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/ 1ttf1.1. ""'m rmd;i,srm~' space:· ; Ji/v·rt pro"rJde a visw:inv 
.vfiim~laeinB lfr1k h6'':'<!f.n- th£: ff:f.erfor w:d e;.;;rJrior ~-.: ·Jiron · 

mr.:11tN tlv mv:h a si;-:;})jghl. ,-~r1 ·i.n ::xm f; ,; characteri7;c;:Yi by 
i'lll.i; i1y n~:;, r;i''-''1 prcJO!Sses and 1:andhions, si.ch <U dynamic 
air 1eri-ipr:Ti'W . .-r- !i.:'ratificafion, e;:; rerne d<.yl.ighl surf~ce 

tefiijHTf!f!-'VC wT<-J(i!fon.s, differemial intrrior s's~f,,ce 1 zrnp~ta
trm~s, H' 1W7f(,·.r n14~tr.:rci r:on.vection air v,<;/.1,;.d1ies, arr-'.1 a nw/..>i 
l1:w:l 7f! i*f'1/' lwi:-m1fm·, Ur!f.'>rtUnaf(Jiy, thes.1! proct::sses are 
rw_i g:.·:U 1:.;r.vt~T-_,,:-(,'o ) [;y (Z-:;::fr. rier.1· artl'l, as a res1~lt, many 
,.,;,.d:/ Iii'{:' (!)iUY/Sii:nal ~iaf>.iL't::e.; ·_ .rm.'ln· th,1r1 a::sets. Part 0' 
1hc r1-:a.:;ov;•jfJ'f Er7Lf sr:1;,y i;e ffw fock 1.f detailed r.-?search into 
rhis avtx;· arW. i!r£ fi;::(:i', th,:;:f (.Hrrer;t e:•;.;:r3; aMlysis too!s dc
nt!f" m1.•;q~'. : •J'f: ~y 1;~.,.-x1unr /r::· rht-' fr;,ff:''ll .':dmn· cmong th;.;-;; ; 

p.•"c.n·f: .... w:s. r ·t:·w r·hr:,'.C r1Zesm11;, 1'!'<.ore srl«.i:-y ;;m.d the develo/F 
1.>.'c''fU' •r::l ar,., t:iwrgv 1;;r1dd nov.~ opplicabi.? to thf::.e spaces 
arl~ J~;!~ft:Jtl. 

Sew!N-i l Studi: :· i~'O"F cvndu(f~{ (({a ,;,. r,t:i /rrr :(; ;·1ivt:;·sir; to 
~gcreast •mw 1:-n:f~:r.1·uu 1din8 of the thcmw dj v1mic behavior 
r!f' khese spac.r;;, . '.1 i'i(:- ~.: Mudie.r wae jor exis.iJng awl pro .. 
l''Oi'f.d spa(:e,1· , !Uiot; du: .~F:Hwds fnclud&i in-sfr~; ;ru:mitoring 
cwd .1·cau; 11tod . .c:D1i-.> 'ii.« · 1-nalytical ti1eliwd..-: indudt; frwpec-
i'foii •i!{' i'.fi>r<h'lC/f/e.1· J 'fo,•,r, COTn(FU_ter-generaUY) theT'."i?al 
inw:giiig , ai:d u11b iwirf.!lfr. lirntar regression. The sci,:Je
mod.cl srndir:s ~·,·cd f!'m'c~:· rnapp,ing .and wind tuwiei te.:tJ fl , 

exarufu:~ 1/w c1 ,''F;,;:i· i' u14hf~ for naturaL!y venting tht.' e:xces:> 
heat th:~r r.r<. · 1'~1e<'·i:•Jat1~:>' 1·<.ea1- the skylight. The results frcm 
~·he.w.: · ssudi~:~· L·' to t·.:r·ommendm'ions to the Ufiiversity 
.archite<.'i, 1«1ilh[es dc;::o;r:menr, and consulting engilceers fm-
more efficient desiu .i •md opt:,: ·aiion .Jf thes!'.· spaces. liie 
an.a.lytit1 :t pro1: C:d !ti 'c !-' ,, ~Ji:? reri:.lts' ana tht;ir frnplications}:; y 
HVA.C' "'Y,\'IU.'< , ipc:n::tfo:, ult. diJ·cusse.d. 

! . 

'l lil:l h\_(1•imi:: :rci.~1.: recently emerged as a yopnfar detign 
·~kt1.enJ fot i.t1d:.i:\tl.:ct.<;. This might be dut> to the viswi \ 
U)'!V!Wfoi; of '(b'&:C' space.s with ~befr multistory proportiOLliJ 

/ aud utifo: ~tilm 0l &.yl.igh1 Spaces ~uch as these ue also 
often popr l ;· ~mon~ rez,l. ~.rate developers because of the 
· gbc reuts H1;:.~ t::an be <:o!lected in buildings wjfu su::h 

amccitie.">.' .,Whll.c s1tci~; .do bavl': lildV&.ntages, they too. often 
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create operational liabilities wi.th high casts for heating i1nd 
CO'.>ling. This is, in part, due to the architect's and roec;, ':<lni

cal engin~f;~"iii lack 0f recognition for the them'.':! l pn.~;;esses 

that · ·~e ~J:>.te iD. tile:;;: b"f-i\C~. For exn"'tjlk, atrfa ~_ypically 

•,'Vil~ ~Aperien~ l&rg~J ~.e.u1peratr1r~ d.t ff~~y·~ces l?et'NeDn the 
up!'::-r and lower zom:.s. \'lfr~h :•.11 1r,,1rl~rni~.mding nf this 
stratiffo:uim.1 w:i (l ~ recogDi{ion of 1:t1::: o:)•~rnfo1g rn d amhie:at 
weather cm.uiiti cn" th~t create it, st1lltegi ~., -c:m be ~ 1ovd· 
oped <o ruk\c·;,, th;; need f.:ir beating or coofr,>,~. 

Several bu; kh:ngs ~vi;h a~rium spaces .; -<111e l~n cr .il-· 
c.;t,uc~ dudng 1he ~;. ~ ! 1}:i:-~"'de ... ~n a m·tior •wuwf;;;ily 
<:-ampus. In !l!1 effr;1· ~ ~,o ·~tff:J( •)"e nur u.nderst()Jl:.'ling cf lh~. 
thermodynan:Uc beil•JV,or :::ml to dewJo~) •:neq;y <;one'.':rv :~ o 

tion strategies for !1:\.-;.~ '.l!1d future J;;s.i,:;.:lS, se11 ,~n -l :>ii:,Ji~ 

\'o\.ite conducted. The-s-:; i11cluded morulo(in,; of iwo ~;\{)fl'::t
ric.dly diffe,·~m i ~t:r:l'l fo~ both passive ·r·.nd "'~~iv.; conditio:~;; 
during willtt-;1 .i.Md Slimmer operation. D:"L\ colh;i:~:.:-1J for 
these space.<: were analyzed using time .. _;erfr,i 11iots, •;omput
er-generat1XI •hermal imaging, and i'.·.<ultiplc 1-iil&li' r.i~I\~

sion. Ia ucMition to I.he UJ-situ moni~om1 .;; , t1Y! 1,o&;\r .. Hiti0;; 
for naturally ventih>ting u pwposcd ah1•Jm wer<: s\ nd b d 
ming u fiuid 1".'".aj)ping l ;ibk~ find winil tunneL 'fh•;se 1J\u1Jies 
led to ;.-irnposals for more .;nergy-efficien! D.ifi11Jr1 +~sig.1 1: 1 :!1d 

fa;ating, ventihting, ~nd air-condilio.Lung (l '.{ ·'/.i~C) sysi;.~fn 

operation Th.:: ::• i1;;,Jytiv;l pi·oc~d1.1 ;-:: .. .,, t:v~ir :r•.isul!s, -,1nd 
recom~J j.;11ill~.t-~.{Jf,.~ ri ·.~ }.n"\;.S<Yntt\,,d Jt1 't i~i~~; f~~p <.3 'l. 

Te 'LcH<!r v.ud~T,<,<111\d ::}!.s\r .ti:11;r1uc<lymn:nk bebavioc, 
two geom~t1rknHy-.difr::.i 0i1! i~~riJ wer(:; ~f' l r.ii::d. Ti.!~ first w~ 
;1 iong, !Jarrc\V r:;p1: 1~~ wit.h :i iLi[;h su:tivD!ll ii.sv ·,ct 1-u\io . 
Locat:;d iu <1:c .s!ectr·k::;.! cl'.1gi11e'5fllJ8 '.lrld '~omyi.rting science 
(EECS) buildi1jg, thjs fo11 1·,,s trffy L:JclC<) ;;erv;;;; 0/> t1 <.:il'\;Ulr.
tion stiine throng.ti .:h0 'bu1\d i1i~ (.;;,ie.: Fi:tu~·P.s 1 ,1m.1 2). Tb!j 
ailiu:.iJ -ls 3GO k•~t ,1ong (0 '.I, ,; 1;i), 30 f:;et wide (9 .1 7Gl), ~ucl 
'lO feet :J:ijgh (2 L 3 :1~). 07.bu tlrn.1 th~ bri<lge:; ?:h2l -~khl..Tl ihe 
ilpp~t ilc-c:~ ~. oi11y ibo kw~:;t · level j :; occ:'Jpfod. : -, 
· . Tlrn 51;;c,orJ atri1_r:m :,,; :l o~ated ill <.b,::. d101·ctlr:t.rj tuilding. 

·tmr; ;~pi~o:; js ilt}l:Stb ict _ilhu, :fow!' 0!::iri{~;; t-~- ll, ,.,,J h!lS ;1 

Sl'x.Ji ;>xt~cn·,~1 a·;_p:'l;t tr}.1iD {ser~ 'Fig<..:rns 3 ill'.\d 4). This 
i;pac,; is ~~4 ':'wt lofig (:26 .6 r:n), r'jt'l f~<-;\ wide (28.6 m), AJ:•J 
77 foe! hlgli. ~:!;j .:'i m). Ah110ugh thest: .>~;aces am georlld;-i-
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PLAN EECS BUILDING 

Figurt 1 Plan of EECS building. 

cally very different, they are volumetrically similar. Both 
spaces have a skylight roof with similat' transmittance 
properties. Also, the interior construction is brick and block 
for both, although the EECS atrium has some wall areas 
with furring and gypsum board over the block. 

During 1989-1990, copper-constantan thermocouples 
were suspended in a center section of the EECS atrium (see 
Fiaure 2). These were located vertically in the center of the 
space at approximately the midpoint of each floor level and 
near the skylight. Thermocouples were also located on the 
surface and s inches en .. 7 cm) away from both the north 
and south walls. Due to limitations on the data recorder, the 
wall temperature meai.'UJ'emeird were onJy taken for the 
upper and lower :.ones (see Figure 2). In addition to the 
interior temperamres, outside glass surface and outdoor air 
temperatures were recorded, as well as global solar radia
tion and wind speed near the skylight. 

Similar to the EECS byildi.ng, measurements in the 
center of the chemistry buildiag atrium were maJe for each 
floor level and riear the skylight. UnJike the EECS building, 
however, thermoc0uple~ were located along all four walls 
for each level (see Figure -4). Air temperatures S inches 
(12.7 cm) away from each wall w.ere taken for the upper 
and lower zones. Outside air temperature, solar radiation, 
and wind speed were measured near the skylight. These 
measurements were made from 1990 through 1991. 

For both atriums, recordings were made at five-minute 
intervals during winter and summer and with the air~ 
conditioning system off or on for several consecutive days. 

Data Analysis 

From the monitored data, three analytical approaches ., 
were used. For the EECS atrium, time-series plots and · · 
computer-generated theimal imaiing were userl to increase 
our understanding of the thermodynamic behavior of this 
space. Multiple linear regression was~ to compare the 
responses of the two atria to changing weather conditions. 

Time-Series Plots Recordings for the EECS atrium 
were plotted so that variations in interior and exterior 
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Figurt 2 Section of EECS-thennocouple locarion. · 
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Figurt 3 Plan of chemistry building arrium. 

conditions could be easily observed. F.or example, Figure 
5 shows the variations in the inside air temperature for 
different vertical locations for a 24-hour period in July. For. 
these recordings, the air-r..onditioning system was off . . ft,.s 
shown, the difference in inside air temperature is only a 
few d,egrees during the night. During the day, however, the 
difference between the upper and lower levels varies by as 
much as 27°F (15°C). Also notice thlf larger diurnal 
temperature variation near the skylight when compared to 
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Figure 4 Section of chemistry building ll!ri~m with thennocouple location . 
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Figure 5 EECS atrium center air temperatures-July 8. 

the recordings taken id the lowe.!it level. This begins w 
suggest Ii two-zone response pailt:m, as will be discussed 
later:· Figure 6 shows that the overall pattern remains the 
same for winter conditions, although the inside air tempera
tures are lower than for the summer. The eAistence of 
stratifi~tion and seasonal and diurnal vanatio11s in thermal 
response must be recognized when uesigning and condition
ing multistory spaces. 

Thermal Imaging Again, to enhance our understand
ing of the thermal processes that take place in atria, a 
computer-generated thermal imaging procedure was used. 
For this, recordings for the 2ECS atrium data were con
verted for use with the university's graphics editing soft
ware. For each recording location, th~ lime-series data were 
structured to serve as input to the program. Sectional 
dimensions of the atnum were input to the program, as well 
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Figurt 6 EECS atrium cenler air temperatures-March 11. 

as the temperature data for each location~ The interior of 
the atrium was divided using a two~imensional Cartesian 
grid system with nodes located in the center of each grid 
modullis. Approximately 110 nodes were used. For the 
nodes corresponding to the locations for the recorded data, 
the temperatures were assigned directly. For the intermedi
ate nodes, the temperatures were estimated using linear 
interpolation and an iterative calculation procedure. Colors 
were assigned to the temperature scale. For example, ml 
represented bot, while blue was cold. The results from this 
procedure were displayed and redrawn for different weather 
conditions. Figure 7 shows the rather uniform cold tempera
tures that were present at 7:00 a.m. on March 10. Figure 
8 indicates that by noon of the same day temperatures near 
the skylight were considerably warmer and a large degr(le 
of stratification existed. This imaaina approach was useful 

Figurt 1 Results of a computer thennal imaging model, 
7:00 a.m., March 10. 

for intecpreting the data and for understanding tlie dynamics 
of the stratification phenomenon. 1t wa:; also used as a 
teaching tool for demonstrating the dynaw..ics of these ::, 
spaces to visua]]y oriented architectural students. ·. 

Multiple Linear Regression Sioce the data for the two 
atria were collected over two differen~ recording periods, 
time-series plots and thermal imaging could not be used to 
directly compare the spaces. Also, while these methods 
a]]owed for qualit.tive evaluatiou, they were not quantita
tive in the sense of providing an indication of the relative 
impact of climatic variables Oil inside air temperature'. · For 
these reasons, multiple linear regressjou was used wf an 
alternative evaluation method. 

Data Structure Monitored data for each atrium were 
entered into the university's mainframe computef'- and 
organizeJ sequentiany. The complete tlme~serie5 for the 

Figure 8 Results of a computer thennal imaging model, 
niJon, March 10. 



lower level was entered first, while the last section of the 
data was for the upper measurements (see Figure 9). Each 
case (line) has values for thf. inside air temperature, outside 
air temperature, global solar radiation, wind speed, and 
time of day. Dummy variables for the HV AC operation (1 
= on, 0 = off) were created and added to the dat.t. 
Dummy variables were also used to indicate the height of 
the measurement above the atrium floor. For exam.pie, with 
six vertical mt·asurement locations, six bilevel dummy 
variables were created. For recordings taken at the lowest 
level, the first •1Ariable is se~ i.; one anti all othets to z.ero 
(1, 0, 0, O~ 0, 0). For the sixth level, the sequence would 
be (0, 0, 0, 0, 0, 1). These vmables allowed the differenc
es in temperature with height to be quantified. Solar altitude 
and azimuth angles were calculated and added to the data 

for each recording. 
R~ion Analysis and Results An early objective 

of this work was to qualitatively and quantitatively under
stand the thermodynamic behavior of these two geometrical
ly different spaces and compare their l~vior. To do thi~, 
1111 expression was needed for the relationship between 
variables such as inside air temperature and solar radiation. 
Using,multiple linear regression and a lea'lt-squares fittinp, 
procedure, equatiom such as F..qn~tion 1 were derived for 
each space. 

where 

y = predicted dependent variable, 

fJo = intercept, 
Pr . . fJ.~ = partial slope coefficients, 
x, ... xl< = jndependent variables, 
e = error. 

A potential problem with multiple linear rl!gression and 
ordinary .least !!Qll.11..t'es (OLS) is that, for time-series data, 
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the residuals are likely to be autocorrelated. This violates an 
important assumption for OLS. An alternative analytical 
approach is general~zed least squares (GLS). GLS helps 
reduce or eliminate the autocorrelation problem and 
provides reliable tests for significance from which inferenc
es for the independent Variables can be drawn (Schroeder et 
al. 1989; Berry 1111d Feldman 1990). For this reason GLS 
was used for this study. 

As indicated by the time-series plots and thermal 
imaging, a."l important consideration in atrium design and 
operation is air temperature stratification. Stratification is 
defined as the diff~rence between the maximum temperature 
(normally at tbe J::ighest level) and the minimum tempera
ture (at the lowest lev~I) (c.i.astaU. ~J Colliver 1989). Two 
equations were derived, one for each atrium, that predict 
the temperature difference between the upper and lower 
zones as a function of ambient weather conditions and solar 
position (see Equations 2 and 3). The equations were 
derived for passive conditions with the air conditioners off. -

EECS IDIFF = 23.48 + .143 TOA+ .005 RAD 
+ .03 Log Wind - .29 SOI.ZEN (2) 

(18.5) (9.5) (2.4) (.6) (-46.0) 

CHEM IDIFF = 13.91 + .326 TOA+ 

.004 RAD+ .19 Wind - .068 SOLZEN 
(3) 

(-5.5) (6.5) (14.0) ('U) (1.97) 

where 

TD.lFF 

TOA 
RAD 
Log Wind 
Wind 
SOLZEN 

HVAC 
OFF I ON 

n 
n 
n 
n 
n 
* 

I 

* 

* 
ETC. 

= predicted temperature difference from 
upper to lower zone (°F), 

= outdoor air temperature (°F), 
= ,el0bal solD radiation (Btu/ftz), 
= log transformation of wind speP..d (tps), 
= wind speed (fps), 
= solar z.enith angle (degrees). 
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Figure 9 Data structure used for regression analysis. 



As shown in hoth equations, the most significant 
variables are outside air temperature (TOA), sun position as 
represented by the zenith angle (SOLZEN), and global solar 
radiation. Although wind speed was included in both 
equations for theoretical reasons, it is shown to be quantita
tively and statistically less significant than the other vari
ables. 

For both spaces, stratification increases directly with 
outside air temperature, although the influence is larger for 
the chemistry building. This will be discussed later. Also, 
as the solar zenith angle increases, meaning we are moving 
away from solar noon, the magnitude of the temperature 
difference decreases. Not surprisingly, the influence from 
solar position is greater for the EECS building. This is 
probably due to the narrow proportions of this space and 
the more localized solar influence near the skylight. This 
will also be discussed later in greater detail. 

Figure 10 compares the predicted temperature differ
ence between the upper and lower zones for both atriwc 
geometries at different outdoor air temperatures and for 
three levels of global solar radiation (0, 70, and 270 
Btu/ft2·h [O, 220, and 8SO W/m2]). Wind speed was held 
constant for all calculations. Solar altitude angles were 
calculated for the hours when the selected values for global 
solar radiation were most likely to occur. As shown for 
both spaces, the temperature difference between the upper 
and lower zones increases as outside air temperature and 
solar radiation increase. However, the stratification is larger 
in the building with higher sectional aspect ratio (EECS) for 
similar weather conditions. 

Using these same equations, the predicted temperature 
differences between the upper and lower zones are shown 
in Figure 11 for different hours of a typical day for Ann 
Arbor, Michigan, for January 21, April 21, and July 21 for 
each space. Similar to Figure 10, Figure 11 shows an 
increase in stratification as we change from winter to 
immmer conditions. Both fiiUres also indicate that, with 
little or on sol$r radiation and cold outdoor temperatures. 
these spaces experience a temperature inversion with 
interior air temperatures near the skylight colder than at the 
floor. This inversion is likely due to the beat transfer from 
the warm inside air through the skylight to the outdoors and 
the radiant heat exchange between the upper walls, skylight, 
and night sky. The magnitude of the inversion is approxi
mately the same for both spaces (about -S°F to -7°F at 
30°F outdoor air temperature (-2.8°C to -3.9°C at 
-1.1 oq. 

The recognition and quantification of this inversion are 
important for at least two reasons. First, it is under these 
conditions that condensation of moisture on the inside 
surface of the skylight is likely to occur. For this, strategies 
must be developed to prevent the build-up of moisture on 
the glass surface. Second, under these conditions, down
drafts of cold air are likely to occur, creating discomfort for 
the <k:CUpants below. 

As temperature and solar radiation increase, Figures 10 
and 11 suggest that both spaces experience noticeable 
temperature stratification. Interesting, however, is the larger 
degree of stratification in the EECS building when com-

pared to the chemistry building for similar outdoor air 
temperature and solar radiation conditions. For example, 
Figure 10 shows that at about 70 Btu/ft2·h (220 W/m~, the 
EECS atrium has an approximately 5°F (2.8°C) larger 
temperature difference between L'ie upper and lower zones 
than the chemistry building. As the level of solar radiation 
increases to about 280 Btu/ft2·h (8SO W/m~, the stratifi
cation increases in the EECS building to abOut 25 °F 
(14°C). For the chemistry buileing at 280 Bti.J/ft2·b (8SO 
W/m~, the predicted stratification is only about 16°F 
(8.9°C), nearly 10°F (S.5°C) less than for the more 
cavernous EECS atrium. This is also shown in Figure 11. 
Furthermore, FiiUfe 11 shows that the stratification is 
largest in July, when warm outdoor conditions and high 
solar angles and radiation prevail. As expected, the stratifi
cation is predicted to 'be largest during the middle of the 
day, decreasing during the nighttime. As previously 
mentioned, due to conduction through the skylight, both 
spaces experience inversions during the night when colder 
temperatures are present and there is no solar radiation. 

The larger stratification for the EECS building is 
probably due to its two-zone behavior (upper and lower) 
and the more localized impact from solar radiation near the 
skylight. Because of the deeper, morl'< cavernous geometry 
for this space, the direct solar radiation does not penetrate 
as deeply as in the more open chemistry building (see 
Figure 12). This implies that the lower level of the EECS 
building is less influenced by solar radiation than the upper 
zone, which leads to large differences between the zones. 
For the chemistry building, on the other hand, the air 
temperature is more uniform as the solar rays penetrate 
much deeper. 

The previous results describe the stratification for each 
sp~ce as a function of outdoor conditions and solar geome
try. A second analysis was conducted to determine the 
average change in inside air temperature for different 
vertical locations. Two equations were derived for predict
ing insi<le Kir temperature using height as an independent 
variable. Equation 4 predicts the inside air temperatu1f\ \n 
the EECS atrium, while Equation S is for the chemistry 
building. 

(EECS) TIN= 78.3 + .017 TOA+ .0014 RAD+ 

.012 Wind - .07 Sol7.cn + 1.02 HT2 (4) 

(48.4) (1.8) (4.08) (1.91) (-12.0) (0.5) 

+ 1.7 HT3 + 2.6 HT4 + 4.3 HTS+ 6.16 HT6 
(0.9) (1.25) (2.t) (3.0) 

(CHEM) . TIN= 76.8 + .11 TOA+ .005 RAD 

+ .04 Wind - .06 Solzc.'l + .56 HT2 

(60.1) (38.9) (3.1) (11. 9) (-10.5) 
(5) 

(2.7) 

+ 1.0 HTI + 1.9 HT4 + 4.5 HTS + 6.2 HT6 

(5.4) (8.3) (21.8) \23.1) 
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where 

TIN 
TOA 
RAD 
Wind 
Solzen 
HT2-HT6 

= predicted inside air temperature (°F), 
= outdoor air temperature (°F), · 
= solar radiation (Btu/ft2·h), 
= wind speed (fps), 
= solar zenith angle (degrees), 
= average temperature increase for each 

vertical location compared to the lowest 
woe (HTl). The values ofHT2-HT6 are 
bi-level (either 0 or 1). 

The partial slopt; coefficient£. for HT2 thro.igh HT6 are 
plotted for each atrium il', Figure 13. This figure seems to 
ccinfirm earlier findings that the average degree of stratifica
tion is greater in the EECS building iliau in the chemistry 
building. 

An interesting aspect of Figure 13 is the distinct change 
in slope that occurs at about the 48-foot (14.6-m) level in 
the EECS building. This indicates a two-zone behavior of 
this space, where the temperature gradient' is much gre1der 
for the upper woe near the skylight than in the lower zone. 
This also seems to imply that the impact from solar heat 
gain through the skylight is localized. The p~ct for the 
chemistry building coefficients, on the otber hand, iihowi: no 
clear point of transition in slope but a more gradual increase 
as we move vertically through the space. Thii; seems to 
suggest a more thoroughly mixed air volume and less 
localized solar impact, as previously shown. 

IMPLICATION FOR RESULTS 

The results from the in-situ monitJring indit-J\te that 
stratification is common for both atria, although it is grc:A~r 
for the more cavernous EECS building. Figure 13 suggests 
that two distinct zones exist for the EECS building (see 
Figure 14). For this space, the upper zone is influenced by 
solar heat gain through the skylight while the lower zone 
experiences less fluctuation. This has important consequenc
es for the design anJ operatioil of systems serving spaces 
such as this. 

Cooling Operation 

Durinz tile cooling season when s~ratification is 
greatest, the upper wne should be conditioned separately 
from the lower zone. When excessive heat !.s collected 
through the skyli~ht, upper··level veot.s should be opened to 
allow for natural ventilation or exhaust fans should be 
turned on. Becan~ comfort conditions ue only needt>.d for 
the occupied spae<\, the lower zone should be conditioned 
separately (see Figures 15 and 16). 
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Figure 13 Comparison of average increase in interior 

air temperali:re for various vertical locations. 
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Figaf'fl .l4 Thermal zo;iing for EECS atrium. 

Natural Ventilation 

To determine the potential for naturally ventilating an 
atrium using operable louvers located near the skylight, a 
study was conducted using both a fluid mapping table (two
dimensional) and a wind tunnel (three-dimensional). For 
both techniques, scale models were constructed for a 
proposed university building (see Figure 17). Figure 18 
shows the two-dimensional cross-sectional model useJ for 
the fluid mapping table. As shown, with water flowing at 
approximately 15 IDI>h and openings in the skylij{ht knee
walls, a distinct tlow pattern develops for the upper zone of 
the atrium. This suggests that the possibilities for 1tcbieving 

adequate natural ventilation were good. 



} 

HVAC 
J::l:::::Jit:~!::!::~SYSTEM 

Fl.gun 15 Summer stratification and ua.rural ventilation. 

/F 
l • 

• • • 
I 
I 
I 
I 
I 
I 
~ 
I • 
I 
I 
I 
I 
I 

Figure J 6 Summer stratification and active operation. 

lHlll> HOOi ,LAN 

---
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Using the three-dimensional model shown in Figure 19, 
a similar study .was performed in the wind tunnel at the 
uni:versity's College of Engineering. By filling the atrium 
model with smoke, the ventilation potential could. be 
determined by obser"iing the time required to evacuate the 
smoke at different wind velocities. The wind tunnel tests 
confirmed the results from the fluid mapping table as a 

distinct stream of 1>moke was oberved from the ou~let 
opening in the atrium model. Both the fluid mapping ind 
wind tunnel tests indicated that natural ventilation of the 
atrium's upper z.one could be achieved at wind speeds as 
low as 5 mph. When wind speeds are too low or adjacent 
obstructions prevent the application of natural ventilation, 
ex.:.u•ust fans can be used to achieve similar results. 



Figure 18 Fluid-mapping results MSing two-dimensional scale model. 
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Figurt 19 1hree-dimensioMl scale model/or Wind tunnel testing. " 

Economizer Operation 

One of the most obvious energy~nserving opportuni
ties involves the intake of outside Mir to reduce the need for 
mechanical cooling. For example, hot return air can be 
exhausted and exchanged for cool outside air (8¢C Figure 
20). Typically referred to as economizer control, this 
strat-=gy can significantly reduce the need for mechm\cal 
cooling. ln a climate such as Ann Arbor, Michigan, this 
control s~nategy is typically used when outside air tempera
tures are betw~n SS°F (13°C) and 72°F (22°C). Aoove 
this, it is assumed that the heat content of the outdoor llir 
(including water vapor) i:; gre-.ater than the return iiir, and 
the controller closes the outside air intake to a minimum 

lo 

position. The previously mentioned temperature range for 
the economizer operation is appropriate for typical applica
tions, such as offices where retui:n air temperatures are 
between 75°f and 80°F (24°C and 27°C). For atria, 
however, where temperatures returned from the upper zone 
can be i~ excess of 100°F (38°C), energy-saving oppoinlni
ties are missed if the economizer temperature range Is kept , 
at SS°F to 72°F (13°C to ,22°C). To reduce energy co11-
surnp~ion, an enthalphy controller should be used, w~ch · 
compares the total heat content of the return and outside &Jr . 
and posWons the . dampers to condition the air with the 
lowest cooling requirement. While this method of control 
offe~ energy savings for typical applicatiom, it is ~v~11 
more appropriate for atrium liV AC systems. · 



Figurt 20 HVAC J-ystem exmomizer O'Jlt?ration. 

Heating Operation 

With large tem.rJ:;rnture di fforences ~tw~~1 the 11pper 
and lower zones, co;ud deration should be given 10 ilie 
HV AC system's design and beating op~ration. At le.a.st Ouee 
situations should re considered. Fiest, due to the l~s 1>trict 
thermal conditioning r~uirements fort.he r«:tivities uomial
ly associated with atria, the schedulmg 1md operation of the 
HV AC system shoulc. re flexible. Fo:r eur;~le, due to the 
thermal inertia of tl:•e building mass, there are many 
combinations for •mtdoor cor.(i~tions when. the interior 
temperature in the icwest zc:;e wm be comfortable withou~ 
mechanical conditinning. With an energy management 
system installed, 011e possible ~.o"ltrol strategy migh~ he tc 
use an equation suc'a ~\S Equation 4 to pi edict the conditioas 
when the inside ail re~ra~ure for the occupied level will 
be within a predefin.oo range without mechanical he..'\fol!' or 
cooling. For these 0.'.0nditi0us, the HV AC system could be 
shut off and the space t.emperature allowed to float. 

The second consideration for heating operation occurs 
during clear winter days with n!oderate outdoor iemper~
tures. With these conditious, stratification exists. To take 
advantage of this and reduce the need for beat input. the 
HV AC system should extract the warm air from· the top of 
the atrium and transfer it to the lower zone (see Figure 21). 
This destratification might be achieved by !l(;parate fans 
located in the Wium or by designing a "flexible" HV AC 
system that can allow for' this operating mode. 

The third mode of winter operatiob occ·ilrs during 
overcast days and nights'. During periods with little ur no 
solar radiation and a nt:l heat loss through the skylight, the 
air temperature in the upper level is less than in the lower 
zone (see Figures 10 and 11). With a dynamic HV AC 
system that combines operating strategies such as shown :'.n 
Figures 16 and 21, the upper and lower zoneo can be 
conditioned to different temperatures. For example, the 
upper zone only needs to be conditioned to prevent conden
satioh on the glass surface. Because comfort is not an iss.J~, 

f '\ 
t t · 

Figure 21 Winter deM .. a•ijicati., .• uperation. 

lower temperatures are acceptable. In the lower occupied 
zone, comfort is important and the space temperature must 
i~~ morP. t :ghtly controlled. By , .parately conditioning the 
upper and Jowt"· zones in this way, less heating is required 
•ban wita a si. .;;le-zone soluti1 -- . 

CONCLUSIONS 

While the resu1U.. presented in this paper are specific to 
the cases studir:~. luore gene1~l conclusions can be drawn. 
for exl\mple, the degree of temperar1re stratification seems 
larger for atriums with a large sectional a.~ ~t ratio. This 
is due to the more localized influence fro'l1 iOlar radiation 
:;1t the top of <lie atrium whcu ~ompared to die more open 
11,~rium with a smaU('.t aspe:ot ratio. This l~:ized intfoence 
tfom solar radiatiou con~.-ibut.es to the two-zone thermal 
behavior for the narrow r.trium_ For thCS'" .onditions, the 
,,asign and o~rati0n of th~. HVAC sy!-~ ·~m should be 
\;::lrefully spo::ified. For e;c:1unple, J:~ follv.,ing should be 
coi.s~dered: 

1. The HV AC system(s) should be designed to condition 
the atrium as both two woes or a single zone depend
ing on interior and ambient weather conditions. 

2. Due to higher than usual return air temptno.t:<ues, ~he 
economizer changeover temperature should be carefully 
reset or an enthalpby controller should he used, 

3. Provfrions such as operable 1ouven, nf"..ar the EkyJ.ight 
should be installed to allow for naturnl ventilation and 
removnl of heat that builds up r.ear the skylight. 

4. The les~ strin~ent thermal comfort requirements for 

atriums should be considered when controlling HVAC 
systems. For example, there are weather condi~ious 
when thf: atrium's interior nir temperatur~: will be 
comfortable without Che need for heating or oo~,Iing. 
These conditions should be identified and inco.rporated 
htto energy mauagement strategit"~. 

I/ 
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