
INTRODUCTION

Solar thermal propulsion belongs to a special pro-
pulsion system[1-3], which makes use of solar energy heat
propellant gas directly, and it has a high solar energy
utilizing efficiency with a relatively simple structure. And
compared with traditional chemical propulsion and elec-
tric propulsion, STP system equipped with much more
advantages such as follows: (1) Smaller volume and
weight: STP system use solar energy heat propellant gas
directly that avoid huge storage tank of chemical fuels
and power management system. For the same space flight

mission, STP system can save much more chemical fuel
and increase the payload; (2) Higher utilization rate of
solar energy: The total energy utilization rate of STP
can reached 60% ~ 70% with simple system, and gen-
eral electric propulsion which use solar panels to gener-
ate electricity to make thrust, the solar energy utilization
rate only 20% and lost most of the solar energy lost. (3)
STP system equipped with wide range and moderate
thrust (0.5N-25N) that suitable for attitude control and
orbit transfer[4-7] for micro-and nano-satellites in deep
layer space operation.

At present, almost all propellant gas for STP is hy-
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drogen, and the United States and Japan are adopt the
secondary concentrate technology to improve the con-
centrate ratio. In this article, detail performance for STP
which equipped with deployable umbrella-shaped keel
structure concentrator[8,9] and new propellant gas ammo-
nia with refractive secondary concentrator that has signifi-
cant interesting for further research of STP.

MATERIAL AND MODEL

Propellant gas-ammonia

Not to mention the permeability of liquid hydrogen,
aiming at the ammonia[11-13] itself, the liquefaction tech-
nology is simple and the liquid ammonia is take advan-
tage to be stored than hydrogen that can avoid the huge
quality of storage tank and complicated manufacturing
technology. The major advantage is what almost all am-
monia will decomposition into smaller molar mass mate-
rial hydrogen and nitrogen when the temperature above
1000K, in other words, the specific impulse can still achieve
or more than 3000s.

Umbrella-shaped keel structure prime concentrator

In order to improve the concentration efficiency, elimi-
nate the optical aberration and overcoming the shortcom-
ings of traditional inflatable concentrator such as massive
existences of superimposed fold, low deployment de-
gree and high optical aberration, as well as the disadvan-
tages low power and huge size of rigid fixed concentra-
tor. In this article, umbrella-shaped keel structure has been
introduced into the deployable solar paraboloid concen-
trator with the equation y = x2/32 is shown in Figure 1.
This condenser is not only suitable for STP system[10-12],
but also it can be used in space antenna, solar sail and
solar thermal power generation system. From the equa-
tion above, the focal length of paraboloid concentrator
is 8 m. 4.9 m, 30.77 m, 75.39 m and 80 m are corre- Figure 1 : Structure of umbrella-shaped keel

sponding to the opening projection radius of circle, open-
ing perimeter, opening area and parabolic surface area of
paraboloid concentrator, respectively. Polyimide film
(Kevlar) with thickness of 0.5 mm is selected for reflec-
tive film substrate of the concentrator, which proved
equipped with all right mechanical properties and chemi-
cal stability after frequently used in space engineering. Alu-
minum film with thickness for 10 m is the film of reflec-
tive which has well film-forming property and high
reflectivity in all the range of solar spectrum. Plating sil-
ver aluminum composite membrane layer with the thick-
ness of 120 nm above the reflecting film as the reflection
increasing film to improve the reflectivity, and plating SiO

x

film with 275 nm above silver aluminum composite mem-
brane layer to avoid the film evaporation in the space.

To make sure the concentrator has enough stiffness
and strength, adopt SP700 titanium aluminum alloy pro-
duced in Japan which equipped with low density, this
material can replace Ti-6A1-4V with high strength, good
formability and low processing cost, which could attain
superplasticity and the elongation can achieve 2000% when
the temperature above 755C. The umbrella-shaped keel
structure is composing of 12 parabolic umbrella supports
and each umbrella support length is 498 cm, and all the
other parameters are shown in TABLE 1.

TABLE 1 : The parameters of umbrella-shaped keel structure prime concentrator

 
the U-shaped 

tube 
hollow 
pipe 

each u-shaped 
tube 

hollow cylinder 
for axial umbrella support 

peripheral circle 
plate racks 

Circumference of peripheral 
circle plate racks 

Circumference     30.77 m, 28.26 m  

Diameter  4.2cm  2 cm   

Length 490 cm 10cm 122 cm 500 cm   

Width 2cm  1 cm   1 cm 

high 1.5cm      

thickness 1mm 1cm  1 mm 1 mm 2 mm 

Herein, the umbrella-shaped keel structure concen-
trator with an aperture radius of 4.9 m can provide the
concentration power of 100 kW, the maximum defor-
mation of umbrella fabric is 0.941 mm, the radius of the
spot size is 6.37 cm, and the geometric concentration ra-

tio of umbrella-shaped keel structure concentrator can
achieve to 5917, only 1.25% lower than the ratio of the
standard parabolic concentrator. The major advantage is
that according to the calculate parameters of condenser
structure, material and density, the total quality of um-
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brella-shaped keel condenser is about 30.8 kg and the
volume for prelaunch is 0.54 m3 which is far less than the
fixed rigid structure condenser.

PERFORMANCE RESEARCH OF STP

Herein, the fluid dynamics behavior of propellant gas
ammonia will be calculated and the relationship diagram
among the open area of refractive secondary concentra-
tor, temperature of composite propellant gas, specific
impulse and thrust will be drawn with MATLAB soft-
ware.

Theoretical calculation

In the absorber/thruster[13], the radiation heat trans-
fer equation is based on the-experienced correction for-
mula of stefan-boltzmann law with the equation is:

(1)

Heating of gas absorbed should be equal to the heat dis-
sipating capacity of inner chamber wall and the equation
can be written by:

(2)

Let transfer area A
h
 = 4  d

h
  L

h
 of flow heat for screw

propellant gas and the heat transfer coefficient of surface
h = kNu/l

c
 substitution and the equation like:

(3)

By type (3), the temperature of propellant gas (compos-
ite propellant) in absorber/thruster is:

(4)

Ignoring the influence of small nozzle boundary layer
condition, supposing the chemical group of propel-
lant gas is divided into frozen equilibrium state and
deriving the engineering algorithm of specific impulse,
thrust and jet velocity of STP based on the coupled
heat transfer theory and solar thermal utilization prin-
ciple are given by:

(5)

(6)

(7)

Where 
m
 and M

m
 corresponding to the specific heat ratio

and relative molecular quality of composite propellant
gas, respectively; R

0
 is the constant of universal gas valued

8.314510J / (mol  K).

Parameter�s selection and calculation

The parameter of the concentrator as follows: (1)
Conditions: assumed performance indicate status as the
working state (in the nozzle, the gas flow is for whole
expansion state), that indicated to P

e
 = P

a
; (2) The ideal

rotating parabolic condenser has good characteristics of
convergent and condensing ratio has a theory maximum
of C

1max
 = 11258, so, choose condensing ratio C

1
 range

from 6000 to 11000 for the performance calculation; (3)
Throughput density of radiant energy above the earth�s
atmosphere is substantially a fixed value I

sol
 = 1367  7W

/ m2. But I
sol

 will be reduced under 1000W / m2 on the
surface of the earth. So choose the scope from 800 to
1300 for the performance indicate calculation; (4) the
parameters of absorber/thruster: inside diameter d, out-
side diameter D, length L, pressure P, nozzle area ratio
and structure parameters of STP are shown in TABLE 2.

TABLE 2 : Structure parameters of STP

d(cm) D(cm) L(cm) Pc(Mpa) Ae/Ac 

6 7.6 20 0.2 100 

(5) Selection of other parameters: selective absorbing
coating HfC with absorption rate 

c
 = 80% and emission

rate  = 0.51; percentage for reflected light on the surface
of secondary condenser 

cl
 = 92% and reflectivity of

material 
il
 = 95%; take 

c2
 = 92% for optical efficiency

of RSC; Inlet diameter of refraction secondary condenser
R

c2
 = 4.45cm. Expansion half angle of nozzle 

dlv
 = 200;

(6) In such case, choose the coefficient of thermal con-
ductivity diagram formula 

m
 = 0.4961; M

m
 = 8.51535,


m
 = 1.40226 and C

pm
 = 7085 are representing the relative

molecular mass, specific heat ratio and specific heat at
constant pressure of composite propellant gas. And per-
formance indicated is shown as figure 2 that taking am-
monia as the propellant gas:

From figure 2(a-c) above, we know from 2(a), when
condensing ratio of condenser and throughput density
of the sun radiant energy are established, the tempera-
ture of composite propellant gas in the absorber/
thruster will be reduced with the mass flow rate increased,
because when the condensing ratio of condenser and
throughput density of the sun radiant energy established,
that is to say the energy which used to heat the compos-
ite propellant gas is established, and with the mass flow
rate increased, then each unit of composite propellant
gas gain less energy and the temperature of composite
propellant gas must be reduced or based on type (4),
with the increased mass flow rate the temperature of
composite propellant gas reduced, and the temperature
of composite propellant gas in the absorber/thruster
can achieve 2600K; when the mass flow rate established,
the temperature of propellant gas in the absorber/thruster
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increased with the condensing ratio of condenser and
throughput density of the sun radiant energy increased,
because when the mass flow rate established, that is to
say: the composite propellant gas which need to heat is
established and the energy which used to heat the com-
posite propellant gas increased (condensing ratio of
condenser and throughput density of the sun radiant
energy increased), and the temperature of propellant
gas must be increased.

Analysis for figure 2(b), when the condensing ratio
of condenser and throughput density of the sun radiant
energy are established, the specific impulse of compos-
ite propellant gas will be reduced with the mass flow
rate increased, because when condensing ratio of con-
denser and throughput density of the sun radiant en-
ergy are established, the temperature of composite pro-
pellant gas in the absorber/thruster will be reduced with
the mass flow rate increased, with the temperature of
composite propellant gas reduced based on formula (5),
the specific impulse of composite propellant gas must
be reduced, and the specific impulse of composite pro-

pellant gas can reach 3900s; when the mass flow rate
established, the specific impulse of composite propel-
lant gas increased with the condensing ratio of condenser
and throughput density of the sun radiant energy in-
creased, because when the mass flow rate established,
the energy which used to heat the composite propellant
gas increased (condensing ratio of condenser and
throughput density of the sun radiant energy increased),
and the specific impulse of composite propellant gas
must be increased with the temperature of propellant
gas increased.

Analysis for figure 2(c), when the mass flow rate es-
tablished, the thrust of composite propellant gas increased
with the condensing ratio of condenser and throughput
density of the sun radiant energy increased, because when
the mass flow rate established, much more energy that
each unit of propellant gas can absorbed with the in-
creasing condensing ratio of condenser and throughput
density of the sun radiant energy, and the thrust of com-
posite propellant gas increased with higher jet velocity
and has a broad range from 0.5N to 25N.

Figure 2 : Performance indicated for ammonia as the propellant gas
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The results of analysis

We may draw conclusions based on curves above
(1) A deployable solar paraboloid concentrator adopts

the collapsible umbrella-shaped keel structure can
avoid the low power, huge size of rigid fixed con-
centrator, massive existences of superimposed fold,
low deployment degree and high optical aberration
of traditional inflatable concentrator, this structure of
concentrator equipped with high power, specific im-
pulse and thrust.

(2) Let ammonia as propellant gas, when condensing ra-
tio of condenser and throughput density of the sun
radiant energy are established, the thrust will be in-
creased and has a broad range with the mass flow
rate increased, but the temperature of composite pro-
pellant gas in the absorber/thruster and specific im-
pulse are reduced gradually. When the mass flow rate
of propellant gas is established, the temperature of
composite propellant gas, specific impulse and thrust
will be increased with the increasing condensing ratio
of condenser and throughput density of the sun ra-
diant energy.

CONCLUSIONS

From the conclusion of researches and analysis re-
sults above, let ammonia as the propellant gas with the
deployable umbrella-shaped keel structure concentrator,
it can produce high specific impulse 3500s, relatively wide
range and moderate thrust from 0.5N to 25N, it can re-
duce the cost and avoid complicated manufacturing tech-
nology requirements with simple process and improve
the work stability. The temperature of composite pro-
pellant gas, mass flow rate, specific impulse and thrust
can be determined and coordinated according to the re-
quires of task. So let ammonia as the propellant gas with
the deployable umbrella-shaped keel structure concentra-
tor has certain feasibility and scientific value for further
study of STP.

REFERENCES

[1] Iwaki Yuuki, Totani Tsuyoshi, Nagata Harunori; Thermal
design of a solar thermal thruster for piggyback satellites[J].
Transactions of Space Technology, Stefan Scharring, Daniela
Hoffmann, 26(7), 71-76 (2009).

[2] Yang Jie, Yang Lijun; Effects of propellant heat groove
configuration on solar thermal propulsion performance[J].
Journal of Aerospace Power, 25(4), 1156-1162 (2010).

[3] Hans-Albert Eckel, Hans-Peter Röser; Stabilization and
steering of a parabolic laser thermal thruster with an igni-
tion device[J]. Acta Astronautica, 65(11-12), 1599-1615
(2009).

[4] Hyosang Yoon, Yeerang Lim, Hyochoong Bang; New star-
pattern identification using a correlation approach for space-
craft attitude determination[J]. Journal of Spacecraft and
Rockets, 48(1), 182-186 (2011).

[5] Ying Siang Ban, Renuganth Varatharajoo, Michael
Ovchinnikov; H

2
 optimal control solution for a combined

energy and attitude control system[J]. Acta Astronautica,
76(7), 79-83 (2012).

[6] Chuanjiang Li, Kok Lay Teo, Bin Li, Guangfu Ma; A con-
strained optimal PID-like controller design for spacecraft
attitude stabilization[J]. Acta Astronautica, 74(5), 131-140
(2012).

[7] H.Leeghim; Spacecraft intercept using minimum control
energy and wait time[J]. Celestial Mechanics and Dynamical
Astronomy, 115(10), 1-19 (2013).

[8] Hiroshi Hasuike, Yoshio Yoshizawa, Akio Suzuki, Yutaka
Tamaura; Study on design of molten salt solar receivers for
beam-down solar concentrator[J]. Solar Energy, 80(10),
1255-1262 (2006).

[9] Panna Lal Singh, R.M.Sarviya, J.L.Bhagoria; Thermal per-
formance of linear Fresnel reflecting solar concentrator with
trapezoidal cavity absorbers[J]. Applied Energy, 87(2), 541-
550 (2010).

[10] Chunliang Zhang, Fang Gao, Zhenpeng Zhang, et al.; In-
vestigation and development on solar thermal
propulsion[J]. Journal of Propulsion Technology, 25(2),
188-192 (2004).

[11] David B.Scharfe, Marcus P.Young, Matthew R.Gilpin,
Rebecca Webb; High energy advanced thermal storage for
spacecraft solar thermal power and propulsion systems[R],
ADA554871, 22, (2011).

[12] Takashi Nakamura, Daniel Sullivan; Solar thermal propul-
sion for small spacecraft[R]. AIAA/ASME/SAE /ASEE
Joint Propulsion Conference and Exhibit, 7, (2004).

[13] James E.Fesmire, Brekke E.Coffman, Jared P.Sass, Martha
K.Williams, Trent M.Smith, Barry J.Meneghelli; Cryogenic
moisture uptake in foam insulation for space launch
vehicles[J]. Journal of Spacecraft and Rockets, 49(2), 220-
230 (2012).


