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Concentrated Solar Power Utilization in Space
Vehicles Propulsion and Power Generation

Maged A.

Abstract—The objective from this paper is to design a solar
thermal engine for space vehicles orbital control and electricity
generation. A computational model is developed for the prediction of
the solar thermal engine performance for different design parameters
and conditions in order to enhance the engine efficiency. The engine
is divided into two main subsystems. First, the concentrator dish
which receives solar energy from the sun and reflects them to the
cavity receiver. The second one is the cavity receiver which receives
the heat flux reflected from the concentrator and transfers heat to the
fluid passing over. Other subsystems depend on the application
required from the engine. For thrust application, a nozzle is
introduced to the system for the fluid to expand and produce thrust.
Hydrogen is preferred as a working fluid in the thruster application.
Results model developed is used to determine the thrust for a
concentrator dish 4 meters in diameter (provides 10 kW of energy),
focusing solar energy to a 10 cm aperture diameter cavity receiver.
The cavity receiver outer length is 50 cm and the internal cavity is 47
cm in length. The suggested design material of the internal cavity is
tungsten to withstand high temperature. The thermal model and
analysis shows that the hydrogen temperature at the plenum reaches
2000°K after about 250 seconds for hot start operation for a flow rate
of 0.1 g/sec.Using solar thermal engine as an electricity generation
device on earth is also discussed. In this case a compressor and
turbine are used to convert the heat gained by the working fluid (air)
into mechanical power. This mechanical power can be converted into
electrical power by using a generator.

Keywords—Concentrated Solar Energy, Orbital Control, Power
Generation, Solar Thermal Engine, Space Vehicles Propulsion.

[. INTRODUCTION

ONCENTRATED SOLAR POWER (CSP) showed
enormous promise during the second half of the 20"
Century. More countries all over the world extended their
dependency on CSP technologies either for space or
commercial applications on earth for purposes of electricity
generation and solar heating. The amount of usable power
achieved from CSP systems is significant compared with non
concentrating devices which enables its usage in more
advanced applications such as space thrust and electrical
power generation discussed in the present paper. The idea of
solar thermal concentration is simply to collect solar rays
using concentrator and to focus them on a receiver to heat the
working fluid.
In this paper solar energy conversion is considered for two
applications. One application is related to space thrust as
shown in Fig. 1. In another application, solar energy will be
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used to produce electric energy. For thrust and electricity
generation the basic solar collection subsystems (concentrator
and receiver) remain the same.
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Fig. 1 Solar thermal thruster components
The nozzle is replaced with a compressor turbine assembly
connected with a generator for electricity generation as shown

in Fig. 2.
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Fig. 2 Schematic of solar thermal power generation cycle

[I. METHODOLOGY

Concentrator dish analysis is performed using a ray tracing
method. A computer code is written to compute the power
intercepted by the receiver from the concentrator dish and the
effect of changing the dish design parameters on the
intercepted power and the optical efficiency. The intercepted
power is received by a cavity receiver. The cavity receiver is
modeled using an unsteady lumped capacity resistance model.
The system is discretized using the finite volume approach. A
parametric study is done to the cavity receiver model in a
manner to increase the working fluid temperature at plenum.
After design and enhancement of the main components of the
solar thermal engine (Concentrator and cavity receiver),
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matching a nozzle for the propulsion application is considered.
The nozzle analysis is done using a quasi-one dimensional
model. In the electricity generation application a compressor
and turbine are matched with the main components. The
thermal cycle of the working fluid is the Brayton cycle that
uses the concentrator dish as the source of heat energy.

III. CONCENTRATOR DISH ANALYSIS

The main target from the concentrator dish analysis is to
determine the amount of energy intercepted by the receiver
which will be converted into a usable energy [4]. The total
input power intercepted by the receiver is given by,

P

= pral, cos 0,4, E ,¢. (1)

Equation (1) shows that the amount of solar radiation
reaching the receiver depends on the following parameters.
The beam normal insolation incident on the concentrator /.
Incidence angle of sun rays #; which is the angle between sun
rays and a line perpendicular to the concentrator aperture
plane. Incidence angle equals to zero for the concentrator dish.
E;, is the fraction of concentrator aperture area not shaded by
the receiver. Radiative material properties for both
concentrator and receiver are important factors in raising the
system performance [8]. Selection of material with high
reflectivity p for the concentrator design and other material
with high absorptivity o for the receiver increases the
intercepted power by the receiver. The term t represents the
transmittance of the glass cover.

The intercept factorg is the fraction of solar radiation

reflected from the parabolic concentrator to the receiver
aperture which is given by [9],

Y rim AP
_ 0
1,4,

2)

where 1, is the beam normal insolation from sun rays and 4, is
the projected area of the concentrator aperture [10].

The power output from each differential ring AP is given
by,

AP = pal'dl , Ay 3)

where AP is the power intercepted from a specific ring at
angle w from the parabolic dish axis, p is the mirror specular
reflectance, a is the receiver absorptance, I is the flux capture
fraction for each differential ring, dI, is the change in the
radiant flux with respect to the change in the specific ring
location on the parabolic dish, and A4y is the width of the ring
in radians. The value of di,, is given by,

3 8xl, f* siny

dl, =
(1 + cos 1//)2

4

4)
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The problem of the determination of the flux capture
fraction I” was solved statistically by Stine and Harrigan
assuming that the flux is normally distributed and equals to the
area under the normal distribution curve [9].

The optical efficiency is given by,

770;;1 = Esh (COS 9[ )p¢ (5)

The concentrator dish optical efficiency represents how
much solar insolation arriving at the concentrator aperture
reflected and passes through the receiver aperture located at
the focus [4], [11].

IV. CAVITY RECEIVER ANALYSIS

Conservation of energy principles are applied to discretize
the cavity receiver into sub volumes. Each control volume
represents a hollow cylinder with four layers in the radial
direction. The first layer represents the cavity surface, the
second one represents the fluid path, the third one represents
the outer cylinder surface and the last layer represents the
insulation. The control volume shape changes at the last two
sections at the cavity exit. This is to simulate the receiver end
and the plenum section of the nozzle or the turbine inlet. A
numerical formulation in terms of thermal resistance concept
is used for writing the heat transfer equations between each
node and its neighbors. Each nodal equation is written in terms
of the thermal resistances and thermal capacity of the material.
This thermal network between nodes leads to formulation of a
transient two dimensional thermal capacity resistance model in
cylindrical coordinates (radial and axial). Further illustration
for model is shown in Fig. 3.
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Fig. 3 Cavity receiver discretized layers and sections

The receiver model is discretized in both radial and
longitudinal directions into a set of control volumes. Four
layers in the radial direction r as shown in Fig. 3, each layer is
divided axially into sections of length Az. The control volume
length remains uniform until the disc section is reached and
then it changes to 4z, which is the disc thickness. At the
nozzle entrance the control volume length will be 4z;.
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A. Governing Equations

In thermal resistance and capacity formulation, each volume
element can be treated as a node which is connected by
thermal resistances to its adjoining neighbors. For steady state
conditions the net energy transfer into the node equals zero,
while for unsteady problems the net energy transfer into the
node equals to the increase in the internal energy of the
volume [5], [12]. The general energy balance equation on a
node using capacity resistance formulation for node i is given
by,

T -T" T —T"
Qi +Z J» Lo . »J »J (6)
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Fig. 4 Temperature nodes and thermal resistances

where Q; is the heat transferred to node i, T; is the temperature
at node i, T; is temperature at neighbor node j. R; is the
thermal resistance between node i and neighboring node j,
depending on heat transfer mode between two nodes either by
convection, conduction or radiation, C; is thermal capacity
term, n is the number of time step and Az is the time difference
between two successive time steps.

Thermal capacity term can be defined as,

C, = pic, AV, (7

where p; is the material or fluid density at node i, AV; is the
volume and ¢, is the heat capacity of the cavity receiver layer.

The thermal resistance between two neighboring nodes
depends on the heat transfer mode between them. In case of
conduction heat transfer through a cylinder between 2 nodes
the thermal resistance due to conduction is given by [12],

R, =In(r, /1)/(27kAz), (8)
where 7, is the outer radius, 7; is the inner radius, k is the
material conductivity and Az is the control volume length. In
case of convection heat transfer the convection thermal
resistance is given by,
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R =1/(h,4,) ©
where 4, represents the convection heat transfer coefficient
and A, is the outer surface area of a convective surface.
Modeling of convection heat transfer coefficient will be
discussed later in the fluid model. In case of radiation heat
transfer the radiation thermal resistance is given by,

Rmd = 1/(GE2Arad 8) (10)
where o is Boltzmann constant, Arad is the radiation surface
area, ¢ is the emissivity and F;; is the view factor between two
surfaces of radiation. The view factor will be applied to the

internal cavity surface model which will be discussed later in
the radiation analysis.

B. Thermal Resistance Network
Each control volume is represented by a single node which
is modeled as a lumped capacity.
Fig. 5 shows the network resistance model and the
resistances represent the following:
e R, R, outer radiation resistance between receiver surface
and ambient temperature.
e R; cavity conduction resistance in axial direction.
e R, cavity conduction resistance in radial direction.
e R; cavity convection resistance in radial direction.
e R, cylinder convection resistance in radial direction.
R; cylinder conduction resistance in axial direction.
R cylinder conduction resistance in radial direction.
Ry insulation conduction resistance in radial direction.
R, insulation conduction resistance in axial direction.
R,; disc conduction resistance in radial direction.
R, disc conduction resistance in axial direction.
e  R,; disc convection resistance in axial direction.
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Fig. 5 Thermal resistances network

C. Stability Analysis

The requirement from the stability analysis is to select the
optimum time increment At for solving the problem. Equation
5 is solved using forward difference. The resulting equation is
an explicit relation to solve for T,~,_,~”+1
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At 1 AT T’
THl=r 11—y — |+ == +z;
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i) Y ij

(11)

For stability, coefficient of T;;" must be greater than zero,
then the stability condition reduces to [12],

(12)

To ensure the stability Az must be kept less than the value
of the right hand side for the most restrictive node. Since the
problem is solved for large intervals of time therefore it is not
efficient to solve with this extremely small time increment. An
implicit formulation resolves this issue and the energy
equation reduces to,

Tt 1! T -7
Qi +Z Jsi n i,J ZCI. iJj ij (13)
i

i AT

Applying this equation for every node produces an implicit
set of equations that must be solved simultaneously for7; /"’

D. Mathematical Model

The mathematical model for the cavity surface is done by
applying the heat equation on the cavity surface that receives
radiation from the inner side and transfers heat to the fluid.
The solar radiation flux intercepted by the cavity receiver Q;,,
was computed from the concentrator dish analysis. Incident
radiation flux is assumed to be equally distributed on all
sections of cavity walls from the inside. The energy equation
applied to each control volume at the inner cavity surface is
given by,

T»"H _ T‘n T: o Tin-
AV == O (2 A2)
T

pL‘ﬂV P cav cav

cond _cav_z

T  -T" ., =T
i+1, i, i,j+1 i
+ J J + J J
Rn‘ond _cav_z Rcondﬁcuvir + RL‘onvicavir
(14)

The conduction resistance of the cavity in the radial
direction is given by,
R

=In(r, /r)/(27k,, Az) (15)

cond _cav _r

where, r; and ryare the cavity inner and outer radii,
respectively. The cavity material conductivity is k., and 4z is
the control volume length. The cavity conduction resistance in
the axial direction is calculated from,

R = AZ /(72-(’/'22 - rlz)kcav) (16)

cond _cav _z
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The cavity convective resistance to the fluid in the radial
direction is given by,

R =1/(h,(27r,Az))

conv _cav _r (17)
where 4, is the convection coefficient from the cavity to the
fluid. The volume of the cavity is given by,

AV, =7x(r] —1’)Az (18)

On modeling the heat transfer in the fluid stream,
convection effects must be coupled to the heat balance
equation for each control volume. To model this process,
accurate values for the convection heat transfer coefficient
must be obtained. Heat transfer by diffusion is neglected
compared to heat transfer by convection in the fluid model [5].

The value of convection heat transfer coefficient can be
obtained by,

19)

where, D is the diameter of the convective surface. Since the
fluid passes in the internal diameter between cavity and outer
cylinder then the value of D can be expressed in terms of
cavity outer radius (r;) and cylinder inner radius (7;3).

The Reynolds number depends on the fluid properties and
velocity.

_ PauspD
7,

Re (20)

To model the Nusselt number, three empirical relations are
used depending on the Reynolds number. If the flow is
laminar (Re<2300), the Nusselt number value can be

expressed by,
D 1/3
Nu = 1.61[Re Pr (—D 21
L
If the flow is transitional (2300<Re<10000),
D)
Nu =0.116(Re**—125)Pr'*| 1+ (fj (22)
In turbulent flow (Re>10000),
Nu = 0.023 Re ** Pr®* (23)

At the nozzle plenum section the convection coefficient
depends on the disc not the inner cavity surface. The value of
D used in Reynolds number identification in this case will
change to be equal the outer diameter of the disc. Nusselt
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number in laminar and turbulent zones can be determined
using the following equations,
In laminar flow,

Nu =0.664 Re'’? pr'/? (24)

In turbulent flow,

Nu =(0.037 Re**-871)Pr'"”* (25)

Heat balance equation for the fluid stream layer can be
written as,

n+l1 n n _n
L -7 _ T~ T
pﬂcpﬂAVﬂ A _R R
. T cond _cav_r + conv _cav_r
T". ., -T" .
N - i,j+ Rw +me, (T, - Ti"/) (26)
+ : - -

cond _cyl _r conv _cyl _r

+m cpﬂ (T;'Jnrl,j - T;Tl/)

where, m represents the working fluid mass flow rate. Heat
equation applied to the surface of the outer cylinder is given
by,

n+l n n _n
' -7 T — T
pP..C, AV =
cyl P eyl eyl A R
T cond _cyl _r conv _cyl _r
n n n n n n
" T — T3 " Ih, - T " T, — T3
R +R R R

cond _cyl _r cond _ins _r

27

cond _cyl _z cond _cyl _z

Heat equation applied to the insulation is given by,

Tn+1 Tn T” _ T”
i ij-1 isj
pinscpmsAI/ins AT - R +R
cond _cyl _r cond _ins_r
4 4
n n n n n n n n
L-Ty Th, -1, Ta, —T (Tw) —(T,.’/.)
+ + + +
Rcam«L ins_r cond _ins_z cond _ins_z rad _ins_r

(28)

The cavity receiver is discretized into cylindrical control
volumes with cylinder length Az. The control volume length
changed at disc and after disc sections to be Az, and
Azsrespectively, where Az, represents disc thickness. Heat
equation applied to the cavity disc is given by,
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n+l n n n

T 2 ij+l~ tij
pdisccpdiscAVdisc Ar _Qm(m )+

Rcond7 disc_r

Rconv7 disc_r (2 9)

n n n n
];71,;' _];,j Z+1,j _];,j
+ +
cond_cav_z cond_disc_z + Ieconvﬁ disc_z

Heat transfer equation for nozzle plenum section,

AV ]’;)’H»l _]'virl ~
pﬂcpﬂ out AT _R

n n

Ti,j+1 _Ti,j °

+ +mc
R + R

Tifl,j - T n/
+R

cond _disc _z conv _disc _z

Tn

i-1,j+1

pﬂ( _Tlﬂl)

cond _cyl _r conv _cyl _r

(30)

For solid parts in the cavity receiver design such as the
cavity and outer cylinder which are designed from tungsten
and steel respectively, the change in the thermal properties can
be neglected. On the other hand, for the working fluid
(hydrogen) and the outer insulation (fiberform) the change in
thermal properties with temperature are significant. Variable
properties are thermal conductivity &, specific heat capacity at
constant pressure ¢, and the dynamic viscosity 4. Change in
thermal properties with temperature is considered in the
computer code.

Change in thermal properties of the propellant (hydrogen)
as a function of temperature can be given by,

k, , =0.00517975 922 + 6.72778 x10*T

hyd (31)
-3.0388973 x107T? + 6.58874687 x10™"'T*
¢ =10808.501 +21.5799904 T - 0.04447203 18T >
Phyd 32)
+3.85401176 x107°T? -1.14979447 x10°*T*
g = 214524642 x10° +2.54245 x10° T (33)

-1.0235587 x10™"' T? +2.80895021 x10™"°T*

Change in specific heat and thermal conductivity of the
insulation material (fiberform) can be determined by,

Cpy =756.96+0.95769T-1.5402x10°T* +1.3509x10°T" (34
-5.2031x10"°T* +7.1506x10™ T3

k,, =0.19999 -1.3853 x107*T + 7.6844 x10°T?
-2.4532 x10™M'T?

(35)

After formulating the resistance network and writing the
discretized form of the equations, a computational code is
developed to solve system of equations. The equations are
written in backward difference and result in a system of
equations of the form,
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= [B]imjmx Ti,nj + [C]

max Jmax

[A] Tn+l
Imax Jmax Xbmax Jmax * E>J

(36)

Matrix [A4] includes the coefficients of temperature at each
node for the existing time step. Matrix [B] includes
coefficients for the previous time step, and matrix [C] includes
the boundary conditions. Solving this system gives the
temperatures for each node at any required time level. Matrix
[4] is inverted at each time level to obtain new temperature
values with respect to previous ones. To formulate matrices
[4], [B] and [C], the receiver section is discretized into 300
longitudinal sections, each section includes four layers in the
radial direction. Each block in matrix [4] represents a
complete axial section with its four layers.

E. Radiation Analysis

The amount of energy lost by radiation represents a
significant ratio of the input power that can affect the whole
system performance. Radiation losses can be divided into two
types. First the thermal radiation losses which arise from the
temperature difference between cavity receiver and ambient
conditions given by,

_ 4 4
Qrad - o—gcacha Awall (Tcav - Tamb)

4 4
+ O-gcadea Adisc (Tdisc - T

amb

(37

Here &, is the cavity material emissivity; 4,,4 is the area of
the radiating surface. T,,, is the cavity temperature, T, is the
disc temperature and 7, is the ambient temperature. F,, is
the view factor between cavity wall and cavity aperture and
F,, is the view factor between cavity disc and cavity aperture.
View factors can be determined from equations (38) and (39).

P
LC‘HV
F,= y (38)
4 cav
W =1- (39)

The other source of radiation loss is due to the reflected
rays from the cavity surface which can be represented by,

Qref' = Qint (1 - aeﬂ ) (40)

Here O, is the radiation loss due to reflection, a4 is the
effective absorptance of the receiver and Q,, is the total
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intercepted power by the receiver from the concentrator. The
effective absorptance of the cavity receiver is given by [9],

(04
- cav 41
T (a4, 14) @b

cav

The cavity material absorptance is o, 4,, is the cavity
aperture area and A, is the inner surface area of the cavity.
Adding a glass cover to the cavity aperture is a good solution
to reduce the energy lost by radiation. Although the glass
cover will decrease the amount of energy intercepted by the
cavity receiver but it isolates the inner cavity surface from the
ambient which helps in decreasing the thermal radiation
losses. The reflected radiation value will change according to
the transmittance of the glass cover. Equation 39 is modified
in case of adding a glass cover to be,

Qref = Qim (1 - z-gaeﬁ”) (42)

Transmittance of glass cover material is 7,. In case of
adding a glass cover the effective absorptivity for the cavity
can be determined using equation 3.52, where the term 7,
represents the glass cover transmittance to diffuse radiation
which can be approximated to be 0.82. The effective
absorptivity is given by [9],

.
a,, = o 43
7 22 + (l - acav )rd (Aap /Acav) )

cav

F. Initial and Boundary Conditions

Initial conditions vary from one case to another. For the test
case the cavity receiver is assumed to be tested in a vacuum
chamber at temperature 298°K. Therefore the initial
temperature for all cavity receiver parts is 298°K. In other
analyses such as hot start case initial temperatures changes. In
the hot start case the cavity initial temperature increases
(1000°K and 2000°K).The boundary conditions are shown in
Fig. 6 and can be described as follows:

e Radiation boundaries: Radiation boundaries exist in the
internal cavity surface and the outer insulation boundary.

e Convection boundaries: Convection boundaries
represent the internal convection from the cavity and
cylinder to the fluid bounded by them. Boundary (a)
shown in Fig. 6 represents the convection from the cavity
outer surface to the fluid. Boundary (b) represents the
internal convection from the cavity disc to the fluid.
Boundary (c) represents the internal convection from the
outer cylinder to the fluid.

¢  Fluid inlets: The fluid inlet conditions are that for stored
hydrogen inside the tank. Hydrogen is assumed to be
stored at standard conditions, then the inlet fluid
temperature is 298°K and pressure is 1 bar.

1220 1SN1:0000000091950263



Open Science Index, Aerospace and Mechanical Engineering Vol:7, No:6, 2013 publications.waset.org/10142.pdf

World Academy of Science, Engineering and Technology
International Journal of Aerospace and Mechanical Engineering
Vol:7, No:6, 2013

e Fluid outlet: The outlet fluid
extrapolated from the inside domain.

e Intercepted solar power: The value of intercepted solar
power is computed from the concentrator dish analysis
which was discussed in chapter two. The intercepted
power from the dish is assumed to be equally distributed
on the inner cavity surface.

temperatures  are

T_ambient
\\
L7 "
Rt
A 3
/ T L ] T T T ¥ \
/ \
Fluid outlet B )
- 7 A Q_intercepted Fluid inlets
P LN
y i 3 i 1 ] ] 13 S
p o (a) /7 7 N
./" [/ Glasgccver

Convection boundaries

/ e e

Radiation boundaries 2=
Fig. 6 Cavity receiver boundary conditions

V.APPLICATIONS

A. Propulsion Application

In this application, the addition of a nozzle to produce thrust
is considered as shown in Fig. 1. After the total temperature of
the working fluid through the cavity receiver is raised, the
fluid is expanded through the nozzle in order to convert the
energy to thrust. Thrust force can be controlled by many
factors such as mass flow rate, fluid exit velocity, exit pressure
and exit to throat area ratio. The nozzle is responsible for
raising the fluid exit velocity which results in increasing the
output thrust force from the engine. Quasi one dimensional
solution for the fluid flow inside nozzle is performed [14].
After determining the throat area required for the fluid to be
chocked, the flow properties can be calculated in the nozzle
using the area relation and the isentropic flow equations. After
that the thrust and specific impulse can be computed.

The output thrust force from nozzle is given by the relation,
F,=mV,_,+(P,, —P )4

exit

(44)

exit

Factors affecting thrust force are propellant mass flow rate,
exit propellant velocity V., exit nozzle area A, and the
pressure difference between nozzle exit and ambient.

The value of specific impulse can be related to thrust force
as given by,

Fth
sp L]
mg,

(45)

The thruster performance is represented by the specific
impulse. Higher value of specific impulse reflects the
capability of the thruster to produce higher thrust with the
same propellant consumption. Ideal specific impulse relation

International Scholarly and Scientific Research & Innovation 7(6) 2013

with the propellant temperature is given by,

-1
v g y -1 M/z P.

where R is the gas constant, T} is the propellant temperature at
cavity receiver, My is the molecular weight, p. is the cavity
receiver pressure and p, is the external pressure.

A comparison between three different propellants which are
air, helium and hydrogen is considered to define the most
adequate propellant that improves the thruster performance.

(46)

B. Electricity Generation Application

The main target of this application is to investigate the
modifications for converting the solar thermal engine to a
power generation engine for electricity generation as shown in
Fig. 2.Main subsystems developed in the design (concentrator
dish and cavity receiver) are used as is, while others are
redesigned. The nozzle is replaced by a compressor and
turbine. The fundamental thermodynamic cycle used with
solar conversion systems is the Brayton cycle. Brayton cycle
is implemented using a compressor for the 1% process, solar
radiation heating for the 2™ process, a turbine for the 3™
process and heat rejection to the atmosphere in the 4™ process.
To analyze the cycle all the states need to be evaluated. The
first law of thermodynamics determines energy transfer. Flow
states through the compressor and the turbine are assumed to
be isentropic flow [13].

In this analysis the following assumptions are made:

e The working fluid is air and treated as an ideal gas
throughout the cycle.

e Air heating process is modeled as a constant-pressure heat
addition process.

e Exhaust air is modeled as a constant-pressure heat
rejection process.

e  Mass flow rate is fixed throughout the entire cycle.

e The system operates at steady state.

e There are negligible kinetic and potential energy changes.

The thermodynamic cycle thermal efficiency can be

computed in terms of compression ratio as shown in equation
46.

1
B (,, )(7—1)/7

where, r¢ represents the ratio between pressures at exit and

771;, = 1 (47)

inlet compressor states.

VI. RESULTS

A. Concentrator Dish Results

Table I represents a comparison between output results
from the performed computer code and the published results

[4].
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TABLE1
OUTPUT CONCENTRATOR POWER VALIDATION WITH PUBLISHED RESULTS
Concentrator Output_power Output power Variation
Type (Published (Numerical Percentage
yp results) model results)
JPL (62 kW), (61.12 kW) 1.4 %
At DNI 800
W/m?
Vanguard I (76.4 kW) (73.6 kW) 3.7%
At DNI 1000
W/m?
Acurex (162 kW) (157.79 kW) 2.6 %
At DNI 1000
W/m?
Schlaich, (36.2 kW) (36.53 kW) 0.9 %
Bergermann At DNI 1000
und Partner W/m?
DOE Faceted (70 kW) (70.16 kW) 0.2 %
Stretched At DNI 1000
membrane W/m?

The design based on 1000 W/m® beam normal insolation. In
space the value of beam normal insolation is higher than the
selected value which results in decreasing the concentrator
dish size. Through the parametric study the design parameters
of the concentrator dish will be selected.

Fig. 7 represents the decay in the intercept factor for each
differential ring (flux capture fraction). Results show that
intercepted power from a differential ring near the
concentrator vertex is higher than that for another differential
ring near the concentrator rim.

o o o o o
o 53] = [=:] =]

Differential ring intercept factor

=
o
=

1 1
] 10 15 a0 ) kil 3 40

Angle from concentrator axis (degrees)

Fig. 7 Differential rings intercept factor from concentrator axis to the
rim

Fig. 8 represents the effect of concentrator diameter on the
optical efficiency for a fixed receiver aperture equal to 20 cm.
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Fig. 8 Concentrator diameter effect on optical efficiency

The effect of the rim angle on the optical efficiency is
shown in Fig. 9.The optical efficiency reaches its maximum at
45 degrees as shown in figure. The selected concentrator rim
angle in our design is 40 degrees, since most designers use a
rim angle close to the optimum (£5°).

091

0.508

0.906

0.904

Optical effeciency

0.502

09

0.893

1 1
22 30 ¥ 40 4 EO 85 BO BS D 75

0.856 L ; L

Rirn angle (degrees)

Fig. 9 Rim angle effect on optical efficiency

Concentrator diameter must be identified as there is a
coupled effect between both concentrator and receiver
diameters and the intercepted power. If the required input
power to the receiver is 10 kW, then the required concentrator
is 4 meters in diameter and the most adequate receiver
aperture diameter is about 10 cm as seen from Fig. 10.
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Fig. 10 Receiver diameter effect on intercepted power at
various concentrator diameters

B. Cavity Receiver Results

In the following results, the code is applied on an initial
design which has the following specifications. Cavity receiver
length is 41.4 cm and outer diameter is 26.2 cm. Inner cavity
length is 38 ¢cm and about 6.7 cm in diameter. Outer cylinder
diameter is 9.2 cm. All solid layers thicknesses are set to 1
mm as an initial guess and the insulation thickness is 8.38 cm.
Input solar power from the concentrator equals to 10 kW. This
model is assumed to be tested in a thermal vacuum chamber at
298°K using initial and boundary conditions discussed before.
Fluid mass flow rate for testing case is 0.25 g/sec. The implicit
scheme can use a At=10 seconds, without having any stability
problems. Most of the initial cavity receiver design parameters
are given NASA MSFC [1], and missing parameters for the
thruster are assumed [2], [6]. This design is considered to be a
starting point which will be enhanced through the parametric
study to enhance performance.

2500

Inner ca\r\ly\\*

2000+

1500 F

1000

Termperature (Kelvin)

800

z (cm)

Fig. 11 Different layers transient results after 30 minutes of operation
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Fig. 11 shows the temperature along the cavity receiver in
the four radial layers after 30 minutes of operation. The
longitudinal axis represents the position along the receiver
length and each curve represents the temperature distribution
in each layer.

The fluid layer is the most important for identifying the
receiver performance. Fig. 12 shows the transient results for
the fluid layer at different periods from operating the cavity
receiver. The sudden change in the temperatures at the last
cavity section is due to the high value of convection heat
transfer from the cavity disc to the fluid at the plenum.

2200

000
1800+
1600+

1400+
1200+

Temperature (Kelvin)
f=r] oo =
= ) =
= = =

=
=
=

QDD 1 | 1 | 1 | 1 |
i
1 (&m)

Fig. 12 Fluid layer temperatures at different time steps
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2000 - With glass cover

1500 -

1000 -

Temperature (Kelvin)

Without glass cover

500 -

0 5 10 15 20 25 il 35 40 45
z (cm)

Fig. 13 Fluid layer steady state temperatures with and without glass
cover

The effect of cavity radiation loss on the fluid layer
temperatures is shown in Fig. 13. It can be observed that the
cavity radiation loss results in observable decrease in the
working fluid temperature along the cavity receiver. Cavity
radiation loss due to emission decreases the plenum
temperature to be less than 500°K. It is seen that using a glass
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cover reduces the losses
incorporated in the design.

One of the important drawbacks to achieve higher
temperatures in the proposed design is the slow response of
the system. That is because the system must work about 30
minutes in order to reach a fluid temperature near to 2000°K.
This case is not applicable in space since the fluid storage is
limited. This slow response will result in a significant amount
of propellant loss. Alternatively, a hot start can be performed
in which the fluid flows after the receiver is pre-heated by the
solar radiation.

significantly and must be

2000 T T T T T
Hot start (At T=2000 Kelvins)x______)_

1800
1600
1400 1
1200 1

Hot start (At T=1000 Kelvins)\_‘

1000 -

=}

=

=
L

Temperature (Kelvin)

Cold start
EOO - g

400 1

QDD 1 1 L 1 1 L
0 &0 100 180 200 250 300 30

Time(seconds)

Fig. 14 Plenum temperature at hot and cold start

In the sensitivity study different design parameters are
concerned to determine its effect on the cavity receiver
performance which enables in the enhancement of the design.

Mass flow rate is an input to our code, as it can be
controlled from outside the receiver. Fig. 15 shows the inverse
relation between mass flow rate and the fluid temperature.

3000 T T T T

200t

2000+

1800

Temperature (kelvin)

1000

s00r

z {cm)

Fig. 15 Mass flow rate effect on fluid temperature

Increase of mass flow rate decreases the fluid temperature
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at every point in the fluid layer. This is expected since the heat
flux is fixed. The horizontal axis of the figure represents the
position along the cavity receiver length. The vertical axis
represents the temperatures in Kelvin.

The effect of the inner cavity length and diameter is
considered. On the contrary to the receiver outer cylinder
length, the cavity receiver sensitivity study shows the high
dependence of the cavity receiver length on the receiver outlet
temperature and receiver performance. Fig. 16 shows that
increasing the inner cavity length from 20 cm to 40 cm
increase the plenum temperature about 2 times.

2600

2400+ 4

2200+ k

2000 - k

1800 - k

Temperature (Kelvin)

1600 - k

1400 - 4

1200 ! I I ! I ! I I !
20 2 24 28 28 a0 32 34 38 38 40

Inner cavity length (cm)

Fig. 16 Inner cavity length effect on outlet receiver temperature
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Fig. 17 Inner cavity diameter effect on outlet receiver temperature

The effect of insulation thickness on outlet receiver
temperature is shown in Fig. 18.Thick insulation helps in
decreasing energy lost from cavity wall to ambient. Fig.18
shows that increasing the insulation thickness from 1 cm to 10
cm causes a significant change in the steady state temperature
at the receiver outlet. The effect of the insulation layer
thickness on performance starts to decrease after 10 cm
thickness; therefore an adequate selection of the insulation
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layer thickness will be 10 cm.
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Fig. 18 Insulation thickness effect on outlet receiver temperature

The influence of changing thicknesses of cavity receiver is
discussed. All thicknesses vary from 1 mm to 3 mm as shown
in Fig. 19. Results reflect that the effect of increasing both
inner cavity and outer cylinder thicknesses decrease achieved
temperature at plenum. On the other hand, the increase in both
disc thickness and fluid layer thickness cause the plenum
temperature to increase. Therefore, it can be concluded that
decreasing the cavity and cylinder thicknesses improves the
performance. Also increasing the disc thickness improves the
performance. The cylinder and cavity thicknesses will be set
to 1 mm and the disc thickness will be set to 3 mm.

2600 T T T T T T T T T

Disc thicknessw
Fluid layer thickness /

Cylinder thickness

2400+

200

2000 F

1800 -

Temperature (Kelvin)

1600 +

Cavity thickness
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1900 L 1 1 L 1 L 1 1 1
1 12 14 16 18 2 22 24 25 28 3

Thickness(mm)

Fig. 19 Different layers thicknesses effect on outlet receiver
temperature

The cavity receiver initial and improved design parameters
are listed in Table II.

International Scholarly and Scientific Research & Innovation 7(6) 2013

1225

TABLEII
CAVITY RECEIVER INITIAL AND IMPROVED DESIGN PARAMETERS
Design Initial Improved

parameter design design
Cavity length 41.4 cm 50 cm
Inner cavity length 38 cm 47 cm
Cylinder diameter 9.2 cm 10 cm
Cavity diameter 6.7 cm 8 cm
Outer insulation 26.2 cm 30.2 cm
diameter
Cavity thickness 1 mm 1 mm
Cylinder thickness 1 mm 1 mm
Disc thickness 1 mm 3 mm
Fluid layer thickness 226 cm 2 cm
Insulation thickness 8.38 cm 10 cm
Input solar power 10 kW 10 kW
Propellant type Hydrogen Hydrogen
Mass flow rate 0.25 g/sec 0.1 g/sec

Fig. 20 represents the transient results of the fluid
temperatures along the receiver. The fluid temperature at
plenum reaches 3071°K after 30 minutes of operation.
Comparing these results with that obtained in the initial
design, one can observe the improvement in the cavity
receiver performance. The plenum temperature increases in
the improved design by 913°K after the same period of
operation under cold start operation conditions.

3500 T T T T T T T T T
Irnproved design
———Initial design

3000
2500

}
30 minutes:

2000 ¢

1500

Termperature (Kelvin)

1000 -

500+

Fig. 20 Improved design comparison with initial design

C. Propulsion Application Results

The solar thruster or the solar thermal rocket is
characterized by its high specific impulse on the order of 850
to 1100 seconds [3]. The reason of high specific impulse is
that it is inversely proportional with the propellant molecular
weight [1].

Fluid properties are solved along the nozzle (10 cm length)
for different working fluid types. The working fluid velocity
distribution is shown in Fig. 21.
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Fig. 21 Velocity distribution for different fluids along nozzle

A comparison for different gases is shown in Table III. The
comparison shows the effect of the gas on output thrust and
specific impulse which act as the main parameters to judge the
nozzle performance.

TABLE III
THRUST AND SPECIFIC IMPULSE FOR DIFFERENT PROPELLANTS
Working Thrust Specific
fluid (Newton) Impulse (sec)
Hydrogen 1.94 784.62
He 1.24 502.75
Air 0.51 207.78

Propellant mass flow rate is an effective parameter in our
sensitivity study. Increasing the propellant flow rate during the
complete mission time wastes fuel, therefore it must be pulsed
to the engine in a controlled manner to achieve the required
thrust.

Fig. 22 represents the effect of mass flow rate on the outlet
receiver temperature (inlet nozzle temperature).
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Fig. 22 Mass flow rate effect on inlet nozzle temperature
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Results show that the increase in mass flow rate causes a
significant drop in the inlet nozzle temperature.

Fig. 23 shows that the increase in mass flow rate causes a
valuable increase in the nozzle thrust. Increase in mass flow
rate causes decrease in the specific impulse as seen in Fig.24.
The results show that at mass flow rate of 0.1 g/sec the cavity
receiver outlet temperature is 3603°K. The values of output
thrust and specific impulse are 0.97 Newton and 991.69
seconds, respectively.

Thrust (Mewton)

WD L I A | L P R A 1 PR R W
10" 10" 10' 10°

Mass flow rate (g/sec)

Fig. 23 Mass flow rate effect on output thrust force

These results are more suitable for systems that require high
values of specific impulse. But, in some cases during a
mission the value of thrust is the most important parameter.
Higher values of thrust can be achieved from the thruster
model by increasing the values of mass flow rate. The thrust
value is 338.16 Newtons at mass flow rate 100 g/sec. This
increase in thrust will be accompanied by a decrease in the
specific impulse value to be 344.36 seconds as seen in Fig. 24.

1000
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BOO |
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Fig. 24 Mass flow rate effect on specific impulse

Although working at high values of mass flow rate achieves
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higher thrust but the solar thruster performance drops below
that of the chemical thrusters which achieves 450 seconds as
an average value of specific impulse. The performance of the
designed solar thruster reaches that of chemical thrusters at
26.1 g/sec mass flow rate and the thrust value is 115.6
Newtons, therefore it is not preferred to exceed this value of
mass flow rate during the thruster operation.

The most important advantage in solar thermal thrusters is
the high specific impulse values that can be achieved with a
moderate thrust values. Therefore, the suggested value of mass
flow rate is 1 g/sec. At this value the plenum temperature is
2791.3°K. The thrust and specific impulse values are 8.56
Newtons and 872.87 seconds, respectively.

D. Power Generation Application

The selected concentrator diameter is 4 meters to develop
10 kW (this result based on concentrator analysis). Receiver
design parameters are selected as the improved model, the
receiver length is 50 cm and 10 cm in diameter. The working
fluid is selected to be atmospheric air at inlet temperature
298°K and pressure is 1 atm [7]. All results will be at an initial
value of mass flow rate which is 10 g/sec.

TABLEIV
OUTPUT RESULTS AND THERMAL EFFICIENCY
State 1 State2 State 3 State 4
Temperature (K) 298 575.3 1571.9 814.1
Pressure (pa) 1.01325 10.1325 10.1325x  1.01325x
essure (pa X10° x10° 10° 10°
Output work from the turbine 760.4 (kJ/kg)
Work required by the compressor 278.3 (kJ/kg)
Net power 4.82 (kW)
Thermal efficiency 48.2%

As seen from Fig. 25 that a higher compression ratio
improves the engine thermal efficiency. Compression ratio
rising from 5 to 25 increases the thermal efficiency nearly
20% or more which is a significant result.
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Fig. 25 Thermal efficiency variation with compression ratio
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The selected compression ratio is 10 because this can be
achieved by a moderate compressor. Increasing this value
requires a costly compressor which is not preferred for the
economical efficiency of the power generation engine to be
used as a home electricity generation device.

The limitation on increasing mass flow rate which was
mentioned in the space application was due to the limited
amount of hydrogen inside the tank. This limitation is not
taken into consideration in the current power generation
device as the working fluid is atmospheric air, therefore
increasing mass flow rate to higher values will be available if
it improves the system performance. The problem is the
coupled effect between mass flow rate and turbine inlet
temperature (TIT), which causes a decrease in TIT with
increasing mass flow rate. Fig. 26 shows that the increase in
mass flow rate accompanied by decrease in the TIT.

TIT (Kelvin)
=
.

10 1 1
10 g 10
mass flow rate {g/sec)

Fig. 26 Mass flow rate variation with turbine inlet temperature

Fig. 27 represents the net output work versus mass flow rate
at different compression ratios.
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Fig. 27 Net output work versus mass flow rate at different
compression ratios
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The results show a decay of the net output work with
increasing the mass flow rate of the working fluid. The value
of compression ratio has a significant effect on the
performance of the engine, especially at low values of mass
flow rate. At higher values of mass flow rate the net output
work decreases and also the effect of compression ratio.

VII. CONCLUSIONS

For both space and electric power generation, a 10 kW
system is targeted. For this the concentrator (a parabolic dish)
is used with a diameter of 4 meters and 10 cm cavity receiver
diameter is selected. The focal length of this system is at 2.75
meters and the optimum rim angle is 45°.

There is a limitation on increasing the concentrator diameter
with respect to the receiver due to the optical losses which
decreases the system efficiency.

The cavity receiver is modeled using an unsteady lumped
capacity resistance model. The results show:

e Two sources of radiation losses affect the outlet
propellant temperature from the cavity receiver which are
emission and reflection losses. The most critical are the
emission losses that arise from temperature difference
between the inner cavity and ambient conditions. A glass
cover at the cavity mouth decreases both emission and
reflection losses from the cavity interior surface to the
ambient.

e Working at cold start operating conditions was found to
be not efficient for the thruster operation due to the
limited amount of propellant inside the tank. Starting the
fluid flow at hot start condition 2000°K improves the
thruster performance.

e The explicit solution of the model is not possible since
stability requirements require a very small time step. An
implicit technique is used to avoid high computational
cost. Higher order terms such as radiation terms were
treated using iteratively implicit technique.

e The most effective parameter in the sensitivity study is the
mass flow rate. Results show that working at low values
of mass flow rate increases the plenum temperature.

The nozzle is attached to the concentrator/cavity receiver
for the STP model. The nozzle is modeled as a quasi-one
dimensional flow assuming shockless isentropic flow.

A comparison between different propellant types was
performed between air, helium and hydrogen. Hydrogen
proved to be the most preferred propellant.

Parametric study shows that mass flow rate is the key to
control the required thrust and specific impulse of the thruster.
Increasing the mass flow rate from 1 g/sec to 2 g/sec will
increase the thrust from 8.56 Newtons to 15.79 Newtons but
on the other hand a drop in the specific impulse value from
872.87 seconds to 804.98 seconds will occur which means that
the operator consumes more propellant from the tank.

The concentrator/cavity receiver are also attached to a
compressor/turbine power cycle. Here a cycle based on the
Brayton cycle is suggested where the heat source is the solar
input flux. The working fluid is the atmospheric air. The
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analysis suggests that using a moderate compression ratio of
10 results in thermal efficiency of 48.2%.

Increasing the compression ratio increases the thermal
efficiency however the size of the compressor (and cost)
would be too prohibitive (e.g. for a compression ratio of 25,
the thermal efficiency is 60.14% and cost will be higher due to
the required compressor is more expensive).

The parametric study suggests that the compression ratio
and mass flow rate are the most effective parameters on the
efficiency. The coupled effect of mass flow rate on TIT is
considered. Increasing the mass flow rate causes decrease in
the TIT which decrease the thermal efficiency. It was decided
to work at low values of mass flow rate. The selected value of
mass flow rate is 5 g/sec.

As a whole conclusion, a power generation engine using a
compressor with pressure ratio 10 and operated at air mass
flow rate 5 g/sec can achieve net output power 4.82 kW which
is sufficient to be used as a home electricity generation device.
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