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INTRODLICTTON

The work we will describe here is one of the
latest efforts in 3 decade-long studv., which the
authors have -been conducting. of the thermal coer-
formance of buildings 1in the Pacific Northwest.
Much of the early work in which we have enagagecq
concerned the use of simulation proagrams to predict
buildinq performance. Two notable examples of pro-
grams developed by us and other collegues for such
predictive curposes are UWENSOL [1.2] and IMLIGHT
[31. the first fur estimating heat transfer rates
in multipliv-zoned buildings and the second for
predictina patterns of natural and electric i1lumi-
nation in buildings.

A primarv focus of this simulation work.
particularly wusing the UWENSOL program, has been
the investigation 27 how passive solar-conditicned
buildings will behave 1in the temperate maritime
Seattle climate. Initiallv. we relied on rezults
derived from simulation work because littile empiri-
cal data were available for passive solar buildings

in this region and because the use of cimulation
programs is a time-saving zlternative to the agath-
ering of measured bhbuilding performance data.

Necessarily. we have previnuslv quaiified the azcu-
racy of the WENSOL code bv conductina comparisons

between ‘measurement data from test celisz, buiit and

the neasured tenperat
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Thereby. the authors have shown a
conparative design analysis in this

operated at the Los Alamos National Laboratory and
predictions established with UAENSOL. We have pre-
viously published results of these comparisions,
demonstrating quite good congruence [2). We have
also demonstrated how a simulation program can be
effectively used in the design process by parametir-
ically investigating the sensitivity to changes in
the buiit environment f43. :

During the last three years, we have been con-
ducting heat transfer measurements in passive solar
test cells of our design as an effort, first, to
auantifv the behaviors of passively-conditioned
buildings in this climate and, second, to establish
measured data that can be used for the further tun-
ing of UWENSOL and other simulation codes. The
remainder of this paper will describe the measure-
ment data taken from two test cells -- one a direct
gain structure and the other conditioned by a
Trombe wall. Then the paper will discuss compari-
sons of measured data and subsequent predicted
raesults obtained by exercising UWENSOL.



STUDY -PROCEDIIRE

A. The Eomcos1f10n of the Two
Passively-Conditiored Test Cells
The organization of the two  test cells is

~town in Figure 1. These cells have been buiid as
: two parts of a single building. The cells are
composed of traditional ‘wood-frame construction,
Batt insulation equalling R-19 is present 4n the
‘ceilings (underneath a ventilated attic) and floors
and R-11 battirg in the exterior and common
interiov w3lls, Additionally, the floor has a
one-inch thick stvrofoam board (Rf-5) laver colaced
underncath and  in contact with the batting. Each
cell hss two doubie-pane., fixed., windows facirg
south with 3 total aqlazed ares of 3.1 3a m (33
sn ft) per cell, We  believe that the rate
infiitrstion ir tha cells . is minimal because
entrance either cell oCCurs throuagh a
‘tight-fitting hatch anor on the »nof of each cell,
The storsge mass in the direct gain cell has a aur-

is

to

face area of approrimately 7.4 sg m (BC sq fr) of
the floor and side and backy walls This mass 1is
composed of 10 cm (4") concrete masonry units (with

empty cores) and has an estimated weiaght of 1850 kg
(3630 opounds). The Trombe wall in the adioining
cell is constructed cf 15 cm (6"} concrete masonry
units arouted together and the szurface left
unpainted, The mass surface area the Trombe
‘wall cell 5.4 sam (58 sq ft),

of
is
not including the upper and lTower vents {(with
a total area of 5.,% sgm, 6 sc ft),
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air temperatures on both zides of the Trombe
and in the uppe- and lawer vents (when open).

wall

2. Weather Data: 4z part of the overall building.

nr1ud1nq the two test cellz., a weather sta%ion is
present. Information about total and diffuse irra-
diation dJs qathered using two solarimeters (both
deployed horizontallv), one  mounted with a
shadow-band. Wind speed and direction data are
measured with a three-cup anemometer and a wind
vane, Ambient dry-bulb temperature is determined
with a shielded tnermocoupie placed out from the
north side of the puilding.

Data Acquisition System:
weather data are collected
of our gdesign [3].
Intel SBC 80/2a
DYOCRssor chip.,
sors to terminal

The temoperature and
using a microuraocessor
svetem 135 based an

micyocomputer board with an B08%
voltage signals flow from the sen-
strips, whizh feed into three Data
Translation analoo-to-dicital converters "high
Tevel", two level™y, The zignals from the
A-ta-) hogrds then pass to the ctrocescor, For most
of the study in this paper we nave set
tha procezsor t« «3ch data channel every
minute and to verform nourly avaraaes of the assem-
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onto 3 3 case2tte recordar for zhort-term
data storage. contents of  the cassette tape
are perindicallv donninaded to the University Cyber
17% main“rsve for det3i’ed analveis o



4, Accuracy and Related Instrumentation

Qua1ificafionsi

The microprocessor has been located 1in the
interior cell space behind the Trombe wall. After
some initial observations, we found that the heat
generated by the processor (70 watts) was signifi-
cant and was affecting the measured thermal
behavior in the Trombe wall cell fgiving an indica-
tion of the thermal tightness of the cell). Thus
we then enclosed the processor in a shroud and ven-
tilated its interior using outside air (see Figure

HA Secondly, for the signals from the thermocou-
ples to the A-to-D boards, we used a temperature
compensator on each board, rather than employinag an
ice bath. From calibration runs we found that the
accuracy of the thermocouple-to-processor assembly
was in the range of +/- 0,5C (0.,9F)., Some of this
error 1is attributable to the fact that the refer-
ence temperature for each board is taken at the
center of the board, Slight temperature variations
are also present away from the center of these
boards. Further, these variations were siightly
aggravated by the admission of cold air 1into the
processor shroud (i.e., that used for cooling).

MEASUREMENT AND SIMULATION RESULTS

The thermal measurements of these two passive
solar test celis, that serve as the basis for this
paper, were taken during the perind from January
through June 1984 by R. D, Kunkle and are described
in his thesis [61. However, the results which we
will report in this section will specifically focus
on the thirtv davs of April. Our reasons for 1im-
iting consideration strictly to this shorter period
are several: (1) the density of the data for the
entire study cannot be adequately ‘reated in a
paper of this length {we shall follow this paper
with one treating cther interesting results); (2}
we were able to employ additiconal thermocoupnles for
this shorter period, taking them away from a paral-
1el studv: thus, this period presents the fullest
data record: (3) this period encompasses much of
the “shoulder season" in Seattle (i.e., that time
when on consecutive days. buildings may alternately
reguire heating or cooling): and (4) generailv.,
the behaviors shown here are representative of the
entire study period.

A. Weather Characteristicz for April. 1984

The weather record showinag average daily out-
side air temperatures and total and diffuse
horizontally measured irradiation is oresented in
Fiqure 2. For the early part of the month these
curves dispiay the characteristic cool, cloudy
weather of the Seattle winter. Then, during the
middle of the month, a period of relatively clear
sky and warm davs and cool night conditions predom-

inate., Finally, towards the end of the month,
there 1is evidence of the generally warmer, though
still overcast., weather that is common during

Spring in Seattle. During the month, there wac a
low vaiue of total daily irradiation of 5 MI/sam
(440 BTU/sq ft), a high of 22 11937), a minimum
daily change of 2 i260) and a maximum change of 15
(13z0). Thus the month ic characterized by very
abrupt changes in snlar drradiszticon. and thereby

represents a severe test of both the performance of
passive solar conditioned buildings and of simula-
tion technigues.
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Figure 2 Average Daily Test Cell Air Temperatures,

Qutside Air Temperature (0AT), and Total
and Diffuse Horizontal Insolation

B. General Monthly Temperature Trends in .the Two
Cells

The average daily air temperatures within the
direct gain and Trombe wall cells are also dis-
pliayed in Figure 2. Statistical analyses of the
thermal behaviours of these two cells reveal the
following facts: (1) the average air temperatures
for this period in the direct gain and Trombe wall
cells were 19.4C (67F) and 18.8C (65.8F), respec-
tively: (2 The average daily air temperature
swing, (i.e., the difference between the maximum
and minimum) for the direct gain and Trombe wall
cells were 7.8 (14F) and 7.4C (13.2F): and (3) the
coefficients of variation of the inside air tem-
peratures for the direct gain and Trombe wall cells
were 0.13 and 0.12. From the graph and these ana-
lvses it 15 apparent that the two cells show
similar behavicrs. The primary explanation for
this would seem to be that both cells have similar
construcitons (i.e., 1in terms of envelope resis-
tance and the . amount and type of glazing). A
second observation concerning the graph, particu-
larly. is that the temperature patterns of both
cells follow the character of the total dirradiation
more than the outside air temperature (or the dif-
fuse drradiation). However, the direct gain cell
appears to respond more promptly to increased irra-
diation than deoes the Trombe wall cell, an
interesting result given that the ratio of
mass-to-glazing arsa for the direct gain cell is
more than twice the ratio for the Trombe wall ceill
(note that a possible explanation for this result
will be presented in Section D below). The lower
average air temperatures found in the Trombe wall
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cell mav be explained bv the fact that the rass for
this cell has a greater radiant view between its
surface and the sky than does the direct gain . cell
mass. Thus. there will be greater nighttime heat
loss to the skyv, especially during periods of clzar
skies, :

Average Hourly Behaviors of the Two Cells

The average hourly behaviors for these two
cells are’ shown in Figure 3 and 4. The maximum,
average, and minimum air temperatures for both
cells display «clearly sinusnidal profiles. The
maximum average air. temperatures within the agirect
gain cell and outside the cell demonstrate almost
no time jag, whereas the same maximum average air
temperatures for the Trombe wall cell indicats a
time laa of about 1-1/2 hours., For the direct aqain
cell the standard deviation of the hourly air tem-
peratures are greater in the afternoons than in the
morning, again presenting evidence that the dirradi-
ation drives the direct gain cell air temnerature,
The corresponding deviation for the Trombs wall
cell iz lower. both generally throughout the 24
hour ~day and specificallv for the afterncon hours,
Further, the direct gain celi shows a3  larger tem-
perature swing, a greater tendencv to overheat, and
greater peak temperatures than does the Trombe wall
cell, A1l of these results occur inspite of more
favorable mass-to-glazing area ratio present for
the direct gain cell; namely, 298 ka/sa m for the
Trombe wall cell and S37 kg/sam for the direct
gain cell. We conjecture that the Trombe wall cell
is under-massed and that, if additionai mass were
added (i.e., bv filling the cores of the blocks or
using a poured-in-place concrete wall) the Trombe
nall cell mav have out-performed the direct gsin
ceil significantly. We have noted a studv based -on

mulation modeling that showed superior perfor-

nces for Trombe wail houses over direct gqain
houses. each will egual mass/alazing area ratios,
using Madison. Wisconsin weather data [7],

D.
the Direct Gain Cell

Meazured Surface Mass and Air JTemperatuss for

For the remainder of this paper we will focus
our attention on the rezults -- by measurement or
simulation -- found for the direzt aain In
this section we will document the interaction of
the storage mass and the 3ir temperatures and the
trends present therein. By s0 doing, we will show
when the storage mass operates most usefully, what
heat transfer modes appear to be at work, and wnat
parts of the storage mass are effective. The meas-

s

cell,

urements described here result from an alteration
in the thermocouole nperation oprotocol, For the
following sets of observations. the temperatures

measured bv the thermocourles in and or the zteorage
mass were not averaged across the four plane aua-
drants. Rather, the temperatures we asured on
a nuadrant-bv-guadrant 3, e
sub-areal temperatures to ass2ass
of the mass areas. The averaage
for the four guadrants of the
mats and for <
displaved in Figure B,
nourlv temperztur2c for the
rag2 raszces,. a
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From the first of these figures it is apparent
that  oniv the two =outherly auadrants of the floor
M33% Serve as primarv storage. The northerlvy gua-
drants diszplav 3 temperature swing of oniy 2C
(3.6F) over the day, whereas the  southerly mass
quadrant  wvaries a3t lesst 10C (18F), That the tem-
perature of the southwest aquadrant rises earlier
than that of the scutheast aguadrant is attributable
to the diurnal path of the sun, The floor surface

1
temoeratures for southerly aquadrants exceed the
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test cell air temperature only from 1300 to 1600
hours: otherwise the flnor mass surface tempera-
tures are less than the cell air temperature,
During the period from 1100 to 1700 hours this mass
qains heat. But for the remainder of the 24-hour
Beriod. nheat flow nccurs out of the mass intc the
test cell, )

" tures
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‘the cell air combined with that from

The presence of higher temperatures at the
bottem of the floor mass in comparison to those at
the top indicates that the direction of heat
transter is out of the floor mass. For most of the
period before 1100 and after 1700 the air tempera-
ture of the cell 1is greater than that of the
storage mass. Thus, convection cannot be the
effective  heat transfer mechanism. Also, the
inside surfaces of the test cell -- including the
inside surfaces of the windows (which are close to
the temperatures of the floor mass at night) -- are
warmer than the floor mass surface. The warmth of
1 storage mass
on the east and west walls keeps the temperatures
of the remaining walls and the windows at relative-
1y high 1levels. Therefore, radiant transfer from
the floor does not seem to be a major factor.
5t111 the temperatur2 distribution in the floor
mass indicates heat transfer out of this mass. The
only means by which this could be possible would be
if there were a comparatively celd stagnant air
layer just ‘above the floor and that such an air
layer was at a temperature sustantially below the
measured cell air temperature.

_Comparing the east and west wall mass tempera-
{see Figure 6) for the direct gain cell with
those of the floor mass, we found that wall masses
reach higher temperatures. The surface temperature
for the west wall is higher than cell air tempera-
ture for virtually the entire 24-hour period. The
apparent reason for this is that the west wall mass
adjoins the insulated stud wall that is common to
the direct gain and Trombe wall cells. We have
found a3 slight heat transfer from the direct gain
cell to the Trombe wall cell, but this rate is sub-
stantially less than one would expect between
interior and exterior surfaces for a similar wall
composition. The temperature pattern for the east
wall room surface demonstrates the effectiveness of

the mass: during the period form 1700 to 10000
hours, the wall surface remains 3 to 4C (5-7F)
warmer than the cell air temperature. Only when

irradiation is significant does the air temperature
increase .to a value similar to that of the mass of
the east wall. Thus, a substantial amount of heat
is convected from the wall to the room air.
Necessarily, as the room surface of the east wall
is warmer than the surface of this mass adjacent to
the extarior wood-framed envelope (and as this
intermediate node s at a higher temperature than
outside the cell), heat trannsfer occurs through
the mass and the envelope to the exterior of the
cell,

In summary, it appears that a majority of the
irradiation absorbed by the storaqe mass in this
cell serves to match the heat 1losses experienced
through the envelope of the cell. Thereby, little
heating of the cell air occurs from the mass. As
noted in the previous paragraph, some convective
heating of the air occurs from the wall mass. The
radiant exchange between the surfaces in the cell
seems to be small because most of the wall surfaces
including the north wall which has no storage
mass adjacent te it -- have similar room surface
temperatures. Some net radiant exchange from the
wall masses to the windows is evident, but this is
only appreciable between the sourtherly parts of
the east and west wall masses. The anglefactors
from these wall sections to the windows likely
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Miould adproach 0.2 and  produce  heat  losses
erracrs 5 W/sa m., This rate would decrease
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) In this and the next sections of this paper we
111  compare results of simuiations of the thermal
ehavior of the direct gain

test cell, performed
with the UWENSOL oprogram [1,.2]1. with measured
In these comparisons we wish to  demon-

aluaes,
”1trate the degree of correlation between predicted
Lin measured values for a solar-conditioned build-
ing and to dindicate some of the topic areas for
hich we feel further work is needed in the
:]evelooment and use of simulation codes. The UWEN-
OL orogram emplovs a firite difference techninue
te solve the various eguations used for describing
-heat transfer in a building. The program is based
in the dual assumptions of one-dimensional transfer
j2tween nodes and grav-encliosure radiant exchanqge
between surfaces. IWENSOL  can  be used to model
Jgutip1y—zoned buitdings. It conducts hourly calcu-
|@tions  and provides results in terms of computed
%ir and surface temperatures, as well as heat
Wransfer rates between elements.

the computations as if each cell were
ndependent of the other: this appoach  was
employed essentiallv to simplify the use of the
rogram. The predictions for the direct gqain test
[]911 we will report here were conducted for the
ive days of April 6th through the 10th, a periond
during which the weather was variabie {(we have done
ﬂ"‘War comparisans for other weather periods). We

’77 For the simulatiens of the test cells, we per-
ormed

acknowledqe at tho beginning of this compara-
there 5 danger in
structure results are

ive work that
modeling

implicit
measured
ireadv available Necessarily, therz are a number
[]: input variables which can be adjusted and tunsd
til1 the simulated results effectivelv matzh meas-
ured ones. hkhhether such tuning is transferable
om one user of a code to another is gquestionable,
Epecially if the structure to be modeled by the
grier individual has not vet been constructed. In

an
whan

3

a

our  wWork, we conducted two sets of simulations:
the first for a "base" case: and the second for a
efined" case. We anticipate that any experienced

[igineer with some understanding of how a structure
miaht behave would arrive at the base case results.

The refined case values. aiternatively, havp been
! ached by adjusting the following parameters the
ss capacitance: the mass surface absorntwvity;

and the heat tranzfer coefficients from the mass
surface to the cell air.

g

A comparison between the dirert gain cell air
Lemperatures, measured and predicted for the '"re-
f n2d" case. is displayed in Figure 7. The basic

g_moerature pattern of daytime increases and night-
Lfime reductions i3 present for both measured 3and
predicted values and the shapes of the curvesz are
quite similar. The zimulation values show about 3
X over-shooting of the measured values, This
[remont then is sustained until the commencement

heat gain from irradiation during the next day,
the measured and predicted values then overliap
Interestingly, when we compared the
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Figure 7 Direct Gain Cell Air Temperatures for
the April Test Period for the
Refined Case

there were within 2

ture versus time plots

to 3C (3.6-5F) and the tempera-
had nearly identical forms.

Further, the east wall mass surface and that of the
floor were shown to be at guite similar tempera-
tures: the temperature of the west wall mass

surface was not measured during the Februarv test-
ina. In the ‘'refining" of the predicted results
that were adopted after the February comparison of

predicted values for the "base" and the ‘'"refined"

cases for this perind (we used the same refining
strategy for a1l of the direct gain cell simula-
tions), we found 1ittle difference between the

predicted results for the two cases. This lack of
difference may suqgest that the thermophysical oro-
perties that we rchose to tune are of less
significance than 45 the rate of drradiation
present at the vertical glazing surface

F. Meas
the Dir

nd Predicted Surface Temperatures
in in Cell

in

sure
ct

|mla
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Fiqure 8 compares the measurement and predic-
of mass surface temperatures within the direct
cell for the study period in April, The UWEN-
simulation dindicates that the east and west
wall mass surface temperatures will be the same
throughout this operiod, Further, the floor mass
temperature is predicted tn be nearly the same as
those for the east and west wall masses. But the
temperatures measured at the three mass surfaces in
the cell show 3ppreciabie differences amongst them-
seives and. also between themselves and the
predicted temperatures: the patterns of tempera-
ture fluctuation are similar, but the magnitudes
differ by as much as 100%.

tion
gain
SOL

Before suagesting why these differences may be
present, we would note that, for similar compari-
sons performed for a3 February period (not shown
here) we found good agreement hetween measured and
predicted surface temperatures. The discrepancies
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Figure 8 Direct Gain Storage Mass Inside Surface
Temperatures for the April Test Period
for the Refined Case

measured and predicted results (i.e,, to alter the
predicted the cell air temoerature), we reduced the
capacitance of the storage mass and increased the
transfer coefficients of the walls and floor.
Inspite of these *"refinements" we found little
change in the "base" and "refined" case surface
temperatures and very good agreement between meas-
ured and predicted surface temperature values.

Considering now the significant differences
between measured and predicted temperatures for the
mass surfaces -- as found for the April tests -~ we
would first note the uneven heating of the floor
and wall masses as shown in Fiqures 5 and 6. For
the floor quadrants and the east versus west wall

-surfaces, we have seen different temperatures
present, Then and now, we have ascribed such
differences to uneaual rates of drradiation:  the
southerly floor mass surface receives more solar
gain than does the northerly half and apparently
the west wall receives more than the east wall
(i.2., due to higher soltar anglies and perhacs
slightly clearer afternoon skies), Also, the "re-
finements" employed for  the February test
comparisons when aoplied to the April test created
1ittie alterations between the “basze" and "refined"
cases (as was true for the February "refinements").
Finally, that the three primary mass surfaces are
predicted to be at essentially the same temperature
suggests an averaging of conditjons occurring with-
in the simulation technigue. Thus, the difficulty
in predicting the surfare temperature mav arise
from more than one factor.
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DISCUSSION

In this section we will 1imit our discussion
to the results of the comparison of measured and
predicted temperatures for the direct gain cell,
We believe that the measurement results, by them-
selves, serve to explain the performance of this
cell. Rather, the opotentially more interesting
feature of the work we are presenting ‘here concerns
the degree of congruence found between the measured
and predicted temperatures. Throughout the large
thesis [61 from which this paper is drawn, the var-
ious comparisons between measured and predicted
values have shown that the UAENSOL code provides a
satisfactory model of the physical processes acting
in the cells. The "base" case tests provide rea-
sonable results and the "refined" case tests
generally showed better correlations with the meas-
ured values. From such’ agreement, one may have
confidence that a simulation code like the UWENSOL
program will predict the performance of a
solar-conditioned building. But, necessarily, it
must be understood that these simulation devices
have largely been developed to compare design
options, not to predict the exact thermal perfor-
mance of a structure. Thereby, while serving as a
means to conduct trade-off analyses and to examine
the sensitivity of design parameters, a simulaton
device will hdve its ultimate utility.

From this comparative study of the
of measured and opredicted results for a
solar-conditioned test cell we believe we have
identified a number of study topics whose investi-
gation and resolution are required to ensure that

congruence

simulation codes will be able to provide predic~
tions that are close to  subsequent)v-measured
values. Among these topics we would cite four as

requiring further study:

A. More accurate assessment of the effectiveness
of massz as a capacitance device, including deter-
mining what surface areas are useful and .what is
the appropriate amount of mass participating in the
behavior of the building;

B. Better estimation of the degree of anisotropy
of temperatures in room air and across building
surfaces, particularly when these parameters are
affected by variable conditions such as weather or
occupancy effects;

C. Reduction in the uncertainty in assigning mag-
nitudes for many thermophysical properties of
materials and building features, including thermal
conductivities, convection coefficients, surfce
absorptivities and glazing transmissivities;

D. More regionally-accurate irradiation models
(i.e., beyond the Liu and Jordan correlations [7])
suitable for predicting irradiation on vertical and
tilted surfaces.
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CONCLUSION
) Dur primary goals 1in undertaking this work
_Lere to demonstrate the effectiveness of solar

~gy as a means for
. .255 further the

conditioning buildings and to
accuracy of the UAENSOL cnde.
gn terms of the first goal we have shown that tem-
beratures close to or within the thermal comfort
range could be maintained in each of the two test
cells and that each of the two passive solar
bperating systems -~ the direct gain cell and the
;Erombe wall cell -- displayed quited similar per-
Fformances. Second, we have further defined the
accuracy of the UAENSOL code and better indicated
topics for which additional research is needed to

jiromote the further "fine-tuning" of this simula-
%ion code.
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