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This paper designed a platelet heat exchanger in the solar thermal thruster and analyzed the unsteady-state conjugate heat transfer
characteristics between heat exchanger and propellant. The conjugate heat transfer (CHT) computational fluid dynamics (CFD)
simulation of the 3D model of the platelet under steady-state conditions was carried out with different mass flow rates to find the
empirical correlation between the average Nusselt number and the average Reynolds number. The unsteady-state 1D simplified
model of the heat exchanger was established using a loose coupling algorithm based on quasi-steady flow domain and finally
verified by experiments. The results show that the platelet structure could heat the working medium to more than 2380K with
the heat transfer efficiency of 87% and produce a peak thrust of 0.57N and specific impulse of 2200m/s; in steady state, the
outlet temperature and heat transfer efficiency of the heat exchanger were stable at 1950K and 69%. Moreover, 1D model
could accurately reflect the real heat exchange situation to a certain extent, the simulation error was less than 5% compared
with the 3D model, and the calculation time was greatly shortened, making it more convenient to adjust the heat exchange
strategy. The experimental results were consistent with the simulation results at the initial stage of heat exchange, and the
difference was mainly reflected in the steady-state stage, which might be caused by the lack of precision of the experimental
equipment.

1. Introduction

In recent years, human beings have higher requirements
for the propulsion performance of satellites with the more
complex space tasks. The chemical propulsion system can
provide large thrust in an instant, but its specific impulse
is only 100~400 s and requires a lot of fuel [1]. Electric
propulsion is the research hotspot at present, which is
used in orbit transfer, formation flight, and on orbit atti-
tude maintenance. Although its specific impulse can reach
more than 1000 s, the typical thrust is relatively low, gen-
erally 1μN~400mN, and it means more time will be taken
to complete the task at the mean time [2–4]. The 40 cm
ion thruster developed by NEXT (NASA’s evolutionary
xenon thruster) had a thrust of only 364mN at a power
of 10.5 kW [5]. A miniature vacuum cathode arc thruster
was designed with a specific impulse of 1571 s and a thrust
to power ratio of 16.3μN/W [6]. A very low power cylin-
drical Hall thruster for nanosatellite “PROITERES-3”

under development in Osaka Institute of Technology was
designed with a specific impulse of 1570s and a thrust of
2.87mN [7]. Although the technology of cold gas propul-
sion is mature, it does not make full use of the properties
of working medium, so the thrust and specific impulse are
correspondingly low, which provided the thrust of
70~1200mN [8, 9]. By contrast, the solar thermal propul-
sion system can obtain a large velocity increment due to
its high specific impulse and moderate thrust, which can
make up for the gap in space transfer tasks [10–12].

The principle of solar thermal propulsion (STP) is to
heat the propellant through the sunlight gathered by the
concentrator and then make the propellant expand
through the Laval nozzle to generate thrust [13, 14]. The
heat exchanger is the most important structure in the solar
thermal thruster. The wall of the heat exchanger accumu-
lates heat through radiation heat exchange with the con-
centrator and then transfers the heat to the propellant.
Therefore, the efficiency of heat exchanger determines
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the gas outlet temperature and thrust. Most of the early
heat exchangers used spiral channel structure, which has
the characteristics of simple structure and easy processing.
Markopoulos P. et al. [15] designed a direct endothermic
thrust chamber. In the experiment, H2 was used as propel-
lant, the inlet working medium mass flow was 0.25 g/s, the
temperature was 333K, the thrust chamber pressure was
0.1MPa, and the temperature after heating reached
2264K. Although the spiral heat exchanger could heat
the working medium to the ideal temperature, the length
of the spiral channel had reached 6m. The increase of
the length of the chamber meant the increase of the mass
and the decrease of the performance of the thruster.
Therefore, it is necessary to design a more efficient heat
exchanger. The platelet structure is mainly used for tran-
spiration cooling in rocket engine [16, 17]. Xing B.Y.
et al. designed a multilayer platelets heat exchanger in
STP system based on the transpiration cooling technology
of platelet [18]. In their study, the number of platelets was
20 layers, the thickness of a single platelet was 1mm, and
the depth of the control channel was 0.1mm, and the heat
transfer area of the propellant between the platelets was
about 5~ 10 times larger than that of the spiral channel
under the same conditions. The simulation results showed
that when the wall temperature of the platelet structure
reached 2400K, the propellant could be heated to about
2300K, which proved the feasibility of the structure.

In fact, the metal wall temperature cannot be maintained
above 2400K all the time due to the coupling effect. The
intermittent heating strategy should be adopted to keep the
working medium at a high temperature, hence the need for
an analysis of the unsteady heat transfer of the heat
exchanger. However, the amount of calculation of 3D CFD
simulation is huge, and the calculation time may reach tens
or even hundreds of hours according to the difference of cal-
culation accuracy and time steps. Therefore, researchers
have developed solutions with different calculation efficiency
and accuracy for different problems. The transient tight cou-
pling method can get effective results, but it consumes a lot
of computing resources and is difficult to solve practical
complex engineering problems [19–21]. The loose coupling
method based on the quasi-steady flow field considers that
in the whole process of fluid-solid coupling heat transfer,
the flow field is in several quasi-steady states, and each
quasi-steady flow field is solved by the steady-state Navier-
Stokes equations; the research results show that the algo-
rithm can greatly improve the calculation efficiency, but
the deviation of the calculation results is large, which is
mainly due to the large deviation between the treatment
method of completely isolating the flow field from other
parts and the actual coupling relationship [22–24]. De
Giorgi and Fontanarosa [25] proposed a novel quasi-one-
dimensional model for the performance estimation of a
vaporizing liquid microthruster (VLM); in their study, the
performance of 1D model well agreed with the experimental
data, with a maximum estimated error of 7.3% on the thrust
and the specific impulse.

To solve these problems, this paper designed a new
platelet structure based on the temperature requirements

considering the continuity requirements of propellant and
the difficulty of manufacturing process. According to the
symmetry of the structure, the platelet was simplified to
1D model. A new loose coupling algorithm for global tran-
sient tight coupling heat transfer based on quasi-steady flow
field was adopted, and the steady-state algorithm was used to
update the flow field and solve the energy equations of fluid
and solid. The results of 3D CFD simulation and 1D simula-
tion were compared and analyzed, and an experimental
device was built to verify the above results.

2. Model of Platelet Heat Exchanger

The structure of STP is shown in Figure 1. It consists of four
parts: These are refractive concentrator, platelet heat
exchanger, insulation layer, and Laval nozzle, respectively.
Distributed passage is used to increase the heat exchange
area, and metering passage is used to accelerate the flow of
propellant. Figure 2 shows the details of platelet heat
exchanger, there are 9 layers of platelets, the thickness of
each layer is 2mm, and the gap between layers is 2mm.
The inner and outer diameters of the platelet heat exchanger
are 32mm and 50mm, respectively; the vertical height of the
heat exchange core is 40mm; and the length of distributed
passage and metering passage is 3mm and 6mm, respec-
tively. Each layer has 8 metering passage in evenly distrib-
uted around the heat exchange core to accelerate the flow
of working medium, and the diameter of single metering
passage is 0.5mm.

Under the high-temperature condition, the heat resis-
tance of thruster materials should be first considered.
Because of the difficulty of processing high-temperature-
resistant ceramic materials and poor sealing, high-
temperature-resistant single crystal molybdenum was
selected as the main material of thrust chamber [26], and
the outside of the heat exchanger was wrapped with a layer
of thermal insulation material in order to protect other parts,
which was made of alumina fiber. The main thermal param-
eters are shown in Table 1.

3. 3D Unsteady-State CFD Simulation of
Conjugate Heat Transfer

Owing to the axisymmetric structure of the platelet, a single
unit could be taken for calculation during simulation. The
unit model and grid division are shown in Figure 3, the cir-
cumferential angle of the unit was 22.5°, structured mesh
generation was adopted, and densification was carried out
at the metering passage, and the total number of grids was
47060. Since the minimum characteristic length of the heat
exchanger was 0.5mm, which belonged to the category of
microchannel, the Knudsen number of the propellant must
be calculated to judge whether it met the continuity condi-
tion. Nitrogen was used as propellant because of the safety,
and its molecular average free path is 3:8 × 10−8 m. Accord-
ing to Knudsen number calculation formula, Kn = 7:6 ×
10−5 < 0:001, which meant the continuum model was
applicable.
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Actually, the heat transfer of the platelet heat exchanger
was complex, including the radiation heat transfer between
the outer wall and the concentrator, the convective heat
transfer between the inner wall and nitrogen, and the heat
conduction of itself; thus, it was essential to simplify the
model. The effect of solar radiation on platelet can be
expressed in the form of flux [27]:

−kAr
∂Tw

∂r

����
r=r0

= IηCAc − σεAr Tw
4 − T4� �

, ð1Þ

where Tw is the wall temperature, k is the thermal conduc-
tivity of platelet, Ar is the radiation area of platelet, I is the
radiation intensity of solar, C is the concentrated ratio, Ac
is the open area of concentrator, η is the concentrator effi-
ciency, σ is the Stefan-Boltzmann constant, ε is the radiant
emissivity of heat exchanger surface, and T is the ambient
temperature(0K in space). The flow was thought as laminar
flow since the Reynolds number was lower than 2300, and
the velocity sliding wall condition was used because of the
characteristics of microchannels [28]. The SIMPLE algo-
rithm was adopted for the calculation method, and nitrogen
was regarded as an ideal gas by using NIST real gas model.
In the initial state, the fluid domain temperature was set to
300K, while the solid domain temperature was set to
2400K. The first-order discrete scheme was adopted for
the time term, where the time step was 0.001 s and the num-
ber of time steps was 50000. Specific boundary conditions
are shown in Table 2.

The variation of gas outlet temperature and heat
exchanger wall temperature with time were calculated,
respectively, and formula (2) was used to evaluate the effi-
ciency of the heat exchanger, and the kinetic energy of gas
was ignored in calculation since it was three orders of mag-
nitude smaller than the heat transfer energy, and the results
are shown in Figure 4.

P = IηCAc,

ς =
_mhe

_mhi + P
,

ð2Þ

where P is the solar power, ς is the system thermal efficiency,
_m is the mass flow rate, and hi, he is the gas specific enthalpy
of inlet and outlet, respectively.

Figure 4(a) suggests that the outlet temperature of the
gas reached the maximum 2387K at time t = 0:1 s, and
decreased to 1935K at time t = 48 s, while the wall temper-
ature decreased from 2400K to 1963K, and the tempera-
ture difference DeltaT between the wall and propellant
developed gradually with time. In Figure 4(b), the varia-
tion of wall temperature under different radial length
(wherer = 0:016m, 0.019m, 0.022m, and 0.025m, respec-
tively) is analyzed, where DeltaTw reflected the tempera-
ture difference between the inside and outside wall of the
heat exchanger and the value of DeltaTw reached the max-
imum 87K at time t = 3:2 s and then gradually decreased
and finally stabilized at about 83K. The maximum heat
exchange efficiency of the platlet could reach 87%, and
with the weakening of the heat exchange effect, the heat
exchange efficiency in the steady state remained about
69% (Figure 4(c)).

4. Model Simplification and Result Comparison

In engineering practice, the focus is on the fluid temperature
at the outlet of the heat exchanger rather than the internal
temperature field. Therefore, it is necessary to simplify the
model to save computational resources. As the energy
exchange mode between propellant and working medium
is mainly convective heat transfer, it is necessary to solve
the convective heat transfer coefficient before simplifying
the model. Moreover, since the platelet structure was pro-
posed for the first time, there was no mature empirical for-
mula that could be used before, and it is necessary to fit
the heat transfer coefficient according to the structural
characteristics.

4.1. 3D Steady-State CFD Simulation of Conjugate Heat
Transfer. Considering that there is no time term in the
empirical formula, the coupled temperature field was calcu-
lated by steady-state method, and the Reynolds number was
changed by changing the mass flow rate at the inlet to
explore the relationship between Nusselt number and Reyn-
olds number. The boundary conditions of steady-state calcu-
lation are shown in Table 3.

The temperature distribution of the gas passing through
the heat exchanger at different mass flow rates is shown in
Figures 5(a)–5(f). The outlet temperature decreased with
the increase of mass flow rate. When the mass flow rate
was 1:14 × 10−6 kg/s, the average static temperature at the
outlet was 2387K. Nevertheless, when the mass flow rate
was 4.38× 10-6 kg/s, the average static temperature at the
outlet was only 2028K, about 350K lower than the maxi-
mum outlet temperature.

The fluid domain was calculated by infinitesimal
method, and the division of infinitesimal in distributed pas-
sage and metering passage is shown in Figures 6(a) and 6(b),
respectively. The section was established in a direction per-
pendicular to the flow direction.

Sunlight

Concentrator

Heat exchange core

Insulation layer

Laval nozzle

Flow direction of propellant

Radiation

Figure 1: The structure diagram of solar thermal propulsion.
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(a) Front view (b) Sectional view

Distributed passage

Metering passage

Inlet

Outlet

(c) Upper view

Figure 2: The configuration diagram of platelet heat exchanger.

Table 1: Thermal parameter of the platelet material.

Material Density g/cm3 Thermal conductivityW/ m ⋅Kð Þ Specific heat J/ kg ⋅ Kð Þ Melting point °C

Molybdenum 10.0 93.7 328 2622

Alumina fiber 0.2 0.01 200 2500

(a) Unit (b) Meshing

Figure 3: The unit and meshing.

Table 2: Boundary conditions of unsteady-state simulation.

Zone Boundary type Value

Inlet
Mass flow rate
Temperature

1:14 × 10−6 kg/s
300K

Pressure 0.8 (MPa)

Outlet Pressure 0

Radiation wall Heat flux 1:2228 × 10−6 − 5:67 × 10−8 × 0:65 × Tw
4 W/m2� �

Outer wall Radiation 5:67 × 10−8 × 0:65 × Tw
4

Interface Coupled \
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Figure 4: 3D unsteady-state CFD simulation results.

Table 3: Boundary conditions of 3D steady-state CFD simulation.

Zone Boundary type Value

Inlet
Mass flow rate 1:14 ~ 4:38 × 10−6 kg/s

Pressure 0.8 (MPa)

Outlet Pressure 0

Radiation wall Temperature 2400K

Convection wall Convective heat transfer coefficient 10 (W/m2K)

Interface Coupled \
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4.2. Calculation and Nonlinear Fitting of Nusselt Number.
The influence of flow migration term should be considered
in the calculation of section average temperature.

T f =
Ð
ρCpuTdAÐ
ρCpudA

, ð3Þ

where T f is the section average temperature of propellant, ρ
is the propellant density, Cp is the specific heat of propellant

at constant pressure, u is the velocity component normal to
the section, and T is the section temperature.

The wall temperature took the average temperature of
the part in contact with the gas.

Tw =
Ð
TsdlÐ
dl

, ð4Þ

where Tw is the section average wall temperature, Ts is the

Temperature
2.400e+03
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[K]
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(f) _m = 4:38 × 10−6kg/s

Figure 5: Temperature distribution of propellant at different mass flow rate.
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wall temperature at boundary, and l is the boundary between
wall and gas section.

Variation of section average temperature along radial
direction between gas and wall in different mass flow rate
is shown in Figures 7(a) and 7(b). The figure revealed that
the overall temperature of fluid and solid decreased with
the increase of mass flow rate due to the influence of migra-
tion term.

The heat flux at the wall was determined by the temper-
ature gradient:

q rð Þ = −k∇T , ð5Þ

where q is the heat flux, k is the thermal conductivity of gas,
and ∇ is the gradient operator. The convective heat transfer
coefficient hðrÞ at the section could be expressed as:

h rð Þ =
q rð Þ

T f − Tw

� � : ð6Þ

Thus, the Nusselt number and Reynolds number at the
section are calculated by:

Nu rð Þ =
h rð ÞL
k

,

Re rð Þ =
ρuL
μ

,
ð7Þ

where NuðrÞ is the Nusselt number at the section, k is the
thermal conductivity of fluid, L is the characteristic length
of fluid domain, ReðrÞ is the Reynolds number at the section,
and μ is the dynamic viscosity of fluid. Variation of section
average Nusselt number and Reynolds number along radial
direction in different mass flow rate are shown in Figure 8.

As Figure 8 suggests, the Nusselt number in the inlet sec-
tion is much larger than that in other areas due to the
boundary layer effect, and the temperature boundary layer
gradually increases with the increase of mass flow rate as
was highlighted in Figure 9. Although the Reynolds number
increased with the increase of mass flow rate, the change of
Nusselt number was not obvious, and the Nusselt number

and Reynolds number in different passages varied differ-
ently, which meant that the nonlinear fitting needed to be
carried out in different zones.

Since the small characteristic length of the platelet heat
exchanger, the boundary layer effect should not be ignored.
The average Nusselt number of the whole heat exchange sur-
face rather than the local Nusselt number should be consid-
ered in the heat transfer calculation. The average Nusselt
number and Reynolds number of the whole wall can be
obtained from integration method:

In distributed passage:

A1 = θ r2
2 − r1

2� �
,

dA1 = θ r + drð Þ2 − r2
� �

,

Nu1 =
Ð
Nu rð ÞdA1

A1
=
∑r=r2

r=r12θrNu rð Þdr
A1

,

Re1 =
Ð
Re rð Þdr
r2 − r1

=
∑r=r2

r=r1Re rð Þdr
r2 − r1

:

ð8Þ

In metering passage:

Nu2 =
Ð
Nu rð ÞdA2

A2
=
∑r=r2

r=r1Nu rð Þdr
r1 − r0

,

Re2 =
Ð
Re rð ÞdA
A2

=
∑r=r2

r=r1Re rð Þdr
r1 − r0

,

ð9Þ

where �Nu, �Re is the average Nusselt number and Reynolds
number (subscripts 1 and 2 indicate different passages), r0
= 0:016m, r1 = 0:019m, r2 = 0:025m, θ = π/8, and A is the
infinitesimal area.

In general, the empirical correlation of Nusselt number
is usually expressed in the form of power series of Reynolds
number and Prandtl number [29]. Since the Prandtl number
of gas is approximately constant, the Nusselt number is only
related to Reynolds number. The correlation of average Nus-
selt number was obtained by fitting with nonlinear least
square method:

l

o
rdr

H

θ

(a) Division of fluid domain in distributed passage, where H = 0:001m, dr = 0:0002m, θ = 22:5°, and l = θ × r

O

dr

r̄

(b) Division of fluid domain in metering passage, where r ̅ = 0:0025m and dr = 0:0002m

Figure 6: Division of fluid domain in different passage.
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In distributed passage:

Nu1 = 0:9381 Re1 + 41:95
� �0:493

: ð10Þ

In metering passage:

Nu2 = 3:1 × 10−8Re2
2:56 + 5:04: ð11Þ

The results of nonlinear fitting are shown in Figure 10,
and the sum of squares of residuals in distributed passage
and metering passage is 0.000221 and 0.0001514, respec-
tively, which proved that the fitting result was credible.

4.3. Establishment of 1D Simplified Model. The loose cou-
pling algorithm based on quasi-steady flow field was used
to simplify the model. The algorithm assumed that the flow
field was in several quasi-steady states, and the energy equa-
tions of fluid and solid were solved by tight coupling tran-

sient. According to the structural characteristics of the heat
exchanger, the following assumptions need to be made
before simplification:

(i) The flow is a one-dimensional, laminar flow

(ii) The flow satisfies the continuity assumption

(iii) The thermophysical parameters of the heat
exchanger are set as constants

(iv) There is no chemical reaction or deposition

(v) The nonuniformity of flow properties over the noz-
zle cross section is ignored

(vi) The heat radiation of the heat exchanger exists only
on the solid surface

(vii) The pressure is 0 Pa and the temperature is 0K in
vacuum environment
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At the same time, since the temperature difference on
the inner wall of the heat exchanger was less than 100K
(as shown in Figure 7(b)), it could be assumed that the tem-
perature distribution in the heat exchanger was uniform,
which meant lumped parameter method could be used.
The qualitative temperature of fluid was equal to the average
temperature of inlet and outlet, and the thermophysical
parameters were determined by the qualitative temperature.
According to the continuity assumption, the mass flow rate
can be expressed as:

m
· = ρuA: ð12Þ

The compressibility of gas is usually measured by Mach
number [30]. When the Mach number is less than 0.3, the
relative change of gas density caused by the change of gas
flow velocity is very small; hence, the gas can be treated as
an incompressible fluid. In this paper, the maximum flow
rate appeared in the metering passage, and the Mach num-
ber could be expressed by the following formulas [31]:

Ma = u
a
,

u =
_m
ρA

,

a =
ffiffiffiffiffiffiffiffiffiffiffi
kR0T

p
,

ρ =
P
RT

,

ð13Þ

whereMa is the Mach number, u is the gas velocity, _m is the
mass flow rate of propellant, a is the local acoustic velocity,
A is the sectional area of the metering passage, R0 is the
gas constant, ρ is the propellant density, and k is the specific
heat ratio. By substituting the maximum mass flow rate
4:38 × 10−6 kg/s into formula (13), the maximum Mach

number can be estimated as:

Mamax =
_m
PA

ffiffiffiffiffiffiffiffi
R0T
k

r
=

4:38 × 10−6

8 × 105 × π × 0:00252/4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8:314 × 2300
0:028 × 1:4

r
= 7:79 × 10‐4 < <0:3:

ð14Þ

Since the maximum Mach number is much less than 0.3,
the gas in the heat exchanger can be considered as incom-
pressible gas, and it is considered that the pressure loss is
mainly caused by fluid acceleration, reflux, and other factors.
The pressure drop is:

Δp = ξ
_m2

2ρA2 , ð15Þ

where A is the sectional area of the component and ξ is the
local loss coefficient.

Therefore, the average Nusselt number and average
Reynolds number in different passages can be calculated as:

In distributed passage:

S1 rð Þ =
θrL1
2

,

Re1 rð Þ =
m
·
L1

μS1 rð Þ
=
2m·

μθr
,

Re1 =
Ð
Re1 rð Þdr
r2 − r1

=
2m·

μ1θ r2 − r1ð Þ ln
r2
r1

� �
,

Nu1 = 0:9381 Re1 + 41:95
� �0:493

:

ð16Þ
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Figure 10: Correlation of average Nusselt number in different passages.
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(a) Propellant supply system (b) Vacuum chamber

(c) Xenon lamp light source (d) Thruster

(e) Platelet heat exchanger (f) Thrust measuring device

Figure 13: The configuration of each component of STP system.
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Figure 12: The framework of the 1D model in Simulink.
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In metering passage:

S2 =
π�r2
4

,

Re2 =
m
·
L2

μ2S2
=

8m·

μ2π�r
,

Re2 =
Ð
Re2dr
r1 − r0

= Re2 =
8m·

μ2π�r
,

Nu2 = 3:1 × 10−8Re2
2:56 + 5:04,

ð17Þ

where S is the cross-sectional area normal to the flow direc-
tion, L is the characteristic length of fluid domain, μ is the
dynamic viscosity at qualitative temperature, _m is the mass
flow rate, r0 = 0:016m, r1 = 0:019m, r2 = 0:025m, and �r =
0:00025m. The energy equation in the heat exchanger is as
follows:

For gas:
In distributed passage:

�h1 =
Nu1k1
L1

,

A1 = θ r2
2 − r1

2� �
,

T f 1 =
T in + Tmid

2
,

_mCp1 Tmid − T inð Þ = �h1A1 Tw − T f 1
� �

:

ð18Þ

In metering passage:

�h2 =
Nu2k2
L2

,

A2 =
π�r r1 − r0ð Þ

2
,

T f 2 =
Tmid + Tout

2
,

_mCp2 Tout − Tmidð Þ = �h2A2 Tw − T f 2
� �

:

ð19Þ
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Figure 14: The schematic diagram of STP system.
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For solid:

Ew = ICAcη − σεAw Tw
4 − T0

4� �
,

MCpw
dTw

dt
= Ew − �h1A1 Tw − T f 1

� �
− �h2A2 Tw − T f 2

� �
,

ð20Þ

where �h is the average convective heat transfer coefficient;
T in, Tmid, and Tout are the section average temperature at
inlet, channel junction, and outlet, respectively; Cpw, Cp1,
and Cp2 are the specific heat at constant pressure of heat
exchanger, gas in distributed passage, and gas in metering
passage, respectively; Ew is the radiation power; I is the radi-
ation intensity of light source; C is the concentrated ratio; Ac
is the open area of concentrator; η is the concentrator effi-
ciency; σ is the Stefan-Boltzmann constant; ε is the radiant
emissivity of heat exchanger surface; Aw is the surface area
of heat exchanger; T f is the qualitative temperature; M is
the heat exchanger mass; Tw is the heat exchanger tempera-
ture; and T0 is the ambient temperature.

4.4. Comparison with 3D Results. As shown in Figure 11, the
results of 1D simulation are consistent with that of 3D sim-
ulation. Overall, the gas outlet temperature of 1D simulation
is slightly lower than that of 3D simulation, while the solid
wall temperature is just the opposite, which might be due
to the deviation between qualitative temperature and actual
temperature. The maximum estimation error was about 5%
for both gas outlet temperature and gas outlet temperature.

As the gas outlet temperature is difficult to measure in
experiment, the thrust is usually used to replace the temper-
ature. Taking Laval nozzle as an example, its mathematical

model can be expressed as:

Ae

At
=

Γ

Pe/Pcð Þ1/k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k/k − 1ð Þ 1 − Pe/Pcð Þk−1/k

h ir ,

Γ =
ffiffiffi
k

p 2
k + 1

� �k+1/2 k−1ð Þ
,

ð21Þ

where Ae is the nozzle outlet cross-sectional area, At is the
throat cross-sectional area, k is the adiabatic index of nitro-
gen, Pc is the chamber pressure, and Pe is the nozzle outlet
pressure.

ue = R ⋅ Tc
2k
k − 1

1 −
pe
pc

� �k−1/k
 ! !1/2

, ð22Þ

Isp =
Ð t
0F tð ÞdtÐ t
0 m

·
dt

= ue +
Aepe

ffiffiffiffiffiffiffiffi
RTc

p
AtpcΓ

, ð23Þ

F = _m ⋅ ue ⋅ η1 + Ae pe ⋅ η2 − p0ð Þ, ð24Þ
where R = R0/Mnitrogen is the gas constant, Tc is the temper-
ature in chamber, ue is the exhaust velocity of nozzle, Isp is
the specific impulse, F is the vacuum thrust,η1, η2 is the esti-
mates of velocity loss and pressure loss in the nozzle part
[32, 33], and P0 is the exit pressure, which is 0MPa in space.

The 1D model of solar thermal thruster was established
by combining formulas (12)–(22) with MATLAB Simulink.
The framework of the model is shown in Figure 12.

4.5. Experiment of STP System. The experimental system
consists of propellant supply system, thruster test platform,
vacuum chamber, xenon lamp light source, and thruster.
The propellant supply system is mainly composed of stop
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Figure 16: Comparison between the experimental results and the simulation results of 1D simplified model.
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valve, pressure reducing valve, pressure gauge, gas cylinder,
and pipeline, and the thruster test platform is mainly com-
posed of data acquisition card, various sensors, and corre-
sponding acquisition software. The configuration of each
component of the system is shown in Figure 13, and the
schematic diagram of STP system is shown in Figure 14.

The parameters that can be directly measured by the
experimental system include propellant volume flow rate,
wall temperature of thrust chamber, and thrust and pressure
in the thrust chamber.

4.6. Comparison with Experimental Results. In the experi-
ment, the inlet pressure of propellant was 0.8MPa, the ambi-
ent pressure was about 50Pa, the inlet volume flow rate of
propellant was maintained at 14.5 nL/min, the power of
xenon light source was 2000W, the solenoid valve of propel-
lant tank would be opened when the platelet temperature
reached 2400K, and as the thruster was wrapped with ther-
mal insulation material, the emissivity ε can be taken as 0.65.
The experiment results are shown in Figure 15.

The results suggest that the propellant flow remained
basically stable, while the thrust increased rapidly from zero,
then decreased gradually, which might be caused by the
weakening of heat transfer effect and the decrease of envi-
ronmental vacuum. The fluctuation of thrust and volume
flow rate in the experiment was caused by the measurement
accuracy of the instrument.

To verify the accuracy of 1D model, the parameter set-
tings in the simulation are shown in Table 4, and the com-
parison between the experimental results and the
simulation results of 1D simplified model is shown in
Figure 16.

It can be concluded from Figure 16 that each variable
had a maximum at the beginning, the maximum thrust
and specific impulse in the simulation results were 0.56N
and 2100m/s, and the variation trend of experimental value
was similar to that of simulation value in the initial stage of
heat exchange, but with the increase of time, the simulation
model reached steady state, while the experimental value
continued to decrease.

5. Conclusion and Discussion

In this paper, a new platelet heat exchange structure of solar
thermal thruster was proposed. The structure could not only
increase the heat exchange area, but also divert the flow of
propellant. Compared with spiral tube heat exchanger, the
platelet could heat the propellant to a higher temperature
and improve the heat exchange efficiency. The CHT charac-
teristics between heat exchanger and propellant were ana-
lyzed. In 3D unsteady-state simulation, the variation of gas
temperature and wall temperature with time under sliding
wall and radiation boundary conditions were calculated. In
the 3D steady-state simulation, the infinitesimal method
was used to divide the flow field, and the empirical correla-
tion of Nusselt number was fitted by nonlinear regression
method. The convective heat transfer coefficient was solved
in the light of the obtained empirical correlation. A loose
coupling algorithm based on quasi-steady flow field was
used to establish a 1D simplified model, which was com-
pared with the 3D simulation results and experimental
results to confirm the accuracy of the 1D model. However,
the results of the simplified model were consistent with the
experimental results in the initial stage of heat exchange.
Then, the variables in the simulation gradually reached the
steady state, while they continued to decrease in the experi-
ment. Though there is a certain difference between the theo-
retical value and the experimental value, the overall error is
within the acceptable range. The reasons for the continuous
decrease of variables in the experiment might be as follows:

(i) The accuracy limitation of thrust measurement
system

(ii) Lack of tightness of vacuum chamber

(iii) The nitrogen was not pumped away in time after
discharged from the thruster, resulting in the con-
tinuous decline of vacuum in the vacuum chamber

Furthermore, the following conclusions and innovations
can be drawn:

(1) In the calculation unit, the propellant was heated to
more than 2380K when the wall temperature
reached 2400K through the platelet heat exchanger,
while the inlet pressure was 0.8MPa and the mass
flow rate was 1:14 × 10−6 kg/s, which was 200K
higher than that of the traditional spiral tube heat
exchanger, and the heat exchange efficiency could
reach 87%. Owing to the fluid-solid coupling effect,
the heat exchanger temperature and fluid tempera-
ture finally decreased to 1963K and 1935K, about
18.7% lower than the maximum temperature, and
the heat exchange efficiency decreased to 69%.

(2) The propellant inlet mass flow rate had a significant
effect on the outlet temperature of the heat
exchanger. The average static temperature at the out-
let reached 2387K when the mass flow rate was set to
1:14 × 10−6 kg/s. Consequently, the mass flow rate
should be reduced as much as possible to obtain a
higher temperature so that the propellant could be

Table 4: Parameters in simulation.

Parameters Value

Inlet pressure 8 × 105 pa
Inlet temperature 293K

Concentrator diameter 0.1m

Light source power 2000W

Nozzle throat diameter 0.0013m

Nozzle outlet diameter 0.0136m

Expansion angle of nozzle expansion section 15°

Expansion ratio of nozzle expansion section 109.4430

Mass flow rate 2:8017 × 10−4 kg/s
Concentrator efficiency 85%

Nozzle efficiency 95%
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fully heated. According to the structural characteris-
tics of the platelet heat exchanger and the flow
characteristics of the propellant, the empirical corre-
lations were obtained by nonlinear fitting at the dis-
tributed passage and the metering passage, and the
residual errors of the fitting results were 0.000221
and 0.0001514, respectively, which confirmed the
credibility of the simplified method

(3) The error between 1D simulation results and 3D
simulation results was less than 5%, but when the
simulation time was set to 50s, the time spent in
3D CFD simulation exceeded 10 hours, which
increased rapidly with the increase of grid number.
However, 1D model only took a few seconds and
could obtain the variation of key parameters. There-
fore, 1D model had obvious advantages in unsteady-
state calculation. The 1D model was consistent with
the experimental results at the initial stage of heat
exchange, but the variables in the experiment gradu-
ally decreased with time and finally failed in reaching
the steady state, which might be caused by the insuf-
ficient sealing of the experiment and the limitation of
the accuracy of the instrument

The above conclusions provide a new design guide for
STP system of platelet heat exchange structure. The future
work will focus on improving the experimental environ-
ment, adopting more accurate measuring instruments and
strengthening the sealing of the vacuum chamber. Other
more competitive working mediums will be used as propel-
lants, such as hydrogen and ammonia.
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