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The purpose of this grant was to support NASA in modeling efforts to
predict the transient dynamic and thermodynamic response of the space station
solar dynamic power generation system. In order to meet the initial schedule
~ requirement of providing results in time to support installation of the system as
part of the initial phase of space station, early efforts were executed with alacrity
and often in parallel. Initially, methods to predict the transient response of a
Rankine as well as a Brayton cycle were developed. Review of preliminary
design concepts led NASA to select a regenerative gas-turbine cycle using a
Helium-Xenon mixture as the working fluid and, from that point forward, the
modeling effort focused exclusively on that system. Although initial project
planning called for a three year period of performance, revised NASA schedules
moved system installation to later and later phases of station deployment.
Eventually NASA elected to halt development of the solar dynamic power
generation system for space station and to reduce support for this project t~ two-
thirds of the original level. The research in-progress was pursued to reasonable
conclusions and culminated in the three Magisterial theses attached as
appendices to this report.

During the first two years there was a concerted effort to use EASY-5 (as
directed by NASA), a commercial software package for predicting the dynamic
response of multi-component systems. Compressible-flow turbomachinery-cycle
calculations require numerous iterations to converge to an operating condition
for steady-state as well as transient operation. The development cycle was to
write component models using standard FORTRAN 77 and then convert the
code into EASY-5 macros. After the expenditure of considerable effort, it
became apparent that the EASY-5 modeling paradigm would not support the
iterative computations required by the demands of this study. The component
models were reassembled into a subroutine structure controlled by a FORTRAN
77 executive (main) program.

A review of existing literature on modeling of transient turbomachinery
performance revealed a surprising dearth of component-level models for
compressible flow machinery. Various published component-level models used
incompressible-flow assumptions, no-density-variation assumptions, no-mass-
storage through the transient assumptions, and other similar simplifications
without significant mathematical or theoretical justification. At the other
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extreme, transient fully-compressible three-dimensional CFD tools have been
used to study flow in turbomachinery blade passages. These tools require

significant execution times on today's fastest supercomputers to model only a
part of the turbomachine and therefore are not suitable for the present study.

A detailed presentation of all the models developed, simulations
performed, and conclusions reached, is available in the three Magisterial theses
produced by students supported by this research effort. These theses, in their
entirety, are included as appendices to this report. The following paragraphs
present a brief summary of the contents of these theses.

Igbal (1990) modeled the heat exchangers and radial turbomachinery
components using multi-segmented EASY-5 macros. The heat exchangers were
discretized using length-wise elements for which the transient conservation-laws
were enforced using fully-implicit finite-difference schemes. The models
employed typic~l compressor and turbine performance maps and assumed
instantaneous response of turbomachinery to inlet transients. The resulting
system model was used to examine transient performance during several
transients of interest: maximum and minimum insolation orbits; radiator panel
loss; and coolant-pump loss.

Ali (1990) developed several radial turbomachinery models employing
nodes at the inlet, middle, and outlet of the impeller. The models enforced the
fully-compressible transient conservation-laws to predict the transient response
of these components. The models were implemented as FORTRAN 77
subroutines and tested to identify the most stable algorithm. This model was
then used to predict the transient thermodynamic response of radial impellers to
step, ramp and sinusoidal variations of properties at impeller inlet. Sample
computations for a constant-speed variable rate-of-work machine, and for a
constant-work variable-speed machine, are included in the thesis.

Zou (1991) improved the transient thermodynamic models for the heat
exchangers, the ducts, and the radial turbomachines. He assembled the various
models into a FORTRAN 77 program for modeling the transient thermodynamic
response of the complete power generation system. Transient conservation-law
equations were enforced for each component. The mass-flow rate at a critical
point in the cycle (between recuperator outlet and receiver inlet) was iteratively
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adjusted during the solution for each time step until the transient conservation
laws were satisfied in each component as well as for the system as a whole,
(conservation of mass, matching of mass-flow rate, pressure and temperature at
each thermodynamic point throughout the transients). Transient simulations
were executed to compare predictions from different system models: an all
instantaneous-response components system model; a transient heat exchanger
with instantaneous-response turbomachinery system model; and a fully
transient model. It was concluded that, although the instantaneous-response
turbomachinery transient-heat-exchanger models were sufficiently accurate for
most transients, the predictions might become suspect for the very high-speed
transients associated control signals required maintain synchronous speed in the
alternator.

A fourth appendix has been attached to this report which contains copies
of the view-foils used during the final oral presentation to NASA personnel.
Review of this appendix will provide an intermediate level introduction to the
history and accomplishments of this study. In particular, it should highlight
for the reader the most significant results and conclusions generated by the
study.
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TRANSIENT MODEL OF SPACE STATION SOLAR DYNAMIC POWER GENERATING SYSTEM

1. INTRODUCTION

NASA has selected a Solar Dynamic Power Generating System (SDPGS)
based on the Closed Brayton Cycle (CBC) to provide electrical power for
the pruposed Space Station’s power requirements. The SDPGS, along with
the photovoltaic power conversion systems, will produce the 75 kW
necessary for Space Station Phase I operationl. The development of a
transient model of the SDPGS thermal system is the focus of the research
effort documented by this thesis.

The SDPGS thermal systems transient model is a part of the overall
NASA plan to combine a thermal performance model with an electrical
system model, developed by the Rocketdyne Division of Rockwell
International Corporation, to produce a complete system simulation.

This tool will be used to demonstrate the reliable and safe operation,
not simply at design point, but at all points in the entire operating
envelope. Specifically, these models separately or combined will be
used to:

« investigate transient behavior during orbital fluctuations;

« investigate worst-case scenarios;

« verify the control system architecture;



+ identify potential problem areas;

+ evaluate design solutions; and

» optimize system performance.

To facilitate NASA's objective of model integration and to provide

a framework for the various groups modelling the system, NASA specified
that all model components be written and connected using EASY52, a
dynamic analysis code produced by Boeing Computer Services, a division
of the Boeing Company. EASY5 is a general purpose computer code which
provides extensive standard simulation and analysis capabilities as well
as the option to write unique component models as FORTRAN blocks.

The objectives of the thermal system simulation are to:

« produce detailed models of the system components suitable for
studying their time-dependent thermodynamics in response to
various inputs;

. intégrate these component models into EASYS5; and

e investigate the response of the system to specified inputs
representative of real condition; the system might encounter.

The methodology used in writing the CBC thermal model has been the

following:

« produce a system fabric that defines each component, its
function, and rules for nomenclature and passing of variables
around the system loop;

+ prepare a model of the component based on first-principles
applied to a finite size control volume (standard FORTRAN was

used for the initial model.);



» test the model using various inputs such as step, double step
or sinusoidal functions, and verify realistic response;

e install the FORTRAN model of each component in the system
fabric with appropriate transformations to adapt to EASYS5;

+ study the response of the system;

» convert the FORTRAN model to an EASYS Macro (or model that can
be used repeatedly) and install it in the system;

« continue the building-block approach until the system model is
complete; and

« run transients to study system performance.

The remainder of this document discusses in detail the steps

followed in building a full thermodynamic systems model and in analyzing

various system transients.

1.1 LITERATURE SEARCH

An extensive literature search produced little information on
dynamic system modelling of power conversion systems. A few papers
focused more on components3v4'5 than on systems and were tied directly
to the computational hardware of the time, such as analog computers.
The Electrical Power Research Institute funded Babcock and Wilcox to
model large power generation plants, but their research was tailored to
Qery large machines, and unfortunately access to this research was
restricted. The literature search concluded that there was no open
literature available on modelling the dynamics of a thermodynamic power
system starting from first principles and employing zero-dimensional or

one-dimensional component models.



Altough formulation of the heat transfer equations for the
different components could be easily derived from the various papers,
solutions to these relations were not found3:4:5. Solutions of
equations using nonlinear terms like the fourth order radiation term

were not found.

1.2 SPACE STATION

The peak power requirement for the proposed NASA Space Station is
estimated at 75 kW for the Initial Operating Capability. This
requirement is expected to grow as the Station expands. These design

parameters forced a new look at power generating options.

1.2.1 Design and Power Requirements

A key design requirement of the Space Station is the Initial
Operating Capability requirement of 75 kW for peak demand, which is
expected to grow to 300 kW as the Station evolves. Traditional
photovoltaic power generating systems are at a substantial disadvantage
at these power levels. As Figure 1 indicates, photovoltaic systems
operate at roughly one-third the efficiency of a solar dynamic power
conversion systems.

For vehicles in Low Earth Orbit, solar dynamic systems offer the
additional advantage of a low frontal area. Since solar dynamic systems
use concentrators as an energy source for the cycle, they have a lower
energy collection or frontal area and consequently lower propellant
penalties for reboosting to compensate for drag-induced orbital decay.

This is graphically shown in Figure 2 comparing the frontal areas of
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photovoltaic and SDPGS systems. As a compromise between efficiency and
the risk of unproven technology, NASA chose a hybrid power generating
system for Initial Operating Capability consisting of a photovoltaic
subsystem and a solar dynamic subsystem. The photovoltaic subsystem
consists of:
+ four solar arrays providing a net average power of 25 kW;
* nickel-hydrogen batteries for energy storage; and
+ thermal control of batteries and Power Management and Delivery
equipment using a capillary-pumped cooling system with a heat-
plpe radiator.
The solar dynamic subsystem, the subject of this project, will consist
of two 25 kW modules. The details of the solar dynamic subsystem are

described below.

1.2.2 Solar Dynamic Power Generating System
The solar dynamic subsystem uses solar radiation as its energy

source, and space for an energy sink, to run a power conversion system
based on the Closed Brayton Cycle (CBC)’7. The cycle working fluid is a
helium/xenon mixture. Heat is rejected via a cooling loop using liquid
FC-75 as the coolant. Each module consists of three major assemblies
(Figure 3): concentrator and receiver (with phase change salt), Power
Conversion Unit, and radiator. Figure 4 depicts the energy conversions

in each of these major assemblies and their interfaces.
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1.2.2.1 Concentrator and Receiver

The concentrator is a concave reflective system that collects and
focuses the solar flux into the receiver cavity. As the Station passes
behind the Earth during its orbit, the solar flux is periodically
interrupted by the Earth'’s shadow. The receiver’s function is to
convert this intermittent energy into a steady energy flux to drive the
CBC engine. This is achieved using a phase changing lithium flouride
calcium diflouiride eutectic salt sealed in canisters lining the
receiver walls. When the concentrator is in direct sunlight, these
salts absorb part of the incident flux and change to liquid phase. The
remainder of the incoming energy is used to heat the cycle working
fluid. When the Station is in the Earth's shadow, the eutectic salts
return from the liquid to a solid state and release energy into the
helium/xenon flowing through the receiver.

The control scheme for these assemblies involves various tracking
and pointing devices that can change the receiver temperature and hence

the thermodynamic conditions in the Closed Brayton Cycle.

1.2.2.2 Power Conversion Unit

This unit is designed to convert the thermal energy collected by
the receiver into electrical energy. High pressure helium/xenon gas
enters the receiver and is heated. On the T-S diagram8 in Figure 5,
this is represented by path 3-4. Expansion through the turbine drives
the shaft which produces useful power in the alternator and also runs
the compressor. The thermodynamic process in the turbine is shown as

path 4-5. The low temperature, low pressure gas leaving the turbine is
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further cooled by passage through the recuperator (5-6) and the gas
cooler (6-1). Path 1-2 represents the compressor, powered by part of
the turbine work, which compresses the gas in preparation for the
receiver. The Power Coversion Unit performance is controlled by the
accumulator, the alternator load, and the receiver and gas cooler

conditions.

1.2.2.3 Radiator

The purpose of this assembly is to reject energy from the system
to space. This energy flow is accomplished using large surface area
radiators through which FC-75 liquid coolant is pumped. FC-75
transports energy extracted from the helium/xenon gas in the gas cooler
to the Radiator. The control scheme for this loop uses the FC-75

inventory control valves and electric pumps.

1.2.3 Control Schemes
A number of control schemes have been designed for various
conditions likely to be encountered during the operating life of the
energy conversion system. All of these involve a few control
mechanisms.
» The concentrator tracking and pointing mechanism -
this system controls the flow of energy into the working fluid,
and can be used as a switch to shut the system down.

» The accumulator and inventory control valves -
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the valves in the helium/xenon loop regulate the mass of gas in
the loop and hence the mass flow rate. This in turn controls
the performance of the turbine and the compressor.

» The parasitic load controller -

this control system passes unused alternator energy through
resistors. This energy is then radiated to space, thus
maintaining the shaft at a constant speed.

For steady-state operation the inventory control mechanism
coupled with the parasitic load controller is sufficient. The objective
is to keep the shaft at a constant 1067 Hz. The parasitic load
controller maintains a steady load on the alternator. Small control
inputs required to correct for orbital fluctuations can be managed using
the solenoid control valves on the accumulator.

Start up and shut down transients also require control of
concentrator tracking and focusing. In start up, for example, the
concentrator is focused on the receiver. The alternator is used as a
motor to turn the Power Coversion Unit shaft until the helium/xenon has
accumulated enough energy for steady state operation. All through this
process the parasitic load controller maintains constant shaft speed
once 32,000 rpm has been reached.

Shut down is accomplished in approximately the same manner but the
sequence is reversed. The concentrator is first off-pointed, then the
alternator load is decreased gradually to zero. At this point half
routine power is drawn by the parasitic load controller and the rotor

brought to a quick halt.
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1.2.4 Orbital Control Characteristics

The thermodynamic transients of the SDPGS are a function of the
orbital characteristics of the Space Station (Figures 6-7). The Space
Statin’s orbit varies from a minimum insolation orbit to a maximum
insolation orbit. Insolation is defined as the time spent by the
Freedom Space Station in direct sunlight. The eclipse phase, on the
other hand is the time spent in the Earth’s shadow. The conversion
system’'s performance depends on variables such as eclipse time,
insolation time, orbital period, and sink temperature. The orbital
altituce varies from 250 nautical miles to 180 nmi. The lower altitude
orbit (180 nmi) is the minimum insolation orbit while the higher 250 nmi
orbit is the maximum insolation orbit. The orbit inclination is fixed
at 28.5°. The rate of precession is -7.3 deg/day which produces a
period of 49.3 days. The eclipse periods are 36.4 and 28.2 minutes
for the maximum and minimum insolation orbits respectively. These
conditions are used to bound the normal operating enviromment for the

SDPGS.
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Orbit

Equitorial plane & orbit plane with
orbit elements and parameters

Orbit Radius

Orbit Inclination

Longitude of Ascending Node
Argument of latitude

Velocity Vector

Normal to Orbit Plane

(Staiger, P.J., Space power and Propulsion System Analyses, January,
1988, Rocketdyne Division)

<l —~

Figure 6. Space Station Orbit Parameters.
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ORBIT CHARACTERISTICS:

+ Orbit Inclination: 28.5 deg
« Orbit Altitude 180-250 nmi.
« Orbit Precession
Rate: -7.3 deg/day
Period: 49.3 days

MINIMUM INSOLATION ORBIT

« Orbital period = 91.06 miEutes (180 nmi)
+ Insolation = 1.323 kW/m
 Concentration Reflectivity = 0.9

« Eclipse Period = 36.36 min

MAXIMUM INSOLATION ORBIT

« Orbital period = 93.71 migutes (250 nmi)
* Insolation = 1.419 kW/m

« Concentration Reflectivity = 0.93

- Eclipse Period = 28.15 min

Figure 7. Space Station Orbit Characteristics.
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"The EASY5 Engineering Analysis SYstem from Boeing is a computer
program used to model, analyze, and design large, complex, dynamic
S);stems“2 . This proprietary simulation and control language can be
used to simulate dynamic responses and to perform control system
analyses on systems described by non-linear differential or difference
equations.

The program uses English-like language to define commands. It has
FORTRAN comp-=tibility, allowing any user or system library to be
accessed. It has the capability to integrate component modules in
FORTRAN and permits the user to define new components. Output from
EASYS5 can be requested in the form of system schematics, time histories,
and Bode or Nyquist plots, among other options. EASY5 was installed on

a VAXstation 2000. This machine uses the VMS operating system.

2.1 EASYS MODEL

Two input files are required for an EASY5 simulation. The first
is the model file containing the component models with their respective
descriptive differential equations, as well as specification of
intercomponent connectivity. The second is the analysis file which
provides parameters required by the component models as well as
information for output format. The executable file is at least 740
blocks in size since it must provide all the EASY5 utilities which a

user may select.
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EASYS post-processing can be in a batch or interactive mode.
Output spans a wide range of plotting and printing possibilities
including time history plots, Nyquist and Bode plots, eigenvalue lists,

and data tables.

2.1.1 Model File

Component description can be accomplished in several ways in the
model file. Standard blocks residing in the EASYS5 component library can
be used. Special components (Macro or FORTRAN components) can be
created to suit the user’s needs.

The standard blocks model many common dynamic input-output
relationships and can be grouped together to represent a set of
differential equations. Included in the library are transfer functions,
function generators, tabular functions and integrators. The inlet and
outlet port definations facilitate interconnections between components.
The Qser-defined components are of two types, FORTRAN or Macro, and are
used to model special components or processes which are not amenable to

assembly from standard blocks.

2.1.1.1 FORTRAN Blocks

FORTRAN blocks are components that contain FORTRAN statements.
These components cannot be stored and must be redefined each time they
are used. The advantages of FORTRAN components are that they are
relatively easy to build, use the versatility of the FORTRAN language,

and can be easily debugged in the VAX environment.
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All inputs and outputs must be clearly specified for a particular
block. If the same FORTRAN block is to be used in another part of the
system model, its inputs and outputs must be redefined and the code
modified. This can prove cumbersome and time-consuming for components

used more than once. In such a case, a Macro component is desirable.

2.1.1.2 Macro Components

Macro components are user defined and can be stored in the user’s
permanent file for subsequent use. The user defines the Macro's inputs,
outputs, and logic using a FORTRAN-like code. Thus, without too much
difficulty, FORTRAN components can be converted into Maéro components
using the Macro guidelines. These components then become generic and

can have multiple occurrences in the system model without redefinition.

2.1.2 Analysis File

The control of model execution resides in the analysis file.
Every component (standard, FORTRAN, or Macro) may have parameters
associated with it. This provides an easy way of executing multiple
analyses without having to create another executable file. The analysis
file also contains simulation and output controls. Variables such as
integration time step, maximum simulation time, and print frequency are
all defined in this file. Options such as time history output and
Nyquist or Bode plots may be specified. EASY5 output facilities are

very extensive and versatile.
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2.1.3 EASY5 Output

EASYS5 output can be processed in a batch or interactive mode. The
output can consist of print files or plot files containing the output of
the analysis performed. For instance, a time history of certain
variables at various time steps or a plot of different variables with
respect to time can be requested. In the interactive mode, these plots
can be modified; they can be rescaled, the subtitles can be changed, and

the plots can be displayed in different formats.



-20-

3. COMPONENT MODELLING

The modeling methodology was the following:

« study the physics of the component;

e write differential equations to describe the transient response
of the component;

« write FORTRAN code to approximate and solve the equations; and

+« test the component model with various inputs and study the
response.

The development of each component in the SDPGS will be described using

the above sequence.

3.1 HEAT EXCHANGER

The heat exchanger component model describes a number of heat
exchangers in the CBC-PGS that share approximately the same physical
description. Each heat exchanger is denoted by HXnn in EASYS5, where nn

is a two digit number identifying the particular heat exchanger unit.

3.1.1 Closed Brayton Cycle Gas Cooler, Bleed Cooler, Recuperator

The gas cooler, bleed cooler and recuperator share the same
physics of heat transfer in that they are all counter-flow heat
exchangers described by surface areas, heat transfer coefficients, fluid
densities and thermal masses.

The gas cooler (Figure 8) is an eight pass, cross-counter-flow,

plate-fin heat exchanger. It is a redundant alternating sandwich design
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that connects to independent fluid loops and results in double sandwich
gas side passages. The helium/xenon gas mixture enters the cooler after
passing through the recuperator. The cold-side fluid, FC-75, transports
energy to the radiator.

The recuperator (Figure 8) is a pure counter-flow plate-fin unit
designed for 94% thermal effectiveness. The two fluids are high and low
pressure helium/xenon gas. The high pressure gas comes from the
compressor while the low pressure, hotter gas enters after expansion
through the turbine. All fins in the recuperator are 0.006 inches thick
and constructed from CRES 304L, a stainless steel. The tube plate
thickness is 0.01 inches, and the unit is designed for a maximum
temperature of 1017 °F.

The bleed cooler (Figure 9) is ; small counter-flow, plate-fin
heat exchanger similar to the gas cooler. The fin sandwiches are 0.077
inches high on the gas side and 0.1 inch high on the liquid side. The
bleed cooler serves to cool the gas used in the turboalternator gas

bearing. This unit is made entirely of 304L stainless steel.

3.1.2 Analytical Model

The idealized heat exchanger for developing the analysis is
presumed to be a single-pass pure counter-flow heat exchanger with an
equivélent heat transfer surface and wall mass. Boundary conditions
between the component and the surroundings are assumed to be adiabatic.
An energy balance is used to develop the differential equations, and
temperatures are calculated for an n-segment model using a fully

implicit backward differencing in time and central difference in space
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(BDT-CDS) finite difference scheme.? A Gaussian elimination method with
scaling and partial pivoting is used to solve the system of 3n
simultaneous equations.

The heat exchanger is represented by dividing the control volume
into n sections as shown in Figure 10. Each section consists of three
elements. Consider the i-th section that has been cross-hatched.
Element (i) is fluid A flowing in the indicated direction. Element (ii)
is a wall element in contact with fluid A on one side and fluid B on the
other. Element (iii) is the counter-flowing fluid B. No energy flow is
assumed between ad joining wall elements although adjoining fluid
elements have a net energy transfer.

For the i-th section, an energy balance can be performed on each

section:
RATE OF CHANGE NET CONVECTION NET DIFFUSION
OF ENERGY IN - INTO C.V. + INTO C.V.

c.V.

Conduction in the fluid was assumed to be negligible. Subsequent
calculations showed the magnitude of conduction to be approximately
0.03% of convection and diffusion, validating the initial assumption.
Radiation heat transfer between adjacent walls of the heat exchanger is
also assumed negligible since an alternating sandwich type construction
would maintain the walls at approximately the same temperature.

Assuming the temperatures in each element are given by an
average temperature Tyj, where x is the fluid A, fluid B or wall w and i
is the i-th section of the heat exchanger, then for an infinitesimal

volume in element (i),
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Figure 10. Heat Exchanger Finite Difference Scheme.
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a(mch)a aT

. a
= (hA) (T-T,) + (he ),

dx (1)
ax

at
It is assumed that there is no temperature gradient along the wall of

element (ii), so the equation may be written as:

d(meT)
o - (hA)a(Ta-Tw) + (hA)b(Tb-Tw) (2)

And similar to (1), the energy balance for element (ii) yields

a(ch)b aT
= (hA), (T -T,) + (mc)
3t b 'w b b ax

dx (3)

Using the subscript i for the node location, the above three equations

may be written as:

aT
a .
(mcv)ai[;:_]i- (hA) 3 (Tus~Tag) + (@) [T, 51y Tagieny! (4)
5T,
(me) g e |y (hA) 3 (Ty - Tyg) + (hA) [Ty, -T oy ()

aT

b :
(mc)bi{g:—}i- (hA) s Ty Ty )+ B ITy g 1y Thi-1y] (6)
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Applying the simple Euler method of integration to the control
volume for the time derivative produces the following equations. These

are written with an n superscript representing the time step

Tn _Tn-l
ai "ai n n . n n

(mcv)ai[ At ] - (hA)ai(Twi-Tai) + (mcp)a[Ta(i-l)-Ta(i+1)] (7)

n n-1
wi “wi n n n n
(mc)wi{T} = (hA) (T -Tog) + (hA) [Ty, Ty ) (8)
Tn _Tn-l
(me), |22 | o (ha), (1P TR ) + (o) (TP, TR ] 9)
bi At bi"wi “bi b "b(i+l) "a(i-1)

In this fully implicit scheme, all temperatures at time step n are
unknowns. The above equations are rearranged to give a system of

equations of the form

(Al (T} = (B} (10)

where A is an (n X n) matrix of coefficients, T is a (1 X n) vector of
unknowns and B is a (1 x n) vector of known quantities. Equation 7, for

example, can be rearranged following form.
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(mc_)
viai n . n . n n
[—j;:- + (hA)ai]Tai + ['(mcp)a]Ta(i-l) + [(mcp)a]Ta(i+l)+ [(-hA)ai]Twi
(mc_) .
- [ v al]Tn:I (11)
At ai

The right hand side constitutes one element of the B matrix, while the
left hand side coefficients appear as elements in the the A matrix. The
temperatures at time step n are the unknowns in the T-vector.

Several other steps were taken to simplify the solution. It is

assumed that

Tan = (Ta)outlet (12)
Tbl = (Tb)outlet (13)
Ta1 = Inlet Temperature for A (14)
Tpn = Inlet Temperature for B (15)

The end sections have been modified to provide an accurate answer
using few nodes. Sections 1 and n represent 1% each of the volume of
the heat exchanger while the remaining 98% is divided among the rest of
the n-2 sections. Therefore the minimum number of nodes used in a model
is 3. Heat transfer coefficients were computed for each component and
£f1uid10.11l and are specified in the analysis file. The film
coefficients are assumed constant through a transient since they change

by less than 3% over 100 K.
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The set of simultaneous equations (10) is solved using'a Gaussian
elimination method with scaling and partial pivoting. This solution
method is written as a subroutine. A flowchart showing the programming
logic used in implementing the finite difference scheme is presented in

Figure 11.

3.1.3 Component Tests and Results
The following sections describe the tests performed on the

component model to verify the code and the mathematical logic.

3.1.3.1 Transient Performance

The typical response of the gas cooler to a step change in inlet
temperature of fluid A is shown in Figure 12. The corresponding
response for fluid B is shown in Figure 13. Several curves for
different integration time steps illustrate the effect of varying time-
step size. The model size was set at 5 nodes as optimum for maximum
accuracy without exorbitant run times. This choice will be explained in
succeeding tests. At time zero, a step in the inlet temperature of
fluid A of 100 K was introduced, producing a change in outlet
temperatures in fluid A and fluid B until both achieved a steady state
after approximately 200 seconds. The transients indicate that a time
step of 10 seconds provides a reasonable compromise between accuracy and
CPU usage. The final steady-state temperatures are close to those found

in the DRO2 steady state calculations.
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Figure 11. Heat Exchanger Model Flowchart.
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3.1.3.2 Number of Segments Convergence Study

The dependence of fluid outlet temperature on the number of
segments used in the model of the gas cooler is shown in Figure 14.
This plot shows the increasing accuracy of the model as more and more
segments are used in a simulation. However, past a certain point, a
marginal increase in accuracy requires a much larger number of segments
and correspondingly more CPU time.

The analysis was produced by running the response to a step input
of 100 K in fluid A of the gas cooler while the fluid B inlet
temperature is held constant at 300 K. By varying the number of
segments and recording the corresponding steady state outlet
temperétures, the plot shown in Figure 14 was produced. It indicates
that using five segments for such models should be adequate for most
analyses. Further transients were run using 5 and 10 segment heat
exchangers using both 10 and 20 second time steps as shown in Figure 15.
It is clear from these results that a 10 second step is sufficiently
small for the present study. Further, a 5 segment model was judged to

provide sufficient accuracy for the purposes of this investigation.

3.1.3.3 Time and Spatial Variation with Temperature

Figure 16 shows the spatial temperature profile in the heat
exchanger at different times during a transient. For these computations
a 5 segment model was used. This figure shows the segment temperatures
at various times during the transient. The transient is the response to
a 100 K step in fluid A while the fluid B inlet temperature is held

constant at 300 K. An integration time step of 10 seconds was chosen to
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provide adequate accuracy while conserving CPU time (as demonstrated in
section 3.1.3.1). Since the segments are not of the same size, the
spatial variation is the distance along the length of the heat

exchanger.

3.2 RADIATOR

The energy sink for the CBC is deep space. The coolant loop
carries thermal energy from the heat exchangers (gas cooler, bleed
cooler, alternator cooler) to the radiator where it is radiated to space

using large panels.

3.2.1 Closed Brayton Cycle Radiator

The CBC radiator is of the pumped-fluid loop type. Two redundant
fluid loops are passed through aluminum panels. These deployable hinged
panels (see Figure 17) contain aluminum coolant channels which are
attached to aluminum face-sheets which act as heat transfer fins.
Aluminum honeycomb is used to stiffen the panels.

The six radiator panels are constructed by bonding the extruded
aluminum channels to the honeycomb which is sandwiched between aluminum
face-sheets. The adhesive is Hysol EA 9649. Tube inner diameter is 2 mm
with a 0.5 mm wall. The primary and secondary lines alternate through
the panel and are connected to the primary and secondary manifolds
respectively. The scissors deployment mechanism extends the panels from
stowed to operational position. Flexible metal hoses are used to
transport fluid across the rotating joints. The primary and secondary

loops are connected to separate pumps capable of providing a full backup
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in case one of the systems fails. Since the two loops are completely
independent and sealed from one another for redundancy, only one loop is

operational at one time.

3.2.2 Analytical Model

The idealized radiator is considered to be a tube attached to a
radiating skin. The energy transfer from the tube to the skin is assumed
to be uniform across the length and breadth of the panel. Coolant flow
and temperature is considered uniform across the cross-section of the
tube. The panel size is considered to be one-fourth the total radiator
size since four radiator components are used in parallel to simulate the
entire radiator. The sink temperature is a function of the power-
generating-system orientation and the orbit, and is thus considered a
known variable in the algorithm. An energy balance is used to develop
the governing differential equations, and temperatures are calculated
for an n-section model using a fully-implicit backward-differencing
finite difference scheme similar to the one used in the heat exchanger.
The same Gaussian elimination method that was used for the heat
exchanger is also used to solve the system of 2n simultaneous equations.

The radiator is represented by dividing the control volume into n
sections as shown in Figure 18. Each section consists of two elements.
The sink temperature is assumed to be a function of time but spatially
constant across the panel. Consider the generalized section that has
been crosshatched. Element (i) is the fluid A flowing in the direction
indicated. Element (ii) is the wall element in contact with fluid A on

one side and radiating to space on the other. No energy
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Figure 18. Radistor Finite Difference Scheme.
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flow is assumed between ad joining wall elements, unlike the fluid

elements.

For each element an energy balance is enforced:

RATE OF NET NET NET

CHANGE OF| = |CONVECTION| + |RADIATION| + |DIFFUSION

ENERGY IN INTO C.V. INTO C.V. INTO C.V.
c.vV.

If the temperatures in each element are given by T, or T,, representing
fluid A and the wall respectively, then for an infinitesimal volume in
element (i),

a(ch)a aT

. a
- (hA)a(Tw—Ta) + (mcp)8 - dx (16)

at

For element (il), assuming no temperature gradient, the equation may be

written as:

8 (meT) 4 4

w
T m (), (T, T) 4 oATg T (17)

Using the i1 subscript for the node location, the above equations may be

written as

aT
a .
(mc)ai[;:- - (hA)ai(Twi-Tai) + (mcp)a[Ta(i-l)-Ta(i+l)] (18)
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4

) + OA(T -T ) (19)

ai

ar
(mC)w —_— - (hA) ( sink

at

Since equation (19) is non-linear, and a linear equation solver is
to be used, the equation was linearized by substituting for the Tw14
term with (Twi)(Twi3)- The set of equations was solved for Tyy while
the previous value of wall temperature was used for Tw13 . If these new
and old values did not match within an acceptable tolerance after
solving the linear algebra problem, the procedure was repeated using a

modified relaxation method where:

4 4 1/4
Told = [(Told +Tnew)/2] (20)

This method provided a stable solution for this finite difference
scheme. Applying the simple Euler method of integration for the time

term produces the following equations:

an n- 1-

. -T n n
(me),; |Cai’"ai | = (hA), (TP, -T0,) + (me ), (T3 5.1 Tacien))] (21)
| ac
Ll e n .n 4 “n .3
(me) g [ wi vt | = (hA), (0 -T) + 0AlT o -0, (T0,)°] (22)
[ &t

where Ty,i is derived using the relaxation scheme described above.
The end-sections are modified in a manner similar to the heat
exchanger model. Each end-section represents 1X of the volume of the

component while the remaining 98X is shared amongst the rest of the n-2
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sections. The flowchart for this scheme i{s shown in Figure 19. Heat

transfer coefficient calculations are shown in the appendix.lo»llrlz

3.2.3 Component Tests and Results

The radiator model was tested to determine the response to typical
inputs such as steps, and to determine the sensitivity of the result to
parameters such as time-step size and the number of segments in the

model.

3.2.3.1 Number of Nodes Convergence Study

The effect of time step size on the outlet temperature response is
shown in Figure 20. The response is to a step of magnitude 100 K in the
inlet temperature, from 300 K to 400 K. The initial conditions for the
radiator wall, liquid, and sink temperatures are 300 K for the initial
condition. This plot shows the radiator achieving steady state after
approximately 150 seconds. It also demonstrates that, given the

coarseness of the model, a time step of 10 seconds is adequate.

3.2.3.2 Spatial Temperature Variation with Time

The temperature profile in the radiator at various times in
response to a step is shown in Figure 21. The usual 100 K step input in
inlet temperature was chosen to excite the system. An integration time
step of 10 seconds wa§ used based on the previous test. This test helps
expose any gross inconsistencies in the finite-difference scheme or the

implementation. The results show the model to be functioning correctly.
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3.2.3.3 Transient Performance

A sequence of analyses were performed using the same boundary
conditions but with different numbers of segments in the radiator model.
The functional dependence revealed by these analyses is shown in Figure
22. As seen in the heat exchanger model, accuracy is improved as more
segments are used, but by a smaller and smaller margin with each

additional segment.

3.3 RECEIVER
The energy source for the Closed Brayton Cycle is solar energy

which is channelled through the receiver.

3.3.1 Closed Brayton Cycle Receiver

The CBC receiver consists of a cylindrical cavity which is lined
with tubes carrying helium-xenon gas (Figure 23). The tubes themselves
are encased by salt canisters through which the solar enmergy must pass.
The tubes are brazed to the canisters to provide good thermal contact.

The salts provide the mechanism for achieving near constant energy
flux into the CBC working fluid. The salts melt during insolation,
absorbing some of the incident energy flux, and solidify during eclipse,
releasing the stored energy to the helium-xenon. The melting point of
the LiF-CaF) mixture is 1042 K.

The gas tubes that run the length of the cavity are connected to

manifolds at either end. There are 82 tubes, each being 0.875 inches in
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diameter. Each tube has a length of 9.8 feet. The tubes, and phase-
change material containment, are made of Haynes +188, a cobalt-based

alloy known for its high strength and resistance to creep rupture.

3.3.2 Analytical Model

The receiver is modelled as a tube with a uniform temperature wall
boundary representing the salt. It is assumed that the salt temperature
is specified, and is uniform along the length of the tube. The salt
temperature is specified in EASY5 as a function of time to drive the
transient analyses.

Aside from the uniform boundary temperature, the receiver model
uses the same governing equations as the other heat exchangers. It is
represented by dividing the control volume into n segments (Figure 24).
Each segment consists of three elements: (i) containing the fluid A,
(ii) representing the wall of the tube and canister, and (iii)
representing the salt. Element (iii) uses the same temperature
throughout the length of the receiver.

An energy balance is performed on each element:

RATE OF CHANGE| _ |NET CONVECTION NET DIFFUSION
OF ENERGY IN IN

For element (i), equation (1) holds true and equation (2) is modified to

reflect the salt temperature Tg.

a(ch)w - (hA)a(Ta-Tw) + (hA)S(TS-Tw)

(23)
aT
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Figure 24. Receiver Finite Difference Scheme.



-52-

Applying the Euler method of integration and using the subscript i

for the node location as before, equation (23) becomes:

(mc) [T:i'T:;l] - (ha)_(T®,-T%,) + (ha)_, [TO -T%,]
wi | ———— ai‘"al “wi Si*°s wi (24)
At

where Tg is a known variable. As with the heat exchanger, equations
(12) and (14) hold true for the receiver. The set of simultaneous
equations is solved in a manner similar to that used for the heat

exchanger model.
3.4 PIPES

3.4.1 Pipes - Hardware

Fluid transfer between components is accomplished using pipes or
ducts. The ducts are fabricated using two different stainless steel
alloys, Hastelloy X for high temperature applications and 347 stainless
steel for lower temperature applications. Multi-ply bellows are used

throughout the ducting system.

3.4,2 Pipes - Analytical Model
Assuming a constant thermal energy loss from the pipe, and a
pressure loss due to friction, an outlet pressure and temperature are

calculated. The temperature drop is simply calculated:

q = de(T, T ) (25)

out

where q is the energy loss in the pipe.



-53-

The pressure drop is calculated assuming incompressible fully-

developed flow:

Ap = pghy (26)

where hy is the head loss, which can be determined from the Darcy-

Weisbach equation:
L) (e¥2
ap, = f[b][ ! ] (27)

where f is the Darcy friction factor, a function of the Reynolds number,

R, and ¢/D for the pipe. For laminar flow where R<2100 then

64
£ == (28)
and for turbulent flow (assuming a smooth pipe),
£ -0.316R"1/4 (29)

from the Nikuradse equation13.
3.5 MANIFOLDS

3.5.1 Manifolds - Hardware and Analytical Model

Flow through the gas and liquid loop is split and rejoined at a
number of places. It is assumed that the splitting of flow is in a
fixed ratio as indicated in the DRO2 document. Splitting manifolds
divide the mass flow in the dictated ratios, keeping the temperatures

and pressures unchanged. Merging manifolds compute an exit temperature
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based on a simple energy balance uéing the mass fraction, specific heat,

and temperature of each stream entering the manifold component.
3.6 PUMP

3.6.1 Pump - Hardware and Analytical Model

The coolant flow is maintained by the CBC coolant pump/accumulator
package. Since the cooling system has two redundant loops, two
independent pump/accumulator combinations are provided, each capable of
providing for the head/flow needs of the energy-rejection system. The
pump/accumulator is assumed to deliver fluid at a constant pressure and
mass flow rate. The mass flow can be varied as function of time to

observe the dynamics of loss of coolant flow.

3.7 COMBINED ROTATING UNIT

The largest part of the Power Conversion Unit is the combined
rotating unit. This assembly consists of a single-stage, radial-outflow
compressor, a single-stage radial-inflow turbine and a straddle-mounted

Rice alternator.

3.7.1 Turboalternator

The assembly features radial aerodynamic components integrated
with a high-speed, solid-rotor Rice alternator supported by foil gas
bearing as shown in Figure 25. Cooling is provided to the alternator
stator by FC-75 coolant and to the alternator rotor and gas bearing by

cooled bleed helium-xenon gas. At design point, the rotating speed is
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maintained at 32,000 rpm. The compressor and turbine diameters are 6.42

and 7.66 inches respectively.

3.7.2 Turboalternator - Analytical model

The turboalternator can be modelled using two separate control
schemes. The first is a constant-speed machine, which would represent
the design point of the combined rotating unit, and the second is a
constant-work machine, which is more representative of the combined

rotating unit in the startup and shut-down modes.

3.7.2.1 Constant Speed Machine

The constant-speed model of the compressor and turbine assumes
instantaneous response and a constant shaft speed. The instantaneous
response has been shown by M. Samad Alil% to be a good assumption for
studying the cooling system performance since response times for the
alternator and compressor are m;ny orders of magnitude smallér than the
heat exchangers.

Compressor and turbine response is based on the performance maps
for similar machines as actual data for the SDPGS turbomachinery is not
availibleld. Isentropic efficiencies were converted to polytropic
efficiencies using

R/C

P
ln(Pout/Pin)

np,c- R/Cp
(Pou /Pin)

K

(30)

t

1n + 1

,C

for the compressor and
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R/C
ln[l-ni,ell'(Pin/Pout) P]]
Mp.e R/C
In(P, /P ) P
in’ "ou

(31)

t

for the Turbinel®. Since the shaft speed is constant, the
turbomachinery is essentially locked into one operating point with a
given Neryy, Meom and pressure ratio.

The turbine model uses the following polytropic relations to

calculate the outlet temperature:

[_T}.n ] - [ Pin ] (ntur*R/CP) . (32)
T P
out out

and for the compressor

P R/C *
TOUC out ( / P ncom)
—_— - | — . (33)
T, P
in in

The rate of turbine and compressor work output is calculated using

; : total total
wtur - mcp(Tin 'Tout ) (34)

and similarly, the rate of compressor work required is calculated using

the results of equation 33. Alternator work available is then given by:

walt - wtur + wcom (35)
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EASYS5 solves the system model by tracing a path around the system
using the system schematic. The initial component chosen for a solution
is arbitrary. Once the outlet conditions of the component are
calculated, EASY5 marches to the next component in the system flowchart
for a solution. Once around the loop constitutes a single call to the
model for that particular time. This process is repeated at the next

time level.

3.7.2.2 Variable Speed Machine

The variable speed model of the turbine and COMpressor assumes
constant alternator work and calculates the new operating point of the
turbomachinery using performance maps.

The objective of the variable speed model was to simulate
situations where the constant speed assumption is not valid, for example
in startup or shutdown conditions, as well as conditions close to the
boundary of the operating envelope. The turbine and compressor
operation is modelled using performance maps shown in Appendix B. These
non-dimensional maps were adapted for this model since actual
performance data is not available. Given the speed, efficiency, and
mass flow rate, the pressure ratio across the turbine or compressor can
be calculated using this data.

The turbine and compressor model flowcharts are shown in Figure 26
and 27 respectively. The turbine model uses the inlet mass flow rate,
pressure and temperature, as well as the shaft speed calculated from the
compressor model to determine the turbine's operating point using

performance maps. Since both pressure ratio and the efficiency are
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functions of two variables, namely speed and mass flow rate, linear
interpolation is used to determine the operating point. The model
outputs are the turbine output power, the outlet pressure, temperature
and pressure ratio.

The compressor model shown in Figure 27 uses as input the inlet
mass flow rate, the temperature and pressure. The model assumes the
same pressure ratio as the turbine, and a desired compressor work. The
desired work is calculated by subtracting the constant alternator work
from the energy provided by the turbine.

The model iteration is started by assuming a mass flow rate
through the compressor. This quantity is adjusted until the calculated
compressor work equals the desired compressor work. A bisection method
is used to converge to the correct mass flow r;te, which results in a
correct energy balance for the entire system.

In the gas loop, the turbine, compressor and other models work in
a sequential fashion, where the output of one component is taken as the
input to the next. Thus at each time step, EASY5 marches once around
the gas loop and thus computes the state of each component at that time.
For a variable speed machine several passes around the system loop are
required to converge to the correct mass flow rate. This capability of
repeated calls to the system model at one time step is not available in
EASYS. Therefore, a fully functioning variable speed model could not be

implemented.
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Individual component models were originally written in FORTRAN.
They were subsequently transferred to EASY5 as FORTRAN blocks and then
converted to EASY5 Macros if appropriate. These building blocks were
then combined to simulate the two subsystems of the Closed Brayton
Cycle: the gas loop and the liquid loop. Finally the subsystems were
integrated to assemble the full system.

After assembly, each subsystem was subject to a number of tests to
verify the transient response and to debug the model. These tests
included a step input, a double step input where the second step
returned the system to its initial state, and a sinusoidal input.

The response of the fully integrated system to several possible
scenarios culminated the study of transients in the power generating
system. These included an orbital fluctuation transient for a maximum
insolation orbit, a loss of radiator panel transient, and a loss of

coolant pump transient.

4.1 COOLANT LOOP

The coolant loop schematic is shown in Figure 28. This subsystem
consists of two heat exchangers (the gas cooler and the bleed cooler),
four radiator panels connected in parallel, a pump, several pipe
components, and four manifolds. The naming convention used for
components and variables is given in Table 1 and is used throughout the

rest of the analysis.
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Table 1. Coolant Loop Convention

Variable Name (Example) - P2 MNO1

N
Variable ID Component ID

JRENTIFICATION . COMPONENT

MNnn Manifold

RDnn Radiator

PPnn Pipe

HX01 Heat Exchanger (Gas Cooler)

HX02 Heat Exchanger (Bleed Cooler)

FOPU Pump
IDENTIFICATION VARIABLE
S$3 TBO2 Inlet Gas Pressure
S§2 TBO2 Inlet Gas Temperature
S2 TBO7 Inlet Gas Mass Flow Rate
P1, M1, T1 Inlet Pressure, Mass Flow and Temp.
LP1, 1M1, LT1 Inlet Liquid Pressure, Mass Flow, Temp.
GP1, GM1l. GT1 Inlet Gas Pressure, Mass Flow, Temp.
TSK Sink Temperature

e 0dd-numbered variables are inlet variables
+ Even-numbered variables are outlet variables

¢« FOxx denotes FORTRAN component
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The gas cooler (HX0l) is the primary driver in the Coolant Loop
transients, since it carries the majority of the FC-75 massflow, while
the bleed cooler carries the remainder of the flow. The manifolds, MNO3
and MNO4, control the fraction of flow into each heat exchanger and
combine those flows at their exit. Manifolds MNOl and MNO2 split and
combine the flow four ways for the four radiator panels. Each radiator
panel (RD--) represents 1/4 of the total radiator area.

The input used to test the coolant loop is the gas cooler gas
inlet temperature. This input (S2 TB02) is table driven. Another user-
specified variable is the Sink Temperature (S2 TBOl), but it is held

constant at 200 K for all subsystem tests.

4.1.1 Response to a Step

A step of 100 K in the gas inlet temperature of the gas cooler
produces the response shown in Figures 29-32. These figures show the
temperature in various parts of the coolant loop. Notably, the
transient shows a time constant of approximately 200 seconds, which is
much greater than the time constants for the individual components, 30
seconds for the Radiator and 70 seconds for the Heat Exchanger. These
numbers can be compared to time constants in the compressor and
turbine?, almost 5 orders of magnitude less, as shown by M.Samad Alil4,
It can then be concluded that for investigating the thermodynamic
transients of the system, an instantaneous-response turbine and
compressor model is adequate. On the other hand, development of the

control schemes for the Power Conversion Unit requires a transient model
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of the turboalternator, since times for the electronics to respond to
changes in turbine or compressor operation may become important.

The influence of the larger gas cooler (compared to the bleed
cooler) on the FC-75 temperature is shown in Figure 31. The temperature
of the fluid after mixing of the gas cooler and bleed cooler streams is
slightly higher than that of the gas cooler (LT2HX01). This shows that
the influence of hot bleed gas (which cools the alternator bearings) on
coolant témperatures is relatively small due to the small mass of gas

involved.

4.1.2 Response to a Double Step

This test resembled the previous one, except that the gas inlet
temperature was stepped down to the original 300 K after 400 seconds.
The response to this double step is shown in Figures 33-35. All
temperatures return to their initial condition as the system approaches
steady state. The double step input is plotted in Figure 33, as well as
the gas and coolant exit temperatures for the gas cooler.

This test was important in proving the validity of the logic and
software used in the model. 1If the system had not returned to its
original state, either a coding error was present or a serious flaw in
model formulation would be exposed. Review of the predicted response

demonstrates correct functioning of the model.
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4.1.3 Response to a Sinusoid

A sinusoidal temperature input for the gas inlet temperature
(HX01) produced the plots shown in Figure 36-39. The sinusoidal
amplitude was 50 K and the period was 1000 seconds. This transient
shows response phase lag for the various components. Figure 36 shows
the gas cooler gas inlet (S2 AF02), gas outlet (GT4HX0l) and coolant
outlet (LT2HX0l) temperatures as a function of time. All exit

temperatures lag the inlet temperatures as expected.

4.2 GAS LOOP

The gas loop subsystem schematic is shown in Figure 40, and the
loop naming convention is presented in Table 2. The loop consists of a
receiver (RX01l), turbine (FOTR), recuperator (HXO0l), gas cooler (HX02),
compressor (FOCR), and an alternator (FOAL). No ducts were included in
this model. A constant energy loss model or pressure drop duct model
would only shift the transient but not alter its trend. The primary
time-dependent inputs to the subsystem are the receiver salt temperature
and the coolant inlet temperature for the gas cooler. For these series
of transients, the coolant inlet temperature was held constant at 300 K
(steady state), while the salt temperature was changed. The
turboalternator is assumed to be a constant-speed machine with design-

point operation as its initial condition.
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Table 2. Gas Loop Convention

Variable Name (Example) - GT4HX01

rd N
Variable ID Component ID

CATION M N

FOCR Compressor

FOTR Turbine

FOAL Alternator

RXnn Receiver

TBnn Look-up Table

AFnn Analytical Function

HXO1 Heat Exchanger (Recuperator)

HXO02 Heat Exchanger (Gas Cooler)
IDENTIFICATION VARIABLE
S3 TBO1 Inlet Coolant Pressure
S2 TBO2 Inlet Coolant Temperature
S2 TBO2 Inlet Coolant Mass Flow Rate
P1, M1, T1 Inlet Pressure, Mass Flow and Temp.
LPl, LM1, LT1 Inlet Liquid Pressure, Mass Flow, Temp.
GP1l, GM1l. GT1 Inlet Gas Pressure, Mass Flow, Temp.
TRPROUT Turbine Qutlet Pressure
TRTPOUT Turbine Outlet Temperature
TRMFOUT Turbine Qutlet Mass Flow
CRPROUT Compressor QOutlet Pressure
CRTPOUT Compressor Outlet Temperature
CRMFOUT Compressor Outlet Mass Flow
WCOMP Compressor Work
WTURB Turbine Work

+ Odd-numbered variables are inlet variables
« Even-numbered variables are outlet variables

+ FOxx denotes FORTRAN component
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4.2.1 Response to a Step

When receiver salt temperature was stepped from 1000 K to 1200 K,
the gas loop subsystem responded as shown in Figures 41-43. The turbine
outlet temperature (TRTPOUT - Figure 41) responds almost instantly to
the step (GT4RX01 - Figure 41). Since the recuperator and the gas
cooler separate the flow from the turbine to the compressor, the
compressor outlet temperature transient (CRTPOUT - Figure 42) does not
reach steady state until 500 seconds, since that is the time it takes
the heat exchanger transients to reach steady state. The power output
from the alternator (Figure 43) shows an initial overshoot. This is due
to the Turbine response being much faster to a change in Receiver

temperature than the Compressor.

4.2.2 Response to a Double Step

The double step in salt temperature consists of an initial step of
200 K from 1000 K to 1200 K, and a second step back to the initial
condition of 1000 K. The response to this input is shown in Figures 44-
46. All component variables return to the initial condition after 800

seconds.
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Figure 41. Gas Loop - Response to a Step in Salt Temperature.
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Figure 44. Gas Loop - Response to a Double Step in Salt Temperature
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Figure 45. Gas Loop - Response to a Double Step in Salt Temperature
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Figure 46. Gas Loop - Response to a Double Step in Salt Temperature
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4.2.3 Response to a Sinusoid

A sinusoidal variation of receiver salt temperature produces the
transients shown in Figures 47-49. The amplitude of the variation is
1000 K and the period is 400 seconds. Recuperator exit temperature
(GT4HX01 - Figure 47) lags the Receiver exit temperature (GT4RX01l -
Figure 47) which in turn lags the salt temperature (S2 AF02 - Figure

47). This result gives added confidence in the wvalidity of the model.

4.3 SYSTEM TRANSIENTS

The gas loop and the coolant loop subsystems were integrated into
a full system model by connecting them at the gas cooler. The
integrated system is capable of modelling a number of the transients of
interest to NASA. These include orbital transients and component-loss
scenarios for the coolant pump and a radiator panel.

The schematic for the integrated system is shown in Figures 50-51,
where Figure 50 shows the coolant loop while Figure 51 shows the gas

loop with the interfaces indicated.

4.3.1 Maximum Insolation Orbit

The 250 nautical mile orbit or the maximum insolation orbit
defines one end of the operating envelope of the Space Station. Using
data published in DRO2 for receiver outlet temperature and the sink
temperature (which varies due to the affect of the Earth on the view
factor), an analysis file was constructed. The transient for a complete

orbit with fixed gas inventory is plotted in Figures 52-53.
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Figure 47. Gas Loop - Response to Sinusoidal Salt Temperature
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Table 3. System Convention

Variable Name (Example) - GT4HXO01
L

7~ N
Variable ID Component ID

IDENTIFICATION COMPONENT
FOCR Compressor
FOTR Turbine
FOAL Alternator
RXnn Receiver
TBnn Look-up Table
AFnn Analytical Function
HXO01 Heat Exchanger (Gas Cooler)
HX02 Heat Exchanger (Recuperator)
MNnn Manifold
RDnn Radiator
PPnn Pipe
FOPU Pump
IDENTIFICATION VARIABLE
S2 TBO1 Sink Temperature Variation
S2 AFO02 Receiver Salt Temp. Variation
P1, M1, T1 Inlet Pressure, Mass Flow and Temp.
LP1, IM1l, LT1 Inlet Liquid Pressure, Mass Flow, Temp.
GPl, GM1l. GT1 Inlet Gas Pressure, Mass Flow, Temp.
TRPROUT Turbine Qutlet Pressure
TRTPOUT Turbine OQutlet Temperature
TRMFOUT Turbine OQutlet Mass Flow
CRPROUT Compressor Outlet Pressure
CRTPOUT Compressor Outlet Temperature
CRMFOUT Compressor Outlet Mass Flow
wCoMP Compressor Work
WTURB Turbine Work
TSK Sink Temperature
BT1 Receiver Salt Temperature

e O0dd-numbered variables are inlet wvariables
« Even-numbered variables are outlet variables

+« FOxx denotes FORTRAN component
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The results show a qualitative similarity of power (Figure 52)
with alternator power computed by NASA for a maximum insolation orbit
shown in Appendix 8.3. This increases confidence in using this model to

predict system dynamic performance.

4.3.2 Minimum Insolation Orbit

The minimum insolation or 180 nautical mile orbit system transient
is shown in Figure 54. NASA supplied data was used to vary the sink and
receiver temperature during the orbit. This and other orbital data
might have been abridged in the DRO2, since the sink temperature does
not return to original value at the start of the orbit. Consequently
all system variables do not return to their initial value. A fixed gas
inventory was assumed with the mass flow rate at 0.8528 Kg/s. The power
fluctuations are similar to the maximum insolation orbit and can easily

be compensated for by using the parasitic load resistor.

4.3.3 Minimum Insolation Peaking Orbit

This system transient models a situation of maximum power demand
during a minimum insolation (180 nmi) orbit. The system inputs, the
sink temperature, the receiver temperature and the power output are
shown in Figure 55. A peaking orbit is one in which the electrical
power system is called upon to provide 15% more power than the nominal
for a continious period of 7 and a half minutes. By decreasing the gas
inventory from 1.19 Kg/s to 0.79 Kg/s after 7.5 minutes into the orbit,

the alternator power is decreased to adjust to normal power
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requirements. At 85.5 minutes into the orbit, the mass flow rate is

increased to 1.19 kg/s, and the power output once more increased.

4.3.4 Loss of One Radiator Panel

This scenario presumes the loss of one radiator panel due to
manifold blockage or damage, and predicts the effect on system
performance. The transient analysis is shown in Figures 56-59. These
results indicate that the system will achieve a new steady state with a
lower power output than before but still within the limits of
turbomachinery performance. Figure 56 shows temperature in panel 1 (T2
RDO1) dropping as flow is choked off, while panel 3 temperature rises to
compensate. Figure 58 shows a 13 X drop in power after the system again

achieves steady state in approximately 42 minutes.

4.3.5 Loss of Pump

The catastrophic scenario of losing a coolant pump is presented in
Figures 60-63. These transients show th;t as the CBC engine loses the
ability to reject heat, it quickly reaches a state where power output is
zero, accompanied with an uncontrolled rise in all component
temperatures. The time to reach zero power output (Figure 62) is about
5 minutes. The CBC power generating system is equipped with a redundant
coolant loop, but the results indicate that response to such a
catastrophic loss will have to be within 5 minutes if damage is to be

controlled.
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Since a constant speed machine was assumed for this case, it is
difficult to predict machine behavior when operation has moved
substantially from design point. For this purpose the machine’s
behavior over a wide operating condition would have to be charted. In
addition, for a real situation, the ideal constant speed would have to
be sacrificed once temperature conditions are substantially outside

normal operating temperatures.
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5., SUMMARY AND CONCLUSIONS

Heat exchanger, radiator, and one fluid heat exchanger transient
models were written in FORTRAN using a backward-difference finite-
difference scheme to represent components proposed for use in the Solar
Dynamic Power Generation System for Space Station Freedom. These models
were later translated into EASYS5, a dynamic analysis code, as EASYS5
Macro components. The alternator, turbine and compressor were modelled
as fixed-speed machines. Time-dependent models of other small
components, such as manifolds, pipes, and pumps which make up the
remainder of the CBC Power Generating System were also modelled. A
model of a variable-speed, constant-work machine Qas attempted, but was
recognised to be beyond the EASY) operating environment.

Transient analyses were performed using the component models to
examine the effect of the number of segments and integration time-step
size on the transient response predicted by the model.

Tests were run on EASY5 models of the gas and liquid subsystems
separately in EASYS to verify model performance. Subsegquently the
subsystems were integrated into the complete SDPGS.

System simu{;tions showed the response time of the power system to
be greater than 30 minutes. This provided evidence to support the
instantaneous-thermodynamic-response turbomachinery model used in this
analysis, since the response time of the combined rotating unit was many
orders of magnitude less than that of the remainder of the system. The

steady-state temperatures provided by the DRO27 were in close agreement
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with the EASY3 model used, increasing confidence in the accuracy of the
model.

Orbital simulation of a maximum insolation orbit, the minimum
insolation orbit and the minimum insolation peaking orbit showed
qualitatively similar results as NASA studies using HOT TUBE, which
calculated temperatures in the system on various stages of the orbit.

Failure scenarios indicate that in some situations, such as the
loss of a coolant pump and backup with a simultaneous loss of
concentrator off pointing ability, total loss of power will occur in
under five minutes. This provides a design goal for the emergency

system response time.
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6. RECOMMENDATION FOR FURTHER STUDY

This research can be continued by focusing on two areas: greater
model refinement and expanded system description. Model refinement
refers to inclusion of component details as they become known in the
course of designing and building actual hardware. Expanded system
description would entail including some components that hitherto were
not considered in the present model.

Future refinement can be made in the turbomachinery, heat
exchangers, and receiver models. Actual performance maps can be
incorporated into the compressor/turbine model to more accurately
represent the machines. Similarly, as more details of the receiver
become known, and the behavior of the phase change material is
quantified, the model should be altered to include these refinements.
Heat exchanger models could also be improved as details of interior
construction are available.

The system can be expanded by including the accumulator and hence
the effect of variable mass flow in the gas loop. This would serve to
verify shaft speed contrel using this technique. This expansion is not
possible using EASY5 since it does not permit iteration inside the
system loop at a single time level. It therefore may be neccessary to
build the variable speed model in FORTRAN.

Finally the electrical model should be integrated into the
existing thermodynamic model to produce a complete model of the CBC
power generating system. This model could then also be used to simulate

control system response.
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APPENDIX 8.1
EASY5 CBC System Model File

LRSS L el el e el ol g T 2 e e e e e L L S e o )]
P44 444444244449 44 34024444444 4P 44 PP 4444444 4 PP PP 44T b L P44

* COMSYS is the model file for the CBC complete system.

* It utilizes Maczo’s for several components including the

* Heat Exchanger, the receiver and the Radiator. Both the

* Radiator, and HX incorporate small end segments to provide

t a3 more accurate result.

* Author: A. Igbsl

*

. DATE | VERSION | PROGRANMER | ACTION

*

. 2/03/90 1.2 Igbal Oziginally written

. 11/14/989 1.3 Igdal Changed Radiator and Heat
* Exchanger to include small
* segmants.

. 11/20/89 1.4 Igbal Changed compressor and turbine
[ ]

L ]

models to include performance
bounds.

FHI4442 444440444443 44 940040442 P4 PP L LSS0t It 44t b S b S S bbb S bt

4P P44 4444444440+t 44 404409044444 440 bbb bbbt bbb bbb bbb bbb bbb d

. RADIATOR PANEI L MACRO

DEFINE MACRO = RD , SYMBOL=200

DESCRIPTION = RADIATOR PANEL

MACRO INPUTS = Pl k2 S 5 TSK, RSG, SSC, DYC, CPL, MLQ,
HIQ, AlQ, MWL, CPW, BOL

MACRO OUTPUTS = P2 2 M

MACRO CODE

STOP SORT

foococeans P e L X )

. Defining of States, Variables, and Parameters. States have
. time derivatives, Variables are any quantity that may be

. plotted or used as an input to another component, and

. Parameters are values that cCan be set in the snalysis file
L ]

to ssve compilation.

Qumemee eoew

. All FORTRAN statements have to follow the "FORTRAN STATEMENTS®

* command. Any FORTRAN statemsnt is valid except SUBROUTINE,

. PROGRAM, ENTRY, RETURN, STOP or END. Statemants have to be

*  Dbetween columns 7-72.

Somm wone -

*  All non-executable FORTRAN statements have to be preceded by

. the “DECLARATION, * comand.

[ ]

C€234567090123456789012345670901234567090123456709012345670901234567890

DECLARATION, REAL*8 AMTRD--(99,99), BMTRD--(99), TEMRD--(99),
TLORD-~(50), TWORD=-=(50), TWNRD-~-(50), MCWRD--,
SCWRD~~, MCLRD--, SCLRD-=, RALRD-=, SHLRD--,
LDTRD--, PCLRD-~, BTIRD-~-, SBIRD--, LITRD-~,
CONRD=-=, MDLRD--, TLQRD-=-{50), TWLRD-~-(50)

DECLARATION, INTEGER WLBRD--, WLERD--, LQBRD-~-, LQERD--,
SEGRD~--,1 RD-~, K RD--, L RD--, N RD--,
SIZRD~--,DIMRD-~, CODRD--, ITRRD--

“wLen

L X ]

List of constants and variables used in the program:

CON
ML

Convergence parameter (in \).
Massflow for liquid.

C---

c

C AMT @ A Matrix in finite differzence schems.

C BMT = B Matrix in finite differsnce schewme.

c TEM = Solution matrix to Ax=B.

€ TL0 = 014 liquid temperature matrix.

C THO = 0Old Wall Temperature matrix.

c TWN = New Wall Temperature matrix.

Cc 1DT = Derivative of Liquid temperature. (Dummy)
o 11T = Liquid Inlet Temperature st each time step.
[of -

C -
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= Cp for liquid.
= Liquid Temperature Matrix.
= Mall temperature matrix.
= (Mass)x(Cp) for the wall.
= Same as MCW but for small segment.
= (Mass)x(Cp) for the liquid.
= Same as MCL,but for small segment.
= (h)x(Area) for the liquid.
SHL = Same a3 HAL but for small segment.
* (Massflow)x(Cp) for the ligquid.
= (Stefan-Boltzmann constant)x(Surface Area)
SBZ = Same as BTZ but for small segment
= Number of nodes used for computation in Radiator.
= Sink Temperature (In-Orbit Shade)
= Beginning eleament ¢§ for Wall temperatures in TEM
= Ending element § for Wall temperatures in TIM
= Beginning element § for Liquid temperatures in TEM
= Ending elemant ¢ for Liquid temperatures in TEM
= § of elament used in TEM matrix.
= Dimension of AMT matrix
= Return code from GAUSS indicating zero pivot.
= Iteraticns in a time step to converge to a solution.
o Liquid inlet temperature used to compute Steady State
and temperatuzres w/ time.

B s K e Kt e K K X Ko Ne Na Ny Ne NeNe NeNe Ne oMo Ne e N )
&
(1]

printe,‘4in radiator’
MDLRD~~ = Ml RDe-

FCLRD=~ =« MDLRD--*CPLRD-~

SEGRD~=- = NINT (RSGRD=-=)

MCLRD=-- = (MLQRD-- * CPLRD--) * 0.98/(SEGRD-- - 2)
SCLRD~-- = (MLQRD-- * CPLRD--) * 0.01

HALRD-- = (HLQRD-- * ALQRD--) * 0.98/(SEGRD-~ - 2)
SHLRD== = (HLQRD-= * ALQRD-~) * 0.01

MCWRD~~ = (MWLRD-- * CPWRD--) * 0.98/(SEGRD~- =~ 2)
SCWMRD-~ = (MWLRD-- * CPWRD-~-) * 0.01

8TZRD=-= = BOLRD-~ * 0.98/(SEGRD-- -~ 2)

SBZRD-- = BOLRD-- * 0.01

IF (SEGRD-~.l1T.3) TMEN
PRINT*, ' INSUFTFICIENT § OF SIGMENTS'
GO TO +++14

ENDIF

[ -

c wWhen ICCALC « 1, EASYS is calculating the initisl conditions. This
c is done in this program by setting all rates equal to zero. The
C temperature at all nodes is set to TSKRD--, the inlet temp is set to
C LIQTEM and program run until convergence which produces the steady
c State temperature for that Inlet Temperature. Else the program uses
C input from AF0l as the lLiquid Inlet Temp.
C
IF (JCCALC.EQ.1) THEN

MCLRD=-~ = 0.

SCLRD-- = 0.

MCWRD-=- = 0.

SCWRD=-~- = 0.

CONRD-- = SSCRD~--

LITRD=- = T1 RD--

DO +++01 1 RD~-=],SEGRD--
TWLRD~=(I RD--) = TSKRD--
TIQRD--(I RD--) = TSKRD~--

++401 CONTINUE
ELSE
LITRD~-- = T] RD--
CONRD -~ = DYCRD--
ENDIF
print*, ‘time =’ ,time
print*, ‘ICCALC =’,iccalc
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IF ((TIME.EQ.0.).AND. (ICCALC.NE.1)) GO TO +++02
SIZRD=-~ = 2*SEGRD-~
DIMRD~~ = 99

Creacrmaa -

(of Set bounds for the matrix TEMRD-- {n which Temperatures are calculated

Ce= - - - cmon
IQBRD== = 1
IQERD«= = SEGRD~~
WLBRD-- = LQBRD-~ + SEGRD=-~-
WLERD-- = 2*SEGRD-~-
DO ++415 1 RD===],SEGRD~~
TWORD=-(1I RD--) = TWLRD--(I RD--)
TLORD--(1 RD-=) = TIQRD--(I RD-~=)
+++15 CONTINUE
+++12 CONTINUE

c
c Small Segment of liquid
c
AMTRD -~ (LQBRD=~, LQBRD=~) = (SCLRD=-=/TINC) + SHLRD-~- + FCLRD-~
AMTRD~~ (LQBRD~~, WLBRD==) = ~SHLRD~~
BMTRD~=- (LQBRD~~) = (FCLRD=-=*LITRD--) + ((SCLRD=--/TINC)*
S TLQRD == (LQBRD~~=) )
N RD-==(
Crecma= covoons o .-
c Regular segment of liquid

Cron= —- - ——-—
DO ++403 1 RD===L(QBRD==+],lQERD==~=1
MTRD=-= (1 RD~==,LQBRD~=+N RD-=-) ® «FCLRD~~-
AMTRD~=(I RD~=,I RD~-~) = (MCLRD--/TINC) + HALRD=-- + FCLRD--
AMTRD== (I RD-=,WLBRD~~=+N RD==+l) = -HALRD=--
BMTRD~=-(I RD=--) = (MCLRD=-=-/TINC) * TLQRD--(1 RD--)
N RD==- = N RD~-- ¢+ 1
+++03 CONTINUE
c ...... - -——-
c Small Segment of liquid
Crmme== -
AMTRD -~ (LQERD~~, LQBRD~=4N ~ RD=~=~) ® <FCLRD=-~-
AMTRD =~ (1QERD~-~, IQERD=-=) = {SCLRD--/TINC) + SHLRD-- ¢+ FCLRD--
AMTRD== (1LQERD=~, WLBRD==+N RD~~=4]l) & =SHLRD~~-
BMTRD=-~ (LQERD~~) = (SCLRD~~/TINC) * TLQRD~-~(LQERD~-~)

Comwrvocenaca

[of Small Segment of wall

N RD-- = 0
AMTRD-- (WLBRD-=, LQBRD-=+N RD--) ® =SHLRD--
AMTRD-- (NLBRD-~,WLBRD==) = (SCWRD--/TINC) + SHLRD-- +

S SBZRD~=* (TWORD=« (N RD==+1)**3)
BMTRD-~- (WLBRD-~) = (SCWRD--/TINC} * TWLRD--(N RD--+1) +
S SB2ZRD~~* (TSKRD=--*%4)
c ..... -—--
[ Regular Segment of wall
Ce==
N RD== = 1

DO +++04 I RD--«WLBRD-- + 1,WLERD-- - 1
AMTRD-- (1 RD--,lQBRD--+N RD--) e -HALRD-~
AMTRD--(I RD=--,1 RD=-=) = (MCWRD-=/TINC) + HALRD-- +

$ BTZRD==* (TMORD=-=(N RD=-=+1)**3)
BMTRD==(I RD--) = (MCWRD--/TINC}) * TWLRD--(N RD--+1) ¢+
$ BTZRD~~* (TSKRD~-~**4)

N RD~=uN RD==+]l
+++04 CONTINUE

Comom= -
c Small Segment of wall
c- - cccccrrnsrss e e r e - e ——-

AMTRD=-- (WLERD=~, LQBRD==+N RD--) @ =SHLRD--
AMTRD=-= (WLERD-~, WLERD~=) = (SCWRD--/TINC} + SHLRD-- +
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$ SBZRD--* (TWORD-=(N RD--+1)**3)
BMTRD~~ (WLERD~~-) = (SCWRD-=/TINC) * TWLRD=--(N RD-=-+1) +
$ SBZRD=~* (TSKRD~-~-%%4)

Commm
C Beginning of the loop to calculate all temperaturss at all
C points.

C--

CALL GAUSS (AMTRD=~, BMTRD=-~, TEMRD~~, SIZRD~~, DIMRD~~, CODRD==, DUNNA)
IF (CODRD-~.EQ.2) GO TO +++0%
L RDecw}
DO +440€6 I RD-~aWLBRD=~,WLERD~-
TUNRD~=={L RD-=) = TEMRD=={I RD-~)
L RD=~ = L RD== ¢+ ]
+++08 CONTINUE
DO ++407 I RD-=w),SEGRD-~
I¥ ((ABS (TWORD==(I RD-=)=-TWNRD--{I RD=--})).GT.
$ ((CONRD==/100) *TWORD=={I RD==)))
$ THEN
GO TO +++09
ELSE
GO TO +++08
ENDIF
+++07 CONTINUE

+++09 CONTINVE

PRINT *, ‘IN ITERATION LOOP. ITRRD-~ = ’, ITRRD-~

DO +++10 1 RD--=],SEGRD-~-

TWORD=<= (I RD=-=)= ({(((TMORD~-=(I RD--))**4) +

S ((TMNRD=-= (I RD-=))**4))/2)**0.25
+++10 CONTINUE

IF (ITRRD=--.GT.100) GO TO +++11

ITRRD=~ = ITRRD-- + 1

GO TO +++12

++408 CONTINUVE
ITRRD~- = (0
I RD~=-=]}
K RD--=}
L RD==-e=]}
Cr== P T ) -
C Assigning the temperatures to the correct slots in their
C 4individual matrices. )
c--- - - -
DO +++413 1 RD~- = ],SIZRD-~
IF ((I RD=--.GE.LQBRD~~) .AND.(l RD-~.LE.LQERD=--~)) THEN
TIQRD--(K RD-=) o TEMRD-~-{I RD--)
K RD-- = K RD-=- + 1
END 1T

IF ((I RD--.GE.WLBRD-~-).AND.(I RD--.LE WLERD~--)) THEN
TWLRD-=(L RD==) = TEMRD-=-(I RD--)
L RD=-- =1 RD-= +1
END IF
+++13 CONTINUE
DERIVATIVE OF, T2 RD-=- = LDTRD--
44402 T2 RD~-== TLQRD--(SEGRD-=)
P2 RD-- = Pl RD-~
M2 RD-- = M1l RD--
GO TO +++14
+++0% PRINT *, ’SUBROUTINE GAUSS BOMBED'
GO T0 +++14
4++11 PRINT *,’ITERATIONS FOR WALL TEMPERATURE EXCEED 100’

+++414 CONTINUE
RESUME SORT
END OF MACRO CODE
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. HEAT EXCHANGER MACRDO
.

DEFINE MACRO = HX , SYMBOL = €00

DESCRIPTION « COUNTERFLOW HEAT EXCHANGER

MACRO INPUTS = LP1, LT1, 1M1, GP3, GT3, GM3, HSG, ILT, IGT,

CPL, CPG, CPW, HLQ, HGS, AGS, AlQ, MGS, MLQ, MWL, ILP, ILF, IGPF,
IGF

MACRO OUTPUTS = LP2, 1T2, LM2, GP4, GT4, M4

MACRO CODE

STOP SORT

C23456789501234567089012345678901234567089012345678901234567890123456789012
DECLARATION, REAL*8 AMTHX--(99,99), BMTHX-~-(99), TEMHX--(99),

$ MCGHX=-=, SCGMX--, HAGHX--, SHGHX--, FCGHX--,
$ MCWHX=-~, SCWHX~--, MCLMX~-~, SCLHX--, HALHX--,
$ SHLAX=~, FClHX~-, GMIHX-~, LMIHX--, GMOHX--,
$ LITHX--, GITHX--, TLOHX--(50), TWORX--(50),
$ TGOHX=-= (50}, GDRHX--, LMOHX=--,

$ LDRHX~-=, TLQHX-~-(50), TWLMX--(50),

$ PTGSKX~-~-(50), LPIKX--, LPOHX~-=, GPIHX--,

$ GPOHX~--

DECLARATION, INTEGER I HX-=-, K HXe=, L HX~-=-, M HX-~-,
N HKX~e=, 0 HXe=, SIZHX--, DIMHX--, CODHX--,
IGBHX~>~-, IGELHX=~-, IWBHX--, IWEHX--, ILBHX-=-,
ILEHX~-, SEGHX--

Wwen

Covrccccnmonncan -

000000000 A0NN0000N0N00DNOOOOOOONONONO

This EASYS component calculates the dynamic parameters of a
single pass counterflow Heat Exchanger divided into N

segmants. It takes as input the inlet temperature cof the

gas, as well as the inlet temperature of the fluid. Integration
is done using a modified Euler method. The program produces the
wall temperatures in each segment, as well as the inlet and outlet
temparatures at these stations.

List of constants and variables used in the program:

LP1, LT1, 1Ml = Liquid pressure, temperature, and massflow in.
GP3, GT3, GM3 = Gas pressure, temperature and massflow in.

HGS = Gas heat transfer coefficient.

BLQ = Liquid heat transfer coefficient.

HSG = Number od nodes in HX (real number).

IGF = Initial massflow (gas).

ILF = Initial massflovw (liquid).

ILT = Initial liquid temperature.

IGT = Initial Gas temperature.

CPG = Cp for the gas.

CPL = Cp for the liquid.

CPW = Cp foz the wall.

AGS = Area of contact for gas.

ALQ = Area of contact for liquid.

MGS = Mass of gas in control volume.

MLQ = Mass of liquid in control volume.

MWL = Mass of wall in control volume.

MCG = (Mass)x(Cp) for the gas.

SCG = Same as MCG but for smaall segment.

HAG = (h)x(Area) for the gas.

SHG = Same as HAG but for small segment.

FCG = (Massflow)x(Cp) for the gas.

MCW = (Mass)x(Cp) for the wall.

SCW = Same as MCW but for small segment.

MCL = (Mass)x(Cp) for the liquid.

SCL = Same as MCL but for small segment.

KAL = (h)x(Area) for the ligquid.

SHL = Same as HAL but for small segment.

FCL = (Massflow)x(Cp) for the liquid.

SEG = Number of segments Heat Exchanger is divided in.
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c-
print*,’in heat exchanger’
SEGHX=~ = NINT(HSGHX~=)
IF (SEGHX--.1T.3) THEN
PRINT®, ’ INSUFFICIENT ¢ OF SEGMENTS'
GO TO +++60
END IFr
MCLHX== = (MLQHX~~ * CPLHX~= ) * 0.98/ (SEGHX-- - 2)
SCLHX-= = (MIQHX-= * CPLHX-- ) * 0.01
BALHX-= = (HLQKX-= * ALQHX-~ ) * 0.98/ (SEGHX-~- -~ 2)
SHLHX== & (HLOHX~= * AJQHX-=- ) * 0.01
MCWHX =~ = (MWLHX=~ * CPWHX~= ) * 0,98/ (SEGHX~-- - 2)
SCWHX~= & (MWLRX~-~ * CPWNX-- ) * 0.01
MCGHX-~ = (MGSHX~- * CPGHX=-- } * 0,98/ (SEGHX-- = 2)
SCGHX~~- = (MGSHX~- * CPGHX~-- ) * 0,01
BAGHX>> ® (MGSHX=-= * AGSHX-= ) * 0,98/ (SEGHX-- - 2)
SHGHX~~= = (HGSHX~-=- * AGSHX-- ) * 0,01
C
C This loop is executed if initial conditions need to be calculated.
C The wvariable ICCALC is then set to one, and all rates set to zero.
C ————
IF (ICCALC.EQ.1l) THEN
MCLHX=~~ = 0.
SCLEX~-=- = 0,
MCWHX== = 0,
SCWHX== = 0,
MCGHX=~= = 0,
SCGHX-=- = 0,
LITHX>= = ILTHX-~
GITHX~= = IGTHX--
IMIHX~-=- ® ILFHX--
GMIKX~-= = IGFHX=-~-
LPIHX>= = ILPHX~-~-
GPIHX== = IGPHX-~-

DO +4451 1 HX--=], SEGHX--
TWLHX=-~ (I HX-=) = LITHX-~
TIQHX~== (I HX--) = LITHX--
TGSHX-=(1l HX--) = LITHX--
+++51 CONTINUE

ELSE
LITHX~= = LT1HX--
GITHX=-~ = GTI3HX--
IMIHX~~ ® LMlHX--
GMIHX=-~- = GM3IHX-~
LPIHX~-= ® LP1HX~-~
GPIHX-- = GP3HX-~

EINDIF

FCLHX== = IMIHX-= * CPLHX--

FCGHX=~- = GMIHX~-~ * CPGHX--

printe,’ fcl = ', fclhx--,’ mecl = ’,mclhx--,’ hal = ', halhx--
printe,’ fcg = ’,fcghx--,’ mcg = ‘,mcghx--,’ hag = ', haghx--
print+,’ mcw = ',-:;hx--

printe, ‘time =’,t

printe, ‘ICCALC =/, iccalc

IF ((TIME.EQ.0.) .AND.{ICCALC.NE.1l)) GO TO +++52
print*,’Did not jump out when time was zero’

SIZHX=~ = 3*SEGHX--
DIMHX~-~ = 99

C
C Set bounds for temperatures in TEMHX--.
c

IGBEX~> = 1
1GEHX~~ = SEGRX~-
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IWBHX~-~ = IGBHX-- + SEGHX-~
IMEHX-~ = 2¢SEGHX-~
ILBHX~~ = IWBHX-~- ¢+ SEGHX-~
ILEHX== = 3I*SEGHX-~

DO ++453 I HX~-e], SEGHX-~-
THWORX~={I HX-~) = TWLRX--(I
TLOHX==(I HX=~) = TLQHX--(1
TGOHX=-=(1 HX=-=) = TGSHX~--(I1

CONTINUE

print*,‘two(5)= ’, twohx~=(5),’

printe,’tlo(S)= ’,tlohx~=(5),"’

print®,‘tgo(S)= ’,tgohx==(5),"’

++483

HX--)
HX~-)
HX--)

twl(S)es ¢, twlhx-~(5)
tlqiS)= ‘,tlghx--(5)
tgs(S)= ‘,tgshx--(S)

CONTINUE

c-
c Small gas segment
C'
AMTHX -~ (IGBHX~~, IGBHX~-~) e« (SCGHX--/TINC) + SHGHX-- + FCGHX-~-
AMTHX== (IGBHX=~, INBHX~=) ®» =SHGHX--
BMTHX == (IGBHX~~) » (PCGHX-=-*GITHX--) + ((SCGHX-=-/TINC) *
$ TGSHX~= (IGBRX~~))
N HX--=s0
C- -
c Regulaz gas segment
Crvnane= - cnn
DO +++454 I HX=-==IGBHX-= + 1,IGEKX-- = 1
AMTHX== {2 HX~-=,IGBHX==+N HX-~-) = -FCGHX--
AMTHEX-=(1 HX-=,I HX-=) ® (MCGHX~~/TINC) + HAGHX-= + FCGHX--
AMTHX== (I HX--,IWBHX~= + N HXe= + 1) = =~HAGHX--
BMTHX==(1 HX~~) = (MCGHX-=/TINC) * TGSHX--(I HX--)
N HXe= @« N HX== + ]
+++54 CONTINUE
C"
c Small gas segment
Cc- -
AMTHX== (IGEHX~=, IGBHX~=+N HX==) @ «~FCGHX--
AMTHX~~ (IGEHX~-~, IGEKX~-=) = (SCGHX~--/TINC) + SHGHX-- 4+ FCGHX--
AMTHX== (IGEHX~==, IWBHX== + N HX== + 1) = -SHGHX--
BMTHX== (IGEHX~-~) ® (SCGHX=-=/TINC) * TGSHX-- (IGEHX--)
[« -
c Small wall segment
C- -
N HX-==(
AMTHX~= (IWBHX~~, IGBHX~=+N HX-=) ®» ~SHGHX-~
AMTHX =« (INBHX=~~, IWBHX~~) = (SCWHX--/TINC) + SHGHX-- + SHLHX-~
AMTHEX == (IWBHX=-=, ILBHX==4N HXe=) & «SHLHX=-=
BMTHX== (IWBHX=-~) = (SCWHX--/TINC) * TWLHX-~(N HX-=+1)
c
c Regular wall segment
c-
N HX--el
DO ++45% 1 HX== = IWBHX-~ 4 1, INEHX~-= = ]
AMTHX== (1 HX==,IGBHX~=+N HX~-=) = -RAGHX~-~
AMTHX== (1 HX~=,1 HX==) = (MCWHX--/TINC) + HAGHX~- + HALHX-~-
AMTHX == (1 HX==,ILBHX==+N HX=-~) @ ~HALHX--
BMTHX~== (I HX-=) = (MCWHX--/TINC) * TWLHX~-~(N HX--+1)
N HXe= = N EX-= + 1
+++55 CONTINUE
o
ot Small wall segment
c - -
AMTHX== (IWEHX~~, IGBHX-=+N HX~-=) & -SHGHX--
AMTHX == (IWEHX=-=, IWEHX==) = (SCWHX-~/TINC) + SHGHX-- + SHLHX~-~
AMTHX== (IWEHX=~, ILBHX~=+N MHX-~) & =-SHLHX--
BMTHX == (INEHX~-~) = (SCWHX-=/TINC) * TWLHX--(N BX==+1)
c- cemam—-
c Small liquid segment
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N HX-= = 0
AMTHX =~ (ILBHX~~, INBRX==+N HX-~) ® -SHLHX-~
AMTHX=~= (ILBHX~~, ILBHX-=) = (SCLHX-~/TINC) + SHLHX-- 4 FCLHX--
AMTRX== (ILBHX=~=, ILBHX==¢ N HX~= 4 1) @ <FCLHX-~-
BMTHX== (ILBHX==) = (SCLHX-~/TINC) * TIQHX-~(N HX-- + 1)

Regular liquid segment

oo

N HXee = )

DO +4486 I HX=~ = ILBHX-- ¢+ 1,ILEHX-~ = 1
AMTHX~= (1 HX==, IWBHX~==4N KEX=-~) = -BALHX-~
AMTHX~=(] MNX==,I HAX-=) = (MCLAX-~/TINC) + BALHX-- + FCLEX--
AMIHEX== (1 HX==,IlBUX>=+ N HX== 4 1} & =PCLHX-~
BNTHX== (1 RX~=) = (MCLHX~=/TINC) * TLQHX-=(N HBX-- + 1)
N HX== = N HAX=-- ¢+ ]

+++56 CONTINUE

c
c Small liquid segment
C-
AMTHX == (ILEHX~~, INERX~>~) @ ~SHLHX-~-
AMTHX == (ILEHX~=, JLENX~=) = (SCLHX~-=/TINC) ¢+ SHLHX~- + FCLHX-~-
BMTHX== (JLEHX~=) @ (FCLHX=-=*LITHX=-=) + (SCLHX==/TINC) *
$ TLQHX == (SEGHX~~)
print®,’calculated matrices’
C=- -
C Beginning of the loop to calculate all tempezatures at all
C points.
[« 1
CALL GAUSS (AMTHX==, BMTHX=~, TEMHX~~,6 SI2HX~~,DIMHX~~, CODHX~-~, DUNNA)
print*, ’‘back from gauss’
IF (CODHX--.EQ.2) GO TO +++58
I HX-~- = ]
K HX~- = ]
L HXee = ]
M HX-~ = ]
N HX~= = ]
c- - -

C Assigning the temperatures to the correct slots in their
C 4individual matrices.
c

DO +++489 I HX-- = ],DIMHX~-~
IF ((I HX-=.GE.IGBHX--=) . AND.(I HX-~.LE.IGEHX-~-)) THEN
IGSHX=-= (K HAX~=) = TEMHX~--(1 HX--)
K HXe= = K RX-- + 1
END IF

IF ({1 HX=--.GE.IWBHX-=) AND. (I HX-- LE.IWEHX--)) THEN
TWLHX-= (L RX-~) = TEMHX--(I BX--)
L AXe= = L HX=-=- +1

IND IF

IF ((I HX~-.GE.ILBHX--) .AND.(1 HX--.LE.ILEHX--~)) THEN
TLOHX-=(N KX-=) = TEMHX--(I BX--)
N HX-- = N HX-= + 1
END IF
++4+59 CONTINUE

printe+,‘assigned temperatures to matrices’

DERIVATIVE OF, LT2HX-~ & LDRHX--
DERIVATIVE OF, GT4HX-- = GDRHX--
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IMORX=~ = LMIAX--
GMOHX-~ ® GMIHX--
GPOHX== = GPINX~--
LPOHX~~ & LPIKX~--

print*,’calculated fake derivatives’

+4452 LTI2HX~~ = TLQRX-=(1)

GT4HX~-= & TGSHX=~-(SEGHX~-~)
LP2HX== = LPOHX-~-
IM2KX == = LMOHX=-=
GP4HX~-~ = GPOEX-~
GM4AHX~-= = GMOHX~-~-

print*, ‘set output to correct values’

GO TO +++60

44458 PRINT *, ‘SUBROUTINE GAUSS BOMBED'’
+++60 CONTINUE

print*,’'finished EHX’
RESUME SORT
END OF MACRO CODE

. RECEIVER/RX MACRO

DEFINE MACRO = RX , SYMBOL « 600

DESCRIPTION = RECIEVER HEAT EXCHANGER

MACRO INPUTS = BT1, GP3, GT3, GM3, HSG, IBT, I1GT, IGF, 1GP,

CPG, CPW, HGS, AGS, HBD, ABD, MGS, MWL

MACRO OUTPUTS = GP4, GT4, GM4

MACRO CODE

STOP SORT

C23456789012345678901234567890123456789012345678901234567890123456785012

DECLARATION, REAL®*8 AMTRX--(99,99), BMTRX--(99), TEMRX--(99),
MCGRX=-~-, HAGRX-~, FCGRX--, MCWRX-~,
HABRX==, GITRX-=, TWORX--(%0), .
TGORX=-=(50), GDRRX-~, PINRX--, TWLRX-~(50),
TGSRX~-~(%0), GPIRX--, GPORX~-=, GMIRX-~-,
GMORX ==

DECLARATION, INTEGER I RX--, K RX-=-, L RX--, M RX--,

$ N RX--, 0 RX-=-, SIZRX~-, DIMRX--, CODRX--,

$ IGBRX~=, IGERX-~-, IWBRX-~, IWERX-~-, SEGRX~-~-

Loy LrLrLan

This EASYS component calculates the dynamic parameters of a

single pass counterflow Heat Exchanger divided into N

segments. It takes as input the inlet temperature of the

gas, as well as the inlet temperature of the fluid. Integration
is done using » modified Fuler method. The program produces the
wall temperatures in sach segmant, as well as the inlet and ocutlet
temperatures at these stations.

List of constants and variables used in the program:

BTl = Boundary temperature.

GP3, GT3, GM3 = Gas pressure, temperaturs and massflowv in.
HGS = Gas heat transfer coefficient.

HBD = Boundary heat transfer coefficient.

HSG = Number od nodes in RX (zeal number).

00000000 ODOOOOOOOO0O

IGF = Initial gas flow (massflow).
1GT = Initial Gas temperature.

CPG = Cp for the gas.

CPW = Cp for the wall.

AGS = Area of contact for gas.

MGS = Mass of gas in control volume.
MWL = Mass of wall in control volume.
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MCG (Mass)x(Cp) for the Qas.
(h)x(Area) for the gas.
(Massflow)x(Cp) for the gas.
(Mass)x(Cp) for the wall.

Number of segments Heat Exchanger is divided in.

FCG

SEG

0oO00000

print*,’in heat exchanger’

SEGRX~~ = NINT (HSGRX-=)

MCWRX~= = MWLRX== * CPWRX-= / SEGRX~--
MCGRX~-~ = MGSRX-~ * CPGRX-- / SEGRX~-~
HAGRX== = HGSRX=-- * AGSRX~-~ / SEGRX--
HABRX~= = HRBDRX~-= * ABDRX-~ / SEGRX~-~

This loop is executed if initial conditions need to be calculated.
The variable ICCALC is then set to one, snd all zates set to tero.

(o NeNeNe

IF (ICCALC.EQ.1) THEN
MCWRX == & 0,
MCGRX~=- = 0.
TBDRX== @ IBTRX--
GITRX=~ = IGTRX-~
GMIRX== = IGFRX-~
GPIRX-= = IGPRX-~
DO +++451 I RX--=], K SEGRX-~
TWLRX=--(1 RX--) = TBDRX--
TGSRX==(I RX=-~) = TBDRX--
+++58] CONTINUE
ELSE
TBDRX~- = BT1RX-~-
GITRX== = GTIRX--
GPIRX~-= = GPIRX-~
GMIRX== = GM3RX~--
ENDIF
FCGRX== = GMIRX-- * CPGRX-~

printe, ‘time =’ ,time
print®, ‘1CCALC =’ , iccalc

IF ((TIME.EQ.0.) .AND. (ICCALC.NE.1)) GO TO +++852
print+*,’Did not jump out when time was zero’

SIZRX~~ = 2¢*SEGRX-~
DIMRX~~ = 3§

c - -
C Set bounds for temperatures in TEIMRX--,
c -

IGBRX>~> = ]

IGERX~~ = SEGRX~~

IWBRX~= = IGBRX-= + SEGRX~-~

IWERX== = 2¢*SEGRX~-~

DO +++53 I RX==s], SEGRX-~
TWORX==(1 RX==) = TWLRX==(lI RX--)
TGORX== (1 RX~-} = TGSRX-={(I RX=-~)

++453 CONTINVE

CONTINUE
AMTRX =~ (IGBRX==, IGBRX~-=) ® (MCGRX--/TINC) + RAGRX~- + FCGRX~--
AMTRX~~= {IGBRX~=, INBRX==)} = =RAGRX~-
BMTRX-- (IGBRX~=) = (FCGRX=-=*GITRX--) + ((MCGRX--/TINC) *

$ TGSRX~-- (IGBRX-~))
N RX=-=0

DO +++4%4 I RX--eIGBRX--+1, IGERX--
AMTRX--(I RX--,IGBRX--+N RX--) = -FCGRX--
AMTRX~--(I RX--,I RX=-=) @® (MCGRX--/TINC)} + HAGRX-- + FCGRX--
AMTRX-~(I RX--,INBRX~~ + N RX-- + 1) = =HAGRX--
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BMTRX-=(1 RX-=-) = (MCGRX-~/TINC) * TGSRX--(I RX--)
N RX== = N RX-- + 1]
+++54 CONTINUE
c -
N RX=-=0
DO +++455 I RX-- = IWBRX~--, INERX-~
AMTRX~= (I RX=~=,IGBRX-=4N RX~--) = -HAGRX~--
AMTRX== (I RX==,I RX~=) @ (MCWRX--/TINC} + HAGRX-- + HABRX--
BMIRX== (] RX-=) = (MCWRX--/TINC) * TWLRX-=(N RX-=+1) +
$ (BABRX~=*TBDRX=~)
N RXee = N RX== 4+ }
+++55 CONTINUE
c

printe,‘calculated matrices’

Coee

C Beginning of the loop to calculate all temperatures at all
C points,
[od -
CALL GAUSS (AMTRX=~, BMTRX-=, TEMRX=~, SIZRX~~, DIMRX~~, CODRX~~, DUNNA)

print*, ‘back from gauss’

1r (CODRX~-=-.EQ.2) GO TO +++58

I RX== =]

K RX== = }

L RX== =}

M RXew = ]

N RX~e =}
C=- -

C Assigning the temperatures to the correct slots in their
C individual matrices.
C~=-

DO +4459 I RXe- = ],DIMRX-~
IF ((I RX--.GE.IGBRX=~-) AND.(I RX=--,LE.IGERX~--)) THEN
TGSRX==(K RX-=) & TEMRX~-=~(l RX--)
K RX-~~ ® K RX-~ + 1
END IF

IF ((I RX-=-.GE.IWBRX=~=).AND.(I RX~-=-.LE.IWERX--)) THEN
TWLRX~= (L RX-~) = TEMRX--({I RX--)
L RX-- =L RX-= +1

END IF

+++59 CONTINUVE
print*,’assigned temperatures to matrices’
DERIVATIVE OF, GT4RX~~ = GDRRX~~-
GMORX=- = GMIRX~-~-
GPORX~= ® GPIRX-~
print*,‘calculated fake derivatives’
++452 GT4RX== @ PGSRX~-- (SEGRX~--)
GP4RX~-=- = GPORX-~-
GM4RX~-- = GMORX-~-
print*,’set ocutput to correct values’
GO TO +++60
+++58 PRINT *, ‘'SUBROUTINE GAUSS BOMBED'
+++460 CONTINUE

print+,’finished RX’
RESUME SORT
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END OF MACRO CODE

. PIPE MACRO

DEFINE MACRO = PP, SYMBOL = 600

DESCRIPTION = COOLANT PIPE

MACRO INPUTS = Pl 71 "l QLS, 1GT, DIA

MACRO OUTPUTS = P2 T2 >

MACRO CobE

STOP SORT
DECLAMATION, REAL*® RENPP--, VELPP--, DPRPP--,
$ FRIPP--, REDPP--, NETPP--, VISPP--, RHOPP--,
$  GRAPP-~-, PIEPP--

-

* VARIABLES USED AND THEIR UNITS:

* M1, M2 = Mass Tlov Rate (kg/s)

* REN = Reynolds Number

* DIA = Pipe Diameter (m)

* V1S = Viscosity (m**2/s)

*  RHO = Liquid Density (kg/me**3)

* FRI = Friction Factor

* HED e Head Loss (m of ligquid)

* DPR = Pressure Drop across pipe

* GRA e Gravity (m/s**2)

* T, T2, Pl, P2 = Pressure and Temperature Inlet & Outlet
* 1lGT = Length of pipe

* QLS = Heat loss from pipe.

Pamw - - -

VISPP-~- = 2.03D-6

RHOPP-- = 1058.5

HETPP=-~ = 9 .45E-1/62.5

GRAPP-- = 9.01

PIEPP-- = 3,14159

RENPP~~ = (4*M]1 PP~-) / (PIEPP-~ * DIAPP-~ * VISPP-- * RHOPP--)
VELPP~~ = (4*Ml PP~-) / (PIEPP~- * (DIAPP--"%2) * RHOPP--)

IF ((ICCALC.EQ.1).OR.(TIME.EQ.0)) THEN
Lof write (6,+++22)t2 pp--,tl pp~--
C+++22 format (1x,’t2 pp-- =’',25.1,’ ¢l pp--=',£5.1)
T2 PP-- = Tl PP~-~
c write (6,+++423)t2 pp~-,tl pp-=~
C++423 format (1x,’t2 pp-=- =»',£5.1,' tl pp--=’',£5.1)
P2 PP~= = Pl PP~--
M2 PP-~ = Ml PP~--
GO TO +++10
ELSE
CONTINUE
ENDIF
IF (RENPP--.1T.2100) THEN
FRIPP-= = §4 / RENPP--
ELSE
IF ((RENPP=-=.GE.2100) .AND. (RENPP-~.LE.2300)) THEN
RENPP-- = 2300
FRIPP-- @ 0.316/ (RENPP-~**(.25)
ELSE
FRIPP-- = 0.316/ (RENPP-~*0.28)
END IF
END IF
HEDPP-- ® (FRIPP-=tLGTPP~~* (VELPP--**2)) / (2*DIAPP--*GRAPP--)
DPRPP=~ = HEDPP-~ * RHOPP=~ * GRAPP--
p2 PPp-- @ P PP~- - DPRPP--

c wzite (6,+++1l)time
C++ell format (/1x,'time = /,£6.1)
c write (6,++421)t]l pp--,t2 PP--

C++421 format (1x,’tl pp-- =',£5.1,’ t2 pp--=',%5.1)
T2 PP~- = T1 PP-- =~ (QLSPP--/(PIEPP--‘LG?PP--'DIAPP--'HETPP--))
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c write (6,+++20)t1 pp--,t2 pp--
C+++20 format(lx,’'tl pp-- =',£5.1,' t2 pp--=’,25.1)
c write (6,+++30)qlspp--,piepp--
C+++430 format (lx,’'qlspp-- =’,e6.1,’ piepp--=',25.3)
c write (6,+++40)1lgtpp-~-,diapp~~
C+++40  format(lx,’lgtpp-- =’,25.2,’ diapp~~=',£5.2)
c write (6,+++50)hetpp~-~
C+++50 format (1x, ' hetpp-~- =’ ,e6.1)
M2 PP-=- = M1 PP--
+++10 CONTINUE
RESUME SORT
END OF MACRO CODE

hd MARNITFPOLD ACRO

DEFINE MACRO = MN, SYMBOL=400

DESCRIPTION = OUTLET MANIFOLD

MACRO INPUTS = P1, T1, M1, P3, T3, M3, PS, 25, M5, P7, T7, M7, NMI,
NMO, PR1, PR2, PR3, PR¢

MACRO OUTPUTS = P2 T2 M2 P4 T4 M4 P6E T6 M6 PS8 T8
M8

MACRO CODE

STOP SORT

. VARIABLES USED
* Pl, T1, Ml = Pressure, terperature and massflow rate in a stream
* NMI = Number of inlet streams.
®* NMO = Number of outlet streams.
* PR1-PR4 = Percentage of massflow in pipe.
* —-mee

DECLARATION, REAL*8 ZERMN-~

DECLARATION, INTEGER INOMN--, INIMN--

INOMN-= = NINT (NMOMN--)

INIMN-~- = NINT(NMIMN--)

IF (INOMN--.EQ.1) THEN :

P2 MN== @ ((PRIMN=~*P]l MN-=) + (PRZMN=-=*P3 MN--) +

$ (PRIMN-=*PS MN-=) + (PRAMN--2P7 MN-=~)) /100
T2 MN-= » ((PRIMN--*T1 MN~=) + (PRZMN--*T3 MN--) +
$ (PRIMN==*TS5 MN-~) + (PRAMN-=-*T7 MN--))/100
M2 MN-~= = M] MN-- + M3 MN-= + M5 MN-=- + M7 MN--
2ERMN~-- = (0.0
P4 MN-= = ZERMN--
T4 MN-= = ZERMN-~
M4 MN-= = ZERMN--
P6 MNe= = ZERMN-~-
T6 MN-~ = ZERMN--
ME MN~- = ZERMN=-=
P8 MN=-= = ZERMN--
T8 MNo~ = ZERMN~~
M8 MNe-= = ZERMN~--
ELSE
P2 MN-= = P] MN--
P4 M-~ = Pl MN=-
P6 MN-= = Pl MN--
" P8 MN-- = Pl MN--
T2 MN-- = T1 MN-~
T4 MN-= = T1 MNe=
T6 MN-=- = Tl MN--
T8 MN-~- = T] MN--
M2 MN-- = PR1MN-=*M1 MN=-- / 100
M4 MN-= = PR2MN=-=*M]1 MN-- / 100
M6 MN=- = PRAMN-~*M1 MN-- / 100
M8 MN-- = PRAMN--*M1 MN~-- / 100
ENDIF
RESUME SORT

END OF MACRO CODE
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MODEL DESCRIPTION = SPACE STATION CBC POWER GENERATION SYSTEM
*

. ANALYTIC FUNCTION GENERATOR FOR
» GAS INLET TEMPELRATURES.

*LOCATION = 201, TBO2

. PIPEL FROM RX T0 RADIATOR

-
LOCATION = 51, PPO1

INPUTS = MNO4 (T2=T1), MNO4 (P2=Pl), MNO4 (M2=M1)
*

b RADIATOR INLET MANIPOLD

*
LOCATION = 42, MNO1
INPUTS = PPO1 (P2=P1), PPO1(T2=T1), PPO1 (M2=M1)

. SINK ZEMPERATURTE TABLE

LOCATION = 206, 7801
.

. RADIATOR PANEL 41
L ]

LOCATION « 34, RDO1
INPUTS = MNO] T2=T1), MNO1(P2=Pl), MNOl (M2=M1), TBOl(S,2=T7SK)
L 4

. RADIATOR PANELL €°?

LOCATION = 26, RDO2
INPUTS = MNO1(T4=T1), MNO1 (P4=Pl), MNOl(M4=M1), TBOl(S,2=TSK)
L

. RADIATOR PANELL 3

LOCATION = 14, RD0O3
INPUTS = MNOLl (T6=T1), MNO1(P6=P1), MNO1l(Mé=M1), TBOl(S,2=TSK)

. RADIATOR PANEL 4

LOCATION = 6, RDO4
INPUTS = MNO1(T8=T1), MNO1(P8=Pl), MNO1l(M8=Ml), TBO1(S,2=TSK)

d RADIATOR ocvUTLET MANIFOLD

LOCATION = 48, MNO2 :

INPUTS = RDO1(T2=T1), RDO1(P2=P1), RDO1(M2=M1),
RDO2 (T2=T3), RDO2(P2=P3), RDO2(M2=M3),
RDO3 (T2=T75), RDOI(P2=PS), RDOI(M2=MS),
RDO4 (T2=T7), RDO4(P2=P7), RDO4 (M2=M7)

. PIPE FROM RADIATOR TO0 PUNP

LOCATION e 60, PPO2
INPUTS = MNO2 (M2=M1), MNO2(P2=P1l), MNO2(T2=T1)

. Tabular function to generate Mass Flov Rate.
*

LOCATION = 210, TBO03

Pamme

. PUMP

LOCATION = B0, FOPU, INPUTS = P2 PP02, M2 PP02, T2 PP02, S2 TBO2
ADD PARAMETERS = PDESIR, IMOPU

ADD TABLES = PERF

*ADD VARIABLES = TOPU

ADD STATES = POPU, MOPU, TOPU
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FORTRAN STATEMENTS

POPU = PDESIR

PDEL « POPU - P2PPO2

MOPU = S2 TBO3

IF (JCCALC.EQ.1) THEN
MOPU = IMOPU
POPU = PDESIR
TOPU = T2 PPO2

ELSE
CONTINUE

ENDIF

TOPU = T2 PPO2

DERIVATIVE OF, POPU = INVENT*DUM2
DERIVATIVE OF, MOPU = INVENT®DUM2
DERIVATIVE OF, TOPU = INVENT*DUM2

. REAT EXCHERANGER INLET MANIPFOLD

LOCATION = 77, MNO3
INPUTS = FOPU(MOPUeM1), FOPU(POPU=Pl), FTOPU(TOPU=T1)

. GAS COOLER (BRX01)
[ ]
LOCATION = 74, HX01

INPUTS = HX03 (LP2%GP3), HX03 (LM2=GM3),HX03 (LT2=GT3),
MNO3 (P2=LP1), MNO3(T2=LT1), MNO3 (M2=1M1)

»

. BLEED COOCLER (HX02)

- ——-—-

*LOCATION = $7, HX02

*INPUTS = TB02(S,3=GP3), TBO7(S,3=GM3),TBO2(S,2=GT3),
*MNO3 (P4=LP1), MNOI(T4d=LTl), MNOI(Ma=1M1)

. HEAT EXCHANGER OCUTLET MANIFOLD

-

LOCATION = 84, MNO4
INPUTS = HX01(LT2=T1), HX01l(LP2=Pl), HX01 (LM2=M1)
*, RX02(LT2=T3), HX02(LP2=P3), HX02 (LM2=M3)

* RECUPERATOR (HX0
Posnseana
LOCATION = 1185, HX03

INPUTS = FOTR(TRPROUT=LP1), FOTR(TRTPOUT=LT1), FOTR(TRMFOUT=LM1),
FOCR (CRPROUT=GP3), FOCR (CRTPOUTGT3), FOCR (CRMFOUT=GM3)

*

hd SOLAR RECLIVER (R X 0 1)
*
LOCATION = 118, RX01

INPUTS = HX03(GT4=GT3), HX03I(GP4=GP3), HX03(GM4=GM3), TBOS(S,3=BT1)
*

. TABLE FOR RECEIVER TEMP (TBOS)

LOCATION = 208, TBOS

. ’ GAS TURBINE
LOCATION = 139, FOTR, INPUTS = GT4RX01l, GPARX01l, GMARXOl
ADD PARAMETERS = PRATTR, ETATR, CPTR, RTR, IMFTRIN, ITPTRIN, IPRTRIN,
SWITCHT
ADD VARIABLES = WTURB, MINDEST, MINTDL
ADD STATES = TRPROUT, TRMFOUT, TRTPOUT
FORTRAN STATEMENTS
DECLARATION, REAL*8 PINT, TINT, MINT, DUMMY, TOUTT, POUTT, MOUTT
PINT = GP4RX01
TINT = GTARX01
MINT = GM4RX01
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IF ((SWITCHMT.ZQ.1.).AND. (TIME.EQ.0.)) TREN
MINDEST = (MINT * (TINT ** 0.5)/PINT)
ELSE
CONTINUE
ENDIF
IF (SWITCHT.NE.1.) GO 70 $2

MINTDL = (MINT * (TINT *+* 0.8)/PINT) / MINDEST
$2 CONTINUE

If simulation goes off the turbine map, i.e. the turbine
suzrges or stalls, the zun is stopped and all data is saved.

anono

Il?mm‘l‘.lﬁ.l.) +AND. ( (MINTDL.LT.0.45) .OR. (MINTDL.GT.1.1)))
+

I13T0P=1
PRINT®, ' ABORT IN TURBINE'
ELSE
CONTINUZ
ENDIF
IF (ICCALC.EQ.1) THEN
MINT = IMFTRIN
TINT = ITPTRIN
PINT = IPRTRIN
TOUTT = TINT
POUTT = PINT
MOUTT = MINT
ILSE
Ir (TIME.ZQ.0.) GO T0 51
TOUTT = TINT / (PRATTR®* (ETATR*RTR/CPTR))
MOUTT = MINT
INDIF
51 CONTINUE
POUTT = PINT / PRATTR
TRIPOUT = TOUTT
TRPROUT = POUTT
TRMFOUT = MOUTT
WIURB = MINT * CPTR * (TINT - TRTPOUT)
DERIVATIVE OF, TRPROUT = DUMMY
DERIVATIVE OF, TRMFOUT = DUMMY
DERIVATIVE OF, TRTPOUT « DUMMY

ALTERRATOR "POWER

LOCATION = 134, FOAL, INPUTS = WIURB, WCOMP
ADD PARAMETERS = ETAAL, SWITCHA
ADD VARIABLES = POWER
FORTRAN STATEMENTS
POMER = ETAAL * (WITURB - WCOMP)
IF ((POWER.LT.0.) .AND. (SWITCHA.2Q.1.))
+ THEN
I1STOP=1
PRINT®,'LERO POWER -~ SYSTEM SHUT DOWN'
ELSE
CONTINUVE
ENDIF
*

. COMPRESSOR
*
LOCATION = 131, FOCR, INPUTS = GT4HX01, GP4HX01, GMAHXO01
ADD PARAMETERS = PRATCR, ETACR, CPCR, RCR, ITPCRIN, IMFCRIN, IPRCRIN,
SMITCHR
ADD VARIABLES = WCOMP, MINDESR, MINRDL
ADD STATES = CRPROUT, CRMFOUT, CRTPOUT
FORTRAN STATEMENTS
DECLARATION, REAL*S PINR, TINR, MINR, DUMMY2, TOUTR, POUTR, MOUTR
PINR = GP4HX01
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PINR = GT4HX01

MINR = GM4HX01

IF ((SWITCHR.EQ.1l.).AND.(TIME.EQ.0.)) THEN
MINDESR = (MINR * (TINR ** 0.5)/PINR)

ELSE
CONTINUE

ENDIF

IF (SWITCHR.NE.1l.) GO TO 02

MINRDL = (MINR * (TINR ** 0.5)/PINR) / MINDESR
02 CONTINUE

c
c If simulation goes off the compressor map, i.e. the compresscr
c surges or stalls, the run is stopped and all data i3 saved.
c
IF ((SWITCHR.EQ.1.).AND. ((MINRDL.LT.0.75).0R. (MINRDL.GT.1.6)))
+ THEN
ISTOP=1
PRINT®, ' ABORT IN COMPRESSOR’
ELSE
CONTINUE
ENDIF

IF (ICCALC.EQ.1) THEN
MINR = IMFCRIN
TINR = ITPCRIN
PINR = IPRCRIN
TOUTR = TINR
POUTR = PINR
MOUTR = MINR
ELSE
IFr (TIME.EQ.0.) GO 7O 01
TOUTR = TINR * (PRATCR**®* (RCR/(CPCR*ETACR)))
MOUTR = MINR
ENDIF
01 CONTINUE
POUTR = PINR * PRATCR
CRPROUT = POUTR
CRTPOUT = TOUTR
CRMFOUT = MOUTR
WCOMP = MINR * CPCR * (CRTPOUT - TINR)
DERIVATIVE OF, CRPROUT = DUMMY2
DERIVATIVE OF, CRTPOUT = DUMMY2
DERIVATIVE OF, CRMFOUT = DUMMY2
END OF MODEL
PLOT SCHEMATIC
PRINT SCHEMATIC
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APPENDIX 8.2

Film Coefficient Calculations

The film coefficient h, was calculated by first computing the

Reynolds number Re,

Re-LDL_
K

where
v = velocity
D = Diameter
K = Viscosity

and the Prandtl number Pr,

pe

k

where

c = specific heat at constant pressure
P (¢ for liquids)

k = thermal conductivity

The Nusselt number Nu, is then calculated (reference 11),

Nu = 0.0155 (Pr)o'S(Re)o'83

Finally,

h = Nu

D

The sensitivity of h to changes in fluid properties with
temperature was examined to determine whether h could be specified as an
input parameter for a model or would require dynamic computation during
code execution. A change of 100 K about normal design conditions
results in a 3% change in h; well within the accuracy range for this
formulation. Therefore h was included as a parameter in the EASYS
analysis file.
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The development of simple transient compressible turbomachinery
models for the space station - closed Brayton cycle - power module is
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pressure, and mass flow rate were selected as the state variables.
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NOMENCLATURE
A ! area
Ak : friction factor
¢ : fluid velocity
Cp : specific heat
e : total enthalpy
Ff : frictional force
Fp : pressure force
h : enthalpy
L : characteristic length of control volume
m : mass of gas in control volume
m : mass flow rate
n : node number

nod: number of nodes chosen to span the control volume

M : Mach number

P . pressure

Q : rate of heat flow

R : gas constant

T : temperature

At : time required for information to travel from inlet to the node
being evaluated

V : volume of the control volume

p : density
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Subscripts:
i : inlet
m : middle

n : node number

o : outlet

s : static

t : total
Acronyms:
CBC : closed Brayton cycle
ECU : electronic control unit
I0C : initial operating capability
PLR : parasitic load radiator
SALM : state-average lagged-mass-flow-rate model

SDPCS : solar dynamic power control system
UMFM : upwind mass flow model
Symbols:

p) : Summation



MODELING OF TRANSIENT THERMODYNAMIC PERFORMANCE

OF COMPRESSIBLE FLOW TURBOMACHINERY

1. ODUCTION

NASA is currently designing a space station to serve as a
"permanent” manned facility to support a wide range of activities.
The space station will orbit the Earth and provide experimental
facilities as well as living quarters for the personnel manning it.
75 KW of electricity is required for the initial operating capability
(IOC) of the space station [1]; 23.5 KW will be provided by a
photovoltaic module, and the remaining 51.5 KW will be provided by a
solar dynamic power conversion system (SDPCS). The 51.5 KW of
electrical power is generated by two identical modules using a closed
Brayton-cycle engine (CBC). The energy source for the CBC is solar
radiation (insolation). Each module provides a nominal output of
25.75 KW and is designed for a peaking power of 28.75 KW. As the
future power requirements of the space station grow, the modules will
be replicated as required. The components required for the operation
of a SDPCS are currently being designed by various contractors.

Further details of the CBC system are presented in section 1.1.



The focus of the study reported by this thesis was to develop
transient models for the turbine and the compressor, two of the major
components of the SDPCS. These models will be used to support
development of the control system for the SDPCS. The control scheme
is discussed in section 1.2.

1.1 CLOSED BRAYTON CYCLE

The solar dynamic power conversion system (SDPCS) modules use the
closed Brayton cycle (CBC) engine to convert solar insolation into
mechanical power. An alternator converts this power to electricity.
Figure 1 shows the thermodynamic closed Brayton cycle on a T-s
diagram. Along path 1-2 the compressor raises the pressure and
temperature of the working fluid. Between points 2 and 3, the
temperature of the working fluid rises in the cold side of the
recuperator. Energy is transferred from the receiver to the working
fluid between points 3 and 4. From 4 to 5, the temperature and
pressure of the working fluid are reduced in the turbine to produce
work. Between points 5 and 6 the temperature of the working fluid
decreases in the hot side of the recuperator. To complete the cycle,
the working fluid is cooled in the gas cooler between points 6 and 1.

Figure 2 presents a schematic of the CBC hardware which shows the
flow direction of the working fluid. Figure 2 also shows the
electronic control unit (ECU) and the parasitic load radiator (PLR).
The dashed line denotes an electronic signal. The compressor,
turbine, and alternator are on the same shaft and hence have the same
angular speed. Solar energy is collected by the concentrator which

focuses incident radiation onto a receiver containing phase change
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eutectic salts. The eutectic salts act as a thermal energy storage
device. This stored energy is used to maintain constant power output
even when the space station experiences variations in solar
insolation. These variations periodically occur due to the changing
distance between the sun and the space station. For a period of time
during each orbit the space station is in the shadow (eclipse) of the
Earth. During an eclipse, the solar insolation is virtually zero.
Therefore, during the eclipse phase of the orbit, the energy stored
in the eutectic salts provides the thermal energy required to power
the CBC system.

The helium-xenon (He-Xe) working fluid extracts thermal energy
from the receiver and then enters the turbine. As the fluid passes
through the turbine it expands to produce shaft work and the
temperature of the fluid decreases. The low pressure gas then passes
through the hot side of the recuperator and gives up energy to the
cold-side fluid. Froﬁ the recuperator, the He-Xe mixture flows
through the gas cooler where the working fluid is further cooled.

The cold He-Xe mixture then enters the compressor where work is done
on the fluid resulting in increased pressure and slightly increased
temperature. The fluid then passes through the recuperator to gain
energy from the hot exhaust coming from the turbine exhaust. The He-

Xe mixture then enters the receiver to complete the cycle. The cycle



is shown in figure 1. The next section discusses the control system
required to manage the CBC and the techniques used to achieve this
control.

1.2 CONTROL OF THE SDPCS

The following list presents the objectives of the SDPCS control
system.

* The speed of the rotor is to be malntained at

32,000 RPM to provide a constant 208 Volts ac.
* The temperature of the components is to be
maintained below the maximum design temperature.

* The pressure in the components is to be maintained below

the maximum design pressure.

* The temperature of eutectic salts 1s to be controlled to

insure constant steady-state power output.

* Within the above stated limits, the system is to

operate as efficiently as possible.
These objectives are achieved by the following control actions:
variation in the load presented by the parasitic load radiator (PLR);
change in inventory of the accumulator; and rotation of the
concentrator.

The parasitic load radiator (PLR) controls the speed of the
rotating unit and is connected in parallel with the user load. The
purpose of the PLR is to maintain a constant total electrical load in
order to maintain a constant power output from the alternator. The
speed and the load are sensed by two separate sensors. If the rotor

speed is sensed to be increasing, the PLR load is increased.



Conversely, if the speed of the alternator is sensed to be
decreasing, the PLR load is decreased. Hence, a change in user load
is compensated by the PLR to maintain constant speed of the rotating
unitc.

The accumulator controls both the temperature of the components
and the power output of the module. During operation of the power
plant, the concentrator experiences transients in solar insolation.
This results in variation of the receiver salt temperature and hence
the working fluid temperature. If the temperature rises above the
design temperature for the receiver, the mass flow rate through the
receiver is increased to reduce the temperature. Also, the
concentrator can be redirected so that the solar radiation is no
longer focused on the receiver salts. The extra mass required to
increase the mass flow rate is provided by the accumulator.
Variation in temperature of the working fluid will result in
variation in the power generated by the turbine. To keep this power
output constant, the mass flow rate is appropriately adjusted.

Figure 3 shows how the change in working fluid inventory is
accomplished. If the turbine inlet temperature decreases, increased
mass flow rate is required to maintain the power output from the
turbine at a constant value. Opening valve B, upstream of the
compressor, injects mass into the system producing an increase in
mass flow rate. To reduce the mass flow rate, (decrease the working
fluid inventory), valve A is opened downstream of the compressor, and

mass flows back into the accumulator.



Invenlory control
schemalic

Valve B

Compressor \
el — (X) <

Compressor (X)
(ulel > Y,

Valve A

cumualor




Rotation of the concentrator is used as the primary control over
the flux of solar radiation into the receiver. As mentioned before,
it is possible forAthis flux to be so large that the temperature of
the receiver exceeds the allowable temperature of the structure. 1In
such a case, the concentrator 1s rotated away from the receiver so
that the solar radiation is no longer focused on the receiver. Note
that all the controls mentioned above require electronic signals for
various valves to open and close. Generally, valves are opened or
closed slowly to avoid water-hammer.

1.3 CLASSIFICATION OF THERMODYNAMIC TRANSIENTS.

Bammert and Krey [2] classify thermodynamic transients into 3
groups on the basis of time constants. The first group has the most
rapld transient response and is associated with pressure changes
caused by gas pressure oscillations. These pressure changes occur
due to the opening and closing of valves. The second group has
relatively slower response, and physical processes which produce
these transients include the storage of mass due to compressibility
of working fluid and the storage of energy in rotating masses. The
third group has the largest time constant, and these time constants
are associated with heat storage in the thermal mass of the ducting
and the heat exchangers.

Tﬁe group 2 and group 3 transients are directly related to the
inertia of the rotating units, the mass of fluid within the control
volume, and the mass of the components. Since Bammert and Krey
studied very large nuclear power plants with extremely large control

volumes and rotating inertias, they are correct in distinguishing
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between group 1 and group 2 transients. Since the inertia of the
rotor and the volume inside the turbomachines for the SDPCS power
module are very small, the group 2 time constants are expected to be
of the same order of magnitude as the time constants of group 1. 1In
fact, the investigation presented in this thesis proves this to be
the case. Furthermore, since the transients associated with the
control mechanisms (PLR, accumulator, control valves) are of the same
order of magnitude as that of group 1 transients, the inclusion of
group 1 and 2 transients in a model is important. Igbal [3] studied
group 3 transients associated with the SDPCS using instantaneous
response turbomachine models. While such an approach is suitable for
studying orbital fluctuations and other slow transients, it is not
adequate for evaluating the load control system.

The following chapters discuss the development of the
compressible-flow transient-thermodynamic-turbomachinery models.
These models are capéble of predicting the rapid response of group 1
and group 2 transients. These models can be incorporated in an
overall model where group 1, group 2, and group 3 type transients can
be studied. The results obtained from the simulation of these models
are presented in chapter 4. The conclusions and recommended future

work follow these results.
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2.1 MODELING PHILOSOPHY

Simulation of the transient thermodynamic performance of the solar
dynamic power control system (SDPCS) closed Brayton cycle (CBC)
required the development of several component models. Iqbal [3]
developed incompressible flow, transient heat exchanger models
(recuperator, gas cooler, radiator, receiver ), and instantaneous
response turbomachinery models (compressor, turbine). As discussed
in chapter 1, the instantaneous response turbomachinery models are
not adequate for development of the load control system. The
development of compressible transient-thermodynamic-turbomachinery
models, suitable for studying rapid system transients, is the focus
of this study.

Detailed compressible transient models for the various components
of the SDPCS require solution of the three dimensional compressible
Navier Stokes equations. Such an analysis is very complex and
expensive and requires state-of-the-art computer resources. Repeated
use of such a tool as part of a design and optimization process is
prohibitively expensive and time consuming. Therefore, simplified
models were sought which would produce the correct transient response
and could be quickly executed with modest computational resources.
The simplified models must retain the compressible flow physics and
should provide considerable insight into the thermodynamic transient
response of the SDPCS. The balance of this chapter presents the

development of the governing equations for the simplified models.



-12-

2.2 GOVERNING EQUATIONS

The control volume shown in figure 4 is used to develop the
continuity and energy equations. Figure 4 shows three points of
interest: the inlet, middle and outlet. At each point of interest a
thermodynamic state is uniquely defined by the three state variables
(total temperature, total pressure, mass flow rate). The subscripts
i, m and o refer to inlet middle and outlet respectively. For the
control volume of figure 4 the continuity equation can be written as:

of mass in the flow rate flow rate

Rate of change Mass Mass
control volume in out

dm [ ] L ]
ac - ™" ™ (1)

For the same control volume, the energy equation can be written as

Rate of change Rate Rate
of energy in = | of Energy of Energy
control volume Flow In low Out

Rate Rate

+ of
Work In Heat Loss

d(me) ¢ ¢ °
dc = P8 T Me t Wo-Q (2)

or,
de 1 [ . o o dm
dc '?[miei'“‘oeo“w‘q'edc] (3)

For the development of centrifugal turbomachinery models the
moment of momentum equation is more useful than the linear momentum
equation. Figure 5 shows the compressor control volume used to

develop the moment of momentum equation. Flow into the control
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volume is assumed to be in the positive x direction. The flow out
of the control volume contains both a radial component and a
tangential component, but no axial component. The distance from the
x axls to the outlet of the control volume is Ro, the distance from
the x axis to the middle of the control volume is Rm. Rm was
selected as half the distance from the rotor hub to the rotor tip.
The velocity diagram for the flow is shown at the middle and the
outlet. Summation of moments about the x axis gives the moment of

momentum equation as:

Rate of change [ Rate of flow ] Rate of flow
of angular of angular of angular
momentum - momentum - momentum

in the into the out of the
control volume | control volume | control volume

-y

[ Sum of moments

acting on

+ the mass
in the

[ control volume |

The contribution of the angular momentum due to the flow into the
control volume is zero because the direction of the flow is entirely
in the positive x direction. For the compressor control volume the
moment of momentum equation can be written:

2
d(mﬂRm) , o

- - ORz m, +ZT (4)
dt
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Figure 5. Control volume for moment of momentum equation.
Compressor shown.
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The torque on the control volume can be replaced with other more

suitable variables by the following process:

. 2n2 2 2n2
Q°R° dm + maR”  di + Q Ro m (5)

or,

—-OR:‘;mo-QR;—— (6)

To compute any thermodynamic state variable from the three chosen
state variables (total temperature, total pressure, mass flow rate),

the following relations for a perfect gas are used:

Pg = Pg R Ts 7
P, =P RT, . (8)
[ ]
m = pg CA (9
2
T, =T, + 2°C (10)
P
° "R

T P P
_Tt°_. - to (11)
ti
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Wilson [4] gives two very useful polytropic relations relating
temperature ratio and pressure ratio across a compressor and a

turbine. For the compressor the equation is,

R
Cp M
Teo Peo P
T - (12)
ti Pey
For the turbine the equation is given as
R
c
Teo Pro P
T - (13)
ti Pei

N represents total-to-total polytroplc efficiency between the inlet
and the exit. It should be noted that all of the losses (frictional,
blading, etc.) are included in the polytropic efficiency of equations
12 and 13. Hence, instead of analyzing each loss separately, the
efficiency charts for the machine can be used as an approximation to

perform an analysis.



3. MODEL DEVELOPMENT AND SIMULATION

In this chapter, the general equations developed in chapter 2 are
used to develop compressible transient thermodynamic models of
turbomachinery. Total temperature, total pressure and mass flow rate
are chosen as the state variables and the model geometry is specified
by the DRO2 document [1]. The geometry and the 3 state variables are
sufficient to uniquely identify a thermodynamic state. Figure 5, (in
the preceeding chapter), shows a general control volume for a radial
compressor; the turbine is similar. The inlet state of the
turbomachine 1s known as it is the output of an upstream component.
The states in the middle and at the outlet are unknown. Hence, there
are six unknowns (3 state variables for the middle and 3 state
variables for the exit) and only 3 equations (continuity, energy, and
moment of momentum/polytropic). Therefore 3 additional equatioqs are
required to solve the system. This chapter is devoted to examining
the various combinations of assumptions required to obtain a
solution. Some candidate assumptions were:

* linear variation of state variables between inlet and outlet;

* non-linear variation of state variables between inlet and

outlet; and

* use of steady state maps for the variation of the state

variables.



3.1 LITERATURE REVIEW

A literature search provided little information about previously
developed transient turbomachinery models. In fact, information
uncovered by the search was limited to transient axial-flow
compressor models trying to predict surge. The motivation behind the
development of these transient compressor models was to predict
surge. Furthermore, these compressor models neglected some of the
compressible flow physics in their assumptions.

Kuhlberg & Sheppard [5] were among the first to report development
of axial-flow-compressor transient models. They modeled a transient
compressor using simplified continuity, energy and momentum
equations. The simplification of the equations was based on the
following assumptions:

* constant Mach number across chosen control volume;

* low Mach number approximation to compressible flow dynamics;

; isentropic flow (no losses); and

* no energy transfer between compressor walls and fluid.

They further assgmed that steady-state characteristic maps could be
used for transient analysis. They used maps relating temperature-
rise function (A) to air-flow function (¢), and pressure-rise
function (§) to air-flow function. Specifically, these functions are
normalized and are defined as follows:

Tep - Tep N/(8)1/2 DESIGN

A8 | = | (14)
Tey N/(8)1/2
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vy (e)1/2 N/(8)1/2 DESIGN
02 — (15)
8ty N/(0)1/2
b 2 Pe2 - Pr1 . N/(e)1/2 DESIGN o
Pel N/(8)1/2
A [ Teo - Tyl ] IDEAL
n- (17)

[ Tep - Tep ] ACTUAL

where they define,

W : air flow in 1bs per second

Py : total pressure in psia

T, : total temperature in degrees Rankine
N : rotor speed

n : efficiency

8, : total temperature ratio / 518.69

8. : total pressure / 14.696

subscript 1 : inlet condition

subscript 2 : outlet condition
Using their model they were able to predict surge in a compressor.
modified version of their model was validated for predicting surge,
by Elder, Gill, and Razak [6] in 1984.

MacCallum [7] identified the importance of heat transfer between
the wall of the turbomachine and the fluid by analyzing transient
heat transfer between the fluid and the blading. However, Sarantsev

(8] makes the argument that heat transfer between the wall and the
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fluid can be neglected as "Accumulation and discharging of heét
energy in the metal parts, even at their intensive washing over, 1is
carried out sufficiently slower." That is, the change in operating
state due to compressibility of the fluid 1is much faster than that
due to the storage of energy in the thermal mass of the blading. As
a consequence, if a model is required to predict response due to the
compressibility of fluid, the heat transfer between the walls and the
fluid can be considered a second order effect.

Corbett and Elder [9] categorized their models under two main
headings: lumped parameter ( L.P. ); and linearly-distributed
parameter ( L.D.P. ); Both models use simplified continuity, energy
and momentum equations. These simplifications are based on the
following assumptions:

* constant viscous drag across the control volume;

* constant energy-transfer rate between the control volume and

the surroundings; and

* low-Mach-number approximation to compressible-flow dynamics.
Additional simplifying assumptions specific to the L.P. model are:

* constant mass-flow rate between inlet and exit;

* constant volumetric-flow rate between inlet and exit; and.

* constant value of energy in the control volume.
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Additional simplifying assumptions unique to the L.D.P. model are:
* linear change in mass-flow rate between inlet and exit;
* linear change in volumetric-flow rate between inlet and exit;
and
* linear change in energy in control volume between successive
control volumes.
Corbet and Elder were able to predict surge a compressor with these
models. However, they do not clearly identify the better of the two
models. Modified versions of these models were validated again in
1984 by Elder, Gill, and Razak [6].

The modification made by Elder, Gill and Razak [6] in 1984 to
the above models was the incorporation of a pélytropic analysis done
by Schultz [10] to represent real gases. Schultz [10] developed
equations in terms of compressibility functions using the
compressibility factor (Z). He also introduced a polytropic-head
factor to adjust test results for deviation from perfect gas
behavior. The inclusion of the analysis done by Schultz in the
compressor models provides greater thermodynamic flexibility as the
models are not restricted to perfect gases.

The above models, when verified by Elder, Gill, and Razak [6], had
two major restrictions:
* the length of the control volume had to Ee much less than the
wave length of the expected flow perturbation at the inlet; and
* the volume of successive control volumes had to be
approximately equal or the model became a "numerically stiff

system."
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Greitzer [11) developed a transient compressor model to predict

surge and rotating stall. The components of his model are shown in

figure 6.

L kot
=

coupésson PLENUM THROTTLE
(ACTUATOR DISK) e ———

Figure 6: Greitzer's model schematic.
(reproduced form reference 11, page 192)

Greitzer assumes that "all the kinetic energy of the oscillation is
associated with the motion of fluid in the compressor and throttle
ducts, and the potential energy is associated with the compression of
gas in the plenum."” The compressor model includes: an actuator disk;
the compressor duct of length Lc; and the throttle duct of length Lt.
The duct Lc accounts for the dynamics of the fluid, while duct Lt
represents the throttle valve. Greitzer assumes that the flow in the
ducts 1s incompressible. Furthermore, he assumes that the velocity
in the plenum is negligible and the thermodynamic process occurring
in the plenum is isentropic. Greitzer was able to predict surge and

rotating stall with this model.
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Greitzer [12] also explains the inherent unsteady flow inside the
turbomachinery. The sources of unsteadiness, according to Greitzer
are: turbulence; wakes; potential field interactions; inlet
distortion; rotating stall; and surge. However, since the purpose of
this study is to develop models which use average (bulk) values at
inlet and outlet, the unsteady characteristics of flow within the
turbomachinery will be neglected.

It is clear from the literature review described above that a true
transient compressible model having complete dynamic flexibility was
not an existing technology. 1In fact, models of radial turbomachines
are conspicuously absent in the literature. Models discussed and
developed below do not neglect the compressible-flow physics which

were neglected by models identified in the literature review.



-25-

3.2 MODELING TECHNIQUES

The simplest technique evaluated, in this study, for simulation of
turbomachine performance was a Laplace-transform transfer-function
model. This simple céchnique is well suited for modeling single-
input single-output linear systems. Transfer functions can also be
developed for multiple-input multiple-output systems, provided the
set of equations defining the system can be decoupled. The equations
describing turbomachinery performance are inherently non linear and
coupled. Therefore, Laplace transform techniques were judged
unsuitable for modeling turbomachinery.

The next class of techniques evaluated, in this study, use finite
difference approximations to the governing set of equations. This
solution technique can employ several different algorithms to obtain
a ;olution. Some of the more successful models, and their
algorithms, are discussed below. It should be noted that all models
use typical total-to-total polytropic efficiency maps as shown in
figures 7 and 8 [13]. In the upwind-mass-flow model, the sliced
model, and the state-average lagged-mass-flow-rate model, the turbine
efficiency data were represented by a third order curve fit as shown
in figure 8. This third order curve was obtained by specifying: the
slope at design-point as zero; the choice of design point; and the
choice of another data point. This curve fit is a reasonable
approximation of the actual efficiency data for a turbomachine.

Note, that for all future discussions, the term middle will be used to

define an average-thermodynamic state for the control volume.

G -3
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3.3 THE STATE-AVERAGE MODEL
The earliest turbomachinery models were developed by applying the
following assumptions, along with the continuity, energy and

polytropic equations to a single control volume to model the

turbomachine.
Xp = ( Xy +X,)/2 (18)
Yo = (Y5 + Y, )/2 (19)
Z =23 * (Y, /Yy yE(K,m) (20)
where,

X, Y, and Z, are any thermodynamic properties, such as

total temperature, total pressure, etc.

i, m, and o, are inlet middle and outlet respectively,

K, is a combination of thermodynamic gas constants, &

m, is an appropriately defined polytropic efficiency form inlet to

middle of the machine.

The exponent v and K depend on the choice of the thermodynamic

variables.
These appear to be a good set of assumptions as they are similar to
the assumptions made for the solution of steady-state gas-dynamics
problems including friction and thermal energy transfer. Figure 9
shows an implicit algorithm using an iteration scheme to obtain a
solution at each time step.

To start the algorithm, all the state variables are defined for

steady state. Once the variations at the inlet are defined,
equations 18, 19, and 20 are used to estimate the value of the state

variables in the middle. These estimates are based on the previous
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time level outlet states. The same polytropic efficiency is used
between inlet and outlet and between inlet and middle of the machine.
This could be improved in the future if better efficiency data for
the specific machine become available. Once the middle state
variables have been estimated, the value of all the thermodynamic
state variables are obtained by the use of equations 7-11. The mass
in the control volume is then determined by:

m=pgn ¥V (21)
where pg, 1s the static density in the middle and V is the volume of
the control volume. Next, the rate of change of mass in the control
volume is determined using equation 22.

dm

dt t+at O |t ] / At (22)

t+At [ m

where, m is the mass in the machine, t is the previous time level and
At represents the time increment. Once the rate of change of mass in
the control volume is obtained, the outlet mass flow rate can be

determined from the continuity equation.

dm

[ ]
eeat © i |t+At T Tat |eHat (23)

Mo

Equation 24 is then used to determine the rate of change of energy in

the control volume.

de 1 ¢ * ® dm
dt |t+At T m [ miey - Moo + W - e =3¢ ] t4+AL (24)
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The total temperature at the outlet is then determined from equation

26.

2%e (25)

o

t+At t+at” L ec+at

1 *
t+At -_E;- [ 2¥C Ty - CP*Tti ] lt+At (26)

to

Based on the new estimate of outlet total temperature at t+At,
equation 27 is used to determine the outlet total pressure for the

compressor.

Cp n
T I R
* —to
t+At [ Tti |t+At (27)

The new outlet-state variables are substituted back in equations 18,

Pto

t+at” Pri

19 and 20 to obtain a better estimate for the middle state variables.
This process continues until the percent change in successive outlet-
thermodynamic states is within a specified tolerance. The tolerance
is specified such that convergence is achieved to at least thirteen
significant digits. This accuracy requirement was chosen to suppress
round off errors affecting the solution. The affect of relaxing this
requirement has not been determined and-requires further
investigation. Once the tolerance criteria are satisfied, the
algorithm has converged for that particular time step, and the

process starts again for the next time step.
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Table 1 presents information used to perform a state-average
turbomachinery analysis. Specifically, table 1 lists: the geometry
of the compressor to be simulated; the design point data for the
compressor; the perturbation to the design steady state value
initiate a transient; and the thermodynamic steady-state values
expected at the end of the simulation.

The initial steady-state operation of the compressor is perturbed
by a step rise in the inlet total temperature. Several different
simulations were performed with different size step increases in
inlet total temperature. The results obtained from these simulations
are presented in figures 10-16. The successive values of steps in
inlet total temperature in table 1, and the expected outlet total
temperature in table 1, correspond to this sequence of figures.

Figure 10 shows the response of outlet total temperature to a step
rise in inlet total temperature of 0.1 K. The corresponding steady
state outlet temperature is 440.1 K. Figure 10 shows that the
transient model is able to correctly predict the expected final
steady state. Figures 11-14 show plots for different size steps in
inlet total temperature. For each of these figures the final steady
state is predicted correctly as given by table 1. However, the
smoothness of the response varies considerably. For smaller step
rises in the inlet total temperature, the response fluctuates more
than it does in response to a larger inlet total temperature step
rise. This suggests that for the larger step rise in total inlet

temperature the energy-storage term, (de/dt), dominates the



Table 1: Data for results presented in figures 10 - 16.

Compressor Geometry:

Inlet normal area: 2.297E-3 m2
Middle normal area: 1.711E-3 m2
Qulet normal area: 1.125E-3 m2
Volume of compressor: 5.160E-5 m°>
Tip radius: 4.480E-2 m
Hub radius: 1.250E-2 m
Design point data:
Inlet total temperature: 3400 K
Qutlet total temperature: 4400 K
Inlet total pressure: 320.0 KPa
QOutlet total pressure: 559.9 KPa
Mass flow rate: 1.2886 Kg/sec
Rotor speed: 3351.0 Hz
Total to total polytropic efficency: 0.867
Pertubation at inlet to obtain transient response:
Step inlet total temperature to: 340.1 K
3450 K
360.0 K
390.0 K
440.0 K
Keep inlet total pressure at: 320.0 KPa
Keep inlet mass flow at: 1.2886 Kg/sec
Expected steady state outlet states:
Outlet total temperature: 440.1 K
4450 K
460.0 K
4900 K
540.0 K
QOutlet total pressure: 559.9 KPa
Outlet mass flow rate: 1.2886 Kg/sec
Additional notes:
Constant specific heat: 519.14 J/Kg/K
Gas constant: 207.44 J/Kg/K
Constant speed: 3351.00 Hz

Constant rate of work input: 66,865.2 J/sec
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mass-storage term, (dm/dt). Thefefore, a test model was developed
neglecting the mass-storage term. The response predicted by the test
model is presented in figure 15. This figure shows a monotonic
response without the superimposed fluctuations predicted by the mass-
storage model. Figure 16 shows a comparison of the predicted
response when mass storage is included and when the mass storage is
neglected. This comparison demonstrates that it is the mass storage
term that is indeed producing fluctuations in the outlet total-
temperature transient. Therefore, either the assumptions used to
evaluate the mass in the middle were inconsistent, or the model is
stiff (following paragraphs explain stiffness). Furthermore, there
was a severe restriction on the size of the time step of integration
in order to perform model analysis. The integrator time step had
both an upper bound of 0.1 ms and a lower bound of 0.06 ms.

Based on the evaluation of the state average model, tﬁo ma jor
concerns were identified: fluctuations of questionable validity
appear in the outlet total temperature; and a severe restriction of
possible time step size is required for the analysis to run
successfully.

These concerns led to a closer scrutiny of the underlying
assumptions. Since the assumptions are algebraic equations, as soon
as a change at the inlet occurs (such as a step ), the middle state
variables respond instantaneously. Since the outlet variables are
related to the inlet variables through differential equations, the
response of the outlet variables has a delay associated with it.

Aiken [14] states that such a mixture of algebraic and differential
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equations does indeed produce a stiff system. The small upper bound
on time-step size is a classical symptom of a stiff system. The
problem of stiffness occurs if the solutions of a system have
severely different convergence rates. Aiken [14] gives a more formal
definition of stiffness in his book. Interested readers are referred
to pages 1 to 4. The lower bound on the time-step size of the
integrator is explained by a closer examination of equations 22 and
23. The value of the mass in the machine 1s estimated at the new
time level and is computed using specified changes at the inlet as
the first guess. Hence, this new guess (numerator of equation 22) is
independent of the time-step size. 1t is therefore possible to take
such a small time step that the value of dm/dt becomes larger in
magnitude than the value of inlet mass-flow rate. When this large
value of dm/dt is inserted into equation 23, the value of mass flow
rate out becomes negative; That is, the model predicts back flow at
the outlet. This means that the choice of input variables and time
step Is such as to produce a condition that is unlikely to occur in
practice (a step rise in inlet temperature over such a short time
increment is very unlikely in practice). Under these conditions the
solution algorithm fails to converge, and the state average model
fails.

In summary: the state average model correctly predicted final
steady state values; was severely limited in range of the time-step
size required for execution; and exhibited a jagged response to a

step change in input state. Therefore, it was decided to pursue the
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development of an alternative algorithm, using the results produced

by the state-average model for guidance.
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3.4 THE CONSTANT-MACH-NUMBER-IN-THE-MIDDLE MODEL

Recognizing the stiffness problem of the state-average model,
alternative assumptions were investigated in an effort to develop a
better model. Assuming a constant Mach number through the middle of
the machine appeared to accomplish this goal. This model
incorporates the continuity, energy and momentum equations along

with the following assumptions:

Xy = ( Xy + X, )/2 (28)
M, = constant (29)
Zp = Zg ( Xy / X HEEKM) (30)

where,
X, and Z are any thermodynamic properties such as total
temperature, total pressure, etc.
Mm is the Mach number in the middle of the machine
i1, m, and o, are inlet middle and outlet respectively
K, is a combination of thermodynamic gas constants, and
n, 1s an appropriately defined polytropic efficiency form inlet to
middle of the machine.
The exponent m and K depend on the choice of thermodynamic
variables.
The algorithm used to solve this class of models is shown in
figure 17. The assumption of constant Mach number in the middle of
the machine seemed reasonable because the Mach number distribution
through the blading is known after the design of a turbomachine is

complete.
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The algorithm for this model is the same as the one described in
the previous section, except that the Mach number in the middle is
kept constant through out the iteration procedure, and also
throughout the time marching procedure.

Table 2 presents the information used to perform a turbomachinery
analysis. Specifically table 2 lists; the geometry of the turbine to
be simulated; the design point data for the turbine; the perturbation
to the design steady-state value to initiate a transient; and the
thermodynamic steady-state values expected at the end of the
simulation. The perturbation of the initial steady-state is a ramp
of input state variables over a period of 5 micro seconds. The ramp
was chosen instead of a step so that the system experiences the same
severity of transient independent of the selected time-step size.
After 5 micro seconds the input remains constant at the new value.
This new constant value of the inlet state results in a new steady-
state value for the outlet-state variables. This outlet steady state
i1s evaluated using the steady-state equations and then compared with
the values predicted by the transient model. The purpose of the
comparison is to provide a check of the transient model. The
integration time-step size was chosen as 1 micro second. The
simulation results obtained are presented in figures 18-24.

Figure 18 shows the transient in outlet total temperature obtained
by the simulation. The initial rise in the outlet total temperature
occurs during the time that the inlet is ramped up. At the end of

the ramp, the outlet total temperature falls rapidly but rises again
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Table 2: Data for results presented in figures 18 - 24

Turbine Geometry:

Inlet normal area:
Middle normal area:
Qulet normal area:
Volume of compressor:
Tip radius:

Middle radius:

Rotor Inertia:

Design point data:

Inlet total temperature:

Qutlet total temperature:

Inlet total pressure:

Outlet total pressure:

Mass flow rate:

Rotor speed:

Total to total polytropic efficency:

Pertubation at inlet to obtain transient response:
Ramp inlet total temperature to:
Ramp inlet total pressure to:
Ramp inlet mass flow to:

Expected steady state outlet states:
QOutlet total temperature:

Outlet total pressure:
Qutlet mass flow rate:

Additional notes:

Constant specific heat:
Constant gas constant:
Constant speed:

Variable rate of work out:

Constant Mach number in middle:

4.668E-3 m?
5.158E-3 m?
5.648E-3 m?
1.000E-4 m3
8.810E-2 m

4.896E-2 m

0.082 Kg m?

1034.02 K
866.01 K
540.25 KPa
330.14 KPa
1.2886 Kg/sec
3351.0 Hz
0.901

103502 K
540.35 KPa
1.3 Kg/sec

867.01 K
330316 KPa
1.3 Kg/sec

519.14 J/Kg/K
207.44 J/Kg/K
3351.00 Hz

0.45
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to predict the correct final steady-state temperature. Figure 19
shows the response of the total temperature in the middle of the
turbine. The final steady-state value obtained by the transient
model matches the steady-state values obtained from the steady-state
equations. Figures 20 and 21 show the response of outlet total
pressure and middle total pressure respectively. Once again the final
steady-state values for total pressure match the expected values.
Figures 22 énd 23 show the response of both the outlet and the middle
mass flow rates.

Figure 24 is a clear statement of the failure of this class of
models. While the outlet mass flow rate is correctly predicted, the
final steady-state mass flow rate in middle of the machine is
incorrect. In fact, at final steady-state, mass flow rate through
middle and outlet are predicted to be different. This difference in
mass-flow rates violates conservation of mass! The root of the
problem lies with the fact that the Mach number specified in the
middle of the machine is only correct for a specific set of flow
conditions. For all others it is incorrect.

Based on the failure of the constant-Mach-number-in-the-middle
model to satisfy conservation of mass, it was judged unacceptable.
Examination of the performance of this model, and preceding models,
indicated that development of a successful transient model would
require careful selection of the algorithm used for advancing the

solution in time.
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3.5 CHOICE OF INTEGRATOR

Initially, the solution algorithm was implemented using an
implicit first order Euler integrator for the time terms. Aiken ([14]
states that this technique is the most stable available, but suffers
form large truncation error. To obtain sufficient accuracy, the step
size must be very small. Three integrators were chosen for
evaluation: implicit Euler first order; implicit Euler second order;
and implicit Runga Kutta fourth order (RK4). The constant-Mach-
number-in-the-middle model was used to evaluate the performance of
these algorithms.

Table 3 presents information used to evaluate performance of the
integrators. Specifically table 3 lists: the geometry of the
compressor to be simulated; the design point data for the compressor;
the perturbation to the steady-state value to initiate a transient;
and the thermodynamic steady-state values expected at the end of the
simulation. The perturbation of the steady state is achieved by a
step rise of 1 K in inlet total temperature., A time-step size of omne
micro second was selected to evaluate the perfomance of the solution
technique.

As detailed elsewhere in the thesis the computational model has
both an upper bound and a lower bound in time-step size. The basis
for seclecting an appropriate time-step size for a given application
is discussed in section 3.7. The results of the simulations are
presented in figures 25-28.

Figures 25 and 26 show the response of the outlet total

temperature for the transients listed in table 3. Figure 26 shows an
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Table 3: Data for results presented in figures 25 - 28

Compressor Geometry:

Inlet normal area:
Middle normal area:
QOulet normal area:
Volume of compressor:
Tip radius:

Hub radius:

Design point data:

Inlet total temperature:

QOutlet total temperature:

Inlet total pressure:

Outlet total pressure:

Mass flow rate:

Rotor speed:

Total to total polytropic efficency:

Pertubation at inlet to obtain transient response:
Step inlet total temperature to:
Keep inlet total pressure at:
Keep inlet mass flow at:

Expected steady state outlet states:
Outlet total temperature:
Outlet total pressure:

Outlet mass flow rate:

Additional notes:

Constant specific heat:
Gas constant:

Constant speed:

Constant rate of work input:

2.297E-3 m?
1.711E-3 m?
1.125E-3 m?
5.160E-5 m°
4.480E-2 m
1.250E-2 m

3400 K

440.0 K

320.0 KPa
559.9 KPa
1.2886 Kg/sec
3351.0 Hz
0.867

3410 K
320.0 KPa
1.2886 Kg/sec

4410 K
559.9 KPa
1.2886 Kg/sec

519.14 J/Kg/K
207.44 J/Kg/K
3351.00 Hz

66,865.2 J/sec



Total Outlet Temp.

vs. Time

Total Outlet Temp. (K)

441

440.75

440.5 iﬁng
440.25
440§gf : ! ' '

0 10 20 30 40 50

Time (1E-5)

—— Euler One —+— Euler Two —— RK4

Figure 25. Response of the outlet total temperature for the
compressor to step input of 1 K in inlet total
temperature. Time step is 1 micro second.

-89~




Total Outlet Temp.

vs. Time
Total Outlet Temp. (K)
441
440.75
440.5
440.25
440+ :
0 5 10 15 20
- Time (1E-6)
-
— Euler One  —+ Euler Two  —*— RK4
Figure 26. Expanded view of the response of outlet total

temperature for the compressor to step input of
1 K in inlet total temperature. Time step.of
integration is 1 micro second.

—65-



Mass Flow Out

vsS. Time

Mass Flow Out (Kg/sec)
1.288 %

1.282 ' ! : ' :

0 10 20 30 40 . 50
Time (1E-5)

'| —— Euler One —— Euler Two —¥— RK4

Figure 27. Response of the outlet mass flow rate for the
compressor to step input of 1 K in inlet total
temperature, Time step is 1 micro second.

60

09~




Mass Flow Out

vs. Time.

Mass Flow Out (Kg/sec)

1.288N
1.286 \

1.284

1.282

1 1

Figure 28.

5 10 15
Time (1E-6)

—— Euler One —— Euler Two —#— RK4

Expanded view of the response of outlet mass flow
rate for the compressor to step input of

1 K in inlet total temperature. Time step of
integration is 1 micro second,

20

-19-



-62-

expanded view of figure 25. The response obtained for the outlet
total temperatures from the 3 integrators is indistinguishable.
However, a comparison of outlet mass flow rate transients, shown in
figure 27, does show differences. Figure 28 shows an expanded view
of the initial tramsient. First order Euler 1is apparently the
smoothest but from analysis it is known that the accuracy of implicit
Euler 2nd order is better. RK4 shows questionable fluctuations and
requires the greatest computational effort. This type of oscillatory
response is typical of RK4 predictions of stiff systems [14]}.

Although the response predicted by both implicit algorithms
appears reasonable, the response predicted by the second order
algorithm is smoother and more closely resembles what one expects
based on intuition. Further, it is known that the second order
algorithm has a smaller truncation error for a given time-step size
and therefore is more accurate.

Based on the above results, the implicit Euler second order
algorithm was chosen as the integrator for future work. It provides
both accuracy and stability and requires substantially less computing

time than the RK4 integrator.
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3.6 THE UPWIND-MASS-FLOW MODEL
Failure of the constant-Mach-number-in-the-middle model led to

the development of the upwind mass flow model (UMFM). The UMFM was
developed by applying the continuity, energy, polytropic, and moment
of momentum equations to a single control volume which represents the
turbomachine. The assumptions for this model are as follows:

Tem = ( Teg + Ty /2 (31)

m, = m (32)
for the turbine:

Pem = Pei * ( Tep / Teg YOP/R/M (33 a)
and for the compressor:

Pem = Pey ¥ ( Tep / Ty PR (33 b)

Once again the general algorithm is the same as the one

described previously, except that mass flow rate through the middle
of the machine is assumed to be equal to the mass flow rate at the
inlet. The moment of momentum equation is also added to this
algorithm. The moment of momentum equation is utilized to obtain two
different versions of the model. The first version of the model
assumes constant speed operation and calculates.the variable rate of
work output. The second version assumes a constant rate of work
while the rotor speed is allowed to change. Figure 29 shows the
solution algorithm for the first version and figure 30 shows the
solution algorithm for the second version. Only tﬁe results of the

constant speed/variable rate of work model are presented below.
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3.6.1 Constant-Speed Variable-Rate-Of-Work Model

In this model, the rotor speed is assumed to be locked at 3351 Hz
as specified by the DRO2 document [l1]. A change in inlet total
temperature results in a change in the rate of work output from the
turbine.

Table 4 presents information used to perform the turbomachinery
analysis. Specifically, table 4 lists: the geometry of the turbine
to be simulated; the design point data for the turbine; the
perturbation to the design steady state value to initiate a
transient; and the thermodynamic steady-state values expected at the
end of the simulation. The perturbation of the design steady state
is achieved by ramping all the inlet state variables over a period of
250 micro seconds. After 250 micro seconds the inlet variables
remain constant at their new values. Table 4 also shows that this
transient is run for 3 different time steps, but that the ramp time
of 250 micro seconds is the same for all the runs. This provides a
good basis for the comparison of results obtained using different
size time steps.

Figure 31 shows the response of mass-flow rate. There are 3
different curves shown in this figure. Each corresponds to a
different time-step size. The difference in predicted response for
the three time steps is small. Therefore, the larger integrator time
step should be used to considerably reduce computational time.
Figure 32 shows similar behavior in the rate of work output by the
turbine. It also is clear that the difference in solutions reduces

as smaller integration time step are chosen. 1In fact the difference
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Table 4: Data for results presented in figures 31 - 34

Turbine Geometry:

Inlet normal area: 4.668E-3 m2
Middle normal area: 5.158E-3 m?
Qulet normal area: 5.648E-3 m?
Volume of compressor: 1.000E-4 m3
Tip radius: 8.810E-2 m

Middle radius: 4.896E-2 m

Rotor Inertia: 0.082 Kg m

Design point data:

Inlet total temperature: 1034.02 K
Qutlet total temperature: 866.01 K
Inlet total pressure: 540.25 KPa
Outlet total pressure: 330.14 KPa
Mass flow rate: 1.2886 Kg/sec
Rotor speed: 3351.0 Hz
Total to total polytropic efficency: 0.9010

Pertubation at inlet to obtain transient response:

Ramp inlet total temperature to: 1035.02 K
Ramp inlet total pressure to: 540.35 KPa
Ramp inlet mass flow to: 1.3 Kg/sec

Expected steady state outlet states:

Outlet total temperature: 867.01 K
Qutlet total pressure: 330.316 KPa
Qutlet mass flow rate: 1.3 Kg/sec

Additional notes:

Constant specific heat: 519.14 J/Kg/K

Gas constant: 207.44 J/Kg/K

Constant speed: 3351.00 Hz

Variable rate of work out:

3 different time steps: 50.0E-6 sec
10.0E-6 sec

5.0E-6 sec
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between the 1 micro second solution and the 5 micro second solution
is almost imperceptible. Even the 50 micro second solution

appears to be satisfactory. Figure 33 shows the outlet total
pressure response for the three time-step sizes. Once again, the
solutions appear to converge as time-step size decreases. However,
it should be noted that even the larger time step is representative
of the solution obtained by the smaller time step. Figure 34 shows
the total outlet temperature variation over time. Once again the
solution obtained from the larger integrator time step is
reperesentative of the response.

In summary of. the ramp test, two very useful conclusions can be
drawn.

1) The steady state is predicted correctly for all

state variables.

2) The differences in responses due to an order of

magnitude larger time-step size is small and probably
negligible for most applications.

It should be noted that the results show a small change in outlet
thermodynamic state at the instant a change in inlet state occurs.
The propriety of this instant response warrants further examination,
and the issue of appropriate outlet response is examined in detail in

the next section.
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3.7 OUTLET RESPONSE DYNAMICS

Two methods of information travel through the turbomachine have

been examined. In the first method, information travels along the
characteristic lines of the flow flow through the turbomachine. In

the second method, information 1s transmitted by the rigid rotating

rotors inside the turbomachine.
Information travel in the first method is along the characteristic
lines of the flow through the turbomachine passage just as one would

consider flow through a duct. Consider the duct shown in figure 35.

Inlet Outlet

R /

Tti Tto
pti pto
mi mo
Al Ao
— —_——
Cmapm

e
7

Figure 35: A duct representing a simplified turbomachine control
volume.



It is assumed that the duct is operating under steady state
conditions. At the inlet, the thermodynamic state of the fluid is

described by the following state variables:

Total temperature of fluid at inlet;

Tey

Py = total pressure of the fluid at inlet;
h; = mass flow rate of fluid at inlet;

Area normal to flow direction at the inlet.

>
| and
]

From the state variables, the velocity of fluid and the speed of
sound in the fluid are evaluated as C; and a;, respectively.
Similarly, the outlet thermodynamic state is described by the

following state variables:

Tt = Total temperature of fluid at outlet;
= total pressure of the fluid at outlet;
. = mass flow rate of fluid at outlet;

A = Area normal to flow direction at the outlet.

Again the velocity of the fluid (C,) and the speed of sound (a,) can
be evaluated from the given outlet state variables. The approximate
speed of fluid through the control volume, (C; ), can then be
evaluated by averaging the inlet and outlet fluid velocitiés.
Similarly, the speed of sound through the control volume (am) can be

approximated.
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If the operating steady state is perturbed by an infinitesmal
disturbance at the inlet (change in state variables), then the
disturbance will travel through the fluid atAthe speed C +a . If the
length of control volume is L, then the order of magnitude of transit

time for the disturbance is:
t=-L/ (Cm+am) (34)

The order of magnitude of the transit time for the turbine model
under investigation is 55 micro seconds.
Information travel in the second method is due to the rotation of

the rigid rotors. To understand this method of information travel,

consider figure 36.

Outlet

Figure 36: Longitudinal section of turbomachine rotor.
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Figure 36 shows the side view of one of the rotors that rotate inside
the control volume. It is assumed that the system is initially
operating at a steady state. A disturbance, (change in thermodynamic
inlet state variables). This disturbance will travel from inlet to
line segment AjA; during one time step. Hence, a new thermodynamic
state exists in the volume swept by the area AjA,A3A,. This new
thermodynamic state changes the torque applied on the rotor. Since
the rotor is rigid, this change affects fluid in contact with the
entire length of the blade. Since the blade sweeps through the
entire passage volume in less than 60 micro seconds, it is clear that
the thermodynamic state of all fluid particles should change with in
this time period. Further, an infinitesimal disturbance will
propagate across the passage in less than 10 micro seconds assuming

~ that wave travels at sonic speed. Therefore, it is reasonable to use
time-step sizes as small as 10 micro seconds in the models under
evaluation by this study. If is concluded that prediction of an
outlet response to an inlet disturbance within 10 micro seconds is
not inconsistent with this method of information travel.

The rate of information travel predicted by the two methods is
different. Since the two methods of information travel occur
simultaneously in the turbomachine it is difficult to determine which
method dominates the transient response. Both appear to have a
measure of validity. This line of reasoning suggested the "sliced"
model, introduced in the next section, as a compromise between the

two points of view.
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3.8 THE SLICED MODEL

In light of the discussion of section 3.7, the sliced model was
developed to better approximate the wave model of information
transmission. This model uses an averaging scheme to calculate the
average total temperature, and average mass flow rate for the
machine. These average states are not necessarily the states
representing the middle of the machine, but rather they represent an
average state for the control volume of the turbomachine. The
representative temperature for the control volume is evaluated using

the following equations:

nod -
n_thn - Tti(t-Af) + — .1 { Tto(t) - Tti(t'ATn) } (35)
nod
(t) e (36)
T t) = ——
tm nod
Similarly,
"% = hyeoar) + ——— [ & o) - @y (ear) (37)
- t- + — - t-AT
n-lmn 1 T nod - 1 "o ™ n
ngd.
t) = —_—
" nod

and the average total pressure in the machine (assumed turbine here)

is evaluated using the following polytropic relationship:



c_/n/R
Pem = Peg ¥ ( Tep / Teg ) P (39)

where in the above

Pyp 1S the average total pressure for the control volume;

Tp 1s the average total temperature for the control volume;

ﬁm is the average mass-flow rate through the control volume;

At 1s the time required for information to travel from the inlet

to the node being evaluated;

t is the current time level;

dt is the integration time-step size;

nod is the number of nodes chosen to span the control volume;

n is the node.number; and

n 1s the total-to-total polytropic efficiency.

Note that the averaging equations reduce to a straight - inlet,
outlet - average during steady-state operation. A geometric
interpretation of the averaging procedure is presented in the
following paragraphs.

The averaging procedure is based on the assumption that the inlet
information travels only a finite distance through the control volume
during an integration time step. Hence, if the inlet information
travels only 1/4 the length of the control volume during an
integration time step, only the first 25 percent of the flow passage
should respond to the change in inlet conditions. The sequence of
figures 37(a), 37(b), 37(c), 37(d), and 37(e), depict the values of
the nodal temperature distribution as a function of time. These

nodal temperatures are used for the evaluation of an average total
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temperature in the control volume. Figure 37(a) shows the steady-
state distribution of total temperatures along the length of the
control volume. The control volume is divided into 4 equal segments.
The segment boundaries are are called nodes. Hence figure 37(a) has
4 segments and 5 nodes. For simplicity of discussion, it is assumed
that information transverses one segment in one time step. The ovals
in figure 37(a) show the value of total temperature at each node.
Since figure 37(a) shows a steady-state operating condition, the
averaging procedure will produce the same number as simply averaging
the inlet and outlet total temperatures. The points chosen by the
averaging procedure are represented by rectangles. Now, let the
inlet total temperature be increased by a step, and then kept at the
constant new value. Figure 37(b) shows the nodal values of total
temperature (rectangles) that will be computed by the averaging
procedure at that instant. After one time step, the information of
the increased total temperature moves to node 1. Figure 37(c) shows
the values of nodal temperatures (rectangles) that are computed by
the averaging procedure. This process continues until the
information has completely transversed the control volume. Figure
37(e) shows this condition. At this time the value of total
temperature for the control volume is just the average of total
temperatures at the inlet and the outlet. It should be noted that
the steady-state condition is not reached until the outlet value
ceases to change. The procedure to evaluate the average mass-flow
rate through the control volume is very similar. However, rather

than the value of the current outlet mass-flow rate, the value at the
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Figure 37. The sliced model nodal temperature distribucion.
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previous time step is used. The "lag" procedure for the mass flow
rate in the control volume was selected to minimize numerical
difficulties due to stiffness of the system of equations.

The moment-of -momentum equation can again be utilized to obtain
two different versions of the model. The first version assumes a
constant speed of operation and calculates the variable rate of work
output. The second version assumes a constant rate of work while the
rotor speed is allowed to change. Figure 38 shows the solution
algorithm for the constant speed variable rate of work sliced model.
Only results for the constant-speed variable-rate-of-work model are
presented below.

3.9.1 Constant-Speed Variable-Rate-Of -Work Model

In this model the rotor speed is assumed to be locked at 3351 Hz
as specified by the DRO2 document [l1]. A change in inlet total
temperature results in a change in the rate of work output from the
turbine.

Table 5 presents information used to perform the turbomachinery
analysis. Specifically, table 5 lists: the geometry of the turbine
to be simulated; the design point data for the turbine; the
perturbation to the design steady-state value to initiate a
transient; and the thermodynamic steady-state values expected at the
end of the simulation. The perturbation of the design steady state
is achieved by ramping all the inlet state variables over a period of
100 micro seconds. After 100 micro seconds the inlet remains
constant at the new value. Table 5 also shows that this transient is

run for 3 different time steps, but that the ramp time of 100 micro
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Table 5: Data for results presented in figures 39 - 42

Turbine Geometry:

Inlet normal area:
Middle normal area:
Qulet normal area:
Yolume of compressor:
Tip radius:

Middle radius:

Rotor Inertia:

Design point data:

Inlet total temperature:

Outlet total temperature:

Inlet total pressure:

Qutlet total pressure:

Mass flow rate:

Rotor speed:

Total to total polytropic efficency:

Pertubation at inlet to obtain transient response:

Ramp inlet total temperature to:
Ramp inlet total pressure to:
Ramp inlet mass flow to:

Expected steady state outlet states:

QOutlet total temperature:
Outlet total pressure:
QOutlet mass floyv rate:

Additional notes:

Constant specific heat:
Gas constant:

Constant speed:

Variable rate of work out:
3 different time steps:

4.668E-3 m?
5.158E-3 m2
5.648E-3 m>
1.000E-4 m?
8.810E-2 m

4.8396E-2 m

0.082 Kg m?

1034.02 K
866.01 K
540.25 KPa
330.14 KPa
1.2886 Kg/sec
3351.0 Hz
0.9010

1035.02 K
540.35 KPa
1.3 Kg/sec

86701 K
330.316 KPa
1.3 Kg/sec

519.14 J/Kg/K
207.44 J/Kg/K
3351.00 Hz

50.0E-6 sec
5.0E-6 sec
0.5E-6 sec
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Figure 39. Response of the outlet mass-flow rate for the turbine to
ramps described by table 5. The three plots shown
correspond to time steps of 0.5 micro seconds, 5 micro
seconds, and 50 micro seconds.
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Figure 40. Response of the middle mass-flow rate for the turbine to
ramps described by table 5. The three plots shown
correspond to time steps of 0.5 micro seconds, 5 micro
seconds, and 50 micro seconds.
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Figure 41. Response of the outlet total pressure, for the turbine, to
ramps described by table 5. The three plots shown

correspond to time steps of 0.5 micro seconds, 5 micro
seconds, and 50 micro seconds.
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Figure 42. Response of the outlet total temperature, for the turbine,

to ramps described by table 5. The three plots shown
correspond to time steps of 0.5 micro seconds, 5 micro
seconds, and 50 micro seconds.
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seconds is the same for all the runs. This provides a good basis for
comparison of the results obtained using different size time steps.

Figures 39 and 40 show the responses of outlet mass-flow rate and
'middle mass-flow rate respectively. There are 3 different curves
shown in each figure. Each curve corresponds to a different time-
step size. The difference in predicted response for the three time
steps 1Is very large. 1In fact the solution appears to be diverging
with decreasing integration time-step size. Figure 41 shows the
outlet total pressure response for the three time step sizes. Once
again the solutions appear to be diverging with decreasing integrator
time step. Figure 42 shows the total outlet temperature variation
over time, and again the solution tends to diverge with the smaller
time step.

The lack of convergence with decreased time-step size is clearly
undesirable and this model is judged to be unsati;factory. Study of
this model demonstrated thatvlagging the outlet mass flow rate by 1
time step significantly reduced the numerical difficulties introduced
by the stiffness of the governing equations. This suggested a return
to the simpler state-average model but with a lagged-mass-flow
calculation. A discussion of such a model, and its performance, is

presented in the next section.
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3.9 THE STATE-AVERAGE LAGGED-MASS-FLOW-RATE MODEL
Review of the sliced model performance suggested development of
the state-average lagged mass flow rate model (SALM). The SALM was
applies the continuity, energy, polytropic, and moment-of -momentum
equations to a single control volume which represents the
" turbomachine. The assumptions for this model are as follows:
Tep(t) = ( Teq(t) + Tyo(t) )/2 (40)
mp(t) = ( @y(t) + B (t-dt) )/2 (41)
and for the turbine,
Pep(t) = Pey(t) * ( Tep(t) / Teq(t) H)CP/M/R (42)
where,
Typ is the total temperature in the middle of thé machine
Pem 1S the total pressure in the middle of the machine
m, is the mass flow rate through the machine
dt is the magnitude of the integrator time step-size
t is the current time level
n is the total-to-total polytropic efficiency.
These assumptions are similar to those of the state-average model.
However, there is a crucial difference. The outlet mass flow used in
equation 41 to evaluate the mass flow rate through the machine is
lagged by one integration time step, whereas the state-average model
uses the current value of the mass flow rate. Another difference
between the state-average model and SALM is that the state-average
model did not include the moment-of -momentum equation.
The general algorithm for the SAIM is very similar to the

algorithm described for the upwind-mass-flow model but uses the new



procedure to evaluate the mass-flow rate for the average-state in the
machine. The moment-of -momentum equation is once again utilized to
obtain two different versions of the model. The first vérsion of the
model assumes constant speed operation, and calculates the variable
rate of work output. The second version assumes a constant rate of
work while the rotor speed is allowed to change. Figure 43 shows the
solution algorithm for the first version while figure 44 shows the
solution algorithm for the second version.
3.9.1 Constant-Speed Variable-Rate-Of -Work Model

In this model the rotor speed is assumed to be locked at 3351 Hz
as specified by the DRO2 [1]. A change in inlet total temperature
results in a change in the rate of work output from the turbine.

Table 6 presents information used to perform turbomachinery
analysis. Specifically table 6 lists: the geometry of the turbine to
be simulated; the design point da;a for the turbine; the perturbation
‘to the design steady-state value to initiate a tramsient; and the
thermodynamic steady-state values expected at the end of the
simulation. The perturbation of the steady-state is achieved by
ramping all the inlet state variables over a period of 100 micro
seconds. After 100 micro seconds the inlet remains constant at the
new value. Table 6 also shows that this transient is run for 3
different time steps but that the ramp time of 100 micro seconds is
the same for all the runs. This provides a good basis for comparison
of the results obtained using different size time steps.

Figure 45 shows the response of the outlet mass-flow rate. There

are 3 different curves shown in this figure. Each corresponds to a
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Table 6: Data for results presented in figures 45 - 48

Turbine Geometry:

Inlet normal area:
Middle normal area:
Oulet normal area:
Yolume of compressor:
Tip radius:

Middle radius:

Rotor Inertia:

Design point data:

Inlet total temperature:

Outlet total temperature:

Inlet total pressure:

Qutlet total pressure:

Mass flow rate:

Rotor speed:

Total to total polytropic efficency:

Pertubation at inlet to obtain transient response:

Ramp inlet total temperature to:
Ramp inlet total pressure to:
Ramp inlet mass flow to:

Expected steady state outlet states:

Outlet total temperature:
QOutlet total pressure:
QOutlet mass flow rate:

Additional notes:

Constant specific heat:
Gas constant:

Constant speed:

Variable rate of work out:
3 different time steps:

4.668E-3 m?
5.158E-3 m?2
5.648E-3 m?
1.000E-4 m3
8.810E-2 m

4.896E-2 m

0.082 Kg m?

1034.02 K
86601 K
540.25 KPa
330.14 KPa
1.2886 Kg/sec
3351.0 Hz
0.9010

1035.02 K
540.35 KPa
1.3 Kg/sec

867.01 K
330.316 KPa
1.3 Kg/sec

519.14 1/Kg/K
207.44 J/Kg/K
3351.00 Hz

50.0E-6 sec
5.0E-6 sec
0.5E-6 sec



different time-step size. The difference in predicted response for
the three time steps is small. Therefore, the larger integrator time
step should be used to considerably reduce computational time.

Figure 46 shows similar behavior in the rate of work output by the
turbine. It is also clear that the difference in solutions reduces
considerably as smaller integration time step are chosen. In fact
the difference between the 5 micro second solution and the 0.5 micro
second solution is almost imperceptible. 'Even the 50 micro second
solution appears to be satisfactory. Figure 47 shows the outlet
total pressure response for the three time-step sizes. Once again,
the solution appears to converge as time-step size decreases.
However, it should be noted that even the larger time step is
representative of the solution obtained by smaller time step. Figure
48 shows the total outlet temperature variation ;ver time. Once
again the solution obtained from the larger integrator time step is
representative of the solution.

The SLAM was also tested for a ramp increase followed by a ramp
decrease to the design point data for the inlet state. The object of
this test is to determine if the model will return to the design
steady-state outlet condition. Table 7 presents information used to
perform turbomachinery analysis. Specifically table 7 lists: the
geometry of the ﬁurbine to be simulated; the design point data for
the turbine; the perturbation to the design steady-state value to
initiate a transient; and the thermodynamic steady-state values
expected at the end of the simulation. The perturbation of the

steady state is achieved by ramping up input state variables over a
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Figure 45. Response of the outlet mass-flow rate for the turbine to

ramps described by table 6. The three plots shown

correspond to time steps of 0.5 micro seconds, 5 micro
seconds, and 50 micro seconds.
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micro seconds.
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period of 25 micro seconds. After 25 micro seconds the input remains
constant at the new value. After 550 micro seconds the second ramp
in inlet state variables begins and returns the inlet variables to
the design point steady state values. The time elapsed for ramp up
was 25 micro seconds but the time elapsed for ramp down was 50 micro
seconds. Table 7 summarizes the details of the data used for this
test.

Figures 49 fo 51, show the transients Iin total temperature, total
pressure, mass-flow rate, and rate-of-work output respectively. 1In
each case the final steady state is predicted correctly by the
transient model.

In summary, from the ramp up and the double ramp test, two
important results were obtained: the steady state is predicted
correctly for all state variables; and The differences in responses
due to an order of magnitude larger time step size is negligible.
Based on the above results it is postulated that since there is a
discontinuity in the first derivative at the inlet when the ramp
ends, the numerical method would require an infinitely small time-
step size to precisely model this discontinuity. Therefore, if the
model is excited by a sinusoidal input (or any other continuously
differentiable function) the output should be smooth. To
investigate this postulate, the model was excited by a 2,000 Hz
sinusoidal input at the inlet. Table 8 summarizes the conditions
used for this test. The transient results obtained from this test

are presented in figures 52-54.
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Table 7: Data for results presented in figures 49 - 51

Turbine Geometry:

Inlet normal area:
Middle normal area:
Oulet normal area:
Volume of compressor:
Tip radius:

Middle radius:

Rotor Inertia:

Design point data:

Inlet total temperature:

Outlet total temperature:

Inlet total pressure:

Outlet total pressure:

Mass flow rate:

Rotor speed:

Total to total polytropic efficency:

Pertubation at inlet to obtain transient response:

Ramp up inlet total temperature to:
Ramp up inlet total pressure to:
Ramp up inlet mass flow to:

then,
Ramp down inlet total temperature to:
Ramp down inlet total pressure to:
Ramp down inlet mass flow rate to:

Expected steady state outlet states:

QOutlet total temperature:
Outlet total pressure:
Outlet mass flow rate:

Additional notes:

Constant specific heat:
Gas constant:

Constant speed:

Ramp up elapsed time
Ramp down elapsed time
Variable rate of work out:

' 4.668E-3 m?2

5.158E-3 m?
5.648E-3 m?
1.000E-4 m?
8.810E-2 m
4.896E-2 m
0.082 Kg m?2

1034.02 K
866.01 K
540.25 KPa
330.14 KPa
1.2886 Kg/sec
33510 Hz
0.9010

1035.02 K
540.35 KPa
1.3 Kg/sec

103402 K
540.25 KPa
1.2886 Kg/sec

867.01 K
330.316 KPa
1.3 Kg/sec

519.14 J/Kg/K
207.44 J/Kg/K
3351.00 Hz
25.0E-6 sec
550 E-6 sec
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Figure 52 shows inlet, middle, and outlet mass-flow rates. Note
that after initial pertubation from steady state, the outlet mass-
flow rate lags the middle mass-flow rate which in turn lags the
inlet-mass flow rate as expected. Also, no discontinuity is observed
in the mass flow rate. Figure 53 shows the inlet, middle, and outlet
total temperature. The zero on the vertical axis corresponds to the
design point steady-state. Figure 54 shows the inlet, middle, and
outlet total pressure. The pressure solutions also show no
discontinuity. Hence, the postulate which predicts a smooth response
of outlet variables for continuously differentiable variation in
input variables was substantiated. The effect of slower inlet
frequencies was also examined. Specifically the model was excited by
inlet frequencies of 1,000 Hz, 500 Hz, and 50 Hz. The results of
these transients are presented in figures 55 to 63. Examination of
. figures 55-63 reveals two very interesting results: the outlet state
variable always lags the middle state variable and the ﬁiddle state
variable always lags the inlet state variable; and below excitation

frequencies of 50 Hz, the mass storage term can be neglected.



Table 8: Data for results presented in figures 52 - 63

Turbine Geometry:

Inlet normal area: 4.668E-3 m?
Middle normal area: 5.158E-3 m2
Oulet normal area: 5.648E-3 m?
Volume of compressor: 1.000E-4 m3
Tip radius: 8.810E-2 m
Middle radius: 4.896E-2 m
Rotor Inertia: 0.082 Kg m?
Design point data:
Inlet total temperature: 103402 K
Outlet total temperature: 866.01 K
Inlet total pressure: 540.25 KPa
Qutlet total pressure: 330.14 KPa
Mass flow rate: 1.2886 Kg/sec
Rotor speed: 3351.0 Hz
Total to total polytropic efficency: 0.9010
Pertubation at inlet to obtain transient response:

Sine wave amplitude inlet total temperature:

1.0 K
Sine wave amplitude inlet total pressure:

100 KPa

Sine wave amplitude inlet mass flow:

0.0114 Kg/sec
Sine wave frequency inlet total temperature:

2,000 Hz - 50 Hz
Sine wave frequency inlet total pressure:

2,000 Hz - 50 Hz
Sine wave frequency inlet mass flow:

2,000 Hz - 50 Hz

Additional notes:
Constant specific heat: 519.14 J/Kg/K
Gas constant: 207.44 J/Kg/K
Variable Work out:

Constant rotor speed:

Sine wave is superimposed on already existing steady state:
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Figure 52. Response of the mass-flow rate, for the turbine, to
sinosoidal input described by table 8. The time step is 1
micro seconds. Frequency is 2000 Hz.

901~




(K)

RELATIVE AMPLITUDE OF
TOTAL TEMPERATURE

TOTAL TEMPERATURE VS. TIME

2000 Hz -

-L01-

Middle
Outlet

-0.8

-12

0.000 0625 1.250 1875 2500 3125 3750 4375 5.000
X104 ™E (sec) 6-FEB-50 00:58:56

Figure 53. Response of the total temperature, for the turbine, to
sinosoidal input described by table 8. The time step is 1
micro seconds. Frequency is 2000 Hz.
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Figure 55. Response of the mass-flow rate, for the turbine, to
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Figure 56. Response of the total temperature, for the turbine, to

sinosoidal input described by table 8.
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Figure 58. Response of the mass-flow rate, for the turbine, to

sinosoidal input described by table 8. The time step is 1
micro seconds. Frequency is 500 Hz.
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sinosoidal input described by table 8. The time step is 1
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Figure 61. Response of the mass-flow rate, for the turbine, to
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3.9.2 Constant-Rate-0f-Work Variable-Speed Model

The second model developed by modification of the moment-of-
momentum equation describes the performance of a constant-work-output
turbine. The rotor speed is allowed to vary in response to
thermodynamic changes at the inlet.

Table 9 presents information used to perform turbomachinery
analysis. Specifically table 9 lists: the geometry of the turbine to
be simulated; the design-point data for the turbine; the perturbation
to the design steady-state value to initiate a transient; and the
thermodynamic steady-state values expected at the end of the
simulation. The perturbation of the steady-state is achieved by
ramping the inlet state over a period of 100 micro seconds. After
100 micro seconds the inlet remains constant at the new value. The
results of these analyses are presented in figures 64 to 67.

Figure 64 shows the mass-flow-rate response. Figures 65 and 66
show the response of total temperature and total pressure
respectively. Figure 67 shows the reduction in rotor speed, due to
increase in mass-flow rate. This decrease can be predicted by
examining the steady-state equation relating rate of work and rotor

speed.

. 1/2
W
Q = [ —'_Rz—— ] (43)

All the variables matched the expected final steady-state correctly.
This model was also excited by sinosoidal input according to data

given in table 10. The predicted outlet response obtained for these
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Table 9: Data for results presented In figures 64 - 67

Turbine Geometry:

Inlet normal area:
Middle normal area:
QOulet normal area:
Volume of compressor:
Tip radius:

Middle radius:

Rotor Inertia:

Design point data:

Inlet total temperature:

Qutlet total temperature:

Inlet total pressure:

Qutlet total pressure:

Mass flow rate:

Rotor speed:

Total to total polytropic efficency:

Pertubation at inlet to obtain transient response:

Ramp inlet total temperature to:
Ramp inlet total pressure to:
Ramp inlet mass flow to:

Expected steady state outlet states:

Outlet total temperature:
Outlet total pressure:
Outlet mass flow rate:

Additional notes:

Constant specific heat:
Gas constant:

Variable speed:

Constant rate of work out:

4.668E-3 m2
5.158E-3 m?
5.648E-3 m>
1.000E-4 m3
8.810E-2 m

4.896E-2 m

0.082 Kg m?

1034.02 K
866.01 K
540.25 KPa
330.14 KPa
1.2886 Kg/sec
3351.0 Hz
0.9010

1035.02 K
540.35 KPa
1.3 Kg/sec

867.01 K
330.316 KPa
1.3 Kg/sec

519.14 J/Kg/K
207.44 J/Kg/K
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analyses are shown in figures 68-71. The zero on the abscissa
represents the design-point steady-state value.

Figure 68 shows inlet, middle and outlet mass flow rate. Figure
69 shows inlet, middle and outlet total temperature. Figure 70 shows
inlet, middle, and outlet total pressure. Figure 71 shows the rotor
speed over time. Note the different time scale for this plot. A
larger scale was selected to display rotor speed response because it
is signigicantly slower than the response of the thermodynamic
variables. The rotor response is related to both the thermodynamic
state in the machine and inertia of the rotor.

In conclusion, the state-average lagged-mass-flow model was the
most successful model. This model did not contradict any
conservation laws, and the results predicted by it are not counter to
intiution. However, the validity of this model is still dependent on
the choice of a appropriate integration time-step size. 1In light of
discussion of section 3.7, the results obtained for time-step size of

10 micro seconds are the most appropriate.
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Table 10: Data for results presented in figures 68 - 71

Turbine Geometry:

Inlet normal area: 4.668E-3 m2
Middle normal area: 5.158E-3 m?
Oulet normal area: 5.648E-3 m
Volume of compressor: 1.000E-4 m
Tip radius: 8810E-2 m
Middle radius: 4.896E-2 m
Rotor Inertia: 0.082 Kg m2

Design point data:

Inlet total temperature: 1034.02 K
Outlet total temperature: 866.01 K
Inlet total pressure: 540.25 KPa
QOutlet total pressure: 330.14 KPa
Mass flow rate: 1.2886 Kg/sec
Rotor speed: 3351.0 Hz
Total to total polytropic efficency: 0.9010

Pertﬁbation at inlet to obtain transient response:

Sine wave amplitude inlet total temperature:

10 K
Sine wave amplitude inlet total pressure:

100 KPa
Sine wave amplitude inlet mass flow:

0.0114 Kg/sec
Sine wave frequency inlet total temperature:

1,000 Hz
Sine wave frequency inlet total pressure:
1,000 Hz
Sine wave frequency inlet mass flow:
1,000 Hz
Additional notes:
Constant specific heat: 519.14 J/Kg/K
Gas constant: 207.44 J/Kg/K

Constant Work out:
Variable rotor speed:

Sine wave is superimposed on already existing steady state:
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Figure 69. Response of the total temperature, for the turbine, to
sinosoidal input described by table 10. The time step is 1
micro seconds. Frequency is 1000 Hz.
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4. DISCUSSION

Chapter 3 presented the development of six different models for
prediction of the transient performance of compressible flow
turbomachines. Each model evolved from an understanding of the
undesirable features of the model preceding it. The sixth and final
model is considered to be the most successful. The following
paragraphs summarize and compare‘the performance characteristics of
each model.

The first model to be evaluated was based on Laplace transform
transfer functions. This approach was found to be unsatisfactory due
to the highly nonlinear and coupled nature of the governing
equations.

The second model developed was the state-average model. A mixture
of algebraic and differential equations are used to represent the
physics governing the performance of the turbomachine. The
thermodynamic state inside the machine is determined by a simple
average of inlet and outlet values for two of the state variables.
The outlet total temperature predicted by this model showed a
questionable jagged response to a step change in inlet total
temperature. Further, the integrator only functioned over a very
restricﬁed range of time-step sizes. Because of the jagged response
and the severe restriction on the time-step size, this model was
considered inadequate.

The third model developed was the constant-Mach-number-in-the-

‘middle model. In an effort to address the time-step restriction of
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the state-average model, one of the averaged internal state variables
was replaced with the assumption of a constant Mach number in the
middle of the machine. Although this did indeed eliminate the lower
bound on time-step size, it violated conservation of mass for
transient analyses.

The fourth model developed was the upwind-mass-flow model. The
mass flow rate in the middle of the control volume is assumed to be
equal to the inlet mass flow rate. This assumption directly
addresses the shortcomings of both the constant-Mach-number-in-the-
middle model and the state-average model. The general response
predicted by this model appeared reasonable but raised concerns about
the transit time of information through the control volume. Models
of the transport of information through the control volume were
examined to address these concerns. Further, it seemed desirable to
develop a model which did not assume an instant response of the mass
flow rate through the middle of the machine.

The fifth model developed was the sliced model. This model tried
to Incorporate the wave propagation of information through the
control volume by a time-delay averaging procedure. Unfortunately
the responses predicted by this model did not converge with
decreasing time-step size. In fact, the responses diverge with
decreasing time-step size. This characteristic was judged to be
extremely undesirable and this model is therefore considered
unsatisfactory.

The sixth and final model developed was the state-average lagged-

mass-flow-rate model. The thermodynamic state inside the machine is
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~uniquely determined by a two step process. First, the total
temperature in the middle of the machine is computed by a simple
average of inlet and outlet values of total temperature at the new
time-level. Second, the mass flow rate through the middle of the
machine is computed as an average of the new time-level value of mass
flow rate at the inlet and the old time-level value of mass flow rate
at the outlet. This formulation directly addresses the shortcomings
of the state-average and the upwind-mass-flow models. Several
simulations using this model with various inputs were performed. The
results obtained from these simulations do not contradict any of the
conservation laws. In light of the discussion presented in section
3.7, a minimum time-step size consistent with the modeling
assumptions is dictated by the size and speed of the turbomachine. A
study conducted to investigate the response of the turbine to
different perturbation frequencies below 50 Hz the mass storage term
in the model can be neglected. The variable-speed constant-rate-of-
work model (section 3.9.2) revealed that the rate of change of rotor
speed depends on the inertia of the rotor. 1In fact the response time
of rotor speed is orders of magnitude larger than the response time
of the thermodynamics. Since no experimental data were found to
validate the above results, the model performance could only be

judged for simple transients.
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The goal of this study was to develop transient models for two
ma jor components of the solar dynamic power conversion system (SDPCS)
- the turbine and the compressor. These models are to be used to
study the transient response of, and to develop controls for, the
SDPCS. The models were required to simulate the physics associated
with transients of the same order as the those associated with the
control mechanisms.

Six models were developed. These were: the transfer function
model; the state-average model; the constan_-Mach-number-in-the-
middle model; the upwind-mass-flow model; the sliced model; and the
state-dverage lagged-mass-flow model. The first five models were
considered to be unsatisfactory for reasons summarized in chapter 4.

The sixth and most successful model, the state-average lagged-
mass-flow-rate model, was developed based on the experiences of the
first five models. Several simulations using this model with various
input transients were performed. The results obtained from these
simulations do not contradict any of the conservation laws. In light
of the discussion presented in section 3.7, a minimum time-step size
consistent wiht the modeling assumptions is dictated by the size and
speed of the turbomachine. The study conducted to investigate the
response of the turbine to different perturbation frequencies
revealed that for perturbation frequencies below 50 Hz the mass
storage term can be neglected. The variable-speed constant-rate-of-

work model (section 3.9.2) revealed that the rate of change of rotor
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speed primarily depends on the inertia of the rotor. 1In fact the
response time for the rotor speed is orders of magnitude larger than
the response time of the thermodynamics. Since no experimental data
were found to validate the above results, the model performance could
only be judged for simple transients.

Therefore, the next step in validating the compressible flow
turbomachinery models is to compare computational results with
experimental data. The energy transfer between the blading and the
fluid could also be included in the model. This inclusion would
increase the flexibility of the model.

To further the study of SDPCS transients, a combined rotating unit
model should be developed. This model Qould combine the turbine, the
compressor, and the alternator models into one complete model. The
response of this complete unit will determine the response times that

will be required for the control of the SDPCS.
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L. Introduction
The Solar-Powered Closed Regenerative Turbine-Engine Cycle is proposed for use
in a Solar Dynamic Power Generating System (SDPGS) to provide electrical power for a
space station under development by NASAILl, The focus of the study presented in this

thesis is the development of a dynamic model of the Solar-Powered Closed Regenerative

Turbine-Engine Cycle.
1.1 The Solar-Powered Closed Regenerative Turbine-Engine Cycle

The Solar-Powered Closed Regenerative Turbine-Engine Cycle converts incident
solar radiation into mechanical power. The mechanical power is then converted to
electrical power by an alternator. Thermal energy is rejected from the cycle by radiation
to space. The Solar-Powered Closed Regenerative Turbine-Engine Cycle consists of the
following main components: receiver; turbine; compressor; heat exchanger (recuperator);
gas cooler; and radiator. A schematic of the Solar-Powered Closed Regenerative Cycle

is shown in Fig. 1.1.

The working fluid used in the Solar-Powered Closed Regenerative Turbine-Engine
Cycle is a mixture of helium-xenon gas. Solar energy is collected by the concentrator
which focuses incident solar energy onto the phase-change material (LiF-CaF5 eutectic
salt) in the receiver. When the concentrator is in direct sunlight, the salt in the receiver
absorbs part of the incident solar energy flux and changes phase to liquid. The
remainder of the collected solar energy is used to heat the cycle working fluid (helium-
xenon). As the space station passes behind the Earth during its orbit, the solar energy
flux is periodically interrupted by the Earth's shadow. When the space station is in the

Earth's shadow, the eutectic salts return from the liquid state to a solid state and release
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energy into the helium-xenon gas. The working process in the Solar-Powered Closed
Regenerative Turbine-Engine Cycle can be described as follows:

(1). The low pressure, low temperature gas leaving the gas cooler passes through
the compressor where it is compressed, and discharged at high pressure with a small rise
in temperature.

(2). The compressed gas then passes through the high-pressure side of the
recuperator where it is preheated by the turbine exhaust.

(3). The high pressure preheated gas is passed through the receiver where it is
heated further to a high temperature while still at a high pressure.

(4). The high-pressure high-temperature gas leaving the receiver is passed through
the turbine where it expands to produce work and its pressure and temperature are
reduced.

(5). The low-pressure turbine-exhaust gas then passes through the low-pressure
side of the recuperator and gives up energy to preheat the recuperator high-pressure side
gas while the exhaust is itself precooled to a moderate temperature.

(6). The low-pressure precooled gas Ieaviﬁg the recuperator is further cooled in the
gas cooler by FC-75 coolant. The low-pressure low-temperature gas is then returned to

the compressor and the cycle is complete.

The net difference between shaft work required by the compressor and work
delivered by the turbine is available for useful work in the alternator, once the frictional
losses are deducted. Using the design data supplied in the DRO2[!] document one
concludes that the shaft power delivered by the gas expanding through the turbine is
about 85% larger than the shaft power required by the compressor to compress the gas.

The actual percentage depends on the efficiencies of the turbomachinery.
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Fig. 1.2 shows the Solar-Powered Closed Regenerative Turbine-Engine Cycle on a

temperature-entropy (T-S) diagram. Process (1) represented by path 1-2; Process (2)

is represented by 2-3; Process (3) is represented by path 3-4; Process (4) ié represented

by path 4-5; Process (5) is represented by path 5-6; and Process (6) is represented by path
6-1.

1.2 The Power Requirement of the Space Station

The basic requirements of the SDPGS are to supply sufficient power for the space
station. 75 kW of the electricity are required for the initial operation capacity (I0OC) of
the space station. 31.3% of the IOC will be provided by a photovoltaic module and the
remaining 68.7% will be provided by a SDPGS. The SDPGS consists of two identical
modules powered by Solar-Powered Closed Regenerative Turbine-Engine Cycles. The

power output of each SDPGS module is 28.5 kW.

A number of control schemes have been designed to meet the dynamic-response
requirements of the system. The objectives of the control schemes are:

(1). The speed of the rotor is to be maintained at a constant value of 32,000 rpm to
provide a constant voltage of 208 volts.

(2). The flow of solar energy into the eutectic salt in the solar receiver is controlled
to change the flow of energy into the working fluid, and hence to change the power
output.

(3). The power not required by the station is to be radiated into space.

These objectives are to be achieved by the control of the working fluid inventory by
exchanging fluid between the accumulator and the system, the control of the rotation
angle of the concentrator, and the control of the parasitic load. The accumulator and

inventory control valves on the gas loop regulate the mass of gas in the loop. A change



1200

1000

800

600

400

200

T(K)

: 6 recuperator low pressure side

1 gas cooler :
I i i i i 0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

S (kJ/kg.K)

Fig. 1.2 The temperature-entro -S) diagram of the Solar-
g PoweredeIosed Regenp&gvezBragton Cycle



. 6
of mass in the gas loop will change the pressures and the temperatures in the gas loop.
The pressure and temperature changes in the gas loop will cause performance changes in
the turbine and the compressor, and hence the mass-flow rate in the gas loop will also
change. The concentrator tracking and pointing control mechanism regulates the flow
of energy into the working fluid. If the solar energy flux is so large that the temperature
of the receiver approaches the allowable temperature of the structure, the concentrator is
rotated away from the receiver so that the solar radiation is no longer focused on the
receiver. The parasitic load radiator is connected in parallel with the user load. A
change in user load can be compensated for by a change of the load presented by the
parasitic load radiator in order to maintain a constant torque on the rotating unit, and
hence a constant speed of the turbomachinery rotor. The power not required by the

station is radiated to space.
1.3 Previous Work

A literature search provided little information about dynamic system modeling of
power conversion systems. Some papers focused more on components than systems.
The Electric Power Research Institute- funded a research program on simulation of large
power generation plants, but this work was tailored to very large machines and it is
proprietary. Igball2] developed a system model using the EASYS programl(3]. The
EASYS5 (Engineering Analysis System 5) is a proprietary simulation and control system
analysis language developed by Boeing Computer Services Company. Since repeated
calls to component models are not allowed at the same time level in EASYS, it is not
possible to do a mass-flow-rate iteration inside the gas loop at a single time step. For this
reason, the system model developed by Igbal cannot be used to simulate the mass-flow
response of the Solar-Powered Closed Regenerative Turbine-Engine Cycle. Further,

Igbal's heat exchanger models(2] do not include the effect of changes in pressure (and



2
therefore density) on the rate of heat transfer. These heat exchanger models need to be
refined to include the pressure effect in the models. Alil4] developed compressible
transient turbomachinery models. Ali's work was concentrated on the transient
thermodynamic performance modelling of the turbine. A FORTRAN subroutine of the
compressor model needs to be developed for the system modeling. The component
models developed by Ali and Igbal provided useful information for the component

modeling in this study.
1.4 The Purpose of This Thesis

The current research is concerned with developing computational models of the
transient thermodynamic performance of the Solar-Powered Closed Regenerative
Turbine-Engine Cycle. The first step was to develop a quasi-steady systern model based
on steady-state component models. The quasi-steady system model was useful in the
beginning stage of the development of the system 'modeling. It can be used to test the
iteration scheme. The steady-state component models were developed for this purpose.
The second step was to develop a dynamic (transient thermodynamic) system model
based on the dynamic (transient thermodynamic) component models. The dynamic
component models were developed for this purpose. The incompressible-flow heat
exchanger model developed by Igball2l was refined to include the effect of variable
pressure into the model. A new transient thermodynamic radiator model was developed
which includes a representation of the conduction heat-transfer through the radiator
panels. Based on the compressible turbomachinery models developed by Alil4], a
FORTRAN subroutine was developed for the compressor. By integrating the component
models into the system model, the dynamic heat exchangers/quasi-steady turbomachines
system model and the dynamic heat exchangers/dynamic turbomachines system model

were developed. The system models were written in FORTRAN and based on the
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principles of conservation of mass, energy and momentum. An iteration scheme was
used in the system modeling to find the mass-flow rate at every time step. The details of
the component models and the system models are presented in chapter 2 and chapter 3

respectively. The simulation results are presented and discussed in chapter 4.



2. Component Modelling

The simulation of the thermodynamic transient performance of the Solar-Powered
Closed Regenerative Turbine-Engine Cycle required the development of component
models. The steady-state component models were developed for the quasi-steady system
model. Igball2] developed transient incompressible-flow heat exchanger (recuperator,
gas cooler, receiver) models. These heat exchanger models were refined to include the
pressure effects. In the refined models, the density of the gas working fluid is evaluated
according to the gas temperature and pressure. A new dynamic (transient
thermodynamic) radiator model was developed. Conduction heat-transfer through the
radiator panels was included in the new radiator models. The transient thermodynamic
models of turbine and compressor were based on the "state-averaged lagged-mass-flow-
rate” turbomachinery model developed by Alil4l. In this chapter, the details of the
development of the steady-state componcni models and the dynamic (transient

thermodynamic) component models are presented.
2.1 Steady-State Models of the Components

The quasi-steady assumption produces models of the system based on the steady-
state characteristics of the components. The steady-state component models were
developed for the quasi-steady system model. The quasi-steady system model was used
to perform initial evaluations of complete system-modeling strategies and was useful for

determining steady-state system performance.
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2.1.1 Steady-State Heat Exchanger Model

The steady-state heat exchanger model is based on the number of heat transfer unit

method by which the € - Ny, relationship is used to analyze the heat-transfer in heat

exchangers. Heat-exchanger heat-transfer effectiveness, &, is defined as(5]

o4 Ch(Th,in - Th,out)
Crmin(Th,in - Tc,in)
e 4 Cc(Tc,out - Te,in)
Cmin(Th,in - Tc,in)

where : Cp is the hot-fluid capacity rate (= (mCp)p);

Cis the cold-fluid capacity rate (= (rixCp)c );
Th,in is the inlet temperature of hot-fluid;
Th,out is the outlet temperature of hot-fluid;
Tc,in is the inlet temperature of cold-fluid;

T¢ out is the outlet temperature of cold-fluid;

Cinin is the smaller of the two capacity rates Cp, and C.

The number of heat exchanger heat transfer units is defined as[5]

A
Neg = f(Ah,Cpyin) -

where : A is the heat-transfer area;

h is the heat-transfer coefficient.

C .
In general, it is possible to express € = f(Ny, E—m , flow arrangement). Cyyax is the
’ “max

larger of the two capacity rates Cj, and C.. Consider a counter flow heat exchanger with

Ch, < C¢. The heat transfer rate can be computed by
Q= AbATpean (2.1)

where : AT pean is a suitably averaged mean temperature difference.
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AT A (Th,in - Tc,out) - (Th,out - Tclin)
mean I (Th,in - Tc,out) |
1
(Th,out - Tc,in)

Two additional expressions may be written for Q based on energy balance

considerations:
Q= C(Th,in - Th,out) 2.2)
Q= Cc(T¢ out - Te,in) (2.3)

The maximum possible heat-transfer rate is limited by mass-flow rates, heat capacities

and inlet temperatures to
Qmax = Cmin(Th,in - Tc,in) -
FOI' Ch = Cmin and Cc = Cmax ’
Qmax = ChATin
where ATjp = Cp(Th,in - Tc,in) -

Normalizing (2.1), (2.2), and (2.3) with Qg yields

AbAT.
£E= ___m_C;a:r_‘ (24)
ChATin
(Th,in - Th,out)
£= ATy (2.5)
(T, - Te.in) C
£= cout~ “¢c,in/ ¢ (2.6)

ATin Ch-

Now from Equations (2.5) and (2.6), we have
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SCh)
Tc,out=Th,in- (- Ce ATip 2.7

Combining equations (2.1) and (2.3), and substituting equations (2.7) and (2.8)

into the combined equation, produces the € - Ny, relation for counter-flow heat

exchangers:
[ o~ Nuu(1-Cp
g= - - 2.9)
1-C © Ntll(l Cr)
Ah Cmin
here Noy==—"and C = .
v tu Crnin * " Crmax

Two limiting cases are Con =0 and 1. The first case approximates the situation for the
ax

receiver. The salt temperature remains at a constant temperature throughout the
exchanger when functioning under normal design conditions. Therefore, its specific heat

(and thus its capacity rate) is equal to infinity. The second case is descriptive of a

recuperator or a gas cooler, where C. = Cp,. For these conditions, Equation (2.9) reduces

to
. Cmi
e=1-e Ntu for Cmm=
max
and
_ Nt f Cmin_1
€=T+Ny o Cmax

A relation for the stream pressure-drop through a heat exchanger is given by Kays

and London[5]. It is written in the form :
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2
P1Vy
P1 Ap1 P1
Ap =——|(Kin +1- 02 4-2[—--1] H———— . (1-02-Koup—| (2.10
P= 2 [(K"‘ " 2lo2 Y AminPmean ¢ owp,) @10
entrance

flow
effect

acceleration

core

exit
friction

effect

where : Kj and Kqy¢ are the entrance loss coefficient and the exit loss coefficient;

V1 is the inlet velocity;

A is the heat exchanger total heat transfer area on one side;

Amin is the heat exchanger minimum free-flow area;

o is the ratio of the core free-flow area to the frontal-area;

f is the mean friction factor
2p1p2

Pmean=p1 +pg -
The subscripts "1" and "2" represent the inlet and the outlet respectively. If the entrance

and exit losses are included in the friction factor, equation (2.10) reduces to:
A PIV:IZ[ 1 2)[p1 1] ] Apq ]
=—2—|(1+064)|—-1| +f————| .
P="7 P2

2.11
AminPmean @11

The mean friction factor is defined on the basis of the mean surface shear stress of the
heat-exchanger core:

T
£29 ° 2
Eé(PV 1)

The friction factor can also be expressed as a function of the Reynolds number, Re. For

laminar flow (Re < 2100), the friction factor can be expressed as

€1
f=Rc’

whereas for turbulent flow, f can be expressed as
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L

f= c2Rc- ,
where c1 and ¢ are constants [6]. Typical Reynolds numbers of fluids in the gas cooler

are 940 at inlet and 1395 at outlet. For the given laminar flow, cq is obtained from

equation (2.11) using the pressure drop (a design input) through the gas cooler. Friction

factors for the other heat exchangers are obtained in a similar manner.
2.1.2 Steady-State Radiator Model

Considering a section of radiator as shown in Fig. 2.1, the heat rejected from a

differential slice of the radiator is equal to
dQ= 0 T4L4dL 2.12)
where : o¢ = the product of the emissivity and the Stefan-Boltzmann constant.

To simplify the analysis, the radiator metal temperature was taken to be equal to the fluid

temperature. For this case, an energy balance on the differential slice yields
dQ= - mCpdT . 2.13)

Combining (2.12) and (2.13), and integrating along the length of the radiator

Tout

ACdT W
R i L S
[GET“ Jlgdl.
Tin

Assuming that L is constant, we have



fluid flow

—

dL

Lw

fluid temperature
Tin

Tout

length

Fig. 2.1 Section of radiator
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sol 11
o |3 73|~ Lebw
out m
or

1
30eLglw | |3

out = ) +3

mC Ty,

The last equation gives the temperature at the outlet of the radiator.
2.1.3 Steady-State Turbine and Compressor Models

The compressor and turbine are aerodynamic flow machines whose characteristics,
plotted as corrected mass-flow rate against pressure ratio, with corrected rotational speed
as parameter, depend on the geometry of both rotor and stator (impeller and diffuser for
the radial flow turbomachines). Compressor characteristics are usually plotted in terms

alon
py ) one

. .
of the pressure ratio ( 5% ) versus the corrected mass-flow rate ( m' =

. N .
lines of constant corrected speed (N' = === ). Contours of constant efficiency are
Tt

Pt4
superimposed, as shown in Fig. 2.2. Similar plots are used for the turbine: ( 'I;:; ) versus

ma[Ti4
(m'= 'Jp{;_t— ) along lines of constant ( N' = Tl;i—" ), with contours of constant
t4

efficiency superimposed, as shown in Fig. 2.3. Subscripts "1" and "2" denote the
compressor inlet and outlet flow stations and subscripts "4" and "5" denote the turbine
inlet and outlet flow stations. Based on typical compressor and turbine characteristics
given in reference {7], Fig. 2.2 and Fig. 2.3 have been generated using the design point
data of the compressor and turbine specified for the Solar-Powered Closed Regenerative

Turbine-Engine Cyclell]l. The working fluid is a mixture of helium and xenon.



Pt2/ Pt1
2.2
surge line

2.0

2000
1.8 1900

1800
1.6
14

1700
1.2

N’ = 1600
1.0
0.0 2.0 4.0 6.0 8.0 10.0 .
m)

Fig. 2.2 Compressor characteristics with contours of
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Reference [1] does not specify the percentage of each constituent in the mixture, but it
does give the specific heat capacities Cp = 0.5204 kJ/kg/K and C,, = 0.3122 kJ/kg/K.

The work-transfer rate, or power, required to drive the compressor can be

expressed as
. \ R
: mCpTy | (P2|C,
W =mC -Ti) = ﬁ—— —|P-1
comp p(T2 - Te) Ncomp L LPt1
The power delivered by the turbine is given by
R
: . . Pt5|C
Wturb = me(Tt4 - Tt5) = mentm-th4 1- p_t4 Pl.

where : Ticomp is the total-to-total isentropic efficiency of the compressor;

Nturb is the total-to-total isentropic efficiency of the turbine.

Fig. 2.2 and Fig. 2.3 show typical compressor and turbine performance maps.
2.2 Dynamic Models of the Components
2.2.1 Dynamic Heat Exchanger Model

The counter-flow/cross-counter-flow heat exchanger component model describes a
number of heat exchangers in the Solar-Powered Closed Regenerative Turbine-Engine
Cycle system that share approximately the same physical description. The heat
exchanger is modeled by dividing the control volume into n sections along the flow
direction. Each section consists of three elements, as shown in Fig. 2.4. Element (i) is
fluid "a" flowing in the indicated direction. Element (ii) is a wall element in contact with
fluid "a" on one side and fluid "b" on the other side. Element (iii) is the fluid "b" flowing

in the counter-flow direction or the cross-counter-flow direction. No conduction energy



fluid
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Ta(i-1) Tai Ta(i+1)
e
0]
Tw(i-1) Twi Twii+1) / wall
(i)
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Tob(i-1) Toi Th(i+1) b
h
(ii)

Fig. 2.4 Heat exchanger finite difference scheme
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diffusion is assumed to occur between adjoining fluid elements, although adjoining fluid

elements do have a net energy transfer by convective transport.

For the i-th section, the continuity equation is

RATE OF CHANGE INLET OUTLET
OF MASS IN THE| = MASS - MASS -
CONTROL VOLUME FLOW RA FLOW RA
For fluid "a"
dmg

& = Ma(-1) - Mai

and for fluid "b"
dmy | .
Tdt - Mp(i+l) - Mbi -
where : m is the mass the fluid in the control volume;
m is the mass flow-rate defined at the downstream edge of the

control volume.

The energy balance can be expressed as:

RATE OF CHANGE NET RATE OF
OF ENERGY = CONVECTION
IN C. V. INTO C.V.

If the temperatures in each element are given by an average temperature Ty }j, where

"{}" is the fluid "a", fluid "b", or wall "w", and "i" is the i-th section of the heat

exchanger, then for a control volume of element (i) of fluid "a"

a(mCyT) d(mC,T)
= = (Ah)(Ty - Ty + —5—dx 2.14)
rate of change convection heat- net energy flow

of energy inC. V. transfer into C. V., intoC. V.
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where : m is the mass of the fluid in the control volume;
m is the mass flow-rate;
A is the heat-transfer area in the control volume;

h is the heat-transfer coefficient;

Cy is the constant volume specific heat;

Cp is the constant pressure specific heat.

Assuming that there is no temperature gradient across the wall element (ii), the energy

balance for element (ii) may be written as

d(mCT)y
—5 = (AWy(Ta-Ty) + (AR)y(Tp - Ty) . (2.15)

Similar to (2.14), the energy balance for element (iii) yields

3(mC,T) A(mMC,Tp
—=2 2 (AR(Ty - Ty) + —x . (2.16)

The term on left side of the equation (2.14) can be expressed as:
a—(n-%:f’l)ﬁ - mac‘,i;t—a + cvr‘f—;‘:ﬁ + maTa%' . 2.17)
Assuming that Cy is constant, the value of the last term in the above equation is zero.
Substituting the continuity equation into equation (2.17) yields:
'aﬁr'lca:_tvz)'é = (va)aE;tg +(CyDalmag-1) - Maj) -
For element (ii), mC = constant , we have

d(mCT)y dTy
ot - @Owg
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Sixnilarly we have, for fluid "b":
A(mCy Ty Ty , .
3 =mCr g + (CyDppi+1) - Mmpy)-

Using the subscript "i" for the node location, the equations (2.14), (2.15), (2.16) can be

written as
dT,
(mCy)ai| =, ot = (hA)i(Twi - Tai) + (meT)a(l-l) (meT)m
- (CyDalma(i-1) - Maj) (2.18)

oT
(mCy)wi [—a':l] .= 0A)i(Tai - Twj) + (WA)i(Tb; - Twi) (2.19)
dTp . .
(mCy)bi [‘5;‘}1 = (hA)pi(Twi - Top) + (MCpDp(i+1) - (MCpTp;

- (CyDpMp(i+1) - Mpy) - (2.20)

The folldwing two pages show that the terms (CyT)(m ai-1) - m ,;) and
(CyDp(mp(j+1) - mp;) are negligible. To do so we can express the density as a function

of the temperature and the pressure(8]
p=p(T,p).

The rate of change of density can be expressed as:
sle 9| dT _e
oT pdt Tdt

Dividing both sides by p we can express the above equation in a nondimensional form :

ldg 5 % E* [Tw-To]dT*
M2 B 2.21
p*art = 10 i To Jart* @21



T-To L B Cpo o Vo
WhCI‘CT*= 5 * = 3 * = ; = ; ¥ o —. M =—;
Tw-To' P “po' P =Bp’ ™M7Cy o

P-P tvV

p* = ——(2) ;= 'L—O'; B =BgTg. The subscript "0" indicates the reference state.
POV

B is the bulk expansion coefficient which is defined as

= '%[g'%]p

and « is the isothermal compressibility which is defined as

“é%[%%]r

Vo and ag are the reference speed of fluid and the speed of sound respectively. The

speed of sound ag can be expressed as

__Y
PO%0 -
The Mach number, M, and the temperature difference, Ty,-T(, are small for the heat

exchangers used in the Solar-Powered Closed Regenerative Turbine-Engine Cycle

system. Take the recuperator as a example. The average wall temperature is Ty, = 605
K. The average temperature of the "hot" fluid is Tg = 618 K. The average temperature
of the "cold" fluid is Tg =593 K. Then (Ty, - Tg) / Tg = -0.02 for the "hot" fluid side
and (Ty - Tg) / Tg = 0.02 for the "cold" fluid side. In these cases, equation (2.21)

reduces to
dp* _
dt =

So we have
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dm_. dp_. do*

dt = Yevgy = VevPog =0
where : Vy is the control volume of the element.

Since the % term is small, we may assume ma(j.1) = M4 and M p(i41) = Mp; by the

continuity equation. Applying the simple Euler method of integration to the control
volume for the time derivative, and using an implicit formulation for the convective
terms in equations (2.18)-(2.20), produces the following difference equations. These are

written with superscript “n" representing the time step.

Tn i Tn-l

a a

(MCy)aj —At"" = (hA)ai [T&l - T;] + (rﬁcp)ai[T:(i_l) - Tzl] (2.22)

™ .l

w1 w1

n n n n
(MCO)wj '———At = (hA),j [Tai - Tl + A [Tbi - T (2.23)
"
[ n -1
Ti - Thi
I n . n n
(va)bi AL = (hA)bi Twi - Tbi + (me)bi [Tb(i+1) - Tbi (2.24)

.

It was shown by Alil4] that the response of outlet pressure to oscillations induced
by changes in inlet pressure is the most rapid transient response compared with the other
thermodynamic transient responses. Assuming an equilibrium state at every time step,
the pressure drop through the heat exchanger can be calculated by equation (2.11)
developed for the steady-state heat exchanger models. The pressure distribution is
assumed to be linear along the heat exchanger flow passage. The mass in the elements

can be calculated by the following equation
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mi=VeviPi -
For a gas working fluid, the density p can be calculated from the state equation for an

ideal gas:

C_ P
pl"RTi :

The recuperator, gas cooler and receiver transient models can be built from the
above equations with small variations in constants to account for design details. The
fluids "a" and "b" are the same (a mixture of helium and xenon) in the recuperator.
Reference [1] does not specify the percentage of each constituent in the mixture, but it
does give the specific heat capacities Cp = 0.5204 kJ/kg/K and Cy = 0.3122 kJ/kg/K.
Equations (2.22), (2.23) and (2.24) can be used directly for the recuperator. For the gas
cooler, fluid "a" is the working fluid (helium-xenon), and the fluid "b" is the coolant
which is liquid FC75. On the liquid side, we have Cyp = Cpb = Cp and pp = constant.
Equations (2.22), (2.23) and (2.24) can be used for the liquid side of gas cooler with
substitution of Cpb for Cyp and constant pp. For the receiver, the fluid "a" is the

working fluid, helium-xenon and the fluid "b" is the salt (eutectic LiF-CaFy mixture).

For the remainder of this thesis it is assumed that the salt temperature is an input variable
which drives the thermodynamic transients of the Solar-Powered Closed Regenerative
Turbine-Engine Cycle. Itis also assumed that the salt properties do not change with time
as it is cycled between the liquid and solid phases. The salt mixture melts during
insolation, absorbing some of the incident flux, and solidifies during eclipse. It is
therefore assumed that the salt temperature Tgay¢ is specified and is uniform along the
length of the tube in the receiver. Element "(iii)" (in Fig. 2.4, representing fluid "b", the
eutectic salt) uses the same temperature for all sections throughout the length of the
receiver, which is an input to the system and varies with time. The temperature of

element "(i)" (in Fig. 2.4, representing fluid "a", the helium-xenon mixture) is derived
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from equation (2.22). The temperature of element "(ii)" (in Fig. 2.4, representing the

wall "w") is included in equation (2.23), which is modified to include the salt
temperature Tg,jt :

]

(MCy)wi —Z—- = (hA)ai[T:i'ani] +(hA)bi[T:a1t' T;i] (2.25)
t

Equations (2.22), (2.23), and (2.24) can be rearranged to produce a system of

equations of the form

[A{T} = (B} (2.26)
where A is an (nxn) matrix of known coefficients, T is a (1xn) vector of unknown
temperatures, and B is a (1xn) vector of known quantities. The set of simultaneous
equations (2.26) is solved using a Gaussian elimination method with scaling and partial
pivoting. Similarly equations (2.22), (2.25) can be solved for the receiver in the same

manner.
2.2.2 Dynamic Radiator Model

The radiator in the Solar-Powered Closed Regenerative Turbine-Engine Cycle
system is of the pumped fluid loop type. The coolant is circulated in a coolant loop
consisting of the gas cooler and the radiator. A mechanical pump, which draws its power
from the electrical bus, is used to circulate the liquid in the coolant loop. The radiator
rejects the cycle waste energy to the space environment by thermal radiation. The liquid
coolant conveys the heat to the radiator as it circulates through channels embedded in the
radiator panels. There are two coolant loops, a primary loop and a secondary loop,

arranged in a redundant alternating design.
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The following assumptions are made for the radiator model: the heat leaves the
radiator surface by radiation from the two large surfaces only (no heat is radiated from
the edges); the emissivity of the surface is constant; heat radiates from the surface in
accordance with the Stefan-Boltzmann law; and the sink temperature is assumed to be a

function of time but spatially constant across the panel.

As shown in Fig. 2.5, the radiator is modeled by dividing it into "N" sections for
each loop. Each section consists of two elements. Element (i) is the fluid "a" flowing in

the direction indicated. Element (ii) is the wall element in contact with fluid "a" on one

side and radiating to space on the other side. For each element, an energy balance is

enforced:
RATE OF CHANGE NET RATE OF NET RATE OF NET RATE OF
OF ENERGY = |CONVECTION | + {(CONDUCTION | +{ RADIATION
IN C. V. INTO C. V. INTO C. V. INTO C. V.

Let the subscripts "a" and "w" represent fluid "a" and the wall respectively. For a control

volume in element (i) the energy balance can be written as

A(mCyT) A(mC,T)
_—a:_é = (Ah)y(Ty - Tp) + -—Ff——adx . 2.27)

In the above equation, it is assumed there is no radiation heat transfer and no conduction
between adjoining fluid elements. For element (ii), assuming a uniform temperature in

the element, the energy equation for the wall control volume may be written as

o(mCT)y

aT aT
= = (Ah)y(Ty - T) + OeAr - -

“KAxg, kAy3T 229)

4 4

Tsink ) Tw

where : Og is the product of the emissivity and the Stefan-Boltzmann constant;

A is the convection heat-transfer area of the wall control volume;
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Fig. 2.5 Radiator finite difference scheme
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Ay is the radiation heat-transfer area of the wall control volume;

Ay is the heat-conduction area of the wall control volume in
x-direction;

Ay is the heat-conduction area of the wall control volume in
y-direction;

k is the heat conductivity of the wall.

Equations (2.27) and (2.28) can be applied to both the primary loop and the

lli"

redundant loop. Using the subscript "i" for the node location, "1" for the primary loop,
and "2" for the redundant loop, we can rewrite equations (2.27) and (2.28). For the
primary loop, using an explicit formulation , we can write
dTa) 1 [ : ]

1= mCy)ay; MMali(Twii - Ta1d) + (MCpa1i(Tai(i-1) - Ta1d)

at
(2.29)
dTw1 1 4 4
[ ot ]i = (mC)wli[(hA)aliCr ali- Twi1d + (CeADwili| Tgine - Twti
L X . . . kdy o
) (mc)wli{[ Ax ]wli(zTWh - Tw1(1-1) y Tw1(1+1)) - [ Ay ]wli(TWh - Tw21)] .
(2.30)
For the redundant loop, using an explicit formulation, we can write
dTa2 1 )
3t )i~ @Cpiapy " Ma2i(Tw2i - Ta2i (2.31)
0Tw2 1 4 4
{ 3t ]i = M0y | PM22i(Ta2i - Tw2i) + (CeAn2i| Ty - Ty
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1 kA kA
- (mC)wzi[[ Axx] 2i(2Tw2i - Tw2(i-1) - Tw2¢i+1) - [Kyl] 5 {Tw2i - Twu)] .

(2.32)

The temperatures on the right hand side of equation (2.29), (2.30), (2.31) and (2.32) are
known at time level "n - 1". Therefore, these equations are in an explicit form. The set
of differential equations (2.29), (2.30), (2.31) and (2.32) are solved by the Runge-Kutta
numerical-integration method. The order of the Runge-Kutta method is selectable from

the first order to the fourth order.
2.2.3 Dynamic Turbine and Compressor Models

The turbine and compressor dynamic (transient thermodynamic) models were
based on the state-averaged lagged-mass-flow-rate turbomachinery model developed by
Alil4], A discussion on the time step for which these models can be applied is included
in the next section. A control volume for a turbine or compressor is shown in Fig. 2.6.
It is assumed that the thermodynamic state parameters at the middle point of the control
volume are the average values in the control volume. The subscript "in" represents the
inlet state parameters, the subscript "m" represents the state parameters in the middle
point, and the subscript "out" represents the outlet state parameters. The continuity

equation for the control volume can be written as :

RATE OF CHANGE INLET OUTLET
OF MASS IN THE| = MASS - MASS
CONTROL VOLUME FLOW RA FLOW RA
or
dm . .
“at = Min - Mout - (2.33)

The energy equation can be written as
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Fig. 2.6 Control volume of turbomachinery

32

Ttout, Ptout, mout

-

Outlet



33

RATE OF CHANGE NET RATE OF RATE OF WORK RATE OF
OF ENERGY IN | = |ENTHALPY FLOW| + |DONE ON MASS|{ + |HEAT FLOW
CONTROL VOLUME INTO C.V. IN C.V. INTO C.V.
or
dmCyT)py . . .
i = (meT)in - (meT)out +W -Q. (2.34)
For constant specific heat, we can rewrite equation (2.34) as
dTm 1 (.. ) . dm
—d't'_ = ;:n'c—v (meT)in - (mCP’r)out + W - Q - CVTmE] . (2.35)

An expression for the work term W in equation (2.35) can be derived from the moment-

of-momentum equation. Take the axis of the rotor as the x direction. The distance from

the x axis to the rotor tip is Ryjp, the distance from the x axis to the rotor hub is Rpyp,
and the distance from the x axis to the middle of the control volume is Ry,. As

shown in Fig. 2.7, Ry was selected as the average of Rep and Rpyp. Summation of

moments about the x axis gives the moment-of-momentum equation as :

RATE OF CHANGE RATE OF FLO RATE OF FLOW
OF ANGULAR OF ANGULAR OF ANGULAR
MOMENTUM = MOMENTUM - MOMENTUM

IN THE INTO THE OUT OF THE
CONTROL VOLUME cC. V. c. V.

SUM OF MOMENTS
ACTING ON
+ THE MASS
IN THE
CONTROL VOLUME

Since the flow into the compressor and out of the turbine has zero angular momentum

(by design), the above equation can be written as
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Rtip

Fig. 2.7 Control volume for moment of momentum equation
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2
d(mQR m)

2 .
gt -xiR;m+1g 2.36)

where the sign of the first term on the right hand side is "+" for the turbine and "-" for the
compressor;  is the rotating frequency of rotor; and q is the torque acting on the mass
in the control volume. For the turbine, the mass-flow rate at the rotor tip is into the
control volume. Therefore, the sign of the first term on the right side of equation (2.36)
is positive. For the compressor, the mass-flow rate at the rotor tip is out of the control
volume, so the sign of the first term on the right side of equation (2.36) is negative. The

torque acting on the control volume can be expressed as
_w
9=q

Substituting this expression for Tq into equation (2.36), and rearranging the equation, we
have:

. 2dm
- 02 =11
W-QRdt

2dQ | Q2R% (2.37)

+QmRmdt— tip

The sign of the last term on the right side of equation (2.37) is negative for the turbine

and positive for the compressor. The heat transfer rate Q is assumed to be negligible.

dQ ,
Equation (2.37) can be used to model : a constant speed (E = 0), variable work (gldVTV #0)

\ dQ
component ; a constant work (%Xt'v = (), variable speed (‘E # 0) component; and to

specify the time dependence of one of (W, Q) to find the other.
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In addition to the above equations, the following relations for a perfect gas are

used in modeling the turbomachinery:
p=pRT

pt = PtRT

V2

Tt=T+_"'
2G,

=3

R
__t]c
- (B,

The total temperature in the middle point of the control volume is assumed to be a linear

average of inlet and outlet temperatures:

Tm(t) =% [Ttm(t) + Ttout(t)] . (2.38)

A "state-averaged lagged-mass-flow-rate" modell4] was used for the mass-flow rate at the
middle point of the control volume, i.e., the mass-flow rate in the middle point is
computed as a average of the inlet mass-flow rate at the new time level and the outlet

mass-flow rate at the old time level.

mmm=%mmm+mwwAm (2.39)

The mass in the control volume can be computed by
m=pmVey

where : py, is the static density in the middle point of the control volume;

Vv is the volume of the control volume.
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The pressure at the middle point of the control volume is evaluated by the following

polytropic relations. For the turbine:

C
Tem(t) P
Ptm(® = Ptin(D [ﬁ"ﬁ@] MprurbR (2.40)
For the compressor:
Tygn(0)) 2eeme =8 <
Ptm(® = PO T 1y ) (2.41)

where : (Tlp)turb is total-to-total polytropic efficiency between the inlet and

middle of the turbine;

(T\p)comp is total-to-total polytropic efficiency between the inlet and

middle of the compressor.

The total-to-total polytropic efficiencies can be evaluated from the total-to-total

isentropic efficiencies shown in Fig. (2.2) and Fig. (2.3) using the following expressions.

p R
tout|C,

Ptin
R . Ptout
Cp  Ptin

In 1-

1 - Nurb

(np)turb =

R lnPtout
Cp Ptin

1 [ [Ptout
+—||—
Ncomp L | Ptin

(ﬂp)comp = R
In .1

Assuming all of the losses (frictional, blading, etc.) are included in the polytropic
efficiency, the efficiency charts for the machine can be used as an approximation to

perform an unsteady analysis.
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Based on the above governing equations, relations for the thermodynamic state
parameters, and assumptions, an implicit algorithm using an iteration scheme was
developed for the turbine and compressor models. Fig. 2.8 shows the flow chart of the
implicit algorithml[4]. Given the inlet parameters, equations (2.38)-(2.41) are used to
estimate the values of the state variables at the middle point. Once the middle state
variables have been estimated, the values of all state variables are obtained by the use of
the energy equation, the continuity equation and the moment of momentum equation.
The new outlet state variables are substituted back in equations (2.38)-(2.41) to obtain a
better estimate for the middle state variables. This process continues until the percent
change in successive outlet state variables is less than a specified tolerance. Once the
tolerance criteria are satisfied, the algorithm has converged for that particular time step,

and the process starts again for next time step.
2.2.4 Discussion of Minimum Time-Step for Turbomachinery Models

A discussion of turbomachinery outlet response dynamics was given by Alil4l. It
was shown that the inlet information (or perturbation) may be modeled as traveling
through the turbomachine in two ways. In the first way, information travels along the
characteristic lines of the flow. In the second way, information is transmitted by the

rigid rotating rotor inside the turbomachine.

Information travel in the first way is along the characteristic lines of the flow
through the turbomachine passage. It is assumed that the turbomachine is operating
under steady-state conditions. Consider the control volume of the turbomachine as

shown in Fig. 2.6. The inlet velocity of fluid and the inlet speed of sound in the fluid are

evaluated as vj, and aj, from the inlet state variables. The outlet velocity of the fluid

(voup and the outlet speed of sound (agy,y) can be evaluated from the given outlet state
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Fig. 2.8 The flowchart of the iteration scheme used
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variables. The approximate speed of fluid through the control volume (vy,) can then be

-evaluated by averaging the inlet and outlet fluid velocities. Similarly, the speed of sound

through the control volume (a;,) can be approximated. If the operating steady-state is

perturbed by an infinitesimal disturbance (change in state variables) at the inlet, then the
disturbance will travel through the fluid at the speed v, + ap,. If the length of the flow
path in the control volume is L, then the order of magnitude of transit time for the
disturbance is

L

“meam @

t

For the turbine, L = 0.1 m, v = 137.6 m/s, a, = 563.8 m/s. From (2.42), the transmit
time is t = 0.00015 seconds. Similarly, for the compressor, L = 0.06 m, v;; = 79.0 m/s,
am = 341.4 m/s. From (2.42), the transit time is t = 0.00014 seconds.

Information travel in the second way is due to the rotation of the rigid rotors.
Fig. 2.9 shows the flow through one blade passage. It is assumed that the rotor is
initially operating at a constant speed. Consider the infinitesimal control volume
A1A2A3A4, which is in contact with the blade at the inlet. A disturbance (change in
thermodynamic state variables) at the inlet will cause a change of the thermodynamic
state variables in the infinitesimal control volume AjAA3A4. The change of

thermodynamic state variables in A]A2A3A4 will cause a change of force acting on the

blade. This change of force will change the torque applied on the rotor. Since the rotor
is rigid, this change of torque instantaneously affects fluid in contact with entire length of

the blade. So, the thermodynamic state variables in an infinitesimal control volume

B1B7B3B4, which is in contact with the blade at outlet, will be affected instantaneously.
Further, an infinitesimal disturbance in B{B2B3B4 will propagate across the passage at

sonic speed. The speed of sound at the outlet is ag; = 535.1 m/s for the turbine and ag;;



outlet

B4 Ba

blade

inlet

Fig. 2.9 The fiow through one blade passage
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= 366.9 m/s for the compressor. The width of the blade passage at the outlet is 0.013 m
for the turbine and 0.006 m for the compressor. Thus, information travelling in the
second way, will reach completely across the outlet in 0.000025 seconds for the turbine

and in 0.000015 seconds for the compressor respectively.

The modes of information travel in the two ways are different. Since the
two ways of information travel occur simultaneously in the turbomachine, it is difficult
to determine which way dominates the transient response. Both appear to have a
measure of validity. Therefore, it is reasonable to use a minimum time-step size as small
bas 0.000025 seconds in the system model under evaluation by this study provided that the
variation at the inlet is not affecting the outlet of the dynamic turbomachine models in

less than 0.00014 seconds.

In summary, this chapter has presented the component models for the components
used in the Closed Regenerative Turbine-Engine Cycle. Details of implementation and

use of the component models will be presented in later chapters.
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3, System Modeling

3.1 The Control Equations and the Iteration Scheme for System Modeling

The system model for the Solar-Powered Closed Regenerative Turbine-Engine
Cycle was developed by integrating the component models into a system model. The
control equations for the Solar-Powered Closed Regenerative Turbine-Engine Cycle
system are based on the equation for conservation of mass and on the equation for

conservation of energy. The equation for conservation of energy is:

RATE OF RATE OF RATE OF
RSE-EESERSEA?? _ | COLLECTED| _ OUTPUT _ | WASTE HEAT
THE SYSTEM | SOLAR ELECTRICAL RA™IATED
ENERGY POWER TO SPACE

3.1

The equation for conservation of mass is:

TOTAL MASS
OF FLUID
IN SYSTEM

= CONSTANT

and

OF COOLANT
IN SYSTEM

TOTAL MASS
= CONSTANT

Equation (3.1) can be satisfied by applying an energy balance to the control volume for
each component. The equation for conservation of mass is used as a criterion of
convergence for the integrated system model. The mass-flow-rate iteration scheme is
used in the transient simulation to insure that conservation of mass is satisfied at each
time step. This is done by adjusting the inlet mass-flow-rate of the receiver during the

iteration.
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The state of the Solar-Powered Closed Regenerative Turbine-Engine Cycle is

represented by the parameters (T j» Pj and m j) at the junction points between the

components. When a boundary condition of the Solar-Powered Closed Regenerative

Turbine-Engine Cycle is given at time level n+1, the parameters at time level n+1 are

evaluated by the iteration scheme with known Tj“, pj“, and m j" at time step n. The

initial values of the parameters are given by

Tj(o) =Tj"
n‘,j(O) =_n'1j“ .

The parameters at iteration step (k) ( i.e., Tj(k), pj(k), m j(k), etc. ) can be evaluated by

the component models. The total mass of the fluid in the system at iteration (k) is

evaluated by
N
() = ij‘k) ,
=1

where N is the number of components; mj(k) is the mass of working fluid in component

k
"j" at iteration (k). The value of mj( ) is the sum of all masses in the elements of the

component
m® - Zm.(k)
J 1
i

k). . v .
where mi( ) is the mass in the element "i" at iteration (k).
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The mass in the element "i" can be evaluated by

k
( ) = P(k)ch1

&) .

where P is the density of fluid in the element "i" at iteration (k);

Vevi is the control volume of the element "i

The convergence criterion of the conservation of mass iteration is

m® - mg

- <Eg, (3.2)

where mg (a given constant) is the total mass of the working fluid in the system. If the

above inequality is not satisfied, the inlet mass-flow rate of the receiver is adjusted for

the next iteration.

.(k+1) (k)
gD =g + Ay

or

ﬂ-lgkﬂ) _ n-lgk) + f0 k) rr-lgk)

cr ¢

where: Arngk ) = f(k)f(k)mgk ) ; superscript (k) is the iteration number; subscript "3"

represents the flow station at the inlet of the receiver; fo(&) is the relative error of the

calculated mass at iteration (k)

e - my



46
(1)

f or = 0.5). To prevent "over-shooting” during the

and fcr(k) is the correction factor (

iteration, the value of fcr(k) is halved when fe(k) changes the sign between iteration (k)

and (k+1), i.e.,

fo &+ = 056, k) |

The sign of Arr'x3(k) is controlled by the sign of the relative calculated mass error fe(k).

If inequality (3.2) is satisfied, then the parameters at next time step n+1 are given by

N+l T
TJ“ TJ(k)
n+l - .k
P_)" —PJ( )

=.n+l = .k
mJrl —mJ()

A flowchart of the iteration scheme is shown in Fig. 3.1.
3.2 Quasi-Steady System Model

The quasi-steady system model was developed to support steady-state calculations
and to test the iteration scheme in the system model. The quasi-steady technique models
the system in terms of "steady-state" characteristics of the components. FORTRAN
subroutines have been developed to model each of the components. These subroutines
are integrated into a system model using the iteration scheme described in chapter 3.1.
The main computer program is designed such that each component model can be

changed or replaced.

A transient process in the Closed Regenerative Turbine-Engine Cycle can be
caused by an "outside disturbance” or an "inside disturbance”. An "outside disturbance"

can be caused by the change of environment such as occurs during orbit about the earth.
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Fig. 3.1 Flowchart of the iteration scheme for system model
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An "inside disturbance" may be a change of inventory, electrical load or rotation of the
concentrator. The space temperature “"seen” by the radiator can be used to represent the
influence of the environment. The salt temperature in the receiver can be changed to
represent the influence of rotation of the concentrator. The change of the total mass of
working fluid can be used to represent the change of inventory. The space temperature
and salt temperature can be specified as functions of time according to the orbital
condition or the operating condition. The rotor speed of the turbomachinery is assumed
to be fixed at 32,000 rpm as specified by the DR02 document!ll. This is the ideal
operating condition for the Solar-Powered Closed Regenerative Turbine-Engine Cycle

when the appropriate control scheme is used.

The mass of working fluid in a component is evaluated by

_ Vev! Pin + Pout
M="R | Tin + Tout

where Vy is the volume of the working fluid in the component; R is the gas constant;

Tjn and pjp are inlet temperature and pressure; Tqye and poy¢ are outlet temperature and

pressure. The total mass of working fluid inventory in the system is the sum of the
masses of the working fluid in all components. For a given total working fluid mass in
the system, the inequality (3.2) is used to check the conservation of mass. The heat loss
and pressure loss in the connecting pipes between the components are neglected. A

flowchart of the quasi-steady system model is shown in Fig. 3.2.
3.3 Dynamic Heat Exchangers/Quasi-Steady Turbomachines System Model

It was shown by Igball2] and Alil4] that the response time for the turbine and for
the compressor are many orders of magnitude smaller than for the heat exchangers. The

assumption of instantaneous response of the turbine and the compressor has been shown
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to be a good assumption for studying system performance. Based on the quasi-steady
system model, the dynamic heat exchangers/quasi-steady turbomachines system model
was developed. The FORTRAN subroutines developed'for the dynamic heat exchanger
models and the steady-state turbine and compressor models are integrated to build a
system model. The control equations and the iteration scheme used in the system
modeling are the same as used for the quasi-steady system model. The change of storage
of mass in components due to the change of pressure and temperature was considered in
the system model. The mass-flow rate was found using the iteration scheme based on the
conservation of mass. Two kinds of integrators are used by the system model: the
Runge-Kutta integration method is used for the dynamic radiator model; and the simple

Euler method is used for the receiver, gas cooler and recuperator dynamic models.

In the iteration loop, the quantities at time level "n" are stored and used during the
iteration until the solution for the next time level is found. The mass of working fluid in
the heat exchangers is the sum of the mass of the working fluid in the control volume of
the elements. The total mass of the working fluid in the system is the sum of the masses
of the working fluid mass in all components. Conservation of mass is used as a criterion
of convergence for the iteration scheme, i.e., inequality (3.2) is used to check the

conservation of mass in the system. The iteration scheme was described in section 3.1.

The space temperature and the salt temperature are specified as functions of time.
The rotor speed of the turbomachinery is assumed to be fixed at 32,000 (rpm) as
specified by the DR02 document(!]. The heat and pressure losses in the connecting pipes

between the components are neglected.

The computer model (written in FORTRAN) can simulate a transient process

caused by a change in space temperature or/and the rotation of the concentrator (i.e., the
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change of salt temperature). The program can also be used to simulate a radiator panel
loss and coolant pump loss by changing the number of panels and setting coolant mass-

flow rate to zero. A flowchart of the program is shown in Fig. 3.3.
3.4 Dynamic Heat Exchangers/Dynamic Turbomachines System Model

The FORTRAN subroutines of the dynamic turbine and compressor models
described in chapter 2.2.3 have been used to develop a complete dynamic system model.
The dynamic heat exchangers/dynamic turbomachines system model is developed by
substituting the dynamic turbomachinery models for the quasi-steady turbomachinery
models into the dynamic heat exchanger/quasi-steady turbomachines system model. The
implicit Euler second order algorithm is used as the time integrator for the dynamic
turbine and compressor models. The integrator used for the receiver, gas cooler and
recuperator dynamic models is the simple Euler method. The integrator used for the
radiator dynamic model is the Runge-Kutta method. The iteration scheme in the main
program of the dynamic heat exchangers/dynamic turbomachines system model is similar
to that used in the main program of dynamic heat exchangers/quasi-steady turbomachines
system model. The space temperature and salt temperature are given as functions of
time. The rotor speed of the turbomachinery is assumed to be 32,000 rpm as specified by
the DRO2 document!l], The heat and pressure losses in the connecting ducts between the

components are assumed negligible. A flowchart of the program is shown in Fig. 3.4.
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 The S Transient Perf Simulai

The Solar-Powered Closed Regenerative Turbine-Engine Cycle system performs
its function by collecting energy in the form of incident solar flux and converting a
portion of the collected energy to electrical power to meet the space station needs.
During operation, the Solar-Powered Closed Regenerative Turbine-Engine cycle
‘ controller must maintain constant alternator speed and output line voltage despite
variations in load including peaking demands and varying receiver energy input rates.
The dynamic system models described in the previous chapter are used to predict the
transient performance of the Solar-Powered Closed Regenerative Turbine-Engine Cycle.
The design data for the components in the Solar-Powered Closed Regenerative Turbine-

Engine Cycle are shown in Table 4.1.
4.1 Transient Simulation with the Quasi-Steady System Model

The motivation for developing the quasi-steady system model was to test the
iteration scheme in the system model. The simulation results of the quasi-steady system
model can also be compared to the results of the dynamic system model to evaluate the

importance of including dynamic turbomachinery models in the system simulation.

The quasi-steady system model was subjected to a number of tests to verify the
performance of the iteration scheme. The response of the system to a double step of 10
K in the salt temperature of the receiver was simulated with this model. The integrator
time step used for the simulation was 1.0 second. Fig. 4.1, 4.2 and 4.3 show the
responses of receiver, turbine and compressor outlet parameters to the double step in salt
temperature. We can see that all parameters of the system, pressure, temperature and

mass-flow rates at the inlet and outlet of the components, change back to the exact points
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Table 4.1 Design Data for the Components in the Solar-Powered Closed
Regenerative Turbine-Engine Cycle

Receivér

Phase-Change Material..........cconeirivniseniennnnisesnisnisnnensennenens LiF-CaF5 Eutectic
Active Tube Length, (IM)......ccccvivevrinniiiinnreiriniccssssessnnecssceneesonnns 2.5

INUMDET Of TUDES...ccciieeieiiereirierirereseeciseresesrsessssesssssssneassssesseseersones 82

INNEr TUBE OD), (IN)....c.ereeeerermeeeeeeeeereresmsesesseesessesssmecessssessssseesasns 2.22x102

Tube Wall ThIiCKNESS, (IN).....vuerereemeeeereenreressecssessesesesessssessessses 8.9x10-2

Tube MAETIAL.....cccoerveiereeeecereniecrnerereenieeecseecsaneersessssssssssssanessasssaesas Haynes 188
Total Active Tube Weight (estimated), (K2)......cceererreerreerrecreecnanes 150.0

Heat Exchanger (Recuperator)

FIoW Length, (IN)........eveveeverminerenressesssesssessesessssessssesssssssssnssssses 3.66x10-1
FIOW Width, (IN)......erverreereerrrrrrienseesssnssssssssssssssssssssssssssssssssssanses 3.18x10-1
High Pressure Side Fin
135121 L (1) YOO 3.2x10-3
FiNS Per Muueciciiiieitiirererecrcsresecseeceee e e e nasesesssaennnes 630
ThiCKNESS, (IN)...veorrreorrerrressressrmsessesesssssassssssssssassessssssnsssnans 1.5x10-4
Number of Sandwiches......coeeceerrvvercericvreniecrenenieierieenienenns 62
Type : Rectangular Offset
Low Pressure Side Fin
3 (ST L (1) OO OO OO 3.9x10-3
FINS POT M.eeiiiiiniieininiensennneereencsscnnennessasssseesneesseeseesannens 630
ThiCKness, (IN)......ccceerrrerrrereersrnesrsrreressesssseesssseresssessssssssenes 1.5x10-4
Number of SandwiChes......cccccvevreririreererieecrrenieneneersrnecssneens 63
Type : Rectangular Offset
Material.........uviiiiiiiiiiereresteieinnesrneeereseesessstansessessseessaesssarsasesrnnes CRES 304L
Total Recuperator Weight (dry), (Kg).....ccoevrerrverecrcrererennnrercrnrenennne 162
Gas Cooler
Gas Flow Length, (M)..........ceovererereeeernerneseneesseresssesassessessssnsens 2.68x10-1
Liquid Flow Length (Per pass), (IN).......c.eevermerrerserrreersessesesssennn. 2.54x10-1
Number of Liquid Pass.......ccccccoveercerrrieirenrericrensnsessecsnnessseesnnes 8
Gas Side Fins
HEIZht, (M..u.veoceecerieeieeencenesnessnsssssssssssssssssssssssssssssesssenes 2.3x10-3

(Table 4.1 continued on next page)
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Table 4.1 Design Data of the Components in the Solar-Powered Closed
Regenerative Turbine-Engine Cycle (continued from previous page)

FINS PET M.cucniiiiiiriccnitietincetrcrcnesseesssssntssssensesssesessnresses 470
Thickness, (M).......veeveeerrevemrerieseressessssesssssssssssesssssssssssasaens 1.5x10-4
Type : Rectangular Offset
Liquid Side Fins
HEIgh, (M).....overeeereeesseessnsenssssesssssssssssssssssssssssssssssssesses 1.9x10-3
FINS PEr Mucucciiiiiniiiniinniinnnicieissetnnsensnessnssssesessssssssossaees 790
Thickness, (IM).....cccccceerreercrreercrsucrscnsssscsenssensessssasessssssossanons 1.5x10-4
Type : Rectangular Offset
Number of Gas SanAWICHES....c...uviveeereiieirieereereerermrernrreesserienseennens 103
JL% £ 10 v 11 U CRES 304L
Total Gas Cooler Weight (dry), (K8)....eweeveevserseereeesrenssressnescaenenn. 85.3
Radiator
Panel Size, (N2)..........ovrvevermerenrsesmsssssmesssssssssssssssssssssssssssssssesssnns 2.3x8.0
NUMDbET Of PaANeElS......coieeieirirrrrierrirrrcrcerererrnssennssssssessesnnsnnssnnnnnes 8
JL% 617 o £ 1 I Aluminum
Total Panel Weight (dry), (Kg)...ccoccerruiimmiimrsennsuecnnicrnerccnsecnnsannnas 825
Turbine
Inlet NOTMAl ATea, (M2)......c..eeeeeeeeereeeeeeereeeeesseesossessesnsessessesessens 4.0x10-3
Middle Normal A1ea, (IN2).......c..cceeereerensensinssssensessensssssssssssssosnes 5.058x10-3
Outlet NOrmal Area, (N2)........ceeeeeeemeveesensesersssssssessossssscsossersenes 5.648x10-3
Volume of Turbing, (M3)......ovvvvemmeeevineernernneeseenssnssecsssssssssesssssenns 1.0x10-4
TP RAAIUS, (IN)eurvrrevenrrereecesmcreesenssessesssesssessesssessassssessanssesssnnsaeres 9.49x10-2
Middle RAIUS, (IN)....v.vuerereereereeeereereseressesessssessessesossessssssssessesens 5.26x10-2
Compressor
Inlet NOTMAl Area, (IN2)........cveveeerereeeeeeneneseseesesesressssassassessosene 3.6x10-3
Middle Normal Area, (N2).......cvveeeeereereeessereesensseesessesessessessesesnns 3.05x103
Outlet NOrmal Area, (IN2).....c..ee.eeeeeeeeeereesssressessesssssssssssssessossssscnens 2.5x10-3
Volume of Compressor, (m3) .......................................................... 6.0x10-5
Tip RAIUS, (M)...ouvvererreerresseseresessesassenssessessssessssssssssssssssessessnens 6.654x10-2

Middle RIS, (M).eeoveeeeeeeeemeemeemeceeemeseseessessesecsesnessescesssssosssaesans 3.739x102
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after the double step change in salt temperature. This verifies that the iteration scheme is
correctly locating a new operating point of the system. This test was important for

proving the validity of the iteration scheme and logic of the program.
4.2 Transient Simulation with Dynamic System Models

The dynamic system models developed in chapter 3.3 and 3.4 were used to
simulate the transient processes in the Solar-Powered Closed Regenerative Turbine-
Engine Cycle. The simulation results with the dynamic heat exchangers/quasi-steady
turbomachins system model and the dynamic heat exchangers/dynamic turbomachines

system model were compared for the same transient processes.

4.2.1 Performance Simulation by the Dynamic Heat Exchangers/Quasi-Steady

Turbomachines System Model

Since response times for the turbine and compressor are many orders of magnitude
smaller than the heat exchangers, the assumption of instantaneous response
turbomachinery has been used in the dynamic heat exchangers/quasi-steady
turbomachines system model. To verify the performance of this model, the transient
response of the Solar-Powered Closed Regenerative Turbine-Engine Cycle to a single
step, double step and sinusoidally varying receiver salt temperature was simulated with
the dynamic heat exchangers/quasi-steady turbomachines system model. The integrator

time step used for the simulation was 1.0 second.
4.2.1.1 Response to a Step Change of Receiver Salt Temperature

The system is initially working at a steady-state operating point. At the 10th time
step, the perturbation is provided by a step of receiver salt temperature from 1042 K to

1062 K. The response of the outlet parameters of receiver, turbine, compressor and gas
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cooler are shown in Fig. 4.4 to 4.8. The outlet temperatures of the components lag from
up-stream components to down-stream components as shown in the figures. The outlet
temperature of recuperator at low-pressure side lags the receiver outlet temperature. The
outlet temperature of the gas cooler in turn lags the outlet temperature of recuperator.
We can see that the response of recuperator outlet temperature at low-pressure side is
much slower than the response of the recuperator outlet temperature of the high-pressure
side as shown in Fig. 4.8. This is because that the high pressure side fluid at the outlet
exchanges heat energy with the turbine outlet flow at up stream position. At the starting
period of the transient, because of the lag in temperature, the inlet temperature of the
compressor does not change much even though the salt temperature was given a big step.
But the mass-flow rate in the compressor is changing (increasing in this case) with the
same response as the up-stream components. The change in mass-flow rate causes the
change in compressor efficiency which is determined by the characteristic map. The
change in compressor efficiency causes the changes of outlet temperature and pressure
even with unchanged inlet temperature. For the given process, the increase of mass-flow
rate causes the increase of compressor efficiency. Because the change in compressor
inlet temperature is small, the increased efficiency causes the slight decrease of outlet
temperature at the beginning period as shown in Fig. 4.6. Since the compressor is at the
most down-stream position along the flow path from the receiver, the responses of
compressor outlet temperature and pressure are the most slow ones compared to the other
components. But the system pressure level is much affected by the pressure ratio of the
compressor, this explains the slow pressure response in the system. It can be seen that
the response time of the system to the perturbation is greater than 2500 seconds. This
supports the assumption that the instantaneous response turbomachinery can be a good

assumption for studying system performance.
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4.2.1.2 Response to a Double Step of Receiver Salt Temperature

This test resembled the previous one, except that the salt temperature was stepped
down to the original 1042 K after 1000 seconds. The system response to the double step
is shown in Fig. 4.9 to 4.13. The simulation results of the quasi-steady system model for
the same perturbation in receiver salt temperature are also plotted in Fig. 4.9 to 4.13.
Since the mass in a component is calculated with the averaged temperature and pressure
at the inlet and outlet positions of the component for the quasi-steady system model, this
causes the error of calculated mass in the system compared with the dynamic heat
exchanger/quasi-steady turbomachines system model. The differences in calculated mass
cause the differences in the calculated mass-flow rate and other parameters which can be.
seen from the responses to the step in the salt temperature as shown in Fig. 4.9 to 4.13.
We can see that the quasi-steady system model cannot predict the lag in parameters. It is
shown in Fig. 4.11 that the outlet temperature of compressor keeps increasing after the
salt temperature stepped down from 1062 K to 1042 K. This is caused by the dropping
of efficiency of the compressor and the lag of gas cooler outlet temperature. The drop in
the efficiency is caused by the drop of mass-flow rate. The increased compressor-outlet
temperature in turn causes the increase of the recuperator outlet temperature at the low-
pressure side as shown in Fig. 4.12. The simulation results show that the operating
points predicted by the dynamic heat exchangers/quasi-steady turbomachines system
model and the quasi-steady system model are very close at the end of transient process.
This agreement provides confidence in the dynamic heat exchangers/quasi-steady

turbomachines system model.
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4.2.1.3 Response to a Sinusoid of Receiver Salt Temperature

A sinusoid variation of receiver temperature produces the transients shown in
Fig. 4.14 to 4.19. The frequency of the sinusoid is 0.016 Hz. The receiver outlet
temperature lags the salt temperature. The gas cooler outlet temperature lags the
recuperator outlet temperature which in turn lags the receiver outlet temperature. The
outlet temperature of the down steam components are not a sinusoid response for the first
few cycles of the receiver salt temperature because of the lag. The mass-flow rate and
pressure variations in the system also lag the salt temperature. As shown in Fig. 4.19, the
response of radiator outlet temperature lags the gas cooler outlet temperature. The
amplitude of the radiator outlet-temperature oscillation is small because of the bigger
heat capacity of the coolant and the large radiator panels. At the beginning of the
transient process, there is a "starting transient”. After several cycles in the salt
temperature, the sinusoidal variation of other parameters established with various phase

lags from component to component.
4.2.1.4 Response to a Ramp of Net Mechanical Power Output of the Turbomachinery

The responses of parameters in the system to a ramp change of net mechanical
power output are shown in Fig. 4.20 to 4.25. The net mechanical power demand was
increased 1.0 kW over a 0.25 second period, which means that the compressor input
power was decreased 1.0 kW. The integrator time step is 5.0x10-9 second. It can be
seen that the ramp variation of the net output mechanical power causes a ramp variation
of compressor outlet temperature. It can be seen in Fig. 4.21 that the turbine outlet
pressure and temperature increased at the beginning of the transient process. This is the
result of the decrease in pressure ratio of the turbine which is caused by the decrease of

mass-flow rate and the lagging of the receiver outlet temperature.
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4.2.2 Performance Simulation by the Dynamic Heat Exchangers/Dynamic

Turbomachines System Model

The dynamic heat exchangers/dynamic turbomachines system model described in
section 3.4 is used to simulate transient processes in the Solar-Powered Closed
Regenerative Turbine-Engine Cycle. The integrator time-step had both an upper bound
of 8x10-5 second and a lower bound of 1x10-3 second. The upper bound is imposed by
traditional numerical stability considerations. The lower bound is required to prevent the
procedure for computing mass storage in the machine from producing a negative (inflow)
velocity at the component exit. Following the discussion in section 2.2.4, the minimum
integrator time-step was chosen as 2.5x10-3 second. The iteration required for the
dynamic turbine and compressor models and the small integrator time step greatly
increased the CPU time needed for simulation. This limits the usage of the dynamic heat

exchangers/dynamic turbomachines system model for long elapsed time simulation.
4.2.2.1 Response to a Step of Receiver Salt Temperature

The response of the system parameters to a 10 K step of receiver salt temperature
are shown in Fig. 4.26 to 4.31. The elapsed time for the simulated transient process is 5
seconds. It can be seen that the process is dominated by the slow transient process in the
heat exchangers. The responses of parameters in the system to the perturbation in salt

temperature in the receiver are very slow as shown in Fig. 4.27 to 4.31.
4.2.2.2 Response to a Sinusoidal Variation of Receiver Salt Temperature

The transients produced by a sinusoidal variation of receiver temperature are
shown in Fig.4.32 to 4.37. The amplitude of the sinusoid is 50 K and the frequency of

the sinusoid is 1.6 Hz. As shown in Fig. 4.32, the outlet temperature of the receiver
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follows the sinusoid with a much smaller amplitude compared to the amplitude of the
sinusoidal variation in the salt temperature. The lagging of outlet temperature to the salt
temperature is obvious even in the same component. It can be seen that the pressure and
mass-flow rate are oscillating with very small amplitude during the transient. This
oscillation is caused by the compressibility incorporated in the turbine and compressor

model.

4.2.2.3 Response to a Ramp Change of Net Mechanical Power
Output of the Turbomachinery

The transient responses produced by a ramp of net mechanical power output are
shown in Fig. 4.38 to 4.43. The net mechanical pm;ér output increased by 1.0 kW
within 0.25 second. The integrator time stép is 5.0x10-3 second. It is shown that the
responses of the parameters in the system to the ramp change of net mechanical power
output of turbomachinery are faster than the responses of parameters in the system to the
step change of salt temperature. It can be seen that the predicted transients have the same
trends as predicted by dynamic heat exchangers/quasi-steady turbomachines system

model. The difference between the results predicted by the two system models is small.

4.2.3 Discussion of Results Predicted by the Dynamic System Models

with and without Turbomachinery Dynamics

The transient responses predicted by the two system models (with and without
turbomachinery dynamics) are shown in Fig. 4.44 to 4.49. The transient process is
produced by a ramp (from 1042 K step to 1092 K) change of receiver salt temperature.
The same integration time step is used for both two system models. It can be seen that
the differences in the simulation results are small. This shows that the instantaneous

turbomachinery is a good assumption for such a transient. Further the dynamic heat
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exchangers/quasi-steady turbomachines system model can be run with a much larger
integration time step than the dynamic heat exchanger/dynamic turbomachines system
model. Fig. 4.50 to 4.55 show the simulation results predicted by the dynamic heat
exchangers/quasi-steady turbomachines system model with 1.0 second and 2.5x10-5
second time steps respectively. The difference in transient responses predicted using the
two time step size is small. This verifies the conclusion of the discussion of the
integration time step in section 2.2.4 is right. Therefore, for sufficiently slow transients,
the CPU time required for the transient simulation of the Solar-Powered Closed
Regenerative Turbine-Engine Cycle can be greatly reduced by using the dynamic heat

exchanger/quasi-steady turbomachines system model.
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3. Summary and Conclusions

Quasi-steady and dynamic models were dcvelopéd and written in FORTRAN for

the components (receiver, gas cooler, recuperator, radiator, compressor and turbine) used
in the Solar-Powered Closed Regenerative Turbine-Engine Cycle. The component
models were integrated into the quasi-steady system model, the dynamic heat
exchangers/quasi-steady turbomachines system model, and the dynamic heat
exchangers/dynamic turbomachines system model. The system models were written in

FORTRAN and based on the equations for conservation of energy and the equation of

conservation of mass.

The quasi-steady system model was used to calculate the steady-state performance
and to debug the iteration scheme during the development of the system model. The
"mixed" (dynamic heat exchangers and quasi-steady turbomachines) system model and
the dynamic components system model was developed on the basis of the quasi-steady

components system model.

The transient processes simulated by the dynamic heat exchangers/quasi-steady
turbomachines system model include:
(1). Transient process caused by a step increase in the receiver salt temperature
(2). Transient process caused by a double step in the receiver salt temperature
(3). Transient process caused by a sinusoid function in the receiver salt
temperature
(4). Transient process caused by aramp of the net mechanical power output of
the turbomachinery.
The time lag of the temperature response can be seen from component to component

downstream of the perturbation location. It can also be seen that for the above transient



118
processes, the response of mass-flow rate and pressure lags the receiver salt temperature.
System simulation showed the response time of the system to a step of the receiver salt
temperature to be greater than 2500 seconds. The system transient response was also
slow in the transient process (4) which was caused by a ramp of the net output
mechanical power (i. e, a ramp of the compressor input power). These analyses
provided evidence that the response time of the system is dominated by the heat
exchangers. To verify this, the dynamic heat exchangers/dynamic turbomachines system
model was used to simulate the system response. Comparison between the simulation
results of the dynamic heat exchangers/quasi-steady turbomachines system model and the
dynamic heat exchangers/dynamic turbomachines system model showed only very small
differences. It is therefore concluded that the dynamic heat exchangers/quasi-steady
turbomachines system model can be used to simulate the transient performance of the
Closed Regenerative Turbine-Engine Cycle with sufficient accuracy for these types of

events,

The simulation results of the dynamic heat exchangers/quasi-steady turbomachines
system model with different integration time steps (2.5x10-3 second and 1.0 second)
showed very small differences. This demonstrates that the larger integration time step
can be used by the dynamic heat exchangers/quasi-steady turbomachines system model
with satisfactory accuracy. The CPU time needed for the transient simulation is
therefore greatly reduced when using the dynamic heat exchangers/quasi-steady
turbomachines system model. The dynamic heat-exchangers/quasi-steady turbomachines
system model has shown the capability for simulation over a wide range of transient

processes.
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6. Recomendations for Further Study

The system transient response to the change in space temperature and the change in
inventory (total mass in the system) have not yet been simulated. Since the existing
dynamic heat exchangers/quasi-steady turbomachines system model and dynamic heat
exchangers/dynamic turbomachines system model were designed to be able to simulate
these transient processes, execution of such analyses is a logical step in studying the
performance of the power generation system. Improvements in model performance can

be obtained by increasing the accuracy and the range of transient performance simulation

by component-model refinement and system-model expansion.

A simplified transient turbomachine model should be the subject of further
investigation. The dymamic turbine and compressor models may be refined to increase
the integration time step by carefully selecting the iteration scheme and the assumptions

in the models.

The component models can be refined further by using more design details of the
actual construction. The receiver model can be refined by including the behavior of the
phase-change material as more details of the property of the phase change material
become known. Actual performance maps can be incorporated into the compressor and

turbine models to predict the performance more accurately.

The modular construction of the existing FORTRAN program of the system model
makes it easy to add component models into the system model. An accumulator model
can be added into the system model to simulate the response to inventory change. The
system model can be improved to become variable-speed system model by including the

rotating-unit dynamics. This would greatly increase the range of possible analyses.
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Dynamic models of the ducting can also be added into the system model. Finally, the
control-system model can be integrated into the thermodynamic system model, to
produce a complete Solar-Powered Closed Regenerative Turbine-Engine Cycle system

model.
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e Solar Dynamic Power Generation Sys*em (SDPGS) proposed for
higher electrical power demands of Space Station freedom.

e Early candidates for thermodynamic system

- Rankine Cycle
- Closed Brayton Cycle

e Directed by NASA to use EASY5 program as modeling tool

- Motivation was to provide consistent basis for mechanical
and electrical models

e Initial effort focused on Rankine Cycle

- Built system fabric in EASY5
- Developed thermodynamic properties block
- Stopped work when Brayton cycle selected by NASA

e Balance of effort devoted to Closed Regenerative Brayton Cycle
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performance of power generation systems has not
been reported in the open literature.

In particular, no models of transient performance of
centrifugal turbomachinery were found.
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Closed Regenerative-Brayton Cycle
- Heat source: incident solar radiation captured by collector

- Heat sink: gas cooler transfers heat to liquid cooling loop,
which rejects heat to space through radiator

- Combined Rotating Unit: centrifugal compressor, centrifugal
turbine, alternator

- System designed to function at fixed operating speed;
excess electrical power consumed by parasitic load to
present a constant power demand to the power
generation system
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First models based on steady or quasi-steady assumptions for all
components.

Coding development cycle for component models:
- Write standard FORTRAN model as a subroutine and test
- Convert subroutine into EASY5 FORTRAN block and test
- Convert FORTRAN block into Macro if appropriate
- Install component model in system fabric

Coolant Loop:
e Built system fabric: identify & name each component
name each input & output variable
establish connectivity between components
e First radiator model:
- single element
- explicit Euler solution of energy equation
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e Gas-Liquid Heat Exchanger
- 2D Multi-element
- Fully implicit (Gauss with partial pivoting)
- Tested sensitivity to time-step size and number of elements

e Second Radiator Model
- Multi-element
- Fully implicit (split T4 term and iterate)
- Test model sensitivity to At and number of elements

e Develop simple component models for:

- connecting ducts (specified heat flow, simple friction loss)
- pump (specified flow rate)
- manifold (specified flow ratios)

o Assemble and test coolant loop
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Gas Loop Components:

e Receiver
- Multi-element
- Fully implicit solution of energy equation
- Specified uniform salt temperature

o Combined Rotating Unit: Turbine, Alternator, Compressor
- Constant-speed operation
- Quasi-steady model
- enforce steady state balances for mass and energy-
- use steady state performance parameters (ie n)
- neglect mass storage in components
- more details in turbomachinery modeling section

- Also developed variable speed model to evaluate performance
during an intentional change of speed
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e Assemble and test gas loop against simple transient drivers
(fixed coolant temperature in gas cooler).

e Assemble Full Power Generation System

e Run analyses of interest
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e Model refinement with more accurate component data

e Integrate thermodynamic model with control system model

e Improve turbomachinery models by attacking "stiffness" to allow
larger time-steps.

/NAG3-817/28JAN91/260126/
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FINAL COMPONENTS MODELING

e Additional information became available on details of
components and experience was gained with model
performance.

e Developed true steady-state model for system testing.

e Developed new dynamic models

e Developed new system integration logic

e Run Dynamic Heat Exchangers/Quasi-Steady Turbo. model

e Run Dynamic Heat Exchangers/Dynamic Turbo. model
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Steady-State Models

e Heat Exchangers
- e-NTU model
- improved Ap calculation

e Radiator
- direct solution of energy balance

e Turbine and Compressor
- better information on performance
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Dynamic MODELS

Dynamic Component Models

e Heat Exchangers
- Obtained new data on cross-counterflow heat exchangers
- Multi-element 2D finite-difference model
- Developed compressible flow analysis to substantiate
assumption of no mass storage within a component
during a transient flow

e Radiator
- Improved model details
- Reformulated as explicit model to avoid iterative solution

e Turbine and Compressor

- Based on developments of previous section.
- Improved estimate of actual geometry

INAG3-817728JANS1/30126/
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SYSTEM ASSEMBLY

Steady-state and quasi steady state models assembled by logically
connecting component models.

This could be accomplished using either EASY5 or a
FORTRAN main program. |

A system model which includes mass storage in the components
requires an iterative procedure to solve for the system state at
each time-step and CANNOT BE IMPLEMENTED IN EASYS5.

System Integration Constraint
Conservation of mass for the entire gas loop must be satisfied.

- begin time-step by using dynamic models to compute a first
estimate of new time-level state for each component

- adjust inlet mass flow rate to the receiver using under-
relaxation formula

- iterate until system mass conserved to within specified
tolerance
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Fig. 4.21 Response of turbine outlet
parameters (to ramp of output power)

At

MAILAT7ZMA TAMOT



SDPG
MODELING

DHX/DTM

Washington
Universi

salt temperature (K) outlet temperature (K) (Thousands)

015
1050 41.014
1000 11.013
m
950 - 41.012
900 : . : ' 1.011
0 0.5 1 1.5 2 2.5
elapsed time (sec)
ressure (k mass-flow rate (kg/s
5 P (kp) (kg/s) 0.84
354, 8 e ~40.838
354.6 10.836
354.4 40.834
354.2 -10.832
354 ‘ L ‘ ‘ 0.83
0 0.5 1 1.5 2 2.5

elapsed time (sec)

Fig. 4.32 Response of receiver outlet
parameters (to sinusoidal salt temp.)
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Fig. 4.33 Response of turbine outlet
parameters (to sinusoidal salt temp.)
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Fig. 4.34 Response of compressor outlet
parameters (to sinusoidal salt temp.)
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Fig. 4.38 Response of turbine outlet
parameters (to ramp of output power)
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Fig. 4.39 Response of compressor outlet
parameters (to ramp of output power)
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Fig. 4.44 Response of receiver outlet
parameters (to ramp of salt temperature)
(time step = 0.000025 (sec))
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Fig. 4.45 Response of the turbine outlet
parameters (to ramp of salt temperature)
(time step = 0.000025 (sec))
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Fig. 4.46 Response of compressor outlet
parameters (to ramp of salt temperature)

(time step = 0.000025 (sec))
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Fig. 4.47 Response of recuperator outlet
parameters (to ramp of salt temperature)
(time step = 0.000025 (sec))
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e EASY5 was: - atime sink, not a time saver
- not suitable for iterative looping

If mandated for use in total system model (to match electrical

system), it is recommended that entire thermodynamic model be
introduced as a single FORTRAN block.

» Considerable effort expended, and time wasted, in guessing hardware
geometry and performance.

e Negative consequence of "emergency" mode at start-up and
cancellation of support prior to scheduled completion.
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o Successfully developed models of components of Solar Dynamic

Power Generation System.

- Turbomachinery
Quasi-Steady (immediate response), Full Dynamic
|dentified suitability according to driving transient

- Heat Exchangers
Steady, Dynamic

- Other Components (pumps, pipes, manifolds, etc.)

- Tested for sensitivity to assumptions and to analyst selected
parameters

e Successfully integrated components into system model using
conservation of mass as system constraint.
- Tested predictions against simple transients
(step, double-step, etc.)
- Analyzed transients of interest (orbital fluctuations, failures)
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