e BER.S W8

: HREC-5986-3 - A
v LMSC-HREC D306275

LOCKHEED MISSILES & SPACE COMPANY, INC.
HUNTSVILLE RESEARCH & ENGINEERING CENTER
HUNTSVILLE RESEARCH PARK

4800 BRADFORD DRIVE, HUNTSVILLE, ALABAMA

THE DEVELOPMENT OF A
RESIDENTIAL HEATING AND
COOLING SYSTEM USING
NASA-DERIVED

" TECHNOLOGY

November 1972

Contract NAS8-25986

Prepared for National Aeronautics and Space Administhgid
Marshall Space Flight Center, Alabama 3sg12 5

by
Mark J. O'Neill
A.J. McDanal
W. H. Sims_-

APPROVED: __ D 7 Fevere
Juan K. Lovin, Supervisor
Thermal Envxronment Section

CRY24(30 nwau( MSFC por ' Y

g nepusat ) »5 AN e
CR-12Y 6¢3 : ' /4.8, Farrior ,
N3 -(14(] _ _ o S s1dent Director

v




LMSC-HREC D306275

FOREWORD

* This report represents the results of work performed by
the Lockheed - Huntsville Research & Englneermg Center for the 'b
NASA Mar shall Space thht Center Alabama u.nder Exhlbxt A, '
of Contract NASS 25986 (Mod. 5) ' '

o The NASA contract monitor for this study was Mr, R L.
dedleton of the. MSFC Astronautxcs Laboratory '
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SUMMARY

. This report contains the results of a study to determine the technical
and economic feasibility of a solar-powered space heating, air-conditioning, -
and hot water heating system for residential applications. The basic system

utilizes a flat-plate solar collector to process incident solar radiatibn,_ a

thermal éh’ergy storage system to store the collected energy for use during

night and he‘avily overcast periods, and an absorptmn cycle heat pump for
actually heatmg and coolmg the residence. In add1t10n, heat from the energy

storage system is used to provide domestzc hot water..

The basic system represents a direct extension of technology dé&éloped

during several space-related engineering studies conducted by Lockheet__i and

funded by NASA-Marshall Space Flight Center., In one such study, Locl{heé'd v

conducted extensive analytical and empirical investigations of an absorption

‘cycle énvironméntal control system for the Space Station. In other stﬁdies
Lockheed thoroughly 1nvest1gated phase change materials (PCMs) for high- -
~capacity energy storage systems. In still other NASA-funded studies, Lockheed

has developed sbphiéticated computational tools for thermodynamic and_ener‘gy_'
transfer analyses of t'herr_nalcontrol systems. Thus, the solar-powered resi-
dential system is a direct and natural'spin;off from these pf_evious space-

related projects. ' ' ’ -

This solar-powered system for residential application offers several
s1gn1f1cant economic and ecologlcal benefits to the nation as a whole and to
the average American citizen, Sewveral of these benefits are summarized
below, - ) o

@ Because the system is powered almost entirely by solar energy, -
_the energy expenditures in this nation for space heating, air-

conditioning, and water heating will be greatly reduced when the
system is widely adopted. Currently, 25% of all the energy used

iii
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in the United States is expended to meet these requirements.
Thus, the system will have an important, favorable impact on
the national energy crisis.

e Since widespread adoptlon of the system will reduce the need
for conventional energy sources for providing heating, cooling,
and water heating services, the pollution byproducts of con-
ventional energy production will be reduced. These pollution
_byproducts include air (gaseous, particulate, thermal), water,
‘radiation, solid waste and radioactive waste pollution, -

e The replacement of conventional energy reqmrements by solar
energy utilization will help preserve fossil fuel reserves, will
help-prevent environmental destruct:on due to mining, a.nd will
reduce this nation's déependence on foreign nations for petroleum.,

e Since solar energy is free, the American citizen will realize
tremendous economic savings in heating, coohng, and water
heatmg for his home and busmess :

- This rep‘or't' contains a detailed d'e'scxliption of th-e solar- powered system
- The analyses of the three major components: of the system (the solar collector
‘the energy storage system, and the heat pump package) are discussed. and re-. .
sults are presented, The total system analyS1s is discussed indetail, 1nc1ud1ng |
the technical perforrnance of the solar - powered system and a cost comparison
between the solar-powered system and a conventional system. The pr_ojected
applicability of the system to different regions’ of_the:r_lation is described.

The primary . conclusmn of the study to date is that the system is tech-'
mca.lly and econom1ca11y fea81b1e and that a prototype demonstratmn unit.

should be fabricated and tested as qu1ck1y as possxble. Further conclusions

and detailed recommendations are also presented.

B A
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NOMENCLATURE
Description

area
collector area
' dista,ncée between f)lates_

dimethyl ether of tetraethylene gl:ycdl |

-maximum energy storage -

. acceleration of gravity

convective heat transfer coefficient

latent heat of vaporization of refrigerant

thermal conductivity

iength

mass flow rate '

pressure difference

Prandtl number

energy exchange

energy exéhaﬁge rate
refrigerant 21

refrigerant 22 ,
Reynolds number based on length
temperature |
temperature difference or change
unit conductance '
overall heat transfer coefficient
specific volume

refrigerant concentration in solution with
absorbent :
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Greek ' Description
absorptivity
s solar absorptivity
B : coefficient -of performance (Qcooling/Qgen)
€ a | emissivity
€R L " infrared emissivify
"o : : effic -le_nc_y (Qheéting/qgen)
v . . kinematic viscosity
¢ o ‘tilt angle

o ' . Stefan-Boltzmann constant

Subécrigté

a A absorber
aux . auxiliary
c C condenser

e ' - . : évaporator ‘
g o generator
gen, gen exit | generator exit
IR infrared’
max maximum
mean ' mean value
opt ’ ‘ optimum

s . solar
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" Section 1
INTRODUCTION

One of the most pressing national problems today is the increasingly
publicized energy crisis. America‘s ever -growing demand for energy is
6ﬁtpaqing the nation's ability to produce energy. Yearly, the threat of fuel
shortages and electrical pdwér ‘sh‘ortag’es (brownouts and blackoufs) becomes
more real in nearly every region of the cégmry.' The byproduéts of the energy"

crisis are themselves critical national probléms:

e Increased air;_ water, thermal, radiation, and solid waste
pollution; A : : '

e Natural resource problems: rapid depletion of fossil fuel
reserves, environmental destruction due to mining, and
dependence upon foreign nations for oil; and

e Constantly rising costs for the consumer of energy.

In the midst of this energy crisis, it is somewhat ironic that there re-

'mains a vii'tually untapped energy source which is totally pollution-free,

impossible to deplete, available in quantities sufficient to power the world
indefinitely, and free of charge. This energy source is, of course, sola‘r

energy.

The present lack of exploitation of solar ehergy is attributable to two |

basic characteristics of solar radiation:

e The relatively low concentration of solar radiation reaching the
Earth's surface makes its conversion to useful energy difficult
~and expensive, '

e The intermittency and inconstancy of the solar radiation reaching
the Earth's surface makes energy storage necessary in any appli-
cation where continuous output is required. Such energy storage
is difficult and expensive,. ’

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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In the past, the widespread availability of conventional energy souxjces '

and their nominal costs made solar energy exploitation unnecessary and eco--

nomically unattractive, However, several recent developments have sub-

stantially altered this situation:

" Conventional energy sources are hard-pressed to meet the growing
nat1ona1 demands for energy. Thus, an energy crisis has emerged,.

The pubhc has become increasingly alarmed over the pollution

- which accompanies conventional energy production. Ecological
‘concerns are now as 1mportant as economxcal concerns to many

Americans.

The limited nature of natural resources is f1na11y being reahzed
by a large segment of the populace. The predicted lifetimes of
American natural gas and oil reserves and the growing public -
bitterness over practices such as the strip-mining of coal attest

' to the necessity of finding alternate energy sources,

The cost of conventional energy is soarmg at an. unprecedented
rate, making solar energy exploitation economically attractive
for the first t1me in history.

The vast store of new technology curtrently available makes the
efficient and economical exploitation of solar energy more realiz-
able today than ever before. A great deal of this new technology
is d1rect1y attributable to the Amerlcan space program

Thus the solar energy question is no longer ,\}vhether or not it shov_.xld -

~ be exploited, but rather how it should be exploited. There are two basic

avenues of solar energy exploitation, as described below:

Large scale solar-powered facilities must be developed to
produce electricity and high temperature thermal energy for
industrial processes. Such facilities could directly replace
conventional facilities., These large scale solar-powered
installations will require large investments of time and money
until they ultimately emerge as practical, everyday solutions
to the nation's energy problems,

Small scale solar-powered installations must be developed to
meet the nation's large demand for moderate temperature
thermal energy to provide residential and commercial heating,
air-conditioning, and hot water heating. Such small scale
systems can be developed quickly and economically and would

1-2
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have a large effect on the nation's energy troubles, since 25%
of all the cnergy consumecd in this country is used to provide
space heating, air-conditioning, and water heating.

Lockheed -Huntsville began investigating small scale solar-powered
systems for residential applications in 1971, These preliminary studies -
were direct and natural extensions of NASA-funded, space-related studies

conducted by Lockheed. In one such study, Lockheed has conducted extensive

-analytical _ahd éxperimental investigations of an absorption cycle environmental

control systefn for the Space Station, An absorption cycle sYstem is 'p'owerred,
primarily by thermal energy rather than electrical energy, which is required
by most other environmental control systems, In the Space Station application,

the input thermal energy requirement will be t_net by waste heat from onboard

. equipment, A natural extrapolatioh of this concept would be to use solar eﬂergy

to power an environmental control sy'stem for a home. Thus, Lockheed used
the tools developed to analyze and design the Space Station system to investi-
gate a residential solar-powered heating, -cooling, and water heating system.

The results of -the_se preliminary analyses were so favorable that NASA-MSFC

rawarded Lockheed a contract in June 1972, to perform more detailed analy‘ses_'

of this solar-powered system,

The objectives of this study were to determine the economical and tech-
nical feasibility of the concept and, based upon the results of this feasibility

study, to decide whether or not a full-scale prototype system should be fabri-

- cated and tested. Additional objectives of the study were to perform pre-

liminary system design, to initiate system optimi‘zation, and to formulate

plans for the full-scale demonstration program if the system proved feasible.

Throughdut the entire study, NASA-MSFC made significant technical

. contributions through in-house efforts. These efforts were concentrated in

the following areas:

e Development of a selective coating for the absorber plate of the
_solar collector. (The result. of this effort was an economical
coating with excellent thermal properties.)

1-3
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Experimental evaluation of thermal energy storage materials,
including effects of additives on melt temperatures of phase
change materials. : :

Fabrication of a 4-foot square solar collector for testing in
the near future,. ‘ ‘

‘Widespread literature surveys and data compilation in all areas

!

of solar energy research,

"This report contains the results of all contractual efforts to date.

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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Section 2

_ OVERALL DESCRIPTION OF SOLAR-POWERED
SPACE HEATING, AIR-CONDITIONING, AND HOT WATER
HEATING SYSTEM

In November 197 l'?..Lockheed-Hu'ntsville began investigating the feasi-
bility . of developing a system which could collect solar energy economically
and effieiently, store this venergy for use during the night and on extremely
" cloudy days, and use this energy to drive an absorption cycle heat pump and
_also to prov1de hot water for domestic use. A schematic of the system is "
presented in Fig. 2-1, Solar energy is collected by a flat-plate solar collector
which is capable of ut111z1ng both direct and diffuse solar radiation incident
'upon it. The collected energy is transferred to a heat transfer fluid whlch '
transports the energy to the thermal energy storage system, - Here, the

energy is stored either as latent heat in a. phase change material (PCM) or

as sensible heat in a liquid or ‘solid. When heatmg or air- -conditioning is
requ1red energy is transfer:red from the. storage system to the absorptxon
-cycle heat pump, which ‘can either heat the inside air or cool and dehumidify -
the inside air. Also, heat from the therrnal energy ,stOrag'e sytem is used to

provide hot wate: for domestic use,

The system depicted in Fig. 2-1, when eventually c0nstructed will repre-
sent several advances over previous solar -powered installations. Some of

: these advances are 11sted below.

"~ @ The system will utilize solar energy to provide nearly all of the
heating, air-conditioning, and water heating requirements of the
residence, with the small remainder of these requirements being
met with auxiliary energy. In the literature, no current or past
system has been found which provides the major portion of all
three of these residential requirements by utilizing solar energy.
By using the same collector and energy storage system year- .
round for all three functions, the economy of the new system is
greatly improved over previous systems.

These 1nvest1gat1ons started as an 1n-house project and a NASA contract was
received in June 1972.

2-1

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D306275

wa)s Ag 3ulyesy’

,uoudg jJOH pue w:mcoﬁ«vﬂou..um,Aw ..mnmumom .o.w&m vwwo\sonﬁwpﬂom jo >Hewaydg - [- .wm.h,

wa3sfg 238e103g
£81oug TeWIIAY T, -

i |
c T
L . L
. wajsig . : o |
uoneaadtays y . . | sjonQ. Aty
uonydaosqy: . T - pauoIIIpPUO )
; . : S§9UIT UIN}2y pue
/ - , MOLg WnIPaIN
/ o _ . . . I9ysuel], jesy A:\.

12108

1032371100 |

2=2

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D306275

The system will utilize the absorption cycle for both heating

and cooling. Current and past systems found in the literature

use the absorption cycle only for cooling, while heating is done
directly. The benefit of using the absorption cycle for heating

is the ability to absorb heat from the ambient air to supplement
the solar energy collected, thereby reducing required collector
area and energy storage. The reduced requirements for collector
area and energy storage will improve the economy of the system.

'~ The system will be cost-optimized for the particular locale
- where it will operate. This optimization will be accomplished

using -the latest analytical techniques, including transient com- - -
puter thermal analysis of the collector, experimental solar. -
radiation data, and daily inventories of all energy quantities. "

The optimization will identify the optimum collector area, |

-energy storage system capacity, and operating temperature of

the collector for a particular application. This optimization
will obviously increase the economy of the system.

From Fig. 2-1 it is apparent that the total system is comprised of three

ma_]or subsystems "which include the:

‘e Solar collector,
‘e Thermal energy storage system, and

® Absorption éycle heat pump.

Each of these three systems was analyzed' in detail during the current study.

. The following sections of this document discuss the'ana.lytical studies in detail.

The hot water heating system will merely be a heat exchanger with the
thermal energy storage system and is not considered a major subsystem.

2-3
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Section 3
SOLAR COLLECTOR ANALYSIS T

“The function of the solar collector is to efflciently collect solar radia-
tion mmdent upon it, and to transfer the collected energy to a heat transfer .
f1u1d for delivery to the energy storage system. There are two basic types
of solar collectors: (1) those which concentrate the incident solar radiation.' ‘

and (2) those whic}h do not concentrate the incident solar radiation. ‘The rel -

- ative advantages and di_sadvantages of each type are given below.

e -C-oncentfating Solar Collectors

Advantag es

a, Since the incident solar radiation is concentrated on a small
' absorber: ‘area, thermal losses are small and collectlon

efficiency (Qcollected/chzdent) is high
b. Capable of h1gh._temperature operation due to high efficiency

Disadvantages

c. Limited to collection of direct component of solar rad1at10n
since diffuse component cannot be concentrated

No collection on cloudy days
e. Collector must track the sun's movement across the sky

f. Collector design is complex due to mirrors or lenses and
tracking system

g. Expensive due to complexity
® . Non-Concentrating Solar Collectors .

Advantages

a. Able to collect direct and diffuse components of solar
radiation

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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b. Capable of collection on cloudy days

c. Collector can operate in fixed orientation (no tracking
necessary)

d. Collector design is simple (insulated flat plate with
transparent covers)

' ‘e,-»Cheap due to simplicity.

Disadvantages A »
" a. Since’the absorber area is larger for a flat-plate collector than
for a concentrating collector, thermal losses are higher a.nd
collection efficiency is smaller

b, Limited to relatively low temperature operation because
efficiency drops rap1d1y at higher temperatures,

For the present ap_plxcatx_on, relatlvely low temperature 'dperation_is

_ acce‘ptable and. cost minimization is of primary impertance Therefore, non=-

‘ concentrating flat plate solar collectors were selected as superxor to con- ‘

centrating solar collectors for the current apphcatxon A detailed analytical -

study of flat plate solar collectors was conducted as described in the follow- .

ing sectlons of this report,

- 3.1. COMPUTER ANALYTICAL MODEL

Solar collectors have been analyzed by many.lnvestigators for several _'

decades. The classical methods of analysis rely heavily upon approxima- -

tions and shortcuts because these methods were developed before computers

"became available. In the current study, numerous previous analyses were

surveyed and all were found unacceptable by comparison to current analyt-—
ical technlques The shortcomings of past analyses will be described in

later sections of this report,

There are six different energy exchange mechanisms which must be

-1nc1uded in the thermal analysis of a flat plate solar collector, as shown in

Fig. 3-1. They are listed on page 3-4.

3-2
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e Solar radiation energy exchanges Q ), including

solar
absorption, transmission, and reflection of this short
wavelength radiation

° Infrared radiation energy exchanges Q

mfrared)’
cluding emission, absorption, transmission (through
plastic covers), and reflectmn of this long wavelength
radiation

K Forced convection between the top transparent cover

d the envi .
an nvironment (QfoArced convection

o Natural convectx.on b.etween pl.ates (Qnatural cor_wection)

° Combined conduction and forced convection of heat from
- the absorber plate surface to the heat transfer fluid within

' .the passages (Qconductlon + forced convectlon)

° Conduction in the backside insula'tion-.

Each of these energy exchange mechamsms is discussed separately

in the follow1ng sections of this report,
3.1.1 Solar Radiation Energy Exchanges
In a'clas_sical paper (Ref. 1), Stokes derived the governing equations

for solar radiation energy exchanges between multiple transparent plates.

These equations treat variations in incident radiation magnitude, angle of

incidence, index of refraction, and extinction coefficient for any number of

plates, The effects of polarization, which become extremely 1mportant
when the angle of incidence approaches Brewster's angle are also
treated. The results of Stokes' analysis were 1ncorporated into the solar
collector model It is surprising that other solar collector analysts have
avoided using these results, since they represent exact analytical 'solutioﬁs

to the governing physical equations; however, most prior analyses have:

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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relicd upon simplistic approximations to these results. One consequence.
of using the approximations often found in the solar energy literature is

that transient énalysis becomes impractical, and only steady-state calcula-

tions can be made,

'3.1.2 Infrared Radiation Energy Exchanges

For glass covers, the infrared radiation equations between plates

can be easily determined since glass is opaque to this long wavelength
- radiation., ‘For example, between'a.ny'th parallel plates, the fo'lloWing.'

equation can be used when edge effects are negligible:

4 4
i cJ(T1 -,TZ)
1-2 - 1/€l+l/€2 -1

'(é/A)net‘

However, for plastic film covers, some of the infrared radiation is trans-

‘mitted and the above equation is no longer valid. In such cases, the solar

col_lé_ctor_,model-utilized a matrix solution of the flux equations to determine
all net energy exchanges between plates due to infrared radiation.

3.1.3 Convection Between Top Cover and Environment

The heat transfer coefficient between the top cover 'and ambient air is’
a function of plate temperature, air temperature, wind speed, plate dimen-
sions;' and plate orientation. For normal wind conditions and solar collector
dimensiohs, the convection process is lémin'ar. ' The following equation _£1"om

Ref, 2 was used in the solar collector model:

= . 1/3 1/2
external [0.'664 Pr ReL

el

- 3-5
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.where k, Pr and ReL were treated as temperature-dependent. (The pre-

ceeding equation is usually called the Pohlhausen solution.)

An average wind speed of 10 mph was assumed and a dimension of 30

feet was used to describe the collector.

‘ 3.1.4‘ -~ Natural Convection‘_WBetwe_en Plates

-
N

In. most previous analyses, some constant unit conductance was

assumed between parallel plates. In the current study,-' however, the actual’

“'variations in unit cbnductance caused by air temperature, plate spacing and

»plate or1entat10n were included by using curve fits for emp1r1ca1 data, as shown

in Flg 3-2. A ‘plate spacing of 1 inch was assumed and thermodynamlc prOp-

'ert1es of air’ were treated as temperature-dependent

3.1_;5 H‘eatl Transfer from Absorber Surface to Fluid in Passages

This heat transfer process is a ‘classic example of the fin-tube ra.dlator

problem which. has been investigated widely. Preliminary calculations re-

.vealed that proper tube ~sizing and spacing could result in negligible tempera-

ture grad1ents over the collector, and, therefore, this heat transfer process

was omitt'ed from the model,
3.1.6 Insulation Losses

The heat losses from the back of the collector are minimized by insu-."

lating the entire backside area of the collector. Initial calculations revealed P

that these losses could be made negligible by using a fairly thick volume of

" cheap, lightweight, loose-fill insulation over the back of the collector.

-.~TherefQ»re, these losses were omitted from the analytical model of the

collector.

3-6
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3.1,7 Model Options

The analytical computer model was designed for use in either of the .

following modes:

'@  Steady-State Conditions

In this mode of operation, an iterative procedure was used to solve
the simultaneous energy transfer equations to yield the temperatures of all
collector components and the net energy transfer rates between components,
Constant values were input for collector temperature, amblent temperature,

1nc1dent solar rad1at1on intensity and angle of 1nc1dence
e Transieht Conditions

T.h.i-sl\'vas the most important mode of operation and is felt to' repre-

. sent an advancement of the state of the art in solar collector analysis, In
this mode, the collector operatmg temperature ambient temperature,
collector or1entat1on and experimental solar radiation data were input.
"The program then conducted a transient thermal analysis of the collector
treating variations in solar radiation mtenmty and direction based upon
experimental solar data and the astronomy of the sun-earth sy stem, All .
components of the collector were assumed to be at ambient temperature at
sunrise, and the computer program solved numerically the transient energy
_transfer eguations to determine all temperatures and energy transfer rates
as functiousof time. Since the actual collector will physically operate 1n
the transient mode, only a transient analytical treatment should be used

as the basis for designing a solar collector. However, nowhere in the"
solar energy literature was there found a treatment similar to the current

transient analysis.

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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3.2 PARAMETRIC SOLAR COLLECTOR ANALYSIS

A parametnc analysw was conducted to determine the effect on col--

lector performance of the following variables:

Collector orientation

Collector temperature .

.Selectiv:e' absorber sur'fa'ce coatings
Number and type of transparent covers

‘Solar environment

Ambient environment.

The 1mportant results of the parametrtc analys1s are- d1scussed in the follow-

" ing sections.

'3.2.1. _ Optimurﬁ Collector Orientation

For a f1xed orientation flat -plate solar collector operatlng in the

_northern hem1sphere the best orientation for receiving a maximum amount

" of incident solar rad1at10n is southward- fac1ng, with the collector tilted back

from the vertical by an angle ¢ opt’ , (see Fig. 3-3). This optimum tilt angle »

A‘(¢ opt ) is a strong functlon of the time of year since it depends strongly on

-the earth- sun_astronomy The optimum tilt angle for a solar collector

operating at the latitude of Huntsville, Alabama, is shown in Fig. 3-3 as a

function of time of year. This curve was generated by integrating the total

~solar radiation received per day per unit area, and then differentiating this

function of ¢, setting the derivative equal to zero, and solv‘ing‘ fo_r the ¢opt

which maximizes radiation received, Several interesting points are pre-

sented by this curve, The variation between ¢opt' for 22 June and for 22
December is large, over 70°. This immediately suggests that shifting
orientation twice per year, one to yield summer optimal performance and .

the other to yield winter optimal performance, might imprave pe‘r‘formance
-3-9
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appreciably. However, in the current study, a single fixed orientation was
assumed. Another interesting point is that on 22 June a ¢ ‘p value greater
than 90° is observed. Th1s results from the fact that the sun rises and sets’
about .23.50 north of east and west, respectively, on this date. Thus the
total insolation for the day is greater for a shght northern tilt than for any

other value. However, this is somewhat mslead1ng since the atmospheric

.attenuation of solar rad1at10n is greatest in the early morning and late even-

ing, and the atmosphenc absorptxon was not considered in calculating ¢opt'
- To determlne the best qS for the entxre year from the curve in Fig. 3- 3

is difficult., =~ The following pomts must be cons1dered

e More energy collection is needed in winter than
in summer

- e Cloud cover preva1ls more in wmter than in
summer ‘ : : '

° 'Days are shorter in winter: than in summer

" @ Heat losses from the ecollector are greater in winter
than in summer due to the lower ambient temperatures,

After some deliberation, a collector tilt angle of 45 deg."rees wés selected‘l

for the entire year. This angle is l-)iaeedin fa_vor-o'f- winter colle'etion, but not

* enough to preclude'a‘dequ'ate summer perfermarxce' In the total system analys1s,

descrxbed in Sect1on 6, this selection was. found to be a good one.

3.2.34 Collecto‘r Temperature and Selective Coatings

The Surfa'ce which ultimately absor:bs the solar radiation trapped by
the clolleétor can merely be blackened, or it can be treated to selectively
absorb solar radiation while emitting very little infrared radiation, The
latter surface should perform better, especially at higher temperatures.
During the course of this study, NASA-MSFC Materials Laboratory de-

veloped a selective coating with excellent properties. Figure 3-4 compares

3-11
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~NOTES:
| e Steady State Conditions
® Zero Angle of Incidence
e Solar Radiation = 300 Btu/hr-ft:2

e Two Tedlar Cover Sheets

S
T. (F)

Fig. 3-4 - Effect of NASA MSFC Developed Selective Coating on Collector
Eff1c1ency
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a collector utilizing this coating with one utilizing a black surface, The -

collector efficiency (_Qcollected/ ) is plotted for each collector as

incident

a function of collector temperature, In the current application, collector

temperatures between 220 and 250°F will be reqnired, as discussed further

in Section 6. The benefits of using the selective coating in this temperafure :
range are obvious, since the efficiency is nearly doubled. In add1t1on to the
excellent thermal performance of this NASA-developed coating, the cost of
apply1ng the coating will be small because of the s1mp1e application process

developed by Materials Laboratqry during _the course of this study.

Several other points snould‘ be made about Fig. 3-4. The curves were

ge’nerated-using‘the steady -state option of the computer program. The con-

_stant cond1t1ons are. spec1f1ed on the f1gure Because the conditions do not -

correspond to the actual transient operatlon of the collector these data
provide 11tt1e information about how much energy could be coll'ected on a
part1cu1ar day or about how large a collector should be used to drwe the

heat pump/wate_rheater system. Thus, these data.cannot be used to actually
design a soiar collector.  Ironically, this steady state presentauon of data

is all that is found in most of the solar energy literature., This method of B
presenting data is valuable, however, for comparing different design modi-
f1cat1ons such as different coatings, Also, this type of data ean be generated
on a computer for 2 minimal amount of computer time, while a transient analy-

sis of a collector over the entire year takes several hours of digital computer -

_time, .Therefdre, in the current study, steady-State analysis was used to

~compare the effects of different design parameters and transient analysis ‘

was used to generate design data for the optimum collector concept.

Becaus_e of the obvious benefits of the selective coating and because .
NASA-MSFC personnel are cenfident that the coating cost can be reduced °
to a totally acceptable level, all further collector designs discussed utilize v

this coating.

3-13
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"3.2.3 Collector Temperature and Transparent Covers

‘The type and number of transparent covers used in a solar collector
greatly influence its performance, Figure 3-5 presents the results of a
parametric study of transparent covers. The most ifnporta.nt result of this
study is that Tedlar, a DuPont polyvinyl flouride ﬁlastic film, is superior to
glase for any number of covers and any temperature. Fortuna_tely; Tedlar )
is also cheaper than glassL Thus, Tedlar was chosen as the transpafent

cover material, The Tedlar ‘considered in this analysis is 0,004 inches thick.

Another important point made byA F1g 3-5 is that two Tedlar covers are
superior to one or three such covers for the temperature fange of interest
(220°F and shghtly h1gher) Thus, the solar collector design fro_in this point

on is based .upon using two Tedlar cover sheets
3.2.4 Selected Coilecfor Concept

Based upon the parametric studies described previousiy, the collector vco'n-
cept presented in Fig. 3- 6 was selected as optimum, This collector utilizes
the selectlve coating and two Tedlar covers. The most economical method
of manufacturmg this type of collector. will probably be to modulanze panels
as shown. The heat transfer fluid passages will probably be integrated: into

the plate, rather than being tubes as shown.

To demonstrate the performance of the selected collector concept, NASA-

MSFC is cufrently constructing a 4-foot square test model, This model will be

‘tested in the near future to evaluate the accuracy of the analyucal performa.nce

predictions. The model will utilize the NASA-developed selectwe coatmg and

two Tedlar covers, as shown in Fig. 3-6.

For the remainder of the collector analysis, a fixed-orientation flat-
plate collector designed as shown in Fig. 3-6 was used. The tilt angle was
set at 45 degrees for reasons previously discuésed The effects of solar
environment and ambient environment were determmed in the transxent ,

analy51s descr1bed in the follow1ng section,

3-14
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Steady State Conditions

Zero Angle of Incidence 2

Solar Radiation = 300 Btu/hr-ft
NASA-MSFC Developed Selective Coating

S ‘ | (¢ = 0.91 for Solar Radiation)
: (e =0.06 for Infrared Radiation)

8l 1 Tedlar
) B 1 Glass
2 Tedlar
_ 2 Glass
7 _ 3 Tedlar
'3 Glass
§ g
2
R g NN ot
ored
- Q.
.
jge .
2 \
8. _ \
~ g 5 _ \
3
Q
-a
-\No Cover Sheet
) N3 -
3 ) | | | : L
: 100 : - 200 300

B , o ' : Temperature (°F),

Fig. 3-5 - Solar Collector Performance for Different Cover Materials -
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NOTE: Collector panels are "modularized' in sections.

K Tedlar Sheet

Tedlar Sheet

-
-§'2

: p /%L ’/
Z(Zhemically Plated

— Aluminum Plate

Heat Tranafer Medium
Passages o

Insulation

Fig. 3-6 - Selected Collector Concept
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3.2.5 Transient Analysis of Selected Collector Concept

To actually design a solar-powered heat pump/water heating system
using the selected solar collector concept, design data must be generated

for the collector which provides the following information:

Q

= ).
(A )collected

= function (Day, Tc'ollectqr

The effects of solar radiation variations and ambient temperature variations
must be included in generating these data. In the current study, a transient

analysis was conducted for each day of the year using the computer program

described previously. Experimental solar radiation measurements for each

day of the y'ear' were obtained from the U,S. Weather Bureau for 1971 for

Atlanta, Georgla This is the closest location where the measurements ére

“made which has a latitude nearly the same as Huntsville's latitude,  These

solar data are in the form of whole day totals for a horizontal flat plateA To
make the data useful for a m1nute by - rn1nul:e transient analysis for a plate

not horizontal in or1entat10n the data were recorrela.ted as follows:

e The theoretical whole-day total for a horizontal flat plate was
calculated for each day of the year, based upon the solar con-
stant unattenuated by atmospheric absorption,

@ The measured whole-day total was divided by the theoretical
whole-day total to obtain the atmospheric transmission factor
for that day, Thus, the effects of cloud cover, atmospheric
absorption, air pollution, etc., were lumped into this trans-
mission factor which was different for each day of the year,

~® The solar radiation incident upon the solar collector was cal-
culated minute by minute, based upon the solar constant, and
then multiplied by the atmospheric transmission factor for that
‘day. Thus, time-dependent incident solar radiation was used
in the transient analysis.

Seasonal variations in ambient temperature also were included in the
analysis, as presented in Fig. 3-7. This ambient temperature was used for
heat loss calculations, both radiative and convective, from the collector to

the environment,

3-17
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Using the solar and ambient data as described, the transient analysis
was conducted for each day of the year and for several different collector tem-

peratures to yield (Q/A) as a function of Day and T Figure

collected collector’
3-8 presents an example of the transxent analysm for one particular day and

one particular collector temperature Several mterestmg points are made

' by this figure. The entire collector is assumed to be at amblent temperature

when the solar radiation first 1mpmges upon it, The program then determmes4

the transient temperature response during: warmup After the collector gets

_to its operating temperature the heat transfer ﬂu:.d begins c1rcu1atmg to main-

tain the operatmg temperature and net energy collection _begme. -Net___energy ‘
collection continues until late afternoon when the ioss_es- overshadow the inci-
dent radiation. At this time, energy collection eeasea and the collector begins
to cool off. This same anaiysis was. conducted for eachday of the year and for
collector nperatmg temperatures from '100.to 300° "F. The data thus generated '

were saved for use in the total system analysts dlscussed m Sectmn 6

3-19
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collected (Btu/ft --hr)

Atmospheric Transmission = 0.73

 _Experimental Solar Data — 
Atlanta, Ga.

Collector Tilt Angle = 45 deg
18 December 1971

= 40 F

200°F

T mb1ent

Tcollector

Absorber Plate: 60 mil ,
Aluminum w1th Integral Tubés

y /7 /] /4 fa / )
8 9 10 11 12 1 2 3 4 5 6

Solar Time

Fig. 3-8 - Daily Transient Solar Collector Performance
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) Section 4
THERMAL ENERGY STORAGE SYSTEM ANALYSIS

Smce solar energy cannot be collected at n1ght or on extremely overs-

cast days energy must be stored durmg collect1on pe riods for use in .these

‘non- collectmn periods. Although energy can be stored in many different

forms, thermal energy storage is the most efficient form for the current

) _appllcatlon, since the collected solar energy is converted to thermal ene rgy

at the collector and reconversmn to mechamcal or e1ectr1ca1 energy for

storage would be highly inefficient. There are two primary means of storing -
thermal energy in a substance: (1) through a phase change or (2) through a
ternperature‘ ri'se (sensible heat storage) Both of these thermal energy storage .

mechanisms were mvestlgated in the current study, as described in the followmg

sect1ons

4.1 THERMAL ENERGY STORAGE SYSTEM USING PHASE CHANGE
MATERI.AL (PCM) AS THE ENERGY STORAGE SUBSTANCE

» Ene'rgy can be stored in a substance as . the latent heat of a phase change. .

" This ene rgy can be stored through solid-solid, solid-liquid, or liquid vapor

phase changes However in the current app11cat10n, the quantlty of energy to
be stored is of the order of 106 Btu and the storage volume would be excessive
for the liquid- vapor phase change. Therefore only the solid-solid and solid-

11qu1d phase changes were considered. Several hundred PCMs were surveyed

. to dete rmine. the1r applicability to the current system

The desirable properties of a PCM are preSented'in Table 4-1. Each
PCM surveyed was evaluated according to these properties. Several PCMs -
were found that would function adequately in the energy storage system,'
although none was ideal in every property.' Several workable PCMs are
listed in Table 4-2. ' |
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Table 4-1
DESIRABLE PCM PROPERTIES

e Low Cost per Btu Stored (low cost per lb and high
heat of fusion) A o

] ';Meif‘Temperatux;e: 200 — 230°F -
® H1gh Dgnéity
° High‘ Ther_ma.l Conductivity

. NoﬁfHézérdous, Non- Toxic

e Chemically Stable, Non-Corrosive to Container
Materials. ' : . ‘
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‘ Table 4-2
"TYPICAL CANDIDATE PCM PROPERTIES

: Melt Temperature Heat of f‘usioﬁ'
Material Name ' | °rFry ‘(Btu-/lb.t;‘)l .
. Sulfu;".- ] N 2740* o 2,4»'  
. a-.-N‘aphth-ol o | N 203 o a0
. '_Méghyl F_ufgar;te | ae 1 104
»o' l;’otaésiufxi A.luml | S 1_96 o R 79
 _. O'xidiz,e_d.As..ph'altb - 1180 - 220 1 _
e Micro-Crystalline Wax | 170 - ‘zlzloA R 160

.ok )
Melt temperature without additive. Additives to lower melt
temperature have been tested by NASA-MSFC.

 LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




and basic package design are seen to be reasonable for a AT of 20°F and 10°
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A thermal model of the PCM energy storage system was developed to
determine the effef:ts of fin arrangement, tube arrangement, and PCM prop-

erties upon overall AT (T ). Typical results are pre-

collector ~ Tgenerator
. exit '
sented for sulfur in Fig. 4-1. The container size, number of fins and tubes,

6

Btu of ehergy storage,

For the PCMs thus fa-r‘surveyed, the cost of PCM for about lO»6 Btu of
energy storage w111 be $500 or more. The cost of the contaiher, _f_iris, tub‘és,
plumbing,- insulation and installation must be .added to the cost of PCM to ob-
tain total'enérgy‘séorage system cost. Thus, the total cost for a PCM syétem,
while reasonable, w111 be greater than the cost of a similar size water con- '
ta1ner wh1ch can bé used if sensible heat storage is utilized instead of phase

change energy storage .The following section presents the results of the

' analysm of a thermal energy storage system using water as the sensible heat

storage substance

- 4,2 THERMAL ENERGY STORAGE SYSTEM USING WATER 'AS THE -

SENSIBLE H.EAT STORAGE SUBSTANCE

A large -quan;_t»ity of energy can be sto:_'ed as sensible heat in water. The
mass of water reqiﬁred depends upon the quantityA of enérgy' to Be stored and
the temperature rise of the water. Since the cost of water is négligible,- the
container size is more important than the _ma.‘ss of water requir.ed. Figure 4-2
presents container size as a function of maximum energy storage é.ﬁd tempera-
ture rise, In the i;:urr'ent application, about 1.1 x 10 .Btu will need to be stored;
this value is justif;ied‘in Section 6 of tHis répor;. For a Z-OOFitemper‘ature ris:,

a cubical container measuring 9.4 ft on a side will be needed to store 1.1 x 10

Btu, as seen fromi; Fig. 4-2.
- The basic water storage concept is ‘shown in Fig. 4-3. The water tank

will probably be placed below ground level for thermal and aesthetic reasons.

As discussed further in Section 6, the generator exit temperature will be

4-4
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" Fins

e Energy Storage at 100%
Melt: 1,000,000 Btu ;

e PCM: Sulfur

e Cubc Dimensions:
7.2x7.2x17.2 ft_ ‘

= 100,000 Btu/hr

solar in

= 72,000 Btu/hr
-gon out ’

e Number of Flins:: 49
(aluminum)

e Fin Spacing: 1.73 in.
o Fin Thickness: 0.150 in.

o AT, = AT
. in

| Typical Results -

e Tube Spacing: 5.2 in. (Every other tube
contains generator fluid; every other
‘tube contains solar collector fluid.)

fin. + AT

™ melted) in

out

' . -_ : . _ O (o] Q0
AT . =AT, — + ATpey (509 =2 F+6F = 8°F

frozen) out

e AT AT, + AT =T

total = in T “out collector
-T = 20°F
generator :
exit

Fig. 4-1 - PCM Package Design
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AT

20°F

HZO Container

|

5x 10°

lxlO6

Maximum Energy Storage (Btu)

1.5 x- 10"

Fig.4-2 - Container Size for HZO Energy Storage System
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To Collector

From Collector

' : To Generator

o S ' e , ~{ From Generator

- ' Insulation

— ' Fig. 4-3 - Thermal Energy Storage System Using Water
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about 200°F. Thus, the water temperature will vary from about 210°F to
about~2300F, for the 20°F temperature rise, To prevent boiling, a slight
pressurization of the system will be required, about 6 psig. Non-volatile
additives could be used instead of pressurization to elevate the boiling point,'
but the .cost of the additives may be excessive for the Iarge amounts involved.
To prevent heat losses to the environment, some cheap loose-fill insulation .
will be placed between the tank and surroundings, The percent heat loss from
the container versus insulation thickness is shown in Fig, 4-4 for a mean col-

lector temperature of 220 F and for a mean water temperature of the sar_ne

"~ value,

The cost of insulation, even for a thickness of 1.5 to 2.0 ft, should be

. small by comparison to the cost of the tank. ‘The losses can therefore be
‘reduced below 5% without excessive cost, The cost of the tank itself will rely .
‘heavily upon the ingenuity of the des1gner One preliminary idea is to use a

_ thin meta) or plastic liner, supported by a metal, wood, or concrete structure,

somewhat similar to current swimming pool c¢onstruction techniques.

Two flow loops are attached to the container, one to the soia.r lcolle’:ctqr
end one to the generator of the absorption machine, The collector loop.is en; -
visioned as an on/off controlled flow system, which will allow flow circulation
whenever the collector temperature is slightly higher than the water tempera-
ture. The generator flow loop is envisioned as a variable flow loop, ,where the
flow rate will depend upon the stored water temperature and upon the character-
istics of the water/generator heat exchanger. For example, F1g 4-5 presents
water flow rate required to prov1de a constant 72,000 Btu/hr generator input
at a generator exit temperature of 200 F for different heat exchanger char-
acteristics (UA) and different water temperatures. ' This variable flow will
be accomplished with cheap, commercially available mechanical valves which
require no power. The flow variation will alléw a constant generator heat inpnt

to be made regardless of the water temperature, thereby allowing the absorption

.machine to function in the steady-state, steady-flow condition,
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The results of the thermal energy storage system a.na.lyms had to be

1ncorporated into the total system analyttcal model discussed further in

collector Tgenerator) of 20 F

" exit :
was assumed for the energy storage system, since this AT was found reason-

able for either PCM or water energy storage, The cost of the energy storage

systerh'_ Was more difﬁcult to estimate, A value of 0.05 cents/_Btu was finally

o ass_urried, based primarily upon the assumption of using water as the energy.

storé."ge substance. This value corresponds to a storage system total cost of

$550 for the 9.4-ft cubical system discussed previously.
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Section 5
HEAT PUMP PACKAGE ANALYSIS

An absorption cycle heat pump is used for heating or cooling the air in

" the conditioned space. A schematic of the heat pump is presented in Fig. 5-1.

~ Thermal energy (Qg) added at the generator represents the primary eriergy .

input for the machine. This energy is supplied by the energy storage system,
which received this energy oriéinally from the solar collector. ‘A small amount -
of mechanical energy is added to the machine at the pump, but this energy is
very small compared to the other. pr1nc1pal energy exchanges of the machme, I

since the pumpmg is done on the 11qu1d phase rather than on the vapor phase

.as ina conventmnal heat pump. Thermal energy is liberated at the condenser

(Q ) and the absorber (Q ), and thermal energy is absorbed at the evaporator
(Q ).

_ The_ heat pump operates in two basic modes: heating and cooling. In.
the heating mode, heat is absorbed from the outside air at the e\faporator,
which operates at a temperature below the outside temperature. Heat is
supplied to the conditioned space at the condenser and at the absorber, both
of which operate at temperatures above the temperature of the conditioned
space. From the first law of thermodynamics,

Qheating - Q_c * Qa = Qg * Qe'
Since ég represents collected solar energy, it is apparent that more heat is
supplied to the conditioned space than must be collected. A quantitative

measure of the efficiency of the heat pump operation is given by:

n = Qheatigg - QgL+ Q'e.
solar Qg

In some instances, the outside air temperature will drop below the evapora- .

tor temperature. In such instances, the refrigerant flow will bypas's the

5-1

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



‘LMSC-HREC D306275 .

N omum«cu#um. m.ﬁowo. uorjexaSrayoy e._ﬂoﬂm.hOwa.q - 1-5 ,.m..n.m

(°santea wcﬁmu.o&o _
2owwuns juasaxdex siaddORIq.
aptsur saxnjeradwa],

ssontes Surjerado aojurm

juasaadaax s33deIq INO -

-ynm gaanjeradwa] 9I0N)

103097700 . uaf

(3 0z- *O¥°T |
‘usf

x9joweaed st L

1~ 1)

3

- 9

B e ——

5 - A.mom_.o:A ) °5
12qI08qV. .
h S _I . —  i0jexodeamy - AhrMoM.M
dung \ o
, DATRA "
-~ SATEBA
. b orsuedxy “ & uorsuedxy
h@&.ﬂ@mﬂlﬂ-ﬂm _ I91000-31d
— | : —
. _ b = — =T
e : . ssedAg -
z03eaduany. | : (3,601)
. S N . L 135Uapuo) hoom
1t . _ aojexedag i ]
° ] A .
o AONE 2A0WIS 03) AI9SUIPUODIdIG

© 5a2

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D306275 -

evaporator as shown in Fig. 5-1. In this case, the lower limit of n is reached:

Q
= —.-g- = 1.0..
Q

In the cooling mode, heat is absorbed from the inside air at the evapo-

rator, which operates below the inside air temperature. 'This heat absorpt'io'n

cools and dehumidifies the conditioned space. Heat is dumped to the outside '

air at the condenser and at the\absorber, both of which operate above the
ambient air temperature. A quantltatwe measure of the performance of the

heat pump under’ th1s mode of operatmn is. g1ven by:

B ;_:,Qcooling : 93.
solar FQ_g“'

Thus, it is seen that the most important parameter for the.heat pump in
the heating mode is 7, and for the cooling mode it is B.. ln_’addition to n and
B, the pump pAowe'r‘ required for operaticn in each rnode is imporfant éince it -
represents an electrical energy input wh1ch must be paid for by the owner of
the System. The magmtude of the pump power ‘can be calculated under 1deal

thermodynamic conditions as:
Ideal Power = mvAP.

Now that the modes of operation of the heat pump have been deecribed :

‘and the important parameters identified, the results of the heat pump analys1s '

will be presented in the following sect1ons.
5.1 SELECTION OF OPERATING TEMPERATURES

Before a performance analysis of the cycle could be conducted, the
operatmg temperatures of the evaporator, condenser, and absorber had to

be selected. For the heating mode of operatron, the condenser and absorber

5-3
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must transfer heat to the air in the conditioned space, which is about 70°F. ,
Therefore, T, and T, were selected at 90°F,' thus allowing a 20°F tempera-
ture differential to facilitate heat transfer. The evaporator temperature is
more difficult to select. The lower the value of Te’ the fewer the instances
when the outside temperature falls below Te; however, the higher the value of .
”Te, ‘the lower the pump power required for operating the heat pump. A value

of 20°F for T, was finally selected.

For the cooling mode of ‘operation, the absorber and condenser temper -
atures were selected to be 105 °r, thus allowing a reasonable temperature
.differential between these components and the outside air on hot summer days.v
This temperature is. about the same as for a conventional heat pump _ The-

_ evaporator temperature was selected as 40 F thus allowmg a 30 F tempera—
ture d:fferentia.l w1th the conditioned space for prov1dmg heat transfer and -

dehum1d1ficat ion,

The generator temperature was left as a parameter to be optimized as

discussed further in Section 5.4.
5.2 | SELECTION OF. ADE‘SIGN HEATING AND COOLING LOADS.

- The design heati.ng and cooling loads for 'any conditioned space are :
functions of many variables, including building'size:, ‘exposed area, window‘s,
sun exposure, ambient temperature and'hurnidity variations, insuiation, con--
struction materials, number “of occupants, etc. In the current study, 1nstead
of determining de31gn heating and cooling 1loads for a particular conditioned
space, it was desired to define typical loads approximatmg the requirements :

of many houses. Thus, the following loads were defined:

e Maximum Heat Load = 72,000 Btu/hr
e Maximum Cooling Load = 36,000 Btu/hr.

5-4 -
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These loads are fairly typical for a home in this regAion of the nation,
They apply approximately to a poorly insulated 1500 £t2 house or to a well-
insulated 2500 ft2 house. These loads were assumed in the remainder of the
heat pump analysis to allow calculation of typical values of heat rates, flow
rates, and power requirements. Any other loads could be met by the absorp-
tion cycle heat pump with appropriate linear a.d_]ustments 1n heat rates, flow

rates, and powers.
5.3 SELECTION OF FLUIDS

. The selection of the refrigerant and absorbent fluids for the absorptibn
cycle heat 'pu_r‘np greatly influences the performance of the machine. Hoia'vever,'
only a few fluid pairs are currently known to be practical for this »applica.t'ion._

"Among those available, the parameters to be eompared are basically two:

e the ab111ty of the fluids to function at the selected temperatures, .

e the effect of the fluid propert1es (pr1mar1.ly Ahfg ‘ and .
refrigerant

- P- T X properties) on the pump power requ1rement of the ma.chme.

(The efficiencies (nand.B) are also important in selecting fluid pairs;
however, all current. fluid combmatmns offer about the same n and ¢] for the .

same operatmg temperatures. )

- Table 5-1 presents a comparison between the most competitivevfloid

pairs. Obviously, ammonia and water are best for the current a'pplication.
5.4 HEAT PUMP PERFORMANCE

After dete'rmining the operating temperatures, the heating and coolmg
loads, and the best fluids for use in the absorptmn cycle heat pump, a per-
formance analysis was conducted to determine the effect of generator tem-

. perature on 7, B and pump powezf. The analysis was conducted by solving

simultaneously the fsbs orbent continuity eq_uatioh, the refrigerant continuity
5-5
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cquation, and the energy equation at each location around the cycle to meet
the selected heating and cooling loads at the_selected temperatures. For the
‘hcating mode, the analysis was based upon a generator input heat load of
72,000 Btu/hr rather than a heating output of 72,000 Btu/hr. This was done
because the maximum heating load of the conditioned -sPa.ce will occur when
the outside air temperature is below the evaporator temperature (ZOOF) In
such an 1nstance, the refngerant w111 bypass the eva.porator and, from the :
f1rst law of thermodynamms, '
Qeating = Ra ¥ 2 = Q= 72,000 Btu/hr.
: -When the outside air temperature 1s above the evaporator temperature, the

evaporator will not be bypassed and

. T . . P Btu

Q =Q +Q Q+Q —72000——+Q.

heating a hr

'~ Thus, the heating system will provide adequate maximum heating on
very cold' days without the evaporator and will provide more heating than is
needed when the evaporator is used on norrnal or sunny days. The he'ating -

mode was analyzed as described above for two basic reasons

e Conventional systems are designed to meet maximum heating

" loads with electric strip heaters which consume large quantities
of electrical energy. Since the electrical power is to be minimized
in the solar-powered system, strip heaters are undesirable and
the system should be designed to deliver the maximum heatmg
load without requiring strip heaters.

~® Although the heating output will exceed the demand on normal days
when the evaporator is not bypassed, this extra output will yield
fast response and will require the same da11y energy input at the
pump as an undersized unit.

As stated previously, the generator temperature is the p:irnary inde-

pendent variable of interest in the heat pump analysis. For a given set of

operating conditions, Tgen has a lower limit. This lower limit is, of course,
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the boiling point of the solution, Figure 5-2 presents this lower limit for Tgen
as a function of Te for the heat pump in the heating mode. For the selected
value of Te (20°F), the minimum generator temperature is‘about 175_°F.
Figure 5-3 presents this lower limit for T en 252 function of absorber and
condenser temperature (T =T ) for the heat pump in the cooling mode, For

the selected value of 105° F for T and T & the minimum generator temperature

is about 182°F. Therefore, only temperatures above these values must be

_cons1dered in the performance- analy81s.

Figure 5-4 presents the results of the performance analysis for the heat
pump in the heatmg mode. The ideal power decreases from infinity at about
175°F to very low: values above 200°F. . The n decreases shghtly with in-

creasmg T thus showmg the benef1ts of relat1vely low temperature op--

‘gen’

: erat1on of the generator.

F1gure 5.5 presents the results of the performance analysm for the heat
pump in the cooling mode. The ideal power decrea.ses from mf1n1ty at about
182°F to very low values above 200 F, again 1nd1catmg the need for a generator

temperature exceedmg 200°F. The B decreases with mcreasmg Tgen’ again

" showing the benef1t_s of a fa1rly low tempe_rature ‘generator,

Both F1g. 5-4 and Fig. 5-5 imply that there is some opt1mum value of
Tgen’ dependmg upon the relative 1mportance of max1m1zmg n (or B) and of
minimizing power. However, Tgen also affects solar collector e£f1c1ency

since T must be greater than Tgen' Thus, an optimization of T

collector gen

must include the effects of Tgen upon 1, B, power and solar collector
efficiency. Such an optimization was conducted for T en’ 2° well as for
several other total system design variables, and is discussed further in the

following section of this report.
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Conditions

Heating Mode Operation,
Ta = TC = 90°F

. Aqua-ammonia Fluid Combination -

260

240
‘Workable-
Region
. 220
_ 200 Impos sible .
' / - Region '
180
)
]
160 | | | 1 _ |
0o . 10 20 30 40
T, (°F)

Fig. 5- 2 - Required Generator Temperature for Different Evaporator .
Tempe ratures for Heating Mode Operation
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-5.5 CONTACT WITH MAJOR MANUFACTURER OF ABSORPTION. CYCLE
- AIR-CONDITIONING SYSTEMS

To further establish the feasibility of large scale manufacturing of the
absorptmn cycle heat pump described in prekus sections, Lockheed con-
tacted a maJor manufacturer of commercial absorption cycle air condxtlom.ng'
systems, the Arkla Air Cond1txomng Company The modes of operation,
fluids, temperatures and performance of the heat pump were described to
Arkla to obtain their critical opinion of the_ feasxbzl.hty‘of the system. In re-
sponse, Arl.dafpexfsonnel perceived'no major problems with any- aspect of the

machine. In addition, they informed Lockheed that, from the, preliminary _

: descriptiOn of the machine, they could see no reason why the mass- producedl

heat pump would cost much more than the1r current productmn systems whxch

cost less than $900 for residential sizes, It should be noted that these pre- o

~ liminary contacts were telephone conversatmns and that the feas1b111ty and

cost estimates represent op1n1ons rather than firm conclusmns at this time,

However, these positive opinions of a major manufacturer are con51dered

'1mportant add1t1ona1 1nd1catxons of the practicality of the absorptlon cycle

. heat pump .
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Section 6
TOTAL SYSTEM ANALYSIS

The total system cost (including hardware, installation, maintenance,

and operating costs) is a function of three primary independent variables: .

e Solar collector area
e Energy storage system capacity

e Collector temperature,

To eval‘ué,_te_ the economic _feasibility of the solar-powered system, it
is .n‘e.cessva‘l.'y to &eteljmi_xze,the optimum velue_fqr each of these three variables -
and then to eompare the v'resultant total system cost to the cost of a conventional -
heating, cooling, and water heating system. To accomplish these ebjectives,
a total system ané.leis was conducted during this study. To coﬁduct this analy-
sis, the performance and cost results of the solar collector ahalysis, fhe thermal
energy storage system analysis, and the heat pum'p package analysis were in-
‘corporated into a total system computer analytical model The analytical model
and parametric analys1s are described in the following secttons The perform-

ance of the preliminary opt1m1zed system 1s d1scussed -and the results of a

- detailed cost comparxson are presented,

6.1 COMPUTER ANALYTICAL MODEL

As desc_r"ibed in Section 3, the results of the solar collector analysis
yielded the total energy collected per unit area as a function of collector tem-
perature for each day of the year. These results were based upon transient
analysis and empirical solar data. As further prvesenvted in Section 3, the
collector concept using two Tedlar cover sheéts, was chosen as optimum
from a cost and periormance viewpoint, The best cost estimate was taken
as $1.00 per square foot Thus, the following relations were incorporated
into the total system computer analytical model:

Estimated cost figures for system components are preliminary, and will be
more firmly established durmg the Phase II program as discussed in Section
9 and the Append!.x

6-1
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q @ay, T ) = Q/A (Day, T ) « (Area),

Qcolle_-cte collector collector

Cost $l/f|:2 e Area .

collector
As described in Section 4, the overall AT for the thermal energy storage

system was found to be about 20°F for a reasonable System design. The cost

of the thermal energy storage system was estlmated to be about 0.05 ¢/Btu,

as also described in Section 4. Thus in the total system computer analytical

model the followmg relatlons were ut111zed

Costiyermal energy (0.05 £ /Btu) '(Emax)’
storage system

' Igen = Teollector ~ 20 F'A

As described in Section 5, the efficiency and ideal poWer'were deter-
mined as functions of generator temperature for both summer and winter

operation. Thus, ‘the following relations were used in the total system model:

nheating = n(Tgén)’
B ceoling ' ' =P (Tgen‘)’
Powerheatlng = Power, (Tgen)’
Powe rcooling = Pov&;erc.(T )

gen

A thermal model for the conditioned space was required in the total
system analysis, and the chosen model is presented in Fig. 6-1. As discussed
in Section 5, these heating and cooling loads are. fairly typical for a house in
the Huntsville area. The water heating requlrement was taken to be the typ1ca1

value of 4000 Btu/hr contmuously throughout the year.
6-2
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A scasonal variation in ambicnt temperature was utilized in the total
system analysis to determine daily heating and cooling requirements through-
out the year. This ambient temperature variation is shown in Fig. 6-2, and

is the same curve that was used in the solar collector analysis.

Using the relations and curves defined previously, the total system
computer program was designed to calculate each energy quémtity of impor-
tance for each day of the year fo_r.é given set of:

e Collector area (Area)

)

e. Energy storage system capacity. (Em ).

e Collector temperature (Tcollec»t'or

ax

These important energy quantities calculated by the program were:

(Day)

Qcollected total energy collected on this day.

e Q (Déy)

total heat added to house for space

heating heating on this day.

® Q  oling (P2y) = total heat removed from house for.
ng air conditioning on this day.
e Q.. ~(Day) = total heat added to hot water heater’
H,O .
2 on this day.
e Q um (Day) = total electrical energy used by pump
pump : on this day. :
° Estored(Day) = total energy left in energy storage
‘ system at end of this day.
) Qaux (Day) = total auxiliary energy added to
thermal energy storage system -
on this day to prevent Estored
from going below zero.
waste (Day) = total energy which was collected but

could not be stored because the energy
storage system was fully charged

(Estored =Emax_) and could accept no
further energy input on this day.
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total energy collected from

Z : Q (Day)
collected Day =1 through this day.

Day =1

° E _ Qhe tin (Day) total heat added to house for
ating space heating from Day =1

_Day =1 through this day.

° E Q 1 (Day) total heat removed from house
‘coo 1ng for air cond1t1on1ng from Da -l
y

Day = 1 through th1s day.
° E QH o (Day) = total heat added to hot water
Davel- heater from Day =1 through
Y th1s day
° E Q am (Day) = total electrical energy used by
P P pump from Day =1 through this
Day =1 d
ay.
) E Q (Day) = total 'auxﬂiary energy added to.
" Day=1 thermal energy storage system
y from Day =1 through this day.
n
° E Q (Day) = total energy collected but not
waste , :
Day = 1 stored from Day =1 through

this day.

To det ine i i : ‘ i

ermine the combination of Argg, Tcollector' and Emax which would
yield the most economical total system, a total system cost equation was derived
as presented in Fig. 6-3. The total cost per year was a function of only the three
variables: Area, Tcoll‘ector’ and Emax' A parametric study was conducted to
determine the optimum total system design, using the computer model previously
discussed, and the results of this parametric study are presented in the next

section.
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6.2 PARAMETRIC TOTAL SYSTEM ANALYSIS

The three independent variables were varied in combination over the

ranges shown below:

Ao_ < Area < 2500 ft°

220 °F < Tcolle_ctor = 2?0 F

0 <E  <2.0x10°Btu.
max -— .

Collector temperatﬁres below 220°F were excluded from considération
because these tempe ratures correSpond to generator temperatures below
200 F At such low generator temperatures the ideal pump power increases

very rapidly with decreasing temperature, a® shown in Sect1on 5.. Therefore,

~ the deviation between actual. power and ideal power could cause serious errors

for these low temperatu res. For collector temperatures above 220 F (gene-

rator temperatures above 200°F), however, the ideal pump power is so small

‘that even a 100% deviation between actual power and id_eal power would cause

an error in total system cost per year of less than 2%.

The results of the total system ootirnization study are presented in Fig.
6-4. The collector temperature of 220°F was found to be superior to the other
temperatures considered, and the best collector area and energy storage system
capacity were found to be 1300 fi:2 and 1.1 x'106 Btu, respectively. Theé optimum

design is seen to yield the minimum total cost per year in Fig. 6-4.
Several observations must be made about this optimum system design: - .

e Both the pump power and auxiliary power requirements
were met with electrical energy at the current Huntsville
minimum rate of 0.88 ¢ /kW hr. The auxiliary power
requirement could be met with natural gas, fuel oil, or
other thermal energy source., The rate of 0. 88¢/kW hr
does not take cost increases into consideration over the
20-year lifetime of the system. (See Section 6.5 for more
on this topic).

6-8
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. : ~ . = [o]
. 220 : K ' Tcollector 220°F
. — 2
Cost_ 11ector = $1.00/ft
o~ ‘ COSte‘nergy storage = 0.05 cer_lts/Btu
M 210 = : . , system :
% o COSth'eat'pur.np = $1000.00
. ) ' 2 . Cost. . =-0.88 c’:ent"s/kw-hr
o 200 k- _ 1500 ft© . - power .
> ' \ X ' Area Lifetime = 20 years .
oF
“ .
8 190 p—
Q v
- . 5
[2 1100 ft* Area

180 }—

1300 ftZ Area
170 |
E i |
- 0 0.5 x 10° 1.0 x 10

Thermal Energy Storage System Capacity (Btu)

Fig. 6-4 - Total System Cost Optimization
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e The cost of the heat pump (assumed $1000) does not affect
the optimum point since this cost is not a function of the
independent variables. However, it does affect the total
system cost per year.

e  The collector cost ($l/ft2), the energy storage system
cost (0.05¢ /Btu), and the lifetime of the system (20 years)
all affect the optimum point and are all educated guesses
at this stage of development. Therefore, the optimum
point presented should not be considered the actual best

" possible system design. As better estimates of costs and
lifetime become available, the system should be reopti-
mized to determine a new optimum design. The given
optimization is ' meant only to illustrate the method avail-
able and to provide rough estimates of total cost per year.

6.3 PERFQRMANCE OF PRELIMINARY OPTIMIZED SYSTEM :

"The . performance of the system obtamed from ‘the pre11m1nary optimi-
zation discussed previously is- ‘summarized’ in Table 6-1. Noteworthy in this
table are the power requirements for heating and cooling, both of which repre-
sent lightbulb loads. The yearly operating cost ($30) is about an order of
magnitude less than the operating cost for a conventional heat pump. When
scanning the heating capacities, it should be remembered that no strip heaters

are needed to dehver these energy outputs.

Figure 6-5 presents the important energy quantities for the same system
through the entire year. Note that the outputs of the system, namely the total .
heating, coohng and water heating energy summations for the year greatly

exceed the energy input

n

Day=1

which must be paid for by the owner of the system. The total energy collected
curve is somewhat mlsleadmg About 50% of this collected energy was not
utilized because the thermal energy storage system was fully charged while

it was being collected. For example, on many spring and fall days, the solar

energy collected far exceeds the requirements for providing heating, cooling,
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and water heating. The excess energy collected is added to the storage sys-
tem until it is fully charged with energy., Any additional solar energy collected
must be wasted, since there is no p{ace to store it, If water is used as the
energy storage medium, the container could be designed to withstand pressures
higher than the 6 psig required to maintain the liquid state at _230°F. If so, the
water could be allowed to heat up to 240 or 250°F on days when energy supply

far exceeds its demand. For such a system, the auxiliary energy reqmrements -

would be substantially less than those depicted in Fig. 6-5.

The energy storage system pe rformance is further illustrated by Fig.

6-6, ‘which shows the daily variation in stored energy for one of the worst

monthly periods of the year. On days 1,4,5,6,11,12 and 30, more solar
energy was collected than was needed. However, since the computer model
will not allow the stored energy to exceed Emax 1.1 x 106 Btu, a large
quantity of solar energy available was wasted for lack of a place to put it.

And, unfertunately, on days 16, 19, 20, 21, 24, 25, 26, 27 and 28, more energy
was require_d than available, and auxiliary energy had to be added to the system
to ‘make-up the difference. Therefore, an obvious challenge to the inventiveness
of the designer of such an energy storage system is to more effectively store
the collected energy' for longer periods economically. However, the op_tirnizedll
system did perform excellently in the total syetem analysis, and the following
section shows that the solar-powered system offers significant economicl super-

iority over a conventional heat pump system.

6.4 DETAILED COST COMPARISON OF SOLAR-POWERED SYSTEM WITH
CONVENTIONAL SYSTEM

In spite of the obvious benefits of the solar powered heating, cooling and
water heating system in the areas of energy, pqllufion and natural resources,
the system will never be widely adopted unless it is proven to be economically
competitive to conventional systems. To determine the economic competitive-
ness of the solar powered system, a detailed cost comparison of the two systems
was made during the current study. The basis for comparison is presented in
Table 6-2. The outputs, environment, power source, and lifetime were identical

for both systems to make the comparison a fair one. The conventional heat pump
6-13
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1200 2
Acollector 1300 ft 6
E 1:1x 10 Btu

max
220°F .

Tcollector

—
[
(=]
o

800

600

(Day)) {thousands of Btu's)

>
(=]
o .

stored

E

(

200

Total Energy in Storage 'Sy_stem at End of Day

Dec.22 ~ Days | Jan. 20

Fig. 6-6 - Daily Variation in Stored Energy
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cost and compressor replacement frequency and cost were obtained from
heat pump manufacturers. To reflect unavoidable.electricity cost increases
over the 20-year period, a 1975 base cost estimate and a 5% estimated yearly

increase in cost were based on conservative predictions from Huntsville
Utilities .

The results of the cost comparison are presented in F1g 6- 7 It must
be stressed that these results are based upon rough cost estimates for the
solar-powered system and, therefore, should not be construed as extremely
accurate. However, the basic trends are apparent in Fig. 6-7. The solar-
powered system will cost more 1n1t1a11y than a conventional system, but will
become econom1cally supenor in a relatively short period of time, Although

accurate conclusmns must awalt the actual fabncatzon and demonstratxon of

- a 'prototype solar-powered system “the following conclusmns are made with
reasonable confidence:

e Although the initial investment in the solar-powered system
will be greater than for the conventional system, the solar-
poweréd system will become superior in cost within a few
years, probably 3 to 7 years ’

e Over the lifetime of the solar—powered system, the owner
will pay less than half what his neighbors with conventional
systems will pay for heating, cooling, and water heating.
This savings will amount to thousands of’ dollars, probably
$8000 to $10,000. : ,
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. Section 7

SYSTEM APPLICABILITY TO DIFFERENT REGIONS .
OF THE UNITED STATES "

The apolicability of the solar-powere'dj éystem to different regions of -
the nation is a complex matter. The only accurate method of jndging this
applicability is to conduct a Eétailed analysis of the system for the actual
weather conditions and solar conditions peculiar'to a particular locale, as
was done for Huntsville in the- current study (Sectlon 6). After such a.n B
analysis is conducted, a cost compamson between the slolar-powered system

N '~ and a conventional system will determ1ne the apphcablhty.

Under the current contract detailed analyses for more than one loca-
tion were beyond the scope of effort. Therefore, accurate est1mates of sys-
tem applicability for locations significantly removed from the Huntsville area )
have not been made. However, several significant facts strongly imply that

the system should be applicable for most re'gions'within the United States,
as given below, S A 4

° The ava11ab1hty of -solar radiation does not vary too greatly
~ over most of the nation. Figure 7-1 shows the average daily
total radiation received by a horizontal surface for each of
the twelve months of the year (Ref, 4). Within the bands
— shown on the figure, all of the following cities are included:

Atlanta, Ga,

New York, N Y.
Miami, Fla.,

Los Angeles, Calif.
Rapid City, S.D,
Phoenix, Ariz.
Portland, Me,

Fort Worth, Texas
Indianapolis, Ind."

The points for Atlanta are shown on the figure since daily -
" - solar data from Atlanta were used in the detailed analyses
conducted during this study. The Atlanta data are closer

7-1
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Fig. 7-1 - Monthly Avefage Daily Total Radiation Data for Nine U.S. Cities .
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to the minimum band of Fig, 7-1 than to the maximum band,
thus indicating that the solar radiation assumed available
in the current study is below the median available in these
nine cities, The actual data for these cities is presented
T~ ~ in Table 7-1 (Ref. 4).

() The cost of power for other regions of the nation is much -
higher than for Huntsville, ‘The national average cost of
electricity is more than double the Huntsville rate. Thus
the potential savings in operating cost are greater for most
regions of the nation than for Huntsville,

e In regions of the nation with more severe climates than
, o Huntsville, the solar collector, energy storage system,
- : and heat pump would have to be larger in capacity to meet
' the larger heating and/or cooling requirements. Thus,
the initial investment in hardware would be greater, How-
ever, because greater heating and/or cooling requirements
~ are needed the potential savings in operatmg cost would
: also be greater than for Huntsvﬂle :

v Therefore based upon all 1nd1cat10ns discovered to date the solar-
powered heatxng, cooling and water heating system should be apphcable to
most regions of the nation with proper modifications in sizing and operatmg

- conditions,
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Section 8
CONCLUSIONS

The basic conclusion of the study to date is that the solar-powered
residential heating, air-conditioning, and hot water heating system is tech-
nic,éll_y feasible and economically competifivé with conventional systems,

The following important conclusions were also drawn from the results of

- the study.

e The optimum solar collector design for the system consists

- of two transparent Tedlar covers over an aluminum plate
treated with the NASA-developed selective coating. This
coating offers excellent thermal performance at minimal
cost and was developed by NASA-MSFC through in-house
efforts during the current study. The collector should face
southward with a tilt angle of 45 degrees for operation in the
Huntsville, Alabama, area,

e At this time, water appears economically superior to available
PCMs as the thermalenergy storage substance, although PCMs
may become superior to water through future research. An in-
sulated, - slightly pressurized container is envisioned for
storing the water. Interfaces between the stored water and
‘the collector and generator have been conceived and pose
no serious design difficulties.

e The absorption cycle heat pump should utilize ammonia and
water as the working fluids, and should operate at the condi-
tions specified previously. The power requirements for the
heat pump will be minimal and the performance adequate,
No serious problems are foreseen in designing, fabricating
and testing such a heat pump, since the operating conditions
are similar to those available in current commercial units,

e During this study, the heat pump design was discussed with
Arkla Air Conditioning Company, a major manufacturer of
commercial absorption machines, They saw no obvious
problems in achieving eventual mass production of such
machines at reasonable costs,

e The total system has been optimized based upon reliminary
cost estimates, From this optimization, 1300 ft¢ of collector,
1.1 x 106 Btu of energy storage, and a collector temperature
of 220°F were found to be best for a typical home in Huntsville,
Alabama. Before actual full-scale construction begins, the

8-1
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system should be reoptimized for the actual test building,
and updated cost estimates should be used if available.

e The optimized system will cost more than a conventional
system for initial hardware and assembly, However, in
about five years the solar powered system should demon-
strate economic superiority over conventional systems.
Over the lifetime of the system, the owner will save on
the order of $10,000 in total system cost, cornpared to a
conventlonal sy stem.

‘e The system should be applicable to most regmns of the
United States, with proper modifications in collector area,

energy storage system capacxty, and heatmg and cooling
outputs .

e If the system ach1e\'res widespread usage, dramatic effects
will be observed in alleviating the national energy crisis;
- reducing pollution and preserving natural resources.

- @ When the solar-powered heatmg, cooling, and water heating
system was originally conceived, uncertainties concerning
its performance and cost precluded immediate construction

.and testing of the system. Therefore, this feasibility study
was conducted to determine through extensive analysis the
actual technical and economic feasibility. Every aspect of
the system has been verified feasible to the extent possible
through analysis. Thus, the technical risks involved in .
actually fabricating and testing a prototype system are’
currently considered minimal,

In light of the previous conclusions, efforts should begin imfnediately to
- design, fabricate and test a full-scale system to demonstrate its practicality.

Specific recommendations for such a demonstration program are presented in

the following section.

8-2
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Section 9
RECOMMENDATIONS FOR PHASE II STUDY

The overall development of the solar-powered space heating, air-
condltlomng and hot water heatmg system should loglcally conswt of three

basic phases, as shown below.

e Phase I’ Analytlcal Feas1b111ty Study

e Phase II — Design and Fabrication of Full- Sca.le
Demonstratxon Unit :

o Phase III — Expenmental Ver1f1cat1on Program.,

Phase I has been successfully completed and the feasibility-has been
verified analytieally Phase II is -envision'ed as a one-year program with a
complete demonstration system as the ma_]or output, Phase III will require

one- calendar year of testmg followed by several weeks of reducing and eval-

' uat1ng data. When the three phases are successfully completed the system w1ll

be fully ver1f1ed and ready for mdespread apphcatxon

A recommended plan for the Phase II study was generated during t}le_-
current study."The basic flow chart of efforts is-pres_ented in Fig. 9-1. A
building will be selected and modified to simulate the heating, cooling and
water heating requirements of a typical Huntsville residence, The three
major systems will be desighed concurrently and with a large am'o,unt of
interaction to assure an optimum total system design. An instrumentation
system will be designed to measure all per‘tinent quantities.v The total system
will be fabricated, and a detailed test plan will be developed, This flow chart
represents an orderly manner of proceeding from the end of Phase' .I to the
beginning of Phase III. The details of each effort in Fig. 9-1 are presented

in the appendix.
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o DETAILS OF PHASE II EFFORTS
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II.  Building Modifications

LMSC-HREC D306275

Appendix

Each of the major efforts delineated in Fig. 9-1 is outlined below,

I. Building Selection

-A. Cost Minimization
1. Use available NASA bui_lding and/or
2. Use prefabricated home or trailer
B. Location
. 1. Unshaded area
2. Non-protected area
C. Size

1. Should approximate typ1ca.1 Huntav111e A
residence

2. Should allow collector installation on roof '

A. Modify Insulation if Necessary to S1mu1ate Typlcal Huntsvﬂle e
Residence SR

B. Add Equipment to Simulate Typical Heat Loads, Cooling Loads,
and Humidity Loads Produced by Occupants, Appliances, étc.

III-(i). Solar Collector Design

A. Structural Design

"B. Thermal Design
1. Fluid loop design
2. Insulation design

A-1

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER '



o

=

Q!

Aesthetic Design
Cost Optimization Studies
1. Materials
2. Manufacturing processes
3. Installation techniques
4. Lifetime maximization

Control System Design. -

Thermal Energy Storage System D_e’si.‘gh

~ Structural Design

Thermal Design ‘
1. Fluid loop to collector

2. Fluid loop to generator :

. 3; Heat exchangers for hot water and generatorf'-'

4, Insulatmn of tank

. Aesthetic Des1gn

E.

IIL- (iii).

A

MmEO 0w

Cost Optimization Studies
1. Materials .
2. _Manufacturing processes
3. Installation techniques
4. Lifetime maximization

Control System Design

Heat Pump. Design '

Work in ConJunctlon Wl.th Commercial Heat Pump
Manufacturer

Heat Exchanger Designs

Air Distribution System Design
Blower Designs

Control System Design

Pump Design

© LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

LMSC-HREC D306275



N

v,

VI.

.G'
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Cost Optimization Studies

1. Materials

2. Manufacturing proceseesv
3. Installation techniques
4

. Lifetime maximization

Total System Design

A,

B.

'.U

Instrumentation System Design

ke

o

Develop More Detailed Cost and Performance Model of -
Total System

Use Model to Evaluate Each Proposed De31gn Detail. for
Collector, Energy Storage System, and Heat Pump to
Determ.me Effect on Total System Cost and Performance ‘

Determine Optimum Design from Total System Vxewpoint
Determme Best Interface Between System and Test Butldmg

Develop Sketches Suitable for Fabrtcatmn of All System .
Components ' -

a

Measure all Heat Transfer Rates
Measure all Important Temperatures
Measure Weather Quanfities
' 1. Temp'erature
2. Humidity -
3. Wind speed and direction
B 4. Solar radiation | B
Measure Cycle Cond1t1ons ‘

Measure Temperature and Humxd:.ty Dl.strx.butlon Within
Bu11dmg '

.. Automate Data Acquisition Sysvtem

Total System Fabrication

" LOCKHEED - HUNTSVILLE RESEARCH & ENGiNEERING CENTER



VII, Test Plan Development

A. Explain all Mecasurements
. B. How to Evaluate Measurements
' C. Expected Variation in Measurements
_‘ D. Errors in Measurements
. VIIH. Phase II Final Report
- A. Details of All Results
- A . B. Plans for Phase III

A-4
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NASA TECH BRIEF
Marshall Space Flight Center

NASA Tech Briefs announce new technology derived from the U.S. space program. They are issued to encourage
commercial application. Tech Briefs are available on a subscription basis from the National Technical Information
Service, Springfield, Virginia 22151. Requests for individual copies or questiors relating to the Tech Brief program may
be directed to the Technology Utilization Office, NASA, Code KT, Washington, D.C. 20546.
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- A Practical Solar Energy Heating and Cooling Systein -
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Heat Pump

Thermal
.Energy
Storage
System

Schematic of Solar-Powered Spaqoﬂéa'iing, Air-Condi(i_oning

. and Hot Water Heating ‘System

A recent study has concluded that a solar-powe,re'd‘

residential heating and cooling system is now technically
and economically feasible. The proposed system pro-
vides space heating, air conditioning, and hot water. The
illustration shows how the system could be used in a
typical home. The major components are:
(a) a flat-plate solar collector to process solar
radiation, ’

(b) a thermalenergy storage system ‘tfg_‘:'store' the-

collected energy for use during night and
heavily overcast periods. ' »

il

(C)' “an absorption cycle heat pump for both heatiﬁg’*- -

and cooling the residence, and '
(d) - a hot water system (not shown) that uses heat
. from the energy storage system.
The best solar collector was predicted to consist of
two transparent covers over an aluminum thermal
absorber plate treated with a‘special selective coating.

. The orientation: of the collector can be optimized for a
- particular geographic location. The heat is transferred
-to a fluid that carries it to the energy storage system.

{continued overleaf)

=

This document was prepared under the spon'so'rérqr;i of the National
Aeronautics and Space Administration. Neither the United States
Government nor any person acting on behalf of.the United States

%

“"G‘bve'rnmem assumes any liability resulting from the use of the

information contained in this document, or warrants that such use
will be free from privately owned rights.
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The energy transfer fluid and the energy storage
fluid may be water or a phase-change material. Economic
and technical analyses of candidate fluids indicate that
water is the best choice for the energy storage substance.
In the system it is stored in an msulated slightly pres-
surized container.

An ammonia and water mixture is the most efficient
heat pump working fluid. Using this mixture no serious
problems are envisioned in the design and fabrication
of a heat pump, since the required pump will be similar
to commercial units.

As part of the study, mathematical models have been

. constructed for the analysis and evaluation of all phases
- of the system. Both technical and economic criteria
have been considered in the selection of an optimal

~ system from among several alternatives. '

The system should be usable in all parts of the
United States. The costs of installation will be greater
than for conventional heating systems, but this differen-
tial will be defrayed after a few years of service by the
very low operating costs. In fact, in the long run, solar-

energy heating and cooling will be less expensive than

present methods. '

B73-10156

Notes: ’ s
1. This study was a feasibility project, and an actual

4,',

working model has not yet been tested. However,
plans are underway for the construction and testmg

of prototypes.

2. Requests for further information may be directed to:

Technology Utilization Office

Marshall Space Flight Center

Code A&PS-TU

Marshall Space Flight Center, Alabama 35812
Referenee B73-10156

Patent status:

NASA has decided not to apply fora patent

Source: M 1. O'Neill, A. J. McDanal
o and W, H. Sims of
- Lockheed Aircraft Corp.:
- under contract to
Marshall Space Flight Center
(MFS-22563)

Category 05 4
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New Technology Utilization Program

| Title: . The Development of a Residential Heating and Cooling System Using -
: NASA -Derived Technology, " Contract NAS8-25986 (Mod. 5)

Brief Description: Under the subject contract preliminary analytical develop-

' ment was completed and prehmmary designs were generated
for a system capable of providing space heating, air-
conditioning, and hot water heating for a typical residence,.
using solar energy as the primary input. The system con-
cept was proven to be technically feasible and cost-competi- -
tive with conventional systems. The major benefits of the
system are in the areas -of energy conservation, .pollution
abatement, natural resource preservation, and significant
cost savings for the user.

-Detailed Description: The general purpose of the item is to utilize available
' : : solar energy to provide heating, coolmg, and hot water
heating for a residence.

The solar powered system represents several advantages
over conventional systems because the prirnary driving
energy is solar energy rather than electricity, natural
gas, or fuel oil. Some of these advantages are listed
below. :

° If the system receives widespread adoption, the
national energy crisis will be favorably impacted,
since one-fourth of the total energy consumed in the
U.S. is used for space heating, air-conditioning,
and water heating.

° Air, water, thermal, nuclea.r, and solid-waste pol-

- ' Lo lution will be favorably impacted by the system because
of reduced needs for electricity and fossil fuel com-
bustion.

e Natural resource preservation will be aided by the
' system. Also, the environmental destruction due to
'mining and the dependence on foreign powers for -
petroleum will be reduced.

ot ’ ’ H
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Applications:

® Since solar energy is free, the owners of the system
will realize great savings in operational costs.

. The principle of Operation of the system is simple. Inci-

dent solar radiation is processed by a flat-plate solar
collector located on the roof of the residence or elsewhere
nearby. The collected energy is stored in a thermal energy
storage system, using either the latent heat of fusion of a

- phase change material (PCM) or a sensible heat storage

in water. Actual heating or cooling of the residence is
obtained from an absorption cycle heat pump. An absorp-
tion cycle machine uses thermal energy rather than electri-
cal energy as the primary input. In this case, thermal
energy from the energy storage system powers the heat

pump. The outside power required by the solar-powered

system is similar in magnitude to a light bulb load. .In
addition, heat from the energy storage system is used to
provide domest1c hot water.

Several features- of the system are be11eved to be new,
including: . , :

‘e . The system w111 prorv1de all heating, coolmg, and water
. heating’ requ1rements for the re81dence with only’ m1n1ma1 _

‘.“'outs1de power.

‘ O , The system ut111zes an absorption cycle heat pump for

heatmg and cooling.. During heating, therefore, more
thermal energy is added to the conditioned space than

.is collected since- add1t1ona1 heat'is absorbed from the

.".outs1de air.

e  Methods and ‘computer programs have been developed

“to_optimize the system for a part1cular locale, thereby
' y1e1d1ng required performance at minimum cost

e The system offers significant economic savings to
. the user by comparison to conventional systems, on
the order of $10,000 over a 20 year lifetime.

e The system utilizes new and improved designs for the
solar collector, energy storage system, and absorp--
tion cycle machine. '

Additional information about the solar- powered system is -
prov1ded in the attached report.

The system should be apphcable for residential usage
throughout most of the U.S. with proper sizing of the col-
lector, energy storage system, and heat pump. The major
user will be the average American home owner.’



Possible Extensions: The system should be extendable to heating, cooling, .
‘ and water heating for apartment complexes, business
fac111t1es. factories, etc

Degree of Development: Concept only.

Technological Significance: In relation to present state of technology, this
reportable item is considered to be a major improve-

ment.
Innovator: . Mark J O'Neill
Publications: Attached report

Technical Super'{risor of Innovator: Juan K.. L0vm, Dept. 54~ 01



Disclosure of Invention (Cont'd)

M.J. O'Neill, E/N 668036 - Inventor"

W. H. Sims,

b.03-_ &% 5-3__

wm. T, 0Nl ’/‘"'/"L

E/N 611014 ~ Co-Inventor Lo N, _.ZA:- 1/47/74

Title: Solar Collector /PCM/Absorption Refrigeration Home Heatmg and
Cooling System :

1,
2,
3'
4.

5.

Collection of solar energy

‘Storage of this energy through heat of fusion in the PCM

Using the stored energy to drive an absorption refrigeration system
Using, in summer, the cooling capacity of the evaporator to cool

and dehumldxfy the air in a building :
Using, in winter; the heating capacity of the absorber and condenser
to hea.t the air in a buzldmg. :
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" signed and dnted by wuncssn prefembly two, by whom the contems of the dlsclosure have been rend hnd under'
"';swod.-.

T a complch. dcscrxpuon of

" . where it’1s"an ‘apparatus,’ cifcy
‘numbered with a dcscnj_mon o th k F '
."possxble a specxhc xHusminve exampl*and‘ op itive. dest ,' “of the nvenuon 'hould be inclided

1 (such as paraffins or salts) which exhibit high energy storage capabilities during a phase
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ISCLOSURE OF._ INVENTION

PATENT DEPARTMENT '
VOCKMEGD MIOBILES & UPAGE COMPANY ~ R

€ aIBer piviliGa @i LOLSHINN SIUCERIT FRITNINTIPE

Thisdisclosure of invention form shect is forthe purposc of securing a dlsclosure and record date ofinvention -

and it is lmponnm that it be made-out and filed with the Patent Department as soon as- poasible after conception

of the invention in order that priotity nghts to the-invention may be secured. A separate sheet may be used for. .

each invention.or modlhcntmn of the invention and each sheet should be signed and dated by thcmventor and algo

< Home Alr, Conditloning Syetem J
Flg. 2 Schematic of Solar Home ‘Heat Pump System . -
_Fig. ] Schematr.c of. Abso ption Refngeration Cycle

The concept of -dsing solar onergy for cooling and heating a home win emp10y solar o
collectors, phase change ‘materials (PCM) and. an absorption refngeratlon system.
The basic concept is as: follows. : . . :

Solar energy, - .in both d1rect and diffuse radiation form, stnkes the solar collector.
which is an energy-absorbing system such as flat-black alummum, with a glass cover -
to prevent re-radiation into'the atmosphere, The collector is insuldted on the bottom
side to prevent conduction and radiation into the ceiling area of the home. Circulating
through the collector is a heat transfer fluid, such as water or higher boiling tempera-
ture fluid. The fluid circulates through insulated lines to the PCM container, An ap-
propriate heat-exchange mode transfers the thermal energy into the bulk of the PCM

change from solid to liquid. The heat transfer fluid then recirculates to the collector. .
The thermal energy stored in the PCM is then released to the generator component
through conduction heat transfer, This energy is used to boil the solution in the gener-
ator in order to vaporize the refrigeration fluid (such as ammonia or freon). The re-
frigerant then cycles through the evaporator and condenser in basically the same pro-
cess as found in a standard heat pump, The absorption fluid in the meanwhile is being
circulated back to the absorber. in a weak solution form. Here the refrigerant is re-
absorbed in the liquid carrier and re-enters the generator to begin the process over
again, During a heating cycle, an auxiliary heat source is the absorbcr which is
switched (electrically) into the system by thermostatic operation. During this process,
heat is added to the home air by both the condenser and the absorber, increasmg the
efficiency of the operation, The extremely important point of the operation of the sys-
tem is the almost total lack of external power sources (electrical) required for the
system. The only input requirement is the liquid pump drive system which will con-

dence. The solar collector will be able to utilizé both direct and diffuse solar radiation
since no focusing or reflecting optical devices are employed. This will allow energy
collection of significant quantity even on overcast ‘days. Conservative estimates of op-
erating performance indicate the solar collector/PCM/absorption cycle system can
adequately heat and gool an average home anywhere in the U.S. with minimal auxiliary
heating or cooling requirements, and with reasonable collector areas and PCM volumes,
Although the prelimim ry calculations have been based on ammonia and water as the
refrigerant and ahsorbent, respectively, and on the temperatures and pressures given
in Fig. 3, other fluids, temperatures, and pressures may represent improved system
operatzon Therefore, theso fluids, temperatures, and pressures are presented here

2 illustrated by a sketch or__*_._'
f a sketch with the parts - .
akmg refergnce to the.numbered parts. It

‘surie only about T00~1 30 watts but” ot "Of’ & ContifiuGus basis:” This répFeseits & cost of
a few pennies per month operational costs for both heating and coolmg an average resi-|

. only to give a practical example of thé solar/PCM/absorption concept and are not inte- |

gral parts of the nnnccpt “T'he basic concept may be summarized as prescnted on the
it nlw-f Dttt (See atthelbod pageae) .
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PURPOSEE of the inventjon - 10 utilize solar cnerpy for heafing and cooling residentud

and office buildings, which will result in reduced power peneration requircments,

_Jower pollution products and much reduced cost for ‘heating and cooling to the consumer,

4.

PREVIOUS METHOD er apparatus mm;mmzmmmamwuhmm__

mt_h_c_cntral air conditioning.

5.

INFORMATION on previous method ot apparatus; known use, publication or patems> _.&).BQJSQM__—

_to exist utilizing all concepts,

6.

HOVW does this invention differ from previous method or apparatus and what adventages does it offer?

Major difference is mode of work input, b'majgr advantages include Jower power

generation i‘equirements, Jower environmental pollution and lower operational costs,

DATE OF CONCEPTION (when you first thought of the idea) __December 15, L , 1971

8. CHARGE NUMBER(S) or Work Order Number(s) to which each inventor was charging his time on the day the
" concept was completed (Note: Chnrglng mne to a_Government coatinsct do;s not automatically entitle the

9.

10.

‘11,

12.

13,

Goverament to rights in an invention.) 1-RA10-5420 (N )

(a) Flrst‘skelch or drawing made on _D_gg_gmber 17 —ri , 19721

- Where filed LMSC-HREC - - o
(b) First written description made on January 15 : i 1972

" ‘Where filed _LMSC-HREC (LMSC D082102-812)
_ 'NOTE: . Where possible the above sketches, diﬁwin;js and descriptions should be attached to this sheet.

INVENTION was first disclosed to: . o
) J. K. Lovin - ) Date _15 December - 1971 , How _Verbal

(2) _G.D. Reny Date _15 December ,h 1971 | How _Verbal

FIRST APPARATUS (a) started on __EZA__' V19 (b) completed on ____N/A L 19
FIRST OPERATION of apparatus or process (a) staned_r!& 19 —_— (b) completed . 19

(c) Observed by N/A_ : and _

(d) Apparatus or result of process located at N/A '

OTHER ACTS tending to prove | 14. #(we) hereby certify zhst to the best of my(g_[) knowledge,

conception, such .as preparation of K%M (we are) the first and ongmal inventor(s) of the subject
calculations, preparation of shop matter hereinbefore described.

order for model, etc:, giving dates this 27 __ dayof Jaunu ey _ 19 72
and state where such data is filed: 668036

Galculations ' : 777 j‘ 0/ % 60(/ Employee No. 2089306

|2£!5£I| - !gzzglzl .. . Invmlor’cﬂuuun

- NAME (Please an) M,J, O'Nelll

filed LMSC-HREC

Orgn 54-20 Bl‘(.igl 401 _ phone Extension 256

SHOWN and DESCRIBED to mc/us

on this *"'dayn( ,/1‘/ '19/[’

Employee No. _61101:.

ot D

Co=Inventor’s Signature

—
/7,(, .= /;‘-’z-‘/

NAME (Please Prnt) _W. H, Sims
‘:’Z'rv:; /,// /‘ 3

WITNESSES’ SIGNATURES

Bldg. __40! _ Phone Extension 256
Huntsville Research & Engineering

LMSC Division. Name Hun:svﬂle Research & Engmeerm
nter +wsre——— T !

._..._.._

Home Address _2601 Fantasia Dr., §..W., Huntsville, Ala!I

g/

l.

12112 Chicamauga Tr., S. E., Huntsville .
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