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Figure 1  Plan of EECS building.

cally very different, they are volumetrically similar. Both
spaces have a skylight roof with similar 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
Figure 2). These were located vertically in the center of the
space at approximately the midpoint of each floor level and
pear the skylight. Thermocouples were also located on the
surface and § inches (12.7 cm) away from both the north
and south walls. Due to limitations on the data recorder, the
wall temperature measuremes:s were only taken for the
upper and lower zones (see Figure 2). In addition to the
interior temperetures, 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 byilding, measurcments in the
center of the chemwistry buildimg atrium were made for each
floor level and near the skylight. Unlike the EECS building,
however, thermocouples were located along all four walls
for each level (see Figure 4). Air temperatures 5 inches
(12.7 cm) away from each wali were 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 thermal imaging were used to increase
our understanding of the thermodynamic behavior of this
space. Multiple linear regression was used 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

QUTSIDE
AIR

HORTH

Figure 2 Section of EECS—thermocouple location. -

<
NORTH
Figure 3  Plan of chemistry building atrium.

conditions could be easily observed. For 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 aironditioning system was off, As
shown, the difference in inside air temperature is only a
few degrees 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 the larger diurpal
temperature variation near the skylight when compared to

2



OOUTSIDE AIR

y.0"

20"

rmoution O

. - . NORTH GLASS TEMP.

AT

80" 0"

o Ao 13 | iy 100 ey

Figure 4  Section of chemistry building atrium with thermocouple location.
"o r 8 JULY 1989
CENTER AIR TEMPERATURES -
05 (NO MECHANICAL SYSTEM OPERATION)
w
!
o
=7
'—
£ 90
L
w gs
r.
11 80 -
- .
1 2
704.—::::::::::'::1::::::;:*@“ L
3 8 8 8 o
o ] ) -3 “

TIME (HOURS)

Figure §

the recordings taken uat the lowest level. This begins 1o
suggest & two-zone response paitern, as wiil be discussed
later: Figure 6 shows that the overall pattern remains the
~ same for winter conditions, although the inside a:r tempera-
| tures are lower than for the summer. The existence of
stratification and seasonal and diurnal vanations in thermai
response must be recognized when Gesigning and condition-
ing multistory spaces.

EECS atrium center air temperatures—July 8.

Thermal Imaging Again, to enhance our understand-
ing of the thermal processes that take piace in atria, &
computer-generaied thermal imaging procedure was used.
For this, recordings for the ZECS atrium daia were con-
verted for use with the university's graphics editing soft-
ware. For each recording location, the rime-series data were
structured to serve as input to the program. Sectional
dimensions of the atnum were input to the program, as well

3
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Figure 6

as the temperature data for each location. The interior of
the atrium was divided using a two-dimensional Cartesian
grid system with nodes located in the center of each grid
modulus, 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, red
represented hot, while blue was cold. The resuits from this
procedure were displayed and redrawn tor 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 iemperatures near
the skylight were considerably warmer and a large degree
of stratification existed. This imaging approach was usefil

o T 2
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Figure 7 Results of a computer thermal imaging model,

7:00 a.m., March 10.

U

EECS atrium center air temperatures—March 11.

for interpreting the data and for understanding the dynamics
of the straiification phenomenon. it was also used as &
teachuny tool for demonstrating the dynamics of these
spaces to visually oriented architectural students.

Multiple Linear Regression Sioce the data for the two
atria were collected over two different recording periods,
time-series plots and thermal imaging could not be used to
directly compare the spaces. Also, while these methods
allowed for qualitative evaluatioir, they were not quantita-
tive in the sense of providing an indication of the relative
impact of climatic variables oa inside air temperature. For
these reasons, multipie linear regression was used as an
alternative evaluation method.

Data Structure Monitored data for each atrium were
entered into the university's mainframe computer: and
organized sequentially. The complete time-series for the

Results of a computer thermal imaging model,
noon, March 10.

Figure 8



Jower 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 the inside air temperature, outside
air temperature, global solar radiation, wind speed, and
time of day. Dummy variabies for the HVAC operation (1
= on, 0 = off) were created and added to the data.
Dummy variables were also used to indicate the height of
the measurement above the atrium floor. For exampie, with
six vertical measurement locations, six bilevel dummy
variables were created. For recordings taken at the lowest
level, the first ~vanable is set §. one and all others to zero
(1,0,0, 0, 0, 0). For the sixth ievel, the sequence would
be (0, 0, 0, 0, 0, 1). These variables 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.

Regression 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 behavior. To do this,
an expression was needed for the relationship between
variables such as inside air temperature and solar radistion.

the residuals are likely to be autocorrelated. This violates an
important assumption for OLS. An alternative analytical
approach is generalized least squares (GLS). GLS helps
reduce or eliminate the sutocorrelation problem and
provides reliable tests for significance from which inferenc-
es for the independent Variables can be drawn (Schroeder et
al. 1989; Berry and Feldman 1990). For this reason GLS
was used for this study.

As indicated by the time-series plots and thermal
imaging, a1 important consideration in atrium design and
operation 1s air temperature stratification. Stratification is
definied as the diffzrence between the maximum temperature
(normally at the kighest level) and the minimum tempera-
ture (at the lowest leval) (Mhastain and 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 TDIFF = 23.48 +.143 TOA +.005 RAD
+.03Log Wind -.29 SOLZEN

Using, multiple linear regression and a least-squares fitting ~ (185)  (9.5) (2.4) (.6) (-46.0)
Ecoche::::é.eqwim such as Equation 1 werc derived for ST T e B
.004 RAD + .19 Wind - .068 SOLZEN @
Y =Bo + By X1 + B2 Xp + B3 X3 + .48 Xg+ e (1) (6.5  (14.0) G (19D (-5.5)
where
where
Y = predicted dependent variable,
Bo = intercept, TDIFF = predicted temperature difference from
B, . .B. = npartial slope coefficients, upper to lower zone (°F),
i S ) = independent variables, TOA = outdoor air temperature (°F),
e = error. RAD = global solD radiation (Btu/ft?),
Log Wind = log transformation of wind speed (ps),
A potential problem with multiple linear regression and Wind = wind speed (fps),
ordinary least sgnares (OLS) is that, for time-series data, SOLZEN = solar zenith angle (degrees).
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Figure 9  Data structure used for regression analysis.
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As shown in both 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 atrium:
geometries at different outdoor air temperatures and for
three levels of global solar radiation (0, 70, and 270
Btu/ft*h [0, 220, and 850 W/m?]). 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
summer conditions, Both figures also indicate that, with
little or no solar 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 heat 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 —5°F to —7°F at
30°F outdoor air temperature (—2.8°C to —3.9°C at
-1.1°C).

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 occupants 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/ft*-h (220 W/m?), the
EECS atrium has an approximately 5°F (2.8°C) larger
temperature difference between the upper and lower zones
than the chemistry building. As the level of solar radiation
increases to about 280 Btu/ft>h (850 W/m?), the stratifi-
cation increases in the EECS building to about 25°F
(14°C). For the chemistry builcing at 280 Btu/fth (850
W/m?), the predicted stratification is only about 16°F
(8.9°C), nearly 10°F (5.5°C) less than for the more
cavernous EECS atrium. This is also shown in Figure 11.
Furthermore, Figure 11 shows that the stratification is
largest in July, when warm outdvor conditions and high
solar angles and radistion prevail. As expected, the stratifi-
cation is predicted to be largest during the middle of the
day, decreasing during the nighttime. As previously
mentioned, duc to concuction 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, more 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
space 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 inside air temperature using height as an independent
variable. Equation 4 predicts the inside air temperature in
the EECS atrium, while Equation 5 is for the chemistry
building.

(EECS) TIN = 78.3 +.017 TOA + .0014 RAD +
.012 Wind - .07 Solzen + 1.02 HT2 )
(48.4) (1.8) (408) (191)  (-12.0) 0.5)

+1.7HT3 +2.6 HT4 + 4.3 HT5 + 6.16 HT6
0.9 (1.25) (;,1) 3.0

(CHEM) TIN =76.8 +.11 TOA +.005 RAD
+.04 Wind - .06 Solzen + .56 HT2 )
(60.1) (389 (3.1) (119 (105 @7
+ 1.0 HT3 + 1.9 HT4 + 4.5 HTS + 6.2 HT6
(5.4 (8.3) (21.8) (28.1)
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where

TIN = predicted inside air temperature (°F),
TOA = outdoor air temperature (°F),

RAD = solar radiation (Btu/ft*h),

Wind = wind speed (fps),

Solzen = solar zenith angle (degrees),

HT2-HT6 = average temperature increase for each

vertical Iocation compared to the lowest
zone (HT1). The values of HT2-HT6 are
bi-level (either O or 1).

The partial slope coefficients for HT2 throagh HT6 are
plotted for each atrium i» Figure 13. This figure seems to
confirm earlier findings that the average degree of stratifica-
tion is greater in the EECS building an 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 greaier
for the upper zone 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 pict for the
chemistry building coefficients, on the other hand, shows no
clear point of transition in slope but a more gradual increase
as we move vertically through the space. This 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 monitoring indirate that
stratification is common for both atria, although it is greater
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 and operation of systems serving spaces
such as this.

Cooling Operation

During the cooling season when stratification is
greatest, the upper zone should be conditicned separately
from the lower zone. When excessive heat is collected
through the skylight, upper-level vents should be opened to
allow for natural ventilation or exhaust fans should be
turned on. Because comfort conditions are only needed for
the occupied space, the lower zone should be conditioned
separately (see Figures 15 and 16).

61 Temperature Difference °F
Relative to Lowest Point

] 18 2'3 38 48 58 68 78
Vertical Height in Feet

Figure 13  Comparison of average increase in interior

air temperature for various vertical locations.
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Figare 14  Thermal zoning 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 used for
the fluid mapping table. As shown, with water flowing at
approximately 15 mph and openings in the skylight knee-
walls, a distinct flow pattern develops for ihe upper zone of
the atrium. This suggests that the possibilities for uchieving
adequate natural ventilation were good.
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Figure 17  Plan of proposed university building.

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

distinct stream of smoke was observed from the ouilet
opening in the atrium model. Both the fluid mapping and
wind tunnel tests indicated that natural ventilation of the
atrium's upper zone 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,
exusust fans can be used to achieve similar results.
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Economizer Operation

One cf the most obvious energy-conserving opportuni-
ties iavoives the intake of outside uir to reduce the need for
mechanical cooling. For example, hot return air can be
exhausted and exchanged for cool outside air (see Figure
20). Typically teferred to as economizer control, this
strat:gy can significantly reduce the need for mechsnical
cooling. Tn 2 climate such as Ann Arbor, Michigan, this
control strategy is typically used when outside air tempera-
tures are between 55°F (13°C) and 72°F (22°C). Above
this, it is assumed that the heat content of the outdeor air
(including water vapor) is greater than the return gir, and
the controller closes the outside air intake to a minimum

o

Figure 19  Three-dimensional scale model for wind tunnel testing. 5

position. The previously mentioned temperature range for
the economizer operation is appropriate for typical applica-
tions, such as offices where return 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 in excess of 100°F (38°C), energy-saving opportuni-
ties are missed if the economizer temperature range is kept
at 55°F to 72°F (13°C to 22°C). To reduce energy con-
sumption, an enthalphy controller should be used, which
compares the total heat content of the return and outside air
and positions the dampers to condition the air with the
lowest cooling requirement. While this method of control
offers energy savings for typical applications, it is even
more appropriate for atrium HVAC systems. '
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Figure 20 HVAC system economizer operation.

Heating Operation

With large tem.uiature diifarences betwes: the npper
and lower zonmes, cuucideration shouid be given io the
HVAC system’s design and heating opsration. At least thyee
situations should be considered. Fi:st, due tc the lzss sirict
thermal conditioning requirements for the activities norral-
ly associated with atna, the schedviing sud nperation of the
HVAC system shoulc be flexible. Foi exarmuple, due to the
thermal inertia of tle building inass, there are many
combinations for outdoor conditions when the interior
temperature in the icwest zcse will be comfortable without
mechanical conditiyning. With an energy management
system installed, oae possible control strategy might be tc
use an equation suc’i 45 Equation 4 to piedict the conditions
when the inside ai1 temgcraiure for the occupied level will
be within a predefined ratge without mechanical heatite or
cooling. For these -onditivias, the HVAC system could be
shut off and the space temperature allowed to float.

The second consideration for Licating operation occurs
during clear winter days with n:oderate outdoor iemperu-
tures. With these conditious, stratification exists. To take
advantage of this and reduce the need for heat input, the
HVAC 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 vy scparate fans
located in the atrium or by designing a *‘flexible” HVAC
system that can allow for this operating mode.

The third mode of winter operation occurs during
overcast days and nights. During periods with little or no
solar radiation and a net heat loss through the skylight, the
air temperature in the upper level is less than in the lower
zone (see Figures i0 and 11). With a dynamic HVAC
. system that combines operating strategies such as showa in
Figures 16 and 21, the upper and lower zoges can be
conditioned o different temperatures. For example, the
upper zone only needs to be conditioned to prevent conden-
sation on the glass surface. Because comfort is not an issae,
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Figure 21 Winter desta*ificati... operation.

lower temperatures are acceptable. In the lower occupied
zone, comfort is important and the space temperature must
ve more t.ghtly controlled. By . .parately conditioning the
upper and lowe- zones in this way, less heating is required
‘han wita a si ' le-zone solutii .

CONCLUSIONS

While the resuiis presented in this paper are specific to
the cases studivd, wore genersl conclusions can be drawn.
For example, the degree of temperatire stratification seems
larger for atriums with a large sectional as~sct ratio. This
is due to the more localized influence from :olar radiation
at the top of ihe atrium wheu compared to the more open
a‘rium with a smaller aspe-t ratio. This localized influence
from solar radiation coatsibates to the twn-zone thermal
behavior for the narrow atriurz. For these onditions, the
design and operation of the HVAC sys'sm should be
carefully specified. For exaunple, ke folluwing should be
cors:dered:

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

2. Due to higher than usual return air tempcratures, the
economizer changeover temperature should be carefully
reset or an enthalphy controller should be used,

3. Provisions such as operable louvers. near the skylight
should be installed to allow for naiural ventilation and
removal of heat that builds up near the skylight.

4. The less stringent therma! comfort requirements for

atriums should be considered when controlliug HVAC
systems. For example, there are weather conditions
when the atrium’s interior air temperature will be
comfortable without the nsed for heating or cocling.
These conditions should be identified and incorporated
into energy management strategies.

l
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