heat dissipation model, and
the flow and heat transfer model of the liquid metal and fuel. Due to the obvious distributed
parameter characteristics of scramjets, the supersonic combustion and heat dissipation
model, as well as the according flow and heat transfer model of liquid metal for combustor
wall cooling, are established in quasi-one-dimension. To exhibit the significant temperature
variation in the TEG heating and cooling channels, the flow and heat transfer processes of
the liquid metal and fuel for TEG channels are also described by quasi-one-dimensional
models. Moreover, considering the great iteration number in the power optimization with
finite cold source, the CBC model is developed in zero-dimension. In this way, a balance
between the computation speed and calculation accuracy is achieved in the modeling for the
combined CBC-TEG power generation system coupled with hydrocarbon-fueled scramjet.

3.1. Power Generation Model

The closed-Brayton-cycle model is formulated in a zero-dimensional framework to
expedite computation. The isentropic efficiency of the compressor is represented as follows:

s —hy
UC_ hZ_h]

)

where & is the enthalpy of carbon dioxide.
Taking into account the higher specific heat of carbon dioxide at the cold side compared
to that at the hot side, the effectiveness of the recuperator can be expressed as follows:

hs — he

EREC = 77— 2
REC = 1" 10Ty, pe) @)
The isentropic efficiency of the turbine is defined as follows:
_ hy—hs
17T - h4 _ h55 (3)

The pressure ratio of the turbine relies on the pressure ratio of the compressor and the
relative pressure loss coefficients of the three heat exchangers.

r = % = ﬂcg(l — ) 4)

The electric power output of the simple recuperated layout with a finite cold source is
determined by the following expression:

. . hp—h
Pepc = tico, (wr — we)i = mf%[(hél —hs) — (h2 — )]ng )

where wr and w¢ represent the specific work of the turbine and compressor, respectively,
and 7 signifies the efficiency of the generator.

For a thermoelectric generator, the convective heat transfer rate between liquid metal
and the heating channel wall is equal to the heat transfer rate on the hot side of the
ceramic plate:

Anehche [ Tpn(i) = Tun()| = Kep? [T () = Th(D) | ©)

where h. stands for the convection heat transfer coefficient, and K., represents the thermal
conductance of the insulated ceramic plates (Kep = AcpAcp/ Ocp)-

Similarly, the heat transfer rate between the fuel and the cooling channel wall equals
the heat transfer rate occurring on the cold side of the ceramic plate:

Kapi ™ | TA(0) = Tae (i) | = Acchele | Tue (i) = Tre(i)| )
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By combining the heat transfer equations, the temperatures of the junctions and
channel walls within a three-stage thermoelectric module can be presented in matrix form
as demonstrated below.

B-T=C 8)

Matrix B, wherein identical elements have been consolidated, can be represented
as follows:

Apchehe + Kepi =K} ‘ 0 0
—Kep) ST+ Ky + Kol —Kee! 0 ,
cpi i cpi ; elej j L]’ill j j+1 (] =1,2, 3) )
0 —Kep,) —SIT+Kepl ™ + Ky —Kep
0 0 —Kep Acchel, + Kept™

where the Seebeck coefficient of the thermoelement signifies the difference between the
Seebeck coefficients of the P-type and N-type thermoelectric legs (S = Sp — Sy). Further-
more, the thermal conductance of each thermoelement K,j, is the summation of the thermal
conductance of the P-type and N-type legs (K,, = ApAp/Ip+ANAN/IN)-

The vectors T and C are expressed as:

Tugh(i)
T T}, (7)
T
Twe (1)

(j=1,23) (10)

Ahchcchf}}(i)
0.51°R]
0.512R!

ACChCéchc(i)

The electric power output is the result of multiplying the load voltage by the current.

(j=1,23) (11)

2 2
Prec = Up-1= {225{-’ ACE T};(o}} RL/<RL +22R{> (12)
ro] ro]

where Ry, denotes the electric resistance of the load and R signifies the internal resistance of
the thermoelement.
The total electric power of the combined CBC-TEG power generation system is ex-
pressed as follows:
Prot = Pcpe + Prec (13)

3.2. Combustion Model

A quasi-one-dimensional model of the combustor is formulated to depict the process
of supersonic combustion and heat dissipation. The central governing equations encompass
the conservation of mass, conservation of momentum in the x-direction, equation of state,
conservation equation for component i, and the conservation of energy pertinent to hydro-
carbon fuel combustion, as presented below. It should be mentioned that considering the
relatively high temperature and low pressure in the combustor, the ideal gas state equation
is applied to describe the relationship among the density, pressure, and temperature of gas.
For a comprehensive understanding of the detailed equations governing the supersonic
combustion process, readers are referred to Ref. [32].

Ldin_ deg | Tdu 1 ddeo
mg dx  pg dx  ug dx  Acp dx

(14)
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Ldpg | yMadug  29Ma*Cy  yMa*(1—y) dring _

;Tg dx ug dx Dycp g dx 0 (15
podx “podx T amy |\ X My dr (19
dy; _ wiMp; n idmi,add i dmg (17)

dx Pglig g dx mg dx

dhg _ id[Zi ht,imi]udd _ JuwPuw,cD . ﬂdmg _ dug

T g dx g g dx S dx (18)

3.3. Flow and Heat Transfer Model

The flow and heat transfer phenomena of the liquid metal within the wall cooling
channels and the TEG heating channels, along with the hydrocarbon fuel within the TEG
cooling channel, are described using a quasi-one-dimensional framework. This is done to
align with the combustion model and to account for the temperature fluctuations along the
flow direction within the TEG channels. The mass conservation principles for the coolants
pertaining to the combustor wall and the thermoelectric generator can be articulated

as follows:
1dpy  1duy 1 dAcc _

Pc dx  ug dx  Acc dx

(19)

The expression for the conservation of momentum in the horizontal direction (x-
direction) applies to both liquid metal and fuel:

. dug dpcl 1 Cf
Mg AT Y 2D,

Mt = 0 (20)

where the friction loss factor (C) is calculated by the Colebrook equation:

1
\/a:—zlg< 37 *Re\@

where A/D; is the relative roughness of channels.
The principle of energy conservation is represented by the following equation:

(21)

A/D, 251 )

dhy Tu du _ JuwPuw

dx " dx e @2)

Recognizing the need to accurately depict the relationship between pressure, tem-
perature, and density of hydrocarbon fuel and its cracking byproducts using a real gas
state equation, this study employs the Redlich-Kwong and Peng—Robinson (RK-PR) state
equation as a cubic equation of state, as detailed in Ref. [20].

2
dpy _ d | _psRaTy aa (Ty ) oy 23)

dx — dx Myf — bos (wa—i—dlbpf) (wa—i-&bpf)

Generally speaking, the pyrolysis process of hydrocarbon fuel is so complex that
a mechanism model including thousands of step elementary reactions and hundreds of
components becomes necessary to describe it accurately, which obviously needs a large
number of computing resources. However, the demand on calculation accuracy is not very
high in the cooling process of multi-stage TEG, and a two-step reaction model can basically
meet the requirement. The overall reaction of n-dacane pyrolysis is given by:
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CioHap — 0.119H; + 0.185CH, + 0.377Co Hg + 0.483C, Hy + 0.233C3Hg + 0.547C3Hg

+0.086C4 Hyg + 0.238C4 Hg + 0.637C7Hyy (24)

where the pre-exponential factor of reaction is 5 x 101> s~1, the activation energy is set as
59,000 cal/mol, and the temperature coefficient is 0.

An overall reaction of n-heptane cracking is introduced to describe the pyrolysis of
macromolecule products.

CyHq14 — 0.7CoHy + 0.7C3Hg + 0.875C4 Hg (25)

where the pre-exponential factor of reaction is 4 x 10 s~!, the activation energy is set as
61,000 cal/mol, and the temperature coefficient is also 0.

The calculation of the wall temperature in the cooling channels can be performed
using the following formula:

GuwPuw

Tpcc = Ty + — 0@
wee = Ad het finPu,cc

(26)

where 75, represents the surface efficiency of the fins. The convection heat transfer coeffi-
cient is given by:
AaNu
h — cl cl (27)
© Ducc
As per the investigation conducted by Zhou [33], the Nusselt number for liquid
sodium is expressed as follows:

Nuy, = 4.82 4 0.0185P¢"8 (28)

The equation correlating heat transfer for hydrocarbon fuel and its cracking products,
as presented in Ref. [34], is given by:

Nty = 0.027Re 08P, 033 ( 1L o (29)
g = 0027Rep ey

where y is the dynamic viscosity.

Given the substantial temperature gradient along the y-direction compared to that
along the x-direction in Figure 1, the combustor wall temperature can be assessed through
one-dimensional conduction. Consequently, the connection between the temperatures of
the combustor wall and the wall cooling channel can be described as follows:

0
Tw,cp = Twwe + q)% (30)
w

where 0 is the thickness of combustor walls.

3.4. Calculation Flowchart and Input Parameters

The flowchart detailing the computation process for the integrated CBC-TEG power
generation system connected with a scramjet is depicted in Figure 2. Upon deriving the
mass flowrate of hydrocarbon fuel based on flight conditions and the fuel equivalence ratio,
a three-step iteration is employed to optimize the CBC power output. This calculation
based on the optimization algorithm [35] involves adjusting the compression ratio, the
effectiveness of recuperation, and the temperature differentials between the hot and cold
ends of the precooler. A comprehensive depiction of the calculation procedure for power
optimization in a simple recuperated CBC system with a finite cold source has been intro-
duced in Ref. [24]. Subsequently, the supersonic combustion process is simulated utilizing a
quasi-one-dimensional combustion model, accounting for initial fuel injection temperature
and liquid metal mass flowrate, in order to provide relevant flow field parameters within
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the combustor. Employing the Eckert Reference Enthalpy method to calculate the heat flux
on the combustor walls, a simulation of the wall cooling process is conducted to ascertain
the outlet temperature of the wall cooling channels, which directly corresponds to the
inlet temperature of the liquid metal in the CBC heater (T},,5). Following this, the thermo-
electric generator’s performance is evaluated through coupled calculations involving the
thermoelectric module and the heating and cooling channels of the TEG, utilizing both
the fuel outlet temperature from the precooler (Tr2) and Tjy,2 as input variables. The outlet
temperature of the TEG cooling channel (Ty3) influences fuel injection conditions and conse-
quently impacts the combustion process. Thus, an iterative process is imperative to ensure
energy conservation among the combustor, the wall cooling channels, and the combined
CBC-TEG power generation system. Subsequent to achieving energy conservation, another
iteration is implemented, adjusting the liquid metal mass flowrate until the TEG heating
channel outlet temperature (T},,4) matches the inlet temperature of the wall cooling channel
(Tpy1). Ultimately, the comprehensive performance parameters of the CBC-TEG system,
encompassing total electric power, CBC power, and TEG power, are determined through
multiple iterative cycles.

Input Ma, ¢, Tp, Ta, p1. Prmax, &, Emaxs e, N1,
Tz, L, Wwe, Hwe, 1, Bete, Ocp, Onc, Hrem,

Initial set my,

| Initial set AT pq,pc AT por,pc

Reset my,, and
recalculate

ﬁrI_

Reset ATco,pc-AThorpc | Calculate combustion process |<7

l¢
<

Initial set AT o, pc

<&

and recalculate ¢

| Eckert Reference Enthalpy |

<
Initial set 7z¢, egec

| Calculate wall cooling process |

Reset ¢, erec
and recalculate

| Calculate CBC performance

(e

Yes

Obtain Ty, T

- N

Calculate temperature
distribution of precooler

L

| Calculate TEG performance |

Obtain Prgg and T
Is_error of Ty, expected ?

Yes

Reset ATcou,pc
and recalculate

Obtain temperature distribution
of TEG channels and wall
cooling channels

IS Tis €qual to Ty ?
Yes

| Obtain maximum Pz, Tp

Results: overall performance parameters of

CBC-TEG coupled with scramjet

The input parameters for the CBC-TEG system are outlined in Table 1. To ensure
operational safety, the upper temperature limit for the liquid metal is designated as 1150 K,
taking into consideration that the boiling point of liquid sodium is approximately 1156 K.
The parameters pertaining to the supercritical carbon dioxide closed-Brayton-cycle are
extracted from Ref. [24]. Considering the extremely high cycle pressure for S-CO, CBC
(the highest pressure is over 30 MPa in this study) makes it difficult to avoid working
fluid leakage at high temperatures, a fixed turbine inlet temperature of 823.15 K (550 °C) is

Figure 2. Calculation flowchart.
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0.04m

Injector

employed rather than a value varied with liquid metal temperature [36]. In this analysis,
the number of stages for the thermoelectric modules (TEM) is determined to be 3 rather
than 4, primarily due to the relatively constrained available temperature difference for TEM.
Furthermore, a singular type of thermoelectric material, specifically cubic AgPbmTep i, is
employed in this study. This material is chosen for its favorable behavior in terms of the
thermoelectric figure of merit (ZT) within the intermediate temperature range (roughly
500 K to 800 K). Corresponding thermoelectric material parameters, including the Seebeck
coefficient, thermal conductance, and electrical conductivity, come from Ref. [37]. This
temperature range closely aligns with that of the thermoelectric generator operating within
the combined CBC-TEG power generation system.

Table 1. Basic input parameters of CBC-TEG.

Parameter Value
Maximum temperature of liquid metal 1150 K
Inlet temperature of fuel 300 K
Fuel inlet pressure 3 MPa
Generator efficiency 0.92
Turbine inlet temperature 823.15K
Minimum temperature difference in primary cooler 5K
Compressor inlet pressure 7.4 MPa
Upper limit of highest cycle pressure 35 MPa
Relative pressure loss coefficient of heat-exchanger 0.02
Compressor isentropic efficiency 0.89
Turbine isentropic efficiency 0.93
Maximum effectiveness of heat-exchanger 0.95
Stage number of TEM 3

Total height of TEM 0.04 m
Channel height 0.002m
Channel width 0.002 m
Thermoelement gap 0.0004 m
Metallic connector thickness 0.0001 m

The dimensional characteristics of the combustor duct and the wall cooling channels
are visualized in Figure 3. Specifically, the combustor duct comprises a 0.5 m long section
with dimensions of 0.04 m (width) by 0.1 m (height). This is succeeded by a 0.7 m long
segment featuring an approximate divergence of the duct floor at an angle of 1.6 degrees.
Conversely, the geometry of the wall cooling channel is defined by dimensions of 1.2 m
in length, 0.001 m in width, and 0.002 m in height. The fins integrated within the channel
have a thickness of 0.001 m.

0.5m
4

/////lo.%m

<0001

0.002

3

|:I I:I |:| | %*0.001
—»! I‘E [

001

0.1m

1.2m

Figure 3. Geometric configuration of hydrocarbon-fueled scramjet combustor with wall cooling channel.
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4. Results and Analysis
4.1. Model Validation of Scramjet Combustor

The validation of the hydrocarbon fuel combustion process model is carried out
through comparison with experimental data collected from the HIT direct connect scramjet
platform. The physical configuration of this platform is depicted in Figure 4. Notably,
the width of the combustor within the platform is specified as 0.1 m. The introduction
of hydrocarbon fuel into the combustor is facilitated by means of a strut. It is worth
mentioning that due to the absence of an effective cooling system, the operational duration
of the scramjet platform is limited, thus constraining its sustained operation.
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Figure 4. Combustion model validation based on HIT scramjet experimental data.

The static pressure within the combustor was measured utilizing pressure sensors
located at pressure holes integrated into the combustor walls. The current signal, operating
within the range of 4-20 mA, was gathered by the C-RIO system from National Instruments
Corporation. The data acquisition was conducted at a frequency of 500 Hz, with a natural
frequency response of 50 kHz. Notably, the temperature drift remains below 0.05%, and
both the repeatability error and nonlinearity error, in conjunction with the comprehensive
error of the full-scale range, are held within a range of =0.1%. For the purpose of sim-
ulating the flight conditions corresponding to a Mach number of 7, the inlet parameters
for the combustor were established. Specifically, the Mach number, static pressure, and
static temperature at the combustor inlet were set to 2.8, 65 kPa, and 726 K, respectively.
Furthermore, the fuel equivalence ratio was approximately 0.56. It is essential to note that
due to limitations in the heating capacity of the platform, the inlet total temperature was
lower than the expected value for Mach 7 conditions. To facilitate the swift ignition of
hydrocarbon fuel, a minor quantity of oxygen and plasma, generated by ionizing nitrogen,
were introduced downstream of the strut injector to assist the ignition process.

In the calculations, n-decane is assumed as the only component of the hydrocarbon fuel.
The combustor wall temperature is set at 900 K. A comparison between the experimental
data and the calculation results reveals that the quasi-one-dimensional combustor model
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can offer an approximate description of the supersonic combustion process. In the initial
duct segment devoid of combustion, the model effectively simulates the airflow process,
with the exception of the impact of the oblique shock wave at the platform inlet. Within the
first divergent section, the model approximates the pressure surge generated by combustion.
However, the pressure fluctuations during the supersonic combustion process, primarily
driven by the interaction between shock waves and boundary layers, cannot be effectively
captured by the simplified mixing model and reaction mechanism inherent to the quasi-one-
dimensional approach. Fortunately, in this study, the combustion model serves primarily
to furnish the mainstream combustor parameters required for calculating wall heat flux via
the Eckert Reference Enthalpy Method. The intricate interaction between shock waves and
boundary layers is not the focal point of investigation. In comparison to a more intricate
simulation involving a complex three-dimensional computational fluid dynamics (CFD)
model, the rapid computations offered by the quasi-one-dimensional combustion model
hold more significance given the numerous iterations within the combined system model.
In summary, the quasi-one-dimensional combustion model manages to replicate the static
pressure distribution observed in the experimental process and proves to be applicable for
simulating combustion heat dissipation.

4.2. Effect of Fuel Equivalent Ratio

Variations in power generation parameters with respect to fuel equivalence ratio at
different Mach numbers are illustrated in Figure 5. It is obvious that at a constant flight
Mach number, the mass flowrate of air remains consistent. However, the mass flowrate
of fuel as well as the corresponding cooling capacity of the fuel utilized by the combined
CBC-TEG power generation system increase proportionally with the fuel equivalence ratio.
This trend contributes to an enhanced electric power output, as observed in Figure 5a.
This power increase can be attributed to the amplified CBC power. Surprisingly, the TEG
power actually decreases with the elevation of the fuel equivalence ratio, as shown in
Figure 5b. This phenomenon is explained by the fact that the higher temperature of the
liquid metal leads to a greater heat release within the CBC heater, redirecting heat from the
TEG’s heating channels. To be specific, with a greater cooling capacity of the fuel, the power
generation process demands an augmented heat input. Following the reference enthalpy
method, the inlet temperature of the wall cooling channel must decrease to augment heat
dissipation from the gas to the walls, resulting in a reduction of the liquid metal’s mass
flowrate. Consequently, the outlet temperature of the CBC heater, which corresponds to
the inlet temperature of the TEG's heating channel, needs to decrease rapidly to maintain
a substantial specific enthalpy difference within the heater. This behavior is depicted in
Figure 5¢c. Consequently, the outlet temperature of the TEG’s heating channel experiences
a decrease in line with the increment of the fuel equivalence ratio. This lowering of
temperature is crucial to provide the required heat input for the thermoelectric modules
(TEM), as illustrated in Figure 5d.

Consequently, the temperature of the liquid metal within the TEG’s heating chan-
nel diminishes in response to a rise in the fuel equivalence ratio, as shown in Figure 6.
This decrease in temperature leads to a reduction in the available temperature difference.
Consequently, the conversion efficiency of the TEG experiences a substantial decline with
increasing ¢, as illustrated in Figure 5f. In parallel, the heat transfer rate from the liquid
metal to the thermoelectric modules (TEM) in the TEG’s heating channel undergoes only
minor changes, as indicated in Figure 5e. Considering the interplay between conversion
efficiency and heat transfer rate within the heating channel, the electric power output of
the thermoelectric generator contracts at higher fuel equivalence ratios. This observation
underscores the pivotal role of the fuel equivalence ratio in influencing the power distribu-
tion of the CBC-TEG system. Furthermore, the amplification effect on power from the TEG
is more pronounced at lower ¢ values.
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Figure 5. Parameter variation with ¢ at different Ma: (a) Pyot; (b) Preg; (c) inlet temperature of TEG
heating channel; (d) outlet temperature of TEG heating channel; (e) heat transfer rate of TEG heating
channel; (f) TEG conversion efficiency.
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Figure 6. Temperature distributions of TEG heating and cooling channels with different ¢ (Ma =7.5).

Note that the heat transfer rate in TEG heating channel, which depends on the product
of the mass flowrate and specific enthalpy difference of liquid metal, increases with ¢
firstly and then decreases. It is mainly caused by the reduction of mass flowrate and
the improvement of specific enthalpy difference for liquid metal. In the view of energy
conservation, TEG requires less heat input when its conversion efficiency is lower at
higher ¢, leading to the decrease of the heat transfer rate in TEG heating channel.

4.3. Operating Range and Performance Boundary of CBC-TEG

The predicted working envelope and corresponding performance boundary of the
combined CBC-TEG power generation system are illustrated in Figure 7. Maintaining a
constant flight Mach number, it becomes evident that the system’s operation is constrained
within specific ranges of fuel equivalence ratios. Within this context, there exist three
primary limitations that dictate the operation of the CBC-TEG system. The initial limitation
arises from the need to ensure that the fuel equivalence ratio remains below 1. This
precaution is taken to prevent scenarios where a portion of the fuel must be abandoned due
to inadequate combustion. The second constraint relates to the temperature gradient of
the thermoelectric generator (TEG). The efficiency of the TEG’s thermoelectric conversion
and the heat transfer between the TEG’s heating and cooling channels are contingent upon
the temperature gradient of the thermoelectric modules (TEM). Therefore, the temperature
within the TEG’s heating channel must surpass the corresponding fuel temperature within
the TEG’s cooling channel. As discussed in Section 4.2, the outlet temperature of the TEG’s
heating channel decreases with an increase in the fuel equivalence ratio. Consequently,
when ¢ reaches sufficiently high levels, the outlet temperature of the TEG's heating channel
aligns with the inlet temperature of the TEG’s cooling channel. This value then establishes
an upper limit for the fuel equivalence ratio. The third limitation originates from the heat
dissipation occurring on the combustor walls. Following principles of energy conservation,
the heat dissipation capacity of the walls is equivalent to the sum of the heat absorption
capacity of the hydrocarbon fuel and the electric power generated by the CBC-TEG system.
Although the heat dissipation from combustion can be manipulated by adjusting the
liquid metal mass flowrate to modify the temperature distribution across the combustor
walls, a lower limit for gas-to-wall heat dissipation remains. In situations where nearly
all wall cooling channels function at the maximum liquid metal temperature, the mass
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flowrate of the liquid metal approaches infinity, thereby hindering the achievement of
energy conservation. This sets a lower threshold for the fuel equivalence ratio, under which
the energy conservation cannot be upheld.

Consequently, the working envelope of the combined CBC-TEG power generation
system consists of three boundary lines. When the flight Mach number is relatively low,
the heat dissipation into combustor walls is relatively few, and the according lower limit
of fuel equivalence ratio is also lower. Meanwhile, the thermoelectric generator will not
work if the fuel equivalence ratio is over its upper limit, considering the liquid metal outlet
temperature in the TEG heating channel must be higher than the fuel inlet temperature
of the TEG cooling channel. With increased flight Mach number, the thermal loading of
airflow becomes larger, leading to a greater heat exchange intensity from gas to combustor
walls. The demand on the cooling capacity of fuel improves with the increased combustion
dissipation, causing a larger lower limit of fuel equivalence ratio. Finally, a curve-curve
intersection of heat dissipation limit and fuel equivalence limit occurs, and the according
Mach number is the maximum value for CBC-TEG operation.

(b)

1.1 100
Limit on Fuel
Equivalent Ratio
I F 90 b
Limit on TEG
Temperature s
09 Difference = 80 R
=2
—
2 Upper Limit
08| z 0 L pp |
~
Q
B
07 3 60 [ 1
Limit on Heat = Lower Limit
Absorption from Gas =
0.6 2 50 | .
0.5 40 F i
0.4 30
6.4 6.6 6.8 7 7.2 74 7.6 7.8 8 82 6.4 6.6 6.8 7 72 7.4 7.6 7.8 8 8.2
Flight Mach Number Flight Mach Number
280 12
270
S 1t i
<
260 QO
=
) 10 | b
250 gy
Q
=)
2
240 | L2 9 1
&
m
Q
230 F =
5 st 1
E
220
E
s ]
210 =
200 6
6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8 8.2 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8 8.2
Flight Mach Number Flight Mach Number

Figure 7. Cont.



Energies 2023, 16, 7385

16 of 19

40

25 F

20

Electric Power of TEG (kW)

5 ! ! ! ! ! ! ! !
6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8 8.2

Flight Mach Number

Figure 7. Performance boundary of combined CBC-TEG power generation system: (a) working enve-
lope; (b) total electric power; (c) electric quantity at unit fuel mass; (d) TEG efficiency; (e) TEG power.

As a result of these constraints, the achievable total power spectrum of the combined
CBC-TEG power generation system forms an approximate triangular shape, as shown
in Figure 7b. The total power output of the CBC-TEG system can be manipulated by
altering the fuel equivalence ratio, especially at lower flight Mach numbers. However, as
the flight Mach numbers increase, the range of viable fuel equivalence ratios diminishes
and eventually disappears. Note that the total power of the combined power generation
system is relatively low (40-90 kW), but it does not indicate the actual power generation
capacity of CBC-TEG. In fact, it is mainly caused by the relatively low-level thrust of the
coupled scramjet. Under the finite cold source condition, the electric quantity at unit fuel
mass is a more suitable parameter to measure the power generation capacity.

As illustrated in Figure 7c, the peak value of electric output per unit of fuel mass
corresponds to the minimum fuel equivalence ratio. This phenomenon is primarily caused
by the highest achievable thermoelectric conversion efficiency and according TEG power,
as shown in Figure 7d,e. In alignment with the discussion in Section 4.3, a reduced
fuel equivalence ratio leads to an increase in the liquid metal mass flowrate, consequently
elevating the temperature within the TEG’s heating channels and augmenting the associated
temperature differences, as demonstrated in Figure 6. Following the Seebeck effect, a larger
temperature difference contributes positively to enhancing the thermoelectric conversion
efficiency. Furthermore, the maximum value of the electric quantity at unit fuel mass reaches
277.0 k] /kg, which is about 33.4% higher than the according CBC power of 207.6 k] /kg.
That is, the combined CBC-TEG power generation system brings a significant power
improvement when it is coupled with hydrocarbon-fueled scramjet on a hypersonic vehicle
with finite cold source.

It should be noted that the model of the combined CBC-TEG power generation system
in this paper can hardly reflect the actual performance boundary, considering the mixing
model of supersonic combustion process utilized by this article is more suitable for a single
flight Mach number, rather than Mach numbers ranging from 6.5 to 8.0. In fact, this work is
aimed to exhibit the performance variation and limits of the combined CBC-TEG power
generation system on hypersonic vehicles qualitatively, rather than a quantitative analysis.
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5. Conclusions

This study offers a comprehensive performance evaluation of the combined CBC-TEG
power generation system integrated with a hydrocarbon-fueled scramjet. The analysis for
the effect of fuel equivalent ratio on power generation at different flight Mach numbers
has been performed, and the operating characteristics and performance limits have been
exhibited. The main conclusions are summed up as follows:

1. Due to the larger fuel cooling capacity utilized by the combined CBC-TEG power
generation system, the increase of fuel equivalence ratio leads to a higher total elec-
tric power and a higher CBC power but a lower TEG power at a constant flight
Mach number.

2. There are three limits on the fuel equivalence ratio, TEG temperature difference, and
heat dissipation adjustment for the operation of the CBC-TEG system.

3.  The total power of CBC-TEG can be adjusted through changing the fuel equivalence
ratio, but the adjustable range becomes smaller with the increased Mach number.

4. The maximum value of the electric quantity at unit fuel mass for CBC-TEG reaches
277.0 kJ /kg, which is about 33.4% higher than that of the standalone CBC system at
207.6 kJ /kg.

This article exhibits the theoretical performance of the combined CBC-TEG power
generation system coupled with hydrocarbon-fueled scramjet and its operation limits on
hypersonic vehicles.

6. Future Work

In our future works, a comprehensive 3D simulation and structural analysis of the
three-stage TEG designed for the CBC-TEG system will be performed. Furthermore, an ex-
perimental TEG system will be established in which the thermoelectric module is heated by
liquid metal and cooled by hydrocarbon fuel to facilitate practical engineering applications.
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