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ABSTRACT

This numerical study defined the behavior of a sensible heat
thermal energy storage system whose physical design and operation had
been optimized to minimize the production of thermodynamic irreversibil-
ities. Unlike previous studies, it included the effects of transient
conduction within the storage material.

A dimensionless set of governing equations was defined for a com—
plete storage-removal cycle that included the effects of entropy genera-
tion due to convection and viscous effects in the flowing fluid, two-
dimensional transient conduction within the storage material, and to
convection due to the discharged hot fluid coming to equilibrium with
the environment during the storage period. A computer program was
written to solve this equation set and this program was in turn con-
trolled by a sophisticated optimization routine to determine a dimen-
sionless storage time, flow channel half-height, and heat transfer co-
efficient that resulted in a minimum amount of availability destruction.

The results of this analysis showed that entropy generation within
the storage material due to transient conduction was a major contributor
to the total thermal irreversibilities associated with the operation of
a sensible heat thermal energy storage system. For the counterflow con-
figuration and over the range of design variables examined, material en-
tropy generation accounted £for between 26.%Z and 60.%Z of the total
thermal availability destruction that occurred during a complete stor-

age-removal cycle. It was also shown that the storage material aspect

ratio (the ratio of a section's half-thickness to its length) had a



significant impact on the optimum design of a storage system. Its
influence was second only to the fluid mass velocity.

Other significant results of this study were:

a. The thermodynamic efficiencies for the storage systems were ex-
tremely poor in that it destroyed from 20.%Z to 82.%Z of the entering
thermal and pressure availability.

b. A counterflow configuration without a dwell period was shown to
operate more efficiently than a parallel flow configuration with or
without a dwell period. Depending on the value of the dimensionless
mass velocity, the parallel flow configurations iacreased the total
thermal entropy generated, over the corresponding counterflow design,
from 12.% to 67.%.

¢c. Dwell periods were shown to be impractical because of their ex-
treme length; dimensionless times on the order of 6500.0 were re-
quired. These are much greater than the optimum storage period times
defined for the counterflow configurations without dwell periods, which

ranged from 0.5 to 6.0.
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PREFACE

To study, and when the occasion arises to put what one has learned
into practice — is that not deeply satisfying?

R. W. Hamming

Everything should be made as simple as possible, but no simpler.

Confucius
The purpose of computing is insight, not numbers.
Albert Einstein
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1. INTRODUCTION

Background and General Statement of the Problem

The 1973 Middle East oil embargo forced changes in many prevailing
social, political, and engineering conventions. Long standing assump-
tions of unlimited, easily accessible energy resources were no longer
viable. In an attempt to lessen the impact of this and future
shortages, national conservation goals were formally defined. These
goals included but were not limited to:

a. wusing less of an energy resource to do a particular task,

b. doing several tasks (concurrently or sequentially) with the same
portion of an energy resource, and

c. using different energy resource, ones more closely matching the
desired tasks.
Perhaps most important there was a resurgence of the concept that the
real value of an energy resource, the one to be conserved, was its po-
tential to do useful work rather than its energy content. The [United
States Congress even directed that a study be conducted to determine the
relevance of this idea to federal energy conservation programs [l].

Even though the maximum useful work concept had been in existance
for more than a century, its acceptance as an analytical tool was de-
layed by a largely recalcitrant technical community. Defining useful
work meant utilizing the Second Law of Thermodynamics as an integral
part of the analysis and the majority of thermal engineers were re-—

luctant to do this. Ideas involving the Second Law of Thermodynamics,




and its associated property entropy, had been traditionally presented to
students within a strict, classical scientific framework. Consequently,
many thermal engineers came to consider these concepts as “too abstract
to use seriously.” As a result of this intellectual inertia it was not
until very recently that second law considerations began to be incorpor-
ated into the mainstream of thermal engineering analysis
[2,3,4,5,6,7,8,9,10,11,12,14]. 1In recent years the acceptance and ap-
plication of the second law has increased to the point that several
special technical sessions have been held at National Heat Transfer Con-
ferences to discuss the subject. References [3~13] were presented at at
the 1984 ASME/AIChE National Heat Transfer Conference session and demon-
strate that second law considerations have been found to be useful in
virtually all areas of thermal engineering.

The purpose of this study is to add to this growing body of second
law oriented thermal analyses. This will be accomplished by conducting
a design optimization study of a particular thermal system: a sensible
heat thermal energy storage system with a distributed storage element.
Heat transfer processes in general, and storage systems in particular,
are inherently irreversible thus destroying much of the potential of a
resource. As such they are a fertile area for productive second law
study. These types of systems were in service during the early 1970's
and their value as a conservation tool also received renewed apprecia-
tion after the o0il embargo.

Feasibility studies conducted early in the post embargo era iden-

tified them as an especially practical means of achieving conservation




goals. They were particularly useful in situations where the supply of
and demand for thermal energy did not occur simultaneously. Specif-
ically they could:

a. 1improve the overall efficiency of large energy producing systems
through load leveling,

b. enhance the development of alternative energy resources such as
solar, and

c. decrease the consumption of energy resources through the use of
waste heat recovery systems.,
Since these initial studies, these systems have indeed found many res-—
idential, commercial, and industrial applications [15,16,17,18,19,20].

A particular type of system, the sensible heat thermal energy stor-
age system, has become one of the most common types of units. This is
due in part to their relatively low cost and inherently simple design.
Sophisticated analytical techniques have been developed to facilitate
their design and operation [21,22,23,24] and they continue to be consid-
ered an appropriate field for study by the federal government [25,26].
This technology base however is grounded firmly in the First Law of
Thermodynamics. A storage system is considered more efficient if, for
the same energy input, it stores more thermal energy than another com
parably size wunit. This procedure results in high first law effi-
ciencies, but it also produces systems that destroy most of the poten-
tial of an energy resource. While this has been, and continues to be,
an acceptable design philosophy ([25], it is in direct conflict with

modern conservation efforts.




The specific goal of this study is to define geometry and process
parameters that will permit these types of storage systems to operate
with minimum thermodynamic irreversibilities. The specific storage sys—-
tem to be modeled is a counterflow regenerator. It consists of a
storage material cthat 1s alternately exposed to hot and cold fluid
streams. The material stores sensible heat energy during the storage
period and discharges it during the removal period. During normal oper-
ation the two fluid streams alternately counterflow in the same channel.

Previous Related Studies: Second Law Aspects
of Thermal Analysis

The recent increase in the application of the Second Law of Thermo-
dynamics to thermal analysis resulted from the renewed interest in con-
servation that occurred during and after the 1973 o0il embarge. This
change was necessary because the emphasis of conservation programs had
changed from maximizing energy transfer across a process to conserving
the potential of energy resources. The following brief discussion ex-
plains the reasons for this shift in priorities and the resulting need
for using the Second Law of Thermodynamics.

In a qualitative sense the purpose of most industrial thermal sys-
tems is to utilize an energy resource to cause a change. For example,
burning fuel to change a fluid's temperature and pressure to generate
electricity or using a hot effluent stream to change the temperature of
a solid slab to store waste heat, It follows then that the most valu-
able property of an energy resource, the one to be conserved, is its

ability to produce such changes. This maximum useful work concept had




been defined, forgotten and then rediscovered many times in the past;
especially when energy supplies were cheap and plentiful. It took the
0oil embargo to gel the idea that total energy resources were indeed
limited and that true conservation consisted of maximizing the useful
work available in them.

To implement this new standard, it was necessary to be able to de~-
fine the maximum useful work available in a given energy resource.
Energy, or more correctly internal energy, could not by itself give an
indication of useful work and was therefore inadequate as a measure of
performance. Several definitions were presented in attempts to rigor-
ously quantify useful work. Availability or available work became the
most prominent and often used. It is defined as an extensive property
that describes the maximum useful work that could be done by a given
amount of energy. Expressed in terms of thermodynamic properties for a
unit mass of homogeneous flowing fluid with negligible kinetic and po-

tential energies [26]:

$ =4oh —T_ (si - se) (1-1)

Availability is thus defined in terms of three thermodynamic proper-
ties: enthalpy, temperature, and entropy. Enthalpy changes are cal-
culated by the First Law of Thermodynamics and are directly related to
net changes in heat and work. Entropy is a property of matter that mea-

sures the degree of disorder at the microscopic level. Most important

from an availability comservation perspective, entropy is not conserved




as is internal energy. The natural state is for entropy to be generated
in a real (irreversible) system. Associated with this production is a
loss of ability to do useful work. Because entropy is calculated using
the Second Law of Thermodynamics, implementing availability analyses re-
quired the quantitative application of the Second Law of Thermodynamics
to thermal analysis.

With this availability function as a tool, it was possible to ad-
dress conserving the potential of energy resources. As with the tradi-
tional first law approach, an availability comparison could be easily
formulated to describe any system of interest. Analytically this com-
parison was defined [l] as:

availability required for a task

€= availability in the inputs (1-2)

This ratio and other slight variations were adopted as the thermodynamic
efficiencies needed to implement meaningful conservation studies.

An excellent example of an availability analysis using equation
(1-2) can be found in [28]. 1In this study the authors conducted both
availability and energy analyses of a nominal 300 MW(e) coal-fired gen~
erating plant. The results of this study are summarized in Table 1l.l.
While.the net efficiencies are essentially the same, the distribution
between process steps 1is quite different. The energy (first law) re-
sults indicate that the greatest inefficiency occurs in the condenser
and cooling towers. The availability (second law) analysis, however,
shows that the biggest inefficiency (destruction of availability) is in

the combustion and steam generator steps.




Table l.1. Summary of availability and energy analyses

of a 300 MW(e) coal-fired generating plant

% of entering

% of entering

Process step availability energy
destroyed lost

Boiler 45,0 0.0
Exhaust stack 5.0 8.0
Turbine 5.0 1.0
Condenser and ultimate 5.0 . 50.0
heat sink
Generator 7.0 7.0
Total 67 .0 66 .0




These results were first presented in order to identify areas where
conservation efforts would be the most effective. Obviously, the direc—
tion of research and development would be profoundly effected by which
set of results were chosen as the benchmark. The question that follows
is, "Which is the correct set?" Ouite simply, there is no single
totally correct choice. First and second law results represent two
different, but equally valid, realities. The particular reality, or
blend of realities, to be observed at any given time is a function of
economics. This realization has lead Bejan [29] to define an optimal
thermal design as the least irreversible system the designer can
afford.

In the past, combustion processes were not seriously considered for
efficiency improvement because of low fuel costs. Currently however,
one of the major objectives of the Electric Power Research Institute is
to improve the heat rate (BTU/KW(e)) of fossil-fired plants [30]. This
is due, in part, to rapidly escalating fuel costs.

Macroscopic availability balances of entire processes are
especially wuseful when thermal analysis is combined with other dis-
ciplines such as economics and optimization. Two recent examples of
this type of analyses are by Frangopoulos [l11] and Hesselmann [13].
Frangopoulos conducted an optimization of the costs of a typical thermal
power plant. The objective function contained both initial and operat-
ing costs, the optimization was constrained by second law considera-
tions, and the entropy generation characteristics of the plant compo~

nents were calculated by performing macroscopic availability balances.




Hesselmann optimized the investment costs of a heat exchanger network
for the case of constant inlet fluid availability.

Some of the most interesting recent results have been produced when
the focus of the analysis was shifted to the individual components of a
process. These studies defined the entropy generation characteristics
of system components as a function of their geometries and operating
conditions. These types of analyses were facilitated by the application
of the Guoy-Stadola [31] theorem which states that the rate of avail-
ability destruction is proportional to the rate of entropy generation.

Expressed mathematically this gives:

Rate of availability

destruction = T, Sgen (1-3)

This theorem permits the second law analysis of components as a function
of their own operating characteristics. This capability can best be
illustrated by examining the second law inequality which has been rear-
ranged to indicate the degree of irreversibility of a thermodynamic sys-

tem:

L _ d“S é— . - -
Sgen = i E : ms + 2 : ms (1-4)

Equation (l1-4) states that the rate of entropy generation is a function
of the working fluids specific entropy, heat transfer rates, mass flow

rates, and entering and exiting temperatures and pressures. The value

of these, and therefore the rate of entropy generatiom, can all be
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influenced by the design and operation of a component. Utilizing equa-
tions (1-3) and (1-4) thus permits the designer to incorporate second
law effects directly into the design process.

A typical example of this new generation of second law oriented
thermal analysis 1s by Perez-Blanco [5] and deals with performance en-
hancement of heat exchangers. Almost all methods of enhancing heat
transfer performance decrease thermal entropy generation but increase
pressure entropy generation. This suggests there is some optimum level
of enhancement that results in a minimum amount of total entropy gener-
ation. Bullding on earlier work by Bejan [l4], Perez-Blanco defined an
analytical relationship for the total entropy generated by a smooth tube
heat exchanger as a function of typical design parameters. These in-
cluded Reynolds, Prandtl, Brinkman, and Nusselt numbers as well as the
friction factor, aspect ratio, and inlet fluid temperature. Using this
model, the author defined entropy generation characteristics of the heat
exchanger for two types of enhancement; a reduced heat transfer area and
a reduced temperature difference across the tube walls. It was shown
that enhancements which reduced temperature differences produced the
lowest rates of entropy generation. These results also reinforced the
cost intensive nature of optimum second law designs.

Related Studies of Sensible Heat Thermal
Energy Storage Systems

Sensible heat thermal energy storage systems that operate with

separate storage-removal periods can be classified by either their oper-

ating or physical characteristics. From an operating perspective, there
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are two basic categories of units: those which use a single fluid and
those which employ two simultaneous heat transfer fluids. Those using a
single fluld are referred to as storage units [21] and those with two
simultaneous heat transfer fluids are called thermal storage exchangers
[21]. Both types can be made to operate in either a single blow or
periodic mode of operation. A single blow operating mode occurs when
the fluid inlet temperature experiences a step change and then remains
constant at the elevated valve until the end of the period. Classifica-
tions based on geometry generally fall into one of four groups:

a. continuous elements of storage material with discrete passages,

b metallic wire mesh as the storage material, as in the matrix of
a rotary regenerator,

c. packed beds with small particles of storage material, and

d. ceramic or refractory storage materials stacked in orderly ar-
rays.
Although there are many possible combinations of geometry and operating
modes, the mathematical models used to define their performance are
quite similar and have been solved in varying degrees of complexity by
many investigators.

Thermal energy storage systems have been the object of serious
study since the mid 1920's, These early studies by Anzelius [32],
Nusselt [33], Hausen [34], and Schumann [35] developed analytical solu-
tions for the transient behavior of a simplified model; a continuous
slab of material exposed on one side to a moving fluid and perfectly in-

sulated on the other side. A major assumption for these studies was
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that there was a zero thermal conductivity in the direction of flow and
an infinite conductivity normal to the flow. Subsequent analyses became
more sophisticated and solution techniques more elaborate. Larson [36]
extended the early work by Schumann [35] to include arbitrary initial
material and entering fluid temperatures.

Coppage and London [37] summarized the state of periodic regener-
ator theory and then developed a supplemental approximate theory for ex-
trapolating these known solutions to other conditions (i.e., initial or
boundary) of interest. London [38] later presented computer generated
solutions for this same type of equipment. As with previous studies,
these results were determined using the assumptions of zero material
conductivity in the flow direction and infinite conductivity normal to
the flow. Much later, Willmott ([39] also presented computer generated
solutions for this simplified model.

One of the most recent and thorough analyses of continuous material
storage systems was conducted by Szego [22]. In this numerical study he
accounted for the effects of axial and transverse coaduction in the
storage material, modeled both flat slab and hollow cylinder geometries,
and considered single and two fluid operation. Szego's work formed the
basis of a text by Schmidt and Willmott [21] that contains the most cur—
rent summary of first law analytical techniques and operating procedures
for thermal energy storage units of all kinds.

Packed bed storage systems were defined analytically by Rosen [40]

and numerically by Handley [41]. These studies considered the effects

on finite particle conductivity in the direction of the flowing fluid.
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As with wmost other investigators, they both made the assumption of
negligible thermal conductivity in the longitudinal direction. Subse-
quent efforts by Jefferson [42] and Riaz [43] included the effects of
transverse conduction. These results, however, were not applicable to
continuous storage materials.

As previously indicated, these results were based on the First Law
of Thermodynamics; that is performance parameters were defined to max-
imize the amount of thermal energy stored. Bejan [44] was the first to
demonstrate the importance of applying the Second Law of Thermodynamics
to thermal eﬂergy storage systems. He stated that since availability
was the commodity of interest, storage systems should be designed to
store availability rather than thermal energy; that is they should oper-
ate with a minimum of entropy generation.

In this study, Bejan modeled the storage period of a simple system
using a set of governing equations designed to emphasize rates of en-
tropy generation rather than energy storage. His system consisted of a
well stirred bath placed in an insulated vessel and initially at thermal
equilibrum with the atmosphere. A hot gas entered the system, was
cooled by flowing through a heat exchanger immersed in the bath, and was
then discharged to the atmosphere. Bejan defined a figure of merit that
was a function of entropy generation due to convection and viscous
losses within the heat exchanger duct and to the discharged fluid coming
to equilibrum with the atmosphere. He determined independent optimum
storage times and heat exchanger sizes that minimized the total rates of

entropy generation during the storage period. Bejan's results
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established two very important characteristics of storage units designed
to operate with a minimum of thermal irreversibility. That is:

a. when operated at optimum storage times, the first law efficiency
(amount of thermal energy stored) was very poor, and

b. depending on the particular operating point, optimum heat ex-
changer sizes were nmuch larger than traditional units.

Mathiprakasam and Beeson [45] extended the second law analysis of
simple storage systems to include both the storage and removal
periods. They conducted an analytical study of a storage system with
both rectangular and circular flow passages and defined the effects of
flow direction, mass flow rate, and cycle times on the second law effi-
ciency of the system. Their major assumptions, which limit the
applicability of the results, were that the pressure drop in the flow
channel was zero and the thermal conductivity of the storage material
was zero in the flow direction and infinite normal to the flow.

Perhaps the most rigorous and sophisticated second law analyses of
systems with lumped storage elements are those of Krane. In one study
[46] he substantially modified and extended Bejan's model [44] of a sys-—
tem with a lumped storage element that was both heated and cooled by
flowing gas streams. Krane's analysis, which included both viscous and
thermal sources of entropy generation, was the first to show that an en-
tire storage-removal cycle (as opposed to the storage period alone) must
be analyzed in order to optimize the design and operation of a sensible
heat system. This study also showed that from 70.%7 to 90.%Z of the

entering availability was destroyed by irreversibilities. Another
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significant result was that the first law efficiency of an optimum
system is quite low. In a second study Krane [47] performed the first
second law study of a sensible heat system with joulean heating of the
storage element. This analysis showed that irreversibilities 1in
electrically-heated sensible heat systems destroyed from 60.% to 80.% of
the availability that entered the system during a complete storage-—

removal cycle.

Detailed Problem Statement

The preceding discussion demonstrates the need for a second law
oriented thermal analysis of a sensible heat storage system with
practical composition and operating parameters. All of the second law
oriented studies conducted to date have modeled the storage material as
a lumped element; that is with an infinite thermal conductivity.
Because of this assumption, entropy generation due to heat transfer
through finite temperature gradients has not been considered. Also at
the present time, it has not been demonstrated that a sophisticated
optimization study utilizing the individual temperature and pressure
components of entropy generation is practical.

The goal of the present study is to extend Krane's analysis [46] of
a lumped element system to include the effects of a storage material
with a finite thermal conductivity. Solving this problem will relax the
last major simplifying assumption of previous studies and generate use-

able results for second law oriented thermal analysis in general and

thermal energy storage systems in particular. It will extend the rigor
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of existing thermal energy storage analysis and demonstrate the prac-
ticality of designing real equipment by minimizing the rate of entropy
generation.

To fix ideas, consider the sensible heat thermal energy storage
system shown schematically in Figure 1.1, It consists of a storage
material unit with associated piping and valving to permit a counterflow
arrangement of fluide In an actual system, two such units are operated
in parallel to provide a coutinuous stream of heated fluid to the
load. The storage material has a geometric configuration with discrete
fluid passages that allow the fluid to contact the storage material.
This study is focused on a specific geometry: the flat slab. This con-
figuration consists of a number of small aspect ratio channels of rec-
tangular cross-section for the flowing fluid, connected in parallel and
separated by slabs of the heat storage material as shown in Figure l.2.

The storage system operates in a thermodynamic cycle with a single
cycle consisting of both a storage period and removal period. During
the storage period, valves A and B are open and valves C and D are
closed. A constant mass flowrate, &S, of hot fluid at a constant inlet
temperature, Tf,i,s’ and pressure, Pf,i,s’ enters through wvalve A,
passes through the flow channel, and 1is then discharged to the at-
mosphere through valve B, This exiting fluid has a temperature greater
than ambient but its pressure is equal to ambient pressure. During this
time, both the average temperature of the storage material and the fluid
outlet temperature gradually approach the fluid inlet temperature.

After an appropriate time, the storage period is terminated by closing
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valves A and B. At the end of the storage period there are two operat-
ing options. These are to begin the removal period immediately or go
through a dwell period and then begin the removal period.

During the removal period, a constant mass flowrate, ﬁr, of cold
fluid at a constant inlet temperature, Tf,i,r’ and pressure, Pf,i,r’
enters the system through valve C, passes through the flow channel, and
then exits the system through valve D to be used elsewhere. As was the
case for the storage period, this exiting fluid has a temperature
greater than ambient but a pressure equal to ambient. This removal pro-
cess continues until the storage material average temperature returns to
its initial value, which is also greater than ambient. Time dependent
average material and fluid outlet temperature histories for this typical
counterflow cycle are shown in Figure 1.3.

The specific objective of this present study is to quantify the ef-
fects of finite material thermal conductivities on the second 1law
efficiency of a flat slab, counterflow sensible heat thermal energy
storage system. To meet this objective, an analytical model based on
the second law of thermodynamics will be developed and then controlled
by an optimization routine. This procedure will determine an optimum
set of geometry and operational parameters that result in a minimum
amount of generated entropy for a complete storage-removal cycle.
Geometry parameters to be investigated are the storage material aspect
ratio (i.e., the ratio of a section's half-thickness to its length.)
Also, the effects of fluid flow direction (i.e., counterflow vs parallel

flow), storage period fluid inlet temperature, and storage period
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initial material temperature will also be examined. The following is a
summary of the major assumptions to be utilized in formulating the
analytical model:

a. There are three sources of entropy generation common to both the
storage and removal periods: heat transfer through the finite temper-
ature difference between the flowing fluid and the storage material,
conduction heat transfer through finite temperature gradients within the
storage material, and viscous effects in the flowing fluid.

b. There is an additional source of entropy generation during the
storage period due to heat transfer through the finite temperature dif-
ference between the discharged hot gas and ambient. All of the avail=-
ability in the exiting hot gas is destroyed and this destruction is to
be charged to the storage period when calculating values for the figure
of ﬁerit.

c. The system is operated in a cycle consisting of both a storage
and removal period and possibly a dwell period.

d. Both the storage and removal periods are initiated by a step
change in the fluid inlet temperature which thereafter remains constant.

e. The same fluid, an ideal gas with constant specific heat, flows
through the unit in both the storage and removal periods. The mass flow
rate can differ between the storage and removal periods but remains con—-
stant during each period.

f. The hot and cold fluids exit the storage unit at atmospheric
pressure and enter at a pressure just great enough to overcome the pres-—

sure drop due to viscous effects.
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g. There is no phase change in either the storage material or flow-
ing fluid and each have constant properties.

h, There is a constant convective heat transfer coefficient along
the length of the storage element.

i. There is two-dimensional conduction within the storage material
and one-dimensional (i.e., conservation of energy) for the flowing fluid
in the flow direction.

jo The initial temperature distribution within the storage material
is uniform and greater than the ambient temperature. This represents a
"tare capacity” which permits the storage system to deliver a thermal
energy to the load.

k. There are no heat losses to the surroundings from the storage

material.
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2. DEVELOPMENT OF THE ANALYTICAL MODEL

Selection of the Physical System to be Modeled

For this study of a flat slab configuration, it is assumed that
each flow channel and storage material section is identical and the
fluid mass flowrate in each channel is the same. With these stipula-
tions, it is possible to define surfaces of symmetry as illustrated in

Figure 2.1. Accordingly, it is necessary to model only one symmetrical

length L, a material half-thickness w, a flow channel half-height d, and

a unit width I' into the paper and is illustrated in Figure 2.2.

Definition of a Second Law Figure of Merit

To meet the objectives of this study, it is necessary to define a
figure of merit that is a function of the entropy generation character-
istics of the storage unit. Using the methodology of Krane [46,47], the
following second law oriented figure of merit can be defined for a gen-—
eric, sensible heat thermal energy storage system operating in a com
plete cycle:

total availability

entropy generation destroyed during

= number for a = a cycle
c total availability of the

cycle hot and cold fluids that
enter the system
during a cycle

section of the complete storage unit. This representative section has a
|
\

(2.1)

As can be seen, the behavior of N, 1is directly related to the

degree of irreversibility of the storage system. As it approaches a
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limiting value of one, all of the entering availability is destroyed. A
value of zero indicates a completely reversible operation with no avail-
ability destruction. Accordingly, a system storiang availability should
be designed and operated to minimize the value of N..

To begin the development of the figure of merit, we conduct an
availability balance for the representative section during the storage

period. This gives:

total availability initial availability
of the entering + of the storage
hot fluid material
s s
(2.2)
final availability total availability
= of the storage + destroyed during .
material s the storage period

Note that equation (2.2) reflects the assumption that the fluid avail-
ability contained in the exiting hot fluid during the storage period is
assumed to be completely destroyed and is considered a part of the total
destruction that occurs during the storage periods A similar availabil-

ity balance for the removal period results in:

total availability initial availability
of the entering + of the storage
cold fluid r material

r
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final availability total availability
= of the storage + of the exiting (2.3)
material r cold fluid

total availability
+{ destroyed during .
the removal period

Because the system operates in a cycle, we can immediately specify that:

(2.4a)

initial availability of - [ final availability of
the storage material the storage material

and

initial availability of - { final availability of (2.4b)
the storage material the storage material ) :

Adding equations (2.2) and (2.3), and utilizing equation (2.4) we can

write:
total availability total availability
of the entering + | of the entering =
hot fluid cold fluid
s r
total availability total availability
of the exiting +{ destroyed during (2.5)
cold fluid r the storage period

total availability
+ destoyed during .
the removal period
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Expressed algebraically, equation (2.5) yields:

(ws,i * wr,i)= wr,e * (Wdestroyed)s * (wdestroyed)r * (2.6)

Now recall the Gouy-Stodola theorem [31], which states that the

availability destroyed is proportional to the entropy generated. Apply-

( ). =T, Sgen (2.7a)

wdestroyed S

and

( =T, Sgenr . (2.7b)

|

|

|

|

|

|

|

|

| ing this to our system results in:
wdestroyed)r

Equations (2.6) and (2.7) can be used to define the total availability
destroyed during a cycle as:

(¥ ) o+ ( Yo=Yy .+, —-¥_ )]

destroyed’s wdestroyed r s,1 r,i r,e
| (2.8)

| = (TmSgenS + TmSgenr) .

This allows the qualitative figure of merit given by equation (2.1), to

be rewritten algebraically as:

) (T) (SgenS + Sgenr)

N - * (2.9)
¢ 11ls,.‘l M wr,i

N
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Realizing that there are both thermal and viscous components of Sgeng

and Sgen., equation (2.9) can be expanded to give:

T, (Sgen, g * Sgen, ,p + Sgen . + Sgen ;)
¥ ¥ )

+ + +
ws,i,AT s,i,AP wr,i,AT r,i,AP

N =

c 7 . (2.10)

Now define the following quantities:

total availability contained
- [ in the eatering hot and cold | _ +y
AP T fluids due to pressures s8,1,AP r,1,AP
greater than ambient

(2.11a)
and
total availability contained
W - [ in the entering hot and cold |_ ¥ +y
AT =\ fluids due to temperatures s,i,AT r,i,AT °
greater than ambient (2.11b)
Substituting equation (2.11) into equation (2.10) results in:
_ (Tm) (Sgens,AT + SgenS’AP) . (T@) (Sgenr’AT + Sgenr,AP)
¢ Wap * War Wap T ¥
(2.12)

Now define a new parameter:

\ =z <availabi1ity distribution> - wAP

ratio AT

=
.
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The availability distribution ratio is an indication of how the total
availability of the entering hot and cold fluids is distributed between
that due to pressures and to temperatures being greater than ambient.

Rewriting equation (2.12) in terms of X gives:

A 1
Ve (T‘FX’) “ap * (m) Nat (2.142)

where:

number of entropy
generation units
AP due to viscous
effects

+ Sgen )

- (Tw) (Sgens r,AP

AP
Wap

(2.14b)

and

number of entropy
generating units (T ) (Sgen + Sgen )
NAT =| due to heat transfer = = S&AT AT .
through finite AT
temperature differences (2.14¢)

The reason for defining A is now apparent. It permits the entropy
generation number, Nc’ to be written as the sum of two separate terms:
one due to viscous effects and one due to heat transfer across a finite
temperature difference. Because of the assumption used in this analysis
that the storage and removal period fluids enter the flow channel at a
pressure just great enough to overcome viscous effects (and therefore
exit at atmospheric pressure), all of the entering pressure availability

is destroyed and the N,  term always has the value one.

AP
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Definition of Governing Equations

To actually calculate a value for the figure of merit, it is neces-~

sary to define relationships for W

AP? wAT’ and Sgen

SgenS

,AT T,AT®

The SgenAP terms are not required for this analysis because of the as-

sumption that N always has the value one.

AP
The entering availability of a unit mass of fluid in a steady
state, steady flow process with negligible changes in kinetic and poten-—

tial energy is given by [27]:

- s ) . (2.15)

b= (hg g =h) =T, (sp g — s,

For an ideal gas with constant specific heats we can write [27]:

(he ;= h) =Cp (T - T,) ' (2.16a)
and
Te,1 Fe
(S°° - Sf,i) = ~Cpln ( T; ) + Rln <_$i—> . (2.16b)
Substituting equation (2.16) into equation (2.15) and rearranging gives:
v = CpT_ (———Tf’,ir; T°°> - In <-T—Tfrl> + & In <P§;i> . (2.17)

The total entering availability over some elapsed time is therefore:
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t)

¥ =m p de . (2.18)

Because neither y or m are functions of time, equation (2.18) reduces
to:

Y = m’(pt . (2019)

Separating equation (2.19) into temperature and pressure components

yields:
y = mCpT ¢t EEQE;LLLEZ - 1n Eﬁ;l (2.20a)
AT Pla T Ter -cva
and
¥ = hcp T, |Bo1n (SEL)] . (2.20b)
AP -l | Cp Py y

Finally, evaluating equation (2.20) for both the storage and removal

period and summarizing the results yields:
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. Tf i g~ Tw Tf i,s
= —2asS ) —_—t22
wAT msCPths [( Teo > 1 < T
(2.21a)
. Tf,i,r = T Tei,r
2= - Sl }
+ ermetr K T ) ( T. )]
and
. R Pf i,s
WAP = mstTcots [C— ln< P )]
(2.21b)

. R Pf i r
+ = —2za .
ermetr [Cp In < e ) ]

To develop the (Sgen)AT terms, it is necessary to define expres-
sions for the rates of entropy generation due to temperature gradients
within the storage material, convective heat transfer between the flow-
ing fluid and the material, and convective heat transfer between the hot
fluid discharged during the storage period and the atmosphere.

Bejan [l4] has derived the following relationship for the rate of
entropy generation in a unit volume of material due to conduction

through finite temperature gradients:
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éééﬁ = — (VT)2 . (2.22)

The total entropy generated in an arbitrary volume of material during
some finite time period is found by integrating equation (2.22) over
both volume and time. The total entropy generated in the representative
section during the storage period as a result of conduction within the

material can be written as:

L. v k 5T \2
Sgen - m m,s
AT,m,s T2 X

1
t=0 x=0 y=0 z=0 “m,s

(2.23a)
AT 2
+ —3;4; dzdydxdt
and for the removal period as:
t
Seen _ m m,T
g AT,m,r T2 X
t=tS x=L y=w 2z=0 “m,r (2.23Db)

3T .\
+ 2 dzdydxdt .

Again utilizing the results of Bejan (l4), the rate of entropy gen-—

eration due to convective heat transfer per unit length of flowing fluid

can be written as:
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. (2.24)

Defining the (A/L) term in equation (2.24) as a unit width, T', and not-
ing that the total amount of entropy generated in the representative
section as a result of convective heat transfer is determined by in-
tegrating equation (2.24) over length and time; the following equation

can be written for the storage period:

ts L
h (T, =T 2
3 = 2 2 2,25
Sgenf’AT’s J. ” dxdt ( a)
t=0 x=0 f,s
and for the removal period:
t
] y hrr (Tf r Tw r)2
= il } 2
Sgenf,AT,r .{ J~ 2 dxdt . (2.25b)
t=ts x=L f,r

The availability destroyed as a result of the hot fluid exiting the
storage system to the surroundings can also be described by equa-
tion (2.18). There is no pressure availability destroyed because the
fluid exits the system at atmospheric pressure. Thus, the total avail-
ability destroyed as a result of the hot fluid exiting to the surround-

ings during the storage period is given by:

) . Tf e,s Tw Tf e,s
== q —— e — —_—a . .
wexit nSCpT°° > 1n T dt (2.26)

t=o

-] 0o
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Equation (2.26) follows from equation (2,18) and the time integral re-
mains because the fluid outlet temperature is a function of time.
Substituting equations (2.21), (2.23), (2.25), and (2.26) into
(2.14) and recalling that NAP is equal to one, the following second law
figure of merit can be defined for the representative section of the

storage system shown in Figure 2.1:

o a 1
N, = (1 ¥ A>+<1 + A) Not (2.27a)

where:
Ta Sgenm,AT,s * Ty Sgenm,AT,r * TcoSgenf,AT,s
* T, Sgenf,AT,r * wexit
Nar = = , (2.27b)
AT
W
A=, (2.27¢)
AT
[ P
_e R f,i,s
WAP = mstTmts Cp In ( P_ )]
F (2.274)
P
R f,i,r
+ erPthr T 1In ("}7"‘)]:
L -
T -T T
= - f,i,s had - f,i,s
ar T PsPTats [( T ) l“( T
(2.27e)
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Sgenm,AT,s =k = dzdydxdt ,
t=0 x=0 y=0 z=0 m,s (2.27£)
2 2
te 0 0 1 (aTm,r> + <3Tm!r>
= X y
Sgenm,AT,r km j f j " dzdydxdt ,
e=t x=L y=w 2z=0 m, T (2.27g)
t
Y r hsr (Tf s Tw 5)2
- 3 3
Sgenf,AT’S j 2 dxdt , (2.27h)
t= x=0 f,s
t
ro % (., -1 )2
Sgen = r_f,r WT gde (2.271)
f,AT,r T2 ’
t=t  x=L £,r
S
and

t
y . Tf e,s Too T'f e,s
= 13- — 2=
‘yexit f mSCpTw ———————Tw In ——_-Tco dt .
t=0

(2.273)

An examination of equation (2.27) shows that to calculate a value
for the figure of merit, it is necessary to specify transient fluid and
material temperatures as well as fluid inlet temperatures and pres-

sures. Expressions will now be defined to generate this information.
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The transient temperature response of the representative section of
the storage system is governed by a coupled set of differential equa-
tions, a one-dimensional conservation of energy for the fluid, and a
two-dimensional transient heat conduction equation for the storage

material. We can write for the material during the storage period:

32T 32T 3T
m,s .

ax? ay2

. (2.28)

The energy balance for hot fluid during the storage period can be writ-

ten as:

m Cp, L\arT
s ' f f,s _ _
( hSA > 9% B (Tw,s Tf,s) * (2.29)

The initial and boundary conditions for the storage period are:

@ <0 T ¢ = T , (2.30a)

where Tm 0.5 is a constant, greater than ambient.

aT
_ - m,s _
@ >0 @x =0 Tf,s Tf,i,s 3y 0 0<y<w,
(2.30Db)
BTm
@x = L =0 0<y< w, (2.30¢)
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aT
@y = 0 3;2 =0 0<x<L, (2.30d)
and
BTm s
— _——’--= —
@y = w 03 hs (Tw,s Tf,s) 0< x< L.
(2.30e)

In a similar manner, the following mathematical description can be

written for the material and cold fluid during the removal period:

32T 32 T
m,T L m,r 1 __mr (2.31)
ot *
ax? 3y2 a
and

m Cp.L\aT
r “f f,r _ _

< h A ) 3% (Tw,r Tf,r) ' (2.32)

Where the initial and boundary conditions for the removal period are

given by:

@t = ¢ T = f(x,y) , (2.33a)

=0 0<y<w, (2.33b)
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= = m’r =
@x = L Tf,r Tf,i,r Ty 0 O0<y<w,
(2.33¢)
arm r
@y = 0 —a;'—-‘o 0< x< L, (2.33d)
and
aTm T
= — -_-,—- = —
Ay = w km 5y hr (Tw,r | Tf,r) . (2.33e)

For the constant property fluid and constant mass flowrate assump-

tions, the relationship for the fluid pressure drop in the non=-circular

flow channel is given by:

- _ [fL V2
(aP) = (P, ; —P) = (ﬁ{) <&Tc> . (2.34)

Equation (2.34) can be rewritten for the storage period as:

2
(AP) = (P —P ) = (-fS—L> <-p—v‘5’—> (2.35a)
s £,1,s «»’ = \Dh 28 -22a

and for the removal period as:

2

(AP) = (P —P) =<£5-I:> (335—> (2.35b)
r f,i,r o Dh 2gC * *

Together with the figure of merit, equation (2.27); equations

(2.28), (2.29), (2.30), (2.31), (2.32), (2.33), and (2.35) form a
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complete set of governing equation for the representative section of

storage unit.

Non-Dimensionalization of the Governing Equations

To ensure the broadest applicability of the results of this study,
the set of governing equations are non-dimensionalized as follows. The

following dimensionless temperature and pressure groups are defined:

T — T°°
9 = T — (2.36)
f,i,s o
and
P —-Pm
B = — . (2.37)
Pf,i,s P

Following Szego [22], we introduce the following dimensionless groups:

=X

X=1, (2.38a)

Y =% , (2.38b)

vt =% , (2.38¢)

Bi = %“1 , (2.384d)
m

Fo = 3& | (2.38e)
w2

and
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+ Phk

¢t= —2, (2.38f)

ﬁlef

Note also that the dimensionless heat exchanger size, NTU, can be de-

fined in terms of the above dimensionless groups as:

. (2.38g)

The temperature and pressure groups are of a standard form and the
choice of ambient values as non-dimensionalization parameters was dic-
tated by the physical problem. Ambient conditions represent a “"ground
state” at which a substance has zero availability. The "x" distance is
non~dimensionalized using the length of the storage unit, L. The "y"
distance 1is non-dimensionalized wusing the storage material half-
thickness, w. The Biot number, Bi, and the Fourier number, Fo, repre-—
sent, respectively, the dimensionless convective heat transfer term and
the dimensionless time. The vt grouping is a storage material dimen-
sionless aspect ratio, the ratio of the symmetrical section's half-
thickness to its 1length. The G" term represents a dimensionless mass
flow per unit width of section into the paper.

To begin the non-dimensionalization of the figure of merit, recall

equation (2.20a); an entering fluid's temperature availability:

. Tf 1 —-T°° Tf i
= —_— ) - 2
YAT meTmtl ( Tm ) In Tm . (2.20a)

Rewriting equation (2.20a) in terms of the dimensionless variables

gives:
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m_CpT w2Fo m_CpT w2Fo
w_o= {2353 + | ==y (2.39a)
A0 a AQ,s a A9, T *

where:
T, . T
- f,i,s _ f,i,s > ]
WAG,S Gf,i,s < T°° l> 1n [ef,i,s < T°° L)+ 1],
(2.39Db)
= Tf i,s Tf i,s
= L,1,5 _ - 215
"ao,r T Cea,e\ T )= 1nje., o T L)+ 1,
(2.39¢)
ef,i,s =1.0 , (2.394)
and
Tf .
L,
T
Gf,i,r = Tf _ . (2.39e)
__iénf._.l

Non-dimensionalization of the entering pressure availability pro-

ceeds in an identical manner. We can immediately define the following

for the entering pressure availability:

&18 CmewzFoS _ ﬁerpTwFor _
= ——————————— + ——————— .
g a Yi8,s a Yie,r (2.402)
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where:
r —
- R Peis
= —aaB .
"ag,s T cp 1M [Belis P_ Lp+ 1, (2.40b)
i A
- -
- R Pris
= — —22 .
wms’r o 1n sf,i’r 5 1)+ 14, (2.40¢)
L J
B, . =1, (2.40d)
f,i,s
and
Pf,i,r_ 1
PQ
Bf,i,r =75 : . (2.40e)
f,i,s _ 1
Poo

Equations (2.39) and (2.40) can now be used to non-dimension—
alize X, the availability distribution ratio. Making the indicated sub-

stitutions, equation {2.27c) becomes:

m CpT Fo w2 m CpT Fo w2
S ® 5 W + r ® r W
a AB,s a AB,r

m CpT To w? m _CpT Fo w2
S had S W + r o r D_J-
a AB,s v AQ,T

Cancelling out the common term (mez/a), dividing the numerator and

. (2.41)

denominator by (l./Phkm), and realizing that:
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1"11Cpf 1

PRk T o (2.42)
m G

the completely non-dimensionalized availability distribution ratio can

be written as:

Fos - For _
—\ W + | —) W
(G: ) AB,s G+ AB,T
A= Fos ~ For — . (2.43)
—) W + [ —] W
(G: A0,s <G+ A9,r

To begin the non-dimensionalization of the N

tion (2.27f);

AT term, recall equa-
the total entropy generated in the material during the

storage period:

t 1 3T \? T
s L w m,s + m,
= Ix 4
Sgenm,AT,s f f J' f k
=0

2
s)
o dzdydxdt .
t=0 x=0 y=0 z

(2.271)

After a straightforward non-dimensionalization of the length, time and

temperature gradient terms, we can write the following for the entropy

generated in the material during the storage period:

k wLT
Sgen = 2 -S-gen
g m,AQ,s a m,AQ,s

(2.443)




s 1 1 1
Sgenm’Ae’S = f f f f [GSgenm,Ae,s] dZdYdXdFo (2.44b)
Fo=0 ¥X=0 Y=0 Z=0

and

. 2.44¢
, A0, T, 2 ( )
[e (M-— 1> + 1 ]
m,s T
- -]
Similarly for the removal period we can show that:
<kmeI‘> _
Sgenm,A@,r = 5 Sgenm,Ae’r (2.45a)

where:

r 0 0
Sgenm,Ae,r = f f f f [GSgenm’Ae’r] dZdYdXdFo (2.45b)

(2.45c)
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The non~dimensionalization of the fluid entropy generation terms
proceeds in the same manor. Beginning with equation (2.27h) which gave
the total entropy generated in the fluid during the storage period:

t
= lonr (T (=T, )2
= ]
Sgenf,AT,s f f dxdt , (2.27h)

t=0 x=0 f,s

and proceeding as before with other temperature terms results in the

following equivalent dimensionless quantity:

(hSI‘Lw2> -
Sgenf,AG,s =\ [Sgenf,AG,s] (2.46a)
where:
s 1
Sgenf’Ae,s = f f [GSgenf’Ae,s] dXdFo (2.46Db)
Fo=0 X=
and
Ty 2
.1, __ - 2
_ Tw 1) (Gf,s G)w,s)
§Sgen (2.46c)

£,00,s *

T 2
f,i,s _
-]

The identical operation for the removal period term, (2.27i), results

in:
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<hJL¥> _
Sgenf’Ae’r =\— [Sgenf,Ae,r] (2.47a)
where:
For 0
Sgenf’Ae’r = J~ J‘ [GSgenf’Ae’r] dXdFo (2.47Y)
Fo=Fo X=1
s
and

Te 4 2
LI,1,s _ - 2
T L (ef,r ew,r)

«©

§Sgen = . (2.47¢)

£,40,r T, . 2
’ f,i,s _
[Gf’r (—_—Tm 1)+ 1]

The equation for the exiting availability that is destroyed due to

the discharged hot fluid coming to equilibrium with the environment is
non-dimensionalized in a manner identical to the entering fluid avail-

ability term. This operation results in:

(2.48a)

Wexit = <mstme2> ¥

exit

where:
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Fo
s
wexit = J~ éwexit dFo (2.48b)
Fo=o

and

T T
7. Teas ) _f_i__)
Gwexit ef,e,s ( T l> In [ef,e,s ( T, y+ 1

(2.48¢c)

Equations (2.39), (2.44), (2.45), (2.46), (2.47), and (2.48) are

used to non-dimensionalize the NAT term in (2.27b). Making these sub-

stitutions gives:

2
TakmeI' Sren . kameI‘ Sren . TthI‘Lw Egen
a g m, A9, s a g m,AQ,r a f,a0,s

(T hrI‘sz )
] - . 2 —
M a sgenf,AG,r * <mSCpTQw > vexit

AT n;SCpT”Fosw2> _ n;GCTmForw2> _
— | W + | ———— 2.49
a AO,s . a wAe,r ( )

Cancelling out the common term T@/a and factoring out a wzrkm term from

the numerator and denominator of (2.49) results in:

L -— LY = hSL —
= - + | —
<w> Sgenm,Ae,s * 14 Sgenm,Ae,r km Sgenf,Ae,s

h L\ _ mCp \ _
"\ /58 o r T\ TR )“’exit
m m

AT m CpFo m CpFo
S __Sl% =Ty
Tk AB,s 'k AO,T (2.50)
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Note that the variable I represents a unit width (i.e., into the
paper) of the representative fluid-material section. For the flat slab
configuration, the unit width is also the heated perimeter, Ph. Making
this substitution into equation (2.50) and noting that

L_1
w +

<3

and

mef - G+ .
Phk ’
m

the completely non-dimensionalized NAT term can be written as:

B
findiioy —— [ m—teee
<V+> Sgeny ao,s t (v+> Sgeny ro,r < = )Sgenf,AG,s

Bi rT\— 1 -
bd —
= Sgeng ho,r t <G+)wexit

N . = 3 .

AT Fo_\ _ Fo_\ _
1 +{—1W
G; ABG,s (G: > AG,r (2.51)

Equations (2.43) and (2.51) can now be utilized to calculate a value of

the figure of merit as a function of the dimensionless system of var-

iables.
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The non-dimensionalization of the fluid-material thermal response

equations is quite straightforward and will not be repeated here. The

reader is invited to read references {21] and [22]

for details. The

dimensionless transient response equations for the storage period are

then:

320 320 30
m,s _ m,s

aFo

and

+
90 G Bi
f,s s s
3% *( ™ >(ef,s Ou,s) =0 -

v

The initial and boundary conditions are given by:

@ Fo =0 0 =

@ X=1

@ =0

and

(2.52)

(2.53)

(2.54a)

(2.54b)

(2.54¢)

(2.54d)
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—%3 = Bi [o -8 1 0<X<1. (2.54e)

e Y=1 aY s f,s W,S

Similarily we can write for the removal period:

., 3% 320 30
v 2 m,r . m,r . I (2.55)
2 2 aFo
X Y
and
30, _ GIBt_
——n —cr—— -— ==
3% + v+ (ef,r ew’r) 0 . (2.56)
The initial and boundary conditions are given by:
@ Fo=FoS em,o = F(X,Y) , (2.57a)
aem r
@x=0 TY-!—=0 0<YXK 1, (2.57b)
aem .
= = b ] -
@X=1 ef’r ef’i,r 37 0 0<Y< 1, (2.57¢)
aem .
@yY=0 T =0 0<X<g 1, (2.574d)

and
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Yans Bir [ef’r —-Gw’r] 0<X< 1., (2.57e)

To begin the non-dimensionalization of the pressure drop equations,

recall equation (2.34):

_ - (L) /ov2
(Bg ; =P (D§><;gc) . (2.34)

Define the following terms:

A = Phd
cs

and
Dh = 44 .

Substituting Dh = 4d into (2.34) results in:

2
(P, , —PB) = <§><§33>(§1-> . (2.58)
i cs/ \Pc

Recognizing that:

¢'Bi _ PhLh

+ .
\Y mef

, (2.59)

and solving this term for PhL, and substituting the result into equation

(2.58) gives:
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and rewriting equation (2.60) gives:

+
_ _ (£ G Bi) ([ pv2
(Pg y =P (88:) ( o ) <gc >

Recalling Reynolds analogy [56]:

StPrz/3 =

o]

equation (2.61) becomes:

< \2
—p ) =pr2/3 (SBL)(_1 )( n
(Pe gy —B,) = Pr < V+><pgc s .

The ideal gas equation of state yields:

RT
.1.=P_1f_zl .
P £,1

(2.60)

(2.61)

(2.62)

(2.63)

Rewriting equation (2.63) in terms of the dimensionless variables gives:
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Te,1
S8 )+
RT €] T
® £,i

L - (2.64)
o P |Br g fPe g ) ]
B S it
Substituting equation (2.64) into equation (2.62) gives:
: T
b . e i(——h—fTi’S - 1) + 1
4 -]
Ll L pe?/3 G : t (2.65a)
P + P. .
® v 8 f,i,s —1)+1
£,i\ P_
where:
b RTm 2
T = N 5 z . (2.65b)
cs = c

T is a dimensionless mass velocity parameter common in thermal analysis
problems.

An inspection of equation (2.40b) and equation (2.40c) shows that
the pressure ratio Pf’i/Pw is required to calculate the inlet fluids
pressure availability. Solving equation (2.65a) for the required inlet
pressure excess (i.e., an amount greater than ambient) and substituting
the value of Bf,i,s as given by (2.40d), the following can be written

for the fluid inlet pressure excess during the storage period:

Pf i,s
#—-= 0.5 + Y0.25 + ABS (2.66a)

where:
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+
G Bi T
2/3 (7s s £,i,s _
ABs Pr ( v > ef,i,s (-—T:—— 1) +1 Tg (2.66b)

Substituting the definition of Bf ir given by equation (2.40e) into
2 H

equation (2.65a) and solving for the inlet fluid pressure excess during

the removal period gives:

Pf i,r —

where:

T
f,i,s

+ —lod +
G Bi [ef,i,r T 1 L,
2/3{ r @
AB = Pr — .
r V+ Pf {

S 1)+

P°° (2.67b)

(Ef;lgf._.l)
P
-]

To complete the set of governing equations it is necessary to make

an observation concerning material temperatures and to discuss certain
aspects of the execution of the numerical model. The dimensionless wall
temperature variable, @w, which appears in several equations is actually
the temperature of the solid storage material evaluated at Y=l. Thus,

we may write for the storage period:

Ow = f (X,Y,Gm s) (2.68a)

and for the removal period:
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0 = f (X,Y,em r) . (2.68b)

Prior to the analysis of the removal period, three variables must

+
be defined; Gr’ Bi and T It is assumed that their value is a simple

T
ratio of their storage period amount. However, because of geometry con-—
siderations, whichever constant is used to ratio T must also be used to
ratio G: and Bis. The reasons for this requirement can be explained by
examining equations (2.38f), (2.38d), and (2.65b). They represent, re-
spectively, definitfons for G+, Bi, and Tgo and we observe that each
equation contains several constant terms. These are either material or
fluid physical properties, ambient temperatures and pressures, or a
storage material geometry parameter. The physical properties are as-
sumed to be the same for the storage and removal periods, ambient condi-
tions and material geometry cannot change between the storage and re-~
moval periods. Because of the presence of these constants, the ratio
of T, to Tg reduces to a ratio of fluid mass flowrates. Specifically,
it reduces to the square of the ratio of removal period to storage
period mass flowrates. We now observe that the ratio of G: to G: re-
duces to the ratio of mass flowrates for the storage and removal
periods. We observe that this is the inverse of the square root of the
ratio of T, to Tge We conclude that whichever constant is multiplied

by T, to determine T the inverse of the square root of that constant

+
must also be used to determine the value of Gr' Because it is assumed
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that the heat transfer coefficient, h, in equation (2.38d) is a linear
function of the fluid mass flowrate; Bi, must also be multiplied by the
square root of the same constant to define Bi .. Incorporating this re-

quirements into the mathematical model results in:

T, = f (CI,TS) , (2.69a)

+ +

Gr = f (Cl,GS) , (2.69b)
~and

Bir = f (CI,BiS) . (2.69C)

Closure of the Model and Description
of the Optimization Study

The set of non-dimensionalized equations that describe the entropy
generation characteristics of the representative section of storage unit

are summarized below.

N = (=2} + (L ) Ny (2.27a)
1 + 2 1 + 2
Fos_ For_
— W + —
G: AB,s G: A8,
A = o To (2.43)
S5 + =Ly
G+ AQ,s G+ A9, T
s T

+ +
G, = £ (C1,6)) (2.69b)
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R Pf i,s )

W = —— b ] -

Yag,s o ™| Bf,1,s P_ 1)+1 (2.40b)
R <Pf i,s

W = — z 2 -

wAB,!‘ Cp In Bf,i,r P_ 1) +1 (2.40¢)

Bea,e =1 (2.40d)

P

( szi,r _ 1)

Sfai,r P (2.40e)
< szizs -1

’ Tf i,s Tf i,s
= —r — syl -
"ao,s T %f,1,s \ 7T 1) nfor s \—i=-1)+1

(2.39b)
T T
W f,i,s £,i,s
= 21,85 _ - 1,8

WA@’r ef,i,r( Tw 1> in lief’irr <—_—Tm 1) + 1)
(2.39¢)

O, 1,s = ! (2.394d)

T, |
(Htx-)
© = - (2.39e)
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L ‘Sgen +( L B + Eii
V+ g m, AG, s V+ genm’ A8, V+

Bir - 1 _
V+ g f,A0,r (G+) exit

S

Sgenf,Ae,s

AT FoS _ For _
—]W +{—]W
G+ ) 4A9,s (G+ ) AB,r
s r

—

2=0 895

.r §Sgen, o o dZdYdXdFo

Fo
r

(2.51)

(2.69¢)

(2.44D)

(2.44¢)

(2.45Yb)
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s 1
Sgenf,AG,s f f GSgenf’Ae s dXdFo
Fo=0 X=0
Tf i,s )
S LY L A — 2
_ T, 1 (ef,s 0 ,s)
§Sgen

Fo
s

‘yexit = f 6\yexit dFo
Fo=0

(2.46b)

(2.46¢)

(2.68a)

(2.471)

(2.47¢)

(2.68b)

(2.48Db)
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0 Tf,i,s
f,e,s T°°

T
—-1><— In ef,e,s

320 30
+ m,s _ m,S
BYZ 3F0
G:Bis
+ (ef,s -'ew,s) =0
Tmos
32— 1
Tf,i,s __1>
T
0 o (0) = ef’i’s
2
+ Gm,r aem,r
3Y2 aFo
cTBi
X 0. _—0_ )
+ f,r W,r

f,i,s

_1>+1

(2.48¢)

(2.52)

(2.53)

(2.54a)

(2.54b)

(2.55)

(2.56)
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ef,r (L) = ef’i’r (2.57¢)
Pf i,s ——e

+

G Bi T

2/3(7s"s f,i,s

ABS Pr (T) [ef,i,s (T 1) + l} Ts (2.66b)
Pf i,r —
_PL._’_.= 1 + ,/Agr (2.67a)

AB_ = Pr 5
“Lies ) 4
P_ (2.67b)
(Pf,i,s _ 1)
T.=f (Cl’rs) (2.69a)

Thus, the numerical model consists of 37 equations in 48 vari-

ables. These 48 variables are:
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+ = + -
Nc’ As NAT’ Fos’ Gs’ wAB,s’ Fot’ Gr’ wAB,r’
P
- - R f,i,s
Yao,8° "ao,rr GG Belier TR 0 Beir
Pf,i,r o Tf,i,s 0 Tf,i,r v géen
P, 7 f,i,s’ T Tf,i,r” T ’ m,A0,s
sgenm,AG,r’ Sgenf,Ae,s’ Sgenf,AG,r’ wexit’ GSgenm,AG,s’ §Sgen ,AD,1
ngenf,Ae,s’ ngenf,AO,r’ Gwexit’ Bis’ Blr’ em,s’ em,r’
Tm 0,8
3 ]
ef,s’ ew,s’ ef,r’ ew,r’ em,o,s’ ’ ef,e,s’ ABs’

Pr, Tos ABr, and T

Thus, there are 1l independent variables in the problem. For this

study of a flat slab regenerator, the independent variables were chosen

to be:
T T T
+ R f,i,s f,i,r + . m,0,S
Fo_, G , Cy, T %w’ , %m’ , V., Bi_, -—é:f—g Pr, and T_ .

It is obvious that a large number and variety of design problems
could be formulated with this model. Since the purpose of this present
study is to define configurations which minimize the production of en-
tropy, an optimization program was employed to control the execution of

the model and systematically determine these configurations. To make it
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a tractable problem it was necessary to limit the number of variables
that the optimization routine could control. This was accomplished by
organizing the 1l independent variables into either "design"” or "opti-
mization” variables. Design variables are defined as those whose values
are fixed for a given case. Optimization variables, as the name im
plies, are those variables whose values are controlled by the optimiza-
tion routine such that the figure of merit is minimized. For this
study, the 1l independent variables were divided into eight design and
three optimization variables and the distribution was made to give re-

alistic design cases. The optimization variables were chosen to be:
+
Fo , G, and Bi .
] s ]

Thus, the design variables were:

R Tf,l,s Tf,i,r + Tm 0,8
C1, Cp’ T , T , V., ——érJ—y Pr, and Ty .
- (- -] -

The choice of optimization variables was made to permit the simul-
taneous optimization of both geometry and operating parameters. The
rationale for these choices can best be explained by briefly summarizing
the steps in the procedure that could be used to translate the dimen-
sionless results into an actual design. These steps, which assume that
all the necessary constants have been defined, are as follows:

a. The dimensionless mass velocity design variable, To and the
optimum value of the dimensionless mass flow term, G:, are used to de-

fine the flow channel half-height, d.
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be The dimensionless mass velocity and the flow channel half-
height are used to calculate the Reynolds number.

c. The Reynolds number and the Prandtl number (a design variable)
are used to calculate the convective heat transfer coefficient, h.

d. The optimum storage period Biot number, Bi,, and the convective
heat transfer coefficient are used to calculate the storage material
half-thickness, w.

e. The dimensionless storage material aspect ratio, V+, and the
material half-thickness are used to calculate the length, L, of the
storage unit.

f. The optimum value of the dimensionless storage time, Fog, and

the material half-thickness are used to calculate the dimensional stor-
age time.
As these steps illustrate, the particular combination of design and
optimization variables chosen for this study (while not necessarily
unique) do permit physical characteristics such as width and length, and
operating characteristics such as storage time, to be determined in a
single exercise.

To summarize, this study will define the optimum physical design,
operating parameters, and entropy generation characteristics of a number
of design cases. An optimized system is one that operates with a min-
imum amount of generated entropy for a complete storage~removal cycle.
This will be accomplished using the finite conductivity mathematical
model defined above, running under control of an optimization program.

A design case will consist of a set of values for the eight design
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variables and the resulting (i.e., calculated by the optimization
program) set of three optimization variables. A sufficient number of
cases will be run to adequately define the effect of changes in the
design variables on the optimium system. Most importanmtly, these
optimization studies will be wunconstrained. This means that the
optimization program is free to minimize the figure of merit without
first having satisfied some additional requirement such as a minimum

first law efficiency, minimum flow channel diameter, or a maximum

physical size.
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3. DEVELOPMENT OF THE NUMERICAL MODEL

In order to execute the analytical model as a part of an optimiza-
tion study, two separate computer programs must be available. These are
a routine to calculate the figure of merit for a complete storage-
removal cycle and an optimization routine to systematically determine
values of the optimization variables that result in a minimum value for
the figure of merit. The following information details the construction
of the program to calculate the figure of merit and discusses the

proprietary optimization routine selected for use in the analysis.

Discussion of the Optimization Routine Used in the Study

An optimization program which resides in the University of
Tennessee computer library was utilized for the analysis. This program,
GRG2, is a sophisticated routine for solving problems with either linear
or non-linear objective functions and constraints. It 1is based on the
generalized reduced gradient algorithm and has a modular construction to
permit 1its use with completely independent objective function subrou-
tines. The basic GRG algorithm has been extensively investigated
[48,49] and the GRG2 program itself has been well documented and tested
[48,50,51]. These comparative evaluations have established that GRG2 is
one of the most capable and versatile non-linear optimization programs
available.

For the end user, the GRG2 program is very easy to use. In addi-
tion to a specific data input format, it requires only one user supplied

subroutine. This subroutine, which must be named GCOMP, calculates the
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objective function for values of the optimization variables. For this
study, the objective function 1is the figure of merit, Nc, defined in
Section 2. A typical optimization sequence consists of a continuous ex-
change of information between GRG2 and GCOMP, The GRG2 program passes
values of the optimization variables to GCOMP and in return receives a
corresponding value for the figure of merit. Using its own algorithm,
GRG2 systematically determines the one set of optimization variable
values that result in a minimum figure of merit.

The GRG algorithm is a non-linear extension of the simplex method
for linear programming. It was not possible to become technically pro-
ficient in all the facets of either the basic algorithm or the operation
of the GRG2 program. However, in order to efficiently conduct an
optimization exercise and insure that the program was generating accur-
ate results, it was necessary to learn something about its behavior dur-
ing an actual optimization cycle.

To determine if a particular set of results were acceptable, it was
necessary to understand the meaning of certain status variables supplied
by GRG2 at the end of a cycle. This experience was gained during the
verification procedure and will be described later in this section. The
one aspect of GRG2's operation that affected both the execution and in-
terpretation of results was the method it used to calculate the partial
derivatives of the objective function. Because of the complexity of the
objective function, it was not possible to supply exact analytical re-

lationships to calculate the partial derivatives. Accordingly, GRG2 was

required to calculate them using a multistep procedu:e. It accomplished
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this by determining the change in the ojective function for an in-
cremental change in the optimization variable of interest. The
incremental length used to determine this change is a constant embedded
in the programming of GRG2 and it is not normally possible to change its
value. 1If it is too small (relative to the magnitude of the partial
derivative), GRG2 can mistakenly conclude the objective function is in a
region of little of no change and stop the optimization. This situation
affects the choice of the initial value of the optimization variables
supplied to GRG2 at the beginning of an optimization exercise. If this
initial value results in a value of the objective function in the
"flats” of its surface, GRG2 cannot recover and will terminate. Small
incremental lengths also prevent GRG2 from realizing when it is operat-
ing in an area of local "plateaus” far removed from the actual minimum
point. If the incremental length is too large; there is the possibility
that the discrete function evaluations will be made "across” a minimum
point, thus preventing GRG2 from finding a true minimum value for the
objective function. The specific effects this fixed incremental length

had on the final results of the study will be discussed in Section 4.

Description of the Program to Calculate the Figure of Merit

The primary configuration to be examined in this study 1is the
counterflow regenerator operating without a dwell period. A dwell
period is the interval between the storage and removal periods during
which the storage material temperature gradients are allowed to reach a

uniform average temperature. There are, however, two other
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configurations of interest: parallel flow with a dwell period and
parallel flow without a dwell period. The effects of the dwell period
are included in this study because entropy generation occurs as a result
of the material reaching a uniform temperature. A computer program,
ENTROP, was written to calculate the figure of merit, Nc, for these
three configurations. It was written in double precision FORTRAN and in
a form to permit interface with the GRG2 program. A listing of ENTROP,
a glossary of the subroutines, and some typical output are contained in
Appendix A. The following is a brief description of the operation of
the program and the numerical techniques employed.

In the most macroscopic sense, the program performs five basic com~
putations to generate the information needed to calculate a value for
the figure of merit. They are:

a. calculate the total entering availability and entropy generated
during the storage period,

b. determine an approximate dwell time,

c. calculate the total entropy generated during the dwell period,

d. determine an approximate removal time, and

e. calculate the total entering availability and entropy generated
during the removal period.

These five basic steps are explained below and summarized in Figure 3.1.

The sequence begins with GRG2 passing the most current value for
the storage period time, Fos, mass flow parameter, G;, and Biot number,
Big. Using this information, ENTROP calculates the total entering fluid

availability per unit time. It then calculates the fluid-material
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transient temperature response for the storage period in 59 equal time
increments (i.e., Fos/59). Once the fluid and material temperature
distributions have been calculated for a time increment, and before pro-
ceeding to the next increment, ENTROP:

a. Calculates the temperature gradients at each node in the ma-
terial and uses them, with the temperature at each node, to calculate
the rate of entropy generation at each node. These individual terms are
then integrated over the material volume to determine the total entropy
generation in the storage material.

b. Calculates the fluid-wall temperature difference for the nodes
along the flow channel then uses them and the fluid temperature at each
node to calculate the rate of entropy generation at each node. These
terms are then integrated over the length of the channel to determine
the rate of entropy generation in the fluid.

c. Using the fluid outlet temperature, calculates the rate of

availability destroyed due to the discharged fluid coming to thermal
equilibrium with the environment.
At the end of the 59 time increments, the rates of entropy generation
for the material, fluid, and discharged fluid are individually in-
tegrated over time to determine the total amounts of entropy generated
during the storage period.

If a dwell period is desired, ENTROP executes a two step procedure
that determines an approximate time then uses it to calculate the amount
of entropy generated in the material during the periode To determine an

approximate dwell time, ENTROP begins an open ended calculation of the
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fluid-material transient temperature response. "Open ended” in this
context means for an unspecified number of time increments. ‘The
incremental time it uses is the same one used during the storage
periode At the end of each time increment, the average material tem—
perature (which does not change with time during the dwell period) is
compared to the highest temperature that existed in the material at the
end of the storage period. The calculations are stopped when the
difference between these two has been reduced to a sufficiently small
amount. This calculation/comparison sequence continues for 20 time
increments at which time the incremental time is increased by a factor
of two. The calculations then proceed with this larger time step. This
gradually increasing incremental time permits covering a large total
elapsed time in as few steps as possible while still retaining
acceptable accuracy. This entire process continues until the fluid-wall
temperature difference meets the convergence criteria. The approximate
dwell time is then equal to the total elapsed time since the start of
the calculations.

To determine the amount of entropy generated in the material during
the dwell period, ENTROP takes the approximate time just defined,
divides it into 59 equal increments then restarts the transient temper-
ature response calculations. At the end of each time increment ENTROP
determines the rate of entropy generation in the material exactly as it
did for the storage period. Also at the end of each time period, a
check is made to see if the temperature difference has met the con-

vergence criteria. To allow for an inaccurate approximate dwell time,
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this sequence can continue for up to 100 time increments. When the con-
vergence criteria has finally been met, ENTROP stops the transient
calculations and then integrates the material rates over time to
determine the total amount of entropy generated in the material during
the dwell period.

A similar two step procedure is also utilized for the removal
periods Using an initial incremental time, ENTROP begins an open ended
calculation of the fluid-material transient temperature response. These
calculations proceed as they did during the dwell period with an in-
creasing incremental time every 20 steps. The only difference is that
the termination decision criterion is based on an average material tem~

perature/initial material temperature difference. As was done during

the dwell period, once an approximate time has been determined, ENTROP
restarts the transient temperature calculations using 1/59 of the ap-
proximate time. At the end of each time increment, ENTROP calculates
the rates of material and fluid entropy generation and checks the tem-—
perature convergence. Also as before, when the convergence criteria has
finally been meet, ENTROP stops the transient calculations and then per-
forms an integration over time to determine the total amounts of entropy
generated in the material and fluid during the removal period. In addi-
tion, once the removal time has been determined, ENTROP calculates the
total entering fluid availability.

At the end of these steps, ENTROP has generated all the information
needed to calculate a value for the figure of merit. It then performs

this calculation and returns the value to the GRG2 routine.
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From this description, it 1is clear that calculating the fluid-
material transient temperature respounse is one of the most critical
operations of the entire sequence. To accomplish this, an iterative
procedure was utilized to solve the coupled fluid-material equations.
This consisted of making an initial guess of the fluid temperatures,
then using them as counstants in the solution of the material conduction
equation. Once the material temperature distribution has been cal-
culated, those temperatures on the convective boundary are designated as
wall temperatures and used to solve the fluid temperature differential
equation. The fluid temperatures thus calculated are then compared to
the previous guesses. If the difference between the two is greater than
a certain amount, the most recently calculated temperatures becomes the
next guess., The conduction equation is then solved again using these
values. This iterative sequence continues until the convergence cri-
teria (i.e., difference between successive values) has been met at which
time the resulting fluid and material temperatures are used in the en-
tropy generation calculations. This sequence is illustrated graphically
in the flow diagram shown in Figure 3.2.

As can be seen, to actually execute the above steps requires
several different numerical operations. The most prominent of these
are:

a. a solution of the fluid-material transient temperature re-
sponse; that is the coupled material conduction equation and the fluid

energy balance, and

be the one- and two-dimensional integratioans.
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A brief discussion of the specific numerical techniques used to perform
these operations follows.

The material conduction equations were discretized using standard
Taylor series approximations {52]. A fully implicit scheme using cen-
tral differencing for the spatial coordinates and backward differencing
for the time coordinates was defined. The programming was written such
that the number of nodes in each dimension was an input variable. This
flexibility was necessary because it was not known ahead of time how
fine a grid would be needed to give results accurate enough for the
optimization algorithm. In order to solve the conduction equations
under these circumstances certain procedures had to be defined. These
included:

a. a means of generating the discretized equation set coefficient
matrix at run time, and

b. an efficient algorithm for solving this set of equationms.

The efficient algorithm was an especially critical requirement
since very large equation sets often result from discretized conduction
equations and they can require large amounts of computer memory and
execution time. The specific one used was a banded matrix package taken
from the public domain CORLIB library [53]. This package consisted of
two subroutines; DGBFA and DGBSL. Working together they solve the sys-—
tem of linear equations, A*X=B, A is the original, sparse coefficient
matrix having a banded construction. DGBFA factors this banded matrix
using a gaussian elimination technique. Using these factors, DGBSL then

actually solves for the unknown material temperatures. The only
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additional programming required by this package was a method to read the
non-zero elements of the original banded matrix, without having
previously defined all of the original sparse matrix. The steps for
accomplishing this as a function of a variable number of nodes are too
involved to be described here but are discussed at length in Appendix B.

The fluid energy equation was treated as an initial value problem
and was solved using a fourth-order Runge-Kutta technique [54]. Wall
temperatures were required to solve for the fluid temperatures and two
separate methods were programmed to supply them. The first was a
second-order polynorﬁial curve fit [55] of the nodal material temper-
atures at the convective boundary. Routines were written to define the
set of simultaneous equations as a function of the number of nodes in
the x direction. The routine to actually solve for the unknown fluid
temperatures was taken from the CORLIB library. The second method of
calculating wall temperatures, and the one eventually selected for use,
was a second order interpolation [52] of the appropriate nodal temper-
atures.

The numerical techniques used to perform the one- and two-dimen-
sional integrations were based on Simpson's one-third rule [54] and are
quite straightforward except that they were modified to utilize finite
values instead of continuous functions. The only restriction resulting
from this modification was that an odd number of finite values had to be

used. A detailed description of the modifications necessary to im-

plement this procedure is contained in Appendix C.
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Verification of the Numerical Model

It was known from the beginning of this study that there would be
no previous results to check the accuracy of the ENTROP computer pro-
gram. Consequently, it was constructed in a manner to permit verifica-
tion of complete blocks of programming, individual subroutines and some
critical individual instruction strings. The following is a brief
description of some of the steps that were taken to verify the accuracy
of the program.

Routines that performed curve fits, integrations, interpolations
and solved the initial value problem were verified by using them to
solve example problems with known results. Each of these example
problems were written into a separate calling program, the data passed
to the appropriate subroutine resident in ENTROP, and the results
checked against the known answer. Other subroutines that could not be
compared to known examples were verified by comparison with hand cal-
culations. Typical of these were the routines to calculate rates of en-
tropy generation, calculate the average material temperature, to read
the banded matrix and load the DGBFA working matrix, and to calculate
the discretized coefficient and constant matrix.

Certain critical individual 1lines of programming were verified by
causing ENTROP to write out intermediate results. This included those
lines used to route the program execution within GCOMP, transfer data
arrays to subroutines, define initial data arrays, initialize temper-
ature arrays between iterations, and to swap the material horizontal

temperature field for the counterflow configuration.
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Once key blocks of programming were constructed, they too were
verified using known example problems. Typical of these, was the sub-
routine to perform the transient temperature response of the fluid-
storage material. The operation of this iterative sequence of instruc-
tions was checked out by forcing it to duplicate a one-dimensional,
lumped element storage problem from Schmidt and Willmott [21]. The
exact analytical solution to this problem was programmed in a separate
routine and its results compared to ENTROP's answer. A detailed summary
of this comparison is contained in Appendix D.

This same, careful verification was repeated for all program ele-
ments down through the final calculation, the figure of merit. Once the
entire program was constructed, its operation was compared to one par-
ticular case from Krane's well stirred bath study [46]. To model this
one-dimensional, lumped element system, it was necessary to force ENTROP
to operate well away from the design configuration it was ment to
model. Allowing for this, the agreement with Krane's result was ex-
cellent. A more complete description of this exercise is also contained
in Appendix D.

Once the entire ENTROP program had been constructed and its oper-—
ation verified, a series of sensitivity runs were conducted to define
optimum execution parameters such as temperature convergence criteria
and number of time increments. It was known that optimization studies
required more accurate models and the test for establishing some of
these parameters was, therefore, their effect on the figure of merit.

It was during this series of runs that the following parameters was de-

fined:
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a. The number of time increments was chosen to be 59,

b. a 9x9 nodal network was established for the storage material,

c. the temperature convergence criterion for termination of the
fluid temeprature iteration was set at 5.0 x 107%,

d. the convergence criteria for termination of material temper—-
ature iterations was set at 0.001%.

e. the second-order pol&nomial curve fit was more accurate than a
third-order fit, and

f. first- and second-order 1interpolations were shown to be more
accurate than a second-order curve fit.

The operation of the GRG2 program, and its somewhat involved data
input format, was verified by causing it to solve a known, simple, two-
dimensional, unconstrained optimization problem. The operation of the
combined ENTROP, GRG2 model was examined in some detail. Although no
attempt was made to learn the detailed operation of the GRG algorithm,
its behavior during a typical optimization sequence was studied to build
confidence that correct answers were being generated. It was during
these exploratory runs that it became evident that the optimization var-
iables had to be scaled. Scaling is often required for optimization
studies and, in particular, is critical to the successful operation of
the GRGZ routine. Scaling is accomplished by multiplying the objective
function and the optimization variables by appropriate constants so
their values within GRG2 have the same order of magnitude. The scaling
is reversed within ENTROP prior to any calculations. The scaling re-
quirement eventually became something of a hindrance during the

optimization studies.
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As previously explained, GRG2 requires that ranges and initial
values of the optimization variables be defined prior to a run.
Determining these ranges was itself an involved procedure because the
behavior of the optimized surface was unknown. The scaling requirement,
however, complicated the procgdure because in order to accurately scale
the problem, it was necessary to somewhat restrict the ranges. During
the verification procedure, a set of ranges were defined for an uncon-
strained counterflow problem using a nominal set of medium temperature
design variables. Because these ranges were necessarily small, they
limited the types of design cases that could be optimized without rede-
fining ranges and rescaling the problem. The effect of this restriction

on the results of optimization study is examined later in Section 4.
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4. PRESENTATION AND ANALYSIS OF RESULTS

Description of the Study and Summary of Results

A total of 36 design cases were optimized using the mathematical
model and execution sequence described in the previous sections. Thirty
of these cases were unconstrained optimizations dealing with both the
counterflow and parallel flow configurations. Six constrained,
counterflow cases were also included as a sensitivity study. The uncon-
strained cases were distributed as follows:

a. 24 for a counterflow configuration without a dwell period, and

b. three each for a parallel flow configuration with and without a
dwell period.

Six constrained cases with two separate constraints (i.e., only one
constraint active at a time) were also included. These constraints,
which were imposed on the counterflow configuration without a dwell
period, were:

a. the dimensionless storage unit size, NTU, was required to be
ten or less, and

b. the storage period first law efficiency was required to be 0.90
or greater.,

Each of the 36 design cases was defined by first specifying values
for the eight design variables. Because of the original choice of de-
sign variables, it was possible to permanently fix the value of four of
them without compromising the rigor of the problem. Ranges of values

were defined for the remaining four design variables as a function of
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the particular configuration or design being analyzed. Once a particular
combination of eight design variables had been selected, GRG2 would
treat them as constants and determine the value of the three optiniza-
tion variables which resulted in a minimum value for the figure of
merit. The four design variables that were held constant for all 36
cases and their values were:

a. the constant Cy, used to define the ratio of Ts to T defined
as 1.0,

b. the fluid property ratio R/Cp, defined as 0.2843 (air),

c. the fluid inlet temperature excess for the removal period,
Tf,i,r/Tm’ defined as 1.0, and

d. the fluid Prandtl number Pr, defined as 0.71 (air).

The counterflow configuration without a dwell period is one of the
most common operating modes [21] for this type of storage system and was
therefore the primary focus of this study. For the 24 unconstrained
cases dealing with this design, the four design variables that were per-
mitted to float and the values utilized for this study were:

a. the storage period fluid inlet temperature excess, Tf,i,s/Tm’
and values of 2.0 and 3.0 were defined,

b. the dimensionless material aspect ratio, V+, and values of 0.01
and 0.05 were defined,

c. the storage period initial material temperature excess,
Tm,o,s/Tm’ and values of l.l and 1.3 were defined, and

d. the storage period dimensionless mass velocity, rs, and values

of 0.005, 0.05, and 0.5 were defined.
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The results of these cases are summarized in tabular form in Tables 4.1
to 4.8,

The unconstrained analyses of the parallel flow configuration were
included in the study for completeness. The intent was to investigate a
small number of cases to permit a comparison to the counterflow config-
uration at some nominal operating point (i.e., set of eight design var-
iables). Accordingly, only one design variable, Tgs was varied and
values of 0.005, 0.05, and 0.5 were used. The remaining three design
variables that were utilized and their values were:

a. Tm,o,s/Tm’ which was held comstant at 1.1,

b. Tf,i,s/Tw’ which was held constant at 2.0, and

Ce V+, which was held constant at 0.01.

The resulting six cases (three runs for each of two operating modes)
were executed and the results are summarized in Tables 4.9 and 4.10.

The two constrained, counterflow cases were included to define the
sensitivity of the figure of merit to constraints on the design and
operation of a nominal system. These runs were executed with the same
set of design variables as the parallel flow cases and the results are

summarized in Tables 4.11 and 4.12.

Analysis of the Results

The analysis of the optimization results will begin with a series
of brief explanations of the effects that changes in the optimization
and design variables have on the performance of a typical storage sys-—

tem. Presenting this information first will facilitate understanding

the detailed analyses which follow.
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Table 4.1. Optimization results for unconstrained,
counterflow design cases for inlet fluid

temperature excess of 2.0, material
aspect ratio of 0.0l, and initial
material temperature excess of 1.l

Storage period dimensionless
mass velocity term

Variable
T, = 0.005 T, = 0.05 T, = 0.5
0.216 0.379 0.797
52.47 36.50 23.44
0.106 0.084 0.064
4.199 4.97 5.67
4.951 4,33 3.68
0.004 0.234 2.387
1.002 1.129 3.59
0.425 0.584 0.759
12.16 18.09 27.30
0.023 2.029 32.36
1.036 1.37 1.77
55.70 47.70 30.80
0.602 0.900 1.35
32.30 31.40 23.50
0.223 0.600 2.63
12.00 20.90 45.70
1.861 2.868 5.76
1.002 1.091 2.834
0.0 0.0 0.0
0.029 2.199 32.80
0.427 0.751 1.37
58.90 55.40 50.30
0.298 0.605 1.35
41.10 44 .60 49.70

0.725 1.356 2.727
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Table 4.2. Optimization results for unconstrained,
counterflow design cases for inlet fluid
temperature excess of 2.0, material
aspect ratio of 0.0l, and initial
material temperature excess of 1.3

Storage period dimensionless
mass velocity term

Variable
T, = 0.005 L 0.05 T, T 0.5
0.254 0.383 0.777
57.11 31.34 28.85
0.114 0.087 0.064
3.698 4.67 4.73
4.992 3.60 3.59
0.004 0.161 2.15
1.002 1.112 3.92
0.359 0.537 0.577
9.92 16.44 18.09
0.021 1.619 22.91
0.464 0.640 0.696
23.60 18.40 17.50
0.277 0.523 0.571
14.10 15.0 14.40
1.22 2.32 2.71
62.20 66 .60 68.10
1.96 3.482 3.97
1.002 1.080 3.068
0.0 0.0 0.0
0.015 1.024 16.00
0.307 0.587 0.685
58.40 49.90 49.60
0.219 0.589 0.694
41.60 50.10 50.30

0.526 1.176 1.379
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Table 4.3. Optimization results for unconstrained,
counterflow design cases for inlet fluid
temperature excess of 2.0, material
"~ aspect ratio of 0.05, and initial
material temperature excess of l.l

Storage period dimensionless
mass velocity term

Variable

T_ = 0.005 T = 0.05 T = 0.5
N, 0.389 0.470 0.823
NTU 20.34 18.65 9.14
c: 0.165 0.158 0.121
Fo_ 1.648 1.90 2.51
Bi_ 6.156 5.91 3.77
A 0.002 0.140 1.75
Pe s o/P, 1.001 1.069 2.47
n 0.478 0.550 0.732
A 3.062 3.69 6.34
Yio e 0.002 0.230 5.31
sgeny, ¢ 0.453 0.498 0.605
% Sgeng 57.30 51.80 26.80
sgen; ¢ 0.201 0.229 0.416
% Sgeng 25.40 23.80 18.50
sgeng ¢ 0.137 0.234 1.23
% Sgeng ¢ 17.30 24.30 54.70
I Sgen_ 0.791 0.962 2.2564
P i a/Pu 1.002 1.049 2.04
Vo x 0.0 0.0 0.0
Yao.r 0.003 0.289 5.76
Sgeny . 0.255 0.313 0.498
% Sgeny . 64.10 62.80 49,40
sgeng 0.143 0.186 0.511
% sgeng . 35.90 37.20 50.60

z Sgenr 0.398 0.499 1.009
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Table 4.4. Optimization results for unconstrained,
counterflow design cases for inlet fluid
temperature excess of 2.0, material
aspect ratio of 0.05, and initial
material temperature excess of 1.3

Storage period dimensionless
mass velocity term

Variable

T = 0.005 T = 0.05 T = 0.5

S S S
N, 0.395 0.462 0.812
NTU 19.67 19.29 11.46
G: 0.168 0.168 0.154
Fog 0.875 0.811 0.50
Big 5.854 5.74 3.73
A 0.001 0.121 1.97
Pt i.s/P, 1.002 1.072 2.69
n 0.271 0.253 0.167
Yio s 1.598 1.48 1.000
wAB,S 0.001 0.095 0.918
Sgeny 0.155 0.146 0.098
% Sgen ¢ 34,70 35.10 31.60
b
Sgen; 0.079 0.077 0.082
% Sgeng 17.70 18.30 26 .20
Sgen, ¢ 0.212 0.195 0.131
% Sgen, 47 .60 46 .60 42.20
T Sgens 0.446 0.418 0.311
Pt i ,d4/P, 1.002 1.051 2.20
Yio.r 0.0 0.0 0.0
wAB’r 0.001 0.084 1.05
Sgeny 0.110 0.101 0.061
% Sgen 60.10 59,40 46.50
m,r

Sgeng 0.073 0.069 0.070
% Sgenf r 39.90 40.60 53.50

P Sgenr 0.184 0.170 0.131
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Table 4.5. Optimization results for unconstrained,
counterflow design cases for inlet fluid
temperature excess of 3.0, material
aspect ratio of 0.01, and initial
material temperature excess of 1.l

Storage period dimensionless
mass velocity term

Variable
T = 0.005 T = 0.05 T = 0.5
] s s

N. 0.200 0.295 0.640
NTU 50.89 39.22 28.43
oL 1.104 0.087 0.072
Fog 4,24 4,89 5.37
Big 4,89 44,50 3.95
A 0.002 0.125 0.109
Pf,i,S/Pm 1.003 1.196 4.65
g 0.438 0.562 0.686
WAe,s 36,77 50. 50 67.25
WAB s 0.035 2.85 32.60
Sgenm,S 3.17 3.89 4.66
% Sgeny o 61.30 54 .90 42.20
Sgeng 0.170 2.27 3.05
% Sgeng 32.80 32.10 27.70
Sgene’s 0.306 0.926 3.32
% Sgene’S 5.90 13.10 30.10
L SgenS 5.167 7.094 11.03
Pf,i,d/Pw 1.002 1.113 3.11
wAe,r 0.0 0.0 0.0
WAB r 0.467 3.47 40.95
Sgen, . 1.22 1.88 2.83
Z Sgen . 58.00 55.60 51.60

y
Sgenf’r 0.886 1.50 2.66
% Sgeng 42.00 44,40 48 .40

’

I Sgen_ 2.109 3.37 5.49
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Table 4.6. Optimization results for unconstrained,
counterflow design cases for inlet fluid
temperature excess of 3.0, material
aspect ratio of 0.0l, and initial
material temperature excess of 1.3

Storage period dimensionless
mass velocity term

Variable

T = 0.005 T = 0.05 T = 0.5

S S S
N. 0.192 0.280 0.608
NTU 52.37 45,26 29.58
c: 0.107 0.098 0.074
FoS 4.01 4,31 5.25
Big 4.889 4.60 3.99
A 0.002 0.117 0.917
Pf,i,S/P°° 1.003 1.221 4.73
ns 0.404 0.460 0.663
?Ae,s 33.72 39.49 63.88
wAB,s 0.033 2.49 31.31
Sgenm,S 2.03 2.25 3.11
% Sgenm s 43.30 40 .80 28.30
b
Sgenf’S 1.14 1.34 2.09
% Sgeng s 24 .30 24.20 19.10
Sgene’S 1.52 1.93 5.76
% Sgeng s 32.40 35.00 52.60
3
z SgenS 4.693 5.527 10.95
Pf,i,d/Pm 1.002 1.128 3.15
WAe,r 0.0 0.0 0.0
wAB,r 0.029 2.13 27.29
Sgenm r 1.00 1.25 2.52
’

% Sgenm’r 57.90 56.30 51.40
Sgenf’r 0.728 0.968 2.38
% Sgenf r 42.10 43.70 48.60

z Sgenr 1.730 2.22 4.91
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Table 4.7. Optimization results for unconstrained,
counterflow design cases for inlet fluid
temperature excess of 3.0, material
aspect ratio of 0.05, and initial
material temperature excess of l.l

Storage period dimensionless
mass velocity term

Variable
T, T 0.005 L 0.05 L 0.5
0.350 0.407 0.695
22.41 20.40 14.70
G.168 0.162 0.143
2.24 1.95 2.28
6.671 6.31 5.13
0.001 0.078 0.950
1.001 1.110 3.50
0.602 0.554 0.656
12.05 10.88 14.37
0.005 0.357 5.68
1.50 1.46 1.62
53.90 56 .80 41.90
0.548 0.561 0.747
19.70 21.80 19.30
0.732 0.552 1.50
26.40 21.50 38.80
2.776 2.575 3.87
1.002 1.064 2.44
0.0 0.0 0.0
0.006 0.486 7.96
0.936 0.860 l.11
65.00 63.60 57.10
0.505 0.492 0.831
35.00 36.40 42.90

0.144 1.35 1.938
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Table 4.8. Optimization results for unconstrained,
counterflow design cases for inlet fluid
temperature excess of 3.0, material
aspect ratio of 0.05, and initial
material temperature excess of 1.3

Storage period dimensionless
mass velocity term

Variable

L 0.005 L 0.05 T, 0.5
N. 0.344 0.387 0.660
NTU 20.99 21.08 14.52
c: 0.167 0.168 0.143
Fos 1.40 1.30 1.95
Big 6.304 6.27 5.09
A 0.001 0.069 0.780
Pf,i,s/Pw 1.001 1.111 3.49
ng 0.416 0.388 0.590
?Ae,s 7.57 6.98 12.32
wAB,s 0.003 0.235 4.85
Sgenm’S 0.843 0.807 1.07
% Sgeny 49.40 50.90 33.10
Sgenf,S 0.341 0.327 0.521
A Sgeng 20.00 20.70 16.10
Sgene’S 0.523 0.540 1.63
A Sgene’S 30.60 28.40 50.70
r Sgens 1.707 1.58 3.22
Pf,i,d/Pw 1.002 1.065 2.44
wAe,r 0.0 0.0 0.0
wAB,r 0.003 0.245 4.76
Sgenm’r 0.563 0.517 0.917
A Sgeny 63.10 63.00 56.10
Sgenf’r 0.330 0.303 0.719
7% Sgeng 36.90 36.90 43.90

z Sgenr 0.892 0.820 1.63
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Table 4.9. Optimization results for unconstrained,
parallel flow design cases without a dwell period

Storage period dimensionless
mass velocity term

Variable

T = 0.005 T = 0.05 T = 0.5

s s ]
N. 0.313 0.4438 0.815
NTU 41.140 30.84 21.02
G: 0.087 0.072 0.055
Fog 5.108 5.588 6.155
Big 4.750 4,280 3.795
A 0.004 0.207 2.237
P, . /P 1.001 1.111 3.435
f,i,s' =
Ng 0.586 0.706 0.843
wAe,s 18.102 23,820 34.100
wAB,s 0.027 2.313 38.98
Sgenm’S 1.356 1.631 1.980
% Sgen_ 0.490 0.380 0.220
Sgenf’S 0.823 1.090 1.460
YA Sgenf,s 0.30 0.254 0.160
Sgene,s 0.585 1.550 5.580
YA Sgen, ¢ 0.210 0.363 0.618
T SgenS 2.764 4,267 9.032
Pf,i,d/Pw 1.001 1.078 2.720
?Ae,r 0.0 0.0 0.0
¥ 0.0380 2.610 37.290
AB,T
Sgenm’r 1.580 1.870 2.280
A Sgen, . 0.550 0.520 0.490
Sgenf’r 1.280 1.700 2.390
% Sgeng . 0.440 0.476 0.51

L Sgenr 2.850 3.570 4.677
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Optimization results for unconstrained,

parallel flow design cases with a dwell period

Storage period dimensionless

mass velocity term

Variable
T = 0.005 T = 0.05 T = 0.5
s s s
N, 0.301 0.427 0.810
NTU 37.130 30.950 22.150
c: 0.080 0.073 0.059
FoS 5.320 5.530 5.930
Fogg 6833.0 6530.0 6170.0
BiS 4.617 4.260 3.738
A 0.003 0.202 2.341
P. . /P 1.002 l.111 3.511
f,i,s’ =
N 0.636 0.698 0.805
k4 20.300 23.410 30.690
A8 ,s
wAB,s 0.028 2.28 35.71
Sgen o 1.470 1.610 1.880
% Sgenm’S 0.360 0.339 0.250
Sgen; 0.9170 1.080 1.410
% Sgeng 0.220 0.226 0.188
Sgene s 0.857 0.1460 3.950
% Sgene’S 0.210 0.305 0.524
SgensS 0.843 0.619 0.280
% Sgengg 0.206 0.130 0.372
Pf’,’d/Pu° 1.001 1.078 2.776
wAe,r 0.0 0.0 0.0
¥ 0.032 2.440 36.120
AB,r
Sgen . 1.100 1.330 1.800
% Sgenm . 0.550 0.53 0.49
Sgenf,r 0.881 1.170 1.850
yA Sgeng . 0.445 0.468 0.507
b Sgenr 1.986 2.505 3.650
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Table 4.11. Optimization results for cases where
the storage system NTU was constrained
to a value of 10.0 or less

Storage period dimensionless
mass velocity term

Variable

T, = 0.005 T, = 0.05 L 0.5
Ne 0.354 0.462 0.809
NTU 10.00 10.00 10.00
G, 0.100 0.060 0.043
Fog 6.209 6.336 6.336
Big 1.000 1.673 2.300
A 0.001 0.064 1.521
Pf,i,s/Pw 1.000 1.038 2.554
g 0.571 0.796 0.897
wAe,s 19.050 32,520 44,969
wAB,s 0.007 1.133 39.070
Sgenm’S 0.930 1.609 2.088
% Sgeny o 0.217 0.169 0.119
Sgenf’s’ 2.320 2.501 2.400
% Sgenf,S 0.542 0.263 0.137
Sgene’s 1.029 5.396 13.001
% Sgene’s 0.240 0.567 0.743
z Sgens 4,281 9.507 17.490
Pe i,d/Pa 1.000 1.027 2.099
WAe,r 0.0 0.0 0.0
YAB,r 0.008 0.950 29.340
Sgenm’r 0.53¢% 1.337 2.110
YA Sgenm,r 0.220 0.303 0.364
Sgenf’r 1.916 3.068 3.687
Z Sgenf’r 0.780 0.697 0.636

z Sgenr 2.445 4.404 5.797
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Table 4.12. Optimization results for
cases where storage period first
law efficiency was constrained
to a value of 0.90 or greater

Storage period dimensionless
nass velocity term

Variable

T = 0.005 T = 0.05 T =0.5

S S S
Nc 0.315 0.437 0.809
NTU 51.947 31.426 18.820
c: 0.813 0.08102 0.0484
Fo 10.00 10.00 6.525
Big 6.388 3.879 3.886
A 0.003 0.166 1.946
P i,s/Py 1.002 1.112 3.282
n 0.899 0.900 0.900
s
b4 37.734 37.872 41.341
Af,s
WAB,S 0.072 3.738 45,519
Sgeny 1.621 1.576 2.161
YA Sgenm s 0.176 0.159 0.158
bl

Sgeng o 0.759 1.167 1.554
% Sgenf s 0.082 0.118 0.144
Sgen, ¢ 6.845 1.167 9.960
% Sgeng ¢ 0.742 0.724 0.728
z SgenS 9,225 9.923 13.674
Pt 1,4/P 1,001 1.079 2.614
WAG,r 0.0 0.0 0.0
b4 0.048 2.549 34.947
AB,T
Sgenm,r 1.640 1.587 2.230
7% Sgen, . 0.636 0.514 0.503
Sgenf’r 0.938 1.499 2.203
% Sgeng _ 0.364 0.486 0.497

b Sgenr 2.579 3.056 4,433
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The specific effects that change in the optimization variables have
on the entropy generation characteristics of a storage system are a
complicated functions of the eight design variables. Accordingly, it is
neither practical nor possible to describe all of these complex inter-
actions in detail, A greater understanding of the physics of the
problem can be gained by defining individual qualitative effects (i.e.,
the effect of changing one variable at a time with all other variables
fixed) here and then discussing combined effects in conjunction with
specific results. Because the minimum value of an unconstrained optimi-
zation occurs where the partial derivatives of the objective function
with respect to the optimization variables are equal to zero, it is ap-
propriate to define cause and effect in this way. The most expeditious
means of explaining these effects is to explore how they influence the
terms in the figure of merit during a typical storage period. These

terms are A, N and NA but because N is by definition always one,

AP’ T° . AP

it is only necessary to address the X and NAT terms. As an aid to
understanding the following explanations, mathematical and verbal
descriptions of the major dimensionless variables used in this study are
summarized in Table 4.13.

The most straightforward influence to explain is the effect that an

increase in storage time, Fo has on the availability distribution

S’
ratio, A. Qualitatively, the longer the storage period the more total
pressure availability and thermal availability enters the control

volume. However, the magnitude and time dependent behavior of these two

quantities, and therefore the value and behavior of their ratio A, is a




Table 4.13.

102

Physical interpretation of the major dimensionless

variables used to describe the entropy generation
characteristics of a sensible heat thermal
energy storage system

Variable Definition Verbal description

vt -% Ratio of storage material half-thickness
to its length,

Bi %ﬂ Ratio of fluid heat transfer coefficient

m to the unit conductance of the storage
material over the characteristic dimension
w.
Fo -2§ Dimensionless time. A ratio of the rate
v of heat conduction across w to the rate of
heat storage within w3.
Pth
Gt " Dimensionless mass flow per unit width
mef into the paper. When used in conjunction
with v, it represents the half-height of
the flow channel.
G Bi
NTU n Dimensionless size of the storage unit.
\
PhhL

N. Equation (2.27a) Ratio of the total availability destroyed
during some elapsed time to the total
availability that entered the storage
system during that time.

A Equation (2.43) Ratio of the pressure availability to
thermal availability that enters the
storage system during some elapsed time.

NAP Ratio of pressure availability destroyed
during some elapsed time to the total
pressure availability that entered the
storage system during that time. For
this study, always has the value one (1).

NAT Equation (2.51) Ratio of thermal availability destroyed

during some elapsed time to the total
thermal availability that entered the
storage system during that time.
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strong function of the other optimization variables and the eight design
variables. For example, the inlet pressure availability increases for
increasing Ty and Tf,i,s/?m but gets smaller for decreases in G: and
increases in V'. If all other variables are held constant, a larger
value of T translates into a greater fluid velocity and therefore a
larger pressure drop. To overcome these increased viscous effects the
fluid inlet pressure must be increased and this results in a greater
amount of pressure availability entering the control volume. An
increase in Tf,i,s/Tm for a fixed value of T, causes a decrease in the
fluid density and therefore (by 2.70) requires an increased inlet
pressure. A decreased value of G: (all other variables constant)
physically corresponds to a larger flow channel diameter and therefore
reduced viscous effects. This permits a lower fluid inlet pressure and
therefore less entering availability. An increase in vt results in a
shorter flow channel length and therefore less pressure drop; again
allowing a lower fluid inlet pressure. Changes in the optimization
variable Big can also effect the amount of entering pressure avail-
ability during the storage period. This term was introduced during the
non-dimensionalization of the friction factor in the pressure drop
equation. Accordingly, reductions in its value, all other variables the
same, corresponds to reduced viscous effects and a lower inlet pressure
requirement. The entering thermal availability is also influenced by
changes in the design variables. An increased Tf,i,s/Tm results in a
greater amount of entering thermal availability. For a fixed TS a

+
decreased value of Cs (i.e., a larger flow channel diameter) results in
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more total fluid entering the control volume and therefore more entering
thermal availability.

The reader will recall that the NAT term is a ratio of the thermal
availability destroyed to the total thermal availability that entered
the system during some time interval. For a given set of optimization
and design variables, the total availability that enters the system in-
creases linearly with time. However, the value and time dependent be-
havior of the ratio, and therefore the value of the figure of merit, Ne»
depends on how much thermal availability is destroyed. Quite under-
standably, this destruction and its .tiﬁe dependent behavior are de—
pendent on the value of the optimization and design variables. To begin
the explanation of these interactions we will examine the effect of an
increasing storage time on NAT'

The distribution of the destruction of availability among the vari-
ous sources of irreversibility shifts with increasing time during the
storage period. In the beginning of the storage period the fluid outlet
temperature is low and, therefore, most of the entropy generation takes
place in the storage material and the fluid. As time progresses and the
fluid outlet temperature begins to rise, a greater percentage of avail-
ability destruction is due to the heat transfer between the discharged
hot fluid and the environment. All three mechanisms are still generat-
ing entropy, but the destruction of availability due to the exiting
fluid coming into equilibrium with the environment begins to dominate.
The following is a brief summary of some of the individual influences

that effect the relative magnitude of the three entropy generation

mechanisms during the storage period.
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a. As the dimensionless material aspect ratio, V+, gets larger the
length of the flow channel gets shorter. All other variables the same,
this results in a shorter fluid-material contact time, less total heat
transferred, and higher fluid outlet temperatures. Qualitatively this
results in less entropy generation in the storage material and flowing
fluid and more in the exiting fluid. An additional effect of increased
values of V' is that it increases the amount of longitudinal conduction
within the storage material. This results in slightly more entropy gen-
eration within the material.

b. Changes in the storage period Biot Number, Bis, affect the rate
of heat transfer between the flowing fluid and the storage material as
well as the temperature and temperature gradients within the storage
material. A decrease in the value of Bis results in less heat transfer
from the flowing fluid and, therefore, higher fluid temperatures along
the entire length of the flow channel. Accordingly, the fluid outlet
temperature is also greater. A decreased value of BiS also results in
smaller temperature gradients and lower absolute temperatures within the
storage material. The smaller gradients result in less entropy gener-
ation in the material, but the lower material temperatures and higher
fluid temperatures result in more entropy generation in the fluid. 1In
turn, the increased fluid outlet temperature results in more entropy
generation due to the exiting fluid reaching equilibrium with the en-
vironment. An additional complication, as equation (2.44c) shows, is
that the entropy generation in the storage material depends on the

gradient as well as the absolute value of the temperature at a point.
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Thus, it is conceivable that there are combinations of variables that
can result in reduced rates of heat transfer to the material without
significantly changing the total amount of entropy generated.

c. Decreases in the dimensionless mass flow term, G;, result in
more fluid entering the system during a given time period. All other
variables the same, this has the effect of decreasing the temperature
drop in the flowing fluid, which results in higher exiting tempera-
tures. This increases the amount of entropy generated as a result of
the exiting hot fluid coming to equilibrium with the environment.

d. Increases in the fluid inlet temperature excess, Tf,i,s/Tm re-
sult in increased rates of entropy generation by all three mechanisms.
An increase in the initial storage material temperature, with all other
variables remaining constant, causes a decreased temperature difference
between the flowing fluid and storage material. This results in less
heat transfer between the fluid and material and higher fluid temper-
atures along the entire length of the flow channel. This produces less
entropy generation in the material and more in the flowing and exiting
fluids.

The complexity of the optimization procedure is now apparent. A
change in a given variable can affect the destruction of pressure and
thermal availability in opposite directions. Decreases in G; and Big
result in lower pressure drops but cause increased amounts of thermal
availability destruction. Increases in V" also result in decreased pres-

sure drops, but increased destruction of thermal availability. 1In addi-

tion, the relative magnitude of these effects depend a great deal on the
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value of the other design variables. The analysis 1is further com
plicated because the figure of merit is a function of ratios rather than
individual generation terms and these ratios are functions of both the
storage and discharge periods. Quite obviously, the complex interac-
tions among system variables make it impossible to anticipate the values
or behavior of the optimization variables which result in a minimum
amount of entropy generation for a given design case. Rather than gen—
eralize any further, the final values for the three optimization vari-
ables will be summarized and the discussion will shift to specific re-
sults. Figures 4.1, 4.2, and 4.3 show, respectively, the optimum value
of Fo, G:, and BiS for the unconstrained, counterflow cases that are to
be discussed. The behavior of these variables will be discussed in con-

junction with the results.

Unconstrained Counterflow Cases Without a Dwell Period

The presentation of the counterflow results begins with an overall
summary of the optimum performance for a storage system then proceeds to
a detailed examination of its entropy generation characteristics. To
simplify the discussion, we will limit the analysis to the design cases
where Tm,o,s/Tm was l.l. Similar results were reached for the cases
where Tm,O,S/Tm was 1.3 and it would be redundant to discuss them in the
same detail.

The first of these summaries concerns the temperature response of a

nominal, optimized storage unit. The particular configuration to be ex~-

amined is representative of many medium temperature storage systems and

is defined by:




€ [ 4
101 = 7175 U1 yam

S9Sed> uf[sep MO[J1231UNOd ‘paureijsuodun ayi I0J Sog jJo sonyea wnuridg c{*h 2In1g

81 '*£1100[9) S5V POLIag 998101S

.Av—ﬂ- i1 1 [ [ 1 . wlo—ﬁ— 12 1 [ 1 [ i | .lc—ﬁ- 3 1 1 1 1 I 1 nloﬁ cﬂ
[ )

c0'0=,A '0'€="L/5"¥L =0

10'0=,A ‘0'6="1/5V¢L =2

g0'0=,A ‘'02="1/5"¥} =v

10°0=,A ‘02="1/5"1L =D

108

Soq ‘q18uaT powrsg sdeioyg

o1




109

oo s‘o‘u
T = "1/ 1y

§9SED UFTSOP MOT3II9IUNOD ‘paureIISUOIUN DY3 103 H Jo sonyea wnutidp *Z"% 2an81g

+ 0

81 ‘£310019) 55U polaa 9Fw103g
.o—m— 1.1 1t 1 1 ] 1 dlﬂvmﬁ- | . | [ 1 [ 1 'lﬂu-ﬁ- .11 1 [] 1 1 cﬁ. cﬁ
Y
50°0=,A '0'e="1/5" 1 =0
10°0=,A ‘0'6="1/%"¥ =
S0°0=,A '0'2="1/5 V¥ =v -
10°0=,A ‘0'2="L/5V¥ =D

.01

M/@’ 5

D ‘J 184 MOTJ Ssel polrad afei1oyg

1
S
+




110

€ <
O S AR ARVER 7Y

$958D UZTSOpP MOTJI93uUn0d> ‘paurellsuodun syl 103 Syg jo sonrea wnupido *g*y 2andryg

81 ‘£310019) S5VR poliaj aFer0)g

.c—ﬂ.- i | [} 1 1 i [ ~Iﬁw—ﬁ- | S | 1 [ ) 1 ﬂlAV—ﬁ-\- | S ] [} 1 1 ] nlcﬁ. c
: d T
€0'0=,A ‘0'e="1/5"%1, =0
10°0=,A ‘'0'e="L/5V¥1 =2
g0'0=,A ‘0°2="1/5" L =v
10°0=,A ‘'0'2="1/5"¥1, =0

S1g ‘Teqmny j01g potasyg 9Felolg



111

a. a Tf,i,s/Tm of 2.0,

b. a Tg of 0.05, and

c. aV' of 0.01.

The dimensionless, average storage material and fluid outlet tempera-
tures for this nominal operating point are shown for a complete storage-—
removal cycle 1in Figure 4.4. The dimensionless temperature
distributions for the material at the end of the storage and removal
periods are summarized in tabular form in Tables 4.14 and 4.15 and shown
graphically in Figures 4.5 and 4.6.

The temperature histories shown 1in Figure 4.4 are representative of
sensible heat storage units in general and exhibit the expected physical
behavior. The average material temperature increases with time during
the storage period and decreases during the removal period. The fluid
outlet temperature gradually increases during the storage period re-
flecting the constant fluid inlet temperature and gradually decreasing
fluid-storage material temperature difference. The fluid outlet temper-
ature during the removal period gradually decreases as a result of the
decreasing average material temperature. The storage material temper-
ature distributions shown in Figures 4.5 and 4.6 show the expected re-
sult for the small aspect ratios (i.e., very long compared to the width)
utilized for this study. Specifically, the gradients in the direction
normal to the flow are very steep but are more gradual in the direction
parallel to the flow. In addition, the temperature distribution at the
end of the removal period demonstrates one of the working assumptions of

the study. The removal period is terminated when the aver age storage

material temperature has returned to its initial value. Because of the
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temperature design case.
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Figure 4.6. Temperature distribution in the storage
material at the end of the removal period for
an optimum, unconstrained, counterflow, medium
temperature design case.
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low fluid inlet temperature and the minimal amount of longitudinal con-
duction, the material temperatures in the inlet half of the unit are
always much lower than the outlet half. It is these very low temper-
atures in the inlet half of the unit that force the average material
temperature down. This has the effect of terminating the removal period
before the entire unit has started to approach the initial material
temperature. Thus we may conclude that the assumption of an initial
uniform material temperature is not a good approximation.

Next,.those parameters indicative of the overall performance of the
optimized storage System are summarized. The first of these will be the

figure of merit, N and its components; lambda, A\, and the individual

c?

pressure and temperature entropy generation terms, N P and N Figure

A AT’

4.7 shows the figure of merit, N as a function of the three design

e
variables that were permitted to float; Tgs Tf,i,s/Tm’ and V¥. The most
prominent result shown is that N. increases for increasing T and
that Tg has the greatest impact on NC of all the design variables.
Other characteristics of optimum performance shown are:

a. For a given T and V+; an increase in Tf,i,s/Tm produces a
lower value for Nc, that is a more efficient storage unit.

b. For a given T and Tf,i,s/ Tm; an increase in V' results in a
larger value for N., that is a less efficient storage unit.

c. For low values of Ty V™ is the second most influential vari-
able; but as T increases to its maximum value Tf,i,s/?w becomes the
second most influential.

Except for the absolute values of the variables, the strong influence of

T and the behavior of Nc with respect to changes in Tf,i,s/Tm are
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identical to the results obtained by Krane [46] for the lumped element
storage system.

Figure 4.8 shows the optimum values of the individual pressure and
temperature entropy generation terms; N and N,... As this data show,

AP AT

the NAP term is always unity. This reflects the requirement that the
fluid must enter the storage unit at a pressure just great enough to
overcome the effects of friction. It also shows that for all combina-
tions of the three floating design variables, the fraction of entering
temperature availability destroyed during a cycle increases as Ts in-
creases. Other characteristics of thermal availability destruction for
an optimum, unconstrained, counterflow design are that:

a. for the same value of V+, a higher Tf,i,s/Tm results in a
smaller fraction of the entering thermal availability being destroyed,
and

b. for the same value of Tf,i,s/Tm a higher value of V' results in
more of the entering thermal availability being destroyed.

To understand the behavior of the NAT term, recall the trends of
the optimization variables shown in Figures 4.1, 4.2, and 4.3 (pp. 108,
109, and 110). Over the range of Tg examined, Fog increased and G: and
Bi, decreased. These changes combined to force more fluid through the
system for a longer time at a higher outlet temperature which resulted
in a higher percentage of the entering thermal availability being
destroyed.

The optimum behavior of the availability distribution ratio, A, is

shown in Figure 4.9. These data show that for all combinations of

+ . ;
Tf i S/T°° and V', XA increases as TS increases. As was the case for the
’ bl
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figure of merit, N

e Tg also has the greatest impact of any of the de-

sign variables. The reasons for this behavior can best be explained by
examining the components of A. These are the total amounts of pressure
and thermal availabilities, WAP and WAT’ of the fluids that enter during
the storage and removal periods. The optimum values of these terms are
shown in Figures 4.10 and 4.l11. These data show that for low values of

T WAT dominates resulting in low values for A. As T increases, the

S’
optimum value of wAP increases until it is the same order of magnitude

T The entering pressure availability shows the expected de-

as WA
pendence on v* and Tf,i,s/Tw less for lower values of V' and more for
higher values of Tf,i,s/Tm’ The behavior of the entering thermal avail-
ability is consistent with the fact that the optimum storage time in-
creases and the optimum value of G: decreases for increases in Tge

It is the increasing amount of pressure availability that causes
the observed behavior of A. It results from the requirement that the
fluid must enter the storage unit at a pressure just great enough to
overcome viscous effects. We conclude that the destruction of increas-—
ing amounts of pressure availability as Tg increases causes the observed

behavior of the figure of merit, N This dependence 1is best

ce
illustrated by examining the components of the figure of merit for a
nominal design case. Typical values for these components are summarized
in Table 4.16 for the same medium temperature case that was summarized
in Figure 4.4 (pp. 112). This data shows that even though NAP is con-
stant and NAT is always increasing; the increasing value of A causes the

figure of merit to increase as T increases. This results in thermal

destruction being the dominant mechanism for low values of T and
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pressure destruction becoming the primary contributor as g approaches
its upper limit.

With this understanding of the behavior of the figure of merit, it
is now practical to proceed with the analysis of the optimization vari-
ables summarized in Figures 4.1, 4.2, and 4.3 (pp. 108, 109, and 110).
To begin, we make the following observations:

a. for increasing values of Tgs the optimum value of G; and BiS
decrease and the optimum value of Fos increases,

b. changes in T, appear to have the most influence on the final
value of the optimization variables with V¥ being the next most in-
fluential variable, and

c. the rate of decrease of all three variables generally increases
as T approaches its upper value.

The continued decrease in the values of G: and BiS for increasing values
of T, occurs because of the increasing amount of pressure availability
being destroyed. As previously explained, decreases in these variables
reduce viscous effects and it is therefore reasonable to expect this be-
havior. The influence of V' on the absolute value of these two variables
is also consistent with the known physical situation. Increases in V'
result in a shorter flow channel length and therefore one should expect
that smaller decreases in G: and Bi, are necessary to achieve a minimum
amount of entropy generation. The increase in the rate of change of all
three optimization variables can also be attributed to the increasing
amount of pressure availability destruction. As the pressure destruction
begins to dominate, greater changes in the optimization variables are

required to effect reductions in the amount of entropy generation.
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The optimum storage unit dimensionless size, NTU, for the counter-
flow design cases is summarized in Figures 4.12 and shows very clearly
that the NTU decreases with increasing Ty Except for the value of the
NTU, this is the same result that Krane [46] reached for the lumped
storage element system. Other optimum size characteristics include:

a. for a given Tf’i’s/'l‘°° increasing v* results in a much smaller
sized unit, and

b. for a given value of V+, an increase in Tf,i’s/T°° results in a

much larger optimum size.
The behavior of the NTU with respect to T is consistent becauée G: and
Bi, also decrease with increasing Ty Decreases in G: (for fixed fluid
and storage material properties and fixed width of the storage element)
correspond to increased mass flows which cause a decrease in the NTU of
a unit. Decreases in Big correspond to a decreased heat transfer coef-
ficient which also reduces the value of the NTU. The strong dependence
of NTU on V' is also consistent with the known physical situation. De-
creases in VT correspond to a shorter flow channel length which results
in a reduced heat transfer surface area and therefore a reduced value of
the NTU.

Having summarized optimum second law performance and size charac-—
teristics of the storage element, it is now appropriate to make some ob-
servations concerning the relationship between the optimum NTU and the
corresponding value for N.. Comparing the results shown in Figures 4.7
(p. 118) and 4.12, it can be seen that reducing T from 0.05 to 0.005

always causes an increase in the optimum NTU of the unit and a decrease

in N.. Furthermore, the size of such a change is a strong function of
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vt. For the design cases where V' was 0.01, there was a corresponding

decrease in Nc for a given increase in NTU. The same is not true, how-

ever, for the cases where V' was 0.05. For the case where Tf i S/Tm was
=+

2.0 and V' was 0.01l; reducing T the indicated amount caused a 44.% in-

crease in the NTU and a 43.7% decrease in Noo For a Tg j /T of 3.0 and

sLy L4

the same V+; reducing T resulted in a 30.%Z increase in the NTU and a

32.% decrease in N.. For the case where vt was 0.05 and Te S/T was
sty L4

2.0, reducing T the indicated amount increased the NTU by only 9.7% but

caused N, to decrease by 17.%Z. For a T /T_ of 3.0 and the same V+;

c f,i,s' ‘=
reducing T, resulted in a 9.% increase in the NTU but a 14.% decrease

in N Thus, we may conclude that for the aspect ratios examined, re-~

c*
ducing T, can result in moderate gains in performance for relatively
small increases in NTU. These results differ from those Krane [46] ob-
tained in that a given increase in NTU for the lumped element system was
not matched by a corresponding reduction in the figure of merit.

A somewhat different result was observed when T, was increased from
0.05 to 0.5. As before, the relationship between decreases in the
optimum NTU and the corresponding reduction in system performance is a
strong function of V'. For the cases where the Tf,i,s/Tm was 2.0 and V'
was 0.01; increasing T from 0.05 to 0.5 resulted in a 35.% reduction in
NTU but a totally unacceptable 270.% increase in N.- For the same
Tf,i,s/Tm and a V' of 0.05; increasing Tg the indicated amount resulted
in a 51.% decrease in the NTU, but a 75.% increase in N..

The first law efficiencies for the optimum counterflow systems are

shown in Figure 4.13. This data illustrates a fundamental second law
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considerations; that is these systems have poor first law effic-
iencies. The storage system with the lowest figure of merit, and there-
fore the best second law performance, also has the poorest first law ef-
ficiency. As the figure of merit increases (indicating a less efficient
system), the first law efficiency increases. Similar results were
reached by both Bejan {[44] and Krane [46]. We note that the first law
efficiency increases while the value of Bi, decreases. Since this term
is directly proportional to the average storage material temperature,
this behavior would seen contradictory. It is explained, however, by
the fact that the optimum storage time increases as BiS decreases. We
conclude that even though the rate of heat transfer decreases as BiS de-
creases, the total amount of heat transfer increases due to increased
storage times.

The distribution of the thermal availability destroyed during the
storage period is summarized in Figure 4.l4 for the design cases where
Tf,i,s/Tm was 2.0. The results for the cases where it was 3.0 have the
same trends and will not be shown here for the sake of brevity. Figure
4.14 shows the fraction of total thermal availability destroyed during
the storage period for each of three mechanisms: conduction in the
storage material, heat transfer between the fluid and storage material,
and heat transfer between the discharged hot fluid and the environ—

ment. These data show that the distribution is not a strong function of

V+

and that over the range of T examined, the contribution due to con-
duction in the storage material dominates until Ts approaches its upper

limit of 0.50. During the this time, the next largest contribution is

from heat transfer between the fluid and storage material followed by
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that due to the discharged hot fluid coming to equilibrium with the en-
vironment. As Tg approaches its upper value of 0.5, the contribution
due to heat transfer from exiting hot fluid increases and begins to dom-
inate., As this happens, the contributions from both the conduction in
the storage material and heat transfer between the fluid and storage
material decrease, with the material conduction fraction always being
larger. Again we note that these trends are consistent with the be-
havior of the optimization variables summarized in Figures 4.1, 4,2, and
4.3 (pp. 108, 109, and 110). Increases in G: and decreases in Big re-
sult in more fluid exiting at a higher temperature. Also, increased
values of Fog, result in a higher percentage of the total availability
destruction occurring in the exiting fluid. We conclude that for all
but the highest mass velocities, entropy generation within the storage
material is a significant contributor to the total entropy generated in
a storage—removal cycle.

There is one other significant result concerning the operation of
optimum counterflow systems: the distribution of total amounts of en-—
tropy generated in the storage and removal periods. An examination of
the data in Tables 4.1, 4.3, 4.5, and 4.7 (pp. 89, 91, 93, and 95) shows
that for the design cases summarized above, the total amount of entropy
generated during the storage period, including that attributable to the
exiting fluid, is approximately twice that generated during the removal
period. Also, there is consistently less entropy generated in the
storage material during the removal period than during the storage
period. It is not known if this behavior accurately reflects the phy-

sical situation or results from the assumption of a uniform material
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temperature at the beginning of the storage period. This disparity how-
ever does not hold for entropy generated by heat transfer between the
fluid and storage element. As Tg increases for a given set of design
variables, the entropy generated in the fluid during the removal period
approaches and in some cases slightly exceeds that of the storage
period. The primary result though is the fact that only one third of
the total thermal irreversibilities of a cycle occur during the removal
period. This raises the concern that as g increases and the influence
of the tﬁermal irreversibilities on the figure of merit decreases; en-
tropy generation due to heat transfer during the removal period does not
significantly effect the optimization process. This concern will be ex—-
plored in more detail during the discussion of the performance of the
mathematical model.

The optimization results for the design cases where the initial

storage material temperature excess, T To was 1.3 will now be

m,o,s/
presented. As previously indicated, these results are very similar to
those where Tm,o,s/Tw was l.l. The qualitative behavior of the
optimization variables and other descriptions of system performance were
in fact identical. The differences between the cases occurred only in
their actual values. The major result of this analysis was that in-
creasing the initial material temperature resulted in slightly lower

figures of wmerit. This behavior is summarized in Figure 4.15 for the

same set of design variables utilized for the cases where T /Ty was

m,o0,s
l.1. An examination of the data summarized in Tables 4.l to 4.8 (pp. 89
through 96) shows the following additional differences for an optimum

design with a higher initial material temperature:
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a. lower values of Fog, higher values of Gs+, and lower values of
Bi, were generally required for an optimum system,

b. lower total amounts of thermal and pressure availability were
destroyed as well as smaller fractions of entering thermal availability,

¢c. there was less entropy generation due to conduction in the
storage material and heat transfer between the fluid and material, and
more due to the discharged hot fluid reaching equilibrium with the en-
vironment,

d. larger NTUS were required, and

e. first law efficiencies were lower.
We coanclude that higher initial material temperatures result in units
that are slightly more efficient (i.e., lower values of Nc) but also
have large NTUs. These are the same qualitative results that Krane [45]

reached for the lumped element system.

Unconstrained Parallel Flow Cases

The parallel flow configuration was optimized with the same set of
medium temperature design variables summarized in Figure 4.4 (p. 112).
The most general result is that this configuration (with and without a
dwell period) resulted in optimum systems with higher figures of merit
than the comparable counterflow cases without a dwell period. These re-
sults are summarized in Figure 4.16 and show the figure of merit for the
two parallel flow designs as well as the comparable counterflow case.
These data show that, over the range of T examined, the performance of
the parallel flow cases was consistently worse than that for the
counterflow base case (i.e., the set of design variables summarized in

Figure 4.4). We also note that the figures of merit for both parallel
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cases were essentially the same and the difference between them and the
counterflow case decreased as Tg approached 1ts upper value. This be-
havior is attributed to the increasing amounts of pressure availability
destruction. As Tg increases the 1influence of the thermal
irreversibilities on the value of the figure of merit decreases. It is
not unreasonable then to expect the performance of the parallel designs
to approach that of the counterflow case in those operating regions
where pressure availability destruction dominates.

‘An examination of the optimization results presented in Tables 4.9
and 4.10 (pp. 97 and 98) shows the following additional optimum oper-
ating characteristics of the parallel flow designs:

a. Both designs (i.e., parallel flow configuration with and with-
out a dwell period) generally required longer storage periods and lower
values of GS+ and Bis for an optimum system than the counterflow case.

b. Both designs destroyed higher total amounts of pressure and
thermal availability as well as destroying a higher percentage of the
entering thermal availability. The design without the dwell period
destroyed the largest percentage of entering availability.

c. During the storage period, each of the three entropy generation
mechanisms destroyed more availability in the parallel flow designs than
in the counterflow case.

d. The first law efficiencies of the parallel flow designs were
both higher than the counterflow case, with the design without the dwell
period generally having the highest efficiency.

e. Over the range of Tg examined, both parallel flow designs re-

sulted in a smaller optimum NTU. The design with the smallest size
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varied as g increased. For low values, the dwell period design re-
sulted in the smallest NTU. At the maximum value of Tg the dwell period
design had the largest optimum NTU.

f. The dwell period elapsed dimensionless times were on the order
of 6500. By comparison, the storage period dimensionless times for all
counterflow and parallel cases ranged from 0.5 to about 6.0. The amount
of entropy generated by conduction in the storage material during the
dwell period averaged 24.7 of the amount generated during the storage
period and approximately 10.7 of the total generated for the entire
storage-removal cycle. Depending on the value of T @ dwell period in-
creased the total entropy generated during a cycle from 12.% to 67.%
over that for the counterflow case.

We conclude that the parallel flow configuration, with and without
a dwell period, results in optimum systems that are less efficient than
those of the corresponding counterflow design. This was the same qual-
itative result that Mathiprakasam and Beeson [45] reached during their

simplified second law analysis of thermal energy storage systems.

Constrained Counterflow Cases Without a Dwell Period

The constrained optimizations were defined to assess the sensitiv-

ity of the figure of merit, N to two process parameters that are

¢
closely related to the economic viability a system design; its size
(NTU) and its first law efficiency. Two cases were executed with the
same set of médium temperature design variables summarized in Figure 4.4
(p. 112). The principle result obtained was that the second law ef-

ficiencies for both cases were poorer than the nominal counterflow

case. These results are summarized in Figure 4.17 and show the figure
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of merit as a function of g for the two constrained designs as well as
for the counterflow case.

Examining the optimization results summarized in Table 4.11 (p. 99)
shows the following specific results for the cases where the storage
system NTU was constrained to a maximum value of ten:

a. The optimum values of the figure of merit were greater than the
counterflow case for all values of T examined. This difference, how-
ever, decreased as g approached its maximum value. Nc increased ap-
proximately 63.%, 22.%Z, and 1.5%Z for values of g of 0.005, 0.05, and
0.5 respectively. Corresponding reductions in the value of NIU were ap-
proximately 81.%Z, 73.%Z, and 57.%.

b. Compared to the counterflow case, smaller values of GS+ and Big

and larger values of Fo, were required for an optimum system. The value

+

of GS

decreased approximately 5.6%, 29.%, and 32.% for values of Ty of
0.005, 0.05, and 0.5 respectively. Corresponding reductions in Bi, were
80.%, 61.%, and 38.% respectively. Increases in Fo, for the correspond-
ing values of T, were 48.%, 27.%, and 12.%. Reductions in GS+ and Big
were expected since these are the two optimization variables that
determine the value of the NTU. Their product must decrease if the NTU
is to decrease.

c. The first law efficiencies of the constrained systems were con-
sistently higher. Again we note that this behavior is consistent with
the longer storage periods.

d. The constrained systems destroyed essentially the same total

amount of pressure availability but considerably more total thermal

availability than the counterflow base case. For values of Tg of 0.005,
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0.05, and 0.5; increases of 160.%, 230.%, and 174.% respectively were
calculated.

We conclude that constraining the dimensionless storage unit size
to moderate values results in less efficient units and the degradation
of system performance, as measured by the value of N., is a strong func-
tion of Tge This raises the possibility that some units could be oper-—
ated away from their optimum design point without adversely affecting
their second law efficiency. Such a move should be considered carefully
though, given the large increases in total thermal irreversibilities
that would accompany such off design operation.

The results for the design where the storage period first law ef-
ficiency was constrained to a minimum value of 0.90 are summarized in
Table 4.12 (p. 100). Specific observations and conclusions are:

a. The optimum values for the figure of merit were larger than the
counterflow case for all values of T examined. As was the case when
the NTU was constrained, the performance degradation was a strong func-
tion of Tge N. increased approximately 46.%, 15.%, and 1.6% as Ty in-
creased from 0.005 to 0.5. The corresponding reductions in the value of
NTU were approximately l.%, 14.%, and 20.%

b. Smaller values of Gs+’ larger values of Bi, and longer storage
times were required for an optimum system. The value of GS+ decreased
approximately 23.7Z, 4.%Z, and 24.% as Tg increased from 0.005 to 0.5.
Corresponding 1increases in the value of Bi, were 29.%, 10.4%, and
5.6%. Fog, increased approximately 138.%, 10l.%, and 15.% as Tg in-
creased from 0.005 to 0.5. The behavior of GS+ and Big are consistent

with the physical system and the type of constraint imposed. Larger
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values of BiS increase the rate of heat transfer to the storage
material. Reductions in the value of Gs+ increase the temperature drop
in the fluid. This would increase the rate of heat transfer to the
storage material and consequently reduce the exiting fluid temperature.

c. The constrained systems destroyed more total pressure and
thermal availability than the counterflow case and, like previous re-
sults, this behavior was a strong function of Tge At the three values
of T, examined, the total thermal availability destruction increased ap-
proximately 356.%, 207.%, and 113.%. Increases in total pressure avail-
ability destroyed at the same points were 263.%, 48.%, and 23.%.

We conclude that constraining the storage unit first law efficiency
results in less efficient units (i.e., larger values of Nc) and that the
degree of degradation is a strong function of Tge As was the case when
size constraints were imposed, this result suggests that the some off-
design operation is possible without significantly affecting the second
law efficiency of the unit. Again, this option should be considered in
conjunction with the increased amounts of total availability destruction
that can occur.

Critique of the Mathematical Model

The purpose of this section of the document is to assess the per-
formance of the mathematical model developed for this study. Three
specific areas will be addressed:

a. the effects of some of the assumptions utilized in the model,

b. the accuracy of the optimization results, and

c. the performance of the GRG2 optimization routine.
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Given the complexity of the problem, the assumption that the stor-
age period begins with a uniform storage material temperature was made
for the sake of simplicity. It was eventually proven, however, not to
be a good approximation as a substantial temperature gradient existed in
the storage material at the end of the removal period. As a conse-
quence, future analyses should include a procedure involving successive
iterations using the temperature distributions at the end of the previ-
ous removal period as the initial condition for the next storage
period. This increased rigor will also permit the identification of the
cause for another interesting operating characteristic. It should be
recalled that the majority of the counterflow systems optimized
destroyed more thermal availability in the material during the storage
period than during the removal period. Given that the fluid mass
velocities, heat transfer coefficients, and physical geometry were the
same for both periods, the most plausible explanation is that there are
different time averaged, material-fluid temperature differences for the
storage and removal periods. The iterative execution sequence described
above would determine if the characteristic is caused by incorrect stor-
age material temperatures during the storage period or is a valid con-
sequence of the lower entering fluid temperature and severe storage
material temperature gradient during the removal period.

The accuracy of the results for a given design case were verified
by showing that changes in the final value of the optimization variables
produced higher values for the figure of merit, N.. To accomplish this,
(n=1) of the n optimization variables were fixed at the value determined

by GRG2 during the original optimization. The value of the remaining
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th variable) was then varied and the

optimization variable (i.e., the n
behavior of the figure of merit observed. If it increased for all but
the original optimum value, then the original value was shown to be a
minimum.

This procedure was executed for six unconstrained, counterflow de-
sign cases, which represented a cross section of the design variables
utilized for the study. The design variables for each case as well as
an indication of how the original optimization was terminated is summar-
ized in Table 4.17. The termination data are presented now but will be
discussed later. The results of this verification procedure are summar-
ized in Figures 4.18, 4.19, and 4.20. Figure 4.18 is for the iteration
where only G: was varied, Figure 4.19 where only Bi;, was varied, and
Figure 4.20 where only Fo, was varied. Each figure shows a plot of the
figure of merit as function of the particular optimization variable be-
ing varied. The original optimum point for each case appears as a large
asterisk. Each figure also shows a vertical line which represents the
initial value of the variable (i.e., first guess for the optimum value)
that was used in the original optimization.

An examination of these results for each optimization variable
shows that the value of the figure of merit either increased away from
each original optimum value or gradually increased or decreased through
the original optimum value. We conclude that GRG2 was successful in
locating a minimum value or, at least, a value in a "minimum region”
where the figure of merit was changing only slightly. The insensitivity
of GRGZ in these "minimum regions” is attributed to two causes; the in-

tense numerical nature of the problem and the step size that GRG2 used

to calculate the partial derivatives of the figure of merit.
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Calculating a value for the figure of merit requires a large number
of individual calculations. For both the storage and removal periods
there are a series of 59 transient temperature calculations. Within
each time increment there are both one and two-dimensional integra-
tions. At the end of each period there are additional one-dimensional
integrations. As previously explained GRG2 was required to calculate
objective function partial derivatives with the same routine which cal-
culated a value for the figure of merit, using a fixed increment size.
Given these circumstances it is reasonable to expect that "small" step
sizes would partially obscure any real changes in the value of the
figure of merit because of the errors propagated through the large
number of individual calculations that had to be performed.

An example of this type of behavior can be seen in case numbers
four and five. GRG2 terminated these runs with its most rigorous status
message; that the final point meet the Kuhn-Tucker criteria. Kuhn—-
Tucker are a set of conditions which indicate that a true local minimum
point has been found within the tolerance specified by the user. How-
ever, an examination of the results shown in Figures 4.18 through 4.20
indicate that final values of G: and Fo, can be changed and further re-
duce the value of the figure of merit. Since the termination tolerance
specified for these runs was 1.0 x 10~ and reductions in the figure of
merit greater than this could have been achieved, we conclude that the
increment size used to calculate the partial derivatives was of such a

size as to obscure the real change in the figure of merit.
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Case two illustrates the effect of beginning an optimization run
with improper initial values of the optimization variables. As previ-
ously explained, a set of initial values for the optimizations variables
was defined during the verification effort and used for all subsequent
design cases., As the data in Figures 4.18 through 4.20 shows, using
this set for case two resulted in values of the figure of merit in a
region of the surface with little sensitivity to Big, or Fog. As a re-
sult, GRG2 could not find a better point after nine complete optimiza-
tiop iterations and terminated. Although a small step size certainly
contributed to the inability of GRG2 to determine which direction to
proceed, this result is primarily due to poor initial values for the
optimization variables.

We conclude that GRG2 is capable of optimizing large, complicated
problems but requires considerable preparation to operate properly.
Prior to a run it is necessary to specify appropriate initial values for
the optimization variables, to define an appropriate incremental length
to calculate partial derivatives, and to have correctly scaled the
problem. Since each of these requirements can change between problems,
and even between cases for the same problem, we also conclude that GRG2
is somewhat problem specific and should be reprepared when significant

changes occur in the problem statement.
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5. CONCLUSIONS AND RECOMMENDATIONS

Based on the analysis and results presented, the following obser-
vations, conclusions, and recommendations can be made about the design
and operation of sensible heat thermal energy storage systems that have
been optimized to minimize entropy production.

a. The entropy generation attributable to material conduction is a
major contributor to the total thermal irreversibilities associated with
the operation of sensible heat storage unit. Over the range of vari-
ables examined, this contribution accounted for between 26.% and 60.% of
the total thermal availability destruction that occurred during a com-
plete storage-removal cycle.

b. The storage material geometry, specifically the storage element
aspect ratio, V+, has a significant impact on the optimum design of
these types of systems. The effect of V' on the value of N. is exceeded
only by that of the fluid mass velocity, Tge

c. The counterflow configuration without a dwell period operates
more efficiently than the parallel flow configuration, with or without a
dwell period. Dwell periods in general were shown to be impractical be-
cause of their extreme length and their negative impact on the figure of
merit. Depending on the value of TS, a dwell period increased (over the
corresponding counterflow design) the total thermal entropy generated
from 12.7% to 67.%.

d. The thermodynamic efficiencies of these types of storage sys-
tems are extremely poor, in that over the range qf variables examined in
this study, they destroyed from 20.% to 82.% of the entering thermal and

pressure availability.
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€. The optimum figure of merit 1is relatively insensitive to
changes in the size (NTU) of the storage unit, but this insensitivity is
a strong function of Tge This agrees with the results of Krane
[46,47]. Operation slightly away from an optimum size should be consid-
ered carefully, however, because of the large increases in total thermal
and pressure availability destruction that can accompany such moves.

These specific results can be generalized to give a generic set of
design guidelines for the type of storage unit examined in this study.
First, anyone wanting to specify a conceptual design of a storage system
that minimizesvenfropy generation should consider only counterflow units
that operate without a dwell period. The following guidelines should
then be followed to define a starting point for the design optimization
study:

a. Nominal values for Tg and V¥ on the order of 0.05 and 0.05 re~-
spectively should be utilized. These values were shown to produce the
most reasonably sized systems.

b. Values of 2.0, 0.15, and 6.0 should be used as the starting
values for the optimization variables FOS, G:, and BiS respectively.
These values are representative of all the optimum values at or near the
nominal value of Tq defined above and as such are excellent starting
points for a design procedure.

The secondary purpose of this study was to demonstrate that it was
practical to conduct a sophisticated design optimization study using in-
dividual temperature and pressure entropy generation terms. The results
presented herein show that such procedures are indeed workable and pro-

vide consistent results. There are, however, two comments concerning
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the mathematical model and optimization program that are pertinent to
future studies:

a» The assumption of a uniform initial material temperature for
the start of the storage period was shown to be not representative of
the physical situation. Large temperature gradients were found to exist
in the storage material at the end of the removal period. The
mathematical model and its execution should be modified in future
studies to include the effects of these large gradients.

b. The ability of the GRG2 optimization program to find minimum
values of the figure of merit was acceptable given its intensely numer-
ical nature but required considerable preparation to use. Future
studies should either 1limit the range of design variables examined or
ensure that GRG2Z is reprepared when major changes are made in the

problem description.

Recommendations for Future Study

The results of this study have also identified areas for future
study. These include analyses of heat transfer augment ation devices,
the operation of several storage units in series, and a design optimiza-
tion constrained by economic considerations. These were previously
identified as prospective areas for study by Bajan [14] and Krane [46]
and their validity has been re-established by this study.

For nominal values of the fluid mass velocity (i. e. Tg 0.05), a
significant fraction of the total entropy generated during a storage—
removal cycle occurs as a result of heat transfer through finite temper-

ature differences rather than viscous friction. Relatively simple
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design changes however have the potential to significantly reduce the
effects of two such mechanisms: convective heat transfer within the
flowing fluid and convective heat transfer between the exiting hot fluid
and the surroundings.

a. Convective heat transfer between the flowing fluid and the
storage material accounted for between 24.% to 36.% of the thermal ir-
reversibilities generated during a complete cycle. Heat transfer aug-
mentation devices have the potential to reduce the fluid-material tem-
perature difference and thus decrease the entropy generation attribut-
able to this mechanism. The effect that these devices might have on the
other entropy generation mechanisms is not clear. In any event, their
net effect on the optimum design and operation of these types of storage
units should be established in some future study.

be Thermal availability destroyed as a result of the discharged
hot fluid reaching equilibrium with the environment accounted for as
much as 67.%7 of the thermal irreversibilities generated during the stor-
age period. This destruction could be greatly reduced by connect ing
several storage units in series. With this flow arrangement, the avail-
ability contained in the exiting hot fluid of the first unit would not
be destroyed but would be the availability source for subsequent
units. Thus, an investigation to determine the optimum number of units
and their operation should be carried out.

As pointed out by Krane [46], the optimum design and performance of

a sensible heat storage unit must eventually be defined in economic

terms. Given the progress made by this and previous studies [14,46,47]
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in defining fundamental, optimum, operating characteristics, it is rec-
ommended that future studies concentrate less on the effects of Tg and
define optimum systems for some nominal mass velocity as a function of
both economic considerations and the material aspect ratio, AR This
variable was shown to have a significant impact on the optimum design,
and its effect should be defined in greater detail. Futhermore, it is
recommended that any economic criterion be treated as constraints on the
optimum design rather than as the objective function to be minimized.
This has the benefit of allowing a range of constraints, such as differ-
ent initial capital costs, to be considered. This approach will also

provide data to quantify Bejan's definition of an optimal thermal sys=-

tem; namely "the least irreversible system that a designer can afford.”
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The following is a glossary of the names and functions of the sub-
routines in the ENTROP program. They are listed in the same order that
they occur and a listing of the program and some typical output is also
included. Although mentioned in the body of the report, it should be
repeated here that the subroutines DECOMP, DGBFA, DAXPY, DSCAL, IDAMAX,

DGBSL, and DDOT were not written by the author but taken from the CORLIR

public domain computer library.

GCOMP: This is ENTROP's primary subroutine and the interface to the
GRG2Z optimization program. It contains the routing to conduct
the five most basic calculations. The only calculation it per-
forms itself, besides initializing data arrays, is the figure
of merit. This subroutine contains the instructions steps
illustrated in Figure 3.1.

BiIB2: Calculates the Bl and B2 coefficients of the discretized ma-
terial conduction equations. These coefficients are defined in
Appendix B.

GUTS: Performs the routing and calls to calculate the fluid-material
transient temperature response for one time increment. This
subroutine contains the iterative sequence illustrated in
Figure 3.2.

CONST: Calculates the discretized material conduction equation con-
stant array for each time period.

DECOMP: Decomposes the wall temperature polynomial curve fit coeffi-
cient array by a gaussian elimination procedure.

DEFINE: Defines the coefficient array for the discretized material con-
duction equations and stores this array in DGBFA and DGBSL's
working matrix.

DGBFA: Factors the discretized material conduction equation set work-
ing matrix using a gaussian elimination procedure.

DAXPY: Performs a vector operation needed by the DGBFA and DGBSL sub-
routines. It multiplies a constant times a vector, then adds
the results to a second vector.

D5CAL: Performs a vector operation needed by DGBFA. It scales a
vector by a constant,




IDAMAX:

DGBSL:

DDOT:

INTERP:

ONEDIM:

SGEN:

SOLVE:

SWAP:

TBAR:

TFLINT:

TFLCRV:
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Performs a vector operation needed by DGBFA. It finds the
index of an element having the maximum absolute value.

Solves the banded system, A*X=B using the factors supplied by
DGBFA.

Performs a vector operation needed by DGBSL. It forms the dot
product of two vectors.

The interpolation routine used to determine material wall tem—
peratures as a part of the fluid temperature solution pro-
cedure.

Performs the one-dimensional integration of discrete data
points. This routine is used to integrate rates (i.e., per
unit length) of entropy generation along the flow channel dur-
ing a given time increment and also the rates of material,
fluid, and exiting fluid entropy generation at the end of the
storage, dwell, and removal periods.

Calculates the material, fluid, and existing fluid rates of en—
tropy generation for each of the material and fluid nodes, for
each time increment.

Solves the linear system A*X=B, It is used to calculate the
coefficients of the wall temperature polynomial curve fit. In
this system, A is the curve fit equation set coefficient matrix
(that is the summation of the length terms), X is the unknown
coefficient matrix, and B is the matrix of known nodal temper-—
atures at the storage materials convective boundary.

Initializes the material temperature array at the start of each
iteration during the fluid temperature solution procedure. It
initializes the material temperature array using the solution
from the previous time step. It is also called prior to the
removal period and if a two-dimensional material temperature
distribution is desired. If a parallel flow arrangement is re-
quired, it merely initializes the array. If a counterflow ar-
rangement 1is required, it "swaps” the horizontal elements of
the temperature array.

Calculates an average storage material temperature using all
the nodal temperatures.

Solves for. the fluid temperatures using a fourth-order Runge-
Kutta technique. This particular routine determines the wall
temperatures using the interpolation technique.

Solves for the fluid temperatures using a fourth-order Runge-
Kutta technique. This routine uses the results of the poly-
nomial curve fit to calculate the wall temperatures.



THCHW:

TWLCRV:

TWODIM:

WCHNDE ¢

WHCH:

WHCHT:

WRTO1:

REPORT:
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Calculates the coordinate location, that is the (i,j) position,
of a material node given that nodes unique number.

Performs the second-order polynomial curve fit of the wall tem—
peratures. This routine develops the coefficient and constant
matrix as a function of the number of nodes in the X direction.

Performs a two-dimensional integration of discrete data
points. It integrates the rates (i.e., per unit volume) of en—
tropy generation at each of the nodes during each time incre-
ment.

Determines which particular coefficient array element is being
defined in the DEFINE subroutine. It then initializes the ap-
propriate coefficient for that element.

Using an (i,j) pair, this routine identifies nodal points by
type; such as the (1,1) corner or the Y=0 face.

Determines a unique nodal number for a given (i,j) location.
Writes out a spacially correct material temperature field.

Writes the program output. Although written by the author, it
is called by GRG2Z at the completion of an optimization run.
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SUBROUTINE GCOMP (G,X)
PROGRAM AND FILE NAME IS ENTROP.
PROGRAM TO CALCULATE ENTROPY GENERATION CHARACTERISTICS OF A

SENSIBLE HEAT THERMAL ENERGY STORAGE DEVICE. IT WAS INITIALLY
CONSTRUCTED BY M.J. TAYLOR DURING 1985.

THE FOLLOWING IS A BRIEF SUMMARY OF THE DATA REQUIRED

PER RUN. IN INTERPRETING THIS DATA YOU SHOULD KEEP SEVERAL
THINGS IN MIND. THESE ARE: (A) ALL AMOUNTS ARE DIMENSIONLESS,
(B) AN "EXCESS" IS DEFINED AS AN AMOUNT DIVIDED BY EITHER THE
AMBIENT TEMPERATURE OR AMBIENT PRESSURE.

BID (R); BIOT NUMBER FOR DISCHARGE PERIOD
BIS (R); BIOT NUMBER FOR STORAGE PERIOD
CLOSE (R); TEMPERATURE CONVERGENCE CRITERIA
FIPXD (R); FLUID INLET PRESSURE EXCESS FOR
THE DISCHARGE PERIOD
FIPXS (R); FLUID INLET PRESSURE EXCESS FOR
THE STORAGE PERIOD
FITXD (R); FLUID INLET TEMPERATURE EXCESS FOR
THE DISCHARGE PERIOD
FITXS (R); FLUID INLET TEMPERATURE EXCESS FOR
THE STORAGE PERIOD
FNUM (R); TOTAL ELAPSED STORAGE TIME.
GPLSD (R); G "PLUS™ VARIABLE FOR DISCHARGE PERIOD
GPLSS (R); G "PLUS" VARIABLE FOR STORAGE PERIOD
IDIST (I); WHETHER OR NOT A 2-D MATERIAL TEMPERATURE
IS DESIRED FOR THE START OF THE DISCHARGE
PERIOD:
1= UNIFORM TEMPERATURE DESIRED
2= 2-D DISTRIBUTION DESIRED
IGEOM (I); GEOMETRY BEING ANALYZED:
1= FLAT SLAB
2= HOLLOW CYLINDER
IWHCH (I); METHOD TO DETERMINE WALL TEMPERATURES
DURING FLUID TEMPERATURE SOLUTION:
1= CURVE FIT
2= INTERPOLATION
ISWAP (I); WHETHER OR NOT HORIZONTAL MATERIAL
TEMPERATURE FIELD IS SWAPED PRIOR TO
DISCHARGE PERIOD:
1= DO SWAP
2= DON'T SWAP
M (I); NUMBER OF NODES IN THE Z DIRECTION.
MITX (R); INITIAL MATERIAL TEMPERATURE EXCESS
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N (I); NUMBER OF NODES IN THE Y DIRECTION.

NTMSS (I); NUMBER OF INCREMENTS ELAPSED TIMES ARE
BROKEN UP INTO

ROVRCP (R); GAS CONSTANT/ SPECIFIC HEAT FOR THE
FLOWING FLUIDS. ONLY ONE VALUE IS USED
FOR BOTH STORAGE AND DISCHARGE PERIODS.

VPLS (R); 1/2 THICKNESS/LENGTH RATIO OF THE STORAGE
MATERTAL.

IMPLICIT REAL*8(A-H,0-2)

INTEGER*2 INIT

REAL*8 IMT,MITX,NDFITS,LRGEST ,NDFITD,NSUBS,NDFIPS,NDFIPD,
NTUS ,NTUD,MDOTS ,MDOTD ,MRAT ,MATSTR ,MATSS ,MATDB ,MATDE
DIMENSION ZDIST(10),TFL(10),B(100),TWL(10),AVLM(100),
AVLFL(100) ,AVLEXT(100) ,TMINT(100),G(2),X(4),AVMTMP(100),
FLEXS(100),FLDS(10) ,MATSTR(100) ,AVLMS(100) ,AVLFS(100),
AVLES(100) ,AVGTSS(100) ,HGHTMP(100) ,APRSS(100),
AVLMSS(100),FLDSS(10) ,MATSS(100) ,MATDB(100) ,FLDD(100),
TAVG(100),AVLMD(100) ,AVLFD(100) ,MATDE(100),TFLDB(10),
TFLDE(10) ,AVLED(100)
COMMON/RESULT/M,N,IGEOM,ISWAP,IDIST,IWHCH,KCSS,ISS,KL,
KCDS, IDS,LM,FITXS,FITXD,MITX,

MDOTS ,MRAT,VPLS,WPLS,ROVRCP, TKRAT,PR,CLOSE ,IMT, FNUM,DFOST,
NDFITS,FIPXS,NDFIPS,BIS,GPLSS,NTUS,REYSTO,TOPT,STOMAT,STOFLD,
STOEXT,STORSM,ETSS,ABSS ,DF0SS,AVLSS,ETDS,ABDS,
DFOD,NDFITD,FIPXD,NDFIPD,BID,GPLSD,MDOTD,NTUD,
REYDIS,DISMAT,DISFLD,DISSUM,TPl,TP2,BTMI ,BTM2 ,ALPHA,NSUBS,
FSTCMP ,LRGEST,DISEXT
COMMON/DIM/AVMTMP ,FLEXS,FLDS ,MATSTR ,AVLMS ,AVLFS,AVLES,AVGTSS,
HGHTMP ,APRSS ,AVLMSS ,FLDSS,MATSS ,MATDB, TAVG,FLDD,AVLMD,
AVLFD,MATDE,TFLDB,TFLDE ,AVLED

COMMON/INITBK/INIT

READ INPUT DATA THEN INITILIZE SOME GLOBAL CONSTANTS
THAT NEVER CHANGE

IF(INIT.EQ.1) READ(5,970) NTMSS,IDIST,M,N,IGEOM,IWHCH,ISWAP
IF(INIT.EQ.1) READ(5,980) PR,FITXS,FITXD,VPLS,MRAT,MDOTS,
MITX,ROVRCP,CLOSE

GPLSS=X(1)/1.D+4

BIS=X(2)/1.D+2

FNUM=X{(3)/1.D+2

IMT=(MITX-1.D+0)/(FITXS-1.D+0)

NDFITS=1.D+0

NDFIPS=1.D+0

NTUS=GPLSS*BIS/VPLS

A=PR**,667

C=NDFITS*(FITXS-1.D+0)+1.D+0

D=MDOTS**2
FIPXS=((+1.D+0)+DSQRT(1.D+0+4.D+0* A*NTUS*C*D) ) /2 .D+0
DBUG=0 .D+0
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DY=1.D+0/(N-1.D+0)
DZ=1.D+0/(M-1.D+0)
MN=M*N
IF(DBUG.GT.0.D+0) WRITE(6,1000)
IF(DBUG.GT.0.D+0.AND.MN.NE.81) WRITE(6,1010)
IF(DBUG.GT.0.D+0.AND.MN.NE.81) GO TO 9999
ML=N
MU=N
MM=ML+MU+1
LDA=2*ML+MU+1
DO 10 I=1,M
10 ZDIST(I)=DZ*(1-1)
DFOST=FNUM/NTMSS
DO 20 1I=1,N
DO 20 J=1,M
TWL(J)=0.0D+0
TFL(J)=1.D+0/J
N1=I+(J-1)*N
20 B(N1)=IMT
TFL(1)=NDFITS
DO 30 I=1,100
AVLM(I)=0.0D+0
AVLFL(I)=0.0D+0
30 AVLEXT(I)=0.0D+0

@]

START ACTUAL STORAGE PERIOD

MODE=1
IF(DBUG.GT.0.D+0) WRITE(6,990) MODE
CALL BlB2 (IGEOM,DFOST,VPLS,DZ,DY,Bl,B2)
IF(DBUG.GT.0.D+0) CALL WRTO!l (TFL,B,M,N,MN)
JK=1
100 ICNT=JK

CALL GUTS(M,N,MN,MU,ML,MM,LDA,BIS,DY,Bl,B2,ICNT,

* IWHCH,TFL,MODE,ZDIST,GPLSS,VPLS,DZ,TWL,B,0.D+0)
CALL SGEN(VPLS,BIS,FITXS,N,M,MN,TFL,B,DY,DZ,TWL,

* MODE,0.D+0,AVLM(JK),AVLFL(JK) ,AVLEXT(JK))
FLEXS (JK)=TFL(M)
CALL TBAR(M,N,MN,B,AVMTMP(JK))

C IF(JK.LE.10) CALL WRTO1(TFL,B,M,N,MN)
AVLMS(JK)=AVLM(JK)
AVLFS(JK)=AVLFL(JK)
AVLES(JK)=AVLEXT(JK)
JK=JK+1
IF(JK.GT.NTMSS) GO TO 150
GO TO 100
150 IF(DBUG.GT.0.D+0) CALL WRTO1(TFL,B,M,N,MN)

DETERMINE AVERAGE MATERIAL TEMPERATURE AND AMOUNT OF
ENTROPY GENERATED DURING STORAGE PERIOD

c
C
C
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DO 160 JJ=1,M
FLDS(JJ)=TFL(JJ)

CALL SWAP(M,N,MN,2,B,MATSTR)

TRGET=DFOST

CALL TBAR(M,N,MN,B,TOPT)

CALL ONEDIM(O.D+0,DFOST,AVLM,NTMSS,STOMAT)
CALL ONEDIM(0.D+0,DFOST,AVLFL,NTMSS,STOFLD)
CALL ONEDIM(O.D+0,DFOST,AVLEXT ,NTMSS,STOEXT)
STOMAT=STOMAT/VPLS
STOFLD=(BIS/VPLS)*STOFLD
STOEXT=STOEXT/GPLSS
STORSM=STOMAT+STOFLD+STOEXT
IF(DBUG.GT.U.D+0) WRITE(6,1020) STOMAT,
STOFLD,STOEXT, TOPT

DETERMINE IF A 2-D OR UNIFORM TEMPERATURE IS DESIRED FOR
THE START OF THE STORAGE CYCLE AND ACT ACCORDINGLY

IF(IDIST.EQ.2) AVLSS=0.D+0
IF(IDIST.EQ.2) CALL SWAP(M,N,MN,ISWAP,B,TMINT)
IF(IDIST.EQ.2) GO TO 550

AT THIS POINT WE KNOW A UNIFORM TEMPERATURE IS REQUIRED
PRIOR TO THE START OF THE DISCHARGE PERIOD. THE FOLLOWING LOGIC
DETERMINES THE APPROXIMATE TIME REQUIRED TO REACH STEADY STATE.

LRGEST=0.D+0

DO 200 I=1,N

DO 200 J=1,M

N1=I+(J-1)*N

IF (B(N1).GT.LRGEST) NCNT=N1l

IF (B(N1).GT.LRGEST) LRGEST=B(Nl)
IF(DBUG.GT.0.D+0) WRITE(6,1025) LRGEST,NCNT
IF(DABS((LRGEST-TOPT)/TOPT) .LE.CLOSE) AVLSS=0.D+0
IF(DABS((LRGEST-TOPT)/TOPT).LE.CLOSE) GO TO 510
KCSS=0

188=1

MODE=2 ,

IF(DBUG.GT.0.D+0) WRITE(6,990) MODE

ETSS=0.D+0

DFO=TRGET

CALL SWAP(M,N,MN,2,B,TMINT)

IF(DBUG.GT.0.D+0) CALL WRTOL (TFL,B,M,N,MN)
CALL B1B2 (IGEOM,DF0,VPLS,DZ,DY,Bl,B2)

ICNT=1ISS

ETSS=ETSS+DFO

CALL GUTS(M,N,MN,MU,ML,MM,LDA,0.D+0,DY,B1,B2,ICNT,
IWHCH,TFL,MODE, ZDIST,GPLSS,VPLS,DZ,TWL,B,0.D+0)
ABSS=(B(NCNT)~TOPT)/TOPT

IF(ABSS.LE.CLOSE) GO TO 300

ISS=1S5+1
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IF(ISS.GT.20) GO TO 260

GO TO 250

KCSS=KCS5S+1

IF(KCSS.GT.100) WRITE(6,1030)ABSS

IF(KCSS.GT.100) STOP

DFO=DF0*2 .D+0

I88=1

GO TO 240

IF(DBUG.GT.0.D+0) WRITE(6,1050) KCSS,ICNT,ABSS ,ETSS
IF(DBUG.GT.0.D+0) CALL WRTOl (TFL,B,M,N,MN)

USING THIS APPROXIMATE TIME, DETERMINE ENTROPY GENERATED
DURING APPROACH TO STEADY STATE.

MODE=3
IF(DBUG.GT.0.D+0) WRITE(6,990) MODE

KL=1

DFOSS=ETSS/NTMSS

CALL B1B2 (IGEOM,DF0SS,VPLS,DZ,DY,Bl,B2)
CALL SWAP(M,N,MN,2,TMINT,B)
IF(DBUG.GT.0.D+0) CALL WRTOl (TFL,B,M,N,MN)
ICNT=KL

IRMN=MOD(ICNT,2)

CALL GUTS(M,N,MN,MU,ML,MM,LDA,0.D+0,DY,B1,B2,1CNT,IWHCH,
TFL,MODE, ZDIST,GPLSS,VPLS,DZ,TWL,B,0.D+0)
CALL SGEN(VPLS,0.D+0,FITXS,N,M,MN,TFL,B,DY,DZ,TWL,
MODE,0.D+0 ,AVLM(KL) ,AVLFL(KL) ,AVLEXT(KL))
AVLMSS(KL)=AVLM(KL)

HGHTMP(KL )=B(NCNT)

CALL TBAR(M,N,MN,B,AVGTSS(KL))
AB=(B(NCNT)~-TOPT)/TOPT

APRSS(KL)=AB

1IF(DBUG.GT.0.D+0) WRITE(6,1055) AB
IF(AB.LE.CLOSE.AND.IRMN.EQ.1) GO TO 500
KL=KL+1

IF(KL.EQ.100) WRITE(6,1070)

IF(KL.EQ.100) STOP

GO TO 400

CALL ONEDIM(O.D+0,DFOSS,AVLM,KL,AVLSS)

DO 170 KM=1,M

FLDSS(KM)=TFL(KM)

CALL SWAP(M,N,MN,2,B,MATSS)
AVLSS=AVLSS/VPLS

IF(DBUG.GT.0.D+0) WRITE(6,1065) AVLSS
IF(DBUG.GT.0.D+0) CALL WRTOl (TFL,B,M,N,MN)
DO 525 I=1,N

DO 525 J=1,M

N1=I+(J-1)*N

TMINT(N1)=TOPT

STORSM=STORSM+AVLSS
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NOW WE WANT TO START THE DISCHARGE PERIOD. BEGIN BY
INITIALIZING SOME VARIABLES.

FIPXM1=FIPXS~1.D+0
NDFITD=(FITXD=-1.D+0)/(FITXS-1.D+0)
E=(FIPXM1+1.D+0)/FIPXMl

MDOTD=MDOTS*MRAT
C=NDFITD*(FITXS-1.D+0)+1.D+0
GPLSD=GPLSS/MRAT

BID=BIS*MRAT

NTUD=GPLSD*BID/VPLS

FIPXD=1.D+0+DSQRT( (A*NTUD*C*MDOTD**2 .D+0) /E)
NDFIPD=(FIPXD-1.D+0)/(FIPXS~1.D+0)
LF(DBUG.GT.0.D+0) WRITE(6,1072) NDFITD,NDFIPD
TFL(1)=NDFITD

TWL(1)=0.D+0

DO 600 J=2,M

KK=J-1

TWL(J)=0.D+0

TFL(J)=TFL(KK)+NDFITD/J

KCDS=0

IDS=1

MODE=4

IF(DBUG.GT.0.D+0) WRITE(6,990) MODE
ETDS=0.D+0

DFO=TRGET

CALL SWAP(M,N,MN,2,TMINT,B)
IF(DBUG.GT.0.D+0) CALL WRTOl (TFL,B,M,N,MN)
CALL BIB2 (IGEOM,DFO,VPLS,DZ,DY,Bl,B2)
ICNT=IDS

ETDS=ETDS+DFO

CALL GUTS(M,N,MN,MU,ML,MM,LDA,BID,DY,Bl,B2,ICNT,
LWHCH, TFL ,MODE, ZDIST,GPLSD,VPLS,DZ,TWL, B,0.D+0)
CALL TBAR (M,N,MN,B,AVGT)

ABDS=( AVGT~IMT)/IMT

IF(ABDS.LE.CLOSE) GO TO 680

IDS=IDS+1

IF(IDS.GT.20) GO TO 660

GO TO 650

KCDS=KCDS+1

IF(KCDS.GT.100) WRITE(6,1075)ABDS
IF(KCDS.GT.100) STOP

DFO=DFO0*2 .D+0

IDS=1

GO TO 640

IF(DBUG.GT.0.D+0) WRITE(6,1050) KCDS,ICNT,ABDS,ETDS
IF(DBUG.GT.0.D+0) CALL WRTOl (TFL,B,M,N,MN)

USING THIS APPROXIMATE TIME, DETERMINE ENTROPY GENERATED
DURING DISCHARGE PERIOD
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MODE=5
IF(DBUG.GT.0.D+0) WRITE(6,990) MODE

LM=1

DFOD=ETDS/NTMSS

CALL B1B2 (IGEOM,DFOD,VPLS,DZ,DY,Bl,B2)
CALL SWAP(M,N,MN,2,TMINT,B)
IF(DBUG.GT.0.D+0) CALL WRTOl (TFL,B,M,N,MN)
DO 710 LML=1,M

TFLDB(LML)=TFL(LML)

CALL SWAP(M,N,MN,2,B,MATDB)

ICNT=LM

IRMN=MOD(ICNT,2)

CALL GUTS(M,N,MN,MU,ML,MM,LDA,BID,DY,Bl,B2,ICNT,IWHCH,
TFL,MODE ,ZDIST,GPLSD,VPLS,DZ, TWL,B,0.D+0)
CALL SGEN(VPLS,BID,FITXS,N,M,MN,TFL,B,DY,DZ,TWL,
MODE, 0 .D+0 ,AVLM(LM) ,AVLFL(LM) ,AVLEXT(LM))
AVLMD(LM)=AVLM(LM)

AVLFD(LM)=AVLFL(LM)

AVLED(LM)=AVLEXT(LM)

FLDD(LM)=TFL(M)

CALL TBAR(M,N,MN,B,TAVG(LM))
IF(DBUG.GT.0.D+0) WRITE(6,1053) TAVG(LM)
AB=(TAVG(LM)-IMT)/IMT

IF(DBUG.GT.0.D+0) WRITE(6,1055) AB
IF(AB.LE.CLOSE.AND.IRMN.EQ.1) GO TO 750
LM=LM+1

IF(LM.EQ.100) WRITE(6,1080)

IF(LM.EQ.100) STOP

GO TO 725

IF(DBUG.GT.0.D+0) CALL WRTOl(TFL,B,M,N,MN)
DO 760 LMM=1,M

TFLDE (LMM)=TFL(LMM)

CALL SWAP(M,N,MN,2,B,MATDE)

DETERMINE AMOUNT OF ENTROPY GENERATED DURING DISCHARGE PERIOD

CALL ONEDIM(0.D+0,DFOD,AVLM,LM,DISMAT)

CALL ONEDIM(O.D+0,DFOD,AVLFL,LM,DISFLD)

CALL ONEDIM(0.D+0,DFOD,AVLEXT,LM,DISEXT)
DISMAT=DISMAT/VPLS

DISFLD=(BID/VPLS)*DISFLD

DISEXT=DISEXT/GPLSD

DISSUM=DISMAT+DISFLD

IF(DBUG.GT.0.D+0) WRITE(6,1085) SUMMAT,SUMFLD,DISSUM

DETERMINE FIGURE OF MERIT FOR THIS CYCLE

TP1=(1.D+0/GPLSS)*ROVRCP*DLOG(NDFIPS*(FIPXS~1.D+0)+1.D+0)

- *FNUM

TP2=(1.D+0/GPLSD)*ROVRCP*DLOG(NDFIPD* (FIPXS~1.D+0)+1.D+0)
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aon

c

*

970
980
990
995
1000
1010

1020
*

*

1025
1030
*

1040
*

1050
*
1053
1055
1060
1065
1070
*
1072
1075

*DISCHARGE PERIOD.'/5X,'EXECUTION TERMINATING.'/5X,'ABDS= '

*

1080
*

1085
*

9999
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*DFOD*LM

TERML=NDFITS*(FITXS-1.D+0)
TERM2=NDFITD*(FITXS~1.D+0)
BTM1=(1.D+0/GPLSS)*(TERML ~-DLOG(TERML+1.D+0) ) *FNUM
BTM2=(1.D+0/GPLSD)*( TERM2-DLOG(TERM2+1 .D+0) ) *DFOD*LM
TOP=TP1+TP2

BTM=BTM1+BTM2

ALPHA=TOP/BTM

NSUBS=( ALPHA/ (ALPHA+1.D+0) )+(1 .D+0/ (ALPHA+1.D+0) ) *
((STORSM+DISSUM)/BTM)

G(1)=NSUBS

DETERMINE FIRST LAW COMPARISON FOR THIS CYCLE. ONLY APPLIES

TO THE STORAGE PORTION OF THE CYCLE

FSTCMP=(TOPT-IMT)/(NDFITS~IMT)
IF(DBUG.GT.0.D+0) CALL REPORT

FORMAT STATEMENTS FOR THIS ROUTINE

FORMAT(10X,12)

FORMAT(11X,D11.6)

FORMAT(//10X, "MODE= ',I2)

FORMAT(5X, 'MODE= ',I13,2X,'ICNT= ',13,2X,'TOPT= ',D16.10)
FORMAT(//25X,"FROM MAIN')

FORMAT(5X, 'NOT A 9X9 MATRIX. EXECUTION TERMINATED')
FORMAT(5X, 'STORSM= ',D20.10/5X,'SUMMAT= ',D20.10/

5X, 'SUMFLD= ',D20.10/5X, "SUMEXT= ',D20.10/5X,

"TOPT= ',D20.10)

FORMAT(5X, 'LRGEST= ',D20.10/5X, 'NCNT= ',I3)
FORMAT (5X, 'UNABLE TO GET PROPER STARTING POINT FOR STEADY
STATE ITERATION.'/5X,'EXECUTION TERMINATING')

FORMAT (5X,'STEADY STATE ITERATION WILL NOT CLOSE'/5X,
'"EXECUTION TERMINATING.')

FORMAT(5X, 'KCOI= ',I5/5X,'ICNT= ',I3/5X,'AB= ',D20.10/
5%, 'DFO= ',D20.10)

FORMAT(5X,'TAVG= ',D20.10)

FORMAT(5X, 'AB= ',D20.10)

FORMAT(5X, 'DIFF= ',D20.10)

FORMAT(5X, 'AVLSS= ',D20.10)

FORMAT(5X,'SS PRIOR TO START OF DISCHARGE CYCLE NOT
REACHED IN 100 INCRIMENTS.'/5X,'EXECUTION TERMINATING.')
FORMAT(5X, 'NDFITD= ',D20.10/5X,'NDFIPD= ',D20.10)
FORMAT(5X, 'UNABLE TO GET PROPER STARTING POINT FOR

b
E16.10)

FORMAT(5X, 'RETURN TO INITIAL MATERIAL CONDITIONS NOT
REACHED IN 100 INCRIMENTS.'/5X,'EXECUTION TERMINATING.')
FORMAT(5X, 'SUMMAT= ',D20.10/5X, 'SUMFLD= ',D20.10/
5X,'DISSUM= ',D20.10)

RETURN
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END
C
C
C
C
C
SUBROUTINE B1B2(IGEOM,DFO,VPLS,DZ,DY,Bl,B2)
c
C THIS ROUTINE CALCULATES THE Bl AND B2 VARIABLES.
c

IMPLICIT REAL*8 (A-H,0~Z)
IF(IGEOM.EQ.2) GO TO 9999
Bl=(DFO*VPLS**2)/(DZ**2)
B2=DFO/(DY**2)

9999  RETURN

END
C
C
C
C
C v
SUBROUTINE GUTS(M,N,MN,MU,ML,MM,LDA,BIOT,DY,Bl,B2,ICNT,
* IWHCH,TFL,MODE,ZDIST,FLWRT,VPLS,DZ,TWL,B,DBUG)
C
C THIS ROUTINE PERFORMS THE MAJORITY OF THE ROUTING AND
C CALCULATIONS FOR THE PROGRAM. IT REALLY IS THE GUTS OF THE
C PROGRAM.
C
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 LSTFLU
DIMENSION ABD(28,100),IPVT(100),TMINT(100),B(MN),TFL(M),TWL(M),
* ZDIST(M),BCOF(3),LSTFLU(10)
IF(DBUG.GT.0.D+0) WRITE(6,990)
CALL SWAP(M,N,MN,2,B,TMINT)
IF(ICNT.GT.1) GO TO 140
CALL DEFINE(M,N,MN,MU,ML,MM,LDA,BIOT,DY,Bl,B2,ABD)
CALL DGBFA(ABD,LDA,MN,ML,MU,IPVT,INFO)
IF(INFO.GT.0) WRITE(6,1112)
IF(INFO.GT.Q) STOP
C
C DEFINE CONSTANT ARRAY FOR THIS TIME PERIOD/FLUID TEMPERATURE
C GUESS
C AND SOLVE FOR MATERIAL TEMPERATURES.
C

140 JCOI=0

150 IF(DBUG.GT.0.D+0) WRITE(6,1000) ICNT,JCOI
DO 400 1JK=1,M

400 LSTFLU(IJK)=TFL{IJK)
CALL CONST(DBUG,N,M,MN,TMINT,B,BIOT,B2,DY,TFL)
CALL DGBSL(ABD,LDA,MN,ML,MU,IPVT,B,0)
LF(DBUG.GT.0.D+0) WRITE(6,1005)
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IF(DBUG.GT.5.D+0) CALL WRTOL(TFL,B,M,N,MN)
IF(MODE.EQ.2.0R.MODE.EQ.3) GO TO 9999
C SOLVE FOR FLUID TEMPERATURES
DO 200 JK=1,M
NI=N+(JK~1)*N
200 TWL(JK)=B(N1)
IF(IWHCH.EQ.2) CALL TFLINT(DBUG,FLWRT,BIOT,VPLS,TWL,
* ZDIST,M,DZ,TFL)
IF(IWHCH.EQ.1) CALL TWLCRV(DBUG,ZDIST,TWL,M,BCOF)
IF(IWHCH.EQ.l) CALL TFLCRV(DBUG,FLWRT,BIOT,VPLS,BCOF,
* ZDIST,M,DZ,TFL)
C SEE IF FLUID TEMPERATURES HAVE CONVERGED.
SUM=0.0D+0
DO 300 JK=2,M
300 SUM=SUM+DABS(TFL(JK)-LSTFLU(JK))
QUOT=SUM/ (M-1)
IF(DBUG.GT.0.D+0) WRITE(6,1010) QUOT
IF(QUOT.LE.5.D=4) GO TO 9999
JCOI=JCOI+1
IF(JCOIL.GT.45) WRITE(6,2223)
IF(JCOI.GT.45) WRITE(6,2224) MODE,ICNT,QUOT
IF(JCOL.GT.45) STOP
GO TO 150

FORMAT STATEMENTS FOR THIS ROUTINE

aaco

990 FORMAT(//25X, 'FROM GUTS')

1000 FORMAT(/5X,'ICNT= ',I12,1X,'JCOI= ',I2)

1005  FORMAT(//5X,'TEMPERATURE SOLUTION FOR THIS ITERATION')

1010 FORMAT(/5X, 'QUOT= ',D20.10)

1112 FORMAT(5X, "SINGULAR MATRIX IN MATERIAL TEMPERATURE SOLUTION
*ROUTINE.'/5X, 'EXECUTION TERMINATED.')

2223  FORMAT(S5X, 'FLUID TEMPERATURE ITERATION WILL NOT CLOSE.'/
*5X, "EXECUTION TERMINATED.')

2224 FORMAT(5X, 'MODE= ',13/5X,'ICNT= ',613/5X,
* 'AVG DIFFERENCE BETWEEN ITERATIONS= ',D20.10)

9999  RETURN

END

SUBROUTINE CONST(DBUG,N,M,MN,TMINT,B,BIOT,B2,DY,TFL)
THIS ROUTINE DETERMINES THE CONSTANT ARRAY FOR EACH TIME STEP

IMPLICIT REAL*8(A-H,0-2)

DIMENSION TFL(M),B(MN),TMINT(MN)
LF(DBUG.GT.0.D+0) WRITE(6,1000) ICNT
DO 100 I=1,N
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C1=0.D+0
IF(I.EQ.N) Cl=1.D+0
DO 100 J=1,M
N1=I+(J-1)*N

100 B(N1)=-(TMINT(N1)+C1*(2.D+0*BIOT*B2*DY*TFL(J)))
IF(DBUG.GT.0.D+0) CALL WRTOL(TFL,B,M,N,MN)

FORMAT STATEMENTS FOR THIS ROUTINE

[eNeoNe]

1000  FORMAT(//25X,'FROM CONST, ICNT= ',613)
9999  RETURN
END

aOoOaoOoon

SUBROUTINE DECOMP(NDIM,N,A,COND,IPVT,WORK)

THIS ROUTINE DECOMPOSES A DOUBLE PRECISION MATRIX RY
GAUSSIAN ELIMINATION AND ESTIMATES THE CONDITION OF THE
MATRIX

oNeoNeoNeNe®)

INTEGER NDIM,N
DOUBLE PRECISION A(NDIM,N),COND,WORK(N)
INTEGER IPVT(N)

DOUBLE PRECISION EK, T, ANORM, YNORM, ZNORM
INTEGER NMl, I, J, K, KPl, KB, KML, M
DOUBLE PRECISION DABS, DSIGN

IPVT(N) =1
IF (N .EQ. 1) GO TO 80
NML = N - 1

A

COMPUTE 1-NORM OF A

ANORM = O.
DO 10 J =

T = T + DABS(A(I,J))
5 CONTINUE
IF (T .GT. ANORM) ANORM = T
10 CONTINUE

GAUSSIAN ELIMINATION WITH PARTIAL PIVOTING

OO0

DO 35 K = 1,NMI
KPl= K+

c FIND PIVOT
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M=K
DO 15 I = KP1,N
IF (DABS(A(I,K)) .GT. DABS(A(M,K))) M =1

15 CONTINUE

IPVT(K) = M

IF (M .NE. K) IPVT(N) = -IPVT(N)

T = A(M,K)

A(M,K) = A(K,K)

A(K,K) = T

coO

SKIP STEP IF PIVOT IS ZERO

IF (T .EQ. 0.0DO) GO TO 35

(@]

COMPUTE MULTIPLIERS

DO 20 I = KPI,N
A(I,K) = -A(I,K)/T
20 CONTINUE

[e N @]

INTERCHANGE AND ELIMINATE BY COLUMNS

DO 30 J = KPIL,N

T = A(M,J)

A(M,J) = A(K,J)

A(K,J) =T

IF (T .EQ. 0.0D0) GO TO 30

DO 25 I = KP1,N

A(L,J) = A(I,J) + A(L,K)*T

25 CONTINUE
30 CONTINUE
35 CONTINUE

SOLVE (A-TRANSPOSE)*Y = E

eNeNe]

DO 50 K =1, N
T = 0.0D0
IF (K .EQ. 1) GO TO 45
KMl = K-1
DO 40 T =1, KMl
T =T+ A(I,K)*WORK(I)
40 CONTINUE
45 EK = 1.0D0
IF (T .LT. 0.0DO) EK = -1,0DO
IF (A(K,K) .EQ. 0.0DU) GO TO 90
WORK(K) = —-(EK + T)/A(K,K)

50 CONTINUE
DO 60 KB = 1, NMl
K =N - KB
T = 0.0D0
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60

65

70

80

90
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KPl = K+1
DO 55 I = KP1, N
T =T+ A(I,K)*WORK(K)

CONTINUE
WORK(K) =T
M = IPVT(K)
IF (M .EQ. K) GO TO 60
T = WORK(M)
WORK(M) = WORK(K)
WORK(K) = T
CONTINUE

YNORM = 0.0DO

DO 65 1 = 1,
YNORM = YN

CONTINUE

N
ORM + DABS(WORK(I))
SOLVE A*Z =Y
CALL SOLVE(NDIM, N, A, WORK, IPVT)
ZNORM = 0.0DO
DO 70 I =1, N

ZNORM = ZNORM + DABS(WORK(I))
CONTINUE
ESTIMATE CONDITION
COND = ANORM*ZNORM/YNORM

IF (COND .LT. 1.0DO) COND = 1.0DO
RETURN

1-BY-1

COND = 1.0DO
IF (A(L,1) .NE. 0.0DO) RETURN

EXACT SINGULARITY
COND = 1.0D+32

RETURN
END

SUBROUTINE DEFINE(M,N,MN,MU,ML,MM,LDA,BIOT,DY,Bl,B2,ABD)

THIS ROUTINE DEFINES THE COEFFICIENT ARRAY.

IT STORES THE ARRAY

IN BANDED FORM. REFERENCE IS ORNL CORLIB DGBFA/DGBSL PROGRAM.
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C
IMPLICIT REAL*8(A-H,0-Z)
DIMENSION ABD(LDA,MN)
DO 20 J=1,MN
JJ=J
I1=MAXO(1,J-MU)
I2=MINO(MN,J+ML)
DO 20 I=I1,I12
II=1
K=I-J+MM
CALL WCHNDE(II,JJ,M,N,BIOT,DY,BIl,B2,COEF)
20 ABD(K,J )=COEF
9999  RETURN
END
C
C
C
C
C
SUBROUTINE DGBFA(ABD,LDA,N,ML,MU,IPVT,INFO)
C
c DGBFA FACTORS A DOUBLE PRECISION BAND MATRIX BY ELIMINATION
C
INTEGER LDA,N,ML,MU,IPVT(l),INFO
DOUBLE PRECISION ABD(LDA,1)
DOUBLE PRECISION T
INTEGER I,IDAMAX,I10,J,JU,JZ,J0,J1,K,KP1,L,LM,M, MM, NM]
M=M + MJ + 1
INFO = 0
C
c ZERO INITIAL FILL-IN COLUMNS
o
Jo = MU + 2
J1 = MINO(N,M) - 1
IF (J1 .LT. JO) GO TO 30
DO 20 JZ = Jo, J1
I0 =M+ 1 - Jz
DO 10 I = I0, ML
ABD(I,JZ) = 0.0DO
10 CONTINUE
20 CONTINUE
30 CONTINUE
Jz = J1
JUu =0
C
o GAUSSIAN ELIMINATION WITH PARTIAL PIVOTING
C
NML = N - 1

IF (NMl .LT. 1) GO TO 130
DO 120 K = 1, NM1
KPl = K + 1




ZERO NEXT FILL-IN COLUMN

Jz =JZ + 1
IF (JZ .GT. N) GO TO 50
IF (ML .LT. 1) GO TO 50
DO 40 I = 1, ML
ABD(I1,JZ) = 0.0DO
40 CONTINUE
50 CONTINUE

FIND L = PIVOT INDEX

LM = MINO(ML,N-K)

L = IDAMAX(LM+1,ABD(M,K),l1) + M - |
IPVT(K) = L + K - M

ZERO PIVOT IMPLIES THIS COLUMN ALREADY TRIANGULARIZED

IF (ABD(L,K) .EQ. 0.0D0O) GO TO 100
INTERCHANGE IF NECESSARY

IF (L .EQ. M) GO TO 60
T = ABD(L,K)
ABD(L,K) = ABD(M,K)
ABD(M,K) = T
60 CONTINUE

COMPUTE MULTIPLIERS

T = -1.0D0/ABD(M,K)
CALL DSCAL(LM,T,ABD(M+1,K),l1)

ROW ELIMINATION WITH COLUMN INDEXING

JU = MINO(MAXO(JU,MU+IPVT(K)),N)
MM = M
IF (JU .LT. KP1) GO TO 90
DO 80 J = KP1, JU
L=1L-1
M =M - |
T = ABD(L,J)
IF (L .EQ. MM) GO TO 70
ABD(L,J) = ABD(MM,J)
ABD(MM,J) =T

70 CONTINUE

CALL DAXPY(LM,T,ABD(M+1,K),1,ABD(MM+1,J),1)
80 CONTINUE
90 CONTINUE

GO TO 110



OGO 0O0

eNeNoNeoNe!

OO0

(@]

OO0

100 CONTINUE
INFO = K

110 CONTINUE

120 CONTINUE

130 CONTINUE

IPVT(N) = N

IF (ABD(M,N) .EQ. 0.0DO) INFO = N
RETURN

END

SUBROUTINE DAXPY(N,DA,DX,INCX,DY,INCY)

CONSTANT TIMES A VECTOR PLUS A VECTOR.
USES UNROLLED LOOPS FOR INCREMENTS EQUAL TO ONE.
JACK DONGARRA, LINPACK, 3/11/78.

DOUBLE PRECISION DX(1),DY(1),DA
INTEGER 1,INCX,INCY,IXIY,M,MPL,N

IF(N.LE.O)RETURN
IF (DA .EQ. 0.0D0O) RETURN
IF(INCX.EQ.1.AND.INCY.EQ.1)GO TO 20

CODE FOR UNEQUAL INCREMENTS OR EQUAL INCREMENTS
NOT EQUAL TO 1

IX =1
IY = |
IF(INCX.LT.0)IX = (-N+1)*INCX + 1
I[F(INCY.LT.0)IY = (-N+1)*INCY + 1

DO 10 I = 1,N
DY(IY) = DY(IY) + DA*DX(IX)
IX = IX + INCX
IY = IY + INCY
10 CONTINUE
RETURN

CODE FOR BOTH INCREMENTS EQUAL TO 1

CLEAN~-UP LOOP

20 M = MOD(N,4)
IF( M .EQ. 0 ) GO TO 40
DO 30 I =1,M
DY(I) = DY(
30 CONTINUE

I) + DA*DX(I)
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IF( N .LT. 4 ) RETURN
MPL = M + 1
DO 50 I = MPL,N,4
DY(I) = DY(I) + DA*DX(I)
DY(I + 1) = DY(I + 1) + DA*DX(I + 1)

DY(I + 2) = DY(I + 2) + DA*DX(I + 2)
DY(L + 3) = DY(I + 3) + DA*DX(I + 3)
CONTINUE
RETURN
END

SUBROUTINE DSCAL(N,DA,DX,INCX)

SCALES A VECTOR BY A CONSTANT.
USES UNROLLED LOOPS FOR INCREMENT EQUAL TO ONE.
JACK DONGARRA, LINPACK, 3/11/78.

DOUBLE PRECISION DA,DX(1)
INTEGER I,INCX,M,MPl,N,NINCX

IF(N.LE.Q)RETURN
IF(INCX.EQ.1)GO TO 20

CODE FOR INCREMENT NOT EQUAL TO 1

NINCX = N*INCX

DO 10 I = 1,NINCX,INCX
DX(I) = DA*DX(T1)

CONTINUE

RETURN

CODE FOR INCREMENT EQUAL TO 1

CLEAN-UP LOOP

M = MOD(N,S5)
IF( M .EQ. 0 ) GO TO 40
DO 30 I = 1,M
DX(I) = DA*DX(I)
CONTINUE
IF( N .LT. 5 ) RETURN
MPlL =M + |
DO 50 I = MPI,N,5S
DX(I) DA*DX(1)
DX(I + 1) = DA*DX(I + 1)
DX(I + 2) DA*DX(I + 2)

']
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DA*DX(I + 3)
DA*DX(I + 4)

DX(1I + 3)
DX(I + 4)
50 CONTINUE
RETURN
END

O O0o0

INTEGER FUNCTION IDAMAX(N,DX,INCX)

FINDS THE INDEX OF ELEMENT HAVING MAX. ABSOLUTE VALUE.
JACK DONGARRA, LINPACK, 3/11/78.

aOOO0n

DOUBLE PRECISION DX(l),DMAX
INTEGER I,INCX,IX,N

IDAMAX = 0
IF( N .LT. 1 ) RETURN
IDAMAX = 1
IF(N.EQ.1)RETURN
IF(INCX.EQ.1)GO TO 20

ao

CODE FOR INCREMENT NOT EQUAL TO 1

IX = 1
DMAX = DABS(DX(1))
IX = IX + INCX
DO 10 I = 2,N
IF(DABS(DX(IX)).LE.DMAX) GO TO 5
IDAMAX = I
DMAX = DABS(DX(IX))
5 IX = IX + INCX
10 CONTINUE
RETURN

C CODE FOR INCREMENT EQUAL TO 1

20 DMAX = DABS(DX(1))

DO 30 I = 2,N
IF(DABS(DX(I)).LE.DMAX) GO TO 30
IDAMAX = I
DMAX = DABS(DX(1))

30 CONTINUE

RETURN

END

C
c
c
C
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SUBROUTINE DGBSL(ABD,LDA,N,ML,MU,IPVT,B,JOB)

THIS ROUTINE SOLVES THE DOUBLE PRECISION BAND SYSTEM
A*X=B OR TRANS(A)*X=B

eNeNeNe)

INTEGER LDA,N,ML,MU,IPVT(l),JOB
DOUBLE PRECISION ABD(LDA,l1),B(1l)
DOUBLE PRECISION DDOT,T

INTEGER K,KB,L,LA,LB,LM,M,NM1

M=MJ + M, + 1
NML = N - 1
IF (JOB .NE. 0) GO TO 50

JOB =0 , SOLVE A * X =B
FIRST SOLVE L*Y = B

aOOO0

IF (ML .EQ. 0) GO TO 30
IF (NMl .LT. 1) GO TO 30
DO 20 K = 1, NMI
LM = MINO(ML,N-K)
= IPVT(K)
= B(L)
F (L .EQ. K) GO TO 10
B(L) = B(K)
B(K) =T
10 CONTINUE
CALL DAXPY(LM,T,ABD(M+1,K),1,B(K+1),1)
20 CONTINUE
30 CONTINUE

L
T
I

c NOW SOLVE U*X = Y

DO 40 KB = 1, N
K=N+1-KB
B(X) = B(K)/ABD(M,K)
LM = MINO(K,M) - 1
LA =M - LM
LB
T = -B(X)
CALL DAXPY(LM,T,ABD(LA,K),1,B(LB),1)
40 CONTINUE
GO TO 100
50 CONTINUE

1}
~
|
2

JOB = NONZERO, SOLVE TRANS(A) * X = B
FIRST SOLVE TRANS(U)*Y = B

OO0
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LA =M- LM
LB =K~ LM
T = DDOT(LM,ABD(LA,K),1,B(LB),1)
B(K) = (B(K) - T)/ABD(M,K)

60 CONTINUE

NOW SOLVE TRANS(L)*X = Y

OO0

IF (ML .EQ. 0) GO TO 90
IF (NMl .LT. 1) GO TO 90
DO 80 KB = 1, NMIL
K =N - KB
LM = MINO(ML,N-K)
B(K) = B(K) + DDOT(LM,ABD(M+1,K),1,B(K+1),1)
L = IPVT(K)
IF (L .EQ. K) GO TO 70
T = B(L)
B(L) = B(K)
B(K) =T
70 CONTINUE
80 CONTINUE
90 CONTINUE
100 CONTINUE

RETURN
END
C
C
C
C
C
DOUBLE PRECISION FUNCTION DDOT(N,DX,INCX,DY,INCY)
C
C FORMS THE DOT PRODUCT OF TWO VECTORS.
C USES UNROLLED LOOPS FOR INCREMENTS EQUAL TO ONE.
C JACK DONGARRA, LINPACK, 3/11/78.
C
DOUBLE PRECISION DX(1),DY(1l),DTEMP
INTEGER I,INCX,INCY,IX,IY,M,MPl,N
C
DDOT = 0.0D0
DTEMP = 0.0DO
LF(N.LE.QO)RETURN
IF(INCX.EQ.l.AND.INCY.EQ.1)GO TO 20
C
C CODE FOR UNEQUAL INCREMENTS OR EQUAL INCREMENTS
C NOT EQUAL TO 1
C
IX =1
1y = 1

IF(INCX.LT.0)IX = (-N+1)*INCX + 1
IF(INCY.LT.0)IY = (~N+1)*INCY + 1
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DO 10 I = I,N
DTEMP = DTEMP + DX(IX)*DY(IY)
IX = IX + INCX
IY = IY + INCY
10 CONTINUE
DDOT = DTEMP
RETURN

CODE FOR BOTH INCREMENTS EQUAL TO 1

CLEAN-UP LOOP

20 M = MOD(N,5)
IF( M .EQ. 0 ) GO TO 40
DO 30 I = 1,M
DTEMP = DTEMP + DX(I)*DY(I)
30 CONTINUE
IF( N .LT. 5 ) GO TO 60
40 MP1 = M + 1
Do 50 I = MP1,N,5
DTEMP = DTEMP + DX(I)*DY(I) + DX(I + 1)*DY(I + 1) +
* DX(I + 2)*DY(I + 2) + DX(I + 3)*DY(I + 3) + DX(I + 4)*DY(I + 4)
50 CONTINUE
60 DDOT = DTEMP
RETURN
END

SUBROUTINE INTERP(N,X1,H,Y,M,X0,YVALUE)

THIS ROUTINE INTERPRETS VALUES OF THE WALL TEMPERATURE.
IT IS CALLED DURING THE SOLUTION FOR FLUID TEMPERATURES

IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION Y(N),Z(10)
M2=(M+1)/2
K=(X0/H)+1

IF(K-M2) 10,10,11
L=K

GO TO 12

IF(N-K~M2) 21,21,20
L=M2

GO TO 12

L=M+1-N+K

Ml=M+1

DO 22 I=1,Ml
I1=1+K-L
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Z(1)=Y(Il)

AK=K

AL=L
P=(X0-X1-(AK-AL)*H) /H
DO 24 J=1,M

AJ=J

MI=M+1-J

DO 24 I=1,MJ

Al=1
Z(1)=((AI-P+AJ=-1.D+0)*Z(I1)+(P-AI+1.D+0)*
Z(1+1))/AJ
YVALUE=Z(1)

RETURN

END

SUBROUTINE ONEDIM(DBUG,H,Y,M,SUM)

THIS ROUTINE PERFORMS A 1-D NUMERICAL INTEGRATION OF DATA.
1S BASED ON SIMPSONS RULE AND REQUIRES AN ODD NUMBER OF
DATA SETS. REFERENCE IS MCCORMICK AND SALVADORI, PP.165

IMPLICIT REAL*8(A-H,0-Z)

DIMENSION Y(M)

IF(DBUG.GT.0.D+0) WRITE(6,990)
NUM=(M-1)/2

N1=l

SUM=0.D+0

DO 100 I=1,NUM

N2=N1+1

N3=N2+1
SUM=SUM+(H/3.D+0)*(Y{(NL1)+4.D+0*Y(N2)+Y(N3))
N1=N3 ‘

IF(DBUG.GT.0.D+0) WRITE(6,1000) SUM

FORMAT STATEMENTS FOR THIS ROUTINE

FORMAT(//25X, 'FROM ONEDIM')
FORMAT(5X,'1-D SUM= ',D20.10)
RETURN

END

SUBROUTINE SGEN(VPLS,BIOT,FITXS,N,M,MN,TFL,B,DY,DZ,
TWL ,MODE , DBUG , SUMMAT , SUMFLD ,EXTFLD)

IT
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THIS ROUTINE CALCULATES THE ENTROPY GENERATION TERMS FOR THE
CURRENT TIME PERIOD.,

IMPLICIT REAL*8(A~-H,0-Z)

DIMENSION TFL(M),B(MN),TWL(M),SGNMT(100),SGNF(10)
IF(DBUG.GT.0.D+0) WRITE(6,1000)

TRM1=FITXS-1.D+0

TRM12=TRM1**2

DETERMINE RATE OF ENTROPY GENERATION AT EACH POINT IN THE
STORAGE MATERIAL AND INTEGRATE TO GET A TOTAL FOR THIS TIME
PERIOD.

DO 100 I=1,N

DO 100 J=1,M
1I=I

JJ=J
N1=I+(J=-1)*N
N2=I+(J=2)*N
N3=I+J*N
N4=(I-1)+(J-1)*N
N5S=(I+1)+(J-1)*N

DETERMINE WHICH TYPE OF NODE THIS IS AND BRANCH TO GRADIENT
CALCULATION. NON ZERO GRADIENTS THAT ARE NOT A BOUNDARY
CONDITION ARE CALCULATED USING A CENTRAL DIFFERENCE SCHEME.

CALL WHCH(II,JJ,M,N,LWHCH)
IF(IWHCH.LE.4) VOLFRC=.25D+0
IF(IWHCH.GT .4 .AND.IWHCH.LT.9) VOLFRC=.5D+0
IF(IWHCH.EQ.9) VOLFRC=1.D+0
Go To (1,2,3,4,5,6,7,8,9), IWHCH
FOR 1,1 CORNER NODE
GRDZ=0.D+0
GRDY=0.D+0
GO TO 95
FOR N,1 CORNER NODE
GRDZ=0.D+0
GRDY=BIOT*(TFL(J)-B(NLl))
GO TO 95
FOR N,M CORNER NODE
GRDZ=0 .D+0
GRDY=BLOT*(TFL(J)~-B(N1))
GO TO 95
FOR 1,M CORNER NODE
GRDZ=0 .D+0
GRDY=0.D+0
GO TO 95
FOR Y=0 INSULATED FACE. GRADIENT BASED ON CENTRAL
DIFFERENCE SCHEME.
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GRDZ=(B(N3)-B(N2))/(D2*2.D+0)
GRDY=0.D+0
GO TO 95

FOR 2=0 INSULATED FACE
GRDZ=0.D+0
GRDY=(B(N5)-B(N4))/(DY*2.D+0)
GO TO 95

FOR Y=1 CONVECTIVE FACE
GRDZ=(B(N3)=-B(N2))/(DZ*2.D+0)
GRDY=BIOT*(TFL(J)-B(N1))
GO TO 95

FOR Z=1 INSULATED FACE
GRDZ=0.D+0
GRDY=(B(N5)-B(N4))/(DY*2.D+0)
GO TO 95

FOR INTERIOR NODES.
GRDZ=(B(N3)=B(N2))/(Dz*2.D+0)
GRDY=( B(N5)-B(N4))/(DY*2.D+0)
TOP=(VPLS**2)*( GRDZ**2 )+GRDY**2
BTM=(B(NL)*TRMI+1.D+0)**2
SGNMT(N1)=(TRM12*TOP/BTM) *VOLFRC

INTEGRATE OVER MATERIAL VOLUME TO GET A TOTAL FOR THIS TIME
PERIOD. AN ODD NUMBER OF DATA POINTS ARE REQUIRED

CALL TWODIM(DBUG,SGNMT,DZ,DY,M,N,MN,SUMMAT)
IF(MODE.EQ.3) GO TO 9999

DETERMINE RATE OF ENTROPY GENERATION AT EACH POINT IN THE FLUID
AND INTEGRATE TO GET A TOTAL FOR THIS TIME PERIOD.

DO 200 KK=1,M

DSTFRC=1.D+0

IF(XK.EQ.1.OR.KK.EQ.M) DSTFRC=.5D+0
TOP=TRM1*(TFL(KK)~-TWL(KK))
BTM=TFL(KK)*TRM1+1.D+0

SGNF (KK )=( (TOP/BTM)**2)*DSTFRC
IF(DBUG.GT.0.D+0) CALL WRTO1(SGNF,SGNMT,M,N,MN)

INTEGRATE OVER CHANNEL LENGTH TO GET A TOTAL FOR THIS TIME
PERIOD. AN ODD NUMBER OF POINTS ARE REQUIRED.

CALL ONEDIM(DBUG,DZ,SGNF ,M,SUMFLD)

DETERMINE AVAILABILITY OF EXITING FLUID FOR THIS TIME PERIOD.
FRST=TRML*TFL(M)

SCND=DLOG(TFL(M)*TRM1+1.D+0)

EXTFLD=FRST-SCND
IF(DBUG.GT.0.D+0) WRITE(6,1010) EXTFLD
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FORMAT STATEMENTS FOR THIS ROUTINE

FORMAT(//25X, '"FROM SGEN')
FORMAT(5X, 'EXTFLD= ',D20.10)
RETURN

END

SUBROUTINE SOLVE(NDIM, N, A, B, IPVT)

THIS ROUTINE SOLVES THE LINEAR SYSTEM A*X=B.
DO NOT USE IF DECOMP HAS DETECTED A SINGULARITY

INTEGER NDIM, N, IPVT(N)

DOUBLE PRECISION A(NDIM,N),B(N)
INTEGER KB, KMI, NMl, KPl, I, K, M
DOUBLE PRECISION T

FORWARD ELIMINATION

IF (N .EQ. 1) GO TO 50
NMl = N-1
DO 20 K = 1, NM!
KPl = K+l
M = IPVT(K)
T = B(M)
B(M) = B(K)
B(K) = T
DO 10 I = KPi, N
B(I) = B(I) + A(I,K)*T
CONTINUE
CONTINUE

BACK SUBSTITUTION

DO 40 KB = 1,NMl

KMl = N-KB

K = KML+1

B(K) = B(K)/A(K,K)
T = -B(K)

DO 30 I = 1, KMI
B(I) = B(I) + A(L,K)*T
CONTINUE
CONTINUE
B(1) = B(1)/A(1,1)
RETURN
END
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SUBROUTINE SWAP(M,N,MN,ISWAP,B,TMINT)

THIS ROUTINE IS CALLED AT THE START OF EACH TIME INCREMENT,
DURING THE FLUID TEMPERATURE ITERATION. IT INITIALIZES THE
MATERIAL TEMPERATURE ARRAY TO THE SOLUTION FROM THE PREVIOUS
TIME STEP.

IT IS ALSO CALLED PRIOR TO THE START OF THE DISCHARGE PORTION

OF THE CYCLE IF A 2-D TEMPERATURE DISTRIBUTION IS REQUIRED. IF
A COUNTERFLOW CONFIGURATION IS DESIRED, IT "SWAPS" THE
HORIZONTAL TEMPERATURE FIELD AS IT INITIALIZES THE MATERIAL
TEMPERATURE ARRAY. -

IF A PARALLEL CONFIGURATION IS DESIRED, IT JUST REINTIALIZES THE
MATERIAL TEMPERATURE ARRAY.

ISWAP=1: SWAP HORIZONTAL TEMPERATURE FIELD
ISWAP=2: DON'T SWAP TEMPERATURE FIELD

IMPLICIT REAL*8(A-H,0-Z)
DIMENSION B(MN),TMINT(MN)

DO 100 I=1,N

DO 100 J=1,M

N1=I+(J-1)*N

JJ=M-(J-1)

N2=I+(JJ=1)*N

IF(LSWAP.EQ.1) TMINT(N1)=B(N2)
IF(ISWAP.EQ.2) TMINT(N1)=B(Nl)
RETURN

END

SUBROUTINE TBAR(M,N,MN,B,TAVG)
THIS ROUTINE DETERMINES AN AVERAGE MATERIAL TEMPERATURE.

IMPLICIT REAL*8(A-H,0-Z)
REAL*8 IMT

DIMENSION B(MN)
SUM=0.D+0
NVOLS=(M-1)*(N-1)

DO 100 I=L,N

DO 100 J=1,M

1I=1

JJ=J
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CALL WHCH(II,JJ,M,N,IWHCH)

IF(IWHCH.LE.4) VOLFRC=.25D+0
IF(IWHCH.GT.4.AND.IWHCH.LT.9) VOLFRC=.5D+0
IF(IWHCH.EQ.9) VOLFRC=1.D+0

N1=I+(J-1)*N

SUM=SUM+B(N1)*VOLFRC

TAVG=SUM/NVOLS

RETURN

END

SUBROUTINE TFLINT(DBUG,GPLS,BIOT,VPLS,TWL,DIST,M,DZ,TFL)

THIS ROUTINE SOLVES FOR THE FLUID TEMPERATURES USING A 4TH ORDER
RUNGE-KUTTA TECHNIQUE. REFERENCE IS MCCORMICK AND SALVADORI,PP
245,

IMPLICIT REAL*8(A-H,0-Z)
DIMENSION TWL(M),DIST(M),TFL(M)

DEFINE FUNCTION OF INTEREST
F(Z,Y)=(GPLS*BIOT/VPLS)*(Z-Y)
F(X,Y)=.5D+0* (1 .D+0+X)*Y*Y
IF(DBUG.GT.0.D+0) WRITE(6,1000)

KK=1

H=DZ/5.D+0

X=DIST(1)

Y=TFL(1)

DO 200 I=2,M

ARG=X

CALL INTERP(M,DIST(l),DZ,TWL,KK,ARG,Z)
DEL1=F(Z,Y)

ARG=X+.5D+0*H

CALL INTERP(M,DIST(l),DZ,TWL,KK,ARG,Z)
DEL2=F(Z,Y+.5D+0*H*DEL])
DEL3=F(Z,Y+.5D+0*H*DEL2)

ARG=X+H

CALL INTERP(M,DIST(1l),DZ,TWL,KK,ARG,Z)
DEL4=F(Z,Y+H*DEL3)

Y=Y+H* (DEL1+2.D+0*DEL2+2.D+0*DEL3+DEL4) /6 .D+0
X=X+H

DIF=(X-DIST(I))/DIST(I)
IF(DABS(DIF).LE.1.D-3) GO TO 3

GO TO 1

TFL(I)=Y

IF(DBUG.GT.0.D+0) WRITE(6,1010) I,X,TFL(I)
CONTINUE

FORMAT STATEMENTS FOR THIS ROUTINE

FORMAT(//25X, 'FROM TFLINT')
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FORMAT(5X, 'I= ',12/5X,'X= ',D20.15/5X,'TFL= ',D20.15)
RETURN
END

SUBROUTINE TFLCRV(DBUG,GPLS,BIOT,VPLS,B,DIST,M,DZ,TFL)

THIS ROUTINE SOLVES FOR THE FLUID TEMPERATURES USING A 4TH ORDER
RUNGE-KUTTA TECHNIQUE. REFERENCE IS MCCORMICK AND SALVADORI,PP
245,

INTERMEDIATE FUNCTIONAL VALUES GENERATED BY CURVE FIT

IMPLICIT REAL*8(A-H,0-Z)
DIMENSION B(3),DIST(M),TFL(M)

DEFINE FUNCTION OF INTEREST
F(X,Y)=(GPLS*BIOT/VPLS)*((B(1)+B(2)*X+B(3)*X**2)-Y)
F(X,Y)=.5D+0% (1 .D+0+X)*Y*Y
IF(DBUG.GT.0.D+0) WRITE(6,1000)

H=DZ/5.D+0

X=DIST(1l)

Y=TFL(1)

DO 200 I=2,M

DEL1=F(X,Y)
DEL2=F(X+.5D+0*H,Y+.5D+0*H*DEL1)

DEL3=F (X+.5D+0%*H,Y+.5D+0*H*DEL2)
DEL4=F(X+H,Y+H*DEL3)
Y=Y+H*(DEL1+2.D+0*DEL2+2.D+0*DEL3+DEL4) /6 .D+0
X=X+H

DIF=(X-DIST(L))/DIST(I)
IF(DABS(DIF).LE.1.D-3) GO TO 3

GO TO 1

TFL(I)=Y

IF(DBUG.GT.0.D+0) WRITE(6,1010) I,X,TFL(I)
CONTINUE

FORMAT STATEMENTS FOR THIS ROUTINE
FORMAT(//25X, 'FROM TFLCRV')
FORMAT(5X,'I= ',I2/5X,'X= ',D20.15/5X,'TFL= ',D20.15)

RETURN
END

SUBROUTINE THCHW(NTH,N,I,J)
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THIS ROUTINE DETERMINES A MATRIX LOCATION FOR A GIVEN UNIQUE
NUMBER.

IMPLICIT REAL*8(A-H,0-Z)
IWHL=NTH/N
IRMN=NTH~IWHL*N
IF(IRMN.EQ.0) J=IWHL
IF(IRMN.EQ.0) I=N
IF(IRMN.GT.0) J=IWHL+l
LF(IRMN.GT.0) I=ILRMN
RETURN

END

SUBROUTINE TWLCRV(DBUG,X,Y,M,B)

THIS ROUTINE DOES A 3RD ORDER POLYNOMIAL CURVE FIT OF THE
STORAGE MATERIAL WALL TEMPERATURES. IT WILL BE USED IN THE
ROUTINE TO SOLVE FOR FLUID TEMPERATURES.

IMPLICIT REAL*8(A-H,0-2)
DIMENSION X(M),Y(M),B(3),COF(3,3),IPVT(3),WORK(3)
IF(DBUG.GT.0.D+0) WRITE(6,1000)
IFLG=0

DO 10 1=1,3

B(I)=0.D+0

DO 10 J=1,3
COF(I1,J)=0.D+0

COF(l,1)=M

DO 20 K=1,M
B(1)=B(1)+Y(K)
B(2)=B(2)+X(K)*Y(K)
B(3)=B(3)+(X(K)**2)*Y(K)
COF(1,2)=COF(1,2)+X(K)
COF(1,3)=COF(1,3)+X(K)*%*2
COF(2,3)=COF(2,3)+X(K)**3
COF(3,3)=COF(3,3)+X(K)*%*4
DO 30 I=2,3

DO 30 J=1,2

II=I-1

JJ=J+1
COF(1,J)=COF(II,JJ)

SOLVE THIS SET OF EQUATIONS. REALIZE THE FOLLOWING:
IN THE DECOMP SUBROUTINE, COF GOES OUT
AS THE COEFFICIENT MATRIX AND RETURNS AS
THE TRIANGULARIZED MATRIX.
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IN THE SOLVE SUBROUTINE, B GOES OUT AS THE
CONSTANT MATRIX AND RETURNS AS THE SOLUTION
MATRIX.

CALL DECOMP(3,3,COF,COND,IPVT,WORK)
IF(COND.EQ.1.D+32) IFLG=100
IF(IFLG.GT.0) WRITE(6,1111)
IF(IFLG.GT.0) STOP

CALL SOLVE(3,3,COF,B,IPVT)

DEBUGGING INFORMATION

IF(DBUG.EQ.0.D+0) GO TO 9999
WRITE(6,1010) (1,B(I),I=1,3)

DO 777 I=1,M
CRV=B(1)+B(2)*X(I)+B(3)*X(1)**2,D+0
WRITE(6,888) X(1),Y(I),CRV

FORMAT STATEMENTS FOR THIS ROUTINE

FORMAT(1X, 'X= 'D10.5,2X, 'TWL= ',D10.5,2X,"'CRV= ',D10.5)
FORMAT(//25X,"FROM TWLCRV')

FORMAT(5X, 'B(',I1,")= ',D20.10)

FORMAT(/5X, ' SINGULAR MATRIX IN FLUID TEMPERATURE CURVE FITTIN
ROUTINE.'/5X, '"EXECUTION TERMINATED.'//)

RETURN

END

SUBROUTINE TWODIM(DBUG,TSOL,DZ,DY,M,N,MN,SUM)

THIS ROUTINE PERFORMS A 2-D NUMERICAL INTEGRATION OF DATA. IT
IS BASED ON SIMPSONS RULE AND REQUIRES AN ODD NUMBER OF DATA
SETS.

REFERENCE 1S SALVADORI AND MCCORMICK, PP 316

IMPLICIT REAL*8(A-H,0-Z)
DIMENSION NJ(3),NI(3),F(9),TSOL(MN)
IF(DBUG.GT.0.D+0) WRITE(6,1000)
KKL=(M-1)/2
JJIL=(N-1)/2
SUM=0.D+0
NJ(1l)=1
NJ(2)=NJ(Ll)+1
NJ(3)=NJ(2)+1
FOR EACH Z STRIP
DO 100 KK=1,KKL
NI(l)=1
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NI(2)=NI(L)+1
NI(3)=NI(2)+]
DO 200 MM=1,3
CALL WHCHT(NI(1l),NJ(MM),N,NTH)
F(MM)=TSOL(NTH)
FOR EACH Y BLOCK IN A Z STRIP
DO 80 JJ=1,JJL
DO 300 MM=1,3
ICNT=MM+3
CALL WHCHT(NI(2),NJ(MM),N,NTH)
F(ICNT)=TSOL(NTH)
DO 400 MM=1,3
ICNT=MM+6
CALL WHCHT(NI(3),NJ(MM),N,NTH)
F(ICNT)=TSOL(NTH)
SUM=SUM+(DZ*DY/9 .D+0) *(F(1)+F(3)+F(7)+F(9)+4.D+0*(
F(2)+F(4)+F(6)+F(8))+16 .D+0*F(5))
F(1)=F(7)
F(2)=F(8)
F(3)=F(9)
NI(2)=NI(3)+1
NI(3)=NI(2)+1
NJ(1)=NJ(3)
NJ(2)=NJ(1)+1
NJ(3)=NJ(2)+1
IF(DBUG.GT.0.D+0) WRITE(6,1010) SUM

FORMAT STATEMENTS FOR THIS ROUTINE

FORMAT(//25X, 'FROM TWODIM')
FORMAT(5X, '2-D SUM= ',D20.10)
RETURN

END

SUBROUTINE WCHNDE(ICAP,JCAP,M,N,BIOT,DY,Bl,B2,COEF)

THIS ROUTINE DETERMINES WHICH NODE WITHIN THE STORAGE MATERIAL
IS CURRENTLY BEING DEFINED IN THE "DEFINE" ROUTINE. IT THEN
DEFINES THE NEIGHBOR NODES AND INITIALIZES THE COEFFICIENT
DEPENDING ON THE VARIABLE JCAP.

IMPLICIT REAL*8(A-H,0-Z)
COEF=0.D+0
TAIL=(1.D+0+(BIOT*DY))
X=2.D+0*Bl

Y=2,D+0*B2
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DETERMINE THE LOCATION WITHIN THE STORAGE MATERIAL NODAL
NETWORK AND INSURE THAT IT IS ACCURATE.

CALL THCHW(ICAP,N,I,J)
N1=I+(J-1)*N

IF(N1.NE.ICAP) WRITE(6,1111)
IF(N1.NE.ICAP) STOP

DETERMINE NEIGHBOR NODES AND TYPE OF NODE (I,J) IS, THEN
BRANCH.

N2=I+(J-2)*N
N3=I+J*N
N4=(I-1)+(J-1)*N
N5=(I+1)+(J~1)*N
CALL WHCH(I,J,M,N,IWHCH)
Go T0 (1,2,3,4,5,6,7,8,9), IWHCH
FOR 1,1 CORNER NODE
IF(JCAP.EQ.N3) COEF=X
IF(JCAP.EQ.N5) COEF=Y
IF(JCAP.EQ.N1) COEF=-(1l.D+0+2.D+0*(B1+B2))
GO TO 9999
FOR N,1 CORNER NODE
IF(JCAP.EQ.N3) COEF=X
IF(JCAP.EQ.N4) COEF=Y
IF(JCAP.EQ.NL)COEF=-(1.D+0+X+Y*TAIL)
GO TO 9999
FOR N,M CORNER NODE
IF(JCAP.EQ.N2) COEF=X
IF(JCAP.EQ.N4) COEF=Y
IF(JCAP.EQ.N1) COEF=-(1.D+0+X+Y*TAIL)
GO TO 9999
FOR 1,M CORNER NODE
IF(JCAP.EQ.N2) COEF=X
IF(JCAP.EQ.N5) COEF=Y
IF(JCAP.EQ.N1) COEF=-(1.D+0+X+Y)
GO TO 9999

FOR Y=0 INSULATED FACE

IF(JCAP.EQ.N2) COEF=Bl
IF(JCAP.EQ.N3) COEF=Bl
IF(JCAP.EQ.N5) COEF=Y
IF(JCAP.EQ.N1) COEF==~(1.D+0+X+Y)
GO TO 9999

FOR Z=0 FACE
IF(JCAP.EQ.N3) COEF=X

IF(JCAP.EQ.N4) COEF=B2
IF(JCAP.EQ.N5) COEF=B2
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IF(JCAP.EQ.N1) COEF=-(1.D+0+X+Y)
GO TO 9999

FOR Y=1 CONVECTIVE FACE
IF(JCAP.EQ.N2) COEF=Bl
IF(JCAP.EQ.N3) COEF=Bl
IF(JCAP.EQ.N4) COEF=Y
IF(JCAP.EQ.N1) COEF=~(1.D+0+X+Y*TAIL)
GO TO 9999

FOR Z=1 INSULATED FACE
IF(JCAP.EQ.N2) COEF=X
IF(JCAP.EQ.N4) COEF=B2
IF(JCAP.EQ.N5) COEF=B2
IF(JCAP.EQ.N1) COEF=-(l.D+0+X+Y)
GO TO 9999

FOR INTERIOR NODES
IF(JCAP.EQ.N2) COEF=Bl
IF(JCAP.EQ.N3) COEF=Bl
IF(JCAP.EQ.N4) COEF=B2
IF(JCAP.EQ.N5) COEF=B2
IF(JCAP.EQ.N1) COEF=-(1.D+0+X+Y)

FORMAT STATEMENTS FOR THIS ROUTINE

FORMAT(5X, 'WCHNDE ROUTINE IS NOT RETURNING CORRECT NODAL
LOCATION.'/5X, 'EXECUTION TERMINATED.')

RETURN

END

SUBROUTINE WHCH(I,J,M,N,IWHCH)
THIS ROUTINE IDENTIFIES NODAL POINTS BY TYPE.

IMPLICIT REAL*8(A-H,0-Z)
IF(I1.EQ.1.AND.J.EQ.1) IWHCH=I
IF(I1.EQ.N.AND.J.EQ.1) IWHCH=2
IF(I.EQ.N.AND.J.EQ.M) IWHCH=3
IF(I.EQ.1.AND.J.EQ.M) IWHCH=4
IF(I.EQ.1.AND.J.GT.1 . AND.J.LT.M) IWHCH=5
IF(I.GT.l.AND.I.LT.N.AND.J.EQ.1) IWHCH=6
IF(I1.EQ.N.AND.J.GT.1.AND.J.LT.M) IWHCH=7
IF(I.GT.l.AND.I.LT.N.AND.J.EQ.M) IWHCH=8
IF(I.GT.1.AND.I.LT.N.AND.J.GT.1 . AND.J.LT.M) IWHCH=9
RETURN

END
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C
C

SUBROUTINE WHCHT(I,J,N,NTH)
C
C THIS ROUTINE DETERMINES A UNIQUE NUMBER FOR A GIVEN LOCATION IN
C A MATRIX OF N ROWS.
c

NTH=I+(J-1)*N
9999 RETURN

END
C
C
C
c
C
SUBROUTINE WRTOl (TFL,B,M,N,MN)
C
C THIS ROUTINE WRITE OUT SPATIALLY CORRECT TEMPERATURE
C FIELDS
C

IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION TFL(M),B(MN),NTH(9)
WRITE(6,990)
WRITE(6,1000) (TFL(I),I=1,M)
WRITE(6,1010)
DO 100 I=1,N
II=N-(I-1)
DO 200 J=1,M

200 NTH(J)=LI+(J—-1)*N

100 WRITE(6,1000) (B(NTH(J)),J=1,M)
WRITE(6,990)

(@)

FORMAT STATEMENTS FOR THIS ROUTINE

ac

990 FORMAT(' ')
1000  FORMAT(3X,9(D13.6,1X))

1010 FORMAT(' ')
9999 RETURN

END
c
c
c
C
c
SUBROUTINE REPORT (G,X,MM,NN,CON,VAR,X0)
C
C THIS ROUTINE WRITES OUT THE RESULTS OF THE FINAL OPTIMIZATION
c RUN.
C

IMPLICIT REAL*8 (A-H,0-Z)
INTEGER*2 INIT
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REAL*8 MITX,MDOTS,MRAT,IMT,NDFITS,NDFIPS,NTUS,NDFITD,NDFIPD,
MDOTD ,NTUD,NSUBS ,MATSTR ,MATSS,MATDB,MATDE , LRGEST

DIMENSION X(NN),G(MM),CON(MM),VAR(NN),XO(NN),CONFG(2),
FLWDIR(2),ENDDST(2),TFLSLV(2) ,AVMTMP(100) ,FLEXS(100),FLDS(10),
MATSTR(100) ,AVLMS(100) ,AVLFS(100) ,AVLES(100) ,AVGTSS(100),
HGHTMP(100) ,APRSS(100) ,AVLMSS(100),FLDSS(10) ,MATSS(100),
MATDB(100),FLDD(100) ,TAVG(100) ,AVLMD(100) ,AVLFD(100) ,MATDE(100),
TFLDB(10),TFLDE(10) ,AVLED(100)

COMMON/RESULT/M,N,IGEOM,ISWAP,IDIST,IWHCH,KCSS,ISS,KL,
KCDS,1DS,LM,FITXS,FITXD,MITX,

MDOTS ,MRAT,VPLS,WPLS,ROVRCP , TKRAT PR, CLOSE , IMT, FNUM,DFOST,
NDFITS,FIPXS,NDFIPS,BIS,GPLSS,NTUS,REYSTO,TOPT,STOMAT,STOFLD,
STOEXT ,STORSM,ETSS,ABSS ,DFOSS,AVLSS ,ETDS, ABDS,

DFOD ,NDFITD,FIPXD,NDFIPD,BID,GPLSD,MDOTD,NTUD,
REYDIS,DISMAT,DISFLD,DISSUM,TP1,TP2, BTM]l ,BTM2 ,ALPHA,NSUBS,
FSTCMP ,LRGEST,DISEXT

COMMON/INITBK/INIT
COMMON/DIM/AVMTMP ,FLEXS ,FLDS ,MATSTR,AVLMS ,AVLFS,AVLES,AVGTSS,
HGHTMP ,APRSS,AVLMSS,FLDSS ,MATSS ,MATDB, TAVG,FLDD,AVLMD,
AVLFD,MATDE ,TFLDB,TFLDE ,AVLED

DATA CONFG/'FLAT','CYLN'/

DATA FLWDIR/'CNTR','PARL'/

DATA ENDDST/'UNFM',' 2-D'/

DATA TFLSLV/'CRFT','INTR'/

START WRITE SUMMARY, BEGIN BY CALLING GRG2 WITH THE OPTIMUM
VARIABLES IN ORDER TO GET A GOOD PRINTOUT.

IF(INIT.EQ.l) RETURN
IF(INIT.EQ.0) CALL GCOMP(G,X)

GRG2 SUMMARY
WRITE(6,500)
WRITE(6,510) CON(1),G(1)
WRITE(6,510) CON(2),G(2)
WRITE(6,520) VAR(1),X(1),X0(1),VAR(2),X(2),X0(2)
WRITE(6,520) VAR(3),X(3),X0(3)

INPUT SUMMARY
WRITE(6,1000)
WRITE(6,1010)
WRITE(6,1020) M,N,CONFG(IGEOM),FLWDIR(ISWAP),ENDDST(IDIST),
TFLSLV(IWHCH)
WRITE(6,1030) FITXS,FITXD,MITX,MDOTS,MRAT
WRITE(6,1040) VPLS,WPLS,ROVRCP,TKRAT,PR
WRITE(6,1050) CLOSE

MODE | (STORAGE) SUMMARY
WRITE(6,2000)
WRITE(6,2010) IMT,FNUM,DFOST,NDFITS,FIPXS
WRITE(6,2020) NDFIPS,BIS,GPLSS,NTUS,REYSTO
WRITE(6,2030) TOPT,STOMAT,STOFLD,STOEXT,STORSM
PCTM=STOMAT/STORSM
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PCTF=STOFLD/STORSM
PCTX=STOEXT/STORSM
WRITE(6,2035) PCTM,PCTF,PCTX
WRITE(6,2040)
DO 100 I=1,59
AVLMS(I)=AVLMS(1)/VPLS
AVLFS(I)=AVLFS(I)*(BIS/VPLS)
AVLES(I)=AVLES(I)/GPLSS
TOTAL=AVLMS(I)+AVLFS(I)+AVLES(I)
100 WRITE(6,2050) I,AVLMS(I),AVLFS(I),AVLES(I),TOTAL,
* AVMTMP(I),FLEXS(I)
WRITE(6,2060)
CALL WRTO1(FLDS,MATSTR,M,N,MN)
MODE 2 SUMMARY
IF(IDIST.EQ.2) WRITE(6,2070)
IF(IDIST.EQ.2) GO TO 300
WRITE(6,3000)
WRITE(6,3010) ETSS,ABSS,KCSS,ISS
MODE 3 SUMMARY
WRITE(6,4000)
PCTSS=AVLSS/STORSM
WRITE(6,4010) DF0SS,KL,AVLSS,PCTSS,LRGEST
WRITE(6,4020)
DO 200 J=1,KL
AVLMSS(J)=AVLMSS(J)/VPLS
200 WRITE(6,4030) J,AVLMSS(J),AVGTSS(J),HGHTMP(J) ,APRSS(J)
WRITE(6,4040)
CALL WRTO1(FLDSS,MATSS,M,N,MN)
MODE 4 SUMMARY
300 WRITE(6,5000)
WRITE(6,5010) ETDS,ABDS,KCDS,IDS
MODE 5 (DISCHARGE) SUMMARY
WRITE(6,6000)
WRITE(6,6010) DFOD,NDFITD,FIPXD,NDFIPD,LM
WRITE(6,6020) BID,GPLSD,MDOTD,NTUD,REYDIS
WRITE(6,6030) DISMAT,DISFLD,DISEXT,DISSUM
PCTM=DISMAT/DISSUM
PCTF=DISFLD/DISSUM
WRITE(6,6035) PCTM,PCTF
WRITE(6,6040)
CALL WRTOl(TFLDB,MATDB,M,N,MN)
WRITE(6,2040)
DO 400 K=1,LM
AVLMD(K)=AVLMD(K)/VPLS
AVLFD(K)=AVLFD(K)*(BID/VPLS)
AVLED(K)=AVLED(K)/GPLSD
TOTAL=AVLMD(K)+AVLFD(K)
400 WRITE(6,6050) K,AVLMD(K),AVLFD(K),AVLED(K),TOTAL,TAVG(K),
*  FLDD(K)
WRITE(6,6060)
CALL WRTO1(TFLDE,MATDE,M,N,MN)
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FIGURE OF MERIT SUMMARY
WRITE(6,7000)
WRITE(6,7010) TPL,TP2,BTMl,BTM2,ALPHA,NSUBS,FSTCMP

FORMAT STATEMENTS FOR THIS ROUTINE

FORMAT(48X, "GRG2 CONTROLLED VARIABLES'/48X,
' )

FORMAT(3X,A8,'= ',D16.10)

FORMAT(3X,A8,"'= ',D16.10,3X,'(IV= ',D16.10,')',5X,

A8,'= ',D16.10,3X,'(IV= ',D16.10,')")
FORMAT(///43X,"ENTROP PROGRAM GENERATED VARIABLES'/43X,

1] e o l/)

FORMAT(3X, ' INPUT DATA SUMMARY'/3X,’ ")
FORMAT(3X, 'M= ',I3,5X,'N= ',I3,5X, 'GEOMETRY= ',A4,5X,

"FLW DIR= ',A4,5X,'MAT TMP @ DIS l= ',A4,5X,

'TFL SOLV TYPE= ',A4)

FORMAT(3X,'FITXS= ',D16.10,2X,'FITXD= ',D16.10,2X, 'MITX=

D16.10,2X, '"MDOTS= ',D16.10,2X, 'MRAT= ' ,D16.10)
FORMAT(3X, 'VPLS=  ',D16.10,2X,'WPLS= ',D16.10,2X, 'ROVRCP=
D16.10,2X,'TKRAT= ',D16.10,2X, 'PR= ',D16.10)

FORMAT(3X, 'CLOSE= ',D16.10/)
FORMAT(3X,'MODE 1 (STORAGE) SUMMARY'/3X,
]

- ')

FORMAT(3X, ' IMT= ',D16.10,2X,"FNUM=  ',D16.10,2X, 'DFOST=
D16.10,2X,'NDFITS= ',D16.10,2X, 'FIPXS= ',D16.10)

FORMAT(3X, 'NDFIPS= ',D16.10,2X, 'BIS= ',D16.10,2X, '"GPLSS=
D16.10,2X,'NTUS=  ',D16.10,2X, 'REYSTO= ',D16.10)

FORMAT(3X, 'TOPT=  ',D16.10,2X,'STOMAT= ',D16.10,2X, 'STOFLD=
D16.10,2X,"STOEXT= ',D16.10,2X,'STORSM= ',D16.10)

FORMAT(3X, 'PCTM=  ',D16.10,2X,'PCTF= ',D16.10,2X,

"PCTX=  ',D16.10/)

FORMAT (88X, 'AVG',12X, 'EXITING'/3X, 'TIME', 25X,
"ENTROPY GENERATION TERMS',29X,'MATERIAL',11X,
'"FLUID'/3X, 'STEP',6X, 'MATERIAL',11X, 'FLUID',12X,
"EXT FLD',12X,'TOTAL',10X,'TEMPERATURE',7X,

'"TEMPERATURE'/3X, '-———=",2X,"' ',2X%,
1 ',ZX,' ',ZX,

1] ’,ZX,' ',ZX’

] l/)

FORMAT(3X,13,6(2X,D16.10))

FORMAT(/3X, "MATERIAL AND FLUID TEMPERATURE DISTRIBUTION',1X,
AT END OF STORAGE PERIOD ARE:')

FORMAT(/3X, '"MODES 2&3 NOT REQUIRED FOR THIS RUN'/

3K, " =———— - - - -— -—='/)

FORMAT(3X, 'MODE 2 SUMMARY'/3X,' - ")
FORMAT(3X,'ETSS=  ',D16.10,2X,'ABSS=  ',D16.10,2X, 'KCSS=
13,'/100',2X,'1SS= ',13,'/20'/)

FORMAT(3X,'MODE 3 SUMMARY'/3X,' - ")

FORMAT(3X, 'DFOSS= ',D16.10,2X,'KL=  ',I3,2X,'AVLSS= ',

D16.10,2X,"PCTSS = ',D16.10,2X, 'LRGEST= ',D16.10/)

1]

|

1

b

b
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FORMAT(13X, "ENTROPY' 11X, 'AVERAGE' /3X, 'TIME',5X,
"GENERATED', 10X, 'MATERIAL', 10X, 'HIGHEST'/3X,'STEP',

6X, '"MATERIAL',9X, 'TEMPERATURE',7X, 'TEMPERATURE',7X,
'DIFFERENCE'/3X,'=-==',2%," ',2X,

' ',ZX,' "',ZX,

1] l/)

FORMAT(3X,13,4(2X,D16.10))

FORMAT(/3X, "MATERIAL AND FLUID TEMPERATURE DISTRIBUTION',1X,

* 'AT END OF STEADY STATE PERIOD.')

5000
5010
*

6000
*

6010
*

6020
*

6030
*

6035

6040

")
',D16.10,2X,'KCDS= ',

FORMAT(3X, '"MODE 4 SUMMARY'/3X,' -
FORMAT(3X,'ETDS=  ',D16.10,2X,'ABDS=
13,'/100',2X,'1IDS= ',13,'/20'/)
FORMAT(3X, '"MODE 5 (DISCHARGE) SUMMARY'/3X,

1] - l)

',D16.10,2X, 'NDFITD= ',D16.10,2X,'FIPXD= ',
',D16.10,2X,'LM= ',I3)

',D16.10,2X,'GPLSD= ' ,D16.10,2X, 'MDOTD= ',
',D16.10,2X, 'REYDIS= ',D16.10)

',D16.10,2X, 'DISFLD= ',D16.10,2X, 'DISEXT= ',

FORMAT (3X, ' DFOD=
D16.10,2X, 'NDFIPD=
FORMAT(3X, ' BID=
D16.10,2X, 'NTUD=
FORMAT(3X, ' DISMAT=
D16.10,2X, 'DISSUM= ',D16.10)

FORMAT(3X,'PCTM=  ',D16.10,2X,'PCTF= ',D16.10/)
FORMAT(/3X, "MATERIAL AND FLUID TEMPERATURE DISTRIBUTION',1X,

* 'PRIOR TO START OF DISCHARGE PERIOD.')

6050
%*

6060

FORMAT(3X,13,2X,D16.10,2X,D16.10,2X,D16.10,2X,D16.10,2X,
D16.10,2X,D16.10)
FORMAT(/3X, 'MATERIAL AND FLUID TEMPERATURE DISTRIBUTION',1X,

* '"AT END OF DISCHARGE PERIOD.')

7000
*

7010
*
*
*

9999

FORMAT(3X, 'FIGURE OF MERIT SUMMARY'/3X,
1 T
)
FORMAT(3X, 'PRS AVL, STORAGE= ',D16.10,5X,'PRS AVL, DISCHARGE= '
D16.10/3X,'TMP AVL, STORAGE= ',D16.10,5X,'TMP AVL, DISCHARGE= '
D16.10/3X,'ALPHA= ',D16.10,3X, 'NSUBS= ',D16.10,3X,
'1ST LAW COMP= ',D16.10///)
RETURN
END

2

b
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APPENDIX B

DEVELOPMENT OF DISCRETIZED TRANSIENT CONDUCTION

EQUATIONS FOR THE STORAGE ELEMENT
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This appendix explains the steps that were taken to enable ENTROP
to define the individual terms of the discretized material conduction
equation coefficient matrix at run time and as a function of the number
of material nodes.

First, it is necessary to define a consistent coordinate system and
nodal numbering sequence. The one developed for this study is
illustrated in Figure B.l. It has the standard "i" and "j" axis desig-
nation and a numbering system that gives each node a unique number.
Figure B.l shows a 4x7 network but the mathematical relationships devel-
oped are valid for any size system. If we define the number of nodes in
the X direction as m and the number of nodes in the Y direction as n,
the following characteristics of the nodal system shown in Figure B.l
can be noted:

a. the node number for any given (i,j) node can be uniquely defined
as [i+(j=1)*n],

b. the node directly above any given (i,j) node can be defined as
(i+1,j) and has a unique number given by [(i+1)+(j-1)*n],

c. the node directly below it can be defined as (i-1,j) and has a
unique number given by [(i-1)+(j-1)#*n],

d. the one to its right can be defined as (i,j+1) and has a unique
number given by [i+j*n], and

e. the one to its left can be defined as (i,j-1) and has a unique
number given by [i+(j-2)#*n].

The coefficient matrix that results from this nodal network has

certain characteristics that are also of interest. The first of these
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is that the matrix is square with an order equal to nxm. Therefore the
sample 4x7 arrangement shown in Figure B.l would result in a 28x28 co-
efficient matrix. 1In addition, each row of the matrix would represent a
particular material node and the entries in that row would represent
either the particular node or one of its neighbors. This matrix would
also have a unique physical appearance. The non-zero coefficients would
be arranged in a band centered around the main diagonal. These traits
are illustrated in Figure B.2 and the “"x's" represent the non-zero co-
efficients. This figure shows a very important characteristic of this
type of coefficient matrix; that is the upper and lower band widths are
equal to the number of material nodes in the "i" direction.

To understand the requirement that we must be able to define each
individual term in the coefficient matrix, it is necessary to examine

the instruction string provided with subroutines DGBFA and DGBSL to load

their working matrix. It is:

=ML + MU
20 I =1,N

MAXO (1,I — MU)
MINO (N,I + ML)
0 20 J = 11,12
K=J—-I+M

20 ABD (K,I) = A(J,I)

83

O HH
N
i

Band width below the main diagonal

Band width above the main diagonal
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N = Size of the original, large, sparse coefficient matrix, A,
and is equal to nxm

ABD = DGBFA's working matrix

The purpose of this instruction string is quite simple. Using the
total number of nodes plus the upper and lower band width of the
original sparse matrix, it skips over the zero entries and "reads” only
the non-zero entries of each row. The "I" counter on the outer loop
causes it to look at each row of the original matrix and represents the
unique number of a particular material node. The "J" counter on the
inner loop represents the unique numbers of the neighbor nodes, that is
the neighbors of the node represented by "I". Therefore once the in-
struction string has defined a particular element, (i.e., an "I" and
“J") it "reads” the value of that element from the original sparse, co-
efficient matrix into DGBFA's working matrix. The operation of this in-
struction string can best be illustrated by calculating the "I", "Il1",
and "I2" counters for a few iterations and then comparing them to the
example coefficient matrix in Figure B.2. The results of these few
iterations, using the nodal network in Figure B.l, are shown in Table
B.l.

The problem that results is that both the original sparse, coef-
ficient matrix and the working matrix have to be defined. This is un-
desirable because even moderate sized nodal systems require large
amounts of computer memory. To solve this problem it was necessary to
incorporate the ability to calculate a coefficient arra§ element given
any "I", "J" pair. The steps taken to develop this capability are

described below.
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Table B.l. Partial summary
of the operation of the
original instruction
string to read the
banded matrix

Inner loop

Outer loop counter
counter

11 12

1 1 5

2 1 6

3 1 7

4 1 8

5 1 9

6 2 10

7 3 11

8 4 12

23 19 27

24 20 28

25 21 28

26 22 28

27 23 28

28 24 28
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The key to providing this capability is to have a discretized con-
duction equation with a uniform physical construction that is applicable
to every type of node. The most general form of a discretized, fully
implicit, transient conduction equation for any particular (i,j) node in
the system shown in Figure B.l is:

1 n+l

n n+l n+
(ei,j + Cl) CZOi,j_1 + C3ei,j+l + C4Gi_1,j

(B.l)
+ cse™ - cee™t!

i+l,] i,]

As can be seen, equation (B.l) contains a total of six terms, each
with a leading coefficient or associated constant. The six terms are:

a. the temperature of the (i,j) node for the next time period,

b. the current temperature of the (i,j) node, and

c. the current temperatures of the four neighbor nodes.

The value of a leading coefficient or associated constant is a
function of the physical location of the particular (i,j) node within
the system, its neighbor nodes, and the boundary conditions. For the
system under study, there are nine different types of nodes. They are:

a. the interior nodes,

b. the corner node located at i=1 and j=1,

c. the nodes on the X=0 face but not at a corner;
that is j=n, i»2, and i<n,

d. the corner node located at i=n and j=1,

e. the nodes on the Y=1 face but not at a corner;
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that is i=n, j»2, and j<m,

f. the corner node located at i=n and j=m,

g. the nodes on the X=1 face but not at a coruner;
that is j=m, i»2, and i<n,

h. the corner node located at i=1 and j=m, and

i. the nodes on the Y=0 face but not at a corner;

that is i=1, j»2, and j<m.
The leading coefficients and constants for each of the six terms in the
most general equation form and for each of the nine nodes were computed
and are summarized in Table B.2. The actual algebra is quite straight-
forward but very long and involved and will not be repeated here for the
sake of brevity. The reader is invited to read reference [52] for de-
tails.

With this information, it is now a fairly simple operation to de-
fine any given coefficient array element and this procedure is summar-
ized as follows:

a. Given the value of the "I" counter and therefore the unique
number of a node; determine it's (i,j) location.

b. Based on the (i,j) location; determine which one of the nine
types of nodes is represented.

c. Using the value of the "J" counter; determine which neighbor
node is represented.

d. Finally, with the particular type of node and neighbor iden
tified, pick the appropriate coefficient from Table B.2.
This coefficient is then loaded directly into DGBFA's working array in

the location desired by DGBFA.
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APPENDIX C

DESCRIPTION OF MODIFICATIONS TO PERMIT

INTEGRATION OF DISCRETE VALUES
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The following information summarizes the modifications that were
made to the Simpson's One-Third Rule algorithm to permit integration of
discrete data points instead of continuous functions. One- and two-
dimensional numerical integrations were required at several locations
within ENTROP, and it was decided that it would be more accurate to use
the discrete points rather than a curve fit of the discrete points.

For a one-dimensional integration, the reader will recall that the
traditional procedure has the following preliminary steps:

a. define a continuous function, F, and the limits of integration,
A to B,

b. define the number of divisions, D, that the continuous function
is to be divided into,

Ce using the limits of integration and the number of divisions,
calculate the length, H, of each division using the relationship
(B-A)/D, and finally

d. divide the number of divisions by two to determine the number
of "groups of three evaluations” in the interval from A to B.

The actual integration of the continuous function is accomplished using

this information and the following instructional string:

X1=A
NUM=DIV/2.0
SUM=0.0
DO 100 I=1,NUM
SUM=SUM+H/3.*[F(X1)+4 . *F(X1+H)+F(X1+2.*H))
100  X1=X1+2.*H

The numerical integration proceeds as the value of the X1 variable is
incremented and continues until all the "groups of three evaluations”

have been processed.
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To modify this string to use discrete values, we first do the fol-
lowing:

a. define some number of discrete nodes in the interval from A to
B as M, and specify an odd number of nodes,

b. define a single dimensioned array, Y, that contains the values
at each node,

Ce realize that the interval between nodes, dX, is the same as the
length interval, H, used in the traditional technique, and

d. realize that for these definitions, the number of "groups of
three nodes” is equal to (M-1)/2.
An illustration of this physical system is shown in Figure C.l and shows
the original interval from A to B discretized with séven nodes. Using
these definitions we can rewrite the traditional instructional string as

follows:

NUM = (M-1)/2.0

Nl=1

SUM=0.0

DO 100 1=1,NUM

N2=N1+1

N3=N2+1

SUM=SUM+[ (dX) /3. ]*[Y(N1)+4.*Y(N2)+Y(N3) ]
100 N1=N3

This modified sequence then steps through the discrete points in the
same order (i.e., the same “"groups of three nodes”) as the traditional
procedure. The Nl, N2, and N3 counters, which are redefined for each
increment of the do-loop, specify the points being processed. The

numerical integration is complete when the last "group of three” has
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been processed. This modified string was programmed and installed in
the ENTROP program as the subroutine ONEDIM.

A two-dimensional integration using the traditional one-third rule
proceeds in a similar manner. The only difference is that for each
"group of three evaluations” in the X direction, it must also evaluate
all the "groups of three evaluations” in the Y direction. The primary
difficulty in implementing such a procedure is defining a method to keep
track of which node numbers are being processed at any given time. In a
one-dimensional system, the node numbers proceeded in order; that is N1,
N2, N3, then N3, N4, and N5 until the last "group of three” has been
processed. In a two-dimensional system, the node numbers in a given
direction are not sequential. This is due to the numbering sequence
used to identify nodes. The reader can review this sequence by refer-
ring to Figure B.l (p. 217). Before discussing the specific modifica-
tions that were made, it is necessary to briefy summarize the tradi-
tional two-dimensional integration procedure.

The two-dimensional, one-third rule algorithm requires the same
types of information as its one-dimensional counterpart. It must have
limits of integration and interval lengths for both the X and Y direc—
tion. The running total, that is the result of the integration, is also
similar except that it sums nine values instead of three and has the

following form:

SUM=SUM+(HX*HY/9. ) *(F1+F3+F7+F9+4 . *( F2+F4+F6+F8)+16 . *F5.) (C.1)
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The nine "F's"” in equation (C.l) represent values of the continuous
function at specific X and Y coordinate points. To define these func-
tion values, assume that the integration process has just begun. The
current X and Y values would be the respective lower limits of integra-
tion. Designating these initial values as Xl and Yl and defining HX and
HY as the X and Y interval lengths, we define the following qualitative

relationships for the nine function values:

F1=F(X1,Yl), F2=F(X2,Yl), F3=F(X3,Yl)
F4=F(X1,Y2), F5=F(X2,Y2), F6=F(X3,Y2) (C.2)

F7=F(X1,Y3), F8=F(X2,Y3), F9=F(X3,Y3),

where:

X2=X1+HX, X3=X1+2.*HX, Y2=Yl+HY, Y3=Y1=2,*HY. (C.3)

These geometric relationships are illustrated for a hypothetical problem
in Figure C.2. As in the one-dimensional case, the numerical integra-
tion proceeds by summing the function evaluations for given initial
values of Xl and Yl then incrementing their value until all the “groups
of three evaluations™ have been processed. The only difference is that
for each X "group of three evaluations"”, all the Y "evaluations” have to
be performed before moving on to the next X "group of three evalua-

tions.”
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To modify these relationships to accommodate discrete points, it
only necessary to realize two facts. These are:

a. that the X and Y coordinate positions, that is the X1, X2, . .y
XM and the Yl, Y2, . ., YN values, also represent the (i,j) coordinates
of the material nodes, and

b, the (X,Y) coordinates can therefore be used to define a unique
node number using the relationship developed in Appendix B.
With this information, a straightforward computing scheme can be defined
to permit the integration of discrete values. .This scheme can be best
explained using the logic diagram in Figure C.3. This diagram was pre-
pared by:

a. assuming an odd number of material nodes in the X and Y direc-
tion,

be using the same coordinate system and nodal numbering sequence
as shown in Figure B.l (p. 217), and

Ce assuming that the function values to be integrated are con-
tained in a single subscripted array, T(B); where B represents a unique
nodal number.
The steps outlined in Figure C.3 were programmed and installed in the

ENTROP program as the subroutine TWODIM.
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OEFINE NUMBER OF "GROUPS OF
THREE NOOES" IN THE X DIRECTION

¥

DEFINE NUMBER OF "GRQUPS OF
THAEE NQOES” IN THE Y DIRECTION

¥

DEFINE FIAST THREE X VALUES AS
X1= 1, X2=2 X3=3

)

FOR EACH "GROUP OF THAEE NODES"
IN THE X DIRECTION

?

DEFINE FIRST THREE Y VALUES AS
Yiw1,Y2=2 Y3=3

1

FOR EACH *GROUP OF THREE NODES"
IN THE Y DIRECTION

3

DEFINE THE NINE UNIQUE NUMBERS
REPRESENTED 8Y THE FOLLOWING

81 = (X1, Y1) B4 = (X1,Y2) 87 = (X1,Y3)
82 = (X2, Y1) 85 = (X2,Y2) 88 = (X2, Y3)
83 = (X3,Y1) 868 = (X3, Y2) 89 = (X3, Y3)

¥

CALCULATE THE RUNNING TOTAL AS

SUM = SUM + (HX « HY/9.0) « {T(B1}
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APPENDIX D

VERIFICATION OF TWO CRITICAL CALCULATIONS
PERFORMED BY THE ENTROP COMPUTER

PROGRAM
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This appendix summarizes the steps that were taken to verify two
critical calculations of the ENTROP computer program: the storage ma-
terial transient temperature distributions and the figure of merit, N
To verify that ENTROP was correctly calculating storage material transi-
ent temperatures, a comparison was made with a simplified storage system
example problem contained in Schmidt and Willmott's [21] text. The
ability of the ENTROP computer program to accurately calculate a value
for the figure of merit was verified by having it duplicate a design
case that had also been evaluated by the computer program Krane used for
his lumped storage element study [46].

The accuracy of the storage material two-dimensional transient tem-
peratures as calculated by ENTROP could not be verified directly because
similar temperature data was not available with which to make a compar-
ison. Even though Szego [22] published results based on such calcula-
tions, actual storage material temperature distributions were not
included. Consequently, a comparison had to be made using a one-dimen-
sional storage system example problem from reference [21]. This par-
ticular problem was chosen, in part, because it utilized an analytical
solution for the storage material transient temperature distribution
that had been non-dimensionalized with many of the same variables
utilized in this study. This problem described the situation where the
fluid was assumed to have an infinite heat capacity (i.e., constant tem—
perature along the flow channel) and the temperature gradients within
the storage material were not negligible. The one-dimensional material

temperature distribution for these conditions can be written as:
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Z sin Mj
= - - 2
o, = 1.0 2 GInH cos M T P [ (Mj ) Fo] cos (MjY)
j=1 h) h ]
(D.1la)
where:
Tm 0o w
- 29 2
em T =T (D.1b)
»1 w
and
M. tan M. = Bl . (D.1le¢)
J ]

It should be noted that equation (D.l) utilizes a dimensionless temper-
ature different from the one used in this study. This is mentioned here
because it somewhat complicated the verification procedure.

Comparing ENTROP's two-dimensional temperature distribution against
a one—~dimensional distribution was possible only because a small value
for the storage material aspect ratio, vt could be specified. This is
the ratio of the half-thickness of a section of storage material to its
length and small values minimize the effects of longitudinal conduc-—
tion. Therefore, once a two-dimensional distribution for a storage unit
with a small value of V' had been calculated, it was reasonable to
interpret it as a group of individual one-dimensional distributions.
Each of these groups could then be compared to the one-dimensional dis-

tribution calculated by equation (D.1l).
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A computer program was written to solve equation (D.l) and together
with ENTROP was used to conduct the verification procedure. This se-
quence proceeded as follows:

a. Values for Bi; and Fog were defined and storage material tem-
peratures at 25 equally spaced points, corresponding to an elapsed time
equal to Fogy, were calculated using equation (D.l).

b. Using the same Bi, and Fo, defined above, dividing Fo, into 99
equal increments, defining values for T

S/Tm and T s/T°° defining a

f’i’

value for V' as well as the ratio of G: to V+, and specifying a specific

material-fluid nodal arrangement, ENTROP was made to solve the one~
dimensional fluid and two-dimensional storage material temperature dis-
tributions for these conditions. This resulted in nine dimensionless
fluid temperatures in the longitudinal direction and 25 dimensionless
material temperatures through the thickness of the storage material for
each of the nine fluid temperatures.

c. One of the nine dimensionless fluid temperature calculated by
ENTROP was then converted to its appropriate dimensional value. This
value, a dimensional ambient temperature, the dimensional fluid temper—
ature used to define Tf,i,S/Tw’ and the dimensional initial material
temperature used to define Tm,o,s/Tm were used to convert the 25
material temperatures calculated by equation (D.1) to their appropriate
dimensional value. These dimensional temperatures were in turn non-

dimensionalized with the scheme utilized in this study and then compared

to the corresponding dimensionless material temperatures calculated by

ENTROP.
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Step ¢ was actually performed on two of the nine fluid temperatures
and the results of these comparisons are summarized in Table D.l. These
data show that the agreement between ENTROP and equation (D.l) was on
the order of 2.%Z. Given that approximate two-dimensional temperature
distributions were being compared to exact one-dimensional distribu-
tions, the agreement was considered excellent and it was concluded that
ENTROP was correctly calculating transient material temperature distri-
butions.

It was equally difficult to verify the operation of the ENTROP pro-
gram for a complete storage-removal cycle. Although individual parts of
the program had been verified separately, no data were available to in-

sure that the figure of merit, N was being calculated correctly. Ac-

C’
cordingly, it was decided to define a specific set of design parameters
and then have both ENTROP and the computer program Krane used for his
lumped element study [46] calculate values for lambda, A, and the figure

of merit, N This required a considerable effort that consisted of the

c*
following major steps:

a. A hypothetical storage system was defined using air as the
flowing fluid and feolite as the storage material. This design utilized
feolite and air physical properties, arbitrary values for the storage
material half-thickness and length, and a unit width into the paper.
The physical design and operating parameters of this system were spe-
cified to approximate a lumped element. This was accomplished by
specifying small values of Bi; to approximate a storage material with a
very large thermal conductivity, and small values of G: to minimize the

temperature drop in the flowing fluid.
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Table D.l1 Comparison of storage material temperatures
calculated by ENTROP with those calculated
by Equation D.l

Dimensionless Y

For the dimensionless fluid temperature
calculated by ENTROP having a value of

distance 0.9982 0.9891
ENTROP Eqn. D.l ENTROP Eqn. D.l
0.0000 0.2346 0.2394 0.2321 0.2373
0.0417 0.2346 0.2395 0.2322 0.2373
0.0833 0.2348 0.2397 0.2324 0.2375
0.1250 0.2352 0.2400 0.2327 0.2378
0.1667 0.2356 0.2405 0.2331 0.2383
U.2083 0.2362 0.2410 0.2337 0.2388
0.2500 0.2369 0.2417 0.2344 0.2395
0.2917 0.2377 0.2426 0.2352 0.2404
0.3333 0.2387 0.2435 0.2362 0.2413
0.3750 0.2398 0.2446 0.2373 0.2424
0.4167 0.2410 0.2458 0.2385 0.2436
0.4583 0.2423 0.2471 0.2400 0.2449
0.5000 0.2438 0.2486 0.2412 0.2463
0.5417 0.2454 0.2502 0.2428 0.2479
0.5833 0.2471 0.2519 0.2445 0.2496
0.6250 0.2489 0.2537 0.2463 0.2514
0.6667 0.2509 0.2557 0.2483 0.2534
0.7083 0.2530 0.2578 0.2504 0.2554
0.7500 0.2552 0.2600 0.2526 0.2576
0.7917 0.2576 0.2623 0.2549 0.2599
0.8333 0.2601 0.2648 0.2574 0.2624
0.8750 0.2626 0.2674 0.2600 0.2649
0.9167 0.2654 0.2701 0.2626 0.2676
0.9583 0.2682 0.2729 0.2655 0.2704
1.0000 0.2712 0.2758 0.2684 0.2733
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b. Using this hypothetical design, two equivalent sets of dimen—
sionless design variables were defined: one for ENTROP and one for
Krane's model.

Both models were run and the values of A and N, compared. ENTROP
calculated a value for A of 0.7419 x 1077 and a value for N, of
0.9653. Krane's model calculated values of 0.1920 x 10~5 and 0.9980
for A and NC respectively. Given that it was not possible to completely
simulate a lumped element, the agreement was considered good and it was

concluded that ENTROP was correctly calculating values for A and N..
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