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NOMENCLATURE

Not all of the symbols used in this thesis are listed

Symbols used locally are defined where they appear.

collector area

gap cross—section area

collector area jrradiated by direct beam
collector ared shaded from direct beam
jnlet (ot outlet) wall vent area

spacing between wall surface and first cover
glazing

building thermal capacitance
specific heat
hydraulic diametex

bottom wingwall extension

1eft overhang extension
right overhang extension
top wingwall extension
relative overhang extension

fraction of the collector irradiated by
direct beam

monthly average fraction of the collector
srradiated by direct beam

collector heat removal factor
collectox radiation view factor of the ground

XV



oy - . monthly averagé beam solar radiation on &
horizontal surface

H,y - monthly average diffuse solar radiation on a
horizontal surface
H, _ monthly averageé solar radiation per unit
shaded collector area.
ﬁo . monthly average extraterrestrial solar

radiation on & horizontal surface

k - thermal conductivity of collector-storage wall
k, - thermal conductivity of air

KT _  atmospheric clearness index (ratio of H to ﬁo)
KL - product of the extinction coefficient and the

thickness of one cover glazing

M - mass of collector-storage wall node 1 per
unit area

™ — T rew—rale

nc _ pumber of cover glazings

N - number of nodes in collector-storage wall model

P - projection of shading component

5 : - relative overhang projection

Pt _  Prandtl number

4 _ ryate of energy transfer per unit area

ﬁb - rate energy is transferred from back of
collector-storage wall to building per unit
area

4y - rate that collector-storage wall transfers energy

through covers to environment per unit area

as __ryate solar emergy is transmitted through win-
dow oT absorbed DY wall per unit area

xvii
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RI

ratio of incident beam radiation on the
collector gurface TO incident beam radiation
on the horizontal surface

total beam radiation on & collector surface
in a month divided by the total beam radiation
on a horizontal gurface in the same month
Reynolds numbexr

refractive jndex of the glazing

thermal resistance of night insulation

time

temperature

ambient air temperature

building temperature

temperature of the inside cover of the collec—u*

tor-storage wa

temperature ol collcctcrwqforage wall node 1

gap inlet air temperature
mean air temperature in the gap

temperature of inside gurface of the collector-
storage wal

gap outlet air temperature

collector-storage wall outside gurface temper-
ature

energy transfer coefficient between collector-
storage wall inside surface and building

flat plate collector overall energy loss
coefficient

__collector—storage wall top loss coefficient

xix



(Td)b

(Tﬂ)d

]

transmittance—absorptance product for beam
radiation

transmittance—absorptance produce for diffuse
and ground reflected radiation

latitude
profile angle
hour angle

maximum profile angle for the collector toO
remain shaded
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CHAPTER 1
INTRODUCTION
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Few climates are as ideal for solar energy utiliza-

tion as the southwest United States. To provide a use-

ful solar gain during winter in most climates, & massive

wall must be covered with a transparent glazing tO reduce

st to the environment. Where the winter

the energy 1o

climates are Very cold, insulation must be placed be-

d environment at night to keep energy

tween the wall an
Building components

losses from overcoming the gains.

e walls and cover glazings are

including thermal storag

lector-storage walls.

referred to as col

1t is necessary to shade windows and collector-

storage walls during summer to prevent excessive solar

heat gains. Fortunately the sun changes its position

between winter and summer. During winter, when—s0lal

energy gains are desired, the altitude of the sun is low

and the sun is to the south (north in the Southern

hemisphere) of the building. Generally the south wall

is the most appropriate building surface to use as 2

solar collectoT. During summer, when solar gains are

not desired, the altitude of the sun is high. A build-

ing component, guch as an overhang, can be placed to

shade the collector from the sun during the summer but

not during the winter.
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mathematical model of the system and simulate the system
performance on a computer using hourly measured meteoro=
logical data to drive the simulation. Model parameters
can be varied and the gimulation repeated. The effect
of design parameters o0 system performance can then be
measured. TRNSYS Version 10.1 (developed by the Solar
Energy Laboratory, University of Wisconsin-Madison) is a
transient system simulation program. Tt is used in this
study to simulate the performance of buildings directly
heated by golar energy.

When solar collectors such as windows are directly
coupled with the building, it is necessary to shade the

cottectors during summer tO prevent overheating. The

shading component will reduce the golar radiation trrct

dent on the gsolar collector throughout the year. As

the performance of the solar collector 18 dependent

on the solar energy it receives, & method of estimating
the long term average daily solar radiatiom on the shaded
collector surface would be useful. A method to estimate
long term radiation on unshaded surfaces is presented

by Klein (1977) . That method is extended in this study

to include shaded, vertical gurfaces.



thermal resistance of the insulation.

In chapter & a model of the collector-storage wall

is presented. A one-dimensional thermal circuit network

is used to model the wall. As energy £low through the

wall is two-dimensional, one and two dimensional models

are compared. A method of calculating the mean gap air

velocity when the air flow is driven by buoyant forces

is given.

In chapter 5 2 building to be gimulated with the

collector and shading components is described. Base

1oads without solar components are simulated.

In chapter 6 the effect of varying collector-

is studied. The annual

= =3 i on parameters

solar fraction, &, is defined and then used to measur®

£ the solar system. The design parar

the performance o}

meters varied are the collector area, number of covers,

night insulation, wall thickness, wall thermal conduc-

tivity, wall thermal capacitance, air mass flow rate

through the gap and overhang design.

1n chapter 7 the effect on the solar fraction of

varying direct gain system.parameters js studied.

Parameters varied are the collector area, number of

covers, building thermal capacitance, thermal resis-

tance of the ﬁight'insu&ation,_agé‘eggmer cooling strate-

gies. Direct gain gystems are compared with collector-



9
(Olgyay and Olgyay, 1957). Methods of designing build-
ing components and of locating trees to shade buildings
during summer are presented, Examples of many build-
ings showing a wide variety of shading devices are pre-

gented. Design with Climate (Olgyay, 1962) expanded the

earlier work tO include human response toO temperature,
radiation and humidity, evaluation of climate, effect
of building design on wind induced ventilation, and the
thermal effects of materials.

Direct gain and collector-storage wall systems have
been simulated at Los Alamos geientific Laboratory.
Papers detailing the studies are referred to in the
text as they relate to the simulations analyzed in this

text. The Los Alamos studi€s trave sepulted in the

development of design methods for direct gain systems
(Wray, Balcomb, and McFarland, 1979) and collector=
storage wall systems (Balcomb and McFarland, 1978) ., These
methods are empirical correlations and are restricted

to the values of the parameters specified.

Jones (1979) has ‘developed 2 method of estimating
the long term solar radiation on yertical collectors
shaded by overhangs for any collector azimuth, The
method is analytical but 1imited to the aesumption that

the overhang extends infinitely past both sides of the



CHAPTER 2

OVERHANG AND WINGWALL SHADING COMPONENT MODEL
2ad General Description

When a puilding component is designed to be a solar
collectox admitting incident winter solar radiation, it
becomes necessary to shade the solar collector during
summer. Thig chapter describes the modelling of an over-
hang and/or wingwalls designed toO shade vertical solar
collectors. An overhang is a building element projecting
outward horizontally from the building wall., The over-
hang is 1ocated above the solar collector. A wingwall

is a buildins stement proiecting outward yvertically from

+he building wall and located to the 1eft and/oT Tight
of the solar collectoT. (Left and right are defined from
the point of view of an observer outside the building.)
goverhangs are appropriate shading devices when collectors
face south. Wingwalls are appropriate ghading devices
when collectors face east OT west. As it is generally
advantageous to orient collectoxs roward the south, the
overhang is 2 more useful shading device. The emphasis

in the following analysis is placed on the overhang.

.2 Geometry of yertical, ghaded Solar Collectors

The geometTy of a vertical golar collectoT shaded
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tal surface. P is the ground reflectance. B and

are the collector radiation yiew factoxs of the

F
c-8g

sky and ground.
Combining equations 2.1

The derivation of F._g and Fc_g are

] and [2.6] gives

given below.
G, = GpRpfi T GFos ¥ P%Fe-g [2.71
2.4 Collector Radiation View Factors of the Sky and

Ground

w factors are calculated

sky and ground radiation vie
e and ground reflected radiation CO be

assuming diffus
F and

jsotropic. For unshaded vertical collectors, F._g

are equal to one half.

F
E———aﬁ—e#erhang_gggigg__________

duced when 2 shading device (1.8«
The radiation

These view factors are ¥re-

present. geometry for a

wingwalls) is
ang and a collector an

d wingwall are

collector and overh
shown in Figure 2.3(a) & (b). The collector radiation
ctor of the overhang, F,_o° is computed by inte-

view fa
area radiation view

differential collector

grating the
factor of the overhang over the collector area. Referring
to Figure 2.3(a): Fag is given by '
Fom™ Ji FdA-Al dA + Jﬁ FdA—Az dA [2.81]
Where Eda—Al én@-?dArAz a?f_given by Siegel and Howell

(1972)
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Foa-a, 22X tam_l (Eﬁ
1 &) &)
5, (Bg (2.91

Referring tO Figure 2.3(b), Fo the collector radiation

view factor of the wingwall, is given by

Fow = t/:m Pap-a, 7 fA F by =2 (2.101

The overhang reduces the collector radiation view

factor of the sky. However, the wingwarits reduce both

the sky and the ground view factors. Assuming the

ground TO be an infinite plane, the collector view fac-

tors of the wingwall are apportioned to FC_S and Fc-g

according to Figure 2.3(b) . u/‘F dA is deducted
z g (). o pFaa-a1 T

from ¥, _g and o/ p Faa-Ao dA is deducted from Foog®

L & L R

Foueg ~ Z Foeo ™ fAFdA-Al dA - /A’F -A dA [2.111
_1_ /b _ /R

Fe-g ™ JQFdA-AZ i Jg%dA-Az da [2.12]

The superscripts L and R refer to the left and right
wingwall. Equations (2,81, (2.101, TZTII]‘and~%21123

are solved by numerical integration.



™
=

1 3.92 percent of G. Since solar

would equa
winter is roughly tw

overhan G
g)s ov
ice

g vertical surface in

radiation on
tion on a horizonta

as large a golar radia 1 surface (at
the effect

of including G in the
ov

middle jatitudes),
calculation of G4 is to increase Gg by 2 percent under
1 conditioms. Therefore,(%ﬁrhas been judged to be

lative tO GS and has

idea
not been jncluded in

negligible re

the calculation of Gg.
A wingwall can reflect beam and diffuse solar radia-
ctor as well as ground reflected solar

tion onto a colle
olar reflec-

gwall with a high s

However, a win
r solar radiation onto

radiation.

eflect unwanted summe

tance will ¢
olar radiation.

the collectOrl yra—yioll—as desired winter s

n northern climates
a wingwall shoul

G.., the solar radiat

where summer overheating does

Except i
not pose a problem,

w solar reflectance.

d be designed with

ion from

a lo
the wingwall onto the collector, is given by
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overhang projection is 2.5 ft (0.76 m) and the gap is
1.0 ft (0.30 m). The daily and seasonal variation of £;
for two collectox azimuths areé presented in Figure 2.k,
The solid plots represent overhang extensions equal to
zero, and the dashed plots represent overhang exten-=
sions equal £o 3.0 ft (0.91 m). First, consider the
south facing wall., On the winter solstice, £; is very
nearly one throughout the day and the extension does mnot
have any effect on the value of £;- Opn the equinoX,

fi yvaries from oné to 0.75. The larger extension drops
the value of £; to 0.75 early in the day. On the summeY
solstice, the sun does not rise on the collector until

The miadte of the morning (the vertical segment of the

plot). Wwith an extension of zero, fi has a valué TH&arl
0.45 at gunrise on the collector, dropping to zero near
golar noon, and increasing to 0.45 in mid afternmoon at
sunset on the collector. The effect of the three foot
overhang extensions is to reduce £y by more than £ifty
percent. Ten foot extensions weuld reduce £j to zero
throughout the day. An overhang with extensions can
be designed to shade a collector totally during summer
while leaving the collector unshaded during winter.
When the collector 18 faced 45° west of south, the

overhang 1is noﬁ'd@'effeetive.at shading the collectoT.
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puring the solstices and equinox, the overhang shades
the collector immediately after the sunrise on the
collector. As the aftermoon proceeds, £; increases
until the collector 1is completely unshaded from late
afternoon TO sunset. The extension has 1ittle effect
in summer but does reduce £5 in the winter (when high
values of fi are desired) .

paily and geasonal gariation of £; with wingwall
shading is shown in Figure 2.5. The collector has
the same dimensions as the collectoT shaded by the over-
hang. The left and right wingwalls have a projection
of 2.5 ft (0.76 m), 82P of 1.0 ft (0,30 m, and top ex-

P

tension of LU It (5300 he wingwalls shade the spoth facing

collectox during the morning and afternoon On the solstlces
and the equinox. The change of seasons has 1ittle effect
on the daily variation of £ When the collector faces
45° west of gsouth, the 1eft wingwall and right wingwall
have different cffects. The right wingwall is repre-
sented by the dashed line and the left wingwall by the
gsolid line. The right wingwall shades the collector

more on the winter golstice than the summex solstice.

The left wingwall does not shade the collector in the
winter solstice while it does provide shading late in the
afternoon on the summer solstices When a collector

faces east OF west of south, the wingwall to the north
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of the collector can provide chading during summer with-
out shading the collector in the winter. However, the
wingwall to the south of the collector is detrimental

to the collector performance since it shades the collec-
tor during winter. When a collector faces south, a wing-
wall is mnot needed since an overhang can be designed to
totally shade the collector during summer while leaving
the collector unshaded during winter. Therefore, the
remaining analysis will only consider overhangs for the

shading of solar collectors.
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the sun in the sky changes. Diffuse and ground reflected
radiation strike the window from all directions. The
transmittance of diffuse and ground reflected radiation
can be computed assuming isotropic radiation. Brande-
muehl and Beckman (1979) have shown that the mean angle
of incidence for both diffuse and ground reflected radia-
tion is 59,4° + 0.6° for vertical collectors.

The optical parameters required to determine the
window transmittance are the refractive index, RIL; the
product of the extinction coefficient and the thickness
of one pane, KL; and the number of covers, nc. A com-
puter subroutine that determines the transmittance-

SyEr s eEsa BEe LU of a solar collector is called by

ﬁhe window component to compute the window transmittance.¥
The solar absorptance of the building space behind

the window is assumed to be one. This assumption is
discussed below. Once the transmittances of beam
radiation, Ty, and diffuse and ground reﬁlected radia-
tion, Tg4p.» have been cdﬁputed; és’ the solar radiation
transmitted into the building per unit window area 1is

given by

A4 = bRbfin + (Gch",S 2 pGFC-g) T 4w [3.11]

*§ee TRNSYS A Transient System Simulation Program, Ver-
sion 10,1, Function Subroutine TALF.
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mainder of the analysis.

3.4 Thermal Energy Transfer Across a Window

A window, even when covered with an insulated shut-
- ter, has negligible thermal capacitance. Therefore,
the thermal energy transferred across a window is modelled
assuming quasi-steady state conditioms. The rate at which
thermal energy 1s transferred into the building per unit

window area, &t’ is given by

4, = Uy (T, = Tp) [3,5]

Ty and T, are, respectively, the ambient and building air

emmpeEalires UW is the heat transfer coefficient of the

window assembly. 1In climates with moderate to severe
winters, an insulated shutter could be placed over the
window during the night to reduce energy losses. U, for
a window with or without night insulation can be deter-
mined from Figure 3.2, The three curves: represent single,
doublé and triple pane windows. The points on the left
axis give U, for uninsulated windows. The values are

given in the ASHRAE Handbook of Fundamentals (1977)7%*.

The figure 1is entered with the value of the thermal re-

sistance of the insulating shutter and the air space be-

*Chapter 22, Table 8.
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rween the shutter and window. The inside and outside air

film resistances are accounted for with the uninsulated
windows .

3.5 MNet Energy Transferred Across a Window

The rate that energy is transferred across the win-

dow into the building, Qn’ is equal to the sum of the

solar and thermal energy transferred multiplied by the
window area. Qn ig given by

E;ﬂ = (4, q)A [3.61

resents histograms of

The

A is the window area. Figure‘3.3 P

f) £ January in Madison, Wisconsin.

wan

£or the month o

window is 2 double pané glass with RL equar to 1.526 and

KL equal to 0.0524. Tb equals 68°F (ZOOC) throughout the

Figure 3.3(a) represents an uninsulated window

ents a window that is insulated

month.

and Figure 3.3(b) repres

at night with 1 inch (0.0254 m) of fiberglass at night

(U, equals 0.18 Btu/hr-ftz-oF or 1.02 w/m? Oc when in-
sulated) . The solar gain is the same in both cases. How-

ever, the thermal losses are nearly equal to the solar

gains for the uninsulated casée, and roughly one half of

the solar gains for the insulated case. This example

j1lustrates the advantage of providing insulated shutters

on windows in climates with moderate to severe winters.
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CHAPTER 4

COLLECTOR-STORAGE WALL COMPONENT MODEL
4.1 General Description

A collector—storage wall combines golar energy col-
jection and storage into the same anit. The wall is con-
structed with materials having large thermal capacities,
such as concrete OT containers filled with water. Solar
radiation transmitted by the cover glazing is absorbed on
the outside gurface of the wall. A portion of the ab-
sorbed solar radiation reaches the building by either
of two paths. One path is via conduction through the

wall.— From the inside gurface of the wall, energy is

convected and radiated into the buillding. The—esecond
path is via convection from the hot outer wall surface
to air in the gap between the wall and first cover.
Building air flowing through the g3P is heated, carrying
energy back into the building. The movement of air in
the gap can be caused either by 2 fan or bY buoyancy-

In the buoyancy case, lighter, heated air rises in the
gap and enters the building through outlet vents located
at the top of the wall while heavier, cool building air
enters the gap through inlet vents located at the bottom
of the wall. Movement of aif by buoyant forces will be

referred toO as thermocirculation.
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creases in losses to the environment and gains to the
building. Both the losses to the environment and the
building gains £rom heated alr in the gap follow the
wall surface temperature, reaching a maximum in early
afternoon. Energy conducted through the wall begins tO
flow into the room by early afternoon, reaching 2 maxi-
mum early in the evening. Shortly after sunset, the
wall losses equal the building gains. By midnight, the
1osses are twice as great as the gains. BY the follow-
ing morning (Figure 4,.3) more than 807 of the energy
being discharged by the wall is lost to the environment.
Figure 4.3 shows the energy flows through the wall on 2

cleudy—day following the sunuy day. Only during midday

is the absorbed solar radiation large enough TO OVercome
losses and charge the wall. However, much of the stored
energy is lost to the environmentywith 1ittle reaching
the building. shortly after sundown; more than 90% of
the energy discharged is 1ost to the environment. Some
conclusions can be drawn from this analysis. First,
collector-storage walls do not perform well on cold;
cloudy days. (The average ambient temperatures for the
two days were 16°F (-9°C) and 21°F (—5°C) reSpectively.)
gecond, since the wall loses energy 94 hours per day (as
compared to an active-collegtqy)i_the strategy for con-

trolling the losses will have a strong cffect on the per-
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The twoO gurface nodes have half

thermal capacitance.

al capacitance of th

the therm e interior nodes. The wall
temperatures and enexrgy flows are driven by the condi-
tions outside the model boundary. These are the inci-
solar radiation, Ggi the building and environment

and T_; and
a

dent
rol

temperatures, Ty, the value of the cont

Fach of the terms of equation [4.11

function Y.

are computed as follows
. N aT,
q = 3 mGC_ - [4.31]
stT 1=1 i'p dt
: (7o) Gg (4.4]
ﬁs - or
GbR.bfi(Tot)b + (Gch—s + pGFc—g) (ta) ar [4.5]
q, = U, (Tg - T,) [4.6]
G =% (Ty - Tp) 4.7]
9y @%g (To - Tin) bk
The terms o0 the right side of equations [4.3]1 through

{4.8) are described belov.

The changé in energy gtored in the wall per unit
area, as approxima;ed by equation (4,31, is equal to the
sum of the change in energy stored in each element of



i~
o

The superscript " refers to temperatures from the pre-
vious timestep. A modified Euler method is used to
solve the differential equations. The network model is
subject to instabilities if the timestep chosen ié too

large. 1he critical timestep for the component model,

At., ig given by
, pC_AX : g conq
r T ®m AX b’ AX

The dynamics of the total gimulation may require a timé—
step smaller than At.. h.. is the effective radiation heat
transfer coefficient between the outer wall surface and
the first cover. hc is the convection heat trans fer co-

efficient between the outer wall surtace andthe air in

the gap. Up is the combined radiation and convection
heat transfer coefficient between the inside wall surface
and the building. k is the thermal conductivity of the
wall. '

The solar energy absorbed by the w;il; ﬁs, is de-
termined in the manner described in Chapter 3, section
3.2, except, a, € the solar absorptance of the wall is in-
cluded. (In Chapter 3 it was assumed that the solar
absorptance of the building was equal to one.j

Ehe.collector-storage wall energy 1OSS through the

glazing, ﬁ&, can be determined by two methods depending



a1

Ub is the combined radiation and convection heat trans-
fer coefficient. 1t is an input tO the component. Undex

normal conditions the value of Ub would be 1.0 to 1.5

——EEEE—— [5.7 to 8.5 J§EE-]. In this study, Ub is

ur £t°°F 3, 2 o
equal to 1.5 Btu/hr ft F (8.5 w/m C).

The energy carried by air flowing through the gap
to the building (or to the environment) 1s given by
equation (4.81. m is the mass flow rate of air in the
gap. For forced convection m is an input to the compon-=
ent. For thermocirculation 2 is driven by buoyant forces
and the value of m is determined internally. The model-

ing of thermocirculation flow is described in section

oy - CP ig the gpecific heat of the air. Tin is the

inlet air temperature. 1f v equals 1, Tin equals 1y .

1f y equals -1, Ty equals T,. To is the outlet temper-
ature of the ait. T, can be determined from an energy
balance on 2 differential volume of air in the gap per-
pindicular to the flow. The energy balance yields (see

Figure 4.6) .

mC, T ng (17D * o (T,"D) (4.18]

T is the air temperature in the gap at position z. w is
the width of the wall. Separating the variables and
integrating equation 14,181 over the flow length L and

solving the result for (TO-Tin) yields
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97, =T,.=T 2h A
T -T._ = in 71 8| exe - 0 (4,19
5 mC

However, in the one—dimensional model, iv is determined
from T, the mean ailr temperature in the gap, and the
resistance to energy transfer through air flow in the

gap. T igs defined by

L
1 ]
T -T,. = ijo (T-Tin) dz 4,20]

where

P

2Tin-T1eT \2h wz
o “"1?“"15 EXP - -1 [4.21.]
in oC

into equation [4.201 and per-

A1 1
== |

Inserting equatiohl f4

forming the integration yields

2T . 2h A '
T -T. = __—————3[ TEP—K(EXP- - ]_) -1} [4.221

m in 2

nergy transfer through the air stream

The resistance to e

per unit area, R, is defined by

A(T -T. )
p=i - B—F [4.23]
Ay mcp(To—Tin)

Combining equations [4.191, [4.22] and [4.23] yields
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tion for convection heat transfer between vertical par-
allel plates given by Randall, et al, (1979)

0,291 k
h = {0.0965 (Gr*Pr) . a ;

c

k, is the thermal conductivity of the air. b is the
plate spacing. Gr is the Grashof pumber. FPT is the
prandtl number. Wwhen air 1s flowing in the gap, the

value of h, depends -on whether the flow is laminar or
turbulent. 1f the flow ig laminar (Reynolds pumber 1is

less than 2000), then h, om the follow-

is determined fr

ing correlation for flow between parallel plates with
g cover approximates an

one plate insulated (the glas

ijnsulated plate) e by Mercer et al. (1967)
R 1k
7' L]
h = X4.9 . _0.0606 G99~ — l 2 (4.28]
¢ 1.0 + 0,0856 (x%)" "

where
x* = N TR [4.291
Re-Pr-DH ¢

is the Reynolds aumber. Dy is the hydraulic diameter

Re
ch is equal to four

of the flow channel, whi times the

vided by the flow perimeter.

s sectional area di
The correlation used

of the flow channel.

flow cros

L-is the length
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2 - - 3 .
0= hc(Tg Tm) + hc(Tl THP + R.(Tin Tﬁp [4.321]
solving both equations gimultaneously for Tg yields
R ' c
TUt+ ln_-—-—-—]-_-+Tl hr — 1
2h, + R} ‘ 2h, + g
T = : .
g "y [4.331
-
h, + U+ h, —T
2h -+
c R

T, can then be calculated after rearranging equation

[y« 323

T.
in L (r_+ T b
. -k e 12 (4.36]

m 1
?_hc + R

dimensional Models

4,3 Comparison of One and Two-

An implicit assumption in the one dimensional
1 and glass temperatures

£ model is that the wal

mal circul
direction during

of position in the flow

are independent
n the gap. In order to test this

periods of air flow i
lation is set up with five

assumption, & computer simu
storage wall component
is 3.28 feet (1 meter)
0.67 feet (0.2 meter) t

channel is 16,4 feet (5

s connected in series.

collector-
wide, 3.28 feet

Each component
(1 meter) long and hick. The
meters) .

total length of the flow
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Two — dimensional Model

one — dimensional Model
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i

— 7 bl

a, = a4 *az* %3 T e +Ays

a, = 8, *%, 3 Ta Faps

Figure 4.7 One and Two-dimensional Models of the
Collector-5Storage Wall ,
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Table 4.2

o Dimensional Models

arison of One and Tw

Comp
mperature Profiles

and Exponential Te

with Linear
os flow rate of 110 %%E (50'§§)

for a ma
Energy Flows for October, Madison, Wisconsin
Q Q Qaxial
v (average)
Btu Btu Btu
(K1) (KJ) (KJ)
One Dimensional Models
Exponential Profile 123400 647800 --
(117000) (614000) it
imea: profile 126700 646500 -
(1201D0) (612800)
Two Dimensional Models
Exponential profile 123800 647700 47
(117300) (613900) (50)
647500 L7

Linear Profile 124400
(117900) (613700) (50)
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z (m)
140
(60)
122 One — dimensional, exponential
(50) One - dimensional, linear
axponenﬂcn

Two - dimensional ,
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Two = dimensional ,

104

(40)
oF
eC)

(30)

(20)

(10
0 328 6.56 9.84 13.12 16.40

z (£1)

emperature Profile as 2 Function of )

Figure 4.9 Air T 7
position in the Gap -~ h = 110 %I%En' (50 ]‘ﬁ%
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model have shown the validity of the assumptions of con-
stant wall and glass temperature. The exponential model
of the air temperature profile has also been shown to

give excellent predictions of the temperature profile.
4.4 Estimating Mass Flow Due to Buoyant Forces

In the thermocirculation flow regime, air circula-
tion through the gap is driven by density differences
between the air in the gap and air in the building. The
problem is to determine the pressure losses in the in-
let and outlet yents and in the gap that the buoyant
forces must overcome, Ihe solution is to consider air

+r—the building ands gap to be a closed system and apply

Bernoulli's equation over the entire system. FermoutH6
equation is solved for the mean air velocity in the gap.
The mass flow rate can then be determined from the velo-
city and the gap geometry. This solution 1s compared
to a relationship given by Balcomb et ak. (19774) using
data-measured by Trombe et al. (1977) .

The closed system for thermocirculation air flow
is shown in Figure 4,10, 1t is assumed that the only
pressure 1osses in the flow occur in the inlet vent,
gap, and outlet vent. For flow between points one and
two, it is gssumed-that the air density and temperature

are constant and that the air velocity at one is zero
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)

and at two is equal to the mean air yvelocity in the g2P,

Vg. Bernoulli's equation, in terms of the pressure

drop, is
PPy = - [ﬁ va?
2771 py | B12 ¥ 4B [4.36]

ﬁlz is the friction 10ss between points one and two;

By, will be dofined below. py is the alr density at
point one. Between points tWwO and three it 1is assumed
that the velocity is constant and that the air temper=
ature and density vary 1inearly with height. The pressure

drop is then given by

P3Py 5 (Eoq + L) 4.37]

a
J

7 is the mean air density in the gap equal to the arith-
matic average of 0q and py. 8 is the acceleration of
gravity and L is the yertical distance between the

inlet and outlet vents. Between points three and four
it is assumed that the density is constaﬁt and that the
air velocity at point four is zero. The pressure drop

is given by

2
_ & v :
Py~Fy = =03 [E34 - 72 ] [4.38]
Betweenupoinpg_foq; and one it 1s assumed that the

temperature is constant, there are no frictional losBses,
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tion. The square of the ratio of Ag TO Av corrects Vg
to the mean vent air velocity. Inserting equations
[4.41] and [4.42] into equation 4.401 and solving for

Vg yields

gL (pl.--p-). . Y
[4.431

Y '5{2+4(%§;)2]+§(—%-1j

n the denominator within the

considering the TwO terms i
square root, the following assumption is made

2
[2 + 4 (%%\ X >> (%?—]) [&.441]
Equatiomn [#7434—is_rewritten
Vg = s S (pl—-ﬁ) [4.45]
A )
(v oftg) )
ed to

ences to be small compar

Assuming pressure differ
y and temperature differences, equation [4.45] can

densit
ures of the air as

be rewritten in terms of the temperat

=T,
10 ) [4.46]
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and total solar energy gain, Q,» are compared with pre-
dicted values in Figure 4,11, Measured hourly mass flow
rates are compared to predicted mass flow rates in Figure
4.12. While both models predicted Q, fairly well, there
is a large descrepancy in the predicted and measured
values of masSs flow rates. Wwhile both models predicted
higher mass flow rates, they also predicted lower sur-
face temperatures. The effects are compensating giving
similar values of Qv' The test canmnot be used to vali-
date either model. However, the comparison does show
that variations in the magnitude of the mass flow rate
(and, therefore, reasonable variations'of the friction

factor) do mot etrongly affect the value of Q  OF of Q.
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1oad computations. The building skin is described in the
following section. A constant air infiltration rate
equal to one half the apartment unit volume per hour is
used in all the gimulations. Ventilation strategies are
discussed in section D5.4.

The apartment air temperature is modelled with a
single node using responseé factors built into the simu-
lation program.* The actual apartment has rooms O the
south and north sides of the building. Under most com-
ditions during the year there is no significant tempera-
ture difference between roomsS. However, experience has
shown that temperature differences of up to 20°F (lloc)
b cween gouth and north rooms do occur on sunny, cold

winter days. Rather than model a two Zone Tion e o 2

assumed that 2 small fan is used to mix the air through-
out the apartment.

The thermal capacitance of the apartment interior is
ostimated to be approx1mately 1 EE%—— (67 ‘—3-—0 or
5266 Bt: (10000 -—D The effect of varylng the capaci-

tance is dlscussed in chapter 7.
5.3 Description of the Building

The floor plan of the apartment unit modelled is

%gee TRNSYS - Type 19 component description.
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Building Dimens

Table 5.1

|

ions for Base Loads 1 & 2

=

South Wall

window fraction
Fast Wall
North Wall

window fraction

West Wall

Roof

UA

Base Load 1 Base Load 2
192 £2 (17.8 md) |192 2 (17.8 i)
0.2 0.2
208 £t2 (19.3 1) 0
192 &2 (17.8 ad) |192 2 (17.8 o)
0.2 0.2
208 €2 (19.3 1) 0
624 £62 (58.0 ) 0
29 oo (12 ‘3";) 127 oo (67 ‘g-;)




Qo
=

Table 5.2
Breakdown of Energy Consumption

Base Load 1

Month Number of Hours Energy Consumption M1 Btu (GT)
Ty, > 80°F _ Q Q Q

(26.7 C) AUXV \ FAN-‘ \ TOT
January 0 8,05 ( 7.63) 0 8.05 ( 7.63)
February 0 6.82 ( 6.46) 0 6.82 ( 6.46)
March 0 5.52 ( 5.23) 0 5,52 (5.23)
April 0 1.1% { 2.9 0 3,13 ( 2.97)
- May 14 0.97 ( 0.92) 0.03 (0.03)|1.00 ( 0.95)
- June 152 0.06 ( 0.04)|0.25 (0.26)[0.29 ( 0.28)
" Jury 200 0.02 ( 0.02) 0.30 (0.29) 0.32 ( 0.3D)
August 41 0 0.25 (0.24)|-0.25 ( 0.2%)
September 0 0.72 ( 0.68) 0.06 (0.06)|:0.78 ( 0.78)
Oétober 0 2,00 (¢ 1.90) 0 2.00 ( 1.90)
Noveﬁber 0 4,64 (4.38) 0 4,64 ( 4.38)
December 0 7.03 ( 6.67) 0 7.03 ( 6.67)
Year 407 18.94 (36.90) 0.89 (0.86)P9.83 (37.76)
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ig the operating energy consumed Dy the fan used to
ventilate the building. Qpgr is the sum of Quux and
QraN® Base Load 1, with losses through four walls and
the roof consumes nearly twice as much energy as Base
load 2. It is important tO note that the heating load

is shifted toward spring and is ouﬁ of phase with the
solar cycle. The number of hours the room temperature
exceeds 80°F (26.700) is tabulated as an indicator of the
geverity of overheating that may be encounteréd with full

south walls designed to collect solar energy.
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quired for mullions, this is equivalent to the maximum

collector area for the south wall of the building.

6.2 Annual Solar Fraction

Palmiter (1979) provides a complete definition of
the annual solar fraction, including system efficienciles
and the value of the energy used. This analysis 1s
1imited to the energy load seen by the building with 2
collector-storage wall (or direct gain system in chap-
ter 7) compared with the base energy load computed in
chapter 3 (Tables 5.2 and 5.3). For this analysis

the annual golar fraction 1is defined

gt I = %ggx + Qpay ¥ Ypar
- Q + Q )
AUX FAN Base Load

6.1

QpaAR is the parasitic power consumed by the solar collec-
tor system (i.e., power consumed by a fan used to force
air through the gap in the collector-storage wall) .
While thermal energy consumption of a furnace and elec-
trical energy consumption of a fan are not strictly
comparable,dmxming a furnace efficiency and electric
conversion efficiency would limit the analysis to the
type of systems chosen. QAUX and QFAN are constant

hourly rates, ada_ig_suéﬁj‘they do give a comparative
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Collector Ared (rn2 )
0 464 9.29 1394 1858
1.0 ; , |
0.9 = e . Base load | =
08 = ——— Base load 2 ‘ -
0.7 -
0.6 -
g
J 0.5 i
0.4 + : "
0.3 ”/). _
0.2 ‘ - =
.__/'/ _/.
0.l F ./ / =
il i |
0
0 50 100 150 200
Collector  Area (ft2 )

Figure 6.1 The Effect of Collector Area on the Annual
golar Fraction - Madison, Wisconsin
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Collector Ared (m2)
0] 464 929 1394 18.58
1.0 7 . ;
09 F —_— Single COver =
0.8 — wo——  Double cover -
0.7T —cee——  Triple cover -
0.6 -
o=
tf 0.5 f g
0.4 | | -
03} ,//. i
—'/
9—.-2 = /./ -
T ®
0.‘ = V“ /‘ -
0 e \
0] 50 100 150 200
Collector  Area (£12 )

Figure 6.2 The Effect of the Number of Covers on the
Annual Solar Fraction - Madison, Wisconsin
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2°C
Night insulation Resistance (m )

0 0.26 o0
1.0 1
09 r . e—— Single cover -
O.B — ——-.—— Double cover . -
07 ™ o —eme—— Triple cOVEr =
0.6 | -
G
J 05 F /./"- .-
0.4 e /-
0.3 ) i
0.2 e ..
0.1 -
o' :
0 15 200
: . . Hr.ft =°F
Night Insulation Resistance (—__—Btu )

Figure 6.3 Effect of the Thermal Resistance of
Night Insulation on the Anm'lal Solar
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heat capacity, often referred to as the thermal capaci-
tance. Balcomb, Hedstrom and'McFarland (1977B) examined
the effect of thickness and conductivity on the solar
fraction. They found that the solar fraction decreased
dramatically with decreasing thickness at high solar
fractions. Their results are in agreement with the sim-
ulation regults for the Madison climate shown in Figure
6.4, The points plotted in Figure 6. 4 are not related
to the sameé base load described in chapter 5 but are the
result of an earlier study. At high solar fractlons
(L.e., collector area equal €O 1000 ft2 or 92.9 m ),

the solar fraction decreases as the wall thickness de-

creases 10 agreement with Balcomb's findings. However,

at low solar gractions (i.€., collector ared equat—Eo

100 ft2 or 9.29 m.) the solar fraction increases with
decreasing wall thickness. (This result was not shown in
Bﬂambssuﬁy) Fm:ahin(&lm)wdlwﬁha

1 __QEE_# (1.73 -—~J thermal conductivity, the small
C

Waﬁi gzrforms better than a wall ten times its size.

This gurprising result can be explained with reference

to Figure 6.5, which shows the hourly rate of energy flow
from the collector gtorage wall to the house averaged
over the month of January for various concrete‘wall

thicknesses. A4 in (0.1 m) wall transmits the daily

golar energy pulse toO the house within a rwelve hour
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Hour of the Day

Average Rate of Energy Flow Between the
Back of the collector-Storageé Wall and the
Building as a Function of Wall Thickness
and Time of Day - January, Madison

24
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wall Thicknes {(m)

‘.0 T T T [ 1 i |
09 o

0.8 Btu W
k= |l —=—% o8 (I.73————)

ft.° o
0.7 Hr-ft °F m -°C

0.6 -

0.4 | | dhy
0.3 | W

e
e
L
—

0.2 | T

0.l
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Wall Thickness (in)

Figure 6.6 Effect of the Wall Thickness Conductivity
and Thermal Capacitance on the Annual Solar
Fraction = Madison, Wisconsin
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gimately 150 hours per month dur-

g and 650 hours per month during summer

The fan operates appro

ing winter heatin

when it is used to cool the wall. The result is a lower
is included for heating only and

performance when Qpagr

significantly 1ower performance when QPAR.iS included
For Madison, Wisconsin climates,

for heating and cooling.

the following conclusions are drawn:

reasing the mass fl

ncrease the golar £

(1) Inc ow rate does not
significantly i raction.

fan to cool the wall during summer

(ii) Using a

results in significant parasitic power

consumption.

Ohanessian (1976) compared free and forced convec-
4—that whilé

tion in the Australian climate and Concruded—tadey
the distribution of solar energy gain between conduction

anged, there wWas no change in the total

and ventilation ch
His conclusion is in agreement

to the room.
Sebald, et al.

solar gain
However,

with conclusion (i) above.
in the solar fraction

gnificant increase

(1979) show 2 si
model determines the top

n is added. gebald's
ir in the gap toO th
This calculation is

when a fa
e environment

energy 1088 from the a

m the first cover.

rather than fro
gses from the wall to the

complex in that radiation lo
gldgg‘cover—mustnbe_ggqunped for. This difference in
model construction may have accounted for the difference
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Figure 6.8 Effect of Overhang Shading on the Annual
golar Fraction - Madison, Wisconsin
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Table 7.1

Base Direct Gain Parameters and Control
Strategy for Simulations

Parameter Value
English ST

Area A 161 f£t2 15 m2

Number of Panes nc 2 2

Thickness - extinction

coefficient product KL 0,0524 0.0524
Refractive index RI 1.526 1,526
Ni%iiiiﬁiﬁi2t1°“ R | 15 Popte E | 0.26 E;g
Ooverhang projection P 4.92 ft 1.5 m

gap g 1.64 ft 0.0 m
extensions ey & ep 6.56 ft 2,0 m
House Capacitance C 21060 %?E 40000 %%

Insulation is placed over the window at night
from November through April.
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direct gain systems are compared to collector-storage
walls and flat plate collector systems in the Madison

climate.
7.2 Effect of Collector Area and Number of Window Panes

The annual solar fraction as a function of collec-
tor area for one, TwoO and three window panes is plotted
in Figure 7.1. Three panes are only marginally better
than two panes, indicatirg that the higher solar trans-
mittance of two panes is roughly balanced by the lower
heat transfer coefficient of three panes. One pané
exhibits a significantly lower performance.

e B s —AlLL 2 definite nonlinear relation-

ship between the solar fraction and the collector area.
As the collector area increases, the average room
temperature also jncreases, The effect is to increase
the building load and reduce the useful solar gain. For
the curve representing a single window, the additional
in solar gain, by changing from 121 ft2 (11.2 mz) to

161 ft2 (15 mz), is nearly balanced by the increased

building load. The result is an insignificant increase

in the solar fraction.

7.3 Effect of the Building Capacitance

In this study, it is assumed that the building air
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Figure 7.2 Effect of the Building Capacitance of a
Direct Gain System OR the Annual Solar
Fraction - Madison, Wisconsin
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pboth the building 1oad and the energy vented to alleviate
overheating are greater than the increased gsolar gain.
This result suggests that there is an op timum window
area for a given building capacitance; There is 2
difficulty, a8 stated above, in determining the approp-
riate building capacitance for a given situation. Only
a fraction of a building's thermal mass is jrradiated
at any time of the day. The thermal storage and the win-
dows must be located such that a large fraction of the
desired thermal storage is irradiated by the sun through-
out the daye. Some existing gsolutions tO this problem
are worth mentioning.

MIT solar house V (T. Johnson (1978)) uses phase

change materials encased in polymeT romerete L0 increase

the storagé capabilities relative to the weight of the
gtructure. The panels form the ceiling. Curved, re-
flecting louvers 1ocated between window panels reflect
solar radiation onto the ceiling.

The Wallesey school, jocated in Liverpool, England,
is a massive concrete structure with the exception of
the south wall, which is all glass. The imner glass
surface diffuses incoming solar radlation. This in-
creases the jevel of solar radiation on the ceiling,

back and side4walL§_(M. ¢, Davies (1976)) .
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ture is greater thén 80°F (26.700) throughout the summeT.
Either adding an overhang OY ventilating the building
have nearly the same effect. Both strategies result in
roughly 1800 hours of room temperature above 80°F (26.?00)
and a solar fraction of 0.6. However , using both over-
hang and ventilation reduces the overheating hours to
409, near the 325 hours for base load 2 (see Table 5.3).
With vent and overhang the solar fraction is only re-
duced to 0.5. Both shading and ventilation are neces-
sary to mitigate overheating. In Madison, the effect

of each strategy is nearly equal. It has been assumed

that a fan would be used toO ventilate the building when

ovexrheating became a problem. With proper building de-

sign, cross-flow yentilation driven by the wind can
provide a gignificant portion of the required ventila-
tion. Olgyay (1962) presents building design principles
to enhance cross-flow ventilation, as well as simple
tables to estimate the volume flow rate of the venti-
1ated air. No attempt is made in this study to assess

the contribution of cross-£flow ventilation.

7.6 Comparison of Direct Gain, Collector-Storage Wall
and Flat Plate Collector Systems

A double pane, night insulated direct gain system,

a triple glazed, g in (0.2 m) thick concrete collector-
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storage wall, a single glazed; night insulated 12 in
(0.3 m) water collector-storage wall and a double glazed
flat plate watetr heating collector system are compared
io Table 7.5. All systems have 3 162 £t2 (15 m?) col-
lector area and are connected to building load 2, des-
cribed in Table 5.1. The direct gain system parameters
are described in Table 7.1. The conérete collector-
storage wall parameters are described in Table 6.2,
except three covers are used instead of two. The water
collector-storage wall parameters and control strategy
are described in Table 7.3. The flat plate collector
gystem 1is described in Table 7.4.

The anpual solar fraction met by the flat plate

collector system is determined using FCHART Version 3.0
golar heating design program developed by the Solar Energy
Laboratory, University of Wisconsin-Madison; Monthly
puilding energy joads for base load 2 (listed in Table
5.3) are used. The monthly meteorological data for
Madison (summarized in Table 6.1) and the collector sys-
tem parameters 1isted in Table 7.4 are input into the
FCHART program which calculates the annual fraction of
the heating base load supplied by solar energy. It is
assumed that the required yventilation fan energy, QraAN®
—{i1 remain unchanged with-the addition of the flat

plate collectors.
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Table 7.4

Flat Plate Collector System Parameters
for Solar Heating Systems Comparison

Parameters Value
English

FR (ta) 0.7 7 0.7

Btu W
Fp Ug 0.83 f=—gc20p| 4072 m2OC
number of covers 2 2
c¢ollector slope 58° 58°

: . Btu KJ

Storage capaclty 15 EF_ftz 315 BE m2
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The annual solar fraction provided by the concrete
collector-storage wall, 36%, is 299 less than the solar
fraction provided by the watetr collector-storage wall.
The increase in performance of the water wall is due (in
order of importance) to the movable overhang, the useé of
one cover with night insulation instead of three covers,
and the increased effective conductivity of the water
wall, If the concrete wall had incorporated the same
shading, night insulation and glazing gstrategies, a solar
fraction of 53% could be expected. This figure is deter-
mined by deducting 59 for the difference in performance
due to conductivity and thickness from Figure 6.6. The

comelusion is that the choice of shading and night

insulating control strategies is more important than
the choice of wall materials for the Madison climate.
The direct gain system gave 2 solar fraction of 0.51.
Although the double pane window with a simple night in-
sulating curtain is the least expensive solar collector
of the four systems, the unknown costs and performance
of the thermal storage make a discussion somewhat dif-
ficult. The building thermal capacitance is 21060 E%E
(40000 %i). By comparison, the water col- ¥
lector-;iorage wall (which can be thought of
as a direct gﬁiﬁ'gysteﬁrwith_the_;hgggg}_qto;?ge placed

behind the window) has a total storage capacity of
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energy gain of flat plate collectors. These results
apply to Madison, Wisconsin. However, the winter climate
in Madison is more severe than almost every major popu-
lation center in the United States. As the winter
climate becomes mild, the shading and night insulation
control strategies become less important. When night
insulation is not needed and a rigid overhang can be
used, the cost-effectiveness of a collector-storage wall
improves cons iderably.

One approach for harsh winter climates, which has
not been well studied, is combining direct gain .and flate
plate .collector systems. The saskatchewan house, des-

i 1 iam I LS Dumont (1979) uses this approach

coupled with a well insulated house (UA is 128 Btu

o

68 %— with the insulated shutters closed). TheHiotgl
solag collection area includes 128 ft2 (11.9 m2) of
south facing windows and 193 ft2 (17.9 mz) of evacuated
tube solar collectors. The authors predict 100% of the
space heating needs can be met by the solar heating

system and internal gains in the 10800 °F-day (6000 Qg

day) climate.
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of fi’ the beam irriated fraction of the collection area,
is then defined by five length parameters. However, since
£, is dimensionless, one length parameter can be used as

a characteristic dimension and fi can then be defined by
four dimensionless length ratios. The characteristic
dimension is the collector height. Division of the

four remaining length parameters by the collector height

s

gives the relative projection, 5; the relative gap, g;

~

the relative width, w; and the relative extension, e.

8.3 Long Term Average Solar Radiation on a Shaded
Collector

The tong term performance—ef—ea——solarenergy conver=
sion system can be characterized by the monthly average
daily solar radiation incident on the collector. By in-
tegrating equation [8.1] over a month andldividing the
result by the number of days in the month, Hs’ the monthly
average daily solar radiation per unit shaded collector

area is obtained.

=TT o ' :
Hy = BRE + e g + 7 1 [8.2]

ﬁb' Hd’ and H are, respectively, the average daily beam,
Jiffuse and total solar radiation on a unit horizontal

surface. §£ is the total beam radiation on the collector
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Equations [8.4] and [8.5] are compared in Table 8.1,
Three locations, Albuquerque, New Mexico, Madison, Wis-
consin and Seattle, Washington are considered. Weather
data from each location is used to numerically gvaluate
equation [8.4]. The standard deviation between fi deter-
mined by equation [8.4] and equation [8.5] for all loca-
tions is 0.012. The maximum difference 1is 0,04, The
comparison is quite good, and equation [8.5] will be
used to determine f; in the following study.

Equation [8.2] requires H;, Hy, and H. Normally
only H is known. Page (1961), Liu and Jordan (1960)
and others have shown that the diffuse fraction of the

————— ——rrege—dedeeelos waalallon, H,/H, can be correlated

to Ky, the atmospheric clearness index. K& is defined

Kp = — [8.6]

ﬁo is the average daily extraterrestrial radiation on a
unit horizontal surface. Rewriting equation [8.2] in
terms of the diffuse fraction yields

Hj 134

Ho=H|(1--9 KT+ Eﬁl- Fo_, + % (8,71
H

Equation [8.7] provides an estimate of the monthly aver-

age daily solar radiation on a unit area of the shaded
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collector. values of H and KT for many locations and
correlations of ﬁd/H are presented by Beckman, Klein,

and Duffie (1977) . The wvalue of p varies from 0.2 to 0.7
depending on ground surface and snow cover. Values of
Fo g’ the collector radiation view factor of the sky,

are calculated from equation (2.,11) and presented in

Table 8.2 as a function of the four dimensionless &e0~

metry parameters. values of T; are presented below.
§.4 Values of £

values of fi, the average beam jrradiated fraction
of the collector area, have been calculated from equation

8.5 ard elected in Figures 8.1 through 8.9 as & func-

tion of the relative projection of the overhang. The
collector is assumed to face due south., The figures
jnclude three northern latitudes (35°, 45°, and 559) and
three relative widths (1, & and 25). Each figure in-
cludes curves for three relative gaps (0;, 0.2 and 0.4).
The figures for relative widths of.l and 4 include

curves for two relative extensions (0 and 0.3). The
mean monthly solar zenith angle decreases with increasing
latitudes toO yield a similar value of fi. Therefore, the
length of the relative projection scale of the plots

increases with latitude.
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There are twoO features of the Ei curves that affect
the interpolation process. First, the E, curves have a
1imiting value of one during winter months and finite
values of the relative gaPp. Second, the Ei curves cease
to be a function of the relative projection during summer
months at large relative projections. This behavior can
be explained by reference to Figure 2.1. The shadow
of the overhang On the collector sufface is bounded by
the horizontal shadow line of the edge of the projection
and the diagonal shadow lines of the edge of the exten-
sions., 1f the projectioﬁ is large enough, the horizon-
tal shadow line during a given month will always fall

pelow—the collector. Given this situation, Ei is not

a function of the relative projection.

1f E; is not & function of the relative p;ojection,
then the interpolation of the correct value of E; for
a given relative gap must be between the two appropriate
horizontal portions of the Ei curves. Thus, the value
of the relative projection at which Ei ceases to be a
function of the relative projection must be. determined.
For a given jatitude and month, this yalue is a linear
function of the relative gap. For example, for 45° north
1atitude and the month of June, Ei ceases to be a func-

tion 5¥'Ehé‘fétative-p:ojectiop at values of the relative
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8.5 The Effect of the Fxtension on Values of fi

Published analyses of overhangs as shading devices
have been based on the work of Olgyay and Olgyay (1957).
These analyses assume the overhang extends infinitely
past both gsides of the collector. This assumption can
seriously underpredict the beam radiation striking a
shaded collector during the summer. The following analy-
sis presents the conditions under which the infinite
extension assumption can and cannot be applied.

The shadow of the edge of the extension forms a
diagonal line on the plane of the collector, The loca-

tion of the line relative to the collector is a function

of time of day, latitude, sXFens o ot gap——FE—the
extension is large, so that the extension shadow line
never falls across the collector, the assumption of an
infinite extension is valid. If the extension is small
and the extension shadow line lies in the collector
during the day, the value of F, will increase due to
beam radiation passing under the edge of the extension
and striking the collector. The magnitude of the effect
of the extension depends on the value of the relative
width., Small relative widths intensify the effect of

small extensions while very large relative widths com-

pletely damp out the effect of small extensions.
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Figure 8.10 The effectsof the relative extension
and relative width on values of T,
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tor located in Albuquerque). Even though the summeT
value of Kf averaged 0.72 in Albuquerque compared to
0.53 in Minnesota, the overhang has a larger effect in
reducing radiation in Minneapolis than in Albuquerque.
This is partly due to differences in the average value

of ﬁb during these three months (0.28 in Minneapolis and

0.14 in Albuquerque) and partly to using a value of the
ground reflectance of 0.2 in Minneapolis and 0.3 in
Albuquerque. In both locations the amount of radiation
incident on the shaded collector during the summer is
significant. It is evenly divided between diffuse and
ground reflected radiation. The overhang does shade a

gignificant amount of radiation from the collector

during summer, although a larger amount of TadiaCLom

remains unshaded.
8.9 Conclusions

An overhang is an effective device for shading 2
collector from direct beam radiation in the summer while
leaving the collector unshaded in the winter. The total
reduction of radiation on the collector in summer due to

the shade can be less than 50% of the total radiation on

an unshaded collector. The effect of collector azimuth on

_ Hs_iﬁ‘ﬁma%l-when_the“azimgth_ig_between 15° eash or west
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CHAPTER 9

A SIMPLE NOMOGRAPH FOR S1ZING OVERHANGS

9.1 Introduction

An overhang can be designed to shade a vertical,
south facing solar collector totally during summer while

jeaving the collectoT unshaded during winter. Typically,

the design process involves examination of the profile

angle. The sun Angle Calculators, developed by LOF (1951),.
can be used to evaluate the profile angle required to
shade a collector during a gpecified period of the

year. Using trigonometric formulas, (equations [9.5]

sk [a_61 below) the overhang can be sized. In this

chapter a nomograph 1s described which gives the Teractive

overhang projection and gap directly as a function of

the latitude, number of days the collector is toO be shaded

and number of days the collector is to be unshaded.

9.2 The Profile Angle

- The profile angle* is defined to be the angle be-

tween the plane of the collector and a plane containing

the sun and passing through the horizontal edge of the

N '*The~§fo£ile_anng_ggﬁpribed with the Sun Angle Calcula-
tors is defined from EEé‘ﬁbTizonT—instead_Qﬁ_ghg_ggnith.
It is equal to 900 - V. B
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Figure 9.1

Angles and Dimensions Defining a Shaded
and Unshaded Collector
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9.3 The Nomograph and an Example of 1ts Use

The nomograph for the design of overhangs is shown
in Figure 9.2. The relative projection, p is found on
the abcissa and the relative gap, é on the ordinate.
Four constant latitude curves and five constant declin-
ation curves are plotted on the nomograph. The declina-
tion curves are plotted by the number of days before and
after the solstice that the collector is to be shaded or
unshaded., For example, a collectox located at 45° North
1atitude is to be totally shaded 30 days before and after
the summer solstice and totally unshaded 30 days before
and after the winter solstice. The point of intersection

of the 750 —tatritude—euse and the + 30 days curve is found

and the values of p and g for the intersection point are
read from the nomograph (§= 57 and g = .20). 1f the collec
tor has a height of 10 ft (3.0 m), then a projection of
5.7 £f£ (L.74 m) and gap of 2.6 ft (0.79 m) would totally
shade the collector 60 days during summe¥ and leave the
collector toﬁally unshaded 60 days during winter.
overhangs with unequal summer and winter shading
can also be designed from the nomograph. The design of an
overhang for Madison, Wisconsin (¢ = 43%) will be used to

jllustrate the method. The collector is to be totally

shaded 30 days before and atfter the summexr solstice and
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unshaded for 60 days before and after the winter solstice,
The collector height is 6 ft (0.7 m). The solution is
shown in Figure 9.3 and described here. First, the curve
for 43° latitude is located by linear interpolation be-
tween the 35° and 45° curves. Next, a line is drawn

from point B through the intersection of the 43° curve
and + 30 day curve. This line and the ordinate form the
angle 2. Next, a line is drawn from point T through

the intersection of the 43° curve and the + 60 days curve.
This line and the ordinate form the angle B. The point
of intersection of the two lines locates the edge of the
overhang. p and é are, respectively, 0.58 and 0.41.

For the 6 ft (0,7 m) high collector, the required pro-

jection is 3.48 ft (1.1 m) and the required gap is 2.46
fe (0.75 m). The nomograph will give accurate values

of 5 and é if the vertical collector is south-facing and
if the assumption of infinite overhang extensions is
valid. Conditions for which the infinite extension can

be assumed are described in section 8.5.
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CHAPTER 10

SUMMARY AND DISCUSSION

10.1 Summary

Three building components, .shading deﬁices, windows
and collector-storage walls, have been analyzed in rela-
tion to the direct solar heating of buildings. For each
component, the following results are noted and conclus-

ions drawn.
(A) Overhangs and Wingwalls

For south facing collectors, wingwalls are not effec-

. ] ”i,_? deviees—beecause theg; shade the collector

during winter as well as during summer. When the col-
lector faces toward the southeast or southwest, a single
wingwall placed to the north of the collector can pro-
vide some shading during summer without shading the
collector during winter.

Overhangs can shade south facing collectors totally
during summer but not shade the collector at all during
winter. Simulation studies for Madison, Wisconsin
indicate that the overhang significantly reduces build-

ing overheating for both the direct gain and collector-

storage wall systems, Furthermore, a moveable overhang,

that only covers the collector from May through September,
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o the no flow condi-~

an (1976)

the solar fraction when compared t

tion. This result is in agreement with Ohanessi

(iii) At low solar

who examined a more mild climate.

sing the thickness increases performance

fractions, decrea
decreasing the thick-

At high solar fractions,
(0.2 m) to 4 in (0.1 m) sig

reasing the thermal capaci-

slightly.
nificantly re-

ness from 8 in

duces the performance. Inc

ormance. For

significantly affect perf

e conductivity significantly

rance does not

thick walls, increasing th

increases performance.

(c) Direct Gain Systems

were coupled to the same build-

Direct gain systems

fha

ing load as the collector-storage wall and simurate S
n to study the effects of the design

Madison, Wisconsi

The following regults were obtained.

parameters.
(i) Insulating the window at night significantly in-
(even though the thermal

- creased the solar fraction

the curtain and air space was only 2.6

resistance of
With night insulation,

Hr ft2 Op/Btu (0.46 mZOC/W).

the solar fraction was nearly identical for 2 oY 3

window panes but significantly iower for 1 window pane.
(ii) While increasing the building thermal capacitance

- ‘_1ﬁﬁreased—£ha_solar_£g cerning
esponse of direct gain

the actual thermal capacity and ©
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questionable because of uncertainties concerning lumped
capacitance assumptions. The relationship between large
solar gains and building thermal response needs to be
studied in detail. However, rules of thumb regarding
building design practice during the 1950's recommended

25% to 40% of the south facade could be window. The

construction did not need to be modified to increase
thermal mass. Add to this rule of thumb the application
of night insulation and the windows become VeTy effective
solar collectoxs (in terms of both cost and thermal per-
formance) . This strategy has often been called sun-
tempered architecture. While it certainly represents

_—__________——————scﬁﬁé—a;chitagzg;al practice, oneé need only examine the

ﬁuildings constructed today to see how rarely the
strategy is used.
A method of estimating solar radiation on vertical

south facing collectors 1s presented. Although the

| method applies to overhangs with finite gxtensions, it
is somewhat cumbersome, since it requires graphic in-
terpolation. 1f the infinite overhang extension is
valid, then the analytical method of estimating radia-
tion on shaded collectors that is presehted by Jones
(1979) should be used. The nomograph to size overhangs

that is preseﬁféd_in—this—study_shpuld be helpful to

architects since it is simple and quick.



7T
consuming buildings (compared to townhouses and apart-
ments) and energy consuming transportation habits. It
is hoped that the American dream can be reformulated
in an energy conserving direction. In this direction,
solar heating can and would play a major role in reducing

our energy consumption.
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