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ABSTRACT 

The development of solar concentrators in recent years 
has produced a wide variety of collectors for the utilization 
of solar energy. This paper presents the technical feasibi­
lity of generating electricity by using a gas turbine in 
conjunction with a paraboloid of revolution (dish) solar 
concentrator. A conceptual design of a dish concentrator 
is obtained by parametrically examining the significant 
optical parameters. The optical performance analysis 
was conducted using the Honeywell Monte Carlo ray-trace 
simulation program. A thermodynamic analysis was conducted 
to evaluate the performance of four candidate thermodynamic 
cycles utilizing two working fluids. The cycles were the 
regenerative and non-regenerative Brayton cycles of both 
open and closed type. Air and helium were the working fluids 
for the open and closed type respectively. Analysis for the 
heat transfer from the solar radiation to the gas flowing in 
metal tubes at the receiver was also conducted. A parabo-
loid of revolution dish with a cavity receiver using an open 
air regenerative Brayton cycle turbine emerged as a tech­
nically feasible concept in the power range from 30 to 100 
KW th per module. 
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INTRODUCTION 

An examination of the potential applications of solar energy indicates that a significant contribution to the energy e conomy can be made by the modular generation of electricity. Small scale power generation can have conceivably far reaching applications in both metro­politan and rural areas. 

The design of advanced solar power systems and the subsequent energy conversion depends on the availability of economically competi­tive solar concentrators and heat engines. This paper discusses the concept of solar concentration and the simulation technique used to predict the performance of a dish-type concentrating collector. A model was developed on the principle of the Monte-Carlo technique to solve the integral equations. Simulations were carried out to analyze the optical and thermal performance of the dish collector which tracks the sun in two axes during the day. The dish collector concentrates the solar radiation on a receiver located at the focal point of the mirror . The power within the cavity receiver heats a working fluid which is used to operate a thermal engine to provide shaft power output . Hence the dish collector module consists of four major components, namely, the concentrator with tracking mechanism, the heat receiver, the thermal transport loop, and the turbine-generator. An artist ' s con­cept of the dish collector module is shown in Figure 1. Parametric analysis was conducted to determine the effect of the dish diameter, the focal length, and the concentration ratio on the net power at the receiver. The open regenerative Brayton cycle is schematically shown in Figure 2. Ideally, the air is initially compressed isentropically in a compressor. The compressed air is then heated at constant pressure partially in the regenerator and thereafter in the collector module heat r ec e iver. Following the heat a ddition, the hot and compressed air is expanded isentropically through the turbine until it reaches a specified low end temperature. The turbine exhaust passes through the ,regen­erator where it gives some of its heat to the counter-flowing 
compress ed air before being exhausted to the atmosphere. 

OPTICAL P E RF O RMANCE ANA LYSIS 

Computer Methodology 

The system that is mathematically modeled by the code consists of 
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Figure 1. Artist's Concept of Dish Collector 
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Figure 2. Open Cycle Regenerative Brayton Engine 

293 



a paraboloid of revolution mirror mounted on a two axis gimballed 

tracking system and a heat receiver. The generalized thermal optical 

performance characteristics of the system were formulated as an inte­

gration equation in conjunction with the Monte-Carlo technique. The 

vector algebra and the detailed description of the simulation code has 

been previously described in a NASA contract finai report (1). 

Essentially, the amount of energy carried from any point on the sun's 

surface to any point on the heat receiver surface depends on the exact 

path of the ray through the optical interfaces on the collector. The 

mirror reflectance is a function of both the wavelength of the light 

in the ray and the incident angle of the ray on the mirror surf ace. 

The angle any ray makes with respect to each optical interface is a 

function only of the angular position on the solar disk from where the 

ray came {two-dimensional) and the impact point on the collector 

aperture plane (two-dimensional). Thus. for any wavelength and perfect 

optics, the energy carried from the sun to the receiver surface can be 

found by specifying the four coordinates of the ray. no matter how 

many optical elements there are within the optics train. 

The ray-trace simulation code then evaluates a nine integral 

equation (1) for the paraboloid of revolution collector. In this integral 

equation two types of mirror uncertainties have also been included; 

one due to the collector tracking inaccuracy called the pointing error 

and the other due to the mirror quality called the slope error. The 

core of the analysis routine is a subroutine which evaluates the para­

meter E given in equation (2). 

t -r-k. ~ rac 111g mirror 
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·here 

0 1, o2 are angular position coordinates on the sun disk 

x1• x2 are impact point coordinates on the test plane 

>.. is the wavelength 

91, s2 are pointing errors in two axes 

..01. ,02 are slope errors in two axes 

To obtain the flux distribution within the cavity receiver another 
subroutine is added to the base program which counts the rays that go 
through the aperture opening of the receiver and hit the walls on the 
side of the cavity. The number of rays that hit a given wall segment 
are then counted, thereby defining the amount of energy concentrated 
in that segment. 

Solar Collector Model 

Figure 3 shows the dish collector modeled with a cavity receiver at 
its focus. The cavity receiver is a cylinder with a circular opening at 
the bottom through which the redirected flux enters the cavity formed 
behind the opening. This model includes the re radiation losses through 
the cavity opening and the loss due to shadowing from the receiver 
mounted at the focal point of the concentrator. 

The heat losses due to convection for a cavity receiver is a second 
order effect with negligibally small magnitude and hence was not 
included in this analysis. This model was used to investigate the rela­
tionship between dish aperture diameter (De), concentration ratio (Cr). 
and rim angle (9r). The concentration ratio is defined here as the 
ratio of the collector aperture area to the area of the entrance aperture 
of the cavity receiver. The rim angle, as shown, is defined to be the 
angle between the optical axis and a line drawn from the focal point to 
the _dish rim as shown in Figure 3. The variation of the rim angle thus 
takes into account a specific dish for each angle. 

The dependence of er on the dish depth (d) and the focal length (a) 
can be found from the equation of the parabola x2 =4aY. The coordinates 
of the rim (Dc/2, d), when substituted into the equation, converts the 
equation in terms of the dish radius and depth 

D 2 
C 

- = 
4 

4ad (3) 
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Figure 3. Dish Solar Collector Model 
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Then from the trigonometric right triangle function 

g = tan-1 Dc/2 
r a-d (4) 

Substituting Equation (3) into Equation (4) gives 

8 _ t -1 2~ 
r - an a-d (5) 

Equations (3) and (5) define the relationship between dish diameter, 
rim angle, focal length and dish depth. Table 1 shows the set of variable 
parameters which were used during the simulation. er was varied from 
30-90 degrees, Cr from 500-4000, and De from 5. 5 to 16. 5 meters. 

In the parametric analysis of the collector system, two of the three 
variables were held constant while the third was varied systematically 
between the limits specified in Table 1. Pointing errors were fixed at 
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Table 1. Variable Parameter List 

RIM ANGLES COLLECTOR CONCENTRATION 
DIAMETERS RATIOS (Br) (De), METERS (Cr) 

30 5. 5 500 
40 7.3 1000 

50 9. l 1500 
60 11.0 2000 

70 12.8 2500 

80 16. 5 3000 
90 3500 

4000 

0. 1° and slope errors at 0. 15°. These values were chosen as they are 
realistically achievable with conventional hardware. The cavity receiver 
geometry chosen for this analysis was a right circular cylinder 0. 76 
meter, both in diameter and height, with the receiver opening at the 
bottom coincident with the focal point of the concentrator. The cylindrical 
shape of the receiver was chosen for ease in developing the flux map 
software. The receiver diameter was chosen to accommodate an aper­
ture opening of 0. 66 meter for the worst case in which the collector 
diameter was 16. 5 meters and the concentration ratio was 500. The 
height of the receiver was chosen to accommodate the length of tubing 
needed inside the receiver for the collection and transport of the thermal 
energy. 

The heat losses due to re-radiationC2 ) and convec~ion were calculated 
for the receiver by using the following equations respectively: 
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where 

and 

where 

Qr = heat loss due to radiation 

E = emissivity of the radiating surface 
A 1 = area of the radiating surface 

a = Stefan-Boltzmann constant 

T = temperature of emitting surface 

Ta = ambient temperature 

Qc = heat loss due to convection 

h = heat transfer coefficient 

T = temperature of the surface 

Ta = ambient temperature 

A2 = area of the convective surface 

(6 ) 

(7) 

An ambient temperature of 300°K and a wind velocity of 10 m/sec were used for the heat loss calculation from the above equations. 

Simulation Results 

For each of the points in the parameter list, the following variables were determined: 

• power redirected by the collector aperture 
o power entering the cavity receiver 
• power retained within the receiver 
o power distribution on the receiver cavity walls 

The total power redirected is the amount of solar radiation inter­cepted by the collector aperture multiplied by the reflectance of the dish surface . The power entering the receiver cavity is slightly less than 



the collected power because some rays get misdirected due to the dish 
surface irregularities. 

The power retained within the receiver is that power which remains 
after the heat losses through the receiver aperture are considered and 
this retained power is also the net power in the cavity receiver. 
Finally, the power distribution is a flux map of the power on the receiver 
wall. The detailed results of the parametric study (3) are not being 
presented here for consideration of space. However, from all the data 
obtained it was determined that for the collector diameter range studied, 
the optimum concentration ratio and the optimum rim angle are 2000 
and 60 degrees, respectively. 

For the concentration ratio of 2000, the effect of rim angle variation 
on the net power for various collector diameters is shown in Figure 4. 

The net power becomes sensitive to rim angle for larger collector 
diameters. Larger rim angle means that the receiver is located closer 
to the dish and would need larger aperture opening to receive the redir­
ected energy. Larger aperture produces larger reradiation losses and 
the net power goes down. For smaller rim angles, the receiver is 
located farther away with more rays missing the aperture opening, 
therefore reducing the net power at the receiver. 

Figure 5 shows the variation of net power as a function of concen­
tration ratio for :various collector diameters when the rim angle is held 
at 60°. The curves dip sharply for smaller concentration ratios as the 
increased aperture area contributes to the increase in power loss. 

For the optimum 9r and Cr, the power entering the cavity receiver, 
the power lost, and the net power in the receiver as a function of aper­
ture area are shown in Figure 6. The collector diameter is also shown 
for reference. This is a working curve which gives the collector dia­
meter for a desired power level. In the range of collector diameters 
studied, the net power is seen to be directly proportional to the collec­
tor aperture area. 

THERMODYNAMIC AND HEAT TRANSFER ANALYSIS 

Analytic Approach 

Analyses in three areas. namely: Brayton cycle turbine performance, 
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Figure 5. Net Power as a Function of Concentration Ratio 
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heat transfer with direct heating, and heat transfer with indirect heating, 
were conducted to define the operating conditions for a high efficiency 
Brayton cycle application utilizing solar thermal energy. 

The regenerative and non-regenerative Brayton cycles were analyzed 
for both air and helium as the working fluid. For reasonable initial 
fluid pressure and temperature, the cycles which provide the best 
performance within the range of expected cycle operating conditions 
were identified. This parametric analysis included losses and various 
component efficiencies so that realistic cycle efficiency could be 
predicted. 

The heat transfer to the working fluid was parametrically analyzed 
for the case where the heat source tubes are directly heated by concen­
trated solar flux. The parameters varied were the tube dimcinsions, 
working fluid inlet velocities, and incident r-.~diant flux intensity. The 
heat transfer results were integrated with the Brayton cycle analysis 
to determine the highest attainable cycle efficiency. Direct solar heating 
of the heat source tubes creates temperature variations around the tubes 
which define the operating temperature limits due to thermal stresses 
within the tubes. 

Another area of investigation was the effect of indirect heating of the 
heat source tubes on the cycle efficiency. Provided this can be accom­
plished utilizing solar energy, it is seen as a technique for higher 
temperature operation with low thermal stresses in the heat source tubes. Brayton Cycle Analysis 

For an ideal Brayton Cycle, the efficiency incr~ases with the pressure 
ratio, The cycle performance also increases when the maximum 
temperature before isentropic expansion is raised to the highest achiev­
able point. However, this temperature is usually limited by the turbine 
materials or by the temperature attainable from the heat source. The 
regenerative Brayton Cycle has merit because the temperature of the 
turbine exhaust is greater than that of the compressor discharge. As 
a result of the regenerative heat exchange, the heat source must only 
raise the temperature of the working fluid part of the way, thus reducing 
the amount of heat input to the cycle. 

The actual performance of a gas turbine differs from that of an ideal 
cycle primarily because of turbine and compressor irreversibilities 
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(inefficiencies) and pressure losses in gas flow passages, heat sources 
and heat exchangers. Therefore, the state points for a real gas turbine 
(dotted line) would be as shown in Figure 7. 

T 

2s 

1 

s 

Figure 7. Comparison of Real and Isentropic Cycles Using the nomenclature of Figure 7, the efficiencies of the turbine 
and compressor can be defined as follows: 

:: 
h2s - hl 

where: h is enthalpy of the 
n C h2 - hl 

working fluid at the state points indicated h3 - h4 
n C 

= 
h3 - h4s 

(8) 

(9) 
One final characteristic of a real Brayton cycle should be recognized. 

The work required to drive the compressor is a substantial amount of 
the work produced by the turbine and, while it can vary greatly depending 
upon the cycle operating conditions, it is, in conventional turbines, on 
the order of two-thirds of the turbine output. This is particularly 
important in the consideration of real cycles because the effect of cycle 
losses is to increase the amount of compressor work required while 
reducing the amamt of turbine work available. 

Analytic Results -- The performance of the candidate prime mover 
systems was evaluated parametrically in an attempt to identify the cycle, 
and the operating conditions, best suited to efficient conversion of solar 
energy. The following parameters were evaluated: 
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• Turbine Inlet Temperature e Compressor Pressure Ratio • Heat Source Pressure Losses • ·Initial Gas Pressure (ambient for the open cycle) • Initial Gas Temperature {ambient for the open cycle) 
Initial analyses were conducted to determine desirable and reasonable base conditions {initial gas pressure and temperature) for the cycle in question. After establishing the base conditions, the cycle performance was parametrically studied as a function of the three remaining para­meters. The results of these analyses were interpreted and a set of cycle operating conditions were chosen that optimized cycle efficiency with the expected operating regime of the heat source. The component efficiencies used in the analysis were turbine efficiency of 0. 85, compressor efficiency of 0. 80, and regenerator effectiveness of 0. 90. The results summarized here are for air as the working fluid. Detailed analytical results for both air and helium have been presented in a separate document (~_). 

Figure 8 shows the optimum pressure ratio determined for the air, regenerative cycle. The base conditions here are 14. 6 psia and 70°F. 
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Figure 8. Cycle Efficiency as a Function of Pressure Ratio, Air Regenerative Cycle 
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A pressure ratio of 3. 5 was determined to be optimum for this cycle . 

Figure 9 shows the increase in cycle efficiency with increasing turbine 

inlet temperature. For the case where the tubes are uniformly heated 

circumferentially. a temperature of 1950°F at the turbine inlet could 

be achieved with the resultant cycle efficiency of 43 percent. At 1 700°F 

turbine inlet temperature, a cycle efficiency of 38 percent is obtained . 

Both efficiencies are for a 1. 2 psia pressure drop. 
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The air, regenerative Brayton cycle achieves higher efficiency than 

the helium cycle examined for same turbine inlet temperatures. This 

is due to lower compressor inlet temperature (ambient air temperature) 

and because the lower operating pressure of the open cycle allows thinner­

walled heat source tubing which decreases the thermal stresses allowing 

higher working fluid temperatures at the turbine inlet. Heat Transfer Analysis 

One method of heating the pressurized gas in the heat source is to 
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flow the gas through tubes and externally irradiate these tubes with redirected, concentrated solar energy. An analysis using computer simulation was performed to determine that combination of independent parameters which yield the highest cycle efficiency. The parameters studied were the tube inside diameter (I. D. ), the diameter ratio (0. D. to I. D. ratio}, the gas inlet velocity, and the solar flux intensity. 

Two types of incident radiative fluxes were used, uniform and tailored. The uniform flux was held constant both circumferentially about the tube and axially along the tube. The tailored flux differs from the uniform flux in that it is not constant along the tube axis and changes in magnitude along the tube le!}gth to maintain the tube stresses everywhere just below the design limit. As with the uniform flux, the tailored flux is circum­ferentially uniform. 

From the analysis, the same independent parameters were found to have identical optima for both types of incident radiative fluxes. The optimum tube I. D. is 0. 25 inch, the optimum tube diameter ratio is 1. 5, and the optimum inlet velocity is 50 feet per second. Tube I. D. of 0. 25 inch was the smallest diameter considered in the study. It was seen that larger tube OD to ID ratios provide increased thermal efficien­cy but higher thermal stresses force the tube diameter ratio towards smaller values thus giving an optimal condition of 1. 5 diameter ratio. The thermal heat transfer efficiency increases as the gas inlet velocity decreases. This is primarily due to the lower pressure drop at lower gas velocities. 

The uniform flux assumption may seem academic but is viewed as one that is necessary for satisfactory cycle efficiency. Thermal stress considerations show that outlet temperatures of about l 700°F, a tempera­ture non-uniformity around the tube of one percent will cause sufficient stress to fail the tube. When larger temperature non-uniformity is present, the gas outlet temperature would have to be lowered thus sacrificing operating cycle efficiency. 

The non-uniformity of solar flux on the tubes in the heat oo urce could be minimized by indirect heating through another medium. bne such medium would be a fluid bath heated with solar flux. The thermal ana­lysis was extended to briefly analyze such a concept . 

Lithium Chloride (LiCl) was selected as the material for the bath concept primarily because of its availability and convenient melting point 

307 



(1130°F) and boiling point (2520°F). This selection was not intended to 
be optimum, but was made only to study a representative fluid. The results show that when air is used in the cycle the optimum heat 
source parameters are: tube ID of O. 25 inch, tube OD of 0. 2 9 inch, gas 
inlet velocity of 50 feet per second and the liquid bath temperature of 
2000°F. Figure 10 shows that a cycle efficiency of 43. 5 percent could 
be obtained under the · above conditions . 
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F igure 10. Cycle Efficiency as a Function of Tube Outside Diameter It was determined that the required heat transfer from the liquid 
surrounding the tubing to the working fluid can be effected with reasonable 
tubing length. The tube length needed to attain the exit temperature 
with air is 3 feet with a pressure drop of less than 0. 5 psia. CONCLUSIONS 

The simulation results show that the paraboloid of revolution dish 
collector could be used for concentrating solar energy into a cavity 
receiver to generate temperatures up to 1700°F, and thereby heat a 
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working fluid to operate a thermal engine. The complete size optimiza­tion of the dish collector can only be conducted by making a detailed de­sign of the collector module and then conducting a cost and performance tradeoff of the collector system. For electrical power generation, the performance efficiency of a gas turbine operating on the Brayton cycle was also estimated during the program. A high overall efficiency could be obtained by using the concept of a dish solar concentrator and air Brayton cycle turbine to generate electrical power at the collector module and thus to satisfy small scale power needs at the point of use . 
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