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HEAT STORAGE AND DISTRIBUTION INSIDE PASSIVE-SOLAR BUILDINGS*

J. Douglas Balcamd
Los Alamos National Laboratory
Los Alamos, New Mexico 87546

ABSTRACT

Passive-solar bundinr are investigated from the viewpoint of the storage of
solar heat in materials of the building: walls, floors, ceilings, and furni-
ture. The effects of the location, material, thickness, and orientation of each
internal building surface are investigated. The concept of diurnal heat capacity
13 Introduced and a mathod of using this paramster to estimats clear-day tempera-
ture swinys is developed. Convective coupling to remote rooms within a building
is discussed, including both convection through single doorways and convective
Toops that may exist involving a sunspace. Design guidelines are given.

KEYWORDS

Passive solar heating, heat storage, heat distribution, diurnal heat capacity,
convection.

INTRODUCTION

Necessity for Heat Storage

There are three kay physice) processes that make passive solar heating pessible:
solar gain. heat storage, and heat distribution. A key difference becween active
and passive approaches to solar heating is that pessive designs rely almost to-
tally on natural processes for these phenomena. There is little, 1{ any, exer-
cise of sontrol over the way they take place. The buildiny works well or poorly,
depending primarily on how 1t 15 cm'i.rud; that 1s, 1t is the design that deter-
mines whether the natural processes will conform to the needs of the bullding at
any particular time. Solar gains are controlled primarily by the location,
orientation, and shading of the apertures (windows) in the building. Heat stor-
age 13 1n the normal materials of the building, and distribution 1s by radiation
and convection.

WTh1s "work performed undar the auspices of the US Department of Energy, Office of
Solar Heat Technologles.



Hoat storage becomes more essential as the dependence of the building on sclar
gains increases. If the building 1s only solar tempered, which means that the
solar contribution i3 relatively small (usually less than about 40%), solar gains
primarily offset the needs for daytime heating. Some heat storage will take
place, but requiresants for building heat at night and during cloudy periods are
met primarily by auxiliary sources.

In a well-designed pussive solar building the situation is quits different.
Typically, no auxiliary heating is required in sunny winter weather. This means
that all of the nighttime heating must come from hedt stored within the build-
ing. Normally some auriliary heat i3 3till required, but 1t {s nceded only
during cloudy periods when there has been less than full sun for one or more
days. The need for auxiliary heat increases gradually as the heat storad in the
building is gradually depletad. It {s not very useful to talk in terms of a
"heat storage carry-over time," as i3 often done, because of this gradual transi-
tion. Also, the carry-over time would depend on the particular heating require-
ments for the building. During mild, cloudy weather the carry-over time would b.
longer and d_rin? severs weather 1t would be shorter. For both reasons,
carry-over time 1s not a particularly helpful concept.

In no small part, the economy of passive solar heating stems from the dual use of
most of the constructicn and furnishin? materials. Windows serve for light and
view a3 wel) as for solar gain. Heat i3 stored in ordimary walls, floor, andg,
indeeZ, 1n ali of the materials of the building. Although one may alter the
construction tachniques of the building to enhance the amount of heat storage
available, in almost all cases heat storage serves mul tiple functions.

Katural convection within bulldings is a very affective mechanism for heat
Jdistribution. Convective flow through doorways can be used to heat remote rooms
{f the heat 1283 of the space 13 noi too large. A convective loop can also be
set up within the building, greatly increasing the heat exchange. Such a loop
may, for exanple, Involve a sunspace, a doorway opening into the sunspace at the
second level, upper rooms and hallways, & stairway, lower rooms and hallways, and
4 doorway opening at the lower level. Such loops have been shown to be very
effective for heat distribution and make dual use of architectural features.

HEAT STORAGE IN PASSIVE SOLAR BUILDINGS

Dfrect Gein Situations
Direct gain is by far the most widely used passive solar stratagy. It occurs to
arg extant or another in almost all passive solar buildings. It occurs with all
windows, whether they are south facing or not, and storage of most of the heat
associated with the golar gains occurs whether we plan for it or not. If the
miterials of the building intarior are very lightweight, heat storuge might be
quite teaaporary, ond transfer of the hest tc the air in the room may take place
quite soon. In more oessive materials, the heat diffuses to the interior anc 1s
returned only at a later time when the roam temperature drops somewhat, allowing
for a reversal of temperature gradienis so that the heat can rediffuse slowly to
the surface.

The mechanisms of heat distribution within a direct gain room, after the
short-wave solar radiation has entered the window, are very complax. Fortunate-
1y, we are not required to model all of these phenomena In great detail to cbtayn
a reasonedly good understanding of how heat storage takes piace. Depending on
sun angles, sunlight shines on a particular spot in the room with some energy
being absorbed, some being convarted to hect, and some being ruflected, depending



on the color of the surface. But if the surfaces are all light in color, the
heat may be distributed rather uniformly around the room by short-wave solar
radiation. If the angle of incidence of the sun at the light surface is acute,
the sun may be reflected desp within the space, facilitating both maturzl light-
ing and heat distribution. If the surface is dark in color, there will be a con-
centration {n conversion of 1ight to heat gt the r'egion of first solar incidence.

Once the short-usve radiation i3 turnec into heat at one o ancther of tha
building's internal surfaces, one of three accions occurs: (1) the hest migrates
into the matarial, (2) the heat i trunsferred to the room air by convection, or
(3) the heat 13 reradiated as infrared energy to all of the surfaces within the
room that can be viewed from that location. Most of the energy that flows out-
“ard from the surface does so by infrared radiation with convection to room air
oeing the smaller component. Thus, earh surface in the room is continually bom-
barded by infrared radiastion from every other surface within view. Except for
surfaces that are in the direct sun, this inflow of infrared energy constitutss
the major heat source. The fact that this i frared radiation transport within
the space is s0 dwinant i3 the primary reason that direct gain is a viable tolar
stratagy. Understending this fact 1s a great ald in direct gain dusign.

Only an area approximately the size of the window receives direct-beam solar
radiation, depending on the angles. 0On & sunny day, the rate of energy inflow at
this point 1s much gruur than most masonry materials can accommodata for very
long. Thus, most of the energy will ba rediaztributed by convection and infrarad
radiation. Mazria (1979) has shown clearly that it is bet*sr to distribute the
energy unifcruly over a large surface area than tc attempt to absord it at the
point of first incidence. This strategy results in such smallar temperature
swings within the spece. It 13 fortunate that infrared energy flow is such a
good ally in accomplishing this redistribution. Although surfaces in the sun may
be temporarily significantly warmer than other surfaces, the oncrfy 18 quickly
redistributad, and within a few hours most of the surfaces enclosing the space
will be at similar temperatures.

Diffusion of heat into mssive matarials is a very slow process, affected 1ittle
by the tempcrary shadows and other short-term variationt in incident energy. We
are more concerned with the gradual behavior of these materials over u period of
a day or more than we are with the short-term effects occu=ring nqar the surface.

Convective Situations

It is usually better to maintain solar energy 4 radtant enargy (eithar short
wave or infrarad) or stored hoat as long as possible. Inevitadly, however, some
energy is transferred to the room air causing its temperature to increase. Air
has a small heat capacity, typically sbout 1/1400th that of solid materials (on a
volumetric basis). It i3 also quite wobile and tends to rise a3 hesaiing de-
creases its density. This phenomenon displaces cooler air at soms cther location
within the building and reasults in the ettablishmant of conveciive loops. It is
also possible for the hot air simply to collect st the top of tine room, resulting
in temperasture stratification.

Usually about 1/3 of the solar gain entering the room results in heating of the
room afr. The warwm air can then either convect to other spaces within the
building that are cooler, flow out of the building by exfiltration (to be re-
placed by cooler infiltration afr that dilutes its temparature), or risa in tes-
rnwn until the energy flows balance. Controlling this tamperatu-e rise i3 «
ey factor in u1nt|1wln? comfort in passive solar bui'dings. Normal.y the
day/night tamgsrature swing of the room is cited as a veasure of the dusigner's



succezs. Temperature swings sbove abaut 6YC are normally considered wicom-
fortable.

Distribution of heat by convection to cooler places within the building is &
major mechanism of heat distribution during the day and a major source of energy
for heat storage within the wa'ls of thcse spaces. Because of the small therma)l
conductivity of air, the heat fiux at these mass surfaces iz substantially less
than at surfaces within the direct cain space. Thus, it 1s convenient to dis-
tinguish betwern surfrces that are radiatively coupled to the scurce and those
that are convectively coupled. Fadiative couplinyg is much more effective and
occurs at surfaces that are within the direct gain spece. Convictive coupling 1s
the primary heat transport mechanism to remote spaces. Heat storage in materials
in convectively coupled situations is usually less than in radiatively coupled
situations. Nonetheless, convective coupling cen constitute an inportant part of
the heat storage in the building.

In the situation of a passive solar sunspace, convective coup’..; may be a major
mechanism for energy transport. Temperature swings in the Tunspace are hr?o
because the ratio of mass surface to glazing surface is sr 11 (typically 3:1).
Thus, there are larye temperature differences to drive convective exchan to the
rest of the building. Because the living portisns uf the building have large
interior surface areas, there can be extensive storage of heat in these rooms
even though the heat fluxos at the surfaces are relatively small.

Importance of diurnal heat storage. It is convanient to distinguish between
three tTme domaTns of heatl storagC: shcrt-term heat storage, which lasts for a
few hours; diurnal heat stcrage, which consists of heat stored during the day
that 1s returned at night; and long-term heat storage, which refers to storage
durations longer than one diy. Of these phenomeri, diurnal heat storage 15 the
most significant to passive solar design. If one designs on the basis of diurnal
storage, long-term storage will usualiy be adequate.

WALL SUAFACE CONDIT,ONS
TOPCAATURL

Fig. ). Diurnal component of wall surface temperature and heat flux into the
wall for a very thick wall. The crosshatched area is the heat atored during a
ha'f day (equal to the heat released during the other half dey). The diurmal
heat capacity 18 AQ/aT.



Diurnal heat capacity. Because of the importance of diurnal solar anu outside
Temperature 1npu;|, ‘t is important to characterize the building's response at
this 24-hour frequency. This has lead tw the concept of & diurnal heat capacity,
which, in simple terws, is the awscunt of heat that can be stored in building
thermal masy during the first half of a 24-hour cycle and returned to the space
dring the second half of tha cycle. This 13 shown in Fig. 1 for the case of a
wall with a sinasuidal heat fux introduced into the wall surface. The curve
shows that the typical response of the surface temperature to this sinusoidal
input 13 also a sinusoid shifted 3 hours later. This time shift of 1/8 of a
cycle (450 phase shift) 1s characteristic of the response of very thick masonry
walls. For thinner walls, the tim» shift it usually longer and may be up to 6
hours.

Diurnal heat capacity is the amount of heat that is stored per degree of tempera-
ture swing. This amount of heat 15 equal to the integral under the top half of
the heat flux curve, which is mrked AQ on the figure. The diurnal hest capacity
1s simply the ratio, AQ/AT. Diurna] heat capacity is given per unit of surface
arna and thus the units are Wh/°C day. Because the day unit s {mplied |n
the term diurnal, 1t is usually omitted, and the unitt ace yiven as Wh/oC a<.

In this paper, diurnal heat capacity is referred to by the sywmbol dhc.

The dhc of a wall i3 a measure of the ability of the wall o absorb and store
heat during one part of a periodic 24-hour cycle and then release the heat back
through the same surface during the second part of the cycle. This 24-hour
ive-and-take at the wall surface is the most important heat storage that occurs
n the passive solar bullding.

Diurnal heat capacities of various matarials. Diurnal heat capacities of differ-
ent mater{aTs can be ula as a function of the material thickness if the
properties are known. Properties used for various materials are listed in Table 1.

TABLE 1 Properties of Materials

Material Density Specific Thermal dhc
Heat Conductivity
wg/e’ KCa1/°C kg W/°C m wh/°C m

Granite <676 0.20 1.82 65.1
Concrete 2290 0.21 1.73 60.2
Concrete Masonry 2242 0.21 1.42 54.0
Lireatone 248) 0.2¢ 0.93 46.9
Builder Brick 1922 0.22 0.72 3.5
Adobe 1922 0.20 0.56 na
Hardwood 120 0.3 0.16 12.3
Softwood "2 0.33 0.12 7.8

*dhc of an infinitely thick wall.

Diurnd) heat capicitiag for di fferent wal) thicknesses are shown in Fig. 2.
Relationships needed to calculate the dhc of layered wall situations or situa-
tions with convective coupling from the room to the wall surface are given by
Davies (1973) and Balcomb (1982).
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Fig. 2. Diurnal hoat caepacities of various materials as a function of thick-
ness. Material properties used to gerierate these curves are given in Table 1.
For interior partition walls, use 1/2 the total wall thickness to determine the
diurnal heat capacity for each of the two surfaces. These curves &pply to radia-
tively coupled mass.

Diurnal heat capacity of a whole room. The diurnal heat capacity o7 a whole room
or a whole bulTding can be determined by aggregating the effect of all surfaces
acting in paraliel. This will be called DHC. 1t {is the vecior sum of al} the
DHC values for all the various surfaces that enclose the ro.m.

DHC = Ay dhey (1)

where A; is the area of the 1th surface, m, and
dhcy is the dnc of the 1th surface, Wh/oC W

so that DHC has units of Wh/9C.

It is "irst necessary to classify each inside surface of the building or room
according to the coupling betwean the surface and the solar gain. It is useful
to distinguish the following two major catagories.

Radiatiun-coupled mass. Solar energy is transferrci tr the storage mass by

e¢ither solar or thermal radiation. The mass must be either within the space that

the sunshine enters or form an encliosing surface of the space. It is not nuces-

sary for the mags to be in the direct sun. but there must be a direct line of

::ght between the mass suvface and absorbing or reflecting surfaces that are in
rect sun.




Natural -convection-coupled mass. Solar cnergy is transferred to the storage mass
by natural convection of warm air. Doorway o other convection cpenings must be
provided with a total open area of at least 4% of the storage mass surface, or 2%

of the storage mass surface 1f the openings are spaced more than 2 vertical
meters apart.

Categorizing surfaces. bWe identify four types of surfaces as follows:

Type 1. Surfaces in the direct sun (radiation coupled),

Type 2. Other enclosing surfaces of a direct gain room (radiation coupled),
Type 3. Surfaces that are convectively coupled only, and

Type 4. Surfaces with zero coupling (zero dhg).

Exceptions are the following: (1) all ceilings, because of the excullent heat
exchange with room air, are clagsified Type 2 even !f they are in remote rooms,
provided there it a suitable convective connection, and (2) floors not in the
direct sun, because of the poor convective coupling and the lack of line-of-sight
direct coupling, are downgraded one type nuaber.

The following 1ist gives further advice on assigning surface type:

Location Type

The surface of any massive material that

receives some direct sun, excapt covered floor. 1
Covered floor (or any covered surface). 4
Walls that enciose a direct gain room. 2
A1l ceilings, except in closed-off rooms (such as closets). 2
Walls that enclose other rcoms that comsunicate

by convection with direct gain rooms. 3
Uncovered floor in direct gain rooms (not directly sunlit). 3
Fioors other than in direct gain rooms. 4
A1l surfaces in closed-off rooms. 4

In this listing, include gyrn--board surfaces and wood surfaces more than 1 cm
thick. Do not include insulating maxerials such as fiber glass ceiling punelr
and walls or floors covered with heavy fabric, rugs, or other insulation. The
next step Is to estimate the area of each Type 1, Type 2, and Type 3 surface.
For Type 1 surfaces, estimats the fraction of the solar day that the surface is
sunlit, f, and the absorptance of the surface, a.

The eatimates need not be very precise. Absorptance values can be estimated
visually using the following guide:

Yery dark surfaces as=0.8 to 0.9
Most surfaces a= 0.5 to 0.6
Light colored surfaces a= 0.3 t00.4



Rough estimates are also adequate for f. Next determine the dh:. of each surface
using the following:

Type 1: dhc = (radiation-coupled dhc) - (1 + aof)
Type 2: dhc = radiation-coupled dhc

Type 3: dhc = convectively-coupled dhc

Type 4: dhc = 0

By radiation-coupled dhc we mean dhc calculated in terms of surface temperatire
swing. By convectively-coupled dhc we mean dhc calculated in te of room tem-
perature swiny using a convective coupling; a value of 0.26 W/9C is nor-
mally used as the coupling coefficient.

Next calculete the of the furniture and room air. This can be estimated as
11 Wh/9C for each of floor area for normal furnishings.

Next add the DHC = (A) « (dhc) for each surfice to determine the whole building
DHC. 1t is somewhat moro accurate 1f this is a vector addition, accounting for
the phase of ea-h component, but the extra effort required is great and the im-
provament in accuracy 1s smll.

Estimation of Room Temperature Swing

A major use of diurnal heat capacity is in estimating room temperature swing.
This is relatively simple because DHC gives the amount of heat stored per degree
of room temperature swing. It remains only to compute the amount of heat that is
stored and divide th.s by the DHC to obtain the peak-to-peak amplitude of the
24-hour sinusoidal room temperature swing. A correction can then be made to
account for higher harmonics.

The amount of heat that is stored in the building during clear winter days can be
estimated knowing the direct gain glazing area, the solar penetration per square
meter of glazing area, and the heat loss characteristics of the building. A heat
balance is calculated over the 12-hour period from 0600 to 1800, accounting for
solar gains plus internal heat minus heat losses. The heat losses are calculerad
based on the total heat loss coefficient of the building (TLC) and the di fference
between average inside temperature and average outside temperature.

The energy balance stated above in words can be put in equation form as follows:

Q - A- (T =T)TLC/2 + Q,/2
AT (swing) = =2 4 2 1 . (2)
DHC
wher2 AT(swing) = peak-to-peak room temperature swing,

Tr = daily average room temperature,

Ta = daily average ambient tumperature,

Qs = daily solar gains per unit »rea of direct gain glazing,
Qi = daily internal heat (assumed uniform), and

A = direct gain glazing area.

Although one could account for the detailed structure of the inside and outsid.
hourly temperature prnfiles in determining Tp and Ty, this is not done for

this analysis. The primary reason is trat we wish to keep the ¢nalysis fairly
simple and 1ittle accuracy would be Jained by the complication. A second reason
1s that both inside and outside temperatures will be higher than average during
the davtime (both due to solar gains) so that there is a tendency for these



efracts to cancel one another. khether they would cancel exactly, of course,
depends on the exact magnitude of the two swings. If the building uses no auxil-
fary heat, then

Qg A= (T -TQ) LC-Qy (3)
Qg - A

AT (swing) = -3 . (4)
2 DHC

A factor can be used to account for higher harmonics. From study of typical
profiles we find:

AT (swing, actual) = 1.22 « A7 (cswing, diurnal) . (5)
Thus, AT (swing) = 0.61 Qg ~ A/DHC . (6)

Design Guidelines for Direct Gain

A design guideline can be determinad based on l1imiting temperature swings in
direct gain s”tuations. This leads to a minimua required diurnal heat capacity
per unit area of south-facing direct gain glazing. From Eq. (6) we obtain:

DHC/A 2 0.61 - Qg/AT (swing, maximum) (n
Otner passive solar heating design guidelines for direct gain can be given.

o One should achieve an extensive distribution of heat storing mass within the
building and use materials that have a high density. A rough rule is to make
the surface area of mass located somewhere within the direct gain space at
least 6 times larger than the direct gain window area.

e Surfaces within the room, with the exception of the floor, should be 1ight in
color. This refers to both lightweight elements, for which i1t is essential,
and massive elements. One reason for this guideline is to aid in distribution
of enerqy to all surfaces of the room; by making the surfaces 1ight in color,
short-wave solar radiation is more liberally scattered throughout the space.
Another reason for this #s to afd in balancing the daylight within the space.
L:ght. surfaces, and especially mat white surfaces, greatly aid in daylight
distribution.

o e exception to the abova consideration 1s the color cf the floor. If the
floor 13 massive, it sho.ld bo dark in color (Mazria, 1979). This s to main-
tain heat storage at the low..,t possible level within the space to counteract
the inevitablie tendency for stra’‘fication. Comfort is enhanced by keeping
the radiant temperature near the loor, the space people occupy, as high as
possible. However, 1f the floor is of 1ow-mass construction or if it is
covered with carpeting, 1t would undoubtedly be better to make it light in
color to scatter the light to other locations wheru it can be better stored.

e The appropriate color of mass walls will uepend somswhat on the total amount
of heat storage in the room. If there is only one massive .levent, and all
the rest are lightweight, 1t may be desirable to make this mass slement darker
in color to better absorb the energy. If all of the surfaces are micsive, the
u:_c of light-colored surfaces greatly aids in distributing the energy o all
of the mass.



o If mass added in construction incresses the cost of the project, as is usually
the case, there is a definite 1imit to the thickness that should aconomicily
be used. Although some long-term heat storage capacity is achieved by making
the mass thicker, this is not of great importance to the overall performa.ice
of the building. There is 1ittle to be gained by increasing the thickness
beyond the amount required by st-uctural requiremcnts or the thickness deter-
mined to give the maximum diurnal heat capacity, whichever is greater. The
lattar is typically about 10 cm for lower density masonry materials and about
18 cm for high-density materials.

All of the above guidelines lead strongly to one conclusfon: 1if there is a
1imited amount of mass that can be put in a space, 1. 1s much better to spread
that mass thinly to achieve as large a surface area as possible.

CONVECTION
Simple Doorway Convection

Convection through doorways can be estimated from the following relation (Weber
and Kearney, 1980):

Q = 33.5 w(daT)3/2 . (8)

where Q = heat flow, W,
w = doorwav width, m,
d = doovway height, m, and
AT = room-to-room temperature di fference, ©C.

Based on this equation, we can develop a relationship for the steady-state tem-
perature di fference between one room and an adjacent room. Consider the simple
case of a room that 1s heated only by convection through a doorway from an adja-
cent space at a steady temperature. The room loses heat to a steady outside tem-
perature through a fixed lcss coefficient. In this case the solution 1s very
simple. The energy balance is as follows:

Q = 63.5 wld(Tg - Tp)13/2 « LC (T, - Ty) , (9)

LC = loss coefficient, W/9C; T4 = driving temo., anyg

Ta = ambient temp.; T, = room temp.
The solution to this equation gives the ruvom-to-room temperature difference as a
function of the room-to-outside temperature difference for di fferent values of
the load/door ratio (LDR).

AT = Ty - Tp = [[LOR (T, - T,)/63.502/a]1/3 (10)

I.DR » LC/(wd), the load/door ratio (W/9C m€)

1f the door height is specified, the equztion can be represented graphically as
shawn in Fig 3. This graph can be used as a design aid for determining the nec-
essary door size for a particular given inside/outside temperature di fferenca.
Equation (10) 1s not very sensitive to door height.

Detailed numerical experiments were carried out to determine the validity of Eq.
(10) under time-varying conditions. The conclusions (Balcomb, 1981) are as folliws:



s w A . v
DOOR HEIGHT= 204 cm.
& S} 1
f LOR =40
S 4l
& 4 3Q L
O
[ g 20
g 3 <
o
14
- [ ]
- 29 L
[+ o
—
-
L)
a 1 p 1
LDR is the load-door ratio, w/C-mé
BB S 10 15 20 25 30 35 40

DELTA T, ROOM TO OUTSIDE, _C

Fig. 3. Steady-state results for air flow through a doorway to & rewote room.
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remote room and the outside and the load/door ratio (LDR). The LDR is the ratio
of the heat ioss coefficient of tha room to the door area. The curves are drawn
for a standard height door.

o Convection through doorways fs & vary effective way of heating remote rooms.
Quite reasonable tamperature differences between the driving room and the
remote room can be maintained.

o The steady-state solution given in Eq. (10) or Fig. 3 gives good indication
of the 24-h averagc temperature differences that can be expected under most
conditions.

o The effect of large variations in the driving temperature is advantageous,
generally decreasing the difference between tha average temperature in the
driving room and in the remote room. Temperature swings in the remote room
are always less than the driving room.

e If the temperaiure swing in the driving room is quite hr?e, as in the cas?
of an attached sunspace, properly operating the dror can improve the situa-
t‘lun{ :ocras'lng the AT, The door should be open during the day and closed
at night.

e Host storage in the remote room is quite important 1f the driving temperature
swing is largs. Insufficient mass will jead to excessive temperature swings.



Convective Loops

Discussion of Principles. Up to this point the discussion has concerned simple
convection through doorways into rooms with a sing‘e opening. In this case, all
of the air that enters the room through the top of the doorway must exit through
the bottom of the same doorway. .

Convective loops can also invoive several rooms in the bu1'|d1n?. It is the pur-
pose of this section to discuss this type of loop, especially in situations of
mul tistory buildings with a sunspace.

A simple convective loop 1t shown 1n Fig. 4. In this example, a two-story sun-
space is attached to a two-stor: house. The convective loop is made up of air

at flows through openings into tne sunspace at the upper level, down the stair-
\ln'ay fr?m tl]w upper level to the lower level, and back into the sunspace at the
ower level.

Une way to describe such a loop 1s as a "heat engine.” Figure 5 shows this
schematically. Heat is added in the south side of the loop, and the same amount
of heat 15 withdrawn on the north side. Air flows around the loop because of the
difference in densities between the south leg and the north leg. In fact, we can
calcuiate the flow rate based on the difference in #verage temperatures detween
the two legs. It is also possible for heat to be removed along the top leg of
the loop; this is particularly effective in driving the 1oop because 1t increases
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Fig. 4. Typical convective loop
in a two-story house with a sun-
space and stairway.
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W Fig. 5. “Heat engine” represen-
. tation of ¢ convective loop.
HEAT HEAT The “engire" is the air motion
ADDED REMOVED and the mechanism driving the
- engine 1s heat added on one side
] and heat removed on the ather
side. Note that this heat en-
| gine is a1 dependent on the heat
removal as on the heat addition.




the average density alony the vertical north leg. Lastly, it is possible for
heat to be rewoved along the bettom return leg; this 1s not very effectiva in
driving the looq becauss it does not contributa to the Increased density in the
north vertical leg.

Al though most convective loops that exist in present-day buildings are inadver-
tent (that is, they were not purposely designed into the building to cause con-
vective heat exchangd), 1t is certainly possible for the dosigner to conscliously
arrange the layout of fnternal spaces to aid in heat distributicn. As in most
design situations, this will probably result in & better functioning building
then if the designer re’ies on luck.

The normai ingredients in a building convective 1oop are hallways, stairways,
cther rooms in the building, and doorways connecting these spaces. It iz usually
desirable tc be able to stop the convective 100p to prevent reverse flow at
aight. This 1s particularly true in sunspace sicuations; 1t 1s easily accom-
plished by providing a closable door in the openings &t the top and bottom of the
sunspace.

Convective 100D results. Air velocity and tesperature msacurveents have been
made 1n six bulTdings that incorporate natural convective .oops involving a sun-
space and othor architectural features. 1l.ese measuremants have been made near
nidday during relatively sumiy weather. The reZults are sti)l being analyzed and
will be reported in detail in future Los Alamos reports. Balcomb (1983) shows
the results from one building.

The results have been very encouraging, indicating large convective energy
exchange. A summary of these results for a few houses is given in Table 2.

TABLE 2 Summary Convection Dat

Sunspace Sunspace Sunspace-to-House
Height Glazed
Area Connecting Typical “Total Energy
Doorway AT Alr Transport by
Araa Flow Convection
# of Stories nz n? % li@in W
2 37 7.4 3.3 4/ 5.18
1 17 2.9 1.7 19 0.17
2 38 10.6 2.8 63 4.54
2 83 4.5 6.6 47 6.18
1.6 29 6.9 2.2 29 1.680

Design Guidelin ;. Although the work described here 1s still in progress and
ccrfghﬂy Tar from complete, certain design guidelines emerge clearly. It is

evident that a major amount of heat can be stored inside a house resulting from
convection from a sunspace. The major driving mechanism for this convoct?on is
the heat engine, driven by heat fraom the sun on one side and heat removed by the
walls on the opposite side. If the designer 1s fully aware of the principles
fnvoived, the design can benefit most from effective convective ucgcnoo.

The key design factor is to lay out the buflding so that the convective loops ¢an
opertts effectively. This can usually be done without architectural compromise.



In fact, in most cases studied, no conscious attempt to achieve a convective loop
was made; 1t resulted, strictly in serendipitous fashion, from architectural
considerations.

In designing for a convective loop within the building, the designer should try
to use natural elements of the building as much as possible. Do not try to con-
trive a convective loop for its own sike but rather try to work i1t in with normal
architectural considerations. The following 1ist gives design hints for the con-
vective loop, starting with the source of heat and moving around in the same
direction as the air flow.

o A sunspace makes an excellent heat source to drive the convective loop.
Because the flow velocity varies as the square rout of the height, it is
desirable to make the space as high as practical. A two-story building with
a two-story sunspace has been found to work very effectively. even greater
heights would probably werk even better, although the tendency for tempera-
ture to stratify in the top of the building m! jht be eracerbated. A dark-
colored mass wall at the back of the greenhouse will aid in absorbing the sun
and will heat the air as it rises.

o Provide a larye opening at the top of the sunspace for the air to enter the
upper story. Doors are excellent for this purpose, althuugh large operable
windows can also be used. Doors are preferable because they are larger and
are more apt to be used. A shallow balcony opening out into the top level of
the sunspace 1s excellent for this purpose. During sunny weather 1t will
pr-bably not be necessary to close these openings during the night because
closing other openings at the return end will effectively shut off the con-
vective 1009.

e Provide for air flow across the upper lavel of the house from the south side
to the north side of the building. This is most conveniently done using a
hallway, a)though other rooms can also be used.

e Provide for dowmnflow of air in the north part of the house. A stairwel)
serves this purpose ideally. The fact that the air may have ‘to bend around
corners tc g across *he building and down “he stairs and into the lower
portions of the building is of no great concern so long as tha flow area is
adequate. In fact, the scrubbing action of the air against tha surfaces may
increase the hert transfer. It is desirable for this path to be against the
nurth wal: of the house 3o that the convictive loop can effectively supply
the heat lost.

e Arrange for return of the air flow through the lower floor of the house and
back into the solar heat source room. Again, this might be through a hellway
or simply across a room. It is eswential to provide an operable doorway or
other opening that can be closed in this portion of the path. This prevents
cool air from the sunspace from flowing back into the building, tending o
reverse the 100p at night.

e Provide one or more level changes at the ground floor, supqing down from the
north side of the house toward the south. This makes the floor level of the
solar gain room (sunspace) the Yowest point in the gruund-floor lavel of the
building. One or two tteps should be sufficient.



CONCLUSIONS

Diurnal heat capacity provides a useful measure of the heat storage capacity of a
direct gain room during periodic clear-day weather. It can br used to estimate
temperature Jwings yielding answers in gond agreement with simulation analysis.

Closed-form solutions for the diurnal heat capacity of layered walls can be
obtained. Methods of catagorizing room intsrnal wall surfaces and computing the
diurnal heat capacity of an entire room are given.

Convection, either through single doorways or through interconnected building
spaces, i3 a predictable and effective means of distributing heat to remote
spaces. Mass within those spaces can be used effectively for storing this heat.
However, air convection is nonlinear and, therefore, estimation of the diurnal
heat capacity of remote spaces must be done cautiously; 1t may be that such
estimation will require simulation analysis.
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