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NATURAL AIR ~TION IN PASSIVE BUILDINGS*

J. Douglas Balcwb and G. F. Jones
Los AlmKIs National Laboratory
Los Alms, New Mextco 87545

SW4ARY

Natural crmvectfon can provide adequate heat dis-
tribution in manv situations that arise In build-
ings. This IS ~ppropriate, for ●xample, In pas-
sive solar buildings where some romns tend to be
more strongly solar heated than others. Natural
convection can also be used to reduce the number
of auxiliary heating units raqdlred in a building.
Natural airflow and heat transport through duor-
ways and other Internal building apertures Is pre-
dictable and can be accounted for in the design.
The nature of natural convection Is described, and
a d?sign chart is presented appropriate to a sins-
ple, sfngle-doortiaysituation. Natural convective
loops that can occur in buildings are described
and a few experimental results are presented.
3bss~vat;)l, II-;:7~:iF~cation qre discussed, sim-
ilitude experiments are described, and the begin-
nings of a ccmlp~ete-systemmathematical model are
presented.

1NTRODUCTION

Natural convection plays the major role for dis-
tribution of heat in many passive solar buildings,
especially those that employ sun:paces or atria as
a solar heat collection element, Another example
is a single remote romn cm the north side of the
building. This convective exchange usually in-
volves norm~l archit~ctural elements such as door-
ways, hallways, rooms, and stelrwayc.

Los Alamos has m>asured data in 15 actual building
geonetrles to thoroughly understand this complex
process. Detailed masurernents of air velocity
and temperature have been used to determine air-
flow rate$ and energy transfer rates, tie have
found thet large natural convective exchanges
occur with modest tempe~atur? dlfferenc(r,and that
OI)I?oftcw finds a convective 100p arou the pas-

7
sa e: of a two-story gecmwtry. Ue (ind that
bu lding geomet~y and aperture sizes have a major
tnfluence on both energy exchange rates and t5er-
mal comfort.

Simple rclatlonshins have been developed to pre-
dict en~r~ exchanrj! rates In particular situa-
ti , hnd these have been confirmed baaed on
expcriuwntal observations. These relationships
can then be usml to develup design charts and
graphs suitable for usc In the layout of build-

ings, The results have Implications not only to
passive solar heating, but to natural cooling
techniques. In many situations natural convection
is an adequate mechanism for heat distrih~tl~n,
and one does not need to rely on complex and
expensive uchanfcal equipment and controls of
questionable reliability.

THE kATURE OF Convective EXCHANGE
THROUGH APERT’J2ES

Buoyancy-Driven Flow

If two adjacent spaces connected by a doorway
throu~ilthe common dall are at different tempera-
tures, a natural convective exchange of air will
occur through the doorway. Uarm air will fl~l~
through the top of the doorway into the cooler
room and cool air will return to the warner room
through the bottom of the doorway. The net effect
is to transport he~t frc+nthe warmer room to t!le
cooler room, tending to decrease the te:,l;)era’-ure
difference,

A typical air velocity profile observed in a door-
way is shown in Fig. 1. The two counter-current
air !tpeams tl)roughthe doorway are well behaved
and do not mix appreciably. The flow veloci~
approaches zero at the door midpoint and increases
as the distance from the door midpofnt incredses,
reaching a maximum in one direction at the door
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top and In the other direction at the door bottom.
The velocity Is proportional to the square root of
the distance from *9w door midpoint and to the
square root of the temperature difference between
roms. If the roam are reasonably alrtlght, the
top and bottom halves of the curve are synmetrlc
and the afrflow in each direction will be equal.
Streamlines tend to be nearly horizontal In the
dooruay, and the boundary 1ayers near the doorway
edges are quite thin.

The llrflcw Is buoyancy driven. This Is becaiise
the air irIthe warm room is 1ighter than the alr
In the cool roan and, thus, will tend to rfse,
whfle the air In the cool rom falls. If the par-
tltlon between the rooms were remved, creating
one large roun, the airflow would take on a simple
circular pattern. However, the presence of a par-
tition with an opening that Is much smaller in
area than the partition creates e major flow impe-
dance between the roans, aad the opening beccsnes
the governing element that controls th. rate of
energy transport.

LE!w!m
Natural convection energy transport rates can be
significant, as an example will show. Suppose
that two roans are separated by a partlt~on that
is 10 ft high and 20 ft wide, and the aperture Is
a normal 6-ft B-In. .loor3 ft wide. The partltlon
area is 200 ft2, and the door area is 20 ft2.
If the temperature difference between rooms is
6*F, the following will result (at sea level):

Airflow . 3e0 cfm, and
Energy transport . 2440 Btu/h.

Compare this to conduct~on through the wall. sup..
pcise +Jat the U-v~lue frcvn room-to-room is 0,4
Btu,lftf h ‘F, typical of an uninsulated stud-
frame wa!l. The conduction heat transfer Is 0.4 x
6 X 190 . 432 Btu/h. This is less than 1/5 the
convective transfer rate. The heat transfer rate,
per unit area, {s 51 times gre?ter for the opening
than for the partition.

Airflow

Airflow rate depends on the geometry of the aper-
ture and on the room-to-room temperature differ-
ence, AT, masured @t the same elevation in each
room. Tho following simple equation can be used
to estimate the airflow for a simple rectang~lar
aperture:

v. 2.90 w@hT , (1)

where V . volumetric ‘low IIIeach direction, cfm,
w & door width, ft,
h . door height, ft, and
AT . room-to-room tempcrlture difference, “F.

This equation is derived th~u”rtlcnlly and Is well
collaborltcti by experimental obscrbation. The
alrflw does not depend on air density (vhlch
vfiries some wfth ?Ie%atlon) nor do~s i! depend
appreciably on temprratlir~str~tif!cation thht may
bc present In the romvi.

Energy Transpo)t

EnerW transport Is determined by the al~flow rate
and the difference b?tween the mixed-mean tempera.
tures of the upper alrstream and the lower air.
stream. If the airflow rdt? is V cfm and the
mixed-mean temperature difference between the up-
per and lower airstreams is 4Td F, the energy
transport, Q, is simply,

O = (1.oB)(V)(ATd), Btu/h. (2)

The ntier 1.OB In ~is jq~ation is the heat
Capacit,v of air (Btu/ F ft ) at sea level. At
higher alevatlons, the value will be less in
direct proportion to air density. ~Td, the tem-
perature difference between the upper and lower
air streams, is usually close to AT, the roo,n-to-
room temperature difference. If these two are
equai, then

Q.3.2w~’ . (3)

Design Chart

A single remote room in a building can often be
adequately heated just by natural convection from
an adjacent heated space. Based on the equdtions
given earlier, wc can relate the temperature dif-
ference frum room to room, the room hedt loss, and
the aperture geometry. The result is a design
chart as shown in Fig. 2.

As an example of the bse of this chayt, SLIPPOSSa
remote room in a building has a design hedt loss
of 1200 Btu/h and that, under these conditions, we
are willlng to allow an average roam temperature
4-F belo~ the temperature in the rest of the
building, Then, from the ch~rt, ~c S$.W th~t J
door width of 32 inches is needed to provide suf-
ficient heat transfer by ndtural convection
through a standard 6 ft 8 in. door opening.
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Nbtural Convective Loops

A convective loop, shwn In Fig. 3, Is beWeen a
tuo-story-hfgh Sunspbce and the attached tuo-story
house. On@ w to bscrlbe suet,a looP 1$ as a
‘heat engine.” Heat Is added In the south side of
the loop, and the s- amount of heat Is wlthdraun
on the north side. Alr flows around the loop be-
c?wse of the difference In dens!ties between the
south leg and the north leg. In fact, we can cal-
culate the fiou rate based on the difference In
average t~eratures between the tm legs. It Is
also possible for heat to be remved along the top
leg of the loop; thts Is particularly effec?fve in
driving the loop because It increases the average
denslQ along the vertical north leg. Lastly, It
Is possfble for heat to be rasmved along the bot-
tom return leg; this Is not very ●ffective In
drfvlng the loop because it does not contribute to
the Increased density ‘Inthe ncrth vertical leg.
He have observed convective loops llke this In
many passive solar bulld”;rigs. Nomally they use
only normal architectural elements, such as door-
ways, halls, sunspaces, rooms, and stafrdays with-
out significant compromise in the livdbil~ty or
architectural freedrm of the f~slgn.

NATURAL CONVECTION EXPERIMENTAL RESULTS

Air velocity and temperature measurements have
been mad.?in 15 buildfngs that Incorporate natu~mal
convection Involv!ng a sunspace and other archi-
tectural features. In most cases convective
loops are Inadvertent; that ts, they were not
intentional or even perceived by the owner o}’
designer.

He have found that the observed natural convection
is predictable using relatively simple models,
gererally consistent with the ●quations presented
earlier, In the future we plan to dlsttll the
results Into several sfmple design charts, similar
to Fig. 2, and also a set of design guidelines.
Results from the tlrst two years of experiments
are sumnarlzed In Refs. 1-3. A more ccnnprehensl~’?
descrlpt{ol of Interim resl”+s Is being written
and will be published as a LOS Alamos report. A
f% of the most recent observations are given
below,
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In a two-

~SerV&tfOllS Of ATd

It Is i~ortant to observe the nature of the
door-top-to-door-botta temperature difference,
ATd, because the encr~ flOU Is proportional to
It, as shown In Eq. (2). To obtain Eq. (3), we
●ssured AT

f
■ AT. Me haue measured both *~r-

ature dlf crences and observe that the ratio

ATd/’AT tends to r{Se durfng the ~.

Typical results are shwn In Figs. 4-6 for the Bet
Allen hodse In Albuquerque. Figure 4 shows AT and
ATd for cne sunny dAY ●nd Fig. 5 81MuS “Je rtt10
AT6/AT . Our best estimate of the correspondlnti
convection energy, Q, Is shoun In ~ig. 6. The
total energy transport through the 3-ft doorday Is
48,770 Btu for this day. If me use Eq, (3) to
calculate ●nergy transport, the total ●nergy
transport over the day is 40,480 Btu, Indicating
that this equation generally underestimates the
average energy transport. Thus the design chart
of Fig. 2 can be expected to be somewhat conserva-
tive.

Glass Temperatures

We have also noted in all our observations that
the surface OF the glasc In a sunspace or direct
gain room Is warmer than the afr temperature dur-
ing sunny periods. This 45 due to solar heat~ny
of the slass. The warm glass wrffice plays a
major role In heating tne room air. Strong rising
boundary-layer flows are obserued next to the
g?a~s. Figure 7 shotisa comparison of glass tem-
perature and room t~erature for the Bea OAllen
house. The slope of the sunspace glass Is 70 .

Stratlficatlon—. —

He have observed In our experiments that tmnperu-
tures in the two adjacent rooms will usually be
stratified wnen they are lfr,kedby a convective
exchange through an opening. The degree uf strat-
ification uI1l depend on the rete of heat ex-
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Energy flw throu3h the same doorway
(solld line). The dotted line shows the
solar radiation Incident on the outside
of the sunspace glazing; this shows the
relative time lag of the convection. The
sunspace is quite massive.
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Fig, 7. Temperatures mcawred on the same day,
The glass temperature Is measured by a
thermocouple attached to the inner sur-
face of the double glaz~ng using trans-
parmt talw. The air temperature is
measured behind a small sunshade.

change. Strattficatlon will tend to enhance the
rate of heat exchange because It increases the
temperature difference between the upper air
stream and the lower air stream, bTd. Because
the flow streamlines are generally not horizontal
approaching and leaving the doorway, the mixed.
mean temperatures cannot be determined easily from
the stratification profiles but must be measured
●xperhentally. This has been one of the objec-
tives of the Los Alamos experiments.

A typical Stratification profile is shodn in Fig.
8. This is taken in an atrium located In thk cen-
ter of the Ed Balcomb kouse in Albuquerque. In
most cases-, we ~bserve strong stratification of
0.5 to 1.2 F/ft durfng solar-driven periods, which
diminishes to nearly zero stratification dt eight.
We believe that heat exchange by natural convec-
tion to adjacent rooms tends to promote rather
than diminfsh stratification during the diiY and
that flows in opposite directions-on nort~~ and
south walls result
at night.

~ow Visualization

Me have been using
visualize airflows: smoke traces and bubbles;
The smoke traces are generated ustng a smoulciering
punk stick; several of these are deployed upstream
of a doorway and the ensuing trails of smoke can
be followed for several feet. This has proved to
be the most effective method for studying airflow
patterns approaching and leaving an qperture.

in mixing of the suospdce air

two effective methods to helD

Bubbles have proved to be effective fGr tracing
alrfluw over longer distances. A bubble generator
has been built, following a procedure developed at
the Colorado State University,4 wtlich generates
a continuous stream of helium-filled soap bubbles
about 1/3? In. in diameter. The bubbles survive
for several nirutes and are neutrally buoyant so
that they can be used to trace airflow fru,flrOJfll

to room. However, they are nOt USefUl in d sun-

TfMPCRfiTURC, F

Fig. 8. Air temperature stratification measured
in a central atr{um in a one-story huuso.
The atrium glazing is on the south side
of a large vertical clerestury. The
atrium Is connectively connected to ad.
jacent rooms of the house IJn all fo~r
sides and has a massive floor and north
wall.



Hybrid Syst~s

In the course of taking measurements In 15 build-
ings, we have observed the aperatlon of active
fo~ced-air elements In five of the buildings. The
active systems observed are the following: A fan-
forced rockbed, a fan-forced blockbed, alr fan
forced fnto a basanent room, air fan forced Into
remote rocms on the north side of the house, and a
destratific?tlcm fan in the five-story &trim of a
commercial building.

The quantitative results from these observations
have all been discouraging, Ifidlcatig performance
wall below that predicted by the de:,gner. Usual-
ly the heat transfer rates achieved are 1/3 or
less than the values expected.

In all cases, the reasons fur the poor performance
have been evident from inspection of the data.
Problems Include leaky ducts, inadequate lnsula-
tlon, inadequate heat transfer, and undersizing of
equfpment.

lieconclude frrxnthese findings that hybrid sys-
tems are often poorly designed. It is not that
the hybrfd approach was not ap?ropviate in all the
c?ses studied, but that the design was Iacklng In
one or another regard. As in any active system,
design and implementation require good sound
engineering. Although our findings have been sub-
sidiary to the major objectives of the project, w
belleve they point to a g.xreralarea needing more
investigation.

SIMILITUDE EXPERIMENTS

Similitude experiments are used to stuo natural
airflow tn a scale-model labor&tory ●xperimental
setup. By using a heavy gas, Freon, a asodelcan
be used that Is roughly l/5th scale. Expc,”lments
have been conducted at Los Alamos f~rst by
Weber5 and then by yamaguchi.6 The r,~sults
are prpsented as plots and correlations of Nusselt
nunber as a function of Grashof number because,
acccrding to similitude theory, these results can
be related directly to steady-state rnergy trans.
p~it in air in a geometry of the same shape.
deber and Yamaguchi used the rxperfnwnts pr{marfly
for the stu~ of the effect of aperture he4ght and
width on convective exchange between two adjacent
single-story rooms at the same elevation.

The similitude experiment has now been cwpletely
rvbuilt and refnstrumented by Mark Uhite, a gradu-
tite r?search assfstant frmn the Colorado State
University working at l-es Almos,, In order to
study other geometries. At the same time the de-
sign has been Improved to totally eliminate Freon
leaks. The geometry nw permits the stucii of
,Iaturalconvect?m tn two-story situations and the
effect of level changes betweetlrooms, The exper-
iment has been c~eckei’to deterdne the heat loss
calibration, and k, .re rea@ Lo hegln convoctlon
experiments using Freon,
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