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Abstract—An experimental study was carried out on a working unglazed transpired solar collector (UTSC) to
determine what effects ambient wind has on its performance. The monitoring system included instruments to
measure temperatures, collector outlet flow rates, solar radiation, wind speed, and wind direction; as well as an
ultrasonic anemometer placed near the centre of the collector. Efficiency was defined as the fraction of incident
solar heat flux that went to preheating the transpired air. Our observations indicate a high degree of turbulence
near the wall which feeds the near wall region. This is supported by observations of efficiency which decrease
monotonically with increasing turbulence intensities. It was also observed that peak efficiencies did not occur
at the lowest wind speeds. Both these findings seem to contradict existing laminar boundary layer models for
UTSC performance.

0O 2002 Published by Elsevier Science Ltd.

1. INTRODUCTION plate that is placed in a fluid flow. Boundary layer

. . flow parallel to a porous surface with suction has

Unglazed transpired solar collectors are a simple . o .

. . . received a great deal of attention in aerodynamic
and inexpensive technology that result in reduced .. . . .

. . applications, such as the use of suction on air-

energy consumption and operating costs that ar

associated with fresh air ventilation requiremen%j1 ne wings to reduce drag. This flow model was

) . e basis for the theoretical work of Kutscheir
(Seidermann, 1997). These devices preheat fre (1993), later in wind tunnel experiments by
outside air by drawing it through small holes on ?< 4 . .

: Kutscher (1994) and in a computer design model
dark coloured thermally conductive surface that i Dymond and Kutscher (1995). In the cited
heated by the sun’s radiation. They are usual y ’

. - . Works, the authors assume a parallel laminar
mounted on the side of a building that receives ' darv laver flows alond a smooth wall. These
the most sunlight (e.g. the south wall). Such g yay 9 '

. X tudies were used to develop methods for estimat-
system is usually subjected to the natural buffet- o
; . Ing performance characteristics of UTSC systems.
ing and turbulence of the wind. Compared t

Yhe aforementioned assumptions led to the con-

other types of solar heat collectors, the unglazed . ;

L . . clusion that losses due to wind effects and natural

perforated cladding is a cost effective, virtually : L ; .

. . convection would be minimal. Their basis for
maintenance free solution.

. . assuming laminar parallel flow must have been
A well known and commercially available

UTSC systems is nelrval, whch has been BHOSY S o e Sacie spiey of e
the subject of several studies by Hollick (1994 g 9 Y '

1556, 1999), Kokko and WcCknanan (19941 TOLIY S TS, Admitedy. n v e of
Gunnewieket al. (1996), and van Deckest al. gy P y '

(2001). The system is ideal for industrial and)IIfy a system to understand its behaviour. How-

. . . . ever, in spite of the apparent accuracy of the
commercial size buildings that require large . . : ; .

: I . efficiency estimates generated using the laminar
amounts of fresh air for ventilation requirements;

The basic physical system of the UTSC is Ongarallel TIOW model, it is quite cle_ar from our
where suction is applied to a heated perforate%bs.ervatlons that .SUCh a model is a poor de-
scriptor of the physical phenomena driving UTSC

performance.
TAuthor to whom correspondence should be addressed. Te_l.:'A_‘er_ocw_namIC appl!catlo_ns ge_nerally assume an
11-780-492-6773: fax: +1-780-492-2200; e-mail: INviscid incompressible irrotational free-stream

brian.fleck@ualberta.ca (potential flow) surrounding a boundary layer
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flow parallel to the ground. With the added
complexity of building/wind interaction (Dyrbye
and Hansen, 1997; Simiu and Scanlan, 1986)
undoubtedly present around any UTSC installa-
tion, the inviscid parallel flow model seems
dubious indeed. A more realistic image of the
kind of flow field one might expect around a bluff
building is shown in Figs. 1 and 2. It is typical in
building design to take into account the recircula-
tion patterns, particularly when air intakes and
stacks are involved (ASHRAE, 1997). Further-
more, the air velocity near the ground is often
characterized by a high degree of fluctuation
relative to the mean value; it is not uncommon for
turbulence intensities to be 30% or higher.
It is also important to note that the afore-
mentioned idealized models assume both a
horseshoe vortex smooth flat surface and uniform suction. Typical
Fig. 1. Schematic representation of typical large scale fIO\k_JTSC SySte_mS US(_E corrugated sheet metal with
patterns around a building with wind incident normal to ondidges 100 times higher than the boundary layer
wall. thickness of 0.6 mm predicted by Kutschetral.
(1993), with hole spacing on the order of 1 cm.
The purpose of this work is to provide the first
(Schlichting, 1979). The outer potential flow is documented attempt at studying the interaction of
generally assumed to be steady. Wind tunnel local meteorology with a fully functioning UTSC.
studies which simulate such systems generally are To the best of our knowledge, there have been
made with great efforts to reduce or eliminate free previously no detailed field studies on the wind
stream turbulence, or to add simulated homoge- effects on UTSC performance.
neous turbulence (using screens or grids) of
intensities on the order of 1-10%. The wind
tunnel experiments by Kutscher (1994) were
conducted intentionally inside the inviscid core The atmospheric boundary layer is turbulent,
region of the wind tunnel. even at low wind speeds. Wind induced air flows
Both meteorologists and lay observers will close to buildings will have a high degree of
attest to the fact that the wind bears little re- turbulence with most of the turbulence kinetic
semblance to a steady unidirectional potential energy carried in the largest eddies df, size

2. EXPECTED WIND EFFECTS

ROOF EDGE
VORTEX

REGIONS OF DOWN WASH

Fig. 2. Detailed schematic showing zones of fluctuating, reverse and parallel flow on a tall building for incident wind normal and
diagonal to one wall.
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similar in scale to the building itsel®(10 m). irradiance (both diffuse and direct over the entire
Boundary layer theory indicates that turbulent solid angle visible by the collector) and wall
diffusion (that transports heat away from the temperature. Ambient conditions were measured
UTSC, thus reducing the efficiency) will mostly at 10 m elevation with a cup and vane anemome-
be done by eddies of the size of the diffusive ter and a shaded thermocouple. A model 81000
‘boundary’ layeré. Given the macroscopic rectan- Young sonic anemometer was installed on a
gular corrugations in the UTSC studied here, it bracket in the centre of the collector, 61 cm from
seems logical to assume a diffusive layer of the collector surface. The sonic anemometer
similar scale to these corrugation§(10 > m). logged 5min averages of three velocity com-
Turbulent diffusion of the energy carrying eddies ponents and the air temperature, as well as

in the large scale flow can be estimated by averaged covariances of each of these four vari-
~3 ables (10 in all). The three components of ve-
GNU_ 1) locity were labeledU along the wall (positive
¢’ being on a bearing of55°), V normal to the wall

where U is the magnitude of the large scal@Vith positive values indicating flow toward the
velocity fluctuations. Based on the concept of theollector ar?dVV_ in the vertical direction with
turbulence cascade (Tennekes and Lumley, 197@%smve up; this gives a right handed system
this dissipation rate must be translated down t§nerey, V.and W are the mean velocity com-

the scale of the diffusive layer, so we may say ponents in thex, y andz directions respectively.
After some testing, it was found that one of the

fans had to be deactivated and one duct closed off
to allow for proper operation of the collector
. . ) (details are described by Meier, 2000). This
whereu is the scale of the velocity fluctuations of,agited in a transpired flow rate f0.01 nf /s
size . . per nf of collector, which was below the design
Usmg. the length scales e.stlmated above, ORRlue of roughly 0.02f /s per fn . Continuous
can estimate that the magnitude of the velocity,oitoring of the system was undertaken through
fluctuations responsible for turbulent diffusion athe months of February and March of 2000, and
the collector surface will be about one tenth th%my the results obtained when all instruments
scale of the large scale atmospheric fluctuationg,re functioning were retained.
At the boundary layer scale, other large scale o symmary of experimental uncertainties is
fluctuations will ‘appear’ simply as an mcreasecbiVen in Appendix A for measurements of ve-
free stream velocity. In other words, a 30%qcity, temperature and radiation. The effective
atmospheric Furbulgnce intensity could be moancertainty in the (15 min average) efficienay,
elled as a unidirectional turbulent boundary layegased on component uncertainties is estimated at

of roughly 3% turbulence intensity with a slightlygos for solar radiation>600 W/nt .
increased free stream velocity compared to the

ambient wind speed.

0°_ o
Ry

4. RESULTS AND DISCUSSION

After data filtering and quality control, the
usable data set was culled down to approximately

Two separate UTSC's (the brand used wal0 days. This represented times when all instru-
Solarwall) were installed in early 1999 at thements were functioning normally and the incident
Canadian Coast Guard Prescott Base (located solar radiation was high enough to merit the use
the St. Lawrence River between Kingston andf the collector. During this time period, 95% of
Montreal), one on either side of a large weldinghe 5 min average wind speeds were less than
shop door. The west collector was selected f&.4 m/s (‘gentle breeze’ or weaker on the
experimental purposes, as its surface area did rid¢aufort scale). Also of note was that based on a
become significantly shaded during the course d6 category wind rose, over 30% of the 5min
the day. Its area is 63 with two ducts and fanaverage wind directions were out of the southwest
which vent heated air into the attached building(225’), roughly in line with the St. Lawrence
The collector is oriented facing a bearing of 145River at Prescott. All other categories of the wind
(where 180 is due south). rose were below 10%.

The collector performance was monitored by The efficiency of the UTSC system was evalu-
measuring duct flow rate and temperature, solated by comparing the total radiant heat energy

3. EXPERIMENTAL PROCEDURE
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flux to the wall with the change in energy of the 400
transpired air after passage through the collector.

T

This is given in the equation, 350
mc.T is 300 |-
n= ®

250
wherem is the mass flow rate of the transpired i
air, ¢, is the air heat capacityT,, is the #2000 1
temperature rise of the ail, is the integrated !
hemispherical intensity of the direct and diffuse
irradiance on the wall and is the wall area. Note 4,
that asl approaches zero around dawn and dusk,
the uncertainty in the estimated efficiency be- 50

150 -

comes excessively high. For this reason, estimates _ LB LR -
of efficiency are only presented for whénwas f’m 95 oo Vs 36
above 200 W/rh . This left 1300 five minute V (w/s)

averages in the data set. _ _ . . R
Fig. 4. Five minute mean normal velocity ) distributions

4.1. Observed flow field near the wall 61 cm away from the wall indicating an average close to the
o suction velocity but a high degree of variation due to near wall

Histograms of the three components of velocityurbulence.
near the wall are given in Figs. 3—-5. These data
are presented for five minute averages using
standard Reynolds averaging with the notation velocity (in either direction along the wall) slight-
1( ly greater than zero~1 m/s) was most common.
U(X)E;f u(x, t) dt, (4) The other two components of velocity have
0 closer to normal distributions. Th¥ velocities
with 7 being 5 min andu as the instantaneous(Fig. 4) have a mean of 2 cm/s toward the wall,
velocity. The velocity fluctuations are thus(x, t) while the mearW velocity (Fig. 5) is 15 cm/s up.
=u(x, t) —U(x). More interesting is the standard deviation of the
Due to the occasional reversals in flow direchormal velocities (19 cm/s). It indicates that for a
tion around the sonic anemometer over the fiveubstantial fraction of the time there are normal
minute averaging time, the 5 min averages tend teelocities an order of magnitude greater than the
under-predict average velocity magnitudes. The suction velocity in the neighbourhood of the plate.
velocities (Fig. 3) have a bimodal distribution The histogram of the square root of the turbu-
around 0. It shows that a cross flow component of
400

400 350 -

350 - 300
300 - 250
250 Z.200
Z200 150
150 100
100 50

50

Fig. 5. Five minute mean tangential—vertical velocity)(

distributions 61 cm away from the wall indicating a mean
Fig. 3. Five minute mean tangential-horizontal velocity) ( upward velocity expected due to natural convection with
distributions 61 cm away from the wall. frequent downward average velocities due to recirculation.
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Fig. 7. Evidence of decreasing solar collector efficiency with

Fig. 6. Five minute meark®® 61cm away from the wall ' Evidence ¢
showing mean fluctuations typically on the order of the mealficreasing irradiation.
5 min velocity magnitude.

there is clearly some inverse correlation between
lence kinetic energy (with energy defined las= 7 andl. This may seem surprising at first, but this
1/2@u’?+v'?+w'? in Fig. 6 is given to give a behaviour is similar to the concept of ‘diminish-
rough idea of the scale of the turbulent fluctualng return’. Physically this can be attributed to the
tions near the wall and its Variabi”ty over thefaCt that hlgher solar intensities will result in a
testing period. The sonic anemometer sampl&égher collector surface temperature which in turn
velocity at a much higher frequency (160 Hzjeads to more radiative and convective losses to
than is needed given the low velocities and ththe surroundings. The power-law fit (roughly a
spatial averaging through its 10cm diamete@ne third exponent) is indicated in the figure as a
measurement volume. This spatial averaging r&end rather than the proposed empirical relation-
sults in an under-prediction in fluctuation intensiship, due to the high variability of the raw data.
ty. In spite of this bias to lowek values, the  Next we compare the system efficiency to the
histogram shows fluctuation intensities of similamean wind speed in Fig. 8 measured at a nearby
order of magnitude to the mean velocity. ThistO m anemometer (the low resolution of the
amounts to typical turbulence intensities of roughaRnemometer output is the cause of the vertical
ly 100% (compared to means in the previous three
velocity distributions), most likely attributable to
the high degree of recirculation near the wall due
to building effects. It should be noted however .,
that this is not an indication of intensity in the
boundary layer, since the sonic anemometer is ¢,
still 61 cm from the collector surface.

oo xo® ©

0.5
=

4.2. Efficiency as a function of meteorology o4

The purpose of this work was to evaluate the
practical performance of the UTSC as a function g3
of local meteorology. The efficiency as defined in
Eq. (3) was used since it measures the conversiono.2
rate of solar energy to useful energy in the .
transpired air stream. 0.1 L

It was observed that the strongest factor in wind speed (m/s)

determmmg eff|C|ency was the measured SOIQJi . 8. Comparison of collector efficiency and mean wind

irradiance. Fig. 7 shows a scatter plot of thigpeed (5 min averages measured on a 10 m mast) indicating
phenomenon. In spite of the scatter in the dataeak efficiency at roughly 1.5 m/s.
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‘stripes’ in these data). It is important to note that os
the cup and vane anemometer used to measure
wind speed and direction was far enough away o7
from the collector and other buildings to be
considered practically unaffected by the building o6
recirculation zones.

Fig. 8 surprisingly shows that peak efficiencies ©5
do not occur at zero wind speed. The data seem t6
suggest the collector operates at peak efficiency %4
when the wind speed is at 1-2 m/s. Currently we
have no firm explanation for this trend but suspect %3
there is a logical reason for this hiding in the
covariance of wind speed with other parameters
like direction and solar intensity (this is currently .
under investigation). The most important observa- 1o 1 2 3
tion to make from this figure is that these field
measurements to not support the model dfig. 9. Comparison of collector efficiency and turbulence
Kutscheret al. (1993) that predict peak efficien- kinetic energy showing a monotonic decrease)iwith k.
cies at zero wind speed with a monotonic de-
crease in efficiency with increasing wind speed.  efficiency withThis supports the hypothesis

A less surprising result comes from comparing that it is the turbulent fluctuations that reduce
the turbulence kinetic energy with efficiency (Fig. collector efficiency by increasing macroscopic
9). There is an obvious decreasing trend in heat transfer away from the collector surface.
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Fig. 10. Collector efficiency shown as a function of 16 wind directions (based on standard compass directions). The bars show
the limits of the data while shaded boxes delineate the quartile ranges with the mean shown as a thick black line. The number of
5 min averages in each direction bin is shown in small font below each box.
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In an attempt to explain the effects of near
building recirculation on the UTSC performance,
a box plot of wind direction with efficiency is
shown in Fig. 10. At the outset of this study, it
was presumed that certain wind directions would
affect efficiency by generating large scale recircu-
lation zones while others might be more likely to
generate simpler boundary layer flows. In spite of
2 months of continuous monitoring, there is
simply not enough data to draw a strong conclu-
sion for the wind direction effects on efficiency.
There appears to be a trend of higher efficiency
for NW wind (45") with lower efficiencies for
southerly (impinging) winds, but the data in the
SSW (202.8) confound this conclusion.

The main problem with doing field studies is
the lack of control over the multiple parameters
that affect a system’s performance. Apart from the
uneven distribution of data through the wind
direction range (compare the number of SW
(225) to the number of NNW (20 measure-
ments), there is the added complexity of multi-
variable interaction and covariance. Some at-
tempts were made to perform a principal com-
ponent of variance analysis (based on finding the
eigenvectors of the covariance matrix of the
variables) but since this requires normally distrib-
uted continuous variables (our wind direction data
are neither), the results were not conclusive or
dependable. The only thing that was observed was

215

source of turbulence dominating the near wall
heat transfer. It seems unlikely, given the free

stream turbulence and the large rectangular corru-

gations in the collector surface, that a laminar
boundary layer thinner than the diameter of the
perforations in the collector cladding exists and
can be used to model the system performance.
Our order of magnitude analysis predicts that
there is boundary layer turbulent diffusion with an
intensity on the order of 3%.

Our measurements led to the surprising ob-
servation that peak collector efficiency occurs at

non-zero wind speeds between 1 and 2 in/s.

Comparing turbulence kinetic energy and ef-

ficiency gave a less surprising result, showing that

increasing fluctuation intensity results in a mono-
tonic decrease in efficiency. This is support for
our hypothesis that turbulence has a strong in-
fluence on collector performance.

We remain conservative in our conclusions

about the effects of wind direction on this system.

It seems logical that wind direction will be a
dominant factor in determining the near building
flow patterns, but we have yet to draw a clear
picture from our multi-parameter field study. Our
current efforts are in finding a multi-variable
correlation or model to explain the scatter in the
field measurements.

a codependence between wind speed and ﬂuct%l_(nowledgmmts—lnstruments for this work were supplied

the Departments of Mechanical Engineering at the Royal

tion, neither a surprising or enlightening finding.jijitary College of Canada and Queen’s University. We give
Earlier field studies by Kokko and Marshalthanks for the cooperation of Lorne Macmillan and Rick

(1992) using thermography showed that the pre >
ence of persistent recirculation zones on the solgy;
wall leads to hot spots on the collector surface

and perhaps results in associated losses in ef-

ficiency correlated to the average wind speed.
Thermography studies were not conducted in this
field study, but are planned as a followup aimed at
answering some of the questions which arise from
the data at hand.

5. CONCLUSION n

enick from the Coast Guard base at Prescott, Steve Harrison
m the Solar Laboratory at Queen’s University, and David
Ison from the University of Alberta.

APPENDIX A. MEASUREMENT
UNCERTAINTY

In terms of measured quantities, the solar wall
efficiency (3) can be expressed as

(pBUdAd)CpTrise

A (A1)

The purpose of this investigation was to findvhere p is air density, 8 =0.86 is the duct
evidence of effects of wind direction, speed anselocity coefficient, v, is the centreline duct
fluctuation intensity on the performance of arvelocity, A, is the duct area and other symbols
unglazed transpired solar collector operating iare same as in (3). Assuming A, A, andc, are

the field. Our measurements took place over thel

constant and measured more accurately than

late winter operating season of a relatively smatither flow parameters, the relative uncertainty for

UTSC.
The distribution of the wind data measured

61 cm from the collector surface clearly indicateﬂ: Avg
that outside the boundary layer there is a large?

efficiency becomes:

2AT

rise ﬂ
T

A.2
Ud rise I ( )



216 B. A. Flecket al.

Expanding Dyrbye C. and _Hansen S. O. (199%)ind Loads on Struc-
tures, John Wiley and Sons, New York.
Av, 1 AP, 1AT, Gunnewiek L. H., Brundrett E. and Hollands K. G. T. (1996)
—_—— =t = (A_3) Flow distribution in unglazed transpired plate solar air
Vg 2 Pd 2 T, heaters of large are&olar Energy 58, 227-237.

. . Hollick J. C. (1994) Unglazed solar wall air heateRenew-
whereP, is the measured duct pressure dndis e Energy(5’ 41)5_431.

the ambient temperature away from the collectaHollick J. C. (1996) The world's largest and tallest solar
surface, the final expression for the uncertainty is recladding.Renewable Energy 9, 703-707.

: Hollick J. C. (1998) Solar cogeneration paneRenewable
given by Energy 15, 195—200.
Tennekes H. and Lumley J. L. (1972} First Course in
ﬂ _ 1 APy + E AT, + 2AT e + ﬂ (A.4) Turbulence, The MIT Press.
n 2 Py 2 T, Thise I ' Kokko J. and Marshal S. (1992) Performance of the next
o ) generation of Solarwalls. IrProceedings of the Annual
Component uncertainties are estimated as: Conference of the Solar Energy Society of Canada, Edmon-

* AP;/P,=0.01 FS (Setra pressure transducers, . PP 201~205. Solar Energy Society of Canada, Inc.,
ttawa.

0-125 Pa range)_ Kokko J. and McClenahan D. (1994) Performance improve-
e AT_=0.2C (Sonic anemometer temperature) ments and new applications for the perforated-plate Solar-

. ATr'se =0.2C (K type thermocouple) wall. In Proceedings of the Annual Conference of the Solar
lse ... Energy Society of Canada, Ottawa, pp. 203-207. Solar
e Al/1 =0.02 (Second class pyranometer limit Energy Society of Canada, Inc., Ottawa.
based on WMO standards) Kutscher C. F. (1994) Heat exchange effectiveness and

The worst case scenario of the March data setpressure drop for air flow through perforated plates with and

- _ without crosswindsJ. Heat Transfer 116, 391-399.
(solar radiation>600 Wlmz) WhereT_x =265 K, Kutscher C. F., Christensen C. B. and Barker G. M. (1993)
T, = 10°C andP =38 Pa, results in the uncer- Unglazed transpired solar collectors: heat loss theory.

tainty of efficiency of 8%. Under these same ASME J. Solar Energy Eng. 115, 182-188.

conditions but withl = 200 W/r‘r12 the maximum Meier R. M. (2000) Wind effects on the performance of a
. . ! /Solarwall collector. Master’s thesis, Royal Military College
uncertainty increases to 14% and decreases t0 6%+ canada.

when| = 1000 W/nf . Schlichting H. (1979). Boundary-Layer Theory, 7th ed,

McGraw-Hill, New York.
Seidermann R. (1997) Pre-coated panels turn up the heat.
REFERENCES Sheet Metal Industries March, 21.
Simiu E. and Scanlan R. H. (1986Mnd Effects on Sruc-

ASHRAE (1997). InHandbook, Fundamentals. tures, 2nd ed, John Wiley and Sons, New York.

Dymond C. S. and Kutscher C. F. (1995) A computer design  van Decker G. W. E., Hollands K. G. T. and Brunger A. P.
model for transpired solar collector systems. In ASME- (2001) Heat-exchange relations for unglazed transpired
JSES-JSME International Solar Energy Conference, Vol. 2, solar collectors with circular holes on a square or triangular
pp. 1165-1174. pitchSolar Energy 71, 33—45.



