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Abstract:

Computer models were developed to simulate and compare the thermal responses of direct gain,
indirect gain, isolated gain, and natural passive solar heating systems. The performances of the direct
and indirect gain models were verified using data from the passive test cells at the National Center for
Appropriate Technology in Butte, Montana. A 139 m”2 (1500 {t2) home with standard insulation levels
was used to compare the different types of passive solar heating systems. The collector area, thermal
storage, and heating load were identical for the direct, indirect, and isolated gain systems. The natural
passive system, which uses only the building and its contents for thermal storage and only south-facing
windows for solar radiation collection, was simulated for several different collector areas. The largest
collector area was approximately one half the area used in the other three systems. Comparisons of air
temperature, auxiliary heating requirements, and solar fraction were performed for several different
weather patterns, each of which had the same total insolation and the same ambient temperature
variation. Each of the formal passive systems was found to supply more than half the heating needed
by the home, with the direct gain system outperforming the Trombe wall (indirect gain) system for all
of the weather patterns tested. The natural passive systems also provided significant solar heating,
indicating that locating the normal window area present in a well insulated house on the south wall of
the house results in a substantial solar fraction.
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acceleration due to gravfty
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ABSTRACT

- Computer models were developed to simulate and compare the thermal
responses of direct gain, indirect gain, isolated gain, and natural pas-
sive solar heating systems. The performances of the direct and indirect
gain models were verified using data from the passive test cells at the
National Center for Appropriate Technology in Butte, Montana. A 139 m2
(1500 ft2) home with standard insulation levels was used to compare the
different types of passive solar heating systems. The collector area,
thermal storage, and heating load were -identical for the direct, in-
direct, and isolated gain systems. The natural passive system, which
uses only the building and its contents for thermal storage and only
south-facing windows for solar radiation collection, was simulated for
several different collector areas. The largest collector area was
approximately one half the area used in the other three systems. Com-
parisons of air temperature, auxiliary heating requirements, and solar
fraction were performed for several different weather patterns, each of -
which had the same total insolation and the same ambient temperature
variation. Each of the formal passive systems was found to supply
more than half the heating needed by the home, with the direct gain
system outperforming the Trombe wall (indirect gain) system for all of
the weather patterns tested. The natural passive systems also provided.
significant solar heating, indicating that locating the normal window
area present in a well insulated house on the south wall of the house
- results in a substantial solar fraction.




CHAPTER 1
INTRODUCTION

Solar héating systems are receiving ever-increasing-attentidn;as
alternate means of space heating. This is due to the spira1ing‘bosts of
conventional (electric, gas, and oil) heating. Two basic types of sb]ar .
heating systems, active and passive, are available. ActiQe syétéms are - .
characterized by collectors, pumps or fans, and elaborate heat déiivery
systems, such as plumbing or vents. They require a large initiél capi-
tal investment and may require extensive maintenance. Control systems
to regu]ate‘heat delivery to the building add to the complexity of these
systems. .

A passive solar heating system, on the other hahd,_is,"by its very
nature, an integral part of the building it heats. Péssive systems con-
sist of a large window (cdntained in the building's walls) for‘so1ar
radiation co]]éction and some means of thermal storage. The storage is
usually a masonry material, such as bricks or‘concrete, or consisfs of
water-filled containers. If the storage is distributed about the room
containing the windoiw, the system is referred to as a direct gain sys-
tem. The thermal storage of indirect gain systems is cohcehtrated into
a wall a short distance from the window.i This wall prevents most or all
'of the sunlight from éntering the 1iving space. Isolated gaih systems
are passive systems in which the collection and storage components are
thermally isolated from the 1iving space. A means of transferring heat

from the storage to the. 1living space, such as a fan, is necessary. One




example of this type of system is a solar greenhouse. Natural passive
systems are direct gain systems with no added storage, other than the
normal contents of the building. Thermal storage is only.in the house
itself and in its contents. Passive systems typically do not efficient—\‘
1y regulate heat delivery to their bui1d1ngs. Al thé}aforementioned
pa§sive systems, except the isolated gain fypes, rely-on‘the thermal in-
teractions between the various componeﬁts of the system (window, storagé
and the building itself) to control the air temperature. During day-
1ight hours, the large amounts of incident solar radiation (inéo]ation)f
which pass through the window are mostly absorbed by the storage. This
moderates peak daytime temperatures. At night, convection and radiation
from the storage supply heat to the building. Since these interac-
tfons are functions of many variables (including the building heating -
characteristics, amount and type of storage, window area and type,:and
the ambient conditions), large air temperéture fluctuations may occur.
Indirect gain systems typically exhibit lower air temperature fluctua- -
tions than do direct gain or natural passive systems. Natural passive
systems experience the largest fluctuations, due to their relatively
~small thermal storage. Isolated gain systems control the building air
temperature much better than other types of systems, but high tempera- 
tures may occur within the collector.

Since passive systems are integral parts of the buildings they

heat, they are not normally retrofitted. Instead, the storage and




window are incorporated into the building during original construction,
often using the storage for structuha1 supbort; In order to prober1y
size the window area and storage for the system, some means of bredict-~
ing its Tong-term performance, before it is built, is desirablé. Rule-
of-thumb methods are available to size the window area and the thermal
storage [1]. However, these methods will not accurately (wifﬁin 10%)
predict the actual performance of the system. They are, however, use-
ful for making a first guess.

Two other methods are é]so available for making an'accurate‘predic-
tion of the performance of passive systems. The first hethod is the
use of computer models of the passive systems. The models are developed
using bésic thermodynamic and heat transfer equations to approximate the
thermal response of the systems. F. Trombe [2] performed the first com-
prehensive modeling of the passive solar system commonly known as the
Trombe wall system. It is an indirect gain system which uses a masonry”
wall, with vents at the top and bottom, for storage. Air flow from the
living space through the vents transfers heat, by natural conVection,~t6
the.1iving space. Extensive modeling of this system has been performed -
[3,4,5]. Several of these models Were used to optimize various compo- ‘
nents of the Trombe wall system. Many of these models are also appli-

cable to water wall systems. They are indirect gain systems which use

" water-filled containérs for the storage wall. Models have also been

developed to simulaté the performance of direct gain systems [6,7]. The




first of these is a simple general model which is applicable to any type
of passive system. The 6tﬁer_is a model whose complexity rivals that of
the direct gain model developed for this study. The model for this
study was derived from basic principles. Little modeling has been done
for natural passive and iso]ated gain systems.

When a passive solar system model is developed, some meané of test-
ing its performance is needed. This is usually done by using the model
to simulate the experimentally measured performanqe of a system of the
modeled type. Passive test cei]s-are currently in use in several parts
of the country to obtain the necessary data [8,9]. Some of this data
was used to verify the pgrformance of two of the models which were
deve]oped for this study. Models were developed to simulate the per-
formance of direct, indirect (Trombe wall) and isolated gain éystems.
The diﬁectvgain model was also used to simulate the performance of natu-
ral passive solar systems. |

The other method which is currently available to prgdict-the per--'
formance of passive systems is a simplified method developed by'BalcomB
et al t]O], at the Los Alamos Scientific Léboratories (LASL). The
method is applicable to Trombe wall, water wall and direct gain systems.
It estimates the perforhance of the systems as a function only of the
building heating load, the monthly absorbed {nso1ation and the total
monthTy heating degree days for the location of interest. Two addition- :

al climatic factors could be used to improve the method. The first




factor is the modification of degree days into degree days for daytime |
ambient temperatures and degree nights for nighttime ambient tempefa-
tures (see Appendix E). This modificatibn has already been shown to
increase the accuracy of simulations [11]. The second factor is a
cloudy/clear day factor (CCDF). It would account for the differences in
clear and cloudy day groupings for different geographiéé] locations.

The performance of all passive systems is depeﬁdent on the grouping of
clear and cloudy days which occurg. The debendency on the CCDF is not-:
yet known, but- the simulations which were perfbrmed for this study
represent the first step in determining this dependence. Simulations
were performed for the various modeled systems (direct gain; 1hdivect
gain, isolated gain, anq natura] passive) for two different clear and
cloudy day grbupings. The natural passive'system was simulated fof-two'
different window areas. The first approximated the normal window area
present in a residence. The windows were assumed to all be onltﬁe'
south side of the building so that they could all prqv{de §o1ar heating.
The second window'area wés approximate]y'oné half the window aréa pfesf
ent in the three forma]‘bassive systems. The window areé;_storage and
heating load were identical for the three. The simulations formed a
basis for a comparison of the performance of the four systems, for the -
two test cases. Comparisons of direct-gafn and Trombe wall systems have
already been performed [12;13]. Direct gain systems without night win-

dow insulation were found to perform better (economically) than Trombe




wall systems with night window insulation in southern U.S. climates..
However, Trombe wall systems with night insulation were fbund to be
more economical that direct gain systems with night insulation in north-
érn U.S. climates. None of these studies includes isolated gain or
natural pa§sive systems. Since data for verification of these two
~models were not avai]ab]é, the results of their simu1ati6ns are oﬁ]y

preliminary and should be treated accordingly.




CHAPTER II
ANALYTICAL MODELS

The differential equations which were used to develop the passfve
solar systém models were obtained from basic principles. Basic thermo-
dynamic laws were combined with theorefica] and empirical heat transfer
eqﬁations. A few simplifying assumptions were used to reduce the'cbm—

plexity of ‘the problems.

Divect Gain Model

This model was developed for a single room with a single window.

It could, however, be easily expanded to model a more:coﬁp1ex bui]dﬁng,
such as an entire dwelling. To obtain high accufacy'énd generality, all
modes of heat transfer within the room were assumed to ‘be important.
Radiative exchangg among the walls, floor, ceiling, and windoﬁ waé in-"
corporated into the model. Convection from each surface in the room to
the room air and conduction f}om thése surfaces, through the walls, to
‘the ambient were also computed. The desired degree of accuracy necessi-:
tated knowing the size, location and shape of the sunlit areas within
the room. This resulted in a complex geometry problem,

Figure 2.1 71lustrates the geometry of the modeled direct gain sys;
tem. Sunlight enters the room through thé window at an elevation angle
B and a surface azimuth angle a. Morning sun has a positive a. The
entering sunlight may fall, in part or in full, on fhe floor or on any

"of the north, west, and east wa]]s.' For this model, the sun]it’portion
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of each of these surfaces was treéted as an individual surface.

During the course of a normal day, fhe size, location and shape of
the sunlit areas within the room change continuously. These are func-
tions only of the room geometry and the direction of the incident solar
radiation (insolation). The direction of the insolation (a and B) wﬁs
calculated using relations from Duffie and Beckman [14]. These angles
are functions only of the window orientation (azimuth ang1e.and slope),

the latitude, the time of day and the day of the year. Provision was

made in the model for a non-vertical, non-south-facing window.

Once the insolation direction was known, the size, location and
shape of the sunlit areas were found. The first step in this was to
locate the projections (in the direction of the insolation) of the cor-
ner points of the window. For example, consider any point Q on the
south wall of the room, as shown in Figure 2.1. The coorgfnatés of
point Q are (O,Ca,Cb). Expressions for the coordinates of its projec-
tion, Qp, are given in-Tab1e 2.1, as a function of where the projected
point falls. In these equations, the angle y (see Figure 2.2) is de-

fined as
y = tan'1(tan B/cos a). (2.1)

Obviously, with four different sets of equations for the coordinates of

Qp, some means of determining which surface the point intersected was

needed. One method of accomp]ishihg this determination would be to




Table 2.1 Equations for the Coordinates of Point Qp

Qp falls on the

Coordinate . Limits
floor north wall west wall east wall
X C,, coty . W (L - C,)cota -C_cota, D<X<W
Y Ca + Cb tana coty Ca + Wtano L 0 0<Y<L
Z 0 C, - Wtany Cp - (L-C,)tanycota €, + C, tany cota [0 < Z <Cy

Table 2.2 Coordinates of the Window Corner Points

Corner Point Coordinates
A (0,a,b)

B (0,2,b+h)

C (0,a+1,b+h)

D ' (0,a+1,b)

oL
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calculate the coordinates of the projected point with each of the sets
of equations and compare the results. of each set with the allowable
11mits of each coordinate. The Tlimits are listed in Table 2.1. The
selection criteria were based on this method,‘but were condensed into a
smaller set of inequalities which, when satisfied, determined the loca-
tion of the projected point. These selection criteria are given in'Ap-
pendix A. The projections of the window c&rner points were found using
this method. The coordinates of the corner points (to be used -in the -
equations in Table 2.1) are given in Table 2.2.
After locating Ap, Bp; Cp, and Dp, the size, shape and Tocation of
the sunlit areas were calculated. There were 19 possible configurations
for the sunlit areas.  These possibilities. were designated by the set of
Tocations of the projected window corner points. For example, one such
set is {Ap; Bp, and Dp on the floor and Cp on the west wall}. This con-
figuration is illustrated in Figure 2.2. The shaded areas represent the
sunlit portions of the room. Appendix B contains a 1ist of all the pos-
sible configurations- that the sunlit areas may asSumé. Aiso inc]uded is
a brief description of the method which was used to determihehwhich‘conF
figuration occurred for any insolation direction.

It is aﬁparent from Figure 2.2 thaf-the sunlit areas in the room
have comp]ex'geometrical shapes which chanée continuously throughout the

day. For this reason, and since diffuse radiation view'factors are dif-

ficult to calculate for odd shapes, an equivalent rectangle was




Figure 2.2 One Possible Shape for the Sunlit Areas
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generated for each sunlit area within the room. Each rectangie had the -
same area and approxiﬁate]y the same location as the sunlit area it
represented. As many edges as possible of the rectangle coincided with
the corresponding édge; of fhe sunlit area. Figure 2.2 111ustrate§ the
equivalent rectangles for one possible configuration. |
The fraction of the insolation passing through the window incident
on each sunlit surface was also determined. This wés calculated by di-
viding the actual sunlit area by the sunlit area which.Wou1d occur if
the wall (or the floor) was large enbugh to accomodate all the insola-
tion. This calculation, and all the preceding ones, were performed
| 0’ Bp, Cp’
and D . The coordinates of the projected window corner points were used

p
whenever possible in order to simplify the derivation of the equations.

using only the room dimensions, a, B and the coordinates of A

Eaéh of the 19 possible configurations has its own set of equations, bqt
due to space restrictions,_the equations are not presented here.- |

The transmissivity of the glazing {window) was ca]cu1a£ed, as a
function of thé incidence angle and the number of window panes, using
the method suggested by Duffie and Beckman for flat piéte solar collec-
tors [14]. Once the amount and Tocation 6f the insolation eﬁteriné the
room was known, the solar radiation absorbed by each'surfaée, Qsi’ was
estimated. Each sunlit area was'éssumed to_absorb a fraction, éﬁuaiuto
its solar absorptivity, of the insolation incident on it. The reflected

sunlight was assumed to be totally diffuse and to be distributed over
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the entire inside surface of the room.

In this mode],,fadiative heat exchange among:thé sunlit areas,
walls, floor, cei]fng, and window was éssumed to contribute significant-
1y to the total thermal response of the room. In ordér to determine the
 net radiatiye transfer among the various.surfaceé, the diffuse radiation
view factors must be known for each pair of heat transfér'surfaces{'

- Consider any two f1at,surfaces,Asuch as those shown in Fiéure 2.3. If
the view factor from dA; to Ars Fyioos s known as a function of x and

Y, then F2_1 is given by

, b
o] f

2-1 ",
0

- Appendix C contains the'various expressions which were used for Fd1-2

Fapop dx dy. K (2.2)

OHQJ

in this model. The view féctor F2_] could be determined exactly by per-
.forming the integral sHown in Equation (2.2).' H0wevér,:the'expressionéi
for F(ﬂ_2 are often very complex (see'Appendix C) and are not easily
" integrated. For this réason, a numerical method was used to perfdrm‘l
the necesﬁary double integration. The numerical déuble integration
scheme which was ‘used in this model appears in Appendix D.

| Using an approach similar to that presented by HoTman [157, the
equations'governing steady radiative.heat transfer among the surfaces

in the room were found to be
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Figure 2.3 Arbitrary Planar Surfaces and Coordinate
System for View Factor Determination

1
1 + o F.. =
SR Z (Jj Ji) AJFJ1 0 (2.3)

1
for i = 1,2,3,...,11. The first term represents the net thermal radia-
tion Teaving surface i. Each term in the summation represents the net
radiative heat transfer from surface j to surface i. For steady radia-
tion, the sum of all these terms (including the first term) must equal

zero. This set of equations was solved for {J} using Gaussian elimina-
tion. Knowing {J}, the net (long wavelength) radiative heat transfer

rate to each surface, Qri’ was found, using
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e.A,

Qpq = (9; - 0T, . | (2.4)
1 . -

In this model, the room air was assuméd to be transparent to solar
and thermal radiation [16]. Because of this assumption, héat may only
be transferred to the room air by conduction and/or convection. To
account for both modes, heat transfer coefficients were used. Some .
means of determining a heat transfer coefficient for each surfacehih the
room was thus needed.

In any sunlit room, the portion of the walls and the floor on which
sunlight falls directly was egpected to heat up to a temperature higher
than the temperature of either the air 6r of the non-suniit surfaces in
the room. This temperature differential could cause éignificant aip
movements in the room, especially if the sunlit portion is large. This
air movement could affect all the air in the room, significantly in-
creasing the total convective heat transfer to the room air. prever,
since all methods available for accounting for the air movement are very
complicated, and since no simple ehpirica1 method is évai]ab]e to esti-
mate this effect, it was neglected. Instead, the air movements were
assumed to result in complete (perfect) mixing of the room air.

Much work has been done developing empirical %e]dtions fér deter-
mination of heat transfer coefficients for natural convecfion from sur-
faces to semi-infinite fluids [15]. Thesé relations are_Usua]]y'written

in the dimensionless form
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L

Nu = 3= = c(GrPr)™, (2.5)

and account for both conduction and convection, since they are experi-.
mentally determined. C and m are dimensionless parameters dependent on
the surface shape and orientation and on the degree of turbulence pres-
ent in the flow, which is,'ih turn, dependent on the magnitude of the
Grashof-Prandt1 number product (Ray]efgh number). The fluid properties
used in Equation (2.5) are normally determined at thé film temperature.
The film temperature is the.average of the fluid and the heat tfansfer
~surface temperatures. Equation (2.5) was used in this model to estimate
the heat transfer coefficient, hi’ for each surface. Each was assumed
to interact with the room air independenf of all other surfaces in the
room. The values for C and m were obtained from Holman [15].

In addition to convection to the room air, each surface in the room
was also assumed to interact with the ambient and to store thermal ener;
gy. The heat loss from each surface to the ambient was written in terms
of the effective thermal resistance between the surface and the ambient.
The thermal storage of each surface was assumed to be concentrated in
the first physical layers of the wall, before the insulation. For ekam-
ple, consider a wall constructed of 2" x 4" wooden studs with fiberglass
insulation between the stﬁds and with an inside surface of 1/2" gybsum
board (sheet rock). The construction of the outside surface of the wall

is unimportant for storage considerations. The thermal. storage would be
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concenprated in the gypsum board and the sheet rock would be freated

(excluding the sunlit portion of the wall) as an isotherma] body.

In this model, the room's interior surface was divided into 11 sur- .

faces. Surfaces one through four were, respectively, the non-sunlit
portions of the floor and of the north, west, and east walls. Surface
five was the south wall (less the window) and six was the ceiling., Sur-
faces seven through ten were, respectively, the sunlit portions of the
floor and the north,‘west, and east walls. Surface eleven was the in-
side pane of the window. Each of these surfaces was treated as an in-
dividual lumped-capacity sfstem.

The differential equations governing the thermal response of the
various surfaces in the room were derived by performing a.héat-ba1ance

on each surface. The heat balance was of the form

[Solar radiation absorbed] + [net thermal radiation from other
surfaces] - [convection to the room] - [loss to the ambient]

= [storage].

Substituting the appropriate mathematical expressions for each term re-
suTted-in the set of (11) differential equations

dT

v ey, T
Qi * Qpi = MiA Ty = Taqp) = ATy = Tapp) Ry = (medy - (2.6)

The corresponding initial conditions for these equations were
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T.) = T.. : ' (2.7)
1»t=0 01

The two radiation components (solar and thermal) were treated indepen-
dently because most common construction materials have very different
absorptances for the two types. For examp1e, a norha1 white paint has a.
solar absorptance between 0.3 and 0.5. The same painf,'however, has éh
emittance (at 25°C) between 0.85 and 0.95 [17]. |
The differential equation for the room air was derived using a sim-

ilar approach. The heat balance was of the form
[conVection from surfaces] - [infiltration] = [storage].

The corresponding mathematical expressions were substituted into this

balance, and the resultant differential equation was

Y ‘ | ‘ dTair
LA (T = T = r(medai (Tagy = Tamp) = (Medaq—gy - - (2:8)
The initial condition for the air was
T.. = T .. (2.9)
alriiog Qair .

In Equation (2.8), .r is the infiltration rate in air changes per hour.
Equations (2.6) through (2.9) were solved numerically using a for-

ward-stepping, explicit Finite difference method. The approximation '

AL T =Ty ofat] o (2.00)

dt T At




20
"was substituted into Equations (2.6) and (2.7) and the resultant equa-

tions were solved for T'. The set of explicit equations to determine

the new surface temperatures was found to be

T = [Qsi *Qu t hiAiTair A amb/R ]?ﬁﬁj—'

AtA,
+[1 - 1557%-(h1 + 1/R) T, C(2.11)

The resulting explicit expression for the new air temperature was

11
Ta1r ‘chiair‘ {.z AihiTi * r(mc)airTamb *

i=1

1T, (2.12)

. 11
(me) 50 2 R

At airt'air

In order to guarantee stability of the numerical method, the coeffi-
cients of Ti in Equations (2.11) and of Tair in Equation (2.12) must be
non-negative [18]. This restriction forced the following restrictions

on the time step, At:

(mc) /A, )
At zTr*:fjjﬁ?—y (2.13)
and '
(me)_. : .
bt < AL (2.19)
Y h:A. + (me) 50

j=p 11

A1l of the preceding equations weré-incorporated‘into a computer
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"code to simulate the thermal response of the direct gain §ysteﬁ. Figure
2.4.111ustrates the programming logic which was used for this model.
This flowchart, though greatly simplified, shows the esseﬁtia1ffeatures
of the logic. The most complicated and the longest portion oﬁ‘the model
was the subroutine whiéh calculated the geometric parameters}(inciudjng
the radiation view factors). Each time the viéw facfdrs were reca]cu—.m
lated, many (up to 55) numerical double integrations were performed. It
was estimated that this part of the mode1 required more thdn 75% of tﬁe
total cpu time needed for each run.

In this‘mode1, the radiative heat transfer to each surface (solar -
and thermal) was calculated only once for each set of dataf This proée-
" dure resulted in 11m1tatioﬁs on the time step between successive data .
sets (DT).- These Timitations were found, during the model yér{ficatioﬁ'
procedure, to be 0.25 hours during high insolation periods (i.e. during
the day) and to be 0.50 hours at night. Thé hode] c6u1d~be modified
to accept hourly data simply by altering the computer code to recalcu-
Tate the radiatfve heat trénsfer rate5'§evera1 (four or more) timeé per
data step. The maximum time step (DELT), which was used to calculate
the new temperatures, was found uéing Equations (2.13) and (2.74). A
timeVStep equal to 99% of the maximum allowable was used té avoid'ih—
stabi]ity due to computer pound-off error, yet still dbtaiﬁ the fastest

possible computation time.
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Figure 2,4 Flow Chart for the Direct Gain Model
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Figure 2.5 The Isolated Gain System

Provision was also made in this model for nighttime collector win-
dow insulation. Whenever the insolation dropped to zero, the thermal
resistance of the window, R]], was increased by the R-factor of the win-
dow insulation. This R-factor may be any desired value. When the inso-

lation again became non-zero, R1] was reduced to its original value.

Isolated Gain Model

An isolated gain passive solar system is any passive system in
which the collection and storage areas are thermally isolated from the
building that the system is intended to heat (for example, a solar green-
house). A model for isolated gain was developed using a direct gain sys-

tem attached to a building, as illustrated in Figure 2.5. The building
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and the collector (fhe attached direct gain systém) were ass&med to have
one common wall, the north wall of the collector. A fan provided air
exéhange between the building and the collector.

It was obvious that any model for this type of isolated gain system
should be based on the direct gain model. Because of the similarity of
the systems, the direct-gain model was used, with a few modifiéations,':
to model the thermal response.of an isolated gain sysfem.of the type
shown in Figure 2.5. .It is apparent that,the geometry of;the'aétaohed-“
direct gain system would be unchanged. The rgdiative heaf'exchange
equations for the collector were also not changed by its.qddition to the
building. The coﬁvective heat transfer from the various surfaces in the
collector to the collector air was éffected by the Targe air movements
caused by the fan. However, like the thermal air currents,lit jsldifff—

cult to account for this effect. Because of this difficulty, the air

" movements caused by the fan were assumed to resilt in perfect mixing of

the collector air. Conduction from the surfaces in the foom,through
their corresponding walls was the same for all surfaces-except nUmbers
two and eight (noﬁth wall surfaces). Heat transfer from these surfaces
was to the building air,‘rather than to the ambient. To account for
this difference, Eduatfons‘(Z.G) and (2.11) were modified. For i equal -

to 2.or 8, Tamb was replaced by the building air temperature, Troom'

Otherwise, the equations were still applicable.
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Another term was added to the heat'balance equatioh describfng the
collector air temperature. This term represented the heat transfer, due

to the fan, from the collector air to the room air. It Was of the form

c (T, ~-T Since it represented a heat loss from the collector

m ptrair room)‘
air, it was inserted with a negative sign. Applying this modification

to Equation (2.8) resulted in

) = me (T

(v air ~ Vamb p*lair Tyoom
dTair

air dt

1 Aihi(Ti - ) - r(mc)a1r

)

-1

.i

= (mc) (2.f5)

The temperature of the building air, T , was the most important

room
result desired from the isolated gaﬁn model. To determine this tempera-

ture, a differential equation describing it was needed. The equation
was derived in the same manner as for the collector air temperature. A

heat balance, equating net heat gains to storage, resulted in

me_ (T - T - UA

p air room) (T

tot' 'room ~ Tamb)

T :
)/Rg = (mc) room | (2.16)

+ AZ(TZ room dt

)/Ry + Ag(Tg -

room room

The first term in this equation represents “the ‘heat provided to the
building air from the collector air (due to the fan). lThe‘second term
represents'the heat Toss to the ambient. UAtot is the t&ta] building
heating load, including infiltration. The other two terms ththe left-

hand side of the equation represent conduction, through the wall, from
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the collector storage to the room air. The rightfhand side of Egquation
(2.16) represents the storage. If this storage, and hence the time con;
stant of the air, was neglected, thé room air temperature1f1UCtuated
wildly and the results were unusab1é. |

The differential equations for this model were solved by the same
method as was used for the direct gain model. A first-order approxima-
tion was made for the time derivative in each differential equation, and
the equations were solved for the new temperatures. This prodedure had

2

a truncation error on the order of At~. The resultant expression for‘

the new collector air temperature was found to be

11
Vo= At .
Taw' (mc)_ . i Z A h T * r(mc)a1r amb CpTv‘opm

(mc)air . 11 .
g - r(mc)air - mey - 121 Ahsl Tosp b (2.17)

The resultant expression for the new room air temperature was

' - At
Troom TEE7;;;;'{meTa1r UAtot amb T A T2/R + A T8/R +

(me) :
room ° . .
[_——A—i'.—-—* - me - UAtOt - AZ/RZ - A8/R8 Troom {" (2-]8)

There were, or course, different limitations on At, which were deter-

mined from Equations (2.11) (with the previously discussed changes);

(2.17), and (2.18). These limits were
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(me)_.
: air
At < — 0 ’
r(mc)air + me., f 121 Ashs (2.19)
and .
. (mc) :
At < = roon ~ (2.20)
Ty # Uy ¥ Ap/Ry + RfRg

The computer model for the isolated gain system was virtually iden-
tical to the direct gain model, except for the modifications discussed
in this section. The same restrictions on the data time step were

applicable.

Trombe Wall Model

A Trombe wall passive solar system is one type of indirect gain
system. It consists of a large window with a masonry wall for thermal
storage located a short distance behind the window. Vents iﬁ the top
and bottom of the wall allow room air to be heaied by“natural épnvection
over the sun side of the wall. Back-draft dampers are necessary to pre-
vent reverse circulation of the air at night. If reverse circulation is
not pre&ented, the vents are, in the absence of night (co]1ect6r) window

insulation, a net thermal disadvanfage to the system [3].
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Figure 2.6 illustrates a Trombe Wall system and the modes of heat
transfer used to develop this model. Sunlight is absorbed by the sun
side surface of the wall. This heat is convected to the ajr space and
conducted through the storage wall. Flow of air through the vents, con-.
vection from the room side surface of the storage wall and co;vection
from the room's interior surfaces heat the room air. The room air was
assumed to be transparent to thermal radiation from the storagé.wa11,
énd only radiative interactions with the interior surfaces were con-
sidered.

A heat balance, equating net heat gains to storage, was-used to
derive the differential equation describing the thermai response of the

room air. This equation was found to be

h A (Tw(b,t) - T

b"wall ) + (UA)int(Tint - T

yoom room)

dT
) = (mc), —TOM (3 77)

(T room dt

+ r(mc) T )+ ﬁcp(T

room *amb ~ ' room out " Troom
The first term represents convection from the interior surface of -the
storage wall. The second term accounts for convectioﬁ from the room's
interior surfaces. The third term represents the heat~Toss to the am-
bient due to infiltration, and the foqrth term represents heat gain by
air flow through the vents. The right-hand side of the éqhation repre-
sents thermal storage in the room air.

In this model, thermal interactions between the interior surfaces

of the room and the rest of the room were considered to be important.
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The entire inside surface of the room (excluding the storage wall) was
treated as one isothermal, Tumped-capacity body. The differential equa-
tion describing the thermal response 6f the rooﬁ's interibr surface was
obtained using a heat balance similar to that used for the Yoéh air%

The resultant equation was
Q.+ UA (T - T ) + UA (T - T. .) = (me) Sziﬂﬁ. (2.22)
r int*  room int tot* amb int MC)int —dt " )

where Qr is the radiative heat transfer rate from the storage wall,

given by
4 4
Q = Aua119(Ty(b>t) - Tyne) ' (2.23)
"ol e, et ! T Sing .
A. €. '
Swall int int

The second term in Equation (2.22) rebresents convection from the in-
terior surface to the room air. The third term represents heat loss (by
conduction throughvthe walls) to the ambient. The right-hand side of
the equation accounts for thermal storage in the room's interior sur-
face. This storage was assumed to be significant.

In order to Simulate the total thermal response of the System, the
temperature distribution in the storage wall, as a function ofﬁtime, was
needed. The wall was approximated as a one-dimensional, transient heat
flow problem. The general differential equation for th{éftype of con-

duction problem is




31

i (2.24)

~N
Q|-

The wall also had the initial condition
T (%,0) = f(x) . . (2.25)

and the boundary conditions

aT .
w _ i _
g x=0 T O * MoAa11lTspace ~ Tul00t)] (2.26)
and
BTW ‘
-k 5;(—— x=b = QY‘ + hb&ﬂa]][TW(b’t) - Troom], (2.27)

The average air space temperature, T » was found by equating

space
the heat delivered to the room (via the vents) to the sum of the con-
vection from the storage wall to the air space and from the air space

(through the window) to the ambient. This resulted in

2mCpTroom AwinTamb/Rwin * hO wall w(o t)

T = (2.28)
space .
2mc * Awm win hOAwaH
' The vent outlet temperature, Tout’ was found using
T = 2T - T . (2.29)

out space room
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P

The mass flow rate of air through the vents, h, was.also needed.

It waé found using

m= pairAwin[CdAQ‘/gslTout rooml/H] . (2'30)_

" The term within the brackets was developed by Balcomb et al [3] and
represents the volumetric flow rate per unit area of g]az1ng The air

dens1ty, , was calculated using the ideal gas law.

Pair
Equations (2.21) end.(2.22) were solved using the same method as

was used for the direct gain model. A first-order, finite difference'
épproximation was made -for each time derivative, and the equations were.

then soived for the_hew temperatures. This approximation resulted in a

2

truncation error on the order of At®. The explicit expression:-for the

room's new interior surface temperature was found to be

T;nt ch§1nt {Q * (UA)1nt room UAtofTamb *

(mc)1nt ‘ :
g - (A4 - VAo ITingf - (2.31)

The new room temperature was calculated using

1 - At '
Troom - imc;room {thwall w(b’t) * (UA)1nt 1nt (mc)roomTamb

(me)
yoom .
+ mcpTout [___ZET——'_ thWa11 - (UA), r(mc)

int room

- e, IT } (2.3

p-~ room
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The differential equation describing the storage Wélj-temperature dis-
tribution (Equation @.24))’was solved using a finite difference tech;
nique suggested by Carnahan et al .[18]. The Wa11 was divided into n
lTumped~-capacity nodes, evenly spaced Ax apart, aé shoWﬁ’in Figure 2.7.
Nodes 1 and n were %; thick, and the other (interior) nodes were all Ax -
thick. A first-order approximation for the time derivative and a second-
order approximation for the space derivatfve were‘substitufed into Equa-
tion (2.24). The equatioﬁ was then solved for the new’ temperature of

each node, resulting in

T'e = AT . o+ (1 = 2A)T + AT ' (2.33)
Wi wi-1 w, i+
where
A = —A—t% . o (2.38)
AX ) .

These equations are only applicable to interior nodes (2 < i 5_n-1),-$nd
resulted in a truncation error on the order of (Ax3 + Atz).

Two methods were available to satisfy the boundary conditions of
the storage wall (Equations (2.26) and (2.27)). The first of these was

oT
to Tinearly approximate —2 and solve explicitly for the boundary tem-

X
peratures. This method was not used because it ignored the thermal
storage of the boundary nodes. This storage was only half that of each
interior node, but was considered to be significant, especially for

coarse grid spacings.-
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node

Figure 2.7 Node Configuration for the Storage Wall Solution

The method which was used involved performing a heat balance on
each boundary node. The balance equated net thermal gains to storage.
A first-order approximation for each time derivative was then substi-
tuted and the resultant equations were solved for the new boundary tem-

peratures. The resulting equation for node 1 was

k1 o
Vot 8 pCAX [Q s/Avarr + Mol space tax et
PCAX _ Sk
(2At hO Ax) Tw1]' (2.35)

The explicit equation for the new temperature of node n was found to be

TR S X k-
Twn pCAX [ Qr/Awa1l 2 hbTroom i Ax Twn_1
pCAX _ .
(2At b Ax) ;o P (2.36)

Wn
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In order to guarantee stability of the numerical method,‘]imits.oﬁ

At-were needed. They were derived from the explicit Equations (2.31) |

through (2.36), using the non-negative condition cited earlier. The

Timitations on At -were thus found to be

and

(mc) .

int ]

At < . (2.37)
(UA) e+ UApoy”

(mc)
At < Foor. — (2.38)
hpAgarr. * (UR) g + rmedpoon + mep

2 ‘ - . .

at < 95, ' - S (2.39)
At < - OCAX | (2.40)

= 2(hg + k/Ax) ° _ o

At < 5 PCAX . - ' (2.41)

—-Z(hb + k/Ax)

Equations (2.23) and (2.28) - (2.41) were used to write a computer

code to simulate the thermal response of an indirect gain passive solar

system of the Trombe wall type. The model is also applicable to solid

wall systems‘(systems with no vents) merely by setting AQ eqha] to zero.

The model used essentially the same programming logic as did the direct

gain model (see Figure 2.4). The only differences in the Togic were the

elimination of the gephetry solution and of the complex radiation.solu-

tion. Since the radiative heat transfer for the Trombe wall syﬁtém is
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given explicitly by Equation {2.23), it was recalculated each time the
new system temperatures were calculated. . The new storage wa]]_teﬁpera-
ture distribution was calculated first, then the new air temperéture.
The new interior surface temperature was calculated 1ast; A1l of these
calculations were based on the old system temperatures. The new air
space and vent outlet temperatures were then calculated, using the other
new temperatures. This procedure was fo]]o&ed for each successive fime
step. |

The direct gain model has tight restrictions on the allowable in-
terval between successive data sets (data time step). This is due to
holding the radiative heat transfer rates constant for several succes-
sive time steps. This model, however, does not have the same restric-
tions, because the radiative heat transfer is ‘recalculated for each
time step. During the model validation procedure, the a]]owab1e data

time step for this model was found to be one hour.

Model Validation

The direct gain and Trombé wall models were verified using data
from passive test cells at fhe National Center for Appropriate Technd]o-
gy (NCAT), located in Butte, Montana. Data for isolated gain'and natural
passive systems were rot available. However, since fheir models are
essentially the same as the direct gain mode], they may be as accurate-

as the direct gain model.
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The direct gain model was validated for an eight day period begin-
ning November 14 and ending November 21, 1978. Figure 2;8 illustrates
the measured and simulated test cell air temperatures. Also shown are
" the ambient temperature and the inso]atfon. The test ce]i'afr tempera- -
ture was measured_using a shielded thermocouple [19] located near the
center of the test cell. The fnso]ation was the total incident §o]ar
radiation (for the preceding hour) measured on a vertfca],‘éouth-facing-
surface. The data wefe obtained from a report by Bickle/CM [20], which
was submitted to the Solar Energy Research Institute (SERI) on June 12,
1979. The report contained hourly NCAT insolation and ambient tempera-~
ture data for fourteen days. Hourly globe temperatures for a direet
" gain and Trombe wai] test cell were also fnc]udéd in. the report. The
globe temperature was an approximation of- the mean radiant temperature
of each system. It Waé measured with a thermocouple inside a feiTet |
bowl float (sphere). The float was painted black and was sdspendedﬁin

the centey ef the test cei1-approximate1y 30.5 cm (1 foot) from the |
.ceiling. Tﬁe direct gain test cell air temperatures were obtained_frem
Larry Palmiter at NCAT. THe globe temperature data were not used for "
the direct gain model validation. instead,'the air temperature was
ised, because of the-difficulty of calculating the globe temperature.
The difficﬁ]ty arose because of the presence of diffuse sun]ight.at
every point in the test cell. The diffuse sunlight caused the measured

globe temperatures to be higher than the temperatures of the surfaces in
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the room. . . '

. Inspection -of Figure 2.8 shows good agreement between the'@easured
and simulated air temperatures. The mean deviation of the simulated
temperéture frdm the measured values was 0.1°C (0.2°F) fo?-the eighthay
period. The root mean squére (rms) deviation was 1.4°C (2.6°F) and the
maximum deviation was 5.4°C (9.7°F). o N ‘

The Trombe wall system model performance was verified for a six-day
périod beginning November 19, 1978. The simulated §1obe temperaturé was' 
estihated using a mathematical approximation of é sphere with the same |
size and location as the-measuring dévice in the test ce]]s.A A sphere
’ 10.i cm (4 inches) in diameter with an emissivity of 0.95 was located in
the center of the room, 30.5 cm (1 foot) from the ceiling. ‘Radiative
interactions between the sphere and fhe storage wall and between the
sphere and the room's -interior surface were considered. Convection from
the sphere to fhe air wés also considered. A steady heat-bé?ance on the
sphere was used to approximate its temperéture. -Figure 2.9 shows the
measured and simulated globe femperatures forthe test cé11. The ambient
~temperature and insolation afe also included. The sﬁmu]ated'temperature
shows good agreement with the measured_vaiues. During the first two
days, the deviation of the simulation results from the data is’ke]ative; :
1y large. This is due to inaccuracies in the initial temperétﬁres which
weré used for the simulation. However, the model exhibits ghe abi]fty,‘

~ to overcome thése initial inaccuracies and becomes more accurate as the-
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the simulation proceeds. This is a good property for a mode]ﬂtd possess
because the model.is thus self-correcting. The mean déviatibn of the
simulated temperature from the measured was -1.1°C (-1.9°F)-f0r the
period. The rms deviation was 2.0°C (3.6°F) and- the maximum dgvfdtion

was 7.2°C (13°F).




CHAPTER III
RESULTS

The purpose of this study was to perform a comparison of, four basic
types of passive solar heatfng systems. The types compared were direct

gain, indirect gain, isolated gain and natural passive systems.” A com-

- puter model was developed to simulate the thermal response of each type

of passive system, as describéd in Chapter II. A Trombe wall- system was
chosen to represent the indirect gain systemé, since-it is the mqst com-
mon type of passive sp]ar system in use today. Natural passive systems
were included because it was suspected that relocation of the norm;i
window area present in a house to the south side of the buiiding would
result in significant solar heating. A direct gain (or natural passive)
system is illustrated in Figure 2.71. A Trombe wall and an .isolated gain'
system are shown in Figures 2.6 and 2.5, respectively.

The four passive systeﬁs were simulated for two six-day periods of
different clear and cloudy day groupings. Total insolation and the am-
bient temperature variation were identical for the two periods. The
first period, case I, consisted of three clear days followed by three
c]oﬁdy days. This'representéd'a "worst" case situation, where the ther-
mal storage of each system was required to heat its building for a rela-
tively long, low-insolation period. The second grouping, case II; began
with a clear day which was followed by alternating cloudy and clear dayg.

This represented a "best" case situation where the storage of each sys-

tem was allowed one full clear day to recharge before'béing called upon
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to heat its building for thg next (cloudy) day. For reasons explained {n
Chépter 11, hodrly and sub-hourly inso]atiqn and ambient temperature data
were required in order to perform the desired simulations. Since actual
measured data of the desired form were not available for Bozéman,:Montan@
the required data were generated such that they‘repkeseﬁted typical mid=
winter conditions in-Bozemaﬁ. The ambient temperature data had 8.55°C
days (heating) and 18.3°C nights each day. The total daily insolation
was required to be 3.76 kw-hr'/m2 glazing (1195 Btu/ftz),for clear days
and 10% of this on cloudy days. - The c1oudy day insolation was determined
. from experimental data. Study of inso]ation daté from Butte, Montana and
Los A1amos, New Mexico revealed that the total insolation on c1oudy days
is approx1mate1y 10- 12% of that of clear days. Append1x‘E contains the
equations (and their derivations) which were used to geherate fpe neées-»
sary data from these averagé éonditions.

Each passive solar system was 1ncorporated into a well-insulated
- single floor dwe111ng with a floor area of 139 m (1500 ft ). The house
was constructed such that-the equivalent R-factors.of the'bui]ding com-

ponents were:

Foundatﬁon Perimeter R=0.88 n” c (5-hr:§%§:iﬁ); -
Walls R =3.35, (19);

' Ceiling R = 6.69, (38); and
Windows R = 0.359, (2.04).
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A11 windows (including the co11eétor) were assumed to be covered with

20 _f+2_0
R 1.76 mvvc (IO-hr gzu F) insulation at night because of the increase in

therma]_efficiency which passive solar heating systems always exhibit
with its use [10,11]. The infiltration rate was taken to be f/2 air
changé per hour. The collector area, thermal storage and heating load
were identical fof the formal passive (direct, indirect, and isolated
gain) systems. This was done so that the systems would be compared un-
der identical conditions. The thermal storage of the direct gain system
was assumed to be distributed evenly over the portion 6f the‘room receiv-
ing direct insolation (i.e. the floor, north, west, and east walls).
The thermal storage of the indirect gain system was concentrated in a
high density (2400,kg/m3) concrete wall 40.6 cm (16 in.) thick, located
30.5 cm (1 ft) from the window. The isolated gain system was assumed to
be a direct gain system 3.05 m (10 ft) deep by 15.2 m (50 ft) long at-
tached to the south wall of the house. The therma] storage was distri-
buted evenly over the collector's floor and north wall, because those
two surfaces received most of the insolation. A fan which delivered
approximately 0.236 m3/s (500 cfm). of air was used to provide air inter-
change between the collector and the.house.'

The natural passive systém was simulated for two differeqt window
areas. The first area was approximately -the normal window afea present
in a house. A1l windows were assumed to be Tocated on the south wall of

the building, so all could provide solar heating. The second window
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area was approximately one half of that used in the formal paésive Sys-
tems. The thermal storage of the natural passive systéms was estimated .
by summihg the thermal storage of all internal walls. They were con- .
structed of 2" x 4" wooden studs with 1/2" gypsum board on both sides._
In addition, the inside surfaces of the exterﬁal walls (]/2" gypsum
board) were assumed to store heat. The thermal storage of the building's
‘contents was approximated as equal to that of the house itself. This
estfmate is probably conservative, since most houses contéfn several
large, massive appliances, such as a refrigerator and a stove,.in addi-
tion to cabinets, furniture, and other property. The storage wéé then
distributed evenly over the floor, north, west, and east walls. The
collector window area and thermal storage‘of each simulated sysfem'are ‘
listed in Table 3.1. |
The temperatures of the passive system components were initialized
such that the thermal. storage of each was nearly fully charged before the
first cloudy day was encountered. A1l components of the direct gain,
isolated gain and natural passive systems were initialized at 18.3°C (65
°F), since the time constant of their storage is short (one'day or less).
The indirect- gain system's storage wall temper;ture distribution was
initialized somewhét-higher because its time constant is 1arger'(severa1}
days).. These initial conditions were combined with the ‘physical para-
meters and weather data cited.above and used to simulate the passive

systems (except the isolated gain system) with no auxiliary heating.
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Table 3.1 Physical Parameters of_the Passive Solar Systems.

Window Thermal
(Collector) Storage
Area m? kw-hr/°C
System Type (ft2) . (Btu/°F)
Direct Gain : 34.8 '6.85
- (375) (13000)
Indirect Gain 34.8 ' - 6.85
(Trombe Wall) (375) (13000)
Isolated Gain 34.8 6.85
(375) - (13000)
Natural Passive - 9.26 2,74
- (100) (5200)
17.7 2.74
(190) (5200)

The room air temperature of each system was allowed to-"f1oat" with no
upper or lower limits. The systems were then simulated with auxi]jary
heating. Whenever the air temperature was calculated as being less than
15.6°C (60°F), it was reset to 15.6°C. A term, equal to the'aux11iary
heét supplied, was then addgd to the air energy balance equation to main-
tain the balance. The tbtai auxiliary heat supplied for the test period_
was printed at the end of each'simu]étibn. The isolated gain system was'.
simulated only with auxiliary heéting. If the collector air temperature
waé-highér fhan the building air temperature, the fan con;ro11jng a{r

flow between the collector and the building was turned on whenever the
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building air tempgrature drppped below 15.6°C. It was turned off if the
building air temperature rose above 21.5°C (70°F), or if tﬁe collector
air tembérature was 1es§ that the building air temperature. . The auxi-
Tiary heating was ca]cuiated in the same manner as.it was for the other
three sysfems.

The results of the direct and indirect gain simulations, without
auxiliary heating, are illustrated, for case§ I and II, in Figures 3.1
and 3.2, respectively. Also shown are the_ambienf temperature and inso-
Tation distributions fbr bo}h cases. The direct gain system, as expect-
ed, exhibits larger air temperature f]uctuationé for both cases. The
indirect gain system maintains a higher air temperature during the cloudy
days of both cases. For caée II, both Systems experience a highér final
air temperature (at the end of day 6). This is due to the 1ower.beak and
mean air femperatures whiéh occur, on clear days, in case II. Lower
femperaturés result in'lowér heat Toss rates, which in turn cause the
storage to lose less heat over the period, resulting in higher final
temperatures. Figures 3.3 and 3.4 illustrate the results of the natﬁra]
passive systems (for both window areas) for cases I and II, respectively.
Both systems exhibit large gir temperature f1u§tuations. For both cases,
the fluctuations are Targer than those of the direct gain system.r This
is due to the relatively small thermal storage of the natural paésive
systems (see Table 3.1). Thesé §yStems also experience higher final air

temperatures .for case I than for case II.. However, . the difference in
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final temperatures (between the two cases) is less than that for either
the direct or indirect gain systems. Naturally, the air temperature is
greater for the Targer window aréa system in both cases. 3The'air tem-
perature of the three systems (direct gain, fndiréct géin,~and natural
passive) is maintained well above ambient by the solar ﬁeating., None of
the systems performs well on cloudy days, showing 1itf1e or no air tem-
perature increase due to absorption of cToudy day insoiation, since ]osf'
ses to the ambient outweigh these gains.

The results of the simulations of the direct and indirect gain pas-
sive solar heating systems, with auxiliary heating, are i11usfratgd in
Figures 3.5 and 3.6. Both systems maintain the air fempeﬁaturé at or
above 15.6°C for the first three (clear) days of case I; The direct gain '
system required a small amount of nighttime auxiliary heating for the-
first three day§ because of its larger air temperature f]uctuafions. The
“indirect gain system maintains the air temperature above 15.6°C for the
three days without the aid of auxiliary heating. The bresence of auxi-
liary heating is evidenced by a uniform 15.6°C air temperature. Both
systems drop to a steady air temperature of 15.6°C at about the same
© time early in the fourth day. Beyond this time, the air temperature is
maintained by auxiliary heating. In case II (Figure 3.6), howevef; the
direct gain system appears to dutperform the indirect gain system. Bbth,
systems maintain the air temperatﬁre above 15.6°C for the first day, but

both drop to and remain at 15.6°C for most of the second. Dufing each -
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succeeding clear day, the direct gain system attains about the same peak.
temperature, and the system supp]ies all the required heating'for about .
1/2 of each clear day. The indirect gain system, on the_other hand, |
provides all the required heating only for shorter peridds each succeed-
ing clear day. The difference in the performance of the two systems is -
due to the difference in storage sqrfacenarea., The'direct-gaih system.
has a much larger storage surface area, which eneb1es it -to respond.
quickly to absorbed insolation. i

Figures 3.7 and 3.8 illustrate the results of the test case simula-

tions of the .natural pass1ve systems with auxiliary heat1ng The systems

~ perform in much the same manner as the direct gain system Both systems

exhibit air temperatures in excess of 15.§°C during the sunny portion of
each clear day, indicating that solar gain.is providing all‘the necessary
heat for that poﬁtien of the day. In both cases I and II, the height and
length of the temperathre peaks-are (for each systém) identical for each
clear day after day 1. This‘is because the sterage of each system has a
relatively short time constant and thus reacts rapid]y:to absorption of
solar radiation. |

Figures 3.9 and 3.10 -i1lustrate the hourly average building eir
temperature of the isolated gain system fot cases f and IT, respectively.
Due to the action of the fan, which was turned oh and off several times
per hour,'the building air tempefatere varied continuously between

15.6°C and 21.1°C. The f]uctuation was greatest when the collector air-:
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temperature was much greater than the minimum temperature.needed to heat
the building. Whenever theico11ector air témperature‘fell to a level
which aT]owed the fan'to run continuousTy, an abrupt‘rise in the average
building air temperature occurred. This situation caused the unexpected
rise in building air temperature early in day 3 of case I. 'Thfs phenom-
enon also caused the odd shapes of the temperature rises an day 1 of
case I and on days 1 and 3 of case II. The isolated gain sysﬁem demon-
strates good solar heating capabilities by'mainfaining‘the building air
temperature above 15.6°C, without the aid of auxiliary heating, well into
the cloudy days of both cases.

In order to compare the performances of the simulated passive solar
heating systems, some definition of system effectiveness is neééssary.-
The most common measure of system effectiveness is the solar fractidnf
It is defined as the fraction of the building's heating load which is
supplied by §olar heating. The heating load was calculated for each
system, using standard ASHRAE techniques [17], as the energy needed to
maintain the building air temperature (above ambient) at 15.6°C (60°F)
for the six-day period, without solar heating. During the'simu1ations,.
the building air was heated only by heat from the thermal §torage, the
auxiliary heat source and éo]ar radiat{on. The heat subb1ied by solar
radiation was thus defined as

[solar heating] = [heating 1oéd] + [net change in thermal sto;age]

- [auxiliary heating].
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The net change in thermal storage was calculated from the inifia1'and
final stdrage temperatures. If the final storage temperature for a sys- :.
tem was less than the initial temperature; the net change in thekma]
storage was negative. The solar fraction was then defined as.the solar
heating divided by the heating load. Table 3.2 1ists the heatiﬁg load,
total auxiliary heat supplied, net change in therma]hstorage and the
solar fraction of each simulated system, for both test cases. |

As expected, the formal passive solar systems achieved higher solar
fractions for the "best" case (case II) than for case I. However, the
difference between the two cases is much smai]er than was anticipated
(only a few percent). This was probably due to the initial system tem-
peratures and/or the length of the test peribds. Inspecfion of Table
3.2 reveals that each system exhibits a different magnitude of perfor-
mance change between the two test cases. Each natural passive system
performs virtually the same for cases I and II. The isolated gain sys;
tem, however, exhibits the largest difference in performance, while .the
direct and indirect gain system performances differ some, but- not as
much as those of the isolated gain system. The magnitudes of the dif-
ferences seem to be directly related to the level of heat delivery con-
trol present in the system. The natural passive system with the larger
collector window area produced a sjgnificant]y larger solar fraction
than did the one with the smaller window area. This:resu1t was' expected,

but inspection of the results for these two systems indicates that




Table 3.2 Auxiliary Heating and Solar Fractions for the Test Case Simulations

Case 1 : Case IIV
Heating Auxiliary Net Change Auxiliary Net Change
Load Heating in Storage Solar Heating in Storage Solar
kw=hr kw=hr kw-hr Fraction kw-hr kw-hr Fraction
System - (10%Btu) (105Btu) (105Btu) % (105Btu)  (105Btu) %
Direct Gain 562 171 ~19 66-1 166 -19 67.0
: (1.92) (5.85) (-0.65) . (5.68) (-0.65)
Indirect Gain 562 96 -112 '63.1 114 -82 65.1
(1.92) . (3.27) (-3.82) (3.90) (-2.81)
Iso]afed'Gain 565 166 -19 67.2 168 +19 '73.6
(1.93) (5.68) (-0.65) (5.75) (+0.65)
Natural Passive
9. 3m2 486 316 -23 © 30.2 316 -23 30.2
(1.66) (10.8) (70.78 ) (10.8) (-0.78) ‘
17.7m? 512 - 269 -23 43.0 269 -23 43.1
(1.75) -~ (9.19) (-0.78) (9.18) (-0178)

¢9




63

doubling the collector area does not double the solar fraction. This is.
in part due to the increase in heat loss ‘which always accompanies 16-
creased window area. .

For both test cases, the direct gain system outperformed the in-
direct gain'(Trombe wall) systeﬁ. This is consistenf‘with the resd]ts
of Wray and Balcomb [12] for storage mass to window area ratios in ex-
cess of 830 kg/m2 (170 1b/ft2). The ratio for the formal passive solar

heating syétems used in this study was 976 kg/m2 (200 1b/ft2).




CHAPTER 1V
CONCLUSIONS

The results of this study indicate that passive solar heating sys-
tems are good means of space heating. With adequate co]]ectbr area and
thermal storage a passive system may heat a home for a fa1;1y long cloudy
‘period (one full day or longer); however, some. source of.make-up heat is
often needed to maintain human comfort levels during these c1oudy
periods, especially in-cold climates. For the conditions of this stuay,
the direct gain system is a better choice for space heating than is the
Trombe wall system. However, this does not mean that a direct gain sys-
tem is a better choice than an indirect gain system, since water wall
systems consistently out-perform Trombe wall systems [10], and may per-
form better than direct géin systems. Isolated gain systems, wh%ch are
retrofittable, exhibit the pofentia1‘to provide space heating comparabTe
to direct and indirect gain systems with the same co]]eqtof area and
thermal storage. |

Although formal passive solar heating systems may easily providé
more than 50% of the space heating requirements of a dwelling under
average mid-winter c&hditions in Bozeman, Montana, meré relocation of
the normal window area present in a house onto the south Wa11 of the
_bu11d1ng results in substantial solar heating. This re]ocation would be
difficult and expensive for houses which have already been built, but
would cost little or nothing at the original construction level. Night

collector window insulation is desirable for use with all types of
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passive solar heating systems because of the increase in thermal effi-
ciency which always accompanies its use.

The performance of all passive solar syétéms seems to be dependent
on the distribution of the incident solar radiation (inso]ation)'over
the period in question. The performance of passive systems abpears to
be best when the insolation is spread evenly over the period, such as
when clear and cloudy dayé alternate. A ‘decrease from this performance
is exhibited by passive so]gr systems when the insolation is more con-
centrated, such as when clear and cloudy days occur in groups ofithfee
each. The magnitude of this decrease is dependent on the type of system
considered. Natuva] passive systems, which exhibit large air tempera-
ture fluctuations when auxiliary heat is not supplied, experienée a
negligible decrease in performance from one distribution to the other.
On the other hand, isolated gain systems, which control heat delivery to
the building air better than the bther types of passive sysfems studied,
exhibit- the greatestrdecreése in performance when clear and cloudy days
occur in groups of three, rather than a]ternating. fhis seems to show a
direct relationship between the degree of heat delivery control 1nherenf
in ﬁhe system and fhe magnitude of the decrease in system performance
(from one insolation distribution to the other). This trend is also
exhibited by direct and indirect gain systems, and only applies to sys- °

tems with equal co]]ectdr area and thermal storage.
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APPENDIX A
SELECTION CRITERIA FOR LOCATION OF PROJECTED® POINTS

Development of the direct gain model required a éet.df sefecfion :
criteria to determine the location of.projected window chnér points.
Table 2.1 1lists the equations which were used to determine thé‘coordi—
nates of each projected pofnt. However, these coordinate equations .are
dependent on where within the room thé'projected point falls. The equa-
tions are different for each surface (floor; north wall, west wall, and
east wall) upon which the point may'fa11., The brocedure which was used
to determine the proper set. of equations‘to.use was as fo]]ows:’.
| First, the point was chécked to see if it fell dn;the fTbbr. If.

this was true, then the insolation direction met

C coty < W, (A.1)
Cy - Weany <0, 0 A2)
and one of either
C, + Catanycota <0 (A.3)
or , ’ -_
c, - (L -‘Ca)tanycgta < 0. o Az. (A.4)

If these criteria were not met, then the north wall was checked. If the.

point fell on the north wa]ﬂ, the following conditions were mef;

Ccoty > W ‘ - (A.5)
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and one of either _
(L - Ca)cotoc > U _ - (A.6)
or

-C,cota > W. (A.7)

If these criteria were also not met, the west wall was tested. The point

fell on the west wall if the insolation direction safisfied

-Cacotu <0, : (A.S)
C, * Cbcotytana > L, : (A.9)
Cb - (L - Ca)tanycotu > 0, (A.10)
and . | '
(L - C_)cota < W. (A.11)

If none of the preceding sets of criteria were mef,*then the projected
point fell on the east wall. However, in order to detect any efrors in
this method, the east wall was also tested. If the poinf waQ found not
to fall on any of the four allowable surfaces, an error message was
printed. This error message remained in the model thrgyghbut its devel-
opment and use and waslnever encountered during any run. - The projected

point fell on the east wall if the following conditions were met:

(L - C,)cota < O, ' -~ (A.12)
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Cb + Catanycota >0, o (A.13)
and . | |
-C,cota < W. ' : (A.M) |

These criteria were derived using physical reasoning combined with the

inherent physical limitations of the direct gain system.




APPENDIX B
DETERMINATION OF THE SUNLIT AREA CONFIGURATION .

The direct gain model contains a subroutine which generates equiva-
lent rectangles for each sunlit area in the room (see Chapter II). There
are 19 possible configurations that the sunlit areas could assume. Table

p’ BP’

Cp’ and Dp) for each possible configuratioh. Each of these cases has its

own set of equations for the calculation of the sizes and locations of

B.T 1ists the Tocations of the projected window corner points (A

the equiva]ent rectangles. Each of the sets was incorporated'fﬁto the
subroutine as an individual section, neéessitatiné some meaﬁs of deter--
mining which section to exeéute for any insolation direction. The pro-
gramming logic which was used to accomplish the selection procéeded as
follows: |
A variable was used to indicate on whiéh surfacé'(fﬁoor, north
wall, west wall, or east wall) each projected window corner pointl"
fell. These variables were then used to direct program execution
to the proper section. Since this model was written‘in_FortranJIV
programming language, computed GO TO statements were used. This
type of statement transfers control of the program to-:different
locations, depending on the va]ue'of a variable (i.e. the afore-
mentioned variables). Execution of the subroutine was transferred
through a set of 17 computed GO TO statements. The first statement
transferred -control :to various other GO TO statements as a function

of the Tocation of Bp. These statements, in turn, transferred
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Table B.1 Possible Configurations of the Sunlit Areas

" Location of

Configuration Ap Bp- Cp | }Dp' -
1 floor ‘f100r,- | floor - floor
2 floor floor west wall ~ floor
3 floor | " floor west wall ﬁweét wall
4 north wall north wall north wall nértﬁ wa11:
5. .' floor north wall | north wai]i_"' floor
6 1 Floor north wall | west wall floor
7 floor north wall west wall west wall
'8 north wall | north wall west wall | west wall
9 floor west wall west'wafff'- "~ floor

10 floor west wall west wall® | west wall
11 © west wall west wall west wall west wall
12 floor east wall | north wall ';f1ook
13 cast wall | east wall | north wall .  floor
14 “east wall east wall | north wall { north wall
15 . ~ floor " east wall ~ floor .' _floor :
16 east wall |- east-wali floor | floér :
17 floor ~east wall eas€‘Wa1]}" . floor
18 east-wall | east wall | .east wall flodr
19 " east wall A ' east wall

east

wq]T

east quTm
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control as a function of another projected point. This procedure
was repeated until the proper case was reached. FoF example, if
B. fell on the floor (Ap must also fall on the floor), fhe next

p

statement checked the location of Cp, and the following statements

checked the location of Dp'-
As a check on this method, the subroutine contained an‘errdr mes-
sage which was printed if the sunlit aréa configuratidh did nof match
one of the 19 allowable ones. The error message was neVér'éncountered
during any run, indicating that all of the possible configurations are

contained in Table B.1. The possibilities were derived hsing physicé]

reasoning and the inherent physica] Timitations of the system.




APPENDIX C
DIFFERENTIAL ELEMENT VIEW FACTORS

The méthod which was used in the'direct gain model to calculate the
-diffusé radiation view féctors necessitated expressions for view factors
from differential elements to planar surfaceg. Equations were needed
for two cohfigurations; perpendicular surfaces.énd parallel surfaces.
The equations were derived from expressions obtained from Seigel and.
HoweTl [21].

Figure 3.1 illustrates a diffefentia] element, dA], which 1s.§erpen-
dicular to surface A2. The element Ties in a plane which intersects AZ:

along its bottom edge. " Using the nomenclature given in the figure, the

view factor from dA] to A2, Fd1-2’ is given by

1 MYy o] A, Wy
F(ﬂ_2 = —“-{tan (ﬂ%) + tan (%) —\/X_z—%———}’z [tan (\/.Eg—_—;_——i—z— )
-1, . ‘ |
+ tan (\/—_——h—z—%—;)}} . ‘ (Q.])

Figure C.2 illustrates a differential element which lies in a pléne '
parallel -to surface A2' The expression for Fd1—2 was found by summing -
the view factors from the element to each section of A, (a, by c, and d).

o The terms were then regrouped, nesu]tﬁng in _




F = 51 X '(tah'] 7L S———va [s ) +
di-2 ~ 2ms V1 +(x/s)2 VA +_(x/s)2 ' 1 +(x/S)2
W= X (tan-l 7/ S _j_xL/_s__) .
R e T e
y -(tahf] x[é + £an-1 (w- x}/s ) +
V1 +(y/s)2 V1 +(y/s)2 V1 +(y/s)2
h-y ( -1 x/s -1 (w-x)/s )
tan + tan -
ety e e T
- | (C.2)

Equations (C.1) and (C.2) were used in conjunction with Equation
(2.2) to calculate the diffuse radiation view factor for each pair of

heat transfer surfaces within the direct gain sysfem.
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dA

Figure C.1 Differential Element for Perpendicular Surfaces
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Figure C.2 Differential Element for Parallel Surfaces




APPENDIX D
NUMERICAL DOUBLE INTEGRATION

In.order to calculate the diffuse radiation view factor for each
pair of heat transfer surfaces within the direct gain model, as presen-
ted in Chapter II, a method for performing numerical double 1ntegrétiqn
was needed. Such methodé appear in many numerical methods texts. The
method which was u;ed is very similar to, but was developed independent-
ly from, that presented by Gerald [22]. The technique which fo]}ows is
applicable to any numerica] integration method. Simpson's method was
used for this development because it is the most commonly used numerical
integration method.

Suppose the integral, I, of the function F(x,y) is desired, defined

as ,
Ym £n '
I =f I F(x,y)dxdy. (D.1)
Yo *p .
This equation may be rewritten as
I =f - G(y)dy (D.2)
Yo A
where
Xn - '
G(y) =f F(x,y)dx. - (p.3)
. . .

0
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Using a Simpson's rule integration, Equation (D.2) may be apprdximated

as
I 25 [6(yy) + 46(y;) + 26(y,) + 46(y,) + 26(y;) + ...
+ 46(y,_5) + 26(y,_,) * 46(y_ ;) * 6(y )] (D)
where
) |
G(‘y'i) =f F(x,_yi)dx. ‘ ' (D.5)
%o

HoWever, G(yi) may also be approximated, using Simpson's rule, as
G(.Y-') = A?)—X [F(xosy.i) + 4F(X-I,_Y.i) + 2F(X2"yi) ...
* 2R (% pe¥y) + AF(xp_q5¥3) + Flxay) 1 - (D.6)

Numerical double integration may thus be performed by using Equa-

tion (D.4), with each term determined from Equation (D.6).




APPENDIX E
INSOLATION AND AMBIENT TEMPERATURE DATA GENERATION

As explained in Chapter II, the various passive solar system models

used to perform fhis study could only be run With hourly or sub-hourly

insolation and ambient temperature data. Actual measured hourly inso]a;

tion data were not available for Bozeman, Mohfana. They are available

for Great Falls, Montana, but the extrapolation of this data to Bozeman

could result in large errors, due to significant elevation-and climatic

differences between the two locations. Average daily insolation values,

however, are available for Bozeman. The necessary sub-hourly insolation

data were generated such that they satisfied the average conditions.

The insolation was assumed to be distributed throughout the day in a

' $inusoidal form, as shown in Figure E.1. The general equation for the

insolation distribution, Qg of this form is (for daylight hours)

= _ 2m(t-SR)
qs qave(] cos DL ).

The total ihso]ation for the day, HS, is given by

24 12+%L—
Y =f q.dt =J: q.dt.
sy % ,:0L %

2

(E.1)

(E.2) .

Equation (E.1) was’substituted into (E.2), the integration was performed

and Gaye Was found to be

= HS
9ave © DL °

(E.3)
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Figure E.1 The Assumed Insolation Distribution

The necessary sub-hourly insolation data were thus generated using

RS L onfEeERY.
 r DL(] COS™—p )5 SR <.tV 59

0 at night. (E.4)

The day length, DL, was calculated using relations obtained from Duffie
and Beckman [14]. It is a function only of the day of the year and of
the latitude of the test Tocation.

Hourly ambient temperature data are available for Bozeman, as they
are for any U.S. Weather Service recording station. These data were not
used directly, because a specific number of heating degree days and

nights were desired for the test case ambient temperature distribution.
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Heating degree days, DD, are defined as

DD = heating degree days (for one day)
DL
7
= - ' '
‘24f (Traf = Tamp)dt (E.5)
12.BL
12-2

where Tref = peference tempefature = 18.3°C (65°F).

Degree nights, DN, are defined the same, except that the integration is
performed only for nightfiMe ambient temperatures. The hourly ambiéﬁt
temperature data which were available were used to determine the average
total monthly heating degree days and nights for BoZeman'(from 1968 to
1977). These values are’]%sted in Table E.1. The sum of degree‘days
and nights equals conventional degree days, DDconv'
| The simu]ations.which were performed for this study used ficticious
’(hypotﬁetica]) ambient  temperature data. The temperature diétribution |

was asshmed to be sinusoidal in form, as shown in Figure E.2. The

general equation for this distribution is

Tt

T . =T -(r =T cos 73 (E.6)

amb mean max mean)

The distribution was also constrained to have a number of heating degree
days and nights equal to the daily average for January in Bozeman; as

determined from Table E.1. Degree days are defined by Equation (E.5).




amb

max

Tmean

O 1 | >

>

0 12 24 solar time

Figure E.2 The Assumed Ambient Temperature Distribution

Conventional degree days are defined as
24

DD = DD + DN =.f (T

conv )
0

amb)

s dt. (E.7)

Equation (E.6) was substituted into (E.5) and the integration was per-

formed, resulting in

DL

I ) DL 1 mDL
ref 24 © Tmean( )

;T-sm?z‘—-ﬁ—T —sin 55— . (E.8)

DD =T max 24

Equations (E.6) and (E.8) were then substituted into (E.7) and the inte-

gration was performed, resulting in

g oL DE (e DA Dl
DN, = Tref(] A 24) ¥ Tmean[24 AT ot
T dgn 20t (E.9)

max 24
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Table-E.1 _Degree Dav/Niqht Avéraqes for Bozeman. Montana (1968-1977) -
Month Degree Days °C- Degree Nights °C
January 265 | 567
" February 228 o 13
March ; 250 - 361
ApriT {190 230
May | 127 14
June : 66 | 79
July 31 | 46
August - 32 57
September 78 . 147
October 134 277 '
November 173 - ‘ 405
Deéember - 235 ' 522
Equations (E.8) and (E.9) were solved simu]taneoué]y for Tmeangand Tmax’

resulting in

- (DD + DN) (E.10)

Tmean N Tref
and
- T : DL - DD - 1 5,mDL - DL
Thax = cin ML Tef 27 * (Tpeg - DD DN)(;§1n24 >7) (E.11)
24 )

- DD

The necessary sub-hourly ambient temperatﬁre data were then ggnerated
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using Equation (E.6), with Tmean

(E.10) and (E.11). The data then had the required number of heating

degree days and nights.

and Tmax determined from Equations
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