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ABSTRACT

This report is primarily concerned with an analysis of advanced wind
driven energy systems. Three such systems, the Improved Wind Furnace System
and the Wind Driven Total Energy Systems, Types I and II, for the supply
of energy to electrical, space heating and domestic hot water loads are
considered for New Enaland residential and farm applications. These
systems are studied with the aid of an interactive digital computer
simulation (WDTES1) and an eccnomics program (WSDECO). Although the
programs incorporate some idealizations, they represent a necessary
preliminary investigation of the total system and its components. The
computer models are designed to be general enough to allow for wide
variations of loads, component sizes, working fluids and energy costs,
but specific enough to approach an optimum design point based on max-
imum energy efficiency or minimum total system costs.

Results indicate that the Wind Driven Total Energy System, Type II
model requires the least amount of auxiliary energy input Lo the system
for all three residential and farm settings considered. However, it
was found that the higher capitai costs of the Wind Driven Total Energy
System. Type II, did not justify its use when compared to the less energy
efficient but also Tess expensive Improved Wind Furnace System. Al]l
systems studied though, if mass produced, were found to be less expensive
annually than the conventional electric, oil and gas energy supply systems,

provided that the capital costs are amortized over a twenty year period.
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ENTRODUC T TOK

Energy and its means of supnly have become commodities of in-
creasingly greater importance on the worlid market and a major po itical
and economic consideration for every nation of the world, Ap abundant
supply of energy at a low cost s hasic to an industrial society to insure

a higher net economic waifare *ur 211 and to preclude th
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of conflict over decreasing resnurces

The realization that energy s a precious and dwindling rescurce
has given rise to the examinatior of energy conservation and renewable
enerqy systems to help sclve the energy problem. The United States is
not only the jargest energy consuming nation in the world, consuming
some 30 percent of the world's energy production, but it is essentially
the Yargest per capita user {with the exception of some small countries,
such as Luxembourg [171), since it has less than six percent of the world's
popuiation. Tnis farge per capita energy requirement is not only due
to its large gross national product, but also due to the lack of an
efticient encrgy conservation program. Nations such as Sweden. West
Germany and Canada, which have approximately the same per capita GNP as
the Lnited States use less energy o achieve 1t. For example, the average
Canadian uses 85 percent of the energy used by his American counterpart
and the average Swede and Wes® Germen uses 50 percent [2].

Obviously, much can be accompiished, in solving the energy problem,
by wise use of energy resources which are aiready available, but still
mora energy wiil be required 1v the future. Hard choices, which have
bath «conomic and political ramifications, will have to be made between

vacious cenventional [fossii fuel, nuciear. etc.) and non-conventisnal



(solar, hydrogen, biomass, elc.) energy systems.  Sular energy, with its
subdivision wind energy, represents a viable alternative socially,
politically and aesthetically, and wost importantly, for certain ap-
plications, economicaily, to the conventional methods:of energy supply.

Approximately 20 percent of the energy used in the United States
annualily is for heating and cooling of buildings and residences [3] and
approximately three percent of the total energy is consumed for hot
water. Therefore, by reducing residential and building energy require-
ments, the total annual energy consumption can be reduced significantly.
The application of wind energy to residential heating can be advantageous
since the greatest wind resource is generally during the late autumn,
winter and spring months 1in New England, a time when the heating load
is the greatest. This is graphically represented in Figure 1.1.

Farms, by virtue of their location in areas of sparse population,
are also an application for wind energy that should be redeveloped.
Before rural electrification projects, farms in the U.S. relied heavily
on wind energy to mill grain and pump water. With the advent of inexpensive
electrical and petroleum energy, windmills were phased out. Wind to
electrical energy conversion, if properly developed, could supply energy
to run appliances, milking machines, tools, etc. and liberate rural farms
from electrical utility lines, thus saving the very expensive costs of
running transmission lines to a rural setting.

Fortunately, as shown in Figure1.2,the United States is blessed with
a huge wind resource in various portions of the country [4]. Since most
of the Northeast, Northwest and the Plains region lie in areas where the

average annual wind resource at a relatively low height is 125 watts per
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square meter or greater, investigations at the University of Massachusetts
suggest that these are viable wind use areas.

Wind energy, along with other forms of solar energy, due to its
variable intensity must be stored to insure distribution to residential
and farm energy loads as it is required. Unfortunately, the electrical,
domestic hot water and space heating loads of a typical New England
residence or farm are also variable. Thus, any well designed wind energy
storage and distribution system must consider the variability of tne
energy inputs and outputs for the most efficient design. Thermodynamically,
the most efficient energy use is possible when high grade energy, such
as electricity, is used for a high grade application, such as the
electrical load, and similarly, when low grade energy, such as waste
heat, is used for a low grade application , such as space heating.

With these considerations in mind, as a part of on-going work in
the Energy Alternative Program at the University of Massachusetts, Solar
Habitat 1, the wind furnace was designed and put into operation [5-8].

As a logical extension of this program and to exploit the system more
efficiently in a thermodynamic sense, three advanced wind furnace concepts
are considered in this work. These three concepts are the Improved Wind
Furnace System (IWFS) and two Wind Driven Total Energy Systems (WDTES)

all of which are designed for residential or farm applications.



CHAPTER 11

DESCRIPTION OF SYSTEM CONFIGURATIONS

In the following sections, a description of the proposed advanced wind
energy systems and their mode of operational logic is provided. Since the
sustems studied are quite complex, the effects of all system parameters cap-
able of being varied in the digital computer simulation could not be studied
due to time and computer useage restraints. Instead, key system variables
were identified and varied to give insight into system performance. These
key variables are: 1) the high temperature storage (HTS) tank capacity,

2) the heating load, 3) the electrical load, 4) Rankine Cycle efficiency,

and, for the Improved Wind Furnace System, 5) the low temperature storage

{LTS) tank capacity. Although wind turbine generator (WTG) blade diameter

is also a key system variable and WDTES1 allows the choice of six blade

diameter sizes ranging from 20 to 40 feet, only the 40 ft. size wind machine

was considered. It is believed that a single 40 ft. WTIG is a size well suited
to match the loads under consideration and, with its 25 kw generator,

represents the largest sized reasonably priced (if mass produced) unit for

2 farm or residence. (Future work may consider multiple arrays of 40 ft. WTG's).

2.1 The Improved Wind Furnace System (IWFS)

The first advanced wind furnace system considered was the Improved Wind
Furnace System (IWFS). The Improved Wind Furnace, shown schematically, in
Figure 2.1 includes these subsystems:

a) A 40 ft. diameter pitch controlled, horizontal axis, wind
turbine generator.

b) A sensible thermal energy storage tank, using water as an

energy storage medium.
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¢) An electricity power conditioner and utility interfacer.
Wing turbine electricity would be fed through this unit to satisfy,
with the nelp of utility power, the electrical load. In the case of
surplus wind generated electricity, the excess would be channeled into
the thermal storage. The technology for those units has already been
established [9].

d) The switching logic and controls to facilitate the ibove
aperations.

A more detailed schematic of the IWFS is given in Figure 2.2. A

description of its components, operation and proposed control folliows.

1. Wind turbine generator, A, delivers three phase AC
current at 1 whenever wind is above generator cut in speed. A is con-
trolled constantly in pitch to optimum tip-speed ratio, or furled in
dangerously high winds. A is also protected from stalling by a field
controller.

¢. Component C represents the connected 120/140 volt, single
phase 60 Hz electrical icad which follows a daily residential or farm
demany pattern. When A has power to deliver to the demand at C,
switching logic, K, wiil allow power conditioner, B, to provide as
much of the demand as A is capable of supplying. Should the demand at C
be greater than that supplied at A, utility AC supply, N, will be used
to supply the balance. If the demand at C is less than the supply at
i, K will send the difference to the sensible thermal energy storage, E,
through storage tank resistance heaters, D.

3. Component G represents the space heating load. If the

thermostat at G requires heat, heat is transferred from storage tank E
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tnrough heat exchanger F to the load. If the temperature at 5 is too
low for heat delivery in sufficient quantities, auxiliary energy supply,
L. supplies the balance.

4. Component I represents the domestic hot water load. If I
requires hot water and the temperature at E is greater than the hot water
delivery temperature, 140°F, energy is supplied through heat exchanger H.
i1 the temperature at E is less than the delivery temperature and 1 re-
quires hot water, the water is preheated through heat exchanger H and
zuxiliary energy supply, M, supplies the balance.

5. If the temperature at E is near the boiling temperature (200°F),
and the enerqy input at 3 is greater than the loads at 5 and 6, the blades

at A are controlled to allow the energy at 3 to be equal to the loads at

5 and & to prevent boiling of the storage medium.

The major advantage of the Improved Wind Furnace System is its
relatively low cost and simplicity when compared to the other wind generator
systems.  Witn the IWFS, energy storage must be large enough to insure
that the wind turbine will not have to be feathered and that the tem-
perature of the storage material will be high enough to supply energy to the
thermai loads. Also, with the IWFS, all electricity which is not supplied
girectly from the wind generator must be supplied by the utility. Since
electricity is by far the most expensive form of energy, it is imperative
to keer this utility electricity demand low.

2.2 The Wind Driven Total Energy System, Type 1 (WDTES, Type 1)

The second advanced wind furnace system considered was the Wind
Driven Totai Energy System, Type I, which features a direct wind energy

input to a high temperature storage material. The WDTES, Type I model,
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shown schematically in Figure 2.3 includes these subsystems:

a) A 40 ft. diameter, pitch controlled, horizontal axis WIG.

b)Y A Tow temperature thermal storaqe tank (LTS) using water
as a storage material, from which space heating 1s supplied.

c¢) A high temperature thermal storage tank (HTS), which uses
sodium hydroxide (NaOH), a phase change material, for energy storage.
From this tank, domestic hot water is supplied, as well as heat for the
Rankine Cycle power plant.

d) A Rankine Cycle power system. This component employs a
drying tluid, toluene, as a working fluid. The heat source for this
heat engine is the HTS and the heat sink is the LTS. Via the turbine
shaft and an alternator, the energy produced i1s converted to electricity
to satisfy the electrical load.

e) The utility interfacer. Electrical energy, not supplied to
the electrical load by the Rankine Cycle power system would be supplied,
through this unit, by the utility.

f) The switching logic and controls to facilitate the above
operations.

A more detailed schematic of the WDTES Type 1 system is shown in
Figure 2.4. A description of its components, their operation and controls
follows.

1. Wind turbine generator, A, delivers three phase AC
current at 1 whenever wind is above the generator cut in speed. A is
controlled constantly in pitch to optimum tip-speed ratio or furled in
dangerously high winds. A is also protected from stalling by a field

controller.
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2. Component B represents the sodium hydroxide high temperature
thermal storage. When A has power to deliver and the temperature at TH
is less than the critical value (BOOOF), switching logic, C, allows the
e2lectrical energy to flow through resistance heater, D, immersed in the
rank.

3. Component G is the connected 120/140 volt single phase, 60 Hz
slectrical lcad which follows a daily residential or farm demand pattern.
When electricity is required by G and TH is above the minimum Rankine
Cycle operation temperature (400°F), Rankine Power Cycle, E, is activated
and the power output at 5 goes through alternator, F, to supply power to
G. If TH is less than the minimum RC operation temperature and electricity
15 required by G, electricity is supplied via the utility AC supply, S.

4, The Rankine Power Cycle is represented by component E in
Figure 2.4, The closed Rankine Cycle, which drives alternator, F, derives
its heat from high temperature thermal storage, B, through heat exchanger,
i, Heat 15 rejected into the low temperature thermal storage K, through
heat exchanger, P. When power is required, switching logic, C, opens
vaive V] to a low £ to operate. The amount of working fluid passing
tarough heat exchanger H will be controlled by C, setting valve V], such
tn4t vhe power output of F matches the demand at G.

5. Component K is the low temperature thermal storage (LTS)
anich utilizes water as an energy storage medium. When energy is avail-
able at 1, but the temperature at TH is greater than or equal to the
critical vaiue, switching logic, C, allows the excess energy produced at
A, to pass through resistance heater, 0, immersed in the LTS. If the

temperature at TL is near the boiling temperature of 200°F or greater, a



small pump, which 15 controlled by switching tegic €, allows the storage
material to flow through air cooled heal exchanger, ), thereby preventing
boiling. 1f energy is available at | and TH and TL are at their critical
values (8OOOF and 200°F respectively), the blades at A are controlled to
allow only enough energy to flow through C to keep the storage tanks at
these critical temperature values.
6. The domestic hot water ioad is represented by component J.
A small pump allows the inlet water from a main to pass through heat
exchanger, I, situated in the high temperature thermal storage, B. If the
outlet temperature from I is less than the hot water delivery temperature
(1400F) at 7, auxiliary energy supply, M, is activated to heat the water
to the delivery temperature.
7. Component L is the space heating load. A small pump allows

water from the thermal storage tank to pass through baseboard heaters, R.
If the temperature at 9 is too Tow to satisfy heating load, L, auxiliary
energy supply, N, is activated to supply the remainder.

The main advantage of WDTES Type I, when compared to the IWFS g
the small amount of electricity which has to be supplied by the utility to
tne electrical Joad. By minimizing utility supplied electricity, the
most expensive auxiliary energy requirement of the system can be elim-
inated, provided that the space heating and domestic hot water auxiliary
energy supplies are not electric. This leaves open the possibility,
mentioned earlier, that this system can be left independent of trans-
mission lines.

The tasic disadvantage of this system is that the electricity pro-
duced by the wind generator is not utilized, thermodynamically, in the

best manner possible. Losses occur in the conversion of electrical



energy to heat energy and back again to electrical energy. A conceptually
more efficient system could be designed which eliminates this electricity
to heat o electricity energy conversion 1oss. This is the basis for

the Wind Driven Total Energy Type Il System.

2.3 The Wind Driven Total Energy System, Type II (WDTES, Type 1)

The final advanced wind furnace system considered was the Wind Driven
Total Energy System, Type II, which features a system by which eleztrical
energy produced by the wind generator is supplied to the electrical Toad
as a top priority and the excess is suppiied to the high temperature
storage material [10]. The WDTES Type II system shown schematically in
Figure 2.5, utilizes these subsystems:

a; A 40 ft. diameter, pitched controlled, horizontal ax-s,
wind aenerator.

b) A low temperature thermal storage tank with water as a
storace medium, from which space heating is supplied.

¢} A high temperature thermal storage tank which uses tre
ohase change material, sodium hydroxide, for energy storage. This tank
's utiiized for the supply of domestic hot water as well as a heat
source for the Rankine Cycle heat engine.

d; A Rankine Cycle Power System. This subsystem uses toluene
as a working fluid and rejects heat into the low temperature thermal
storage tank. By way of the turbine shaft and an alternator, the eqergy
produced is converted into electricity to satisfy the electrical load.

e) The utility interfacer. Electrical energy, not supplied to
the electricail load by the Rankine Cycle or by the wind generator directly,

15 supplied, through this unit by the utility.
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) The necessary switching logic and controls.

8 more detailed schematic for WDTES II is given in Figure 2.6. A
descriotion o the components, its operation and the proposed controls
Toilow.

i. Wind turbine generator, A, delivers three phase AC current
37 1 whenever wind speed 1s above the generator cut in speed. A is con-
trolled constantly in pitch to optimum tip-speed ratio or furled in
dangerousty nhigh winds. A is protected from stalling by a field controller.

The electrical load is represented by component G. This
is a 120/14G volt, single phase, 60 Hz electrical load which follows a
daily residential or farm demand pattern. Whenever A has power to
deliver and & shows a demand, switching logic, C, will allow power con-
ditinoner, S, to supply as much of the demand as possible. If the demand
at 3 i3 less than the available energy at 1, C will satisfy the demand at
«and allow the remainder of the energy to pass to the high temperature
tnerma stcrage, B. If, in this case, B is at its critical value o< 800°F
Sronigher, T, will pass the energy to low temperature thermal storage tank,
i, through resistance heater, 0.

3. fLomponent B represents the sodium hydroxide high temperature
tnermat storage. When A has satisfied the electrical load, and TH is less
trnan its critical value, switching logic, C, allows the electrical energy
te flow through resistance heater, D, immersed in the tank.

4. The Rankine Power Cycle is represented by component E.
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The closed Rankine Cycle, which drives alternator, F, uses B as a heat
source and H as its hot side heat exchanger. Heat is rejected into the
iow temperature thermal storage, K, through heat exchanger, P. When
power is required from E, switching logic, C, opens valve Vl’ allowing the
working fluio to flow and E to operate. The amount of working fluid
passing through H will be controlled by €, setting valve V1 such that
the power out of F matches the part of the demand at G which is nct
sgtisfied via A.

5. Component K is the low temperature, sensible, thermal
storage, which uses water as an energy storage material. When energy is
available at ~, but the temperature at TH is greater than or equal to its
critical value, switching logic, C, channels the excess electrical energy
throuyh resistance heater, 0, immersed in the LTS. If the tempera<ure,
Tt, o1 K is near the boiling temperature 200°F or greater, a small pump,
contrelled oy C, allows the storage material to flow through Q, an air
scolec heat exchanger, preventing boiling. If energy is available at 1
ang TH and 7L are at their critical values, the blades at A are cortrolled
¢ allow oniy 2nough energy to flow through C to keep the storage tanks
4t tnese tempe-atures, with B given first priority.

£. “he domestic hot water load is represented by component J.
£ osmali pump a-lows the inlet water from a main to pass through heat ex-
cnanger, 1, situated in the high temperature thermal storage, B. 1€ the
cutiet temperature from I is less than the hot water delivery temperature
-t 140%F at 7, auxiliary energy supply, M, is allowed heat the water to
the delivery temperature.

7

Component L is the space heating load. A small pump
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allows water from the thermal storage tank to pass through baseboard
heaters, R. If the temperature at 9 is too low to satisfy L, auxiliary
energy supply, N, is activated to supply the remainder of the space
heating.

The advantage of the WDTES Type II, compared to the IWFS and the
WDTES Type I, is that this system requires the minimum amount of utility
electricity and the minimum total auxiliary energy of all the systems.
Thermodynamically, due to efficient encrgy use and the least amount of
energy conversion, this should be the system least wasteful in energy
use. Unfortunately, this high efficiency must be coupled with favorable
economics to make the system practical. The concept will be considered

in later chapters.
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CHAPTER T1TI

DESCRIPTION OF SUBSYSTEMS AND MODELS

In this chapter, analyses of the important subsystems and models
related to the three advanced wind furnace systems are performed. Sub-
systems previously investigated by Darkazalli [11], which are in

comuen with his work, are deait with briefly, while the subsystems
exclusive to the advanced wind furnace systems are treated in greater
detail. The governing equations and their limitations will be shown,
wnile the mathematical simulation for each subsystem will be provided

in Chapter IV,

2.1 The Wind Turbine Generator

The wind turbine generator envisaged for use with the advanced
wind furnace systems which was designed [12,13] at the University of
Massachusetts, is 40 ft. diameter, three bladed, horizontal axis wind
turbine, mounted on a 60 ft. tower, which is coupled with a 25 kw
generator. With the use of wind speed data, measured at nearby
8radiey International Airport using an anemometer at 10 meter/freight,
the expectad electrical output from the generator is approximately 40,000
kWn per vear. This is roughly equivalent to the yearly total energy
rejuiremen=s for a home in the New England area.

The power output of the 4C ft. wind turbine generator considered,
and also the 20, 25, 30, 32.5 and 35 ft. wind machines which the main
sirulation program, WDTEST, is capable of analyzing is given in

Ficure 3.7. This set of performance curves is given as a function of
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wind speed for the various blade diameters. These curves were gener-
rted using three analytical programs which considered blade element
cnheery and the wind generateor, and are the result of previous in-
yestigat-ons at the University of Massachusetts [13].

To convert the wind data from its 10 meter reference height to
the wind tower height of 60 ft., Heliman's relation, which follows,

was emplcyed.
VT = V]O [0.2337 + 0.656 10910(HT + 4.75)] (3.1)

where VT is the wind speed at the tower height, V10 is the wind speed

at 10 meters and HT is the tower height in meters.

3.2 The High Temperature Thermal Storage Subsystem

The 4igh Temperature Thermal Storage (HTS) subsystem is the key
element in both WDTES systems. By virtue of its capacity, one is able
to control the distribution of energy to the various energy loads.

Tne optimum sized HTS is crucial to the Wind Driven Total Energy
Systems. An HTS which is too large will maintain a lower temperature,
thus decreasing Rankine Cycle efficiency, while an HTS that is too
siall wili exhibit wild temperature fluctuations, inhibiting tne per-
formance of the Rankine Cycle turbine. The HTS used in the WDTES
Model is similar to the heat storage unit in the "Therm-Bank" water
heater developed by Comstock & Wescott, Inc. [14], shown in Figure
3.2. Tne HTS, whose optimum size will be calculated in Chapters V and

VI, consists of a non-corrosive steel containment tank of cylirdrical

shape and of minimum surface area, a hot water coil, a resistarce
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heater for electrical energy input from the wind turbine generator,
.5 ft. ¢f glass wool insulation (k=.022 Btu/hr ft °F) and a sodium
hydroxide (NaOH) storage medium.

Sodium hydroxide was chosen as a storage medium for three reasons.
First, it can be used to store energy up to a relatively high temper-
ature (900°F) and can be cooled and reheated without chemicaliy
treaxing down. Second, by virtue of its fairly high specific heat

(Cp = 4157 Btu/1bm°R up to 560°F, C. = .575 Btu/1bm°R from 5€0°F to

Y
600°F, and Cp = .500 from 600°F to 900°F) and its two large latent

heat pnase changes, a solid to solid phase change at 560°F which
liberates 67 Btu/1bm and a solid to liquid phase change at 600°F which
releases /0 Btu/lbm, it is capable of storing large amounts of energy

a> high temperature [15]. This is graphically displayed in the temper-
ature enthalpy graph, Figure 3.3. (Note that since NaOH is incompres-

s ble aH=:U.} Since the phase changes are at a high temperature, if

the proper Rankine Cycle working fluid is selected, a high Rankine

Cycie efficiency is possible due to the ample temperature difference
between tne high and low temperature thermal storage materials. Finally,
ot great importance, are the possible effects of stratification in the
HT5 [165. As shown in Figure 3.2, the Rankine Cycle working fluid

infet 1s at the bottom of the HTS. This, along with density ckanges

in the storage material and its latent heat, causes a wide temperature
strati¥icazion in the HTS. At the inlet and through the first section

of the heat exchanger, the working fluid is preheated by the portion of

the tank which is at the lowest temperature. As the working fluid

travels up the heat exchanger, a continually decreasing amount >f heat
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15 transferred to it per unit length due to the decreasing temperature
gifference between the NaOH and the working fluid. Also, as the
tank discharges, a phase front forms which moves vertically up the

T
b

tank. nis has the effect of 1nsuring that the top section ¢f the
tank will remain at a high temperature for long periocds of time, and
in turn, will insure that the working fluid outlet temperature and the
Rankine tycle efficiency are high.

Results from a detailed computer simulation [16] showing the com-
nination of high fluid outlet temperature and high thermodynamic
availability are shown in figures 3.4 and 3.5 [16], for a 100 and 250
qallon HTS respectively. Also shown is the comparison of fluid outlet
temperatures for the well mixed and stratified models as a function of
time in Figure 3.6. For this analysis, a strip method was used to
simulate differential volumes of storage material which yielded energy
to the working fluid through a thin walled heat exchanger of finite
surface area. The two phase changes were considered as one at 600°F
and heat dalances were performed on the differential volumes of storage
materia’ and the working fluid. Also, heat conduction in the vertical
direction was considered. Heat losses from the HTS, the effects of
nitural convection, and the vaporization of the working fluid were
e~fects that were neglected in that simulation [16].

Althcugh the effects of stratification are quite importanz, they
were not considered in this preliminary investigation of these systems
due tu the prohibitively large amounts of computer time for such as

simulation, and the fact that a more detailed analysis of the Fankine

Cycle subsystem would have been regquired. Instead, a well-mixed model,
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which represents the most conservative case, was used. In this model,
heat transferred to the working fluid is released by the tank as a
whole and thus, the internal eneryy of the whole tank decreases by this
amount and follows the temperature-enthalpy plot in Figure 3.3. A
comparison between the well-mixed and stratified models is shown
graphically in Figure 3.6. It cen be inferred from this figure that
for a discharge time of up to 12 hours that the 100 gallon stratified
tank will allow an outlet temperature equal to or greater than the 250
gallon well-mixed tank:

In the HTS model,lthe hot side heat exchanger for the Rankine
Cycle is assumed to have a 50°F temperature difference across it.
The domestic hot water coil is assumed to be a controlled heat ex-
changer which allows the water to rise to the hot water delivery tem-
perature of T140°F if the storage material is at 140°F or greater, and
to the storage temperature if it is less than 140°F.

The energy balance on a control volume around the tank follows and

is based on the schematic shown in Figure 3.7. The energy stored in

dEyts

the tank per unit time, —dt °

is given by:

dEyrs _ .

—at " "ao0 - - Q- Qursie - Qe - Qg (3.2)

where WADD is the electrical power intput from the wind turbine gen-
erator, QH is the rate of energy added to the working fluid, QHW is
the rate of energy given up to the hot water Toad, 0 is the rate

HTSHL
of energy lost by the HTS which contributes to the home heating load,

QNTHL is the rate of energy lost by the HTS that occurs when space

heating is not required (this contributes to the coo]jng load) and
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Y boothi rate of energy lost by the HYS through the floer ty the

Lronnd. QHY@H{ is calculated using the equation:

wnere Swi is the wall surface area of the HTS, ULW is the overall heat

transfer coefficient for the walls, THTS is the temperature of the

¢ torage medium and TB is the temperature of the survoundings. U, ; is
tne overall neat transfer coefficient for the top of the tank. dnd AT
s tne ares of the top of the tank. U is calculated using the

eaquation:

R. LN(R_/R.) R,
(] ;L = [.]_" ]\M(“g RS R—(;Tj:l -1 (3.4)
: ins o' 0

o

wnere K. the inside radius of the HTS, Ry is the radius to the edge

o the insulation, kins is the thermal conductivity of the insilation

and b -3 the outside convective heat transfer coz2fficient. Tae term

n was calculated using the following equation from Holman 7.

_ ~ 1 jl 3 3
h, = 0.19 (T - Tg) (3.5)

(& 2]

wrere n_ ras units of Btu/hr ft> °F, Tw is the temperature &t the sur-
face of the insulation in °F and T8 is the temperature of the :ur-
rcgndings in °F,

'j.. is found by using the equation:

X.
_ rins RIECE a e
U =[— +§ ] (3.6

ahzre 4. 1s the thickness of the insulationand hg . s the outside



convection heat transfer coefficient for the top of the tank and is

given by the equation also from Holman [17]:

hgy = 0-22 (Tp - T3 (3.7)

where hOt has units of Btu/hr ft °F and TT is the temperature at the
surface of the top insulation and has units of °F.

Quyuy is calculated in the same manner as Qurop » but occurs only

when the home heating load is zero. QLB is found by using the eguation:

k.
ins
Qg = (k) Ay (Tyrsy - Tg) (3.8)
ins
where AB is the surface area of the bottom of the tank.

The computerized analytical model for the HTS is presented in

Chapter IV.

3.3 The Low Temperature Thermal Storage Subsystem

The Low Temperature Thermal Storage (LTS) Subsystem is as im-
portant to the performance of the IWFS as the HTS is to the two WTDES
schemes. However, the effects of varying its size in the WDTES model
is minimal and thus, its size was considered a key variable only to
the IWFS model. In the WDTES model, the LTS acts mainly as an energy
sink for the Rankine Cycle and an energy storage and delivery system
for the space heating Toad. For the IWFS scheme, the LTS is the
storage and distribution system for all the energy inputs and outputs
of the system, except the electrical load.

In the WDTES scheme, the LTS subsystem, into which heat is re-
jected from the Rankine Cycle, is made up of a steel containment tank

of cylindrical shape and minimum surface area, 1 ft. of glass wool



insulat on and a resistance heater, which is coupled to the -ontroller
ane switohing lonic. Alse included in this <ubsystem is rhe sensible
Fheane o energy storage medium, walter . and the necessary tuoing to allow
the g-itvery of the storage mediun to tne baseboards of the home for
heat1r; In the IWFS model, the LTS subsystem consistisof a <teel con-
tainment tank of cylindrical shape and minimum surface area with 1 ft.
=T 1las. wool insulation., a resistance heater through which excess enerqy
from rne wind turbine generator is supplied fto the tank, a nhot water
coit for the delivery of heat to the domestic hot water load. and tubing
o s tiow the delivery of the water storage to the baseboards of the home.

Wity the WOTES simulation, the storage tank capacity was assumed
%o be 2030 gallons (16,076 1bm G200°F), or 7 ft. in diameter and 7 ft.
in herant, since it was found that the effect of increasing this size
aad rarainally advantageous effects on the systems energy efficiency.
-or tre _WFS modei, the size of the LTS was varied to find the optimum
“ize zased on minimum total system costs of maximum system ena2rgy ef-
Tioterny in both modeis, the stratification effects were nejlected
cince .t was assumed that pumping the working fluid through tae base-
foarcs wGuld cause the tank to become well mixed.

T control volume for the LTS, us-ng the WDTES model, i3 shown

dLy 1g

noFigure 3.8, The energy stored in the LTS per unit time, T is
i

-0 (3.9)

0 7 Mool T % 7 Qens 7 Wt T Ytske - Qe T S

wners wasn o 15 tne energy added through the resistance heater. Qg rate

o7 hesr rejection from the Rankine Cycle, QACHX is the rate of heat
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e e to the ambient through the atr cooled heat exchanger 1o pre-

NTUTENE N RTINS

L. represents Lhe cabe of hett joss through the bhot! Lowm
LB
At e ank to the ground, Q‘TQ”; i5 the yato of thermal la<s throuah

N

wneowa !l and top of the tank to the neating load, vepresents the

q .
LNTHL
~ate 0 1eat loss through the tank walls and top when heating is not

A

~equ red for the home and hFiYQ

ipace neating load through the baseboards.

is the rate of heat transferred to the

Tne control volume for the LTS used in the IWFS is shown in

Figure .9, An energy balance on this control volume yielas:

T:w

aoot ~ Qee 7 sl - Quarar - QeiTs T Oy (3.10)

wrer: 1H% 15 the rate of heat transfer to the hot water coil.
i TOHL and QLBL were calcuiated in exactly the same manner as
[ e, and Q,, respectively.
=T5H. LB

= ine Rankine Cycle Subsystem

ve ability to supply electrical energy to the electrical load when

saffoient wing energy is not available is an important feature of the

ten w0l schemes,  Electrical energy supply is accomplished by utilizinc

[9%
-7
5

-

v

$i4 kilowatt output Rankine Cycle Power System for the re-
sidence ov farm application, respectively. Rankine Cycle Power Systems
5osmal ize have been considered and built in the past [18,13,20],
avd on0uic pe commercialiy available in the near future.

‘ne mankine Cycle subsystem, shown 'n Figure 3.10 consists of a
preheator. through which the working fluild is heated to the bo iing

tempe~sture, a boiler {or boilar/superheater combination), nr-ough



39

WabD
C.V.
V4
Me—— e e e |
% v 8N N I8N N
. | N |
_ |
QLTSHL < \ \:
1 [
I M L QLNTHL
INSULATION 2 L \I
(RIQS;!‘*S) |\ TLTS I
E |
| LTS |
To,Hot < i ~ :
, I ——=—=—% TO BASEBOARDS
|
) | L é
<! Y|  CFLTS
Qi 1 |
1
' €—— RETURN FROM
T, - N—r BASEBOARDS
i,CcoLD>¢ |
! I
[ N |

_—"—_——-.—$ ______ d

FIGURE 3.9. CONTROL VOLUME FOR THE LTS, IWFS
APPLICATION



AT

S
}

-

O+

OR

AT

ENERS

\7

§

Hi

+o




4]

which the working fluid is vaporized or superheated, a turbine (expander)

which, due to the expansion of the working fluid produces shaft work to
drive the alternator, a regenerator tor the recovery of some heat which
would otherwise be rejected, a condenser which rejects heat to the LTS, and
a small feed pump.

A temperature - entropy diagram for the cycle using toluene as a
working fluid is shown as Figure 3.17. The state points shown on the
diagram also represent the state points superimposed on Figure 3.10.

The superheat option is shown by the dashed lines. If the maximum
working fluid temperature for the cyclie is above 550°F, it is advantageous
to slightly decrease the boiler operating pressure (and the boiler
temperature) and then to superheat the working fluid to state 1', the
maximum working fluid temperature, before expansion in the turbine to
state 2'. This has the effect of slightly increasing cycle efficiency

at maximum fluid temperatures of about 550°F, and this increased ef-
ficiency becomes more significant with higher maximum working fluid
temperatures.

Toluene (CH3C6H5) which is a "drying" fluid as shown by the
positive slope of its saturated vapor line, was chosen as the Rankine
Cycle working fluid for various reasons. First, Rankine Cycle efficiency
using toluene as a working fluid is high, provided that a regenerator
is used to take advantage of the waste superheat after expansion in
the turbine. This high Rankine Cycle efficiency is important to the

system to maintain high HTS availability. As shown by Miller [21],

toluene, which has maximum and minimum use temperatures of 750°F and
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-139°F, respectively, offers a high Rankine Cycle efficiency over the
range of temperatures to be used in the WDTES System. This is in part
due to the high turbine efficiency possible (expansion through the
turbine results in the working fluid at a superheated state, and not in
the two phase region as with a "wetting" fluid, where moisture droplets
decrease turbine efficiency.) Tbe only other working fluid considered
by Miller [21] that has approximately the same high efficiency over this
temperature range is benzene, which has recently been called a
carcinogenic material by the Environmental Protection Agency. Finally,
toluene 1s also a common industrial solvent and therefore has the ad-
vantage of being readily available and having its characteristics well
documented [22].

In the WDTES scheme, the temperature of both the HTS and the LTS
may vary widely with time, therefore, the thermodynamic state of the
working fluid in all the components of the Rankine Cycle 1is also a
variable in time. For this reason, an in depth investigation of the
off-design performance of specific Rankine Cycle components is
important for the detailed analysis of the Rankine Cycle subsystem.
Since the main thrust of this work was the preliminary investigation of
IWFS and WDTES schemes, a more detailed, off-design analysis of the
Rankine Cycle was not used. Instead, a shorter and more readily avail-
able method of Rankine Cycle analysis was adopted for use. Program
Cycle, an interactive, digital computer program, developed at Sandia
Laboratories [23] and written in Fortran was used to perform a series
of steady state analyses of the Rankine Cycle model. The use of this

program requires the input of eight working fluid properties, Rankine



Cormottes ! o of Fiodone tes gt Che oo ad mon Bmae woret ing o haed

HERTIEY Loooe (alao pressuves U superheating) for Lhe o yvole being
SR e ) Aithough the outpul from the program includes a 3arge amount

teo et aan ono tha characteristios and state points of ine various
canponents 1 the steady state ondel, iy the thermal efficrienscy of the
coote wa o gsed for this study.

“nee the temperature difference retween the working f74id in the
two heal cxchangers and the starage matarial in their respecti ¢ therma
crercy Srorvaqe fanks was not known, an assumption of 50°F less than
tre starace material temperature in the HTS and 25°F greater than the L7835

torange tank temparature was made for the temperature of the working
f1aia a0 tne neat exchanger outlets. Component efficiencies were
3csumed to he at follows:
Combined aiternator/generator efficiency = .95
Turbine efficiency = .3

Reigenerator efficiency =

20

wnzzin efficiency = .65

Sump sfficiency = .5
n off-des gn operation, the efficiencies of these components {s-
seciaily Ty

o turbine) would be affected by the variation of the storage

many tenceratyres,  However, for this anaiysis, these values were assumed

oy stant
Wine The

»se assumptions, Program Tycle could now be utilizec to
cbrxin 3 series of curves of maximum Rankine Cycle efficiency [&ssuming

tae provoous component efficiencies) as a function of maximum werking

cencesatdre (T for a sevies of nirimum working fluid temperatures
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(TLU). This is shown, for tolulene, in Figure 3.12. These curves
were produced by varying THI and TLO and also ;he boiler pressure
(for superheat only) to obtain values of maximum cycle efficiency.
These curves were fitted for use with WDTES1, by an eighth order poly-
nomial along lines of constant TLO’ so that linear interpolations for

intermediate values of TLO could be made accurately.

Since Rankine Cycle efficiency is now known for all possible

storage tank temperature combinations, for a given required electrical

energy output from the Rankine Cycle, wREQ’ the rate of heat transfer

required from the HTS, QH’ can be found as follows:

QH = wREQ/(”th"AG) (3.]0)

where th is the thermal efficiency of the Rankine Cyclie and "aG is the

combined alternator/generator efficiency. The rate of heat transfer to

the LTS, QL can be found using the following equation:

An attempt was made to show the effect of decreased turbine ef-
ficiency on the WDTES model by introducing the Rankine Cycle
efficiency factor, RNKFCT. Since turbine inefficiency is the main
source of cycle inefficiency for the Rankine Cycle, it was assumed that
decreasing Nth by 75% would have the effect of reducing turbine ef-
ficiency by approximately 25% to 60% that would yield a range of WDTES
performance that may duplicate the effects of off-design Rankine Cycle

operation.
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3.5 The llouse Model

fhe space healting load represents the largest single enerqgy re-
quirement for the systems being considered.  For this reason, a de-
tailed computer subprogram, based on ASHRAE design practice [24],
developed by Darkazalli [11] for *the previous wind and solar heating
studies at Solar Habitat I was used for this study. Using this program,
the simulated 35,383 kWL yearly heating load of Solar Habitat I re-
presents the heating 1ead of an average home in the New England area.
Also considered in WDTEST, by modeiing a house with no basement, was a
17,166 kWh yearly heating load result which is indicative of the
heating load of a well-insulated home in the Mew England region. The
monthly variations of these heating loads are shown in Figure 3.13.

A steady state energy balance on the home, which has an assumed

constant residence temperature of 68°F, is given by the equation:
Quu = Qs *+ Qins (3.12)

where QHL represents the space heating load of the home, Qs is the rate

of energy loss through the walls, roof, floor, windows and doors of

the home and Qinf represents the infiltration losses. Q is calculated

S
by:

in Tout) (3.13)

where Ui and Ai are the overall heat transfer coefficient and the

th

surface area, respectively, of the i heat transfer surface, such as

wall, roof, window, etc. and Tin and TOut are the inside and outside

temperatures for that surface. Ui is found from equations of the form:
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U =gt 1 (3.14)

where hi and hO are the inside and outside convective heat transfer

coefficients, x is the thickness and k is the thermal conductivity of

the surface under consideration. () in Equation 3.12 is found from:

inf
Qing =2 Caqp ¥ (Tin - 'out) (3.15)
p 1s the density of the air and Cair is its specific heat, while V re-

presents the volumetric flow rate of the air. A volumetric flow rate,
recommended by ASHRAE [24], of one volume change per hour was used in
the present heating load model.

Although QHL does represent the space heating load of the homes
under consideration, some heat losses from the storage tanks being
used and also the solar energy gain through the windows of the homes
must be considered for an accurate heating load model. QHLACT’ which
is the actual heating iocad for the homes that must be suppiied either

by the system or by auxiliary means, is given by:

Queact = QL = Qursue — Ursie — oL (3.16)

where Q 7o and QurysL are the rate of heat loss from the LTS and the

HTS (with the WDTES models), respectively. QLTSHL and QHTSHL

diminish the heating load when heating is required in the home. Q

only

501
represents the rate of solar energy gain through the windows of the

home and is given by the equation:
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Qgor = Ga Ayin (1-SHADE) (3.17)

K]

e v the absorbed seleév energy per unil area, Awin 15 the area

o aondow recetving the <olar enerqgy and SHADE is tre shading

a

9;mi' Tike QHTSHL wrg QL?EHL only decreases tne heating “oad

vner toe remperature indoors is hicher than the ambient temperature,

cTners <o, these terms woulc add tc tne cooling load.

2r The flectrical toad Modei

ke A1 fferent models of the electraical Toad were studied for use

pity L WDTEST computer simujation. The first model represents a sim-

vlation ot an average U.S. home electrical load and was adapted from

scent work by Wolf [25]. The second model was chosen to represent an
averaie .S, farm electrical load and is similar to the averace home
ciec ~ical doad. [t inciudes a farm machinery electrical loac term, to
rake nto account the electrical energy consumption of milkinc machines,
farr senid, eto,

“reoaverage U.S. home etectrical load is based on a yearlyv annual
e.2Ccmroas toad of 5785 kwh ac given by Wolf [25]. He also presented
3 reucty noninal electrical load, as shown in Table 3.1, Since the
sonsumpTion of electrical energy by a residential unit in the Northeast

~ie seasonaltiy from a nhigh of 19.7 kwh/day during December iand

januar s wooa Jow of 12.0 kwn/day during June and July, Wolf [25] proposed
Tee ToiToving modification te calculate the actual hourlty electrical

goovs o corsumption, WE:



Nominal Electrical
Consumption (WNOM)
Time In Preceding Hour
(hr.) {kWh)
1 0.8
2 0.5
3 0.4
4 0.3
5 0.3
6 0.3
7 0.4
8 0.6
9 8.9
10 1.2
1 0.9
12 0.8
13 6.7
14 0.6
15 0.6
16 0.7
17 0.7
18 1.3
19 1.7
20 1.6
21 1.4
22 1.3
23 1.1
24 0.9
TOTAL 20.0

Tabie 3.1 Hourly Nominal Electrical
Family Residence [UWolf:

Load for a Single
1975)
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SNOM

O 945 + O 60 ooaORs o LD L. Ady s - , .
U,)ﬁJ,: 0.600 , .95 - 0. LU0 cos (7 Zii}f {318
: I S0

oo

W

cnees o reprecsents the day of yeer, and is measured from Jaswary o

ication of thic equation was used in WDTESY Lo nincrde
trooon dnputred meteorlogical data wntch starts on Septembes 1.
niz oson “ication of Cquaticn 3.18 was made by substituting (day + 242)
thoocoy term, resulting in essentially the same equation, hul usind
fepieoe Pac aay 1. Although the highest nominal hourly siectoicad
Cns s tan by the average U.S. home tor this model was 1.0 win, the in-
Stantane’ oo rate of electrical energy consumption can be greifer than
x#. for this reason, a 4 kW size electrical energy system is pro-

Liaed oo the residence.

Toooaverage ULS. farm electrical joad wes modeled by super-

o3 portable electrica: machinery joad on the average L .5. home

oc 1 lpad to make up a wotal yearly =2lectrical load of 16,736
cwro L Yhis machinery load, HMFFH’ which is given in Table 3.2,

cosunec oo ovary seasonally.  As «ith the average U.S. residence,
farm can instantaneously use more electricai orevy,

car v 0T ks omaximum hourly average, therefore, it was asvuned

st the caroro must obe provideo with g o <w size electrical ore-ay

“ne Domestic Hot Water Load Model

woropestic hot water Joad, which rapresents the smalles. energy

leadg ono tte systems under consideration, when compared to the clectrica!l

ot

~reating loads, follows an assumed hourly load pattern shown



Electrical Consumption

For Machinery (NMECH) in

Time Preceding Hour
(hr.) (kWh)
1 0.667
2 0.667
3 0.667
4 0.667
5 2.000
6 2.000
7 2.000
8 1.000
9 1.000
10 1.000
11 1.000
12 2.000
13 2.000
14 2.000
15 1.000
16 1.000
17 2.000
18 2.000
19 2.000
20 0.667
21 0.667
22 0.667
23 0.667
24 0.667
TOTAL 30.003

Table 3.2 Hourly Electrical Load for Machinery for an
Average U.S. Farm
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in sanrte 3.3. This distribution pattern is based on work Dy

“or the WOTES schemes. coid inlet water at 60°F from the main
“o suupoed te a heat exchanger coil iamersed in the HIS. It the out-
fet emperature from the coil is le2sc than the assumed hot weter supply
remperature, THWR of 140°F, extra energy supplied by an auxiliary
source o required to raise the temperature of the water to THWR. The
neat exCnanger is assumed to be controlied to aliow the water temper-
cture Lo oreach 140°F, if the HTS tank temperature is at 140°F or
ireater, but does not allow 1t to reach a temperature greater than
1451, “nis same logic is fcllowed in the [WFS scheme, except the
23t exchanger co?l is irmmersed in the LTS.

Tre eqguation for the heat required for the domestic hot water

wupplv. T, follows:
1
QHN = yater My Cpy (THNR-TCN) (3.19)
Wrgy: water if: thE‘ d8051ty Of WatEY‘, HW '|S the amount Of hot Watel"

recutred. shown in Table 3,3, Cpys is the specific heat of water and
.o 5 tns inlet water temperature.

1o The WDTES schemes, if the HTS is at a temperature lower than
Cygpe Tre auxiliary energy required to heat the water to THWR 1s

cryer b Tne equation:

al

g Pwater Yy Cpw Tawr - Turst) (3.20)

where © s the temperature of the high temperature storage material.

cimiiariy. ar the IWFS model, the auxiliary energy required is given by



Time Gallons of Hot
(hr.) ~ Water Required =

] 1.12
p 0.0
3 0.0
4 0.0
5 0.0
6 0.0
7 0.75
8 2.32
9 3.62
10 4.20
11 3.45
12 2.25
13 1.80
14 2.55
15 1.35
16 1.20
17 1.05
18 1.88
19 3.38
20 5.80
21 4.80
22 3.45
23 2.73
24 2.32

TOTAL 50.02

Table 3.3 The Hourly Domestic Hot Water Load [Mutch:

1974]
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"awaux = Puater MW Cpw (Thur = TLTst) (3.21)

where TLTSI is the temperature of the low temperature storage material.
Since auxiliary energy is being used to raise the water temperature
from the associated storage tank temperatures, the amount of energy
supplied to the domestic hot water load by the HTS and LTS for the

different schemes can be found by substituting T for THWR in

HTSI

Equation 3.19 for the WDTES models, and by substituting TLTSI for

THWR for the IWFS model.

3.8 The Power Conditioner and the Alternator Subsystems

The conditioning of the electrical energy output from the wind
turbine generator to useful single phase, 60 HZ, 120/140 volt electric-
ity is required by the IWFS and WDTES, Type II schemes. Because the
AC generator in the current design WTG produces electricity of variable
frequency and voltage, a rectifier must be employed to convert this
electrical energy to DC power. This rectifier can be quite inexpensive,
and in fact, the unit presently in use at the University of Mas-
sachusetts for the 32.5 ft. WTG consists of only six diodes. After the
conversion to DC current, the output from the rectifier must be in-
verted to produce the desired A.C. current for the residence or farm.
Inverters in the four and six kilowatt size, as required, are pre-
sently quite expensive, but decreasing costs and increasing
efficiency [9,26] are beginning to make these units practical for wind

turbine generator applications.

In the WDTES Type I and Type II units, the electrical energy

produced by the alternator connected to the constant speed turbine of



the Rankine Cycle is of constant voltage and 60 Hz frequency.

this reason, a rectifier and inverter system is not required.
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CHAPTER IV

MAIN PROGRAM ANALYTICAL MODELS

Digital computer simulation is an integral part in the analysis
of the WDTES or IWFS mocels' performance characteristics. These
systems, due to their ever changing imposed loads, energy inputs and
modes of operation, also require that this simulation be rather
lengthy. For this reason, the main thrust of this chapter is devoted
to the description of the logic required in the analyses of the various
subsystems, while the detailed program is included, 1ine by line, in
Appendix B.

The computer model, WDTES1, which is general enough to simulate
both of the WDTES models and the IWFS model, consists of the main
program and the subprograms which follow: 1) the main program, which,
through its interactive input format allows the user to input the
system desired, start up conditions, component sizes, and the output
format. The main program is also responsible for the main mode of
operations switching logic and the energy distribution to the various
loads; 2) the data input subprogram, which comprises pertinent meteor;
logical data such as solar insolation, cloud cover, wind velocity and
direction, and air temperature all for specific sites; 3) the wind
turbine generator subprogram that calculates the windpower output of
the WTG; 4) the high temperature thermal storage subprogram (for
the WDTES models), which calculates the energy stored in and the
thermal losses of the HTS; 5) the electrical load subprogram which

calculates either the residence or the average U.S. farm electrical



load; 6) the space heating load subprogram; 7) the domestic hot water
subprogram that calculates the hot water load; 8) the low temperature
thermal storage subprogram that calculates the energy stored in and
the thermal losses of the LTS; 9) the solar energy subprogram, that
gives the solar energy gain through the windows; 10) the Rankine Cycle
subprogram, which calculates the thermal efficiency of the Rankine
Cycle power system and also the source and sink heat rate requirements,
and finally 11) the output subprograms which provides useable system
performance data in either hourly, daily or monthly format. All the
subprograms which are pertinent to the system being simulated are
examined hour by hour for the duration of one year's meteorlogical

data.

4.1 The Main Program

The main program contains all program inputs, except meteorlogical
data, and also provides the main simulation of the various operational
modes and the energy distribution to the various loads of the three
systems under consideration. A flow diagram of the logic used in the
main program appears in Figure 4.1. Initially, the system configuration,
components (and thereby the model), start up conditions and desired
output must be selected. This is accomplished by means of an inter-
active format for time-sharing systems or by a batch format which
allows the program to be submitted as a card deck. The meteorlogical
data is read and corrected for the desired system configuration and
the correct units. The wind turbine generator subprogram then cal-

culates the wind energy produced by the WTG. The electric, space
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heating and domestic hot water loads are calculated using their
respective subprograms. Following that, the initial high temperature
thermal storage internal enerqy is calculated. [If the WDTES models

are und2r consideration, the calculation of the initial low temperature
thermal storage internal energy follows. The thermal Tosses from the
LTS and HTS (if the WDTES models are being used) are then calculated.
The solar energy subprogram then calculates the useful solar energy
gain through the windows. The actual heating load, which takes into
account the useful solar energy and tank losses is calculated along
with the actual electricity required, which is different than the
electrical load in the WDTES schemes due to alternator efficiency.

The Rankine Cycle subprogram follows for the WDTES models and caiculates
the thermal efficiency of the cycie, the required heat input and the
required heat rejection for the amount of electrical output needed

from the alternator. Next comes the mode of operations and energy dis-
tribution logic which specifies the flow of energy in the systems being
considered to the various system components based on storage tank
temperatures, prescribed priorities and energy requirements. This
section follows the logic that is presented for each system in Chapter
IT and will be considered in detail in Section 11 of this chapter.

An energy balance is then performed on the energy storage unit(s; and
the new tank temperature(s) and internal energy is calculated. Finally,
the desired outputs of loads, the auxiliary energy requirements and

the energy distribution via specific modes is given in either an hourly,
daily or monthly format. The control then shifts back to the meteor-

logical data which is read and the calculations for the next hour are
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performed until the final hour of the year's duration is considered.

The following sections will consider some of these subprograms in

greater detail.

4.2 The Data Input Subprogram

The data input subprogram was adapted for the WDTEST program
from previous work by Darkazalli [11]. The subprogram shown in
Figure 4.2 is made up of six separate data banks, each of which con-
tains two months of meteorlogical data. Each data bank has a line
for each hour of the two month period, and five pieces of information
are on each line. A sample of the data is shown in Figure 4.3. The
first column represents the solar insolation (SUN) on a surface
tilted 60° from the horizontal and has units of Btu/ft2 hr. The
second column represents the cloud cover (NCC) and is based on a scale
from 0 to 10. The third column is the wind speed (NV) in knots and
the fourth is ambient temperature (NTA) in degrees Fahrenheit. The
final column represents wind direction (NDW), measured in tens of
degrees from due north, where 09 = east, 18 = south, 27 = west, 36 =
north and 00 = calm. For the runs made, the solar insolation and
the cloud cover are based on data taken hourly at Blue Hills, Mass.
in 1958 and the wind speed, wind direction and air temperature were
recorded once every three hours at Bradley International Airport,
Conn. in 1971. These data banks are read by the program one line at
a time and stored in a two dimensional array as a function of NHR,
the hour of the day, and NDAY, the day of the two month data bank

interval.
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4.3 The Wind Turbine Generator Subprogran

The flow diagram for the wind turbine generator subprogram is
shown in Figure 4.4 and is also based on previous work by
Darkazalli {11). Because the wind velocity data was not taken at
the height of the wind turbine generator or the house, the data has to
be modified using Hellman's relation, Equation 3.1. The correction
factor for the WIG and the house are called COF and COH, respectively.
By employing the COF term and the curve fitted WIG output equations,
shown in Figure 3.1, the harvested wind energy can be calculated.

4.4 The High Temperature Thermal Storage Subprogram

The high temperature thermal storage subprogram is shown as a
logic flow diagram in Figure 4.5. Inputted to the subprogram are the
desired mass of NaOH (EM) to be considered, its specific heats (CPS1,
CPS2, CPS3) and latent heat characteristics, the initial HTS temper-
ature (THTSI), the solid-solid phase change fraction (X11) or the
solid-Tiquid phase change fraction (X2I), (if THTSI is at 560°F or
600°F, respectively), and the home basement temperature TB‘ Via the
main program, the subprogram then requires the user to either input a
specific tank height and radius for the cyliindrical tank, or to allow
the program itself to calculate the tank height and radius corres-
ponding to minimum surface area. The subprogram then requires the
user to input the HTS insulation thickness and thermal conductivity.
Next, the routine calculates the HTS initial internal energy (EHI) and
the tank losses for the hour (QLTOT). After the input and outputs on
the tank are considered, in the main program an energy balance is per-

formed on the tank and the final internal energy of the HTS at the end



MAIN
PROGRAN

INPUT HOURLY WIND VELGCITY AND
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CONTINUE

Figure 4.4. The Wind Turbine Generator Subprogram
Flow Diagram
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of the hour is calculated.

4.5 The Electrical Load Subprogram

The electrical 1oad subprogram depicted as a block diagram in
Figure 4.6, requires an input, from the main program, of the time of
day and the day of year (day). The nominal (WNOM) and the seasonally
adjusted residential electrical loads (WE) are calculated according to
Table 3.1 and Equation 3.18, respectively. The subprogram then asks
the user to type 1 for the average U.S. farm electrical load. An
input of any number but 1 will result in the residential electrical
load. If a 1 is inputted, the farm machinery load (WMECH) is found
according to Table 3.2 and summed with the residential load to get the

total electrical load.

4.6 The Space Heating Load Subprogram

The space heating load subprogram (11), shown in block diagram form
in Figure 4.7, calculates the heating 1oad for an average or well-
insulated New England home based on air temperature, wind velocity and
wind direction. For the well-insulated home, conductive, convective and
infiltrative heat losses are calculated from the first floor of the home
through the walls, floors, ceiling, doors and windows. For the average
New England home, the heat losses through the basement walls, floors
and doors are also taken into consideration. Each of the various heat
transfer surfaces is considered independently and, therefore, modifica-

tion of this program to fit other residential models is easily

accomplished.
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Figure 4.7. Block Diagram of the Space
Heating Load Subprogram
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4.7 The Domestic Hot Water Subprogram

The domestic hot water (DHW) subprogram, shown as a block diagram
in Figure 4.8, is used in basically the same form for both the WDTES
models and the IWFS model, except that in the WDTLS models, energy is
supplied from the HTS and in the IWFS model, by the LTS. The data
input to the subprogram consists of the hour of day, the inlet water
temperature from the main (TCW) and the desired hot water outlet tem-
perature (THWR). The WDTES or 1WFS models and the HTS or LTS tank
capacity model has been previously specified in the main program and
this, in turn, specifies whether the DHW energy is to be supplied by
the HTS or the LTS in the DHW subprogram. The hourly DHW demand and
the energy required to supply this demand is then calculated. If this
energy is available in the storage tank and the storage temperature is
greater or equal to THWR, the total DHW energy requirement is supplied
by the storage. If not, enerqy is supplied by the storage to raise the
hot water temperature to the storage temperature and the remainder is

supplied by an auxiliary source.

4.8 The Low Temperature Thermal Storage Subprogram

The low temperature thermal stecrage subprogram, shown as a “low
diagram in Figure 4.9, is quite similar Lo the HIS subprogram. The
inputs into the subprcgram are the desired mass of HZO (EML) under
examination, the specific heat (CPu), the initial LTS temperature
(TLTSI) and the home basement temperature. The main program has
already required the user to Input specific tank dimensions or tc

allow the pragram to calculate the minimum c¢ylindrical surface area.

The insulation thickness and its thermal conductivity are then inputted
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and the program calculates the initial LTS internal encovgy (1115

and the thermal losses (QLTOTL). Then, after the system anatvsic is
pevformed in he main program, an energy balance on the LTS i« made,
the energy removal firom the LTS is calculated and the LTS tewmperature

is decveased by this amount.

4.9 1he Solar Energy Subprogram

The solar enerqgy subprogram [117] calculates the useful =olar
anevay goip Lhrowgh the windows.  As shown dn legic flow diagiom,
Figure 4.10, the method of calculation is straightforward and reguires
rooracyorgonees bechnigues. The inputs to the subprogrem ave o B
cF by, theoday of the vear, the solar insolation and the olond oo
spiar cgdiation is available, the subprogram calculatzs it ol
e tdonce of the beam solar radiation on the first window !
terimines {7 the window is receiving solar radiation and the amnuni o
shading fhat 19 taking place. The absorptance of the window a«
e o dincidence angle is Lhen calculated., The solar vad-atiog
then Aivided into its beam and diffuse components, and the bean
attenuation is converted from its 60° collection orientation te the
orieptation of the window., The total solar energy input througs the
wiadow 15 then calculated and the control returns to perform tho
cosgulation on the next window until the analysis is performed on o1l

sunTit windows.

4.1 The Rankine Cycle Subprogram

The Rankine Cycle (RC) subprogram, shown in Figure 4.11. ‘¢

easily programmablie once the series of curves representing maximam B
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FOR _WDTES MODELS ONLY

INPUT: ELECTRICAL ENERGY REQUIRED FROM
RC, FRACTION OF MAXIMUM RC EFFICIENCY,
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o Tur = Tyrsy ~ 20
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etficiency as a function of maximum working fluid temperature shown in
Figure 3.17 are curve fitted. The RC Subprogram, which is for the
WDTLS models only, has as inputs, the electrical energy vequived from
the RC (WREQ), the fraction of maximum Rankine Cycle thermal efficiency
(RHKFCT) and the initial HTS and LTS temperatures. The assumed
temperature difference across the HTS and LTS, 50°F and 25°F, re-
spectively, are then used to calculate the maximum working fluid tem-
perature (T

and the minimum working fluid temperature (T Then,

HI) LO)'
by regarding the curve fit equations represented in Figure 3.12 and by
1inear interpolation for values of TLO between these curves, the maximum
Rankine Cycle thermal efficiency (ETA) is calculated. The actual RC
thermal efficiency is then calculated by multipiication of ETA by the
RNKFCT. Since the actual thermal efficiency and the required electri-
cal energy output are known, the required heat transfer QH from the HTS
source and the required rate of heat transfer to the LTS sink Q

ETAL <47
now be determined.

4.11 The Mode of QOperations and Switching Logic Model

The switching and operational mode model is technically a part of
the main program, but, because it is the central controlling logic for

all three systems, it requires close consideration. The model is based

on the energy flow logic which appears in Chapter II for each system.
The model for the IWFS scheme is, by far, the moststraightforward due to
the fact that there is no Rankine Cycle or high temperature thermal
storage for this system. A diagram of this logic is included in

Figure 4.12. The model for the WDTES Type I and Type Il schemes is ?

included in Figure 4.13 and 4.14 respectively. The models for the
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WDIES systems are more complex than the IWFS and require far greater
amounts of computer time to process. Although the basic loqic for
these systems 1s actually quite simple to understand, the sheer volume
oi conditions that nust be examined makes careful testing of the models

essential to minimize errors.

4.12 The Qutput Subprogram

The output subprogram allows each subsystem, relevant to a par-
ticular model, to be examined individually hour by hour. The output
subprogram then prints and formats the resulting calculations in either
an hourly, daily, or monthly fashion. The output results printed
include the input conditions, various energy loads, energy distribution
throughout the system under consideration, and most importantly, the
auxiliary space heating, electrical and domestic hot water loads.

A sample hourly run, showing the inputs and outputs from the pro-
gram, i1s given in Figures 4.15 and 4.16, respectively. (Temperatures

are in degrees Farenheit and energy values are in kilowatt-hours.)




CENTC ROTOR DIAMETER (FT)

a0,

FOR AVERAGE U. 8 FARM ELECTRICAHL
SN

1400

FOR NO HTS TYRE O

FOR HTS TYFRE I
P

1
FOR DURECT INFUT TG HTS TYFE 1.
TO SATISFY ELECTRICAL LOAD FIRSYT
T
o

MAGS OF HIGH TEMF STORAGE MATERIAL

T o1437.98
1437.50

FOR MIN. HTS TANK SURF. AREA TYPE
TO OINFUT SPECIFIC TANK DIMENSIONG

Tl
100

HTS INSUL . THICKNESS (FTY =y THERMAL

ToL e Q22

150 cR2000FE~Q1
LTS INSUL . THICKNESS (FT) =y THERMAL

P lee 022

1.00 ¢ 22Q00E~01

TO INCLUDE RBASEMENT TYFE 1
?
1

L.OAN

yTYFE

1.
TYPE

TYFE

Q.

CNADHD

Qs

CONI,

CONID .

1.

(LEM?

(BAHR FT FD)

(B/AHR FT F)

MASS OF LOW TEMF STORAGE MATERITAL (H20)Y (LEM)

T 14074,
14076.00

FOR MIN. LTS TANK SURF. akREA TYFE

1

TO INFUT SPECIFLIC LTS TANK DIMENSITONS

ol
100
THE INITIaAL LTS TEMPERATURE (F)
ToA8.
&8 Q0
INTTTAL HTS TEMPFERATURE (F)
AR,
G800

MAXTHMUM ALLOWARLE HTS TEMPERATURE =

T 800,
BO0.00

TYFE

L

FRACTION OF MAXIHMUM RANKINE CYCLE EFFICIENCY =

W -{. 4
1.00

FOR HOURLY OUTPUT LET RR=0.MON=Q

FOR DALY OUTEUT LET RR=L.r MON=O

FOR HMONTHLY QUTFUT LET RR=1,yMON=1

NS
N %

o0,

MM
0

Figure 4.15. Inputs for WDTEST Program
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CHAPTER V

ANALYTICAL SYSTEM PERFORMANCE

To represent the IWFS and WDTES models' analytical performance
characteristics in a coherent fashion, the relationship between each system
under investigation and its imposed loads must first be established. Only
then can the relative merits and drawbacks of each system be determined.
Therefore, in this chapter, each advanced wind furnace system was first
considered relative to the imposed loads of a well-insulated New England
residence, an average New England residence and an average New England
farm. Then a comparison between systems was made.

The imposed loads on the system were modeled relative to three
different values. The load for the well-insulated New England residence
included domestic hot water, a residential electrical load, and its space
heating load. The average New England residence is similar to the well-
insulated one except that the space heating load was about twice the well-
insulated residence's value. The average New England farm was taken to
have a similar domestic hot water load, the average New England residence
space heating load, and an average farm electrical load. In summary the
total annual energy loads for the well-insulated home, the average home
and the average farm in New England are 26,516kWh, 44,733kWh, and 55,684kWh,
respectively.

Important parameters studied for the IWFS and WDTES systems were the
total auxiliary energy required, the auxiliary space heating and electricity

required, the mean LTS temperature, the WTG electricity added to the LTS
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via the resistance heaters, and the WTG energy lost due to the feathering
of the blades when there was no system storage capacity remaining. In
addition to those, certain parameters were studied with the IWFS or WDTES
models only. With the WDTES schemes, the Rankine Cycle operation time, the
mean HTS tank temperature, the mean HTS and LTS tank temperatures when the
Rankine Cycle is operating, and the WTG electricity added to the HTS were
calculated for both 100% and 75% of the "maximum" Rankine Cycle efficiency
values. In the IWFS scheme the only additional parameter considered was
the auxiliary domestic hot water energy required.

Lach parameter was considered to be a function of at least one design
variable for each system. For the WDTES models, the key variable was con-
cidered to be the HTS tank size and similarly, for the IWFS model the
LTS tank size. The effects of those two key variables on their respective
system parameters were found by varying their magnitudes for each set of
imposed loads. It should be pointed out, that because the systems are
started with the tank(s) at 68°F, the auxiliary energy requirements of the
systems will tend to be overestimated and thus in some cases a significant
fraction of the auxiliary energy requirements come during start up.

Detailed energy flow diagrams for all three systems depicting each
computer run made are summarized in Appendix D.

5.1 Improved Wind Furnace System Results

Analytical results for the Improved Wind Furnace System used in
conjunction with the well insulated New England residence are shown in
Figures 5.1 through 5.4. As can be seen in Figures 5.1 and 5.2 where
auxiliary energy requirements are shown as a function of LTS tank size,

the total auxiliary energy and the auxiliary space heating required by the



TOTAL AUXILTARY ENERGY REQUIRED (KWH/YEAR)
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FIGURE 5.1. TOTAL AUXILIARY ENERGY REQUIRED AS A
FUNCTION OF LTS TANK SIZE.
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AUXILIARY DOMESTIC HOT WATER REQUIRED (KWH/YEAR)
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FUNCTION OF LTS TANK SIZE.

(jO) FUNLVAISWIL NVL S1T NY3IW



(KWH/ YEAR)

LT5

TO

D

1

ADD

Ty

CLECTRIS

ST
LA BN

1

8Y

20,800 p ﬂzo,soo

IWFS

RESIDENTIAL ELECTRICAL LOAD

WELL-TNSULATED NEW ENGLAND

RESIDENCE SPACE HEATING LOAD
20,200 P 20,200
19,600 f 19,600
19,000 p 19,000
18,400 k 18,400
17,800 k 17,800
17,200 F 17,200
16,609 Pk 16,600
16,000 - 1 A 16,000

1000 2000 3000 4000

LTS TANK SIZE (GAL. HQO)

FIGURE 5.4. WIND TURBINE GENERATOR ELECTRICITY
ADDED TO THE LTS AND WTG ENERGY LOST
DUE 7O FEATHERING OF BLADES AS A FUNCTION
OF LTS TANK SIZE.

oL

TNt

oY

So™

EINS

C\?\Ilallllvad mt

S3dg-T T 40

(dv 41 /7pgmy



90

IWFS decrease rapidly until a 2,000 gal. tank storage size is reached.

Once this size tank is used, the auxiliary space heating requirement de-
creases virtually to zero and the total auxiliary energy requirement de-
creases to approximately 10% of the total energy load. Also of interest in
Figure 5.2 is the auxiliary electricity required which remains constant

for all LTS tank sizes. This is due to the fact that in the IWFS model,
electricity is the first priority of the WTG output, and there is no pro-
vision in the system for another electrical energy source, such as the
Rankine Cycle in the KDTES models. This constant auxiliary electricity
requirement is a feature with all the IWFS imposed load combinations al-
though the amount of the requirement will change with different electrical
loads. Figures 5.3 and 5.4 show the strong interdependence, as a function
of LTS tank size, of the auxiliary domestic hot water requirement, the mean
LTS tank temperature, the WTG energy lost due to feathering. As the LTS
tank size increases, its capacity to store energy also rises. This allows
more WTG electricity to be added to the LTS and less loss due to feathering.
Because so much more energy remains in the system, the average LTS tank
temperature increases even though the tank size has also. The higher
average temperature and the greater stored energy volume make the stored
energy more able to supply energy to the domestic hot water load and the
space heating load, causing the auxiliary requirements to decrease.

The IWFS model results using the average New England residence energy
requirements are shown in Fiqures 5.5 to 5.8. As in Figure 5.1, Figure 5.5
shows a minimum total auxiliary energy requirement after the 2,000 gal. LTS
storage size is reached. (This minimum represents approximately 28% of

the 44,733kWh imposed loads on the system.) In Figure 5.6, the auxiliary



LYo/ e A

o
ool

REOULTR

RIS

o

Fa

A dA L

O e

16,000

s, 00¢

Ly, 500

RTVRTAY

, o0

.
~
=

12,000

LS

OF

Lt
|

RN

TWFS

RESIDENTIAL ELECTRICAL LOAD
AVERAGE NEW ENGLAND RESIDENCE
SPACE HEATING LOAD

e . i A A

1000 2000 5000 4000

FIGURE 5.5.

LTS TANK SIZE (GAL. H?O)

TOTAL AUXILIARY ENERGY REQUIRED AS A
FUNCTION OF LTS TANK SI1ZE.



AUXIL1ARY SPACE HEATING REQUIRED (KWH/YEAR)

12,000

11,500

11,000

10,500

10,000

9, 500

9,000

8,500

8,000

L 43

IWFS

RESIDENTIAL ELECTRICAL LOAD

AVERAGE NEW ENGLAND RESIDENCE

SPACE HEATING LOQAD 4o
S o 2
= - 2

p——
B 12
= 42
L - 2
=3 12
1000 2000 3000 Looo

LTS TANK SI1ZE (GAL. HZO)

FIGURE 5.6. AUXILIARY SPACE HEATING AND AUXILIARY

ELECTRICITY REQUIRED AS A FUNCTION OF
LTS TANK SIZE.

,000

,875

, 750

, 0625

,500

, 375

, 125

,000

(dYIA/HMN) QIVINDIY ALIDI3LD3T3 A¥YITIXNY



PRy My

Vi

diu
1,40k 0
4L 57.5
’ of s
Con 135
A FWFS
RESTDENTIAL ELECTRICAL LOAD
AVERAGE NEW ENGLAND RESIDENCE
f SPACE HEATING LOAD
1
132.5
?)wﬂ- k
%
; i) e 4130
s b 412705
j ‘v[‘b Jl?{)
A100 05
H
Lol o —l —i '\ 120
1000 2000 3000 L4o0n

LTS TANK S!7E (GAL. HQO)

FIGURE 5.7, AUXILIARY DOMESTIC HOT WATER REQUIRED
~ AND MEAN LTS TANK TEMPERATURE AS A
FUNCTION OF LTS TANK SI1ZE,

R TR

A



WTG ELECTRICITY ADDED TO LTS (KWH/YEAR)

28,300

27,700

27,100

26,500

25,900

25,300

24,700

24,100

23,500

94

IWFS

RESIDENTIAL ELECTRICAL LOAD
AVERAGE NEW ENGLAND
RESIDENCE SPACE HEATING LOAD

) ¥ '

1000 20040 3000 4000

FIGURE 5.8.

LTS TANK SIZE (GAL. HZO)
WIND TURBINE GENERATOR ELECTRICITY

ADDED TO THE LTS AND WTG ENERGY LOST
DUE TO FEATHERING OF BLADES AS A

™ O RN T T SNAD N PR -~ A P

13,u0D

12,800

12,200

11,600

11,000

10,400

9,800

9,200

8,600

(¥V3IA/HMM) S3av1d JO ONIYIHLIVIL4 O} 3Ina r1cnd



wpace heating and electricity requirements are shown. 1t should be noted
that the auxiliary electricity requirement is exactly the same foy the
average New England residence and the well insulated residence. However,
the auxiliary domestic hot water requirements and the mean LTS tank tem-
perature curves shown in Figure 5.7 show a marked dissimilarity to the
ctrves i Figure 5.3 for the well-insulated home. Figure 5.8 can qive
irsight into the reasons for these differences. In Figure 5.8 as LTS tank
size increases, more WTG electricity is supplied to the LTS and less is
test due to feathering of the blades. However, this increase 1n added
gnergy is not large enough to increase the mean tank temperature of the
LTS at sizes over 1000 gallons as shown in Figure 5.7 because of tne large
space heating load and the greater LTS mass. This causes the maximum
mean LTS tank temperature to occur at a tank size of approximately 1000
callens and also sets a minimum auxiliary domestic hot water requirement
10 that point
The pertormance ot the average New England farm application of the

Wls medei 1s shown in Figures 5.9 to 5.12. As can be seen in Figure 5.9,
tae minimum total auxiliary energy requirement for the farm occurs again at
the 2000 z2allon LIS tank size, and represents about 377 of the total energy
requiremerits ot the farm. Since the farm model has greater electricai
anargs recuirements than does the residence, more WTG electricity nust be

5t supplied to the electrical load, leaving less for the space heating
and domestic hot water loads. This causes all the farm auxiliary energy
requirements, shown in Figures 5.10 and 5.17, to increase over the cor-

responding requirements in Figures 5.6 and 5.7 for the average res:dential
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application, Although more of the WTG energy is utilized, as can be seen
by comparing Figures 5.12 and 5.8, the mean LTS tank temperaturas is stili
less, as seen in Figures 5.11 and 5.7, for the farm application due to the
diversion of WTG energy to the much larger electrical load.

5.2 Wind Driven Total Energy System, Type 1 Results

The Wind Driven Total Energy Systemn, Type I performance results for the
well-insulated New England residence setting are represented in Figures
5.13 througn 5.19. For all WDTES runs made, it was found that increasing
the LTS tark size over 2000 gallons would not increase system performance
significantly, but that decreasing LTS tank size to 1000 gallons would
decrease performance. As shown in Figure 5.13, the minimum tota: auxiliary
energy requirement for the WDTES, Type I system with a 100% and 75%

1

“maximun’ efficiency Rankine Cycle subsystem are approximately 6% and 7%
of the 26,516kWh imposed load, respectively, with the minimum occuring at
the 250 gallon HTS tank size with "maximum" RC efficiency. Of this per-
centage, a large portion of the space heating and the domestic hot water
auxiliary energy is required during the start up period, and thus the
system once in operation in this setting should only require some utility
supplied electricity occasionally. This is corroborated by Figures 5.14
and 5.15. It should be noted that the effects of decreased Rapkine Cycle
efficiency cause the system to reqguire less low grade space heating energy
but more high grade electrical energy. Also, as seen in Figures 5.15
through 5.18, the decreased RC efficiency for the given HTS tank size

causes the HTS to operate at a lower mean tank temperature annually and

during the RC operation periods. This lower mean HTS temperature causes
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more of the WTG energy to be added to the HTS and less to the LTS, but

it also keeps the HTS temperature below the minimum 400°F temperature
required for RC operation more of the time and thus the Rankine Cycle
does not operate as frequently. The annual mean tank temperature and

the mean tank temperature during RC operation shown in Figures 5.16 and
5.17, can give an indication to the design temperatures requirements of
the Rankine Cycle components such as the heat exchangers and the turbine
and also can help in the choice of baseboards and hot water coils for

the system. Figure 5.18 shows that with increasing HTS tank size, more
WTG energy is added to the HTS, leaving less available for the LTS. Another
important effect of decreased Rankine Cycle efficiency is shown in

Figure 5.19. For a given HTS tank size, the amount of heat which must be
rejected from the LTS to prevent boiling is.greater with decreased RC
efficiency. This is due to the fact that the amount of heat rejected
from the condenser of the Rankine Cycle must be greater for a given
required RC output with a less efficient Rankine Cycle.

The analytical results for the WDTES, Type I system when used in con-
junction with the average New England residence model are shown in Figures
5.20 through 5.26. As indicated in Figure 5.20, the minimum total
auxiliary energy requirement for the ssytem, with maximum Rankine Cycle
efficiency, is less than 28% of the 44,733kWh total energy requirements for
a 100 gallon HTS. The use of the WDTES, Type I scheme for this application
does not significantly affect the auxiliary electricity requirements, the
Rankine Cycle operation time, the WTG electricity added to the HTS thermal

storage and the HTS temperatures when compared to the well-insulated home
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application. This can be inferred if Figures 5.22 through 5.25 are
compared with Figures 5.15 through 5.18. The main differences between
the systems performance in the two applications is in the effects of the
higher space heating load Wwhich can be seen by comparing the auxiliary
requirements in Figures 5.21 and 5.14. Because the energy sent to the
space heating load is removed from the LTS, the temperature in this tank
is much lower, as shown by comparing Figures 5.23 and 5.24 with 5.16 and
5.17, than it would be with the lower heating load model. This effect
takes place in spite of the fact that more of the WTG electricity is added
to the LTS and less system energy is wasted from the LTS through the air-
cooled heat exchanger and from the WTG by feathering the blades as shown
in Figures 5.25, 5.26, 5.18 and 5.19.

The use of the WDTES, Type I model with the average New England farm
is depicted by Figures 5.27 to 5.33. These Figures reveal the effects of
higher electrical energy demands on the system, which has a minimum total
auxiliary energy requirement of about 49% of the 55,684kWh imposed loads
with a 100 gallon HTS. Although a 50 gallon HTS may require slightly less
auxiliary energy, large fluctuations in the RC turbine inlet temperature
make this impractical. The auxiliary space heating requirements and the
mean LTS tank temperature for the well insulated home and the farm application
are virtually the same as seen in a comparison of Figures 5.28 and 5.21,
or 5.30 and 5.23. The auxiliary electrical requirements for the two uses
vary greatly however, with the farm application requiring a much greater
auxiliary electricity supply as can be seen in a comparison of Figures
5.29 and 5.22. This high auxiliary requirement is due to the rapid de-

pletion of the energy stored in the HTS, which is indicated in Figures
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5.30 and 5.31 by the low mean HTS temperature and the low HTS temperature
when the Rankine Cycle is operated. Even though little WTG energy is
wasted by the system in this setting as shown by Figures 5.32 and 5.33,

the HTS temperature is at a low level when RC operation is required.

This Tow HTS temperature causes a low thermal efficiency during RC operation,
causing a huge heat rejection rate in the condenser and in turn requiring
the waste of LTS heat rejected through the air cooled heat exchanger,

shown in Figure 5.33. Also, because of this low RC efficiency, the HTS is
drained of so much energy that the temégrature drops below the required
400°F for RC operation and the Rankine Cycle operates infrequently as shown
in Figure 5.29.

5.3 Wind Driven Total Energy System, Type II Results

The application of the WDTES, Type II scheme to the well-insulated
New England residence model is a striking example of how Wind Turbine
Generator energy can be utilized in an efficient manner to supply virtually
all of the energy requirements of a residence. As can be seen in Figure
5.34 the minimum total auxiliary energy required by the system is only
about 4% of the 26,516kldh total energy requirements of this home if a 100
gallon HTS tank is employed. The division of this total load jnto its
auxiliary space heating and electricity requirements is shown jn Figures
5.35 and 5.36. As with the WDTES, Type I model, the auxiliary domestic hot
water requirements of this system are virtually zero. (Since most of the
auxiliary energy requirement takes place during the start up interval, this
system in the well-insulated home setting can truly be considered as a
total energy system.) The high efficiency of the system is shown in

Figure 5.40. Out of the 40,361kWh of electricity capable of being produced
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annually by the WTG about 14,000kWh is not used by the system due to
feathering of the blades (assuming maximum RC efficiency and 100 gallion
HTS) and could be used for other purposes such as a réturn to the utility
grid. The remaining 26,600kWh, along with the very small total auxiliary
requirement supplies the 25,516kWh total energy load of the home in a
very efficient manner. Also, as shown in Figures 5.37 and 5.38, the mean
annual tank temperatures and the mean tank temperatures when the Rankine
Cycle is on, for both the HTS and the LTS, are at sufficiently high tem-
peratures to allow high RC efficiency and readily available energy dis-
tribution to the space heating and domestic hot water loads. The effects
of increasing HTS tank size and turbine efficiency can be seen in Figure
5.39. As HTS tank size increases, more energy can be added to the HTS,
leaving less to be diverted to the LTS. Lower turbine efficiency (as
shown by the 75% Nmax lines) causes a higher source heat requirement from
the RC, depleting the HTS more rapidly and hence, allowing more WIG energy
to be supplied to the HTS.

The application of the WDTES, Type II system to the average New
England residence is shown in Figures 5.41 to 5.47. This system requires
a minimum total auxiliary energy requirement of 27% of the total energy
load of 44,733kWh, as seen in Figure 5.41. Because the largest portion
of this requirement is for auxiliary space heating, as shown in Figure 5.42,
and a minimal amount is for auxiliary electricity, shown in Figure 5.43,
an interesting possibility arises. As previously noted, a large portion of
the small auxiliary electricity requirement takes place during the start

up duration. For this reason, the WDTES, Type II system in an average,
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and also a well insulated residential setting could be made independent

of utility transmission lines. If the auxiliary space heating requirement
of the system could be supplied by non-conventional means (i.e. solar
collectors) the whole residence could be made completely independent of

all utilities, insulating the resident from escalating fuel prices, con-
ventional installation costs and possible black-outs and brown-outs. As

can be seen in Figures 5.44 and 5.45, the HTS and LTS mean tank temperatures
both annually and during Rankine Cycle operation are at acceptable levels
for high RC efficiency and space heating and domestic hot water supply,
although the LTS temperatures are somewhat lower than for the well-insulated
home application, shown in Figures 5.37 and 5.38.

Even with the higher electrical load of the average New England farm
setting, the WDTES, Type II scheme requires only about 34% of the 55,684kWh
total farm energy loads as an auxiliary requirement, if a 250 gallon HTS
tank is used, as shown in Figure 5.48. The auxiliary space heating and
electrical requirements of the system in the farm application are shown
in Figures 5.49 and 5.50 respectively. It should be noted that in the
farm application the auxiliary electricity required, at all HTS tank
sizes considered, is significant and must be supplied by the utility. The
effect on the system of the large electrical load, when compared to the
average residence is that when the Rankine Cycle is operating, although it
operates less frequently as shown in Fiqures 5.50 and 5.43, a large electri-
cal output is required from it. This lowers the HTS tank temperature both
annually and when the RC is operating shown by comparing Figures 5.51 and
5.52 to 5.44 and 5.45. Because the HTS temperatures are lower, a larger

amount of WTG electricity is supp]ied to the HTS and less to the LTS as
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shown in Figures 5.53 and 5.46. This also tends to keep LTS temperature
low, as given in Figures 5.51 and 5.52. And, since a large output is
required from the RC when it operates, the heat rejected from the condenser
tends to overheat the LTS at times causing a larger energy flow through

the air cooled heat exchanger, seen by comparing Figures 5.54 and 5.47.
This also tends to keep average annual LTS temperatures lower because the
energy is not stored over a period of time in the LTS but rejected to the
outside air through the air cooled heat exchanger, thus leaving the system.

5.4 System Performance Comparisons

A comparison of system performance for the three advanced wind
furnace systems is best accomplished by examining the performance trends
of all systems when the same load models are applied to them. In this
way, favorable trends in the performance characteristics of each system
can become apparent.

The well-insulated New England residence model is shown with the
three systems in Figures 5.1 through 5.4, 5.13 through 5.19 and 5.34
through 5.40. As seen in Figures 5.1, 5.13 and 5.34, both WDTES models
offer a lower total auxiliary energy requirement than the IWFS model,
with the WDTES, Type II model, using a 100 gallon HTS, being the best of
these. An examination of Figures 5.2, 5.14, 5.15, 5.35 and 5.36 shows
that for LTS tank sizes greater than 2000 gallons, the IWFS uses the least
auxiliary space heating and also that the WDTES, Type II model uses the
lTeast auxiliary electricity by far. These conclusions are also corrob-
orated by Figures 5.55 and 5.56 which show the fraction of the space
heating load and the fraction of the electrical load to be supplied by

the auxiliary for each of the systems. Rankine Cycle operation time for
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the WDTES schemes, as shown in Figures 5.15 and 5.36, are much less for
the WDTES, Type II model because with this system a direct supply of WTG
electricity, via the power conditioner, to the electrical load is pos-
sible. Unlike the WDTES models, the auxiliary domestic hot water re-
quirement for the IWFS model is significant, as given by Figure 5.3.
Because of the load model's low space heating load, the average LTS tank
temperature for all three models at ail tank sizes considered are suf-
ficiently high for the supply of forced hot water to baseboards, as

given in Figures 5.3, 5.16 and 5.37. By examining Figures 5.16, 5.17,
5.37 and 5.38, it can be shown that the mean HTS tank temperature is
higher for the WDTES, Type 11 scheme, but that the HTS tank temperature
during RC operation is higher for the WDTES, Type 1 model. This result

is brought about because the Rankine Cycle in the WDTES, Type I model
operates more frequently and at a higher output Tevel than on the Type II
model. This tends to deplete the energy in the tank more quickly, and
causes it to drop below the 400°F minimum RC operation temperature more
often. An example of the high energy output levels required from the WDTES,
Type I Rankine Cycle can be seen by comparing Figures 5.19 and 5.40.

With the Type II model, the RC is only used to augment the WTG electrical
output to the electrical load and therefore the condenser heat rejected is
small and requiring the air cooled heat exchanger to operate infrequently.
Conversely, the RC in the Type I model is the sole supplier of electricity
for the system and therefore rejects a larger amount of heat through the
condenser, requiring more air cooled heat exchanger heat rejection to
prevent boiling. Also to be considered is the WTG energy lost due to

feathering of blades, shown in Figures 5.4, 5.19 and 5.40. The IWFS
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loses the most energy in this way, and the WDTES, Type I model, the
least. If a battery storage subsystem were employed with the IWFS model,
the possibility would arise for storing some of that overflow energy rather
than feathering the blades, thus decreasing the system's high auxiliary
electricity requirement.

The application of the three systems to the average New England
residence load model is shown in Figures 5.5 to 5.8, 5.20 to 5.26 and
5.41 to 5.47. As given by Figures 5.5, 5.20 and 5.41, the total auxiliary
energy requirement of the three systems is virtually the same, with the
WDTES, Type II scheme having the lower value by a small amount. Figures
5.6, 5.7, 5.21, 5.22, 5.42 and 5.43 show these energy requirements broken
down into their space heating, electrical and domestic hot water (for the
IWFS) auxiliary energy components. A comparison of the fraction of the
space heating load to be supplied by auxiliary means for each of the
systems is shown in Figure 5.57. This figure shows that for LTS tank
sizes of 1000 gallons or greater, the IWFS model requires the least
amount of auxiliary space heating of any of the systems. Because utility
electricity is the most expensive auxiliary energy supply and a very small
auxiliary electricity requirement may indicate the possibility of electrical
utility independence, the WDTES, Type II model (which has its auxiliary
electrical energy requirements compared to the other systems in Figure 5.58),
has the best auxiliary energy requirement characteristics. A comparison
of Figures 5.25 and 5.46 show graphically a basic difference between the
WDTES schemes. The Type I systeminputs a far greater amount of WTG
electricity to the HTS, in all cases, than the Type II system, because the

Type II system only inputs excess WTG electricity after satisfying the
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electrical load. Also shown in these figures is that the Type II system
inputs a greater amount of WTG electricity to the LTS than the Type 1
system. The higher mean HTS temperature with the Type II system, as
shown in Figures 5.23 and 5.44 makes that happen. Because of that, the
HTS in the Type Il system goes over 800fF more often allowing WTG
electricity to flow to the LTS tank resistance heaters.

The effects that the large electrical load of the average New
England farm model has oﬁ the three systems are shown in Figures 5.9
through 5.12, 5.27 through 5.33 and 5.48 through 5.54. A comparison
of Figures 5.9, 5.27 and 5.48 shows that the WDTES, Type II model requires
the least auxiliary energy input to the various imposed loads. Although |
the Type Il system does not‘supp}y as much of the space heating load as
the Type I system or the IWFS does, as shown in absolute values in
Figures 5.10, 5.28 and 5.49 or in Figure 5.59 for a comparison in terms
of fraction of space heating load supplied by auxiliary, the ability of
the system to supply the electrical requirements is by far the best. As
given in Figures 5.10, the IWFS model has no electrical supply subsystem
other than the WTG and thé utility, and thus is dependent on the WTG out-
put coinciding with the electrical load. The WDTES, Type I model's in-
ability to supply the electrical load effectively in this high electrical
load case is shown graphically in Figure 5.60. Because of the huge RC
output required by the Type I system, the HTS tank is continually depleted.
When the HTS is able to input energy to the RC it is generally at a low
temperature causing low RC efficiency and hence high condenser heat rejection

rates and high air cooled heat exchanger discharge as can be inferred from
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Figures 5.31 and 5.33. The Type II system, because the RC is only re-
quired to augment the WTG output to the electrical load, has a higher

HTS mean temperature annually and during RC operation which is shown by
comparing Figures 5.52 and 5.31. This gives rise to higher thermal
efficiency for the Rankine Cycle. These two effects couple to yield low
condenser heat rejection rates and thus, lower use of the air cooled heat
exchanger, as shown by comparing Figure 5.54 with Figure 5.33. Finally,
even though the IWFS model requires a large amount of auxiliary energy,

it wastes an amount of WTG energy many times greater than both the WDTES
models do, as shown in Figures 5.12, 5.33 and 5.54. This basic drawback
of the IWFS model occurs with all the imposed l1oad combinations considered
and implies that changes in the model design, such as the use of batteries
for electrical energy storage, mentioned earlier, may improve the per-
formance of the system.

The WDTES, Type II scheme is the optimum system considered for all
three imposed energy load models. For the well insulated New England
residence setting, assuming "maximum" Rankine Cycle efficiency, a 100
gallon HTS tank should be used with the system for minimum auxiliary
energy requirements. Although a close examination of Figure 5.41 would
seem to indicate that a 50 gallon HTS should be used with the Type II system
in the average New England residence setting, it was found that so small
an HTS tank produced wild turbine inlet temperature fluctuatians, making
the 100 gallon HTS more desirable. Finally, for use with the average
New England farm setting, the 250 gallon HTS tank size, assuming “maximum"
Rankine Cycle efficiency, requires the least auxiliary energy input to

the system, making it the most desirable tank size based on energy efficiency.
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[t has been shown that the WDTES, Type II model, using a different
HTS Lank size for different settings is the most energy efficient system
considered. Energy efficiency, though, is not the only criteria that
dictates the use of an alternative energy system in place of a conventional
one. Economic feasibility is the greatest obstacle to the implementation
of such systems. For this reason, an économic analysis of the systems

under consideration is performed in the following chapter.
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CHAPTER VI

SYSTEM ECONOMICS MODEL AND RESULTS

The high initial capital costs of the systems under study must be
weighed against the savings in energy use, with respect to conventional
systems, to justify their implementation. Although the value of saving
a barrel of fuel oil is greatér than its cost. when national GNP is
under consideration, a prospective Qser of IWFS or WDTES units will not
be concerned with U.S. GNP (unless, of course, government subsidy is
allowed), but rather net dollar savings.

This chapter is devoted to an economic analysis of the capital
costs and fuel requirements of the IWFS and WDTES models when compared
" against conventional electric, oil and natural gas systems. Each INFS
of WDTES scheme considered will also have, as a back up system, the
same conventional heating system. For a comparison with a
total electric system, the electric conventional system is assumed to
satisfy all electrical, space heatingvand domestic hot water require-
ments. Gas and 011 systems supply only space heating and domestic hot
water with the electrical load being supplied from the electric utility.

Total costs for the conventional and non-conventional systems were
considered to be made up of component costs (which are assumed to also
include labor) and fuel costs. Previous work by Darkazalli [11] was
used as a basis for many of the component costs. Costs of the complete
wind turbine generator and low temperature thermal storage subsystems

were updated from the 1975 dollars used in his work to 1977 dollars by
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the consumer price index ratio of the past two yvears [27]. Other

component capital costs were estimated by the methods that follow.

6.1 Component Costs

The component economics model for the wind energy system is
based on an initial capital outlay in 1977 for a prototype system or
a mass-produced -system (if this were possible today) with its lower
costs. This non-conventional system, as well as its conventional
counterpart, is assumed to be amortized over a 20 year period.with
an annual inflation rate of 8%.

Costs of the wind turbine generator, the low temperature thermal
storage and the conventional systems, already considered in detail by
Darkazalli [11] will not be presented. However, costs of the high
temperature thermal storage, the Rankine Cycle, the power conditioner
(rectifier and inverter), the alternator and miscellaneous items (field
controller, switching iogic and thermocouples) will be discussed.

The assumed high temperature thermal storage cost (CTHTS) is
shown in Table 6.1 for both the 250 gallon and the 1000 gallon sizes.
The sodium hydroxide §forage material cost is based on information from
a recent report by Bundy, Herrick and Kosky [28], while the costs of
the other HTS components were estimated on the basis of past UMass
Wind Furnace experience. A HTS tank cost per gallon as a function
of HTS tank size was found by assuming that the costs varied linearly
as a function of HTS tank lateral area. Using this plot, shown in
Figure 6.1, the HTS tank costs per gallon for all sizes considered

could be found for a prototype unit. The total HTS cost (CTHTS) was
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250 Gallon 1000 Gallon
1) Storage material
NaOH, @ $3.60/gallon $900 $3,600
2) Carbon Steel tank $300 $600
3) Resistance Heaters
(25kW) $400 $400
4) Thermal Insulation $200 $400
5) Fittings and Hot Water
Coil $200 $250
TOTAL $2000 $5,250

Table 6.1 Assumed High Temperature Thermal Storage

Prototype Costs.
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found using the equation:

Cyre HTS (6.1)

Cruts ~ Cwrs
where HTS is the HTS tank size in gallons of NaOH.

Furthermore, it was assumed that if the HTS were mass-produced
(in a thousand unit volume or greater), the cost of each unit would
decrease to 75% of the prototype cost.

The cost of the Rankine Cycle Subsystem, (CRC), which includes

heat exchangers and installation, is based on a relationship as given

by Curran [29]:

CRC =135 [7 + 1.5 (RCHP - 1)] (6.2)

where CRC is in dollars and RCHP is the Rankine Cycle output capacity
in horsepower. Although there is some discrepancy between the costs
estimated by this egquation and cost projections made by Barber (30),
because actual costs for specific systems of the small sizes required
were not available, it was assumed that Equation 6.2 would suffice for
this preliminary economic analysis. This same value of CRC was used
for both the prototype and mass produced costs.

The power conditioner subsystem is actually made up of two compo-
nents, a rectifier for the conversion of three phase, variable frequency,
AC power to DC power and an inverter for the conversion of the DC power
to single phase, 60 Hertz, 120 volt AC power. The rectifier, which
could be made simply by using only six diodes, was assumed to cost $100
for both the prototype and mass produced units. The inverter, however,
is neither a simple component, nor an inexpensive one when compared

against the rectifier.



165

The inverter represents one of the greatest capital expenditures
of the IWFS or the WDTES, Type Il models. Two types of inverters were
found to be available for use with these systems. The first of these
is the Gemini Synchronous Inverter System, marketed by the Windworks
Company of Mukwonago, Wis. [9]. This unit, via interfacing with the
utility grid, sends DC electricity from the rectifier into the utility
power lines, which it views as an infinite electrical sink. AC electri-
city from the utility is actually exchanged with the DC energy input to
the grid, to supply the required current. The Gemini system has the
disadvantage of being dependent on the local utility lines, but is
quite inexpensive in the four and six kilowatt sizes reguired for the
electrical Toads under consideration, as shown in Figure 6.2 [31].

The second type of inverter available is a type identical to the
Abacus Inverter System, marketed by Abacus Controls, Inc. of Somerville,
N.J. [26]. The Abacus unit has the advantage of requiring only a DC
input from the rectifier to produce single phase, 120 volt AC current.
For this reason, by using this inverter, a system could be made independent
of utility electricity, unless of course it is needed as an auxiliary
energy source. Unfortunately, the prototype Abacus unit costs of $5600
and $7900 for the four and six kilowatt sizes are quite expensive [32].
Also, as shown in Figure 6.3, the mass-produced Abacus unit is still
much more expensive when compared against the cost of the mass-produced
Gemini unit in Figure 6.2. It must be taken into consideration, however,
that if a system can be made independent of the electrical transmission
lines (this is a distinct possibility with the WDTES, Type II model in

certain app]ications),{the cost of erecting transmission lines to the
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residence or farm would be saved. For this reason, the cost of the
Abacus unit was included in the cost analysis of the WDTES, Type II
model for the cases when gas or o0il are used for auxiliary space
heating and domestic hot water. [t should also be pointed out that,
since the money saved by not having to erect electrical transmission
lines varies widely for different locations, this was not taken into
account in the economic analysis.

For the two WDTES systems, alternator costs must be taken into
account. It was found that a]fernators of the four and six kilowatt
s1ze are produced by the Lima £lectric Company, Inc. of Lima, Ohio.
This is the same company that produced the generator for the WTIG that
is a part of the UMass wind furnace system. The cost of the four and
six kilowatt prototype units, CALT’ as found in a price 1listing from
the company, are $1020 and $1135, respectively. It was assumed that
if these units were mass produced in a volume of a thousand or more
that the cost per unit, CALTF’ would drop to 65% of this.

The field controller, switching 1ogic and thermocouples were
lumped under miscellaneous costs. The prototype costs for the mis-
cellaneous item (CMISC) were assumed to include $150 each for the field
controller and the switching logic, and $50 for thermocouples, for a
total of $350. Mass produced costs for the miscellaneous items (CMISCF)
included $100 each for the field controller and switching logic, and
§50 for the thermocouples, for a $250 total.

The annual cost of the advanced wind furnace and the conventional
systems was calculated by first determining the total cost of the

systems. The total cost was then multiplied by the annual cost factor,
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R, to find the yearly cost. The factor, R, is given by the equation:

I
i (6.3)

(1 +10"

R

= 0

where I is the annual interest rate and N represents the amortization
period.

6.2 Fuel Costs and Conventional System Efficiencies

Fuel costs for both the auxiliary requirements of the advanced wind
furnace systems and thé conventional systems were adopted from actual
New England energy costg. An assumed electricity cost of $.045/kWh was
based on an updated version of the electricity cost assumed by Darkazalli [11].
The natural gas cost was found by using the rate structure provided by
the Baystate Gas Company of Northampton, Mass., which appears in Table 6.2.
From this rate structure, an average cost of $.012/kWh was derived as-
suming a 4,400 kWh combined space heating and domestic hot water load and
a 100,000 Btu/CCF heating value of the fuel [33]. The cost of No. 2
~ heating 0il was found to be $.479/gallon in the Amherst area. Assuming
a heating value of the fuel of 139,600 Btu/gallon yielded a cost of
$.0117/khh. |

The rapid escalation of fuel prices in recent years hdicates that
those fuel costs will not remain at these values. To take rising fuel
costs into account, annual price escalation rates of 6% for electricity,
7% for oil and 8% for natural gas were assumed for the 20 year amortiza-
tion period [33].

The avefage fuel costs (CFAVE) were calculated over the amortization

period using the equation:



170

First CCF - $3
Next 9 CCF - $.311/CCF
Next 15 CCF -  $.271/CCF
Next 25 CCF -  $.231/CCF
Over 50 CCF - $.1542/CCF
Adjustment price
for each CCF $.1370/CCF
(1 CCF = 100 ft7)

Table 6.2 Typical New England Natural Gas Rate Structure (1977)
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“ravi N (6.4)

where C _ has units of $/kWh, N is the amortization period in years,

FAVE
Cry is the initial fuel cost in $/kWh, and RI is the annual fuel esca-
Tation rate.

Conventional electrical, space heating and domestic hot water systems
have inherent inefficiencies due to losses in the baseboard resistance
heaters or the fossi]-fye] furnace. Because this tends to increase con-
ventional and auxi]iaryffue] consumption costs, this effect was included
in tne economic ana]ysiﬁ. Although the losses for fossil fuel furnaces
can vary widely, as shown in Dunning [34], average fossil-fuel furnace
efficiencies were derived based on information found in his paper. The
efficiencies of the natural gas and oil fired furnaces were assumed to

be 65% and 55% respectively. For the electrical model, baseboard re-

sistance heaters were assumed to have an efficiency of 95%.

6.3 The Computer Economic Model

A digita] computer simulation WSDECO, which appears as a logic
flow chart in Figure 6.4, was written to facilitate the economic analysis
of the conventional and non-conventional systems. As in the main prbgram
simuTation, WSDECO features an interactive format to simplify its use.
A Tine by line listing of this computer program‘is located in Appendix C.
Initially, as shown in Figure 6.4, the program requires the user to
input the electrical, space heating and domestic hot water loads for the
residential or farm setting. It then asks the operator to input the

auxiliary energy requirements for the non-conventional system, the type
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of system to be studied and the LTS tank size. 11 the system under
consideration 1s a WDTLS scheme the user s then asked Lo input the
HIS tank size and the Rankine Cycle syzeo It Lhe WOILS, Type 11 moded
is being investigated, the user is asked to input the inverter type,
either Gemini or Abacus. Next, for all systems., the WTG diameter and
tower height is set. The amortization period and the interest rate is
then assigned. WTG and advanced wind furnace component costs are then
either set or calcu]ateg for both the prototype and mass-produced units
and the total non-conventional system costs are calculated and printed
out. Annual costs for the units are then found by using the annual
cost factor, R. Next, the annual conventional and non-conventional
fuel costs are determined. Since the system costs and the fuel costs
are now known, total annual costs are then calculated and outputted by
the program. Finally, if all three fuels have not been considered,
all costs are reset to zero and the program is initiated again. Once
electricity, oil and natural gas have been considered for auxiliary
fuels, the program terminates.

A sample run of WSDECO showing both inputs and outputs is included
in Figure 6.5 and an explanation of the variables given in the output
is Tocated in Appendix A. A breakdown of the total costs of the proto-
type WTG(CWND), the total system (CTOT) and their corresponding mass-
produced costs (CWNDF) and CTOTF) are shown for all three systems in
Table 6.3. The non-conventional component costs for the systems are
shown for the average New England residence application with a 2000
gallon LTS for the IWFS model and also a 100 gallon HTS and a 4 kw

Rankine Cycle for the WDTES models. It should be noted that although
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these costs are shown to the dollar, those figures are not that accurate
due to the assumptions made for this preliminary study and therefore
should only be considered to represent price trends and not actual dollar
costs.

6.4 Economics Analytical Results

In this section, the results obtained from the systems simulation
model (WDTES1) are used in conjunction with the economics model (WSDECO)
to evaluate the economic feasibility of the three advanced wind furnace
systems. The economic potential of each prototype or mass produced system
was determined with respect to each of the three residential or farm ap-
p11catibns by comparing its total annual cost with the conventional systems
annual cost.

Economic results were derived for the IWFS model in each of the
applications by varying the key system variable, the low temperature
thermal storage, from 500 to 4000 gallons. With the IWFS model, the only
inverter type considered was the Gemini model, since utility lines would
be imperative due to the large electrical auxiliary requirements of the
system and also that inverter's low cost.

With the WDTES models, which assumed maximum Rankine Cycle ef-
ficiency, economic results for each setting were obtained by varying the
high temperature thermal storage size from 50 to 500 gallons. In the
case of the WDTES, Type I and the WDTES, Type II model in the farm set-
ting, the only inverter type considered was the Gemini model because the
high auxiliary electrical requirement dictates accessibility to utility
lines. However, with the WDTES, Type II scheme in the well-insulated

and average New England residence settings, the auxiliary electrical
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requirement was considered to be low enough that independence from the
utility lines was possible. Thus, under these conditions, the feasibility
of the more expensive Abacus inverter was appraised.

The economic results for the well-insulated New England residence
are given in Figures 6.6 through 6.9. As shown in all four graphs, with
each mass-produced advanced wind furnace system, the lowest total annual
system costs are achieved by using the electric utility as a backup
system. Although the diffe}ence in total annual system costs are small
for the three auxiliary syétems, due to the low auxiliary energy re-
quirement for the advanced furnace systems in this setting, the low
component costs of the auxiliary electrical system make it economically
advantageous. The IWFS model, shown in Figure 6.6. represents the
system with the lowest annual costs for both the prototype and mass-
produced units. Although auxiliary energy requirements of the system
are high, the relatively Tow component costs of the IWFS when compared
against the WDTES models in Figures 6.7 through 6.9 make the prototype
model less expensive than the conventional electric system, and the
mass-produced model cheaper than the conventional o0il and gas systems.
Figures 6.7 and 6.8, for the WDTES, Type I and the Type Il model with
a Gemini inverter, show the costs of the two prototype and mass
produced systems to be approximately equal. This is caused by the
lower auxiliary energy costs of the Type II scheme with a Gemini inverter
being able to offset its greater system component costs when compared
against the Type I model in that setting. The increase in the WDTES, Type
[T model costs when the Abacus inverter is intfoduced is depicted in Figure

6.9. As can be inferfed from Figure 6.9, only mass production of the
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components could make this model less expensive annually than the con-
ventional systems.

As shown in Figures 6.10 through 6.13, for the average New England
Residence, the application of any of the prototype systems, using the
proper storage tank size, can be justified economically when compared to
conventional electric systems. Furthermore, if gas is used as an auxiliary
all the advanced mass produced wind furnace systems compare favorably
economically to the conventional o0il and gas system costs. Also of interest
with this application is the large difference for all models in annual
costs between auxiliary electric and auxiliary fossil fuels. This is
due to the relatively large (when compared to the well-insulated residence)
auxiliary energy requirements of all the systems in this application and
the difference between electrical and fossil fuel costs. With the IWFS
model (shown in Figure 6.10), which represents the lowest priced non-
conventional system,an annual savings of approximately $700 over the
conventional gas costs can be realized. Unlike the well-insulated setting,
a comparison of Figures 6.11 and 6.12, representing the WDTES, Type I
model and the Type II model with a Gemini inverter both in the average N.E.
residence setting, indicates that the higher energy efficiency of the Type II
system is not great enough to justify higher component costs. This trend
is corroborated further, as seen in the still greater annual costs in
Figure 6.14, when the Abacus inverter is emp]oyed;

The economic results for the average New England farm setting are
shown in Figures 6.14 through 6.16. In the farm setting, the auxiliary

electrical requirements for the IWFS and WDTES, Type Il were so large
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that independence from utility lines was not deemed possible, and

therefore only the Gemini inverter was considered. As in the other two
settings, results shown by comparing Figures 6.14, 6.15 and 6.16 indicate
that the IWFS model is the least expensive of the three advanced wind
furnace systems. Results for the IWFS scheme shown in Figure 6.14 indicate
that the mass produced unit and even the prototype unit, if gas or oil

is used as an auxiliary fuel, are economically justifiable whep compared

to conventional electric, 0il and gas systems. In fact, with a 1000

gallon LTS tank and gas as an auxi]iary fuel, an annual savings of over
$1000 can be realized as compared to a conventional gas system, once the
units are mass produced. Figures 6.15 and 6.16 show that large savings
over conventional systems costs can a]so be achieved by mass-produced
WDTES, Type I and Type II units. A comparison of Figures 6.15 and 6.16
also reveal an interesting trend between the two WDTES units with regard.
to higher electrical loads. As previously stated in Chapter V, the WDTES, .
Type II unit has the advantage over the Type 1 unit of being aple to supply
electricity directly from the WTG when wind ehergy is avai]ab]e; This
results in far lTower auxiliary electrical consumbtion. By comparing
Figures 6.15 and 6.16 it can be inferred that this lower electrical con-
sumption does justify the higher component costs of the WDTES, Type II
model when compared to the Type I system. Also, as shown by comparing
Figures 6.14 and 6.16 it becomes apparent that the WDTES, Type II model
with all its expensive components, is almost as inexpensive as the IWFS
model, if mass-produced. This leaves open the possibility that in an
application that requires an even larger electrical load than the average

New England farm, the WDTES, Type II system may not only be less expensiVe
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than the conventional system, but it could also become less expensive

than Lhe [TWES model.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

The previous chapters have yielded preliminary findings regarding
the performance and economic feasibility of the IWFS and WDTES models
with respect to three residential and farm applications. In this chapter,
conclusions based on these findings will be used to evaluate the real-
istic potential of these alternative energy systems to decrease the total
energy requirements of the residential or farm environs. In addition to
this, more in-depth analytical and experimental means. of system anaiysis
for these and other applications of such systems will be proposed for
future research.

7.1 Conclusions

Optimum system configuration and component sizes for each of the
three applications can be made either on the basis of minimum auxiliary
energy requirements or minimum annual system costs.

For the well-insulated New England residence, fesu]ts shown in
Figure 5.34 indicate that the minimum total auxiliary energy requirements
occur when the WDTES, Type II scheme, with a 100 gallon HTS is used; This
system would supply over 95% of the 26,516kWh total energy loads of the
home, even with a turbine efficiency of 60%. However, it is not economical
to use such an expensive system for energy supply. As indicated by com-
paring Figures 6.6 through 6.9, the minimum annual system costs for this
application occur when the mass produced IWFS model with electric auxiliary

and a 2000 gallon LTS is used. This system offers an annual savings of
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over $300 in total expense with respect to conventional gas systems.

With the average New England residence, as indicated in Figure 5.41,
the WDTES, Type II scheme represents the most energy efficient model of
the three, allowing about 73% of the total residential energy requirement
of 44,733kWh to be supplied. Again, though, the mass-produced IWFS system
provides the least expensive means of energy supply. For the residence,

a minimum system cbst which is over $700 less than the conventional gas
system cost annually, is achieved annually by using the IWFS with a 1000
gallon LTS and a gas auxiliary energy supply.

In the average New England farm setting, again the WDTES, Type II
unit as seen in Figure 5.48 provides the most efficient means of wind
energy supply examined, supplying some 66% of the 55,684kWh total farm
energy requirements if a 250 gallon HTS is used. By regarding Figure 6.14,
it can be shown that the annual savings over conventional gas costs by
using a mass-produced IWFS with a 1000 gallon LTS and an auxiliary gas
system, is almost $1000.

What needs to be provided to the home or farm owner is more economic
incentive to increase the return on investment in these systems even though
after the 20 year amortization period, total annual system costs will
drop significantly. This has been proposed for some alternative energy
systems by the government [2], in the form of rebates for installation
of such systems and higher taxes on energy. During the Arab oil embargo
and the natural gas shortage of the winter of 1976-77, the economic de-
pendence of the U.S. on energy, because of loss of growth potential and

foreign balance of payments, was realized. Therefore, it is in the
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national interest for the government to provide such incentives. If
these economic incentives are provided, the so-far small return on in-
vestment potential of these systems should be increased sufficiently to
provide for their eventual widespread use.

7.2 Recommendations

Two avenues df research, both analytical and experimental, should
be followed to augment the findings of this preliminary investigation
into the IWFS and WDTES models. Future analytical studies should include
an in-depth investigation into the effects of thermal stratification in
the HTS and LTS for the WDTES and IWFS models, respectively. In addition
to this, a more detailéd analysis of the WDTES model should consider the
off-design analysis of the Rankine Cycle subsystem, especialiy its |
turbine and heat exchangers. Also, an optimization scheme,'based on
maximum energy efficiency or minimum total costs, for WTG sizes and
multiple WTG arrays, should be derived for different wind regimes and
load applications. Another useful endeavor may be the analysis of
the three systems with the addition of storage batteries. Because a
large amount of WTG energy is not allowed into the systeﬁ due to the
feafhering of the blades, the possibility that this electrical energy
could be stored for later distribution to the electrical load remains.
If a battery subsystem could be incorporated into these advanced wind
furnace systems, the storage of the high grade energy could allow smaller
HTS and LTS tanks to be used and may decrease utility electrical re-
quirements significantly. This could allow the possibility of a lower
cost system independent from electrical transmission lines. As far as

economics are concerned, a more detailed economic analysis, comparing the
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costs of many different sets of components and component sizes, fuel
costs, fuel escalation rates, interest rates and amortization periods
should be performed. Also, the economic potential of these systems
should be studied with respect to any major government alternative
energy funding or tax on heating fuels.

Because of the complex nature of the advanced wind furnace systems,
a fully accurate simulation .of these systems will never be possible, al-
though it can be approached. Therefore, a well instrumented pilot plant
operation should be attempted at an already existing wind furnace facility.
Solar Habitat I, the existing wind furnace system at the University of
Massachusetts offers an opportunity to further evaluate these systems.
Using its 32.5 ft. diameter 25 kw WTG, the IWFS r :del could be added at
a low cost by the addition of a rectifier, Gemini inverter, switching
logic and controls. A comparison of the actual performance of this
system could then be made to the WDTES] computer simulation to determine
the program's validity and justify its use as an engineering tool. Finally,
the addition of a high temperature thermal storage, a Rankine Cycle sub-
system and a more sophisticated switching 1ogic and controls would allow
for the investigation of the WDTES, Type II system in this well-insulated

New England residence.
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APPENDIX A

NOMENCLATURL

Surface area of HTS tank bottom
Annual prototype system costs

Annual mass produced system costs
Specific heat of air

Alternator cost

Annual conventional system costs
Annual prototype wind system costs
Annual mass-produced wind system costs
Annual cost of auxiliary electricity
Annual conventional electric cost
Average annual fuel cost

Initial fuel cost

Annual cost of auxiliary gas

Annual conventional gas cost

High temperature thermal storage cost
Inverter cost

Miscellaneous costs

Annual cost of auxiliary oil

Annual conventional oil cost

Specific heat of water

Cost of Rankine Cycle subsystem

Total high temperature thermal storage cost

Total prototype wind system costs
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ft
$

$
o}
Btu/]bm F
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$/kWh
$

$

$/gallon
$
$
$
$
Btu/1b, °F
$
$
$



CTOTF
CWND
CWNDF

Quux
QeraL
QrL1s

Total mass-produced wind system costs
Prototype WTG costs

Mass-produced WTG costs

Day of year

HTS tank internal energy
Initial HTS internal energy
LTS ténk internal energy
Mass of HTS storage material
Mass of LTS storage material

HTS tank wall convective heat transfer

coefficient

HTS tank top convective heat transfer

coefficient

WTG tower height

HTS tank size

Amount of hot water required

Interest rate

Tank insulation thermal conductivity
Amortization period
Absorbed solar energy

Heat rejection rate through the air cooled

heat exchanger

Auxiliary energy réquired for space heating load
Required heat rejection from the Rankine Cycle
Rate of heat transferred to the space heating

load through the baseboards
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Btu

Btu

Btu

1bm NéOH |
1bm H20

Btu/hr ft& OF

Btu/hr ft2 OF

meters
ga]lonsv
gallons
Btu/hr ft OF
years

Btu/hr ft2

Btu/hr

Btu
Btu

Btu/hr



s
QL
QUNTHL

U tor

Q rshL
OnTHL

QoL
R
RCHP

RI

Rate of energy added to Rankine Cycle working
fluid

Space heating load

Actual home space heating load

Rate of energy lost by the HTS that decreases
the heating load

Rate of energy supplied to domestic hot

water load

Infiltrative heating losses

Rate of energy rejected from the Rankine Cycle
working fluid

Rate of energy lost by the HTS through the
basement floor

Rate of energy lost by the LTS through the
basement floor

Rate of energy Tost by the LTS when space
heating is not required

HTS tank thermal losses

Rate of enerqgy lost by the LTS that decreases
the heating load

Rate of energy lost by the HTS when spaca
heating is not required

Rate of solar energy gain through windows
Annual cost factor

Rankine Cycle output capacity

1

Annual fuel cOst escalation rate
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Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu

Btu/hr

Btu/hr

Btu/hr



R.
1

RNKFCT

TCAUX
TCCONV
Tew

Ty

Tyts

THwr
Tin
LO

Tout

LT

LW

ADD
ADDL

HTS tank inside radius

Fraction of maximum Rankine Cycle efficiency
HTS tank radius to edge of insulation
Shading factor

Basement temperature 4

Total annual costs for auxiliary energy
Total annual conventional energy costs

Cold water inlet temperature

Rankine Cycle maximum working fluid tempefature .

HTS storage medium temperature

Domestic hot water delivery temperature
Indoor- temperature

Rankine Cycle minimum working fluid temperature
Ambient temperature

Temperature at the surface of the HTS tank
insulation

Overall heat transfer coefficient for the
HTS tank top

Overall heat transfer coefficient for the
HTS tank walls

Volumetric flow rate of infiltrative air
Wind speed at 10 meter height

Wind speed at tower height

Electric power input to the HTS from the WTG

Electrical power input to the LTS from the WTG
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Btu/hr ft2 OF

Btu/hr £t OF
ft3/hr

mph

mph

kW

kW



EAUX
HWAUX

Fr = =

MECH
NOM

= _=

REQ

Seasonally adjusted electrical load

Auxiliary energy requived for the electrical load
Auxiliary energy required for domestic hot water
Average U.S. farm machinery load

Nominal electrical load

Required electrical energy output from the
Rankine Cycle

Solid-solid phase change fraction
Solid-Tiquid phase change fraction

Tank insulation thickness

Alternator efficiency

Rankine Cycle thermal efficiency

Density of air

Density of water
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kWh
kiwh
kWh
kWh
kWh

3
ft /'Ibm

ga]]ons/]bm
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APPENDIX B
THE MAIN PROGRAM

The main computer program (WDTES1) was written in Fortran IV language
for the Control Data Cyber 70 time sharing computer system 105afed'at.the
University of Massachusetts. WDTES] features an interactiQe input format
for ease of operation and a choice of hourly, daily or monthly output -
formats. To use the WDTES] program, the operator is required to first
get the data banks to be used and then to run the program. System control .
parameters‘and component sizes will then be inputted via the interactive
input format. |

A listing of the system control parameters, the WDTES1 Fortran:
variable assignments and the WDTES1 computer program follow. The Fortran
variable assignments previously used by Darkazalli (11) are not shown since
these same subprograms are used in WDTES1. The D, M and Y suffixes for
variables in WDTES1, are used to denote daily, monthly or yearly values"
while hour]y.values have no suffix (i.e. WE, WED, WEM, WEY represent hourly,A

daily, mohth]y and yearly values of the electrical load.)



DIRHTS

EEJ

EJ

MON

NFLR

NOHTS

RR

USAVEM

—
.
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WDTES1 SYSTEM CONTROL PARAMETERS

For

For

For

WDTES, Type I option

WDTES, Type II option

minimum LTS tank surface area

To input specific LTS tank dimensions

For

minimum HTS tank surface area

To input specific HTS tank dimensions

For

For

For

For

For

For

For

For

For

For

monthly output

hourly or daily output

average New England residence

well-insulated New England residence

WDTES option

IWFS option

daily or monthly output

hourly output

average U.S. farm electrical load

residential electrical load



AT
ATL
ANI
AWIL
AWO
AWOL
CPS1
CPS2
CPS3
D
DAY
£93
E100
E125
E150
E175,
E200
E225
EHF
EHI
EHLF
~EHLI
EHTAIR

WDTIST 1ORIRAN VARIARILS

Surface area of HTS tank Lop

: Surface area of LTS tank top
: Inside.surface area of HTS tank wall
@ Inside surface area of LTS tank wall
: Outside surface area of HTS tank wall
: Qutside surface area of LTS tank wa}]
. Specific heat of NaOH up to 560°
. Specific heat of NaOH from 560° to 600%F
: Specific heat of NaOH above 600°F

: Diameter of WTG blades

: Day of year

: Rankine Cycle efficiency for TLO =.93°F
. Rankine Cycle efficiency for.TLO = 100°F
: Rankine Cycle efficiency for TLO = 125°F
: Rankine Cycle efficiency for TLO = 150°F
: Rankine Cycle efficiency %or TLO = 175%F
. Rankine Cycle efficiency for TLO = 200°F
: Rankine Cycle efficiency for TLO = 225°F

: Final specific internal energy in the HTS
: Initial specific internal energy in the HTS
: Final specific internal energy in the LTS
: Initial specific internal energy in the LTS

: Heat transfer coefficient at the top of the

HTS tank

ft
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it

ft
ft
ft

NN RN RN

ft
0
Btu/]bm F
0
Btu/]bm F
o
Btu/]bm F
ft

Btu/'lbm
Btu/1bm
Btu/1bm
Btu/1bm

Btu/hr ft2 °F



EHTL

EHTSY

EHWAIR
EHWL
EKINS
EKINSL
EL

ELL
ELNTHL

ELTELDY

ELTSY
EM

EMH
EMHL
EML
ENERGY
ETA
FREQ
HNTHL

KDAY
KK

. Heat transfer coefficient at the top of the

LTS tank

: HTS internal energy at the end of the

year period

: Heat transfer coefficient at the HTS tank wall
: Heat transfer-coefficient at the LTS tank wall
: Thermal conduétivity of HTS tank insulation

: Thermal conduc¢tivity of LTS tank insulation

: HTS tank height

: LTS tank heith

: LTS tank thermal losses when there is no

heating load

: WTG output supplied to electrical load via the

power conditioner

: LTS internal energy at the end of the year period
: Mass of high temperature storage mate-~ial (NaOH)
: Critical specific HTS internal energy

: Critical spécific LTS internal energy

: Mass of low temperature storage material (H20)

: Total annual .auxiliary energy required

: Rankine Cycle efficiency

: Period of Rankine Cycle operation

w

: HTS tank thermal losses when there is no

heating load

: Day of the month

: Number of day§ in the two month data tape period

L
T
.

a4
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Btu/hr ft

kWh
Btu/hr ft

Btu/hr ft& OF
Btu/hr ft °F
Btu/hr ft OF

ft
ft

kWh

kWh
kih
1bm
Btu/]bm
Btu/]bm
b
kWh

hr

kWh

days



N

ND
NDAY
NHR
NM

QACHX

QAUX
QAVAIL

QE
QEL
QETAL
QFLTS

QH

QHL

QHLACT

QHLMS

QHTSHL

QHW
aL

: Meteorlogical data tape number

: Number of days in the month

: Day of the two month data tape period
: Hour of the day

: Month of the year

: Heat rejected from the LTS through the air

cooled heat exchanger

: Auxiliary energy required for space heating

: Available energy in the LTS above the room

temperature datum

: Heat added to the HTS via the resistance heaters
: Heat added to the LTS via the resistance heaters
: Required heat rejection from the Rankine Cycle

: Annual amount of heat delivered to the heating

load from the LTS

: Source heat required for the Rankine Cycle
: Space heating load

: Space heating load minus the tank(s) thermal

losses and the solar energy input

: Space heating load minus the tank(s) thermal

losses

: Thermal losses from the HTS that decrease the

space heating load

: Domestic hot water load

: Heat rejected from the Rankine Cycle to the LTS

which does not when the air cooled heat exchanger

is not required
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Btu/hr
Btu/hr

Btu

Btu/hr
Btu/hr
Btu/hr
kWh

Btu/hr
Btu/hr
Btu/hr
Btu/hr
Btu/hr

Btu/hr

Btu/hr



QLB
QLBL
QLT ”
QLTL
QLTOT
QLTOTL
QLTSHL

QLW
QLWL
QLXx
QLXT
QMH

QML

QsoL
RATIO
RI

RIL
RNKFCT
RO

ROL
THAVRY

THAVY

: Thermal losses from the HTS tank bottom
: Therimal losses from the LTS tank bottom
: Thermal losses from the IITS tank top

: Thermal losses from the LTS tank top

: Total thermal losses from the HTS tank
: Total thermal losses from the LTS tank

: Thermal losses from the LTS that decrease the

space heating load

: Thermal losses from the HTS tank walls

: Thermal losses from the LTS tank walls

: Excess heat available to the LTS

: Specific excess energy available to the LTS

: Specific electrical energy available to the HTS

minus the HTS loads

: Specific electrical energy available to the LTS

minus the LTS loads

: Useful solar radiation through the windows

: Space heating load multiplication factor

: HTS tank radius

: LTS tank radius

: Fraction of "maximum" Rankine Cycle efficiency
: Radius of the HTS to the edge of the insulation
: Radius of the LTS to the edge of the insulation

: Average annual HTS temperature during Rankine

Cycle operation

: Average annual HTS temperature
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Btu/hr
Btu/hr
Btu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr
Btu/hr
Btu/hr
Btu/hr
Btu/1bm

Btu/1bm

Btu/1bm
Btu/hr
ft

ft

ft

ft



THCRIT
THEDA
THI
THMAX
THTSF
THTSI

TLAVRY

TLAVY
TLCRIT
TLO
TLTSF
TLTSI
T

TTL

W

THL
ULT
ULTL
ULW
ULWL
WADD

WADDL

WE

: Critical HTS temperature

: Time increment

: Maximum Rankine Cycle working fluid temperature
: Maximum allowable HTS temperature

: Final HTS temperature

: Initial HTS temperature

: Average annual LTS temperature during Rankine

Cycle operation

: Average annual LTS temperature

: Critical LTS temperature

: Minimum Rankine Cycle working fluid temperature
: Final LTS temperature

: Initial LTS temperature

: Temperature of HTS tank top

: Temperature of LTS tank top

: Temperature of HTS tank wall

: Temperature of LTS tank wall

: HTS tank top overall heat transfer coefficient
: LTS tank top overall heat transfer coefficient
: HTS tank wall overall heat transfer coefficient
: LTS tank wall overall heat transfer coefficient

: Electrical energy added to the HTS via the

resistance heaters

: Electrical energy added to the LTS via the

resistance heaters

: Electrical load

2H0
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Btu/hr ft= °F

2.0

Btu/hr ft= “F

Btu/hr ft° OF

Btu/hr ft2 ©

F
kW

kW

kW



WEAUX

WEXT

WEXTL

WHWAUX
WLTS
WMECH
WNOM
WRO5
WRA5
WREQ
WWASTE

WWG
X1F
X11
X2F
X21I
XINS
XINSL

: Auxiliary electrical energy required for electrical

load

: Excess electrical enerqgy available to the HTS

after HTS tank loads (and electrical load for

WDTES) are met

: Excess electrical energy available to the LTS

after LTS tank loads are met

: Auxiliary energy required for domestic hot water
: Electrical energy available to the LTS

: Farm machinery electrical load

: Nominal electrical load

: Alternator losses

: Electricity delivered via alternator

: Electricity required from Rankine Cycle

: Electrical energy lost from WTIG due to

feathering of blades

: WTG electrical output

: Final solid-solid phase change fraction

: Initial solid-solid phase change fraction
: Final solid-1iquid phase;change fraction

: Initial solid-liquid phase change fraction
: HTS insulation thickness

: LTS insulation thickness

kW

kW

kW
kW
kW
kW
kW
kW
kW
kW
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N2530 FWIN=1a,.11
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Ngedn Te=ez,

nzeln TE=52.

geegd Th=S0.

NEEI0 AEWWL =Lids] .

Na&d ) ABWELI=WIL+1.

NZaS 0 AEBWEZ1=WL»1.

naesn ABWM1I=LWL+1. _
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OZES0 ABWI=sCW+2, Ly 3,

OZE30 UBWE=1.-17.22 _

O2700 AEBMWZ=WeS S22, D55 .

02710 DATA RWE s Ay Rbik Fl|l|'—‘-‘":4. ] :4 RIS T Py

2720 DATH HADEsADLW ADNADZ < 21.+21. 0. 0s 21,

N2730 AWALLE=We3, —AWE-RDE

Hevdn RMALLW=WWeS  —ALIL—HTIL

027S0 AWALLH=WL*3 ., —HLIMH-RATH

NE7E0 AUALLE=WL+S. —AW=E-AD=

02770 UCEIL=0, 0192

2730 ACEIL=LWLleLL

027390 UBAZEF=1.-1&.605

02200 ABEARZEF=ACEIL

2210 AGRMD=RCEIL

12E2 0 REAZDR=5E.
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JZ83a 0 UGRMD=0, 0192

IFCTALT. &S, 2402400

1400 OHL=1,

1 a0 TA 4z0

402 COMTIMUE _
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IFCcHY .EQ, .0y 0 7O 404

12920 RE=FHORIReHYel . 47ebWL ~YECAIR
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ne2sn S0 TO 408

02960 4058 HC=0.014e_ c5deREse, SePRee, 32
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0S2s0 402 HC=0.014e00, I35eFPRee, 3
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DZN10 IFAWD.GT.4,. 9. AND.WD.LE. 12,5 HCE=HW

ZOE0 IFEWD.GT.13.S. AT WD.LE. 22,5 HCS=HW
W IFCWD L GT. .22 . S AND WD.LE. 31,5 HCLI=HI

i

E 1 IFCWD, BT 21.53.0R. WO, LE. 4.5 HZH=HI
a2050 UDODRE=1.- 3. "HCE+RIR+FIN:
ULU:U UDDDEM=1.sf3.thm+RDR+RIH)'

UD0OrR==1. 'E.fHCS+EDR+RIH?
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UMIME=1. - 0A. "HCE+RWIN+RINY
LWALLLW=1 . < (i~ HCW+RLUML+FIM
LW INW=1, < da. "HOW+RWIN+RIN
LIALLMN=1. < WL "HCH+RUWL+FIN
L IMN=1. <018, "HON+RBIN+RINY
PIAL L Z= 1. < CL~HOSZ+RML+F TN
HIME=1. <015, "HCS+RMIN+RIN
LIBWWE=1 L O HCW+1 7, 23+RIND
LEWMELI=1. " ‘hl)-H_LE+RENLI+FPIND
UEWII=1 ., -~ Cidbb o HCW+REW L +F M)
HEWZ1=1. ~ L -HCS+REW1+F IM
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ITE=TE~-TH
LEMI=1.-CREM1+FEIND
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I
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LBERHD=RERENDeUERENDe CTR-Ti2

IF CHFLE.ER. 1> 0 TO 414
CHL=CHLeRATIO
=0 7O 41&

4ic IFCEHL.LT. 0.0 BHL=0,0
dzt COMTIMUE
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'% CHL =0 INFF+U INT+GDO0R T +EWALL T+ CE IL+25RMND
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PLPLP 00000

TCM=E10,
CPW=1.
FOWTR=8, 33
IF sHHFL.ER . 1D HW=1.1&
IFeMHR . GT. L. AND, HHR.LT. 72
IF CHHRLER. 72 HW=. 75
tFcHHR . ED. 2. 0F . HHR.ED. 340
IF NHF LER . 32 HW=3, &2 ’
IFCHHR.ER. 100 HuW=4, 2
IFSHHR.ER. 11.0R. HHR . ER. 220
IF EMHHR.ER. 120
IF EMHR.ER. 130
IF MHF.Ei}. 142
IF iHHF.ER. 15

HuW=g.25
Hhi=1.2

Hul=2. 55
HuW=1.325

IFEHHE.ED. 182 HuW=1.20
IF {MHRE.ER, 172 Hhi=1. 05
IFIMHRE.ED. 12 HW=1.853
IFCHHREL.ER. 19 HW=3, 33
IFCNHR.EQ, 200 HW=5., 30
IFCHHR.ED. 21 HW=4, &

IFCHHR.ER. 223 HU=2.73

HulM=ROWTReRL}
GIH=HLUMeCFLie CTHHFE=TChS
IFSTHTZI.LT. THWE>
IFCHMOHTE.ER. 0. AMD.
IF CHOWTZ . E@. 0. AHD.
IFCHOHTZ.ERQ. 0250 TO 116
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IFCTHTEL.ER. S50,
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493 Z=0,

T=THT=1I

29 I=Z+1,

EHWRIR=0, 19¢ {{Tl-TE: *e
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de 0l OLWL=ULWLeRWMIL e TLTZI-TE>
dded IFCSIMILLEQ,. 0.0 TO 13z
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SAES0 EHTL=0.20¢ 0 TTL-TEr e, 323232730
047040 ULTL=1. - = INZL-EKIMEZL+1.-EHTL:
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NN ril=e,
G AS=94 . 33
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nd37#n A70 EE=N.
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nSuso Jdhib=1

05000 IFCHALER. Q.20 TO 220
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1sa20 P=PE
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IFCDFE0L.LT. 0.0 DFZOL=1.0
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IFSMHD.ER. 1230 TO 2610
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IFCIMMD . ER. 2y EZ=YeRE
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IFSHOHTZOER. O DLW=10,
IFHOHTEZ.EQ. 0 ALT=0.
IFOHL.EG. 0.2 120041202
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GHTEZHL=1.
ALTEHL=0.
OHLRCT=10.
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SHLRCT=10,
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S1cE-SeTHI »»4
FIVEE-13eTHI 98

i E2SE-2NeTHI ee=

HSIMP=CTLD- 1uu.,fulgu.—luuh
ETA==IHFeE125~-E100+E1 D0
B0 TO 200
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THFAYM=THFHRY I+ THERYM
TLERYHM=TLFAY DO+ TLEAYM
TRVHM= THYHIN+ T AWHM
TRWLH=TRAYL I+ T AYILM
EDI=1,

WED=1.

SHLTi=1,

OHTI= 10,

PHLARCD=0,

PRUETI=0,

WERL=D=11.

WHLRARLTI=1n0,

RRCHAD=0.

WWRETID=0,

SLBD=10,

QLBLT=G,

QEaLT=n0,

BHTEHL D=11,
GLTZHLD=0,

THERYD=11,

TLRRYD=1D,

TRWHDI=N,

TRYWLID=1,

THTZI=THTZF
TLTEZI=TLTEZF

#1I=#1F

BRCHS=0.

WRDD=1,
WRODL =1,

WWRETE=1.

WERT=1.

WE=TL=1.

SH=1.

WRER=0,

FRER=1.

SLE=0.

SLEL=0O,

pEOL=0.

BHTEZHL=1.

BLTIHL=0.

CETRL=1.
IFZKDRY.LE.HB2 50 TO s10
KIRY=1

HHFE=1

HM=MM+1

IFCFRERM.EQ. 0,050 TO 1400
THRYRM=THRRAYM. FREGM
TLAYEM=TLERVM-FRELM
1400 CONTIMUE
THRAVYM=THWHM . (MIie24
TLRAYM=TRYLM~ (HDe24. )

EHTZM=0.292+EM* (EHF-EHIM) ~ 1000,

(222222222 N

ELTEM=0.2%2eEMLe rEHLF-EHLIM> <1000,

PRGE 13

230
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LLsin PRINT 34

11510 PRINT adaqd 73.:w3.c1r3.:1_rﬁz.ﬁxzz.:z_I Mo WMASTM e RRHUSM s WERUXM « WHUARUXM
{150 N4+« WHDDM IHM s WREGQM« FREQM
11520 PRINT 1079
11540 PRINT 1031 s QLEM«QLBLMy AX0OLMEHTEMELTIM s IHTSHLMs L TSHLM
11550+ THAVEM s TLAVEM THAVM. TLAVM
11560 LEY WG M+LILGY
11570 WEV=WMEM+WEY

11520 DHLY=0HLM+OHLY
11520 GHLEY=0HWM+CHLY
11400 CQHLACY=SCHLACM+OHLACY

11610 DHUEY=DRUEM+DALEEY

T1IES0 WERUEYSWERLEEM+MERLEY
T1ES0 WHEARLLEEY shHLIAU M+ HMARL Y
11640 DRACH=EY=DACHEM+DACHKY
11650 WUARZTY=WWRITH+HWMMARZTY
11880 WARTDDY=LATDM+LRDIDY

11670 BHY =0HM+HY

11620 WRESY=WFEQOM+LWREDRDY

11730 FREQY=FRECM+FREDY

11700 OLBEY=QLEM+LEY

117140 :rmr{ujrmr3+jrmrc
1iven az0ly=az0uLm+asony
11730 EanIr_IEIq&Irz+mIAMIr{
11740 OLTIHLY=0LTZHLM+LTZHLY
11750 THRAYY=THREAYM+THRRVY
P1FS0 TLRAYY=TLREAYM+TLRRAYY
TIFT0 TRYHY=TARYHM+TRYHY

11730 TRYLY=TRYLM+TRYLY

11790 WWEM=0.

11200 WEM=0,

113210 QHLM=0,

11220 aHWM=1,

11220 JHLACM=0,

11340 RdRUEM=0,

11350 WERU=M=0,

11360 WHERL=M=0,

11370 QRCH=AM=10,

11220 WWAZTM=0.

11390 WRDhDM=0.

11908 OHM=10,

12910 WRERM=D.

11520 FREOM=1,

11330 ALEM=40.

11340 QLELM=O,

11950 Gz0LM=0,

11250 AHTEHLM=0,

11970 ALTEHLM=10,.

113220 THRAYWM=,

11230 TLERYM=(,

12000 TARYHM=O,

2010 THRYLHM=O,

12020 THARYEM=O,

Hnawo TLAYEM=1.

S030 THRWM=1.

gn:m: TLRYM=L,

coen IFCMMLER. 2260 TO A&N
IFHM.ER. 230 TO BE;
IFoMML.EG, 4230 1O m.
IFCHM.OER. S350 TO &&
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esovssseeees PROGRAM WITESL

L2232 221 42 324

PR3E 22
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12700 TLAYRY=

TLRRYY <FRERY

1710 1401 CORTIMUE

12720 THAYY=TAYHY - 326 2
P an TLAWY=TAWLY S 86 K
(o7 s S el EDY

12750 TFONOHT S LER. 00 WRSS=10.
L2V EA MR DS=, DSeRFEDY

LeTTi LF ENDHT S . ED. 00 WROS=0,

1 o7ED ELTELDY=MEY —WMERLEY —WR9S

WADDLY =T ~EL TELDY - WRDDY —WHETY

TR =WATDTY —RLEBY =R —RHWY —RHT SHLY—-EHTEY

P CHOHTE L ER. 03 HHTHL=1.

CLY=EHY - WRERY

CECHORTILER. 0 QLY=0,
DFLTE=DHL?—QHUH?—QEULH—ﬂLT“HLm—HHT =HLY

SLHTHL=GL ¥ +WADDL Y —ELTEY -E2RCHE Y=GLELY-GLTIHLY-OFLTE

0 EF(HUHTE.EQ.D?ELHTHL=MHDDL; ELTSY—-RMACH=—-OLELY —@LTZHLY —0F LT Z-0OHWY
{ EMERGY =0ALEYHWERLEY R ALY |
FRINT V12
FRIMNT F1ds Wiy s WEY s BHLY » RHLALCY 8 & SHLE 1 'Hl “H e WWAS T » DALY » WEARUXY o WHWALEEY
FRIHT 1n51
ERIMT 1083 WADDY » GHY » WRELY s FREDY s OLEY « BLELY » BE0OLV+EHTEY s ELTEY
PRINT 1225
FRINT 1__r-UHT?HLTsQLTEHL?sTHH¥ETsTLH?RrsTHHHTsTLH%r
CRRINT 2051

0 FRINT 2053 ‘-‘F""‘cn WS ELTELDY s WADDL Y s HHTHL s BIL Y s 0F _TZ» ELNTHL s ENERGY
oS0l FORMAT <10H ZEFTEMEER?

340 FORMAT Y 4HF A% s 3% s SHWHIET s B35 e SHWED s 330 SHRHLRAC D

- |-|+4 o FHEHWD o Sln EHOACH=TN. Sl e BHLH IR T 2 SHORILED e 25 HUMERUET « 22X«
LEET0+T Hl-thlH‘ D 2 s BHTHER I Te 25y BHTLCR I T Zids SHWMADDDS Sl ZHEHD » 3% s SHURER D »
= e SHFRERD:

P e

-+ ¥
+
-

1:“1” r4_ FORMAT (1xs IS 91 FS. 302 SC2HFo. 172301 aF2,. 2 01X FR. 0D
12020 693 FORMAT Cdie SHLIMGM ¢ FHWEMs Sise ML 'HLN 4t e EHEHLATCM
T30S0+ s SHEHIWM » 4350 SHOACHRM s s EHWLATTM s 35 SHEORLEM » 35 HWERLEEM
$E0E 0+ THUHBIRLEM » 334 ‘v SHWMADDM 53 SHOHM 2 43 nﬁH”PEDNtl’ SHFREGM
1E0S0 t4t FORMAT (1301 FS. 20 s L F3. 00

1IZ0ET 1073 FORMAT <4y SHRLEM 45 JLE ~-H“'DLH Gt SHEHTEMs dixe

‘A}HuLTuHLMsEu t s EHTLAYRM

CINTOHSHELTEM e e THEHTE HL M 25
3 Tt SHTHAY M 35y SHTLAYMD
RIS FDFMHT-?-i ‘h-4i4ﬁsF5.1?)

aF2.C
TOAS0 FORMAT C10y SHMHHRE = '-:Hl_n;ll Jn e Eol e S HLWE » 20

’ EHTHRYEM: 3=

Yo GHITHLAC T » i s ZHOH o

e Site SHH £ _H“L.4.9AH ACHSE s 2 GHWWASTE s s SHTHTZF » 2 SHTLTEF »
TEIo . GHCIH L « 5 e s |H|||EF‘|| SR Y hHMHMHH P 4Hl||HIII| w3 4HMF El)s

13120 652 FORMAT (1 L ISa B 01 F7 .30 201K -Ft.1'~J'1 wF.._J'

{3140 &30 FORMAT c2H OCTOEER?

(3150 &9 FORMAT ¢3H MOYEMEERD

{2160 693 FORMAT ¢3H DECEMEER?

13170 &9 FORMAT (3H JANUAREY S

rl_'l = 0 |]"l. I‘L: Il'l_"l ..:l. Iil:l 1

—

(gl

l""

1021
T

FORMAT (5H
FORMAT ©5H
FORMAT (EH
FORMAT (4H

FORMAT <7H

FORMAT <7314

HGRCH

714 FORMAT 1001y

FORMAT L&k
HELEY » B

|!.\":

FERRLIARY
MARCH?
AFRIL:
RIS

e FORMAT ¢SH JUME?
02 FORMAT (SH LY

HUGUET

sF10.

isSHBLBLTsEHsS

AHWLIGY s B s
e GHWMLWAZT Y o &
1a
JHMHDD?sEHsBHQHTsRR-HHMPEﬁT~FV!SHFEEQTs
HEZZOLY « £

FHWEY T
» SHERLY

) 4H|_‘H'L.'|'! S
L HWERL =

vl..l

s SHEHTE

|!h

b i:'H'-'HLﬁl— YaT e 4H|_|H|||‘| .
THIHAL Y

3 SHELTSY
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sosee00eee PROGRAM WINTEE1 o000 0000 FARGE
234
12200 1323 FORMAT i9v1=sF10. a0 _

L2210 12285 FORMAT "=y VHEHTEHLY » 45 PHOL TIHL Y « S e 6HTHRWEY » S s sHTLAVEY »

PTHZR 0+ s SHTHRVY « &0« SHTLRYY? ‘
1
1
1

SO0 1EEV FOFMAT 2 vt =eFIn 1 s 3 ib=sFS, 10

2R P05 FORMAT o7 s dHMFPAS s T e SHUFP OS e 4 e PHELTELDY « S35 EHWMADDL Y « 63
CEMASHHHTHL » S5 ZHOLY » AX s SHOFLTZ 2 S s AHELMTHL « S5 EHEMERIZY

B AN0SE FORMAT 3 C1xsF10, 100

Z3IV0OZTOFR

12330 END
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APPENDIX C
THE ECONOMICS PROGRAM

The economics program (WSDECO) was also written in Fortran IV
tanguage. WSDECO features an interactive format and enables the user to
compare the economic feasibility of the IWFS, WDTES, Type I and WDTES,
Type II models with the conventional electrical, gas and oil energy
systems. This comparison can also be made for both prototype and mass-
produced advanced wind furnace systems using 1977 dollars.

The WSDECO system control parameters and Fortran variables are

given in the following sections along with a listing of WSDECO.

WSDECO SYSTEM CONTROL PARAMETERS

AUXOPT = 1 For electric auxiliary system
= 2 For oil auxiliary system

= 3 For gas auxiliary system

SYST = ] For ITWFS
= 2 For WDTES, TYPE 1
= 3 For WDTES, TYPE II
TYPINV = 1 For Gemini inverter

= ? For Abacus inverter



ACST
ACSTF
ACONVE
ACONVG
ACONVO
BINCT
BINCTF
BLCT
BLCTF
CALT
CALTF
~ CANCOV
CANSDS
CANSDSF
CEAUX
CECONY
CELAY

CELECT
CGAS
CGASAV

CGAUX
CGCONV
CGEN

WSDECO FORTRAN VARIABLES

Annual prototype system costs

Annual mass-pfdduced system costs

Annual cost of conventional electric system
Annual cost of conventional gas system
Annual cost of conventional oil system
Fixed cost of prototype WTG blades

Fixed cost of mass-produced WTG blades
Prototype WTG blade cost

Mass—produced‘WTG blade cost

Prototype alternator cost

Mass-produced alternator cost

Annual conventional system costs

Annual prototype wind system costs

Annual mass-produced wind system costs
Annual cost of auxiliary electricity

Annual conventional electric cost

Average undelivered electricity cost based on
escalation rate over amortization period
Undelivered electricity cost

Undelivered gas cost

Average undelivered gas cost based on escalation
rate over amortization period

Annual cost of auxiliary gas

Annual conventional gas cost

Prototype generator cost

A A b Y B e N

$/Ft3
¢/t

©¥r B A o o P

$/kWh
$/kWh
$/kWh

$/kWh
$/kWh
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CGENF
CHTS
CHTSF
CINV
CINVF
CLTS
CLTSF
CMISC
CMISCF
COAUX
COCONV
COIL
COILAV

CONVE
CONVG
CONVO
CRC
CRECT
CSTAT
CSTATF
CTHTS
CTHTSF
CTLTS
CTLTSF
cToT

Mass-produced generator cost
Prototype HTS cost

Mass-produced HTS cost

Prototype inverter cost
Mass-produceh inverter cost
Prototype LTS cost

Mass-produced LTS cost

Prototype miscellaneous costs
Mass-produced miscellaneous costs
Annual cost of auxiliary oil

Annual convehtiona] 0il éost
Undelivéred oil cost

Average undelivered 0il cost based on escalation
rate over amortization period
Conventional electric system costs
Conventiona]lgas system costs
Conventional oil system costs

Cost of Rankfne Cycle subsystem
Rectifier cost

Prototype NTGvstationary parts cost
Mass-produced WTG stationary parts cost
Total prototype HTS cost

Total mass-produced HTS cost

Total prototype LTS cost

Total mass-produced LTS cost

Total prototype wind system costs
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$
$/gallon
$/gallon
$
$
$/gallon
$/gallon
$
$
$

$
$/kWh

$/kWh
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CTOTF
CTWR
CTWRF
CWND
CWNDF
D
EAUX
ECNV

EFF
GAUX
GCONV
HTS
HT

LTS

OAUX
OCONV
QAUXY
QHLY

RC
RCHP
RI
TCAUX

Total mass produced wind system costs
Prototype tower costs

Mass produced tower costs

Prototype WIG costs

Mass-produced WTG costs

WTG blade diameter

Auxiliary energy to be supplied eléctrica]]y
Conventional system energy to be supplied
electrically

Efficiency of fuel heat delivery system
Auxiliary energy to be supplied by gas
Conventional system energy to be supplied by gas
HTS tank size

WTG tower height

Interest rate

LTS tank size

Amortization period

Auxiliary energy to be supplied by oil
Conventional system energy to be supplied by o0il
Annual auxi]iafy space heating load

Annual space heating load

Annual cost factor

Rankine Cycle output capacity

Rankine Cycle output capacity

Annual fuel cost escalation rate .

Total annual costs for auxiliary energy
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$/ft
$/Ft

ft
kWh

kWh

kWh

kWh
gallons
ft
gallons
yrs

kWh

kiWh

kWh

kWh

kW

HP



TCCONV
TQHWY
WEAUXY
WEY
WHWAUXY
z

2z

171

Total annual conventional energy costs
Annual domestic hot water load

Annual auxiliary electrical load

Annual electrical Tload

Annual auxiliary domestic hot water load
Sums to 20 year electricity costs

Sums to 20 year oil costs

Sums to 20 year gas costs

kWh
kWh
kWh
kWh
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0l on PROSEAM WEIDECOCINPUT s OUTPUTY

00110 INTEGER ALSORTs ZYIST» TYPINY

Goi2n REAL LTZsHe 1

00120 PRINT S10

0140 S10 FORMAT (¢IMPUT ELECTRICHLs ZFRCE HERTING

Q1S 0i+eAMD DOMEZTIC HOT WATER LORDZe)

D0160 RERD: WEY s QHL'Y » TOHWY

Noiv 0 PRINT Si12

0nign 312 FORMAT ceINPUT AUWSILIARY ELECTRICAL, ZPRCE HEATING +
A0120+e/AND DOMEETIC HOT WATER LORDZe)

DOEN0 RERDs LIERLEY « DRSS s MHIWRLSY

0210 PRIMT 514

DNE20 S14 FORMART (e INFUT LTEZ TRAMNE SIZEe)

0220 RERDSLTE

nxzgdn PRINT 516

aN2S0 S15 FORMART e IMFUT ZYWITEM UIEDy 1-IWFSs Z-WIOTESsTYPE Is
DOSEN+e3—WOTEZ«TYFE 112

AOZ270 RERD EVET

poZso IFCEYETLER. L0 TO 109

00290 PRINT 512

DOZ200 212 FORMAT CeINPLUT HTE THHV ZIZE AHD FRAHEINE »

0021 0+eCYCLE ZIZE <4, KW OF &KLY e

10320 RERLHTIZRC

o2z IF CEYETL.HE.Z20 TO 103
N340 PRINT 952
GNES0 S52 FORMAT (+INPUT INYERTER TYPEs 1=3EMINIs ZS=RERCLIZe:
00280 RERD: TYPINY
=70 109 CONTINUE
230 ROEOFRT=0
0230 D=4,
00300 HT=50,
angdio 1000 RESOPT=RUS0OFT+1
pndagn CERUX=O0,
20430 CORLA=0,
O0dg) CoRAUE=0,
ongds0 CECONY=0.
00450 COCONMY=0,
0470 CoCcOMY=0,
aogasn TCORU==0,
ongs0 TooOMY=0,
ansan MH=20,
Aos10 I=. 03
aosgn CLTE=.323
DOS20 CLTE F‘.__
ONS40 CHTE=-32.6687VE-3eHTEZ+S, F1RET
Q0S50 CHTEF=CHT=e.75
003l BINCT=220.
O0sy0 BINCTF=220.
QOSE0 BLCT=. 022
oS0 BLITF— -4~
o000 CREM=227 0.
10 ﬁEEHF=dEU
n0e20 CETRT=4247.
D0E20 CETRTF=1850,.
00ed0 IF CEYET.ER. 12 3215,315
O0ES0 215 IFCWEY.LT. 100002317218
ooss0 217 CINV=T110.
Doevy D CINVYF=552.
nosz0 30 7O S26
DNESD 2318 CINY=1013,

'l.
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N0
1 n
L,
e i
[EREES N
s

W TR
RN

s 4”
00=Sn0
EEETNT]

TR ]
oona1n
HrsEn

noszn0n
NS A1
0iasn
HOSE
no3Idn
A==

Y ann
niatn
oy nzn
10z
oindn
ninsa
AR
n*n?ﬂ
1030
R
a1it1a
niizn
11320
01140
01150
0iled
R
1120
1120
gisan
n1;1n
OIS0
giz4n
oiEsn

ﬂ‘:Fﬂ

| CINY

oI
Ll T
i
ot
I
TFCT
i
IIHV

?5 CIne

IFCT
SI0

I

Tt
: - _l
=22

EHLT
O 7T

TR Y 23 FROGEHAM WZDECO oo bosoes

F=774.
n s

[Foba b 3. 0820522

VMY S0,

F‘ “L'L'l e

YPINV.EWL, =2
DINY=Ss00,

F=121%,

IFiRC.ER,. 6. 0 SR 528

CIMV=10132
F=r74.

YRPIMNY . EQ., 229230522
CIMY=7300,

F=1516.
IF iRi.EQ.

F.0532.5324

CALT=1020.

F=£&0.
ad S:ze

S34 IFRC.ER.G.2DES, 330
CARLT=113%.

=20

CALT
e

IF ik
541
=0 T
=42
544

—MI=c=

CMIE
CTWR=
TR
FCHF=
_RD=
IF R

R=1.01
ChiMDi=
IF D,
CTLTE

CTHT
CTaTt=

RZEZT=

F=rdi,
COMT THUE
CLER. 4.5

A 542

CRECT=1010.

0 S34

CRECT=1010.

COMT IMUE
350,
CF=250.
S0,
F=22.
FCe1.341
155,07 .+
CLoER. 0.0

E. 0,300

Z=CHTZeHTE

=CLTSeLTS

1.5¢RCHF—1.22

RC=0.
-1.-01,
EIMCT+ELCTeleeZ+CZTHT+HCTHRHT +C5EM

+1% e

HO=10.

=CHHU+CTLTE+CTHT S+ CRC+C I MY+ CRLT+CRECT+CM I ET

=CTOT R

LI ETOER. WFTDT PHHD+PTLT“+FIH“+PPEFT+PMIT?
IVETEQ. 2y CTOT=CMHD+CTLTE+C THT S4CRPC+CALT + 20

CWUHDF=EINCTF+BLCTFelesZ+CETHTF+CTHIRF ¢HT +0SENF

IF <L,

Ee O.22h

MHOF=1.

CTHTSF=CHTEZF oHTE

F=CTOTFeR

H=210.
IFAUKDPT.BT. 1060 TO 427

FRIN

L

FFIN
S

T =32

FORMAT C2x

T &=24
FORMAT 7T

s AHCWHD s 11 HE AHCTOT » 1 1 SHRACET
FREINMT 110sCWHT. CTOT s ACET

s SHOWNDF » 1 04 SHCTOTF » 1 03

FREINT 120>CUNDFs CTOTF s ACETF

427

COMTIMUE

» SHRCETFD

PR:E

CTOTF=ClWHIF+CTLTEF+CTHTESF+CRC+CINYF+CALTF+CRECT+CMISCF
eI T ER. 1 CTOTF=CWHIF+CTLTESF+C INYF+CRECT+CMIECF
ET.EQ. 22 CTOTF=CWMNDF+CTLTEF+CTHTEF+CRCHCALTF+CMIECF

241
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01300 CELECT=. 145

01310 FI=. DA

11320 EFF=. 235

01330 COMYE=168510.

01340 ACOMYE=CONHYESR

01350 IFCRUEDPT.ER. 13 ERUS=WHERLEY ALY +WHMALSY
01360 IF CALEDOPT. ER. 13 ECHNY=WEY+OHL Y+ TOHLY
QL3F0 IF CALSOPT. ED. & ERUS=NEALLY
01350 IF CAUEOFT.EQR. 23 ECHY=WEY
11390 IF CAUEOPT..ER, 33 ERUE=WERLEY
01400 IF CALEOPT, ED, 3 ECHY=WEY
01410 S=0.

nid4za EJ=0.

01430 243 EJ=E.d+1.

01440 CELCTI=<01,.+RI> eeE 1 ¢CELECT
01450 S="+CELCTI

01460 IFCEJ.ER.HY 250, 245

D1470 250 CONMTINUE

11430 CELAY=Z-N

11490 CERUZ=ERL<sCELAV~EFF

01500 CECOMY=ECHYeCELAY-EFF

01510 IF CAUXOPT.ER. 1230 TO S00
01520 IFCALE0OPT.EQ. 3>60 TO 400
1530 COIL=.0117

B1540 RI=, 07

D15S0 EFF=,55

11560 CONYO=1950.

D157 0 ACONYO=CONYDer

N1520 ORAUHE=0RLEY +bHWALY

D1530 OCOMY=RHLY +TOHWY

N1ed0 22=0.

110 Eo=10,

N16E0 299 EJG=EJ5+1,

130 COILI=C 1, +RIxeeE AR« 0IL
N1edn Z2=Z2+C0OILI

MES0 IFCEJD.EG. N 200,299

G160 200 COMTINUE

D170 COILAY=22-N

01620 CORUX=0RUZeCOILAY-EFF

01e20 coconyY=0cONYeCOILAY -EFF
01760 50 TO 500

041710 400 ChRARE=,D012

01720 RI=. 08

N1730 EFF=,&%5

01740 COMYG=1870,
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01750 GRLE=0RLEY +WHMAUEY

D177 0 GOONY=0HLY+TOHLY

01730 222=0,

01790 EJGM=0,

01200 402 EJSM=E_GHM+1.

01810 CEASI=C 01, +R 1) ¢eEJGM) #CEAS
01820 2Z2=222+CGAZI

012230 IFCEJGM.ER.HY 310y 402

21240 410 COMTINUE

D18S0 CHRZAY=ZZZ-H

D126 10 CHRALX=SALLeCEASAY "EFF

01370 CECONY=5CONYeCERTAY-EFF _
N1220 SO0 TCAUX=CEAUX+CORALSE+CERUK
01290 TCCONY=CECOMV+COCONY+CGCONY
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G15300 IF CHUSEFT.ERL12FPRINT AN
1210 IFCRUSOFT.ED.ZYPRINT Rl
pEs TE CRUEDRFT D EQL. ZXFRINT ang
1230 PRINT =11
01930 511 FORMAT & e HCECOMNY » 95X« SHCOCOMNS o 35« o HOGTOMY s
D150+ SHTICCOMY
D120 FRINT &1 0y CECONY» Z0C0OMY s CEONV e TCCONY
01370 FREINT B21
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G130+ 07 SHTCAL
D200 FRINT &20s CERUR s CORLE CERALLE s TCALR
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IZ1E0 CANZDE=ACET+CEAUR+RCOMYE+CERE
2120 CAMZDEZF=RCETF+CEAUS+RCOMVEHCHALE
02140 =00 CONMTINUE
U150 PRINT 201
N2180 201 FORMAT cexs SHOAMCOY s %5 SHCANSDS « 34« PHCANIDEF
BS170 PRINT 9S00 CANCOV CAMIDE s CANESDEF
N1z IFRESOPT.LT.Z3»0 TO 1000
02130 110 FORMAT i3 iSxsF10,. 200
120 FORMAT i3 SxeF10.203
00 FORMAT ceELECTRICITY e
£01 FORMAT eIl e
TE0Z FORMAT CeERZe)
10 FORMAT (4 (SkeF10, 2
20 FORMAT (a4 CSHEsF10, 2%
SO0 FORMRT (S 0SEeF10,. 200
EMD

o

r




244

APPENDIX D
ENERGY FLOW DIAGRAMS

Energy flow diagrams for each run of the WDTES1 program are shown in
this appendix. The variables listed are defined in Appendix B, and the
yearly values given for them represent energy flow in kWh unless otherwise
stated. The flow of energy to the various components and loads was bene-
ficial in determining the effects on a specific system, of variations in
the parameters considered (i.e. HTS tank size, electrical load, fraction
of maximum Rankine Cycle efficiency, etc.). Because of this and because
a large amount of information can be represented in a fairly simple form,
diagrams of this type should be used to study advanced wind furnace and
possibly other types of solar energy systems.

Only one example output form is shown - the others are kept on file

in the Mechanical Engineering Department at the University of Massachusetts.
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