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ABSTRACT

Analytical foundations are laid down for evaluating the
performance of dish-Brayton power systems. The dish-Brayton power
system analyzed here included three subsystems as part of the system:
collector, receiver, and engine. This groundwork includes various
assumptions and approximations that were used in developing the
subsystem models and integrating them to a system model. Such a
system model, apart from being able to evaluate the performance of the
system, can be used in analyzing the system to delineate the effect of
possible advanced technology improvements on overall system
performance.

Based on the above analytical foundations, models are developed
for collector, receiver, and engine subsystems. These models are
integrated via a computer code to obtain a system model of the
dish-Brayton power module. The design variables and operating
variables of the various components are used as input to the model.
The model evaluates system efficiency in terms of subsystem
characteristics and determines optimum system efficiency for each set
of subsystem characteristics.,

The computer model is structured such that the various operating
conditions and the component variables are input to the code. This
flexibility of the computer code is well suited for performing a
sensitivity analysis which will show the effect of input variables on
system efficiency. Such an analysis is expected to indicate those
areas of the power system which have greatest potential for system
efficiency improvement.
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SECTION I

INTRODUCTION

This report presents the analytical foundations that are
required for evaluating the performance of a dish-Brayton system
(DBS). These foundations are the basis for developing a computer
model which is capable of simulating steady-state performance of the
dish-Brayton system. The dish-Brayton system studied in this work
consists of the following three elements:

(1) Point-focusing parabolic dish concentrator
(2) Cavity receiver
(3) Brayton cycle engine (gas turbine)

The point~focusing parabolic dish concentrator (henceforth
referred to as dish) system consists of a reflective surface for
focusing the incident solar insolation (sunlight), a structure to
support the reflective surface and a tracking mechanism. Due to
imperfections of the dish surface, the reflected insolation at the
focus will be spread over a larger area than that of a perfect optical
surface, A cavity receiver located at the focus of the dish collects
this reflected insolation. The reflected solar energy enters the
receiver cavity through a circular aperture which is located at the
the focal plane of the dish. The solar energy collected by the cavity
receiver is transferred to the Brayton engine through a heat exchanger
located in the receiver., Depending on the type of gas turbine
utilized (open or closed cycle) the same heat transfer fluid may be
used as working fluid for the engine. This thermal energy drives the
Brayton engine which in turn drives a generator or an alternator to
produce electricity,

The Brayton cycle engines are very well suited for applications
with dish systems from two considerations: high performance of the
Brayton engine at elevated temperatures, and compactness of the
Brayton engine for a given rating. The dish system has high optical
collection efficiency and high temperature attainability; this suits
the Brayton engine well, In the past, the development of smaller
sized (below 150 hp) Brayton engine has been hindered by the lower
performance of the engine due to leakage and pressure losses. Also,
operating temperatures were limited since blade cooling techniques
were not considered to be practical for small engines. Follow on
studies to be made with the computer model are expected to point out
the potential for improving the performance of small Brayton engines
in terms of improved component performance and operation at higher
temperatures through use of ceramic materials.

The study includes the thermodynamic analysis of the various
components which compose the power system, The approach which has
been adopted in this analysis has been to create a parametric
characterization of the various system components., The parametric




characterization was then used to develop a model which simulates the
thermodynamic performance of the system. This will allow the
component characteristics of the power system tobe individually
optimized in order to identify the best combined system performance
where the system model accounts for the interactions among

components. The results of this activity allow a sensitivity analysis
to be performed which will determine the most potentially productive
areas for future research and development activity. The computer
model developed in this study is capable of evaluating the performance
of both the open and closed Brayton cycle system with a variety of
working fluids.




SECTION II

CONCENTRATOR CHARACTERIZATION

A. OVERVIEW

The concentrator reflects the sun's energy toward its focal
point where the concentrated solar energy will enter the receiver and
be available for conversion into useful work. The performance of the
solar receiver at a specified receiver temperature, as measured either
in terms of useful output or efficiency, improves with increases in
the quantity of energy which it receives from the concentrator.
Furthermore,it has been found that the quality of the concentrator
reflecting surface is the predominant factor which governs receiver
reradiation losses; a high quality surface is able to reflect the flux
through a small receiver aperture having corresponding small
reradiation losses.

A point-focusing parabolic dish has been selected as the type of
solar concentrator to be evaluated in this study. This type of
collector is well suited for operation with a gas turbine due to its
high optical collection efficiency and ability to produce high
temperatures. These high temperatures are ideally suited to the
Brayton engine which requires high temperature for efficient
operation. Point-focusing parabolic dish concentrators possess
stringent pointing accuracy requirements which necessitate that such a
system be equipped with a control system capability of two-axis
tracking of the sun to ensure the correct orientation of the sun dish
relative to the sun in order to obtain the maximum solar radiation.

This section of the report will describe the method by which the
quantity of solar energy that will enter the receiver from the
concentrator is determined. For the purpose of assisting in this
description, a simplified sketch of the collector system is shown in
Figure 2-1. A solar collector is defined as being comprised of a
concentrator and a receiver as well as their attendant foundation,
structure, and control mechanism.

B. FLUX DISTRIBUTION

A point focusing solar concentrator receives solar energy
(insolation) from the sun and produces an intensified solar flux
distribution at the focal plane of the concentrator. In this study a
representative value of 800 W/m2 or 74.324 W/ft2 is used for the
insolation incident on the concentrator.

The approach used in this analysis assumes that a radially
symmetric solar flux distribution is produced at the concentrator
focal plane as a result of the sun's finite image and the various
reflector errors, The definition of a radially symmetric distribution
is one that is a function only of the radial distance from its center
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Figure 2-1 Simplified Sketch of Solar Collector

and is not dependent upon the angular displacement. Consequently any
slice through the center of the flux distribution will be identical
with any other slice. Furthermore if a relatively high quality
concentrator is aimed directly at the sun, the resultant flux
distribution tends to be approximately Gaussian with a standard
deviation of 0g. Since the assumption of a Gaussian flux
distribution is accepted fairly extensively in the literature and
greatly simplifies the analysis, it is henceforth employed in this
study.

The most significant parameter which affects the flux
distribution is the slope error of the concentrator which can be
related to the standard deviation Og. This aspect will be dealt
with later in this report.

The quantity of concentrated solar enmergy which is represented
by the flux distribution is a function of the insolatiom, INS,
incident upon the concentrator, the concentrator surface area (AL),
and the solar reflectivity of the concentrator surface (P.) and can
be expressed by the following equation:

Qcon = (INS) (AC) (PC)

By using the previously given
meter parabolic dish with a surface
Qcon €qual to 50,265 watts. Having
essential step is the determination

value for the insolation, a 10
reflectivity of 0.8 has a value of
evaluated Qq.op, the next

of the quantity of concentrated

solar energy, Qar, which is accepted by the receiver located at the
focal plane of the concentrator. By momentarily ignoring the presence
of tracking and reflecting errors, it can be seen that if the radius
of the receiver aperture is quite large, say 30; to 40g where Og

was previously defined as a standard deviation of the Gaussian flux




distribution, then virtually all of the concentrated energy will be
received. However, if the aperture radius is small, say 1 og, or if
the flux distribution is not centered in the aperture of the receiver
(due to pointing errors), then the total received emergy, Qay, will
be noticeably less than Qg.gp.

The relationship of Q.o, and Qa1 as a function of the solar
flux distribution is shown in Figure 2-2 in terms of the dimensionless
parameter, RA/DC, where RA is the radius of the receiver aperture and
DC is the concentrator dish diameter.
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Figure 2-2 Solar Flux Distribution

c. OPTICAL ERROR

As was previously mentioned, optical errors which are a result
of imperfect concentrator reflective surfaces are the predominant
factors to be considered in the production of the focal plane solar
flux distribution. Consequently the quality of the concentrator
reflecting surface tends to be an important factor which influences
the cost of the concentrator since the surface accuracy is governed by
manufacturing tolerance which is in turn directly related to the
construction cost,

These optical errors include slope errors, contour errors, and
specular errors. Slope errors are defined as relatively small local
deviations in the slope of the reflective surface. Contour errors are
larger deviations than slope errors and are usually a result of
inadequate structural support or dynamic deflections. Specular errors
have the effect of spreading the concentrated light beams and are a




result of the quality of the reflective material which is utilized.
The surface error of the reflective surface is defined as the angular
deviation of the surface normal from that of a perfect geometry; it
includes both the slope errors and the contour errors.

The primary effect which results from these errors is the
spreading of the solar flux distribution which is generated at the
focal plane of the concentrator. Consequently as the flux
distribution is enlarged, a greater receiver aperture is necessary in
order to gather a given percentage of the total flux and the geometric
concentration ratio (concentrator area/receiver aperture area) of the
collector is reduced.

The literature illustrates that, because of the highly
interactive relationship between the quality of the concentrator and
the characteristics of the heat engine, any reduction of the optical
surface errors always results in an improvement of the performance of
the system. Furthermore the performance improvement becomes more
significant as the temperature increases.

The previous work performed by Hughes (Ref. 1 and 2) and Poon
(Ref. 3) was essential in analytically determining the effect of the
reflective surface slope error upon the quantity of concentrated solar
flux which is gathered through the receiver aperture. Their work
consisted essentially of the following basic steps:

(1) The solar flux intensity for various concentrator slope
errors, Os, was plotted against radial distance
normalized to concentrator diameter ratio, (RA/DC).

(2) These plots of flux distribution were curve-fitted in
order to obtain the normalized Gaussian flux distribution
and to determine the standard deviation, Og.

(3) The values for O were then used to calculate the
intercept factor (¢ ).

The effect of specular spreading can be included in the

calculation of intercept factor by using an equivalent error. This
equivalent error is calculated by (Ref. 9):

==v['2 N 2
Oeq Ts Osp /4

where:

P specular spreading error

Oeq = equivalent error




To include the specular spreading effect in the calculation of
intercept factor, Ceq is used in step (1) in the place of Os of the
above procedure.

D. POINTING ERROR

An additional error mechanism which is present in all solar
collector systems is the pointing error (&8 ), which is defined as the
angular offset difference between the center of the receiver aperture
and the center of the solar flux distribution generated by the
concentrator. Included within this category of errors are relatively
constant or slowly time varying sources of inaccuracy such as
atmospheric refraction and misalignments. Other errors within this
class are of a more transient nature and can be originated by wind
load deflections and control system hysteresis. Nevertheless, the
pointing error must be interpreted as being the instantaneous value,
and it may indeed vary with time.

Except in an ideal case, the geometrical center of the receiver
aperture does not coincide with the center of the generated solar flux
image due to the concentrator pointing error. An illustration of this
phenomenon is given in Figure 2-3. Consequently, an increase in
pointing error results in a smaller quantity of energy being directed
through the receiver aperture. Obviously, the presence of a pointing
error then represents lost energy, and it is advantageous to determine
the cost effective limits of minimizing this error by such means as
more precise sensing, more frequent calibration, and decreasing the
mechanical errors in the control system gears and motors.

Solar Flux Distribution

Receiver Aperture

Lost Energy

Figure 2-3 Concentrator Pointing Error ( § )




As a result of the previous discussion, it can be seen that
pointing or tracking errors are distinct from the class of errors due
to optical deficiencies (i.e. slope, contour, and specular errors).
The optical errors are responsible for determining the resultant shape
of the solar flux distribution at the focal plane of the concentrator,
while the pointing error (for values less than approximately 1°)
merely varies its locational relationship to the receiver aperture
which changes only the intercept factor ( ¢ ) resulting in reduced
efficiency.

Each given control system will have an inherent pointing error
behavior and this characteristic will affect only the value of the
intercept factor. A rigorous analysis of the pointing error is given
by Hughes (Ref. 1 and 2). Using existing control techniques, pointing
errors can be made small compared to optical surface errors.
Therefore, for the purpose of this analysis which is the computer
modeling and optimization of the collector system (concentrator,
receiver, heat engine, etc.), the value of the pointing error is
assumed to be zero (8= 0). This is a valid simplification
considering that present study goals are not inclusive of the tracking
or control scheme to be employed.

E. INTERCEPT FACTOR

The intercept factor ( ¢ ) is a term quantifying the percentage
of concentrated solar energy that actually enters the receiver (Qay)
and is subsequently available for further energy conversion. The
accepted value of the intercept factor is a statistical expression
that is a function of the long term average pointing errors from the
control system ( §), the radius of the receiver aperture (RA), and the
standard deviation of the solar flux distribution (9g). As was
previously described, a principal assumption that was made to simplify
the derivation of the intercept factor is that the solar flux
distribution which is created by the concentrator reflective surface
is Gaussian at the focal plane.

The equation for the intercept factor in consideration of the
assumptions given can be expressed as follows:

2 2 .
RA"/2 % , when § (pointing error) = 0

p=1-

1f the size of the receiver aperture is small in relation to the
concentrated flux distribution or if the midpoint of the flux
distribution does not coincide with the geometric center of the
receiver aperture, then the total quantity of emergy entering the
aperture will be perceptibly less than the ideal (100 percent). The
percentage of energy which is actually captured in the receiver is
defined as the intercept factor. Obviously the performance of the
receiver is directly related to the intercept factor, and the equation
that represents the quantity of energy that enters the receiver from
the concentrator can be given as follows:




Qa1 = (Qcon? ( ¢ )

In conclusion, for a selected receiver temperature it should be
noted that the intercept factor ( ¢ ) reflects the effect of complex
optics and tracking on the determination of the energy entering the
receiver,




SECTION III

RECEIVER CHARACTERIZATION

A. OVERVIEW

The amount of solar thermal energy collected at the cavity
receiver and transferred to the transport fluid is significantly
influenced by the receiver characteristics. The major parameters of
the receiver influencing its efficiency (defined by the ratio of solar
energy entering the cavity to the thermal energy transferred to the
transport fluid) are: the receiver configuration, aperture diameter,
receiver immnerwall properties, and receiver insulation. Two receiver
configurations were analyzed in this study - conical and cylindrical.
The cylindrical receiver is analyzed in greater detail.

B. RECEIVER CONFIGURATIONS

A major portion of heat loss from the receiver is through the
aperture opening. In the actual design of the receiver, the receiver
configuration is chosen based upon the ease of construction and its
ability to achieve the highest possible efficiency for a given
aperture diameter.

The conical configuration is simpler from the point of
calculating the quantity of reflected radiant energy from the walls
escaping through the aperture. However, most of the studies (Garrett
(Ref. 4) and others) indicate that a cylindrical configuration is the
most suitable from the aspect of receiver construction.

In the case of a cylindrical configuration, the solar flux
incident on the cavity walls is affected by the ratio of cylinder
height to diameter. For the parabolic dish considered in this study
the ratio of dish focal length to dish diameter (£/DC) is 0.6. The
cylindrical receiver analyzed in this work has a ratio of 0.5 for its
height to diameter. For this dish-receiver configuration, most of the
solar flux entering the cavity will be incident only on the bottom
wall of the receiver. The heat transfer fluid removes the heat from
the receiver by passing through the heat exchanger located near the
bottom wall. A schematic of the receiver with the incident solar flux
is shown in Figure 3-1.

A change in the value of cylinder height to diameter ratio for a
given dish configuration affects the flux distribution on the receiver
walls. For ratios smaller than that of the dish (£/DC), all of the
solar flux will be incident on a small portion of the bottom wall.
Whereas for larger ratios the solar flux will be incident on both the
bottom wall and the side wall. One advantage of containing the
incident solar flux within the bottom wall is the resulting lower
temperatures of the side walls; at lower temperatures the radiation
heat loss from the side walls will be smaller.
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Figure 3-1. Recelver Schematic

C. HEAT LOSSES IN THE RECEIVER

The heat losses in the receiver can be classified into three
groups: radiative losses from inner walls through the aperture,
radiative and convective heat losses from receiver outer walls, and
convective heat loss through the aperture.

1. Radiative Heat Losses Through Cavity Aperture

The radiative heat losses through the aperture from the cavity
walls are evaluated from the view factors and radiosities of the
walls. For the purpose of evaluating these factors the inner surface
of the cavity is divided into three parts - bottom wall, side wall,
and top surface around the aperture. Three basic view factors are
computed and used for calculating all of the view factors between the
three surfaces. The three basic view factors are: between bottom
wall and aperture, between bottom wall and aperture plus the top ring,
and between side wall and the aperture plus the top ring. The view
factors between bottom wall and aperture and between bottom wall and
aperture plus the top ring are given by:

_ A 2 2 2
Fba = 0.5 (Xl X1 4E1 D)
g _1/ 2,2 2
Fbat = 0.5 (Xz X2 4E2 D)
where:
Fha = view factor from bottom wall to aperture
Fpat = view factor from_ bottom wall to aperture and top ring
X, = [1 + (1 + E%) p?
Eq = ratio of aperture radius to cavity height, RA/H
D = ratio of cavity height to cavity radius, H/RB

12




2, .2
9 [1 + (1 + Ez) D ]

ratio of cavity radius to cavity height

>
]

=1
N
1

The view factor between side wall and aperture is given by:

, H
F = 2RB -/‘ y dy
sd 2 2.2
(y° + RBY)

The above three view factors are used (along with the
reciprocity law and the relationship that the sum of the view factors
for a surface inside the cavity is unity) for evaluating the remaining
view factors for the receiver surfaces. An energy balance equation is
written for each of the three surfaces in terms of radiosities. The
resulting three simultaneous equations in terms of surface radiosities
are as follows:

(—Ab/pb) I, * (As Fsb) I+ (At Ftb) J, = A Eb/Pb - QAI
(Ab Fbs) Iy - (As (1'Fss)/‘§) JS + (At Fts) Jt =0
(Ab Fbt) Iy + (As Fst) JS - (At/ot) J. = 0

where:

Ay, Ag, A = surface area of bottom, side, and top
ring of the cavity

Jps Jgs J¢ = radiosities of three surfaces

Pps Pgs Pp = reflectance of three surfaces

Fij = view factor from surface i to surface j,
b: bottom wall, s: side wall, t: top ring

_ , 4

Eb = emitted energy from the bottom wall, Tb

€ = emissivity of the walls

QAT = solar energy entering the cavity

13




In writing the last two equations, it is assumed that the
incident energy, G, on the surface is equal to radiosity, J. This
relation approximately holds for cavity walls whose exterior sides are
well insulated. The simultaneous equations are solved for
radiosities; the radiative heat loss through the aperture is
calculated from:

Qo = Fpa Jp *+ Fga Jg

2. Radiative and Convective Heat Losses from the Outer Walls

The heat losses from the outer walls of the receiver consist of
two parts: convective losses and radiative losses. 1In Figure 3-2, a
circuit analogy of the various heat losses from the receiver walls is

shown.
Convection A, - Rec. outer wall area
1/h, A, Too Am - Rec. mean wall area
vﬂa&--~———————‘ € - Surface emissivity
Conduct ion c 0 - Boltzmann constant
t - Rec. wall insulation
T t/kAm thickness
rec .
P———ANAAAAA e . k - Th
> Radiation ermél con@uct1v1ty
k of insulation
qr T ho - Rec. outer wall heat
AAAAAAA A~ P transfer coefficient
(r - 4 4
WO Tm)/Aocre(TWO -7

Figure 3-2. Receiver Wall Heat Losses

The wall temperature, T is calculated from the equation:

wO?

U (Trec = Tyo) = Ue (Tyo = To) + Up (Tyg = Tp )

where:
Ak =  conductive heat loss
qc =  convective heat loss
qr =  radiative heat loss ‘
Uy Uy Uy =  conductive, convective and radiative
heat loss coefficients
Trec = receiver bottom wall temperature
Te = ambient temperature

14




The radiative and convective heat losses from the wall are gliven

Q = Uk (Trec = Two)-
3. Convective Heat Loss Through the Aperture

The convective heat loss through the aperture cannot be easily
described in an analytlcal form. 1In the present study convective heat
loss through the receiver aperture is calculated by using the relation
(based on the aperture area, Ref. 5):

Quy = Aap by (Trec = Too)

where Qpy is the convective heat loss, Aap the aperture area, and
hy is the convective heat loss coefficient. The convective heat
loss coefficient, hy,, is the sum of the natural convective heat
transfer coefficient, hypy, and the forced convective heat transfer
coefficient, hyf. These convection coefficients are given by the
correlations:

hyp = 0.0013 (Tyee =~ Tep) 173

hyf = 0.002 V

where hyp and hy¢ are in kW/m2 ©C, T,... and T are in °C,
and V, the wind velocity (assumed here to be 2m/sec).

The total heat loss from the receiver is the sum of the
following: radiative heat loss through the aperture, radiative heat
loss from the outer wall, convective heat loss from the outer wall,
and convective heat loss through the aperture.

D. OPTIMIZATION FOR APERTURE RADIUS

The amount of solar energy that enters the receiver cavity, for
a given dish with a specified slope error, depends on the aperture
diameter. 1In Figure 2-2 it was shown that for smaller aperture
openings a lesser amount of solar energy enters the cavity. At the
same time it was shown in Section III-C.3 that for larger aperture
openings, a greater amount of heat was lost by radiation through the
aperture opening. The present computer model is constructed such that
an optimization procedure is used for choosing the aperture radius.
In this scheme, the aperture radius is reduced in steps, and the
receiver performance is evaluated. The receiver efficiency is defined
by:

% T %o T T Yy
ree oL
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where:

QcoL = solar energy collected by the dish

Qa1 = solar energy entering the cavity

Qa0 = radiative heat loss through the aperture
opening

QL = convective and radiative heat loss from
receiver outer surface

QLy = convective heat loss through aperture opening

When the aperture diameter is reduced, both Qa1 and Qup
decrease for a given value of Qggp. In the above optimization
scheme, the optimum aperture size is that at which the receiver
efficiency is the highest.

E. TEMPERATURE DISTRIBUTION IN THE CAVITY

The temperature distribution in the cavity is affected by the
receiver configuration along with the cavity surface properties and
the aperture size. The manner in which the transport fluid removes
the heat from the receiver also affects the temperature distribution
in the receiver. TFor receivers where the heat transfer fluid enters
near the cavity aperture opening and exits at the bottom wall, the
temperature difference between the surfaces could be as high as
8000F; the highest temperatures will be reached at the bottom wall
which is designed as a reradiating surface.

For the receiver used in the present study, all the solar flux
entering the cavity is incident on the bottom wall; the heat from the
receiver is assumed to be removed from the bottom wall.

For the purpose of evaluating the radiosities of the cavity
walls, the bottom wall of the receiver is assumed to be maintained at
a constant temperature, T,roc. The radiosities and, hence, the wall
temperatures are evaluated with this assumption. The manner of heat
removal from the receiver considered in this study, makes it differ
from those which are generally used in dish-engine systems. However,
a preliminary check shows that the results from the present model
compare favorably with those of other receivers (Ref. 6). This
comparison indicates that the results are not a strong function of
cavity design for the range of wall to aperture areas being considered
(A,/A,~80). Therefore, this model provides representive trends
within the limits of other design uncertainties.

The receiver wall temperatures are determined from the following
relationships:

Tt = 4 Jt/o-

Tg = 4 Jglo
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Depending on the receiver temperature and the ratio of cavity
surface area to aperture area, the side wall and the top ring
temperatures may be slightly above the receiver bottom wall
temperature.
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SECTION IV

ENGINE CHARACTERIZATION

A. ENGINE SUBSYSTEM

The conversion of heat to mechanical work in heat engines is
accomplished by adding the thermal energy to the working fluid at an
elevated pressure confined within the engine and, subsequently,
allowing the working fluid to produce mechanical work during a
restrained expansion process. Any such heat engine must carry the
working fluid through a sequence of thermodynamic states in order to
convert thermal energy to useful work.

A heat engine is traditionally described according to the
thermodynamic cycle on which it operates. A particular thermodynamic
cycle is comprised of the sequence of processes that the working fluid
undergoes within the confines of the heat engine. In addition to the
thermodynamic cycle of a heat engine, it may also be commonly
classified as being either an open-cycle or a closed-cycle machine.

In an open~cycle machine, the working fluid is inducted into the
engine from the surroundings. It is passed through the engine,
therein absorbing heat and producing work, and is then exhausted to
the surroundings. In a closed-cycle machine, the working fluid is
completely contained within the machine and is recirculated to
repeatedly execute the thermodynamic cycle. The heat addition and
rejection processes are usually accomplished via heat exchangers.

This study has concentrated solely on the Brayton cycle engine
as the heat engine which would be utilized. The ideal thermodynamic
cycle of the Brayton engine consists of:

(0 isentropic compression

(2) constant pressure heat addition (partly regenerative)
(3) isentropic expansion

(4)  constant pressure heat rejection (partly regenerative)

Brayton cycle engines may also be configured without thermal
regeneration, and they may be used as either closed-cycle or
open—cycle machines.

Today, the term "Brayton cycle engine'" is virtually synonymous
with gas turbine engine. Consequently, hereafter the term Brayton or
Brayton engine is used in this report as a shorthand way of referring
to a Brayton cycle gas turbine engine. At present, the gas turbine
engine is widely used in large commercial aircraft and in many
stationary applications, where its ability to run efficiently over
only a narrow speed range is not a handicap. The gas turbine engine's
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simplicity, high specific power, heat source versatility, and
smoothness of power delivery has made it a desirable choice for many
applications.

The basic open Brayton engine cycle includes four thermodynamic
processes. These are described by the following steps:

(1) Compression of the working fluid from ambient pressure to
an elevated pressure

(2) Addition of heat to the working fluid at the constant
elevated pressure

(3) Expansion of the working fluid back to ambient pressure,
with extraction of useful work, and

(4) Rejection of working fluid at constant pressure to
atmosphere

One major distinction between Brayton machines lies in whether
they operate on an open-cycle or closed-cycle. In an open-cycle
machine, the working fluid is predominantly the ambient medium, i.e.
air, which flows through the machine and out. A schematic for such a
open—-cycle is shown in Figure 4-1.

In a closed-cycle machine, the working fluid is a separate
medium, totally confined to the engine and cyclically recirculated
through the basic processes. Heat is added to the working fluid
through a heat exchanger and the source of heat may be any convenient
heat source such as, in this case, solar radiation. Any
noncondensible gas, including air, could be used as the working fluid,
but good efficiency and high power output dictate that the gas be
selected for superior thermodynamic properties; helium and hydrogen
are widely used in closed-cycle turbines. Such a closed-cycle Brayton
engine is illustrated in Figure 4-2.

For a given pre-expansion gas temperature, high thermal
efficiency can be obtained using a more moderate expansion ratio
across the turbine, together with effective post-expansion scavenging
of residual heat from the turbine exhaust. The scavenged heat energy
is returned to the working fluid after compression, through a heat
exchanger. This type of configuration is commonly called regenerated.
A schematic for a open-cycle regenerated engine is given in Figure 4-3.
The ideal regenerated Brayton cycle is shown in Figure 4-4.

B. BRAYTON ENGINE THERMODYNAMICS

The thermodynamic processes of Brayton cycle engines are
amenable to convenient mathematical representation. Consequently, the
per formance of Brayton engines may be adequately estimated via
analytical techniques. The utilization of such techniques is usually
limited only by the availability of performance data on individual
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components of the engine. The Brayton engine differs fundamentally
from the intermittent internal combustion engines in that the
processes of compression, heat addition, and expansion occur
continuously within the separate and distinct components (Ref., 7).
The parameters which describe the performance of the major Brayton
engine components —-— such as compressors, turbines, and heat
exchangers -- are discussed in the next part of this section.

The work output of a Brayton engine may be obtained by
algebraically summing the work produced (or absorbed) by the various
components of the engine over the prescribed thermodynamic path of the
working fluid. Considering the heat addition from the
high-temperature source only, in conjunction with the definition of
thermal efficiency yields the cycle thermal efficiency, eng» as:

neng - qh

where wy is the work produced in the expansion process, W, is the
work absorbed in the compression process (a negative quantity), and
qyp is the heat added from the high-temperature source.

By taking into account the relations for isentropic changes of
state in an ideal gas and the steady flow energy equation, the cycle
thermal efficiency may be estimated by computing w., wy, and
qh. The work of compression, w., per unit mass of working fluid
is given by:

we = (1/ ) cpa Tei (1 - r®)

The turbine work per unit mass of working fluid, We, is given
by:

- O CVICRIRS'

The heat input per unit mass of working fluid, qp, is given by:

dh = cpg (Tyj = Tpi)

. The working fluid temperature at the outlet of the regenerator,
Tpi, is given by:

Thi = Teo (1 = €) + € Tyg

The working fluid exit temperatures at the compressor, T.,,
and turbine Ty,, are given by:

Teo = Tei (1 - 1/ng +r¢/nc)

Teo = Tei (1= ne + ng (1/(pr))¥)
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The turbine inlet temperature, Tyj, is related to receiver
temperature, Tyroc, by

Tri = Trec = 8Trec

where:

= compressor pressure ratio

Tci = compressor inlet temperature
’1‘ti = turbine inlet temperature
cpa = specific heat of air
Cpg = specific heat of air at elevated
temperature
Ne = compressor efficiency
Xa = average ratio of specific heats of air
during compression
\g = average ratio of specific heats of air
during expansion
U = turbine efficiency
€ = regenerator effectiveness
Np = pressure loss factor
ATrec = temperature drop between receiver and
turbine inlet
¢ = (;\a" l)/ka

The cycle thermal efficiency as predicted by the method
described above is subject to the limitations of the basic "lumped
parameter' method of describing the performance of the individual
engine components and of treating frictional and heat losses. This
simplified analysis is considered satisfactory for the establishment
of efficiency trends as component performance parameters are changed
and for estimating the performance of a Brayton engine at its design
point, providing of course that the assumed levels of component
per formance are attained in practice.

c. COMPRESSOR

Compressor performance at a given operating point, which is
defined by mass flow, shaft speed, and pressure ratio, is usually
described in terms of the compressor efficiency, N., which is the
ratio of the isentropic enthalpy increase to the actual enthalpy
increase of the working fluid as it passes through the compressor from
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inlet pressure to outlet pressure. This definition is for the
compression process with no appreciable heat transfer to, or from, the
working fluid. By using the above definition of compressor
efficiency, the relations for isentropic changes of state of an ideal
gas, and the steady-flow energy equation, it is possible to express
the compressor work in terms of the independent Brayton engine
parameters and the gas constants for the working fluid. The
compressor work, w., will appear as a negative quantity, indicating
that shaft work was absorbed.

The Brayton engine demands high compressor efficiency at
pressure ratios ranging from about 2:1 to 5:1. Either positive
displacement or aerodynamic compressors can meet this requirement.
Since the high pressure ratio capability of the positive displacement
compressor is not required, the high air handling capacity of an
aerodynamic compressor can be exploited to minimize size and weight
for an engine of a specified maximum power. Good design can result in
compressor efficiencies of 80% to 85%Z for a steady-flow aerodynamic
compressor at pressure ratios ranging from 3:1 to 6:1 beginning with
ambient air.

D. TURBINE

Turbine performance may be described in a manner similar to that
of compressor performance. The efficiency of a turbine may be
expressed as the ratio of the actual enthalpy decrease to the
isentropic enthalpy decrease of the working fluid as it expands
through the turbine. This process is essentially an adiabatic one.

By using the previous definition of turbine efficiency, the relations
for isentropic changes of state of an ideal gas, and the steady-flow
energy equation, it is also possible to express the turbine work in
terms of independent engine parameters and the gas constants for the
working fluid.

The performance requirements for the expander of Brayton engines
are similar to those of the compressor, with the additional
requirement of continuous operation at elevated temperatures.
Considerations of pressure ratio and gas handling capacity of
expanders comparable to those for the compressor lead to the selection
of aerodynamic turbine expanders. However, the choice between
axial-flow and radial-flow turbines is not as clear.

At turbine pressure ratios comparable to those of the
compressor, turbine efficiencies range from about 85% to 90%. Fewer
data are at hand for positive displacement machines; however, with
good design to minimize throttling across valves and mechanical
friction, they probably would show comparable efficiencies with a
somewhat broader range of operating variables.
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E. HEAT EXCHANGER

The effect of post—expansion heat recovery on the thermal
efficiency of a Brayton engine may be estimated by using the concept
of heat exchanger effectiveness. For this simplified analysis, the
effectiveness of the heat exchanger will be taken as:

T, . - T
€= bi co

T - T
to co
where Tp; is the heat source inlet temperature, T., is the
compressor exit temperature, and Ty, is the turbine exhaust

temperature.

The value of T,j in a regenerated Brayton engine is determined
by the temperature rise during compression and the temperature rise
during regeneration . Consequently Tp; may be expressed in terms of
the parameters which describe the performance of the compressor and
the regenerator, and in terms of the temperatures T.; and Tj
which are taken as independent variables.

A rotary periodic-flow regenerator suitable for the Brayton
engine can be designed for an effectiveness greater than 0.9, with a
total pressure loss of less than 10%, and a total leakage of less than
5%. However a primary difficulty in the past with the regenerated
Brayton engine has been the availability of a low-cost,
high-temperature material for the regenerator. At the present time,
aluminum silicate regenerator disks are under development for
automobile gas turbine applications. Also other ceramic materials are
being tested for turbine rotors and flow path components (Ref 8).

F. BRAYTON ENGINE COMPUTER MODEL

As a result of the previously described thermodynamic cycle
analysis of the Brayton engine, it has been possible to formulate a
computer model of the engine in terms of the independent engine
parameters. The computer model has been developed in such a manner
that both open-cycle and closed-cycle configurations can be
evaluated. The gas constants for the working fluid of the Brayton
engine are also a program input so that various fluids may be
investigated in the course of the study. Consequently, it is possible
to vary any one of the independent engine parameters while holding the
others constant in order to investigate the sensitivity of engine
efficiency to the independent parameter in question. Such a
sensitivity analysis will provide valuable data to assist in the
determination of the most advantageous areas in which to concentrate
future research and development activities which would have the
greatest potential for engine efficiency improvement.
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The engine model developed here is quite flexible; it can
evaluate the performance of engines of any given size. To evaluate
the performance of an engine of a particular size, the independent
engine parameters for that engine are evaluated and input to the
model. The input parameters which characterize the size of the engine

are: compressor and turbine efficiencies, regenerator effectiveness,
and pressure loss factor.

27




SECTION V

DISH-BRAYTON SYSTEM (DBS) CHARACTERIZATION

A. SYSTEM MODEL

The subsystem models developed in the previous sections are
integrated via a computer code to obtain the system model. This
computer code is capable of evaluating the performance of the
dish-Brayton system, The inputs to this model consists of key
component parameters such as geometric configuration of dish receiver
and compressor efficiency, and the operating conditions such as
receiver temperature, ambient, and turbine inlet temperatures. The
basic processes that are evaluated in this model are the following:

(1) TFocusing of the ambient insolation into a concentrated
solar flux by the parabolic dish

(2) Capturing of this solar flux and conversion into thermal
energy by the receiver located at the focus of the dish

(3) Transfer of the above thermal energy to a working fluid in
a high temperature heat exchanger

(4) Conversion of this thermal energy into mechanical work in
a Brayton engine for generating electricity and,

(5) Recovery from the heat of the exhausting working fluid in
a recuperator or.regenerator.

Figure 5-1 is a simplified block diagram of the entire system
showing the roles of major subsystems. In Figure 5-2, a block diagram
of the open-cycle Brayton engine subsystem is shown.

B. COMPUTER MODEL

The computer model is structured such that once the values of
the design constants and system input variables have been read 1into
the program, the value for the concentrated solar flux, Qcgpn, 1S
computed according to the method described in of Section II-B. The
quantity of the concentrated solar flux which actually enters the
receiver, Quar, through the aperture is computed according to the
procedure shown in of Section II-E. The receiver subprogram
determines the various heat losses: radiation loss through aperture,
QpQ, convective and radiative losses from the receiver outer walls.
Based on the net thermal energy received by the cavity, Qpec, the
receiver efficiency, Myec, is calculated from the ratio,

Qrec/Qcon-
In the engine subsystem of the computer model, the compressor

work, w., and turbine work, wy, of the Brayton engine are
calculated from the engine input variables and the cycle working
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fluid state temperatures. The quantity of thermal energy, qy,
available from the heat source to raise the temperature of the working
fluid is a function of the cavity temperature and the working fluid
properties. The engine efficiency, Neng» is evaluated by the ratio

of net engine work output, (wy-w.), to the heat added to the

engine, q,. The system efficiency, Nsys, for the dish-Brayton

system is the product of receiver efficiency, Ny ec, and the engine
efficiency, Nepg-
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SECTION VI

SUMMARY OF FUTURE WORK WITH DBS MODEL

The dish-Brayton system (DBS) model developed in this study is
capable of simulating the performance of the dish-Brayton system at
various design conditions. For the purpose of advanced systems -
identification, it is important that the DBS model has this ability.
The DBS model also satisfies the requirement of being able to identify
those areas of the system which have greatest potential for system
efficiency improvement by performing a sensitivity analysis.

A list of various tasks that are being performed with the DBS
model includes the following:

()

(2)

(4)

(5)

Evaluation of receiver performance at various receiver
temperatures

Comparison of DBS model performance with the Garrett
Corporation and General Electric Company receiver
per formance at temperatures of 1500°F and 2500°F

Evaluation of engine performance at various turbine inlet
temperatures

Comparison of DBS model performance with that of Garrett
Brayton engine

Evaluation of the optimum system (combined receiver and
engine) efficiency at various receiver temperatures.
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SECTION I

DESCRIPTION OF THE COMPUTER PROGRAM

A, INTRODUCTION

A computer code was written to evaluate the performance of the
dish-Brayton system described in the report. This computer code is
based on the models of the receiver and the Brayton cycle developed in
the report. The code was written in such a way that the program can
be used for evaluating the performance of either the combined
receiver—engine system or the individual receiver and engine
subsystems. The flow diagrams shown in Figures A-1, A-2, A-3, and A-4
represent the plan for evaluating the performance of the combined
receiver—-engine system. With a few minor modifications, the program
can be separated to be run independently as either receiver program or
engine program.

B. MAIN PROGRAM

The basic functions performed in this program are the following:

o Read all the necessary inputs: 1insolation data,
concentrator data, receiver data, engine data, and the
receiver temperatures at which the system performance is
requested.

o} Call the receiver subprogram to evaluate receiver
performance at the current receiver temperature.

o Call the engine subprogram to evaluate engine performance
at the current receiver temperature.

o Compute the system performance at the current receiver
temperature from the component (receiver and engine)
per formances.

o Repeat the above procedure to cover the range of receiver
temperatures input to the program.

) Plot various efficiencies -—- receiver, engine, and
combined system -- against the receiver temperature.

C. SUBPROGRAM RECX

This subprogram has two subroutines along with the subprogram
RECX. The subroutines are: ROM and FN. These subroutines are used
in the computation of integrals used in receiver cavity surface view
factors. The basic functions performed in this subprogram are the
following:
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o} Assuming a large initial value for the aperture radius,
compute the aperture intercept factor for the given
concentrator surface slope error.

o For the assumed aperture radius compute the various heat
losses from the aperture; compute the receiver efficiency
based on these heat losses and the intercept factor.

o Repeat the above procedure for a decreasing value of
aperture radius until a maximum value for the receiver
efficiency is obtained.

o Plot the receiver efficiency against the aperture radius.

D. SUBPROGRAM ENG

This subprogram has two subroutines along with the program ENG.
The first one is CETAO which computes the Brayton cycle efficiency.
The second is HXH which computes the temperature of air coming out of
the receiver before it enters the turbine. The major functions of
this subprogram are:

o For the given receiver temperature, starting with an
initial value for the pressure ratio, compute the Brayton
cycle efficiency using the component efficiencies.

o Increase the pressure ratio by the given. incremental value
and repeat the first step; continue this until a maximum
value of efficiency is reached.

E. INPUT TO THE COMPUTER PROGRAM
The input used in this program includes data for the three

subsystems: concentrator, receiver, and engine. All the input
parameters used are given below.

CPA - Specific heat of air, Btu/lb, ©°R

CPU - Specific heat of hot air, Btu/lb, °R

KA - Ratio of specific heats of air

KG - Ratio of specific heats of hot air

ETAB - Burner efficiency (= 1.0 in the present case)

EFM - Fictitious heat exchange effectiveness between the
receiver and the engine, = 1.0 for engine
temperature equal to receiver temperature

TCI - Compressor inlet temperature, OR
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" ETAC

ETAT

EPS

ETAP

TREC

FL

TAMB

INS

DC

RHOCOL

RAN

EPIS

RHOB

OIT

KOI

HOA

Compressor adiabatic efficiency

Turbine adiabatic efficiency

Recuperator heat exchange effectiveness
Cycle pressure loss factor

Receiver temperature {(up to 25 values), °R

Recuperator leakage loss factor (= 1.0 in the
present case)

Ambient temperature, °R

Solar insolation, W/ft?

Concentrator diameter, ft

Concentrator surface reflectivity

Engine pressure ratio constants

RAN (1) = Starting value of pressure ratio

RAN (2) = Upper limit of pressure ratio
RAN (3) Incremental value of pressure ratio

Control parameter for printing the results
Concentrator surface slope error, milliradians
Flux intensity at the bottom wall of receiver suns

Concentrator focal length to diameter ratio, £/DC

Receiver surface emissivity,

Receiver surface reflectivity,
Receiver outside insulation thickness, t, ft

Thermal conductivity of the insulation,
Btu/ft-hr,°F

Receiver outer wall convective heat transfer
coefficient, Btu/hr-ft2, ©OR
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SECTION II

LISTING OF THE COMPUTER PROGRAM

. The listing of the computer program is given below. In this
version of the listing, the subprograms RECX and ENG are combined with
the MAIN program. It is necessary to make a few modifications if one
wants to run individual subprograms separately. A sample output

obtained from this program is listed along with the input data used
for the run.

AAEPIT (1) DUSH

{ c HAIN PROGRAM

2 r CPA =AVERAGE SPLCIFIC HLAT DURING COMPRCSSION
3 C PG =AURRAGE SPECTEIC HNAT DURTNG LXPANSION
4 L KA =GAS CONTTANT PURING COMPRESSION

N > KG  =GAG CONSIANT DURTNG CX{PANSION

4 c ETAE=QVERALL HEAT ADDITION ETTECIINCY

7 s PUI =GPECCF(C 1IFAT RATIO DURTNG COMPRESSION
8 c PST =GPECIFTC HEAT RATT(H DURING EXPANGION

? ¥ FTAP=PRESGSURT 1055 FACTOR

{0 C R =PRESSURE RATIO

i1 C DR =TEMPFRATURE RISE AGRNGS BURNER

{2 C TTT =TURRINE INLET TCMPERATURE

13 y FPS =HEAT EXTHANGER EFFECTTYENESS

14 c TCT =COMPRLSROR THLET TCMPFRATURL

5 C EfAC=COMPRESSOR EFFICTENCY

t6 C ETAE=MAXIMIM ENGINE EFFILCIENCY

17 C ETAT=TURRTN FFFICIENCY

{8 C £l =TOTAL REGONFRATOR LT AKAGT.

19 REAL INS

2 RCAL KA,KE,KOT

P REAL P1/3. 14159/

22 ORFAL RANC1$)/1.,10.,.20,8%0/

23 REAL TREC(25),ETASYS(25) ,ETARC(25)  KTAEN(2S)

2 COMMON/CONST/CPA,CPG, KA, KG , ETAR, EFH, TCT

25 COMHON/RECA/ (RET,FUD,EP 15, RHOB, 01T, KNI, HOA

2 COMMON/DUNP / TDUNP , T1.OT

2 COUMON/PI/PT,HRAD

2 COMMON/ENGQ/RP ETAC, ETAT, PG, ETAP L, RAN

29 C

30 NAMEL TST/INPUT/CPA,CPG, KA, KG,ETAR EFH, TCT,RP ETAC, ETAT,
44 X LP5FTAP, (REC,FL, TAHT, INS, DG, RINCOL ,RAN, THUMP
32 Y HRAD,JREC,FOD,EFIS,RHOB,D1T,KOT,HOA

13 C

34 READ(S, INPUT,END=300)

15 HRTTC(4, TNPUT)

36 CALL EGNPLT

37 C
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38 C
39 € COMPUTE THE ENERGY REFLECTED AT THC RLCEIVER
40 C
a4 £
A2 GCOL=TNGKPI/4 . XDERXPRRHOCOL
43 C
44 C
45 € COMPUTE THE RLCCTVER,ENGINL, AND THE SYRTEM EFFICIENGIES
44 G AT [HE TNPUT RECETYER TENPERATURES
47 C
43 C
49 IPLOT=3
50 00 500 17=1,2
54 TRI=TREC(IT)
52 TF(TRIER.0.) 0 T0 550
53 WRTTE(H,1440) TREC(IT)
o4 1440 FORMAT(/////,3%, RECECUER TEMPERATURE = ,F6.0)
55 C
56 L CALL RECEIVFR SUEROUTTNE
57 £
58 CALL RECX(GCOL,DC,RHOCOL, TR, TANR,AKECH,RAM,ETARCH)
59 MRTTE(H,1400) FETARTH,RAN,HRECH
60 {400 [ORMAT(//3X,’ SUERDUTTNE RLCFIVER OUTPUT . *//
bt X 3X,’ ETARCM =’,714.0,3X,” RAN =',£14.8,3X,’ ORECH =',£14.8/)
62 C
63 C  CALL ENGINE SUEROUTINE
64 C
45 CALL ENG(TRT,TANE,ETAEM,RPCH,UNEM)
bb WRTTE(4,1500) ETAFN,RPCH , WNEN
b7 {500 FORMAT(/3X,’ SURRDUTINE ENGTNE DUTPUT .7//
48 X 3X,’ ETAEM =',(14.8,3X,” RPCN =/,E14.8,
69 X/  WNEM =',F14.8/)
70 C
74 C  COMPUTE THE GYSTEM EFF AND STORE THE ENGINF,RCCEIVER
72 L AND SYSTEM EFFS
73 C
74 ETASYS(IT)=ETARCHKETAEN
75 ETARC(TT)=ETARCH
76 ETAEN(TT)=ETACN
77 WRITE(S,1600) TREC(IT),ETASYS(IT)
7 {600 FORMAT(IX,’ SYRTEM OUTPUT./,//,3X,’ TREC =/,E14.8,6X, ETASY =
7 X,E14.9)
80 500  CONTINUE
81 550 CONTINUE
2 1T=1T-4
83 IF(IPLOT.EQ.3) GO TO 400
84 C
A-10




84 C PLOT EFFICIENCIES VS TEMPERATURE

85 C
86 CALL PLFORMC/LINLING,6.,6.)
87 CALL PLSCAL(TREC,IT,2,ETASYS,IT,2
88 CALL PLAEEL(’ *,4,/TREC’,4, ETAGYS’  4)
A9 CALL PLGRAF
90 CALL PLCURV(TREC,ETASYS,IT,0,0)
94 CALL ADVPLT
92 CALL PLFORMC/LINLIN ,6.,6.)
93 CALL PLSCAL(TREC,IT,2,ETARC,IT,2)
94 CALL PLAREL(’ ‘,%,’TREC’,4, ETAREC ,6)
95 LALL PLGRAF
9% CALL PLCURV(TREC,ETARC,IT,0,0)
97 CALL ADVPLT
98 CALL PLFORMC/LINLIN ,6.,6.)
99 CALL PLSCAL(TREC,TT,2,ETAEN,IT,2)
100 CALL PLABEL(’ *,1,’TREC’,4, ETACNG’ &)
104 CALL PLGRAF
102 CALL PLCURV(TREL,ETAEN,IT,0,0)
103 500 WRITE(6,2000)
104 2000 FORKAT(///' %%k END OF RUN Xkx')
£05 C
106 300 CALL ENDPLT
147 STOP
108 END
{ C RECEIVER SUEPROGRAM
2 C
Z £ RECEIVER SUEROUTING
. .
. ‘ SURROUTINE RECX (QCOL,DC,RIDCOL, TREC, TAKE OREC RAN, ETARCH)
A C
7 REAL ETARC(Z00),RAD(200)
3 COMMON/FUNCT/YX
0 COMMNN/T T/P T HRAD
{0 DOURLE PRECISION DARG
11 RTAL KOI
2 DATA RTGHA/0.0033804/
£3 c
{4 L UATA FOR RCCCIVLR DIMENGIONG
{s c
16 REAL DT(10,1)
{7 COMMON/RTCA/ TREC PO, L1 15, RIDE, 01T K0T, HOA
{0 DATH HOT/ . 4/, HNTNS LE 4/, HHAX A/
9 DATA YY/0./,FPG/4. L 8/ MXSTLP/50000/
20 DATA DY/1 ./
2 RCAL WORK(20),A(3,3),B(3,1)
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TP=0.

lE=0 1743E-0
PHE=0.

NCA=0.

2a0=0.

=0

1DUKP=2
1PLOT=2

GELECT GIGHA FUR THM GIVEN CONCONTRATOR 5I0PL FEROR

IMCHRAD .CB.2)STGHA= . 0033004
T (HRAD . ER . 2)5T6HA= . 1046677
IWHRAN A 2)ACIN= 7994
TF(MRAD . £Q.3)ANMN= 9764

COWPUTE THE RECLIVER DIMENSIGNS

IN=DC/CARTCIRCL) KSR TLRHOCOL)
H=FND%DE

RE=DB/Z.

D=H/RE

AR=P TERBE&D

H=P TRDRk

GELECT THE INITIAL YALUT OF APFRTURL RAMIUS TO BE 1/3 OF
CAVITY RADIUS

CONTINUE
RA=RE/3.-. 016404
X'=D ¥H/DR

T=1

NI={

GTART COMPUTING THE PERFORMANCE OF THE ROCLTULE

CONTTNUE

AA=P DRRARXKE

AT=AFE-AA
DARL=(RA/DNIEAN/ D /5TGMARED
LAMME=QA0

GEAMI=QUA

BKMI=QK

PHCT=PHE
PHE=ACONX(L . 0 -4 /DTXPLDARG))
RAL=ACULEPIE

Ci=RasM

Xzt e{f HELREA)RORHD

TTA=0 TR -ORRTOXARRD -4 XL KPR DRE) )
ER=RL/H

Xit=1 . e (4 +E28R2)RDERP
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74 FRAT=0 SROX2-0ORT (X%¥D2 -4 XETRRDEDERD)

75 TET=TRAT-FRA

7 FuG=1 -FRAT

77 [SR=AR/ASKFRS

78 c

74 £ COMPUTE FOA UDING NUMIRTICAL INTTGRATION.
89 C

81 [P=EPR

an 11=0

83 =0,

4 YY=0.

i) HET= 4

] [HIN= {E-4

a7 KLaTEP=0

Y YX=2 . %RA/ DB

a REETEITEIEEICLI eI IEILTELAE e eeRRITPETeELEET TR SN IV RS S
70 CAlL ROM(O., XV, YY)

1 TOA=P SPTENI/2 VREDRYY/AD

7 FET=F5B-F5A

9 024 SA-FRT-FGR

73 C

95 C SOLVE MATRTX RELATION

9 c

87 AL, ) =-AR/RIOR

73 ALR,2)=-ASK(1-FS5)

? A(3,3)=-AT

100 A(L,2)=A5KF 51
104 AL, 3)=ARKFRT

17 AL 3=A0RT0T

s Y SELTS WY

104 ACT, 1)=40L,8)

10% AL, 2)=AR,0)

16 EBR=0 . 171304 RECKX4
147 R4, §)=-(AR/RHORKURRELP TGX PPR14QAD)
102 B2, 1)=6.

109 B3, 1)=0.

140 CALL 50R(A,3,d,%,3,1,4500, WORK)

114 7 (TDUMP ER.4) WRITE(S,258)

112 290 FORMAT(//' NMATRIX A AND DUPUT MATRIX BY)
143 ICCTDUMP ER.4)Y WRITC(H,25%) AR

114 257 FORMATL4X,8E45.8)

115 C

iih C COMPUTE APFRUURL RABTATION LOGGMS USTNG SURT ACT
7 £ YIFW FACTORS

118 C
119 QAD=AKXFRAKR(L, 1) +ASKFSARR(T 1)

120 C

i2 C COMPUTE GURFACE TIMPTRATUKRES

122 C
173 1SIDE=((R(D, D)0 493) /0 A743T -0 %% 2%
124 (raP=((R{I,OXT 44 /0 4743080k 25
25 L=RAL/AR

A-13




126
127
i28
129
130
M

-y
DA
Ao

i33
134
13%
134
137
130
139
140
141
142
143
144
14%
144
147
143
147
1%
154
{52
153
154
155
156
157

158
1 I—ﬂ
160
141
62
163
164
1465
166

H7?
168
169

i70

171
72
173
174
175
176

L]

Lo R ]

-
S50

oy Lar B e B o I 8

[gr 2w B s |

far U

fgs)

COMPUTE RECEIVER OUTER SURTAUL DIMLMGIONG

AR T=ARTASHAT
HA=H+2 ¥0IT
CO=PTX(DRH2 X0TT)
ASA=COXHD
ARO=PIX(REDITIRE?
ATO=ARD-AA
ARO=ARO+ASO+ATA
AlH={ARB+ART) /2
UR=KOTHARM/0TT
HC=HNAXARD

HTN=1

TWIR=TANR
TYNL=TWOG
=T

rwun~(T?L1£uﬂ@r9ﬂ'x(uu=UR>;f<u«LurrUP
DTWO=THOG- THOE
T NTN.GT.250) 60 T0 342

TP CARGODTUD) G160 TU 344
TW=TWAC

COMPUTE THE CONDUCTION LOSSLS OF THL RLETIWR

SK=0 . 293 0KKKCTRIC -TUM)
=0, 29 3AKUCK (TU0 - TAMB)
AR=0 Z9TIXKURK(TWO-TANER)

APERTURE CONVECYTVE LORGES

UCA=0 . 00440 D04TRC(TREC-TARRY /18X RK 30
ACA=UCAED TRRAXXD /3 ANKOIRED -TAKR) /1 . 8%4000
BL=RC+ER

BRECA=QREC

QREC=QAT -QA0--AL-RCA

RECEIVER EFF

CTARC(TY=QREC/GCMM.

RAD(T)=RA

Ih=1-§

CHECK WHETHER RECLTVER HAS RTACHED MAX EIT &1 THIC APLRTURT
RADIUS

ITCTGT 4 ANDONT LT S AND EVARCCD) LT ETARCATIND GO TO 28%
RA=RA-0 . 016404

IFRALT.0.) GO TO 240
I=Tti
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177
179
179
180
184
182
183
104
185
186
187
188
187
190
194
192
193
194
195
194
197
193
199
200
204
207
203

e
Londi—Je =l =~ B B o A B R Y
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—_— e
-+
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o

e e
~2 €3 ~3 &~

™ rJ
=

ra
r o«

lor B B ur B |

210

100

20
230

[ B B a

(]

fowr B ar B¥er BEov IS o I 2o B B o B o N ar B e B B ap B o B un B up SiFap [ o

GOTR 40
CONTINUE

MI=NT+4

STOR

F THE VALUL OF MAX EFF AND THL CORRCGPONDING APERIURE

RADIUS

{TAR

CH=ETARCATE)

ARVCH=ARCCE

R AN=

RAD(TE)

CONTINUE

GO TO 230
FORMAT(I(2X,3E45.3/))

PLOT OF RCCETYLR EFF VS APCRTURL RARIUG

CaLL
ALY
CAlL

PLEORMCLTNLING 6,6 )
PLECAL(RAD, I ,L CTARE, T, 6
PLAREL ¢ 7,1,7RA 7,5, ETﬁRt £ .0

Gall PLGRAF

CALL

CalLL

PLCURVARAD ETARE,T,0,0)
ADVPLT

WRITELS,220)
FORMATC A MATRIX TI5 STNGULAR RUN ARORTED)
CON T INUE

RETH
END

ENGINE

BN

SURPROGRAM

CPA =AVERAGE SPECIFIC WLAT DURING COMIRLGGT(ON

CPG =AYERAGL STECTFTL HEAT DURING DXVANSION

KA =GAS CONSTANT DURING COMPRESSION

G =GAS CONGTANT DURING EXPANSION

ETAR=0VERALL HEAT ADBHITION EFFECIENCY

PHT =SPECITIC HLAT RATIU DURING COMPRESSION

POI =SPECIFIC HEAT RATIO DURING EXPANDTION

ETAP=PREGSURE. L.OSS FACTOR

R =PREGSURE RATIO

DTH =TEMPERATURE RTSE ACRODS RUMNER

TTT =TURRINE TNLET TERPERATURL

EPS =HEAT FXCHANGIR FFFECTTYCNLSS

TCI =COMPRFGROR INLET TLHPLRATURL

CTAC=COMPRESSOR FRVICIENTY

ETAT=TURRINE EFFICIENCY

EL =TOTAL REGENERATOR 1LUAKAGE

EFH =HEAT CXCHANGE EFFECTIVENTSS BET. RIC. AND
FHGTHE, =t FOR ENG. TEWP. EQUAL TO RCC. TEWP.
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23 c
24 c
25 SUBROUTINE ENG(TREC, TAMR,ETACH,RPCH, UNEK)
26 REAL KA,KG
27 REAL GRX(100),GRYCL00),UNECE00) ,YLIN(H)
20 REAL RAN(1)
29 COMMON/ENGR/RP ,ETAC, ETAT,EPS,FTAP ,EL ,RAN
31 COMAON/CONST/CPA,CPE KA, KG, FTAR, CFH, TCI
34 INTEGER YNC10) /2% 7 CYCLE EFFICIENCY’,4%’ ¢/
32 NINTEGER XN(14)/
33 4%/ ¢ *  COMPRESSOR PRESSURE RATIO ¢ ,5%* ¢/
34 INTEGER TI(14)/2%’ *,’ OVFRALL CYCLE EFFICIENCY VS’,7%¢ */
35 9 CONTINUE
36 TDUHP=2
37 IPLOT={
i IV CIDUMP E@.4) WRITE(6,500) CPA,CPG,KA,KG,ETAE,EFH
v TFCIDUMP . ER. 1) WRTTE(H,500) RAN
49 I (CIDUMP .ER.4) WRITE(4,500) KP,F1AC,ETAT,ERS,F1AP,TRI,
4§ XEL,TCI
2 S00  FORMAT(AX,4E14.8)
43 C
44 C SPECIFIC HEAT RATTOS
45 C
a4 PSI=(KA-1.) /KA
47 PHI=(KG-1.)/KG
48 YHAX=1 .E-6
49 YHIN=1 .E+6
50 RP=RAN(1)
51 RPI=RP
52 FI=RAN(2)
53 DE=RAN(3)
54 NP={
55 C
56 c
57 C  EVALUATE THE CYCLE EFFICIENCY AT VARTOUS PR. KATIOS
58 c
59 C
60 C
bt T CALL SUBROUTINE CETAQ TO CAILCULATE CYCLE FFF.
62 c
63 £50 ST=RAN(1)
H4 D0 2060 I=1,100
65 RP=GT
8% CALL CETAG(TREC,TAMR,GRY(NP),TTI,TCD)
47 GRX(NP)=ST
68 YHAX=ANAXS (GRY (NP) , YHAX)
69 YATN=ANINS (GRY (NP ) , YHIN)
70 NP=NP-t4
71 ST=5T+DE
2 IF(ST.GT.FI) 60 TO 240
73 200 CONTINUE
74 240 NN=NP-1
75 RP=RPI
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75 c

77 € LOCATE THE PR. RATIO AT WHICH FFF. I8 MAX.
78 C
7 DO 220 I=§,NN
80 TFCGRY(T).NE.YHAX) G0 TO 220
B4 THAX=1
g2 220 CONTINUE
3 c
84 C  GTORE THE VALULS OF EFF., SHAFT OUTPUT, AND PR. RATIO
a5 C AT PR. RATID WHERE EFF. 15 MAXTMIM
86 C
87 C
88 ETARH=YNAX
39 WNFH=WNE { THAX)
90 RPCH=GRX ( IHAX)
94 C
2 € PRINT THE VALUES OF MAX. EFF., MAX. WORK, AND THE PR. RATIO
3 c
94 IF CIDUKP €8 1)
95 XWRLTE(&,255) TREC ,RPCH, ETAEM, FTAC, ETAT,EPS, ETAP
2% 255 FORMAT(LOX, * TREC,RPTH,ETAEM 778 3)
97 &0 T0 299
78 TFCTPLOT.NE. ) RETURN
79 C |
100 C  SELECT SCALES FOR PLOTTING EFF. VS PR. RATIOS
104 c
102 YLINCE)=YHIN
103 YLIN(2) =¢ YHAX-YHIN) /2. +YHIN
104 YLIK(3)=YHAX
{05 CALL PLFORMC/LINLIN 6. ,6.)
106 D0 230 1=5,10
107 230 TUT+3)=XN(D)
108 IF (IDUKP.ER.1) WRTTE(6,1050) TI
109 1050 FORMAT(14A6)
£10 CALL PLSCAL(GRX,NN,2,YLIN,3,2
{44 CALL PLABEL(TI(3),72,4N(5),60,YN,b0)
142 CALL PLGRAF
£43 CALL PLCURV{GRX,GRY,NN,0,0)
114 IF (TDUMP .EQ.1) WRITE(A,4200) (BRX(IN),GRYCIO),T0=4,NN)
(45 {200 FORMAT(/3X,8E14.8)
116 WRITE (6,1300)
117 1300 FORMAT(//)
118 225  CONTINUE
119 299 CONTINUE
170 CALL ENDPLT
124 RE TURY
122 c
123 c
124 GUEROUTINE CLTAQ(TRFC,TAME,ETAE,TTI,TCI)
125 Z4=(1/ (ETAPARP) ) RXPIIT
{26 7R=RPXAPST
127 TRD=0.
128 TCO=TCI*(1.~1 . /ETAC+I2/ETAD)
127 W= /ETACKCPAK T TH(4-72)
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130 TTI=TREC

134 144 TTO=TTIX(L -ETATHETAMYZY)
132 TEI=TCOX(1 . -EPS)+EPCRTTO
133 TTTL=TTI
134 CALL HXHCTBI,TREC,TTD)
135 TTEST=TTIL-TTI
136 IF{ARS(TTEST) .GT.1.) G0 TO 144
137 DTR=TTI-TRI
138 WT=CLKETATRCPGRTTIR(1-74)
139 WNE (T ) =WT+W0
140 Gr=(ELXCPGXDTR)
144 GH=GB/ETAR
142 ETAE=WNE(T)/GH
143 TF(ETAE LT.0 ) ETAE=D.
144 RETURN
145 L
146 c
147 SUBROUTINE HXHOTRY,TREC,TTD
149 TTT=TBI(4 . EFH) eEFHXTREC
149 RETURN
1560 C
154 END
i SUBROUTINE ROM{A.B,ANG)
2 DTHENSION Q(40,10)
3 £ ROMRERG TYPE INTEGRATION
4 #=10
5 AL, D)=CEB-AY /2 DYR(FNIA) +FN(R))
b HMi=H-1
7 DO 1 K=1 MM
3 ALK = QU410 /2.0
9 LH=2%k (K-1)
{0 D0 2 T={,LH
i X=RH(L 042 0%(T-4 D) YK(B-A) /2 OXAK
{2 VALUE =FNCXOX(B-A) /2 0%k
i3 2 GO,y = gLt K + VALUL
14 CONTINUE
15 DO 3 N=2,M
ib MN{=M-N+{
17 DO 4 L={,HN{
18 4 AN, L) =4 0K (N -0) )XQIN-1, L+ 4) -
i9 L8N-1,L0) /(4 BkIN-0) -1 . )
20 3 COMTINUE
24 ANS=Q(H,1)
22 FTURN
23 END
§ FUNCTION FNOO
2 ¢ FUNCTIOM FOR RECX32
3 COMMON/FUNCT/YX
4 FOAR=(XRKRHYXEE2H )
S FN=X/2 %(FSOR/SART(FSARKA2-4 XYXKKL) -1 )
b RETURN
7 END
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i $INPUT CPA= 24,CPG= 285 KA=1.4, KB~ 32, CTAR=L 0, EIH=1.0,TCT=04%

2 FTAG=. 80,ETAT=.07,E0G=. 73, ETAP=. 00, TREG=1460 , 1540, 1560 .,

3 1760 ,1860.,1960 ., L=t .0, TAHR=54% ., TNG=74 2, DC=32 . 806, RUOCOI = .6,

4 RAN=1.,10.,.70,T0UNP=D , HRAD=2, TREC=100 ,FOD= 6,F0 (5= 9,

5 RHOR=.1,01T=.4,K07= 037, H0A=1

b $END

$INPU

cPA = .P4000000E+00

e = . 28500000E+00

KA = 4AD000DDEHDA

K5 = .43200000E 04

ETAR = 40000000F+04

W = 40000000E+03

= GATO0O00C03

R = 00000000E+08

ETACL = .GO00NNBRE+DD

FTAT = 870000005400

s = 97000000F+00

ETAP = L97000000E+00

TREC = LAG0D000F404, . 1G600000F404, 156000000404,  17L00000L:04,
12500000604, . 19HE0000E404, . 0908000UEE00,  0A0RORDUC:ON,
Q00000DOEEDN, . COCDODAALHDD,  .00DDOOO0E+DR, DAOAOOQOR+OD,
0000000000,  .0R0CODORE+D0,  .00G0ODONE:CO,  .000GGONNE+0N,
.00000000E400,  .0000DOOOFHDD,  AAOAAGOCL+0G, GOAOO0OOEIGD,
00000000CHG0.  .0000ADODELDN, . GODOGONOFSO0, . 00OO000DC400,
_00000000E+0

EL = 40000000E+01

TAME = GA500000E403

s = .74320000E¢02

DC =  3P808000E+07

RHOCOL = _B00NDODOE+00

RAN = L000000OE+0Y,  .L00ROROAE0Z,  .20000000L400,  .00000RAAL:0D,
GAOOBO0UELDN,  .0060C000L+00,  _GABGUBOUK:NG,  00ATGRGNC+0D,
_00000000L400, . 00000000E+Q0, . 0D00ODOOL+OD
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mise = +?2
MKAD = +2
TREC = +00
FoD = .60000000E+00
EPIS = .70000060E400
RHOR = Jdgeananoe«og
017 = .40000000E+0D
KOI = A0000000£-01
HOA = LL0000000E+01
$END

RECEIVER TEMPERATURE = {4660.

SUBROUTINE RECEIVER OUTPUT -

ETARCH = 93741128400 RaM =
SUBROUTINE ENGINE oUTPUT .
ETAEM = .22988188+00 RPCH =
SYSTEN OUTPUT:
TREC = .14L00600+04 LTASY =
RECETVER TEMPERATURE = {540,
SUBROUTINE RCCETVER OUTPUT -
ETARCH = 92R67972+400 RAK =
SHBROUTINE ENGINE QUTPUT .
ETAEM = 26645065+00 RECH =
SYSTEM OUTPUT:
TREC = 15600000404 CIASY =
RECEIVER TEMPERATURF = 1460
SUEROUTINE RECTIVER OUTPUT
ETARCH = .91884753+00 RAW =

JA143679+400 QRECH = A7044507405

24999909401 WNIM = §5SAE77IH0P
PL5A93GTH00

BALATCHO0  GRECH = L ALA78440+05

RI99090H01  WNEM = L P444212240p
PA744772+00

TALA7679400  QRECH = 4LIBI6YELDS
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SHAROUTINE ENGINT QUTPUT -
ETAEM = 29847490400 RPCH = 20999990404 WHEM = 29444074407
SYSTEM OUTPUT:

TREC = 460600000404 LTARY = 274P1447+00

RECETIVER TEHPLRAMURE = {740,

SUBROUTTNE RICETURR QUTPIY -

ETARCM = . 200605§4+00 4] ARSAAE79H00 RRECH = L ALLARLERHAT

SUBRDUTINE ENGINC QUIPUT -

ETAEHM = . 37716498+00 RPCH . P59999¢9404 WNEH = 31839982+07

SYSTEN OUTPUT:

TREC = .47600000+04 ETASY = R072R{95¢00

RECETYER TEMPERATURE = 184D,

SUBROUTINE RECLTVER QUTPUT

ETARCH = R9715967+00 RAM = 32503279+00 BRECH = 45054554400

SUBROUTINE ENGINE OUTPUT .
ETAEW = 35263410400 RECH = 27999999 +04 WNCM = 3863470707
SYSTEM OUTPUT:

TREC = . {BLO00D00+04 LTASY = 31636909400
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RECETVER TEWPERATURE = 1949,

SUBROUTTNE RLCCIVER OUTPUT -

ETARCM = 62452008400 RAM

30862879404 QRECH = 44305387405

SUBROUTINE ENGINE QUTPUT -

1]

ETAEM = 37596992400 RI'CH 27999999404 WNEHM = 43697739 ap

SYSTEN OUTPUT:

TREC = _.19606000+04 CTASY = 32259054400

XXX END OF RUN ¥xx
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