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Reprinted from Solar Energy Materials 21 (1990) 191-206.

Color-rendering of Daylight from Water-filled Light Pipes

Ross McCluney
Florida Solar Energy Center
300 State Road 401
Cape Canaveral, FL 32920

Abstract

Water-filled light pipes can be used to transport concentrated beam solar radiation from a solar
collection system to a utilization system, altering the spectral distribution of the radiation in a
beneficial way in the process. One use for such a system would be for the daylighting of the core
interior spaces of buildings, spaces that are far removed from outside walls or the roof and are
therefore not amenable to conventional daylighting with sidelights or toplights. The filtering action
of the water can be used to remove unwanted infrared and ultraviolet radiation while affecting the
visible portion of the radiation only slightly. There are limits, however, to the distance such light
can be propagated in water without undesirable color shifts. Comparing with warm white
fluorescent light this distance appears to be about 6 to 8 meters. Comparing it to daylight, the
distance extends to about 10 to 12 meters. The distance for a significant drop in the color-rendering
index is approximately 10 meters. Filters can be added to the light pipe to partially compensate for
unwnated color shifts and to extend the maximum distance for transfer, but substantial transmission
losses are thereby incurred. Due to these limits, it is suggested that the most likely use of such light
pipes would be in a hybrid water/air system, where the water-filled portion of the light pipes would
be of limited length and would be used primarily for infrared heat removal. It is possible that
separate color-correcting filters can be replaced by appropriately selected dyes added to the water.
Another possible use for a version of the water-filled light pipe is for spectral shaping and heat
removal in concentrating PV solar energy conversion systems.

Introduction

The daylighting of the interior spaces of buildings provides many benefits [1], including energy
savings [2], visual connections with the outdoors (and the psychological benefits deriving
therefrom), and good quality, healthy illumination to promote worker productivity [3]. For these
benefits to be realized, however, the design of the building must be carefully executed [4] and the
problems that can result from improperly placed and shaded fenestration apertures must be dealt
with in all stages of the design process [5].

Traditional approaches to daylighting design deal mainly with the perimeter spaces of buildings,
leaving the core areas wholly to electric lighting. Several proposals have been made, however,
for collecting daylight outside a building and directing or piping it to the interior or core spaces far
removed from the perimeter areas [6].

Water-filled light pipes have been proposed for transporting solar direct-beam illumination from
concentrating collectors to the cores of habitable spaces [7]. However, water has a nonuniform



transmittance over the visible portion of the spectrum. Thus, its use as a transport medium will
impart a color to the light emerging from the end of the light pipe, as well as an attenuation of the
flux passing through the pipe. Countering this is the advantage that by stripping the incident solar
radiation of its infrared component, water-filled light pipes can deliver light of high luminous
efficacy (ratio of light flux in Lumens to total radiant flux in Watts) to the illuminated space. The
heat load on the space cooling system is therby reduced, conserving energy and contributing to
enhanced human comfort. The heat removed can even be used for other purposes inside the
building, notably for pre-heating domestic hot water.

The purposes of this paper are to describe these effects, provide estimates of the maximum distances
solar radiation can be so piped without imparting unacceptable color, and discuss the limits of the
use of possible color-correcting filters inserted into the emerging beam.

Problems of attenuation at water-to-air and water-to-solid interfaces, of particulate scattering effects,
and the effects of impurities in the water are not addressed. The intent is to determine fundamental
limits to the usefulness of the concept, using optimistic but not unreasonable assumptions, not to
explore its overall technical feasibility.

Definitions

Let ¢, be the extinction coefficient in reciprocal meters of clean water at wavelength A in
nanometers. Ignoring multiple scattering effects, if the incident irradiance spectrum is E,(0) in W
m2nm™ then, to a first approximation, the spectrum emerging after propagation through a distance
x in meters will be given by

E,(x) = E,©0) ¢ ¥ (1)
From this expression we can describe the following relevant quantities.
Emerging total irradiance:

E(x) = f3 ZZ"" E,(x) dA (2)

Emerging total illuminance:

E(x) = 683 f3 :}" E,(x) V, dA (3)

where V, is the C. I. E. standard photopic luminous efficiency function [8].
Spectral transmittance:
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Tx(x) = EA'(O) (4)
Luminous efficacy:
_E®X)
g (5)
Energy transmittance:
r - 29 (6)
¢ E(0)
Visible or luminous transmittance:
E®X
L 50 (7)

Effect of Absorption by Water on the Color of Light

Measurements of ¢, have been tabulated and plotted by Jerlov [9] and Morel [10]. From these
sources, representative values for ¢, have been obtained in ten-nanometer intervals from 260 to 750
nanometers and in 50 nm intervals from 750 to 2400 nm. The resulting extinction coefficient
spectrum is plotted in Fig. 1.

A Simpson's Rule procedure for integrating over these two different spectral regions was used to
calculate the energy and luminous transmittances of light pipes of several lengths. The results are
givenin Table I. Luminous efficacies of the emerging beams are also included. The corresponding
spectral transmittances are shown in Fig. 2.

Plotting the logarithm of the Table II. Water-Filled Light Pipe Transmittances and Luminous

. . Efficacy

luminous transmittance versus
i i i i Distance Radiant Luminous Luminous
light pipe length in meters yields in meters Trans- Trans- Efficacy
a line whose slope from 2 to 20 mittance mittance Lumens/W
meters is nearly constant at 0.001 9254 19999 130

. 1 .. 0.01 8235 .9990 145
approximately 0.07 m™~. This is 0.1 6465 9898 184

P . 1.0 4461 .9064 244
shown in Fig. 3. This value can 10 9993 2031 281

i 10.0 .1907 4712 296

be taken as a ve.ry appro?um.ate 160 1372 3366 504
value for the luminous extinction 64.0 0168 0351 250

coefficient c, in the expression



E®) = E(0) e ™" (8)

Evaluation of Eq. 8 for the distances used in Table | shows that this representation can not be used
for exacting calculations requiring good accuracy.

Plots of incident and transmitted SPECTRAL TRANSMITTANCE OF PURE WATER
solar irradiance spectra are shown 1
in Fig. 4 for pipe lengths of 1, 2, 4, ., 1 w
8, and 16 meters. It can be seen % 0.75 | %
from this figure that the red portion = ] s
of the visible spectrum is strongly é 0.5 %
attenuated for lengths greaterthana ] »
few meters. % 0.25 %
o o
» 1 »
Colorimetry of Water-Filtered A IV N W S N W /.\
Light Pipes

DISTANCES THROUGH WATER:
0.001 0.01 0.1 1 10 METERS
) Figure 1. Spectral transmittances of various
In order to measure this effect lengths of water.
quantitatively, the 1931 CIE
spectral tristimulous functions P,(4), P,(A), and P,(A) were used to calculate the chromaticity
coordinates x and y of spectral irradiances emerging from various lengths of water pipes [11]. The

relevant equations are:

744 744
X = [ POE® (9) Y - f P(N) E(x) dn (10)
370 370
744 X
z- [ PWE®a  (11) vz (12)
370
Y z
= 13 = 14
Y X+Y+Z (13) ? X+Y+Z (14)
The tristimulous functions are xtyrz-1 (15)

plotted in Fig. 5.



Taking the value of 1 for E, (x) at wavelength A" and zero for all other wavelengths, calculating the
chromaticity coordinates x', y' for this "spectrum," and plotting the results for wavelengths A' from
380 to 750 nm yields the monochromatic limit curve shown on the chromaticity diagrams to follow.

The chromaticity coordinates can
be calculated for radiation emerging
from blackbodies at various
temperatures in degrees Kelvin.
The color coordinates of light
sources can be compared to these.
One can thereby identify what is
called the correlated color
temperature of spectra emerging
from light pipes in terms of the
most closely associated blackbody
temperature, according to a defined
procedure [12].

According to these procedures, the
chromaticity coordinates and
correlated color temperatures of
spectra emerging from 0, 1, 2, 4,
10, and 40 meter water pipes are
given in Table Il.

This data is plotted on the
chromaticity diagram of Fig. 6. For
comparison purposes, the
coordinates of several commercially
available sources of electric
illumination are also shown. Using
the warm white fluorescent lamp as
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Figure 2. Plot of the negative logarithm of

the photopic transmittance of a length of
water versus distance. The slope of this
curve Iis the effective photopic extinction
coefficient.
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Figure 3. Transmitted irradiance spectrums

for various distances through pure water.

an indicator of the maximum distance from the white point that is permissible, we see that the
corresponding maximum water pipe length would be around 30 meters.

Warm white is perhaps not the best source with which to compare our filtered daylight. Looking
at the IES Lighting Handbook 1981 Reference VVolume [13], we see that fluorescent sources can
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have color temperatures ranging from 5800
to 6500 K. Fig. 5-17 of that handbook,
giving the color coordinates of daylight
(about 6100K and x=.31, y=.33) and
several fluorescent lamps, we see that color
temperatures over 7000 should not be too
objectionable. This would limit maximum
pipe lengths for use with fluorescent lamps
to about 4 meters. Beyond about 6-8
meters, it is anticipated that the blue/cyan
tint of the emerging daylight will start to
become quite noticeable when compared
with fluorescent light.

CIE TRISTIMULOUS FUNCTIONS
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functions used in the CIE 1931 system
of color specification.

Using this criterion, water-filled light-pipes can just barely be long enough to

be useful for illuminating the gable

IT.

Chromaticity = Coordinates and

orrelated Color Temperature

core spaces of multistory
buildings. Correlated Color
Temperature
This is a little discouraging but %leStiaI? < y I;eﬁé}ég%c Deegsre
can be misleading. Natural meters elvin Kelvi
daylight has long been n
accepted as having high color 0 SLCA 198 5051
rendering properties. Perhaps 1 32633583 175 5714
it would be better to compare 2 3093 3083 154 6494
our water-filtered sunlight to 4 2815 3585 129 7752
some reference daylight 10 2324 3529 91 10,990
spectra. Judd, MacAdam, and 40 1700 3157 30 33,300

Wyszecki [14] subjected 622
daylight spectral irradiance
distributions measured by Budde, Henderson,

Hodgkiss, Condit, and Grum to eigenvector analysis.

They found that the resulting chromaticity coordinates cluster close to the following equation:

y = -3.0x2 + 2.87x - 0.275

(16)



To see how our water-pipe
emerging light compares with this
daylight color coordinate line, letus
plot both on the same graph. The
result is shown in Fig. 7. Wyszecki
and Stiles [11] state that the
correlated color temperature of
north clear blue sky light can
exceed 40,000 K. According to
these authors, overcast sky ranges
up to 7000 K, as does diffuse-only
horizontal illuminance on a clear
day. We can see that the water-
filtered coordinates depart
substantially from the daylight ones
when the distance exceeds about 10
to 15 meters. The departure from
the daylight curve, however, is not
as great as the departure from the
white point, labelled W in Fig. 7.
Thus, it appears that pipe lengths as
great as 10 to 12 meters might be
aceptable. A more recent study of
the color temperature of light from
the sky was completed by Inagaki,
Oki, and Nakamura. They found
color temperatures ranging from
around 5000 K near the sun on a
partly cloudy or hazy day to over
11,000 K for clear blue sky light
about 90° from the sun [15].

CIE CHROMATICITY COORDINATES
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the colors of daylight, the colors of ligh
emerging from various lengths of water, and
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emerging from various lengths of pure
water (*%

dayligh

From the literature on evaluating the color of light sources we find that there are two ways of
assessing this color. One is personal preference. The other refers to the color rendering properties
of the illuminant. The personal preference approach has not been quantified and is so subjective that
it is not a suitable basis for selecting illuminants analytically. Ultimately, however, any proposed
system of illumination should be evaluated visually by several different observers before final
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decisions are made to use it.
Color Rendering Index

We will evaluate the color of light emerging fromwater-filled light pipesusingthe / 967 C7F Melhod
o Mg ard Sediing (O Racking Hagates o Tl Saaces|16] This mahod & besed on the
defirition and we o & Coor Radaing Index (H) The (R & a massure d the dhift i dopet. color thel
acars when the dopdt & lumireted by the ted source, i comparson o ad rdarance ghlt source, whoe
CRI is defined to be 100.

o dedemmine what the rdarence Ight source & for a gven e source, we et find out what the
concdted coor tampaature o the ted source & Once this & known, the rdaance Iight source & a
Panden Bedk body beving the same temparalire, when this lemperature & bdow S000< Above 000K
the reference source is daylight having the same correlated

Kelley [17] and Wysaedk [18] provide a partion of the (I 1931 (xy) dromatidly degram with Ines of
cordant. conciled cdar tamperalire (dlanpaaiure nes) drann on 1, over the range fram O o 630
o redprical degrees (mireds) Conebled coar tampaalure T rebled o mireds by T = 10/mired
The degram & ako pubishad in the TS Tighling Handbodk [13] and tempaaires are dven in redprocel
megakehing a unit thet hes rapbced the micoredprocel degree This graph can be used o ddenmine
. for any lght source o known: dhromretiaty: coordinetes thet fall in the range o the pol. This & the

color ter

method used here to determine correlated color temperatures.

To clauble the (R we mud rarsfom the 1931 (I coardinales (xy) inlo the: coardineles (uy) of the
ClE 1964 Uniftorm Colour Space:

4x 6
U=——— 17 ) SR
-2x + 12y + 3 (17) Y -2x +12y + 3 (18)

We also need the parameters ¢ and d, defined as

4 - u - 10v) d= 1(1.708v + 0.404 - 1.481u) (19)

c = = —
v

< | =

"Thesey and addiionel prranmdears are calculled for bath the ted and the rdaance lumirant, es wdl as
for the prochuct B

rdaance coor sampes This dila & then used o caladile the degree o coonmdrie shilt o the fight
reflecled from aght rdarance obpds expored o the ted lluminant, compared with: ther color when
expoed 1o the rdarance fluminent. The (R & the mean o the differences R
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A

reference color sample.

A computar program wes witten o pardorm these caledlations; folownng the procadure desarbad by
Nickarson and Jaore [19] The rdaance fuminant spectral ddribution wes calauited from the bladk
body radiation law:

¢ w
M= — [—]
CeE m (20)
AT
where
¢, =3.741x107 [W m?]
and S
¢, = 1.439x 10 [m K]

The results are shown in Table I, Table III.  Color Rendering Indices

aong with the coor tarpaaure ad CORRELATED
color Tendern gindex from the S SOURC(]EERI COLOR TEMP
Lichting Handbook [13] for several warm_wﬁi’te fjluf)r‘ ggig 6%
T ‘ farm white deluxe I
decrc lght sourees far comparson | 6501 Bite fluor, 4250 62
The (Rl values are plotted versus | Cool \A}flhite1 deluxe 62604060 - 89
~ : ~ vk - fluer.
distance of travel in w t%@e“tg }113@{11 "dg'lamp 3790 60
Elg% pressure Xeg%}ﬁ@OSQBO - 94
. g ressure sodi
vaetdeaﬂ%di@esarrmln Tungsten Halogen 3190 100
it appears that the maximum | Sun + waler, 2 méE4e94 82
‘ : Sun + water, 4 metéps 70
parlied dierce s ebot D wmdas ) oL Ster] 100 mete0s989 50
a Bt Ths s avay repedeble | Sun + water, 40 met@3$333 37
vale  'The quantity o Idht anagng
kol geat al such large ddances

as 1s seen 1n Table I, but useful quantities could be provided.

A posdble felecy with this approach comes fram the ddfinion o cdor rendaneg index: by rdaance to
anothar light source, sl chosen to be a good one, at leest for rendamnge cdors By shifting the
rdarence pont for essessng the (R o davlight enagng from difaat enghs o wela; we are rdaning
bedk to light which itsdl & gctling Buar and Buar——dacpar blue Sy light, essentielly: 'The Tight pipe
makes this light even bluer, and can i1mpart a bluish tint to some o



CRI' VERSUS DISTANCE IN WATER

The eye & quite edbpleble to cdor dhifls and - 100
cen &l didinevish dliffrent cdars aan i the Zg
peaxe d thee dhits 'Ths hes been anply 70
demonstrated with modem hich: pressure 60
tint, but are sl capeble of provding tdaebe ;2
cdor rendang, even though the (R value 50 ]
Jown n Tade Tk ow. Howea; Teht which 10
& comdaably Buar then the bluest daylight A
an e eqrdad o hae sore leflare o s N METERS

Figure 7. Color Rendering Index as a

we for ambiant and/or tesk fluminetion by fuRiction  of  distance sun ight travels
buldne acapanls Ty we mid tanpar the through pure water.

oplimidic reslls gven ebove with the: caution thet. coor—rendaring index aore & ndt a sl

of the acceptability of a light source.

CRI

50 1

CRI

Color—Correcting Filters

It mght be possbe to conedt the Bue appaarance o walaritaed lght by the tse o cdor coneding
fiters to improve the cdor—rendaing of the fight. This wil nevitably result i loss of lightt flux, since
the fitar wil in essencey be Sripping off some d the blue portion o the spedrum to bedtar metch the
red potion AL greet didences the 1ed & ot compddy gone and no amount. o fitaing wil be abe
to bring it back. This method will therefore be of limited usefulness

Todking el a Kaddk filer calelog, filar saries 86 (ydlowish) appears 1o have specrdl ransmitlance aones
thet would be capeble d altauating the Bue ad d the cdor specirum mudh mare then the 1ed ad
Four fiter trarsmittances were sdeded, for fitars 85, 80A 893 and 83 'The spectral trarsmittance o
cach o these was mudltiplied by the spactrum of ight eamagne from 10 mdars of walar and the
chromatiaty coadinates o the resulting fitared spectra were caladleted. These are plotted in Flg, 9
looking at the four arves thal come tosdhar a one pont on this pat,  the pont whare they come
tooethar & the unfitered 10 mdtar pont. The four additionally filtered points are indicated by the
numbars 1 through 4, indiceting the dlect o these four fitas on the gt anagng from the gt ppe
The Incs are drawn to indicate the diedts of cach o the four fiters 0 moving the coor of the light
aragrg from the Ight ppe upward and to the nght. The white pant & Ebded W on this fioure and
daylight colors are indicated by the lower solid line.

We an sce e thee filas do tad to mowe the cdar d the Ilht anagrng from the ppe more tovard
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the bt and away fram the blue regon d the spedrum, but the resuling cdor & above the white parnt,
n the drection of geensh ydlow. This ay be an acceplable color but 1t & difficult to tdl without
calculating the the CRI values and obtaining visual appraisals of the

CIE CHROMATICITY COORDINATES

let us see If a more optimum filter .55
tarsitarce rdum con e died. Thae o0 -
are several possible definitions of such a .45 4
specum Ore waukd be to invart the et 4 4

of the water, that is, to have a filter >, 55 ] g
bersilerre grdnm el & e carpamad. ] /

of the watar trarsmittance. b 4 gves the L ]

speciel tarmmittarce d the welar & ddace ]

< 'The cdar coredtin gﬂtﬂﬂp@p@ed hae 0.2 0.25 0.3 0.35 0.4
. . . LENGTH OF WATER )::’ATH = 10 METERS
would have ils transmittance giveqERs 3{{35 2=86A 3=868 4=86C F=OPT
Figure 8. ight emelziglnfg from 10—
ex meters of water an rom gseveral
T, = 1-¢% (23)  Kodak filters. W indicates the white
oint and the lower solid line is the
daylight color line described in E% 16.
F 1s Tor a theoretically optimum filter

Multipyne the 10-1dar trarsmitted specral

fux aanve by ths spedral rarsmittance and caloubing the resulling: dronetialy coordinetes yiddks parnt
['in Mg 9 Ths pont & dosar o the daylight ine and the white pont then the points for the Kodalkk
filters.

Anothar posshbility would be to dissohve sutably chosen dyes n the watar to further alter its spectral
trarsmitlance. This mdhod wes used by Tepartas and Zaraga [)] 1o meke rarsmilling: bandpess fllers
for the ultraviolet portion of the spectrum and followed more genera

It seams from these rexudlts thet furthar wark in- devdoping: optimum fiters could: vidd: even: greatar
mprovanat in the coorradaing propaties o walarfitaed snlght. Through this mdhod € shaud
be posdbe to extand the acaeplable ddarnce which It & pamitted o travd through & welarfiled. pipe
to sy, 10 to 15 ndas Thae wil howaver; be subdantel s o fiux through the walar and the cdar—
correcting filter, with an overall transmittance to visible light below

11



Photovoltaic Application PV RESPONSE AND TRANSMITTANCE OF PURE WATER
1

Plots of the spectral responses of two & g
photovdlieic enagy comverson odks [22] are £97° z
shown in Hg 10, along with plots of the & 7]
grecrel Wrarsmillances o welar for 1,4 and - & &
16 certirelar prih brghs Qe an see fian - 2 =
this thet the welter dectidy saves es adow— 777 7 o
pess fiter of the radiation madent on the & g‘t"ﬁ# +++++++ Z
cells cutting off rad]:aﬁon with V@V@leng@s ° 260 460W;\V6E6L0E’\"G%o?\j 132%(;&%198%51460 1600
greelar thn thoe in the banstion regon DITANCE S JHRONGH HATER

Figure 9. Comparison of spectral

shown in the Faure. The location of the responses of two photovoltaic cells with
culd region cen be edjded by dangng the the spectral transmittance of water.

+ Amorphous  silicon

peth krgth throgh the welar: Cearly g Monocrystaline silicon.

peth langths are approprete far cdk with a

Iimited range of pectrel reponse; such as the amaphos slicon ones Shoter peth lengths eppear
bettar suted for ads with: extandad spectrel response; nduding monoanydaline and  polyanydtaline ones

Conclusions and Recommendations

Watar—iled leght ppes can be tsed o bring cod, fitared sunlight indoors - an contrdled mannar: As this
gt travek through such pipes spectrally sdedive absaplion and sceltaing i the welar ramoves nfrared
redistion and reduces the fux o red Ight mare then ohar parts o the vilbe spedrume The et &
feht of Sightly bluash cdor which: hes reduced cdorrendaing propaties The dlance which this fight
can be rarsmitted bdare its coor becomes dopdioneble - comparson with warm white fluorescant ight
appears from ths prdiminary assessmant to be about 6 to 8 mdas Comparing it to daylight, the
diarce exdads o abaut 10 to 12 mdas  The dilarce for a sonificant. drop in- s cdorrandaing index
B appoxanedy 10 mdas (dor-coneding filas can be desoned for ure with such ppes to exdarnd the
meximum detance d gt trerdar but the altauetion o lght reulling from these combrations greatly
reduces the efficiency of the pipe.

The vebe trarsmitternce of 5 and 10 mdar brg ppes & about @56 and 195 regpedindy. Use o cdor
corectng fiters wil drop ths even further: For some applications, manly those which: can tokarale
reblivdy low vk o llumination, o applications whae cod-dicdvaness & nat a mapr corsdaration,
these Tt Iosses might be tdaable since they can be campansated for by wsne brear sunlght cdlection
sdare I dha caes the white appearance d the anagne I, s cdor-radaine propaty; and the
dficdancy o transmisson are vary impotant. I such ceses anly shot lengths o wetarfiled: pipes cen
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be used.

It scas thet the bed sdution in suchr ceses would be a hybrid: cambiretion o ar-fiked: and welar—filed
fight ppes The watafiled section would strip off the nfrared portion of the specirum, redudng the
thamal aagy cottat o the anagrng beam, and the air-filed portion would delribute the Ight to the
deson d the concantrating: cdledar used o foaus sunlight on the ppe The walar could il the: cdledar
(i the sruchural Toeding resulting from the weight. of the weter can be handied acceplelly) thereby
naeasng the concentration ratio. 'The water—illed portion could be placed at the focus of the
concatratar; and sheped to mprove fux throogpat. Othar hybnd posshilties can be exarad o specel

application areas.

"The posshliies for e o welar to fita the radiation Thpngng upon soar pholovallae enargy comvason
arays are nineune and shoukd be explored furtha: Nat only cen' the watar ramove unused . infrared
redietion from the luminating bearm but ako 1 can be anployed a8 a coding medium, lowaing the
operating temperatures of the array and hence increasing conversion

Acknowledgement

Pations o this wak ware supparted by the Assdlant Seadary for Consenvetion and Reneweble Fhagy,

Ofice of Buldings and Community Sydtans Bulding Systas Dvison of the US Departimant. of Fhergy
through grant DE-FGO1-84CE22122.

References

(1] “SLe]k%v%tzSEandRJdm’”HleDaﬂghﬁngSohﬁm”SdarA_geVolél\bEiAugﬁ198),
pp 14 20.

[2]  Gifith J W, Delight and Fragy Consdous Desion, AR Transedtions, DEF-79-5 No 4, 199
B o008, Tireado, G Gillette, and 'T! Kusuda, Taluation of the Daylighting and Fnergy
arformance of Windows, ls and Caredories, Netional Indtitute for Sendards and 'Techndogy
(formerly NBS), Pub. NBSIR 832726, June 1983,

3] Benton, C C, Dayiighting Can fmprove the Qually of Tight and Save " Architechural

leNwl%ppM S Surpiang Dicoveries Abot Why You Moe Nelurel

Cm;ght and Garden, Vdl. 148 Teb, 1976, pp. B9, Gildte, G, "The Case for Dayiichting The
nstruclion Specifier, March 1984, pPp- 58—63.

[ 4] McCluney, R., ”Bringing in the Sun, Glass Magazine, August 1986,

O Nk S 1 Whet Mekes Daviehting Fiecive?” Thaoy Maregamant, June/Auly; 1

13




Desion & Applicetion, July 1985, pp. 3638 Shanus M D, et dl, Gaing d the Perimdar with

Daylight,” Lighting Desion & Application, March 1984, p. 30—40.

Fraags [ M, W. R Pyle, and P. R Ryason, Concentrated and Piped S t for Indoor
E]umm Applied Oplicss Vol 22 No. 4, 15 Feb, 1983 p 58532 y, MA,

Flectrity:
ytam Amnaican SNdent, Vol 65, Ao, 1 422420
Aar@fg?\dﬁdgar’g%wﬁhﬁl@t@]gﬁmT wéqm%m%’Mlegl\b
5 Maygl&??? 1 1 Tittiefeir, P, Bearn Tighting A yeari?, Hedlrcal Desion, May 1985
pp -

Kk, B and Garad, 1. Dayligh e Optics: He Water Tubes” Prac, 9" Passve Sokr
(L)orferenceCoMths %EIH@SOQ@WZ@C@HMA\ES&@&IWCO
80301, Sept 1984.

E En%mmg ofl\brthAHHm]EShdlhmerﬁbod(&BlRéaHpethm
981, Flg 37, p. 35—

|9] Jerlov, N. G., Marine Optlics, Elsevier, New York, 1976.

10] Mod A G]ap’(ﬁ”lOghch ies of Pure Waler and Pure Sea Weler;” Oplical Ayedls of

ceanographyv, erlov and E. 3. Nielsen, eds., Academic

1] Wyszecki, G, and W S Stles Chor Sdence Concepls and Mdhods Quantilalive Dala and

ormulas, Wiley, 1967.

%1(0} Keley, K 1, Hl@d‘”CqﬁantCme]atedCokrT arpaalure Beed on Mechdams (uv) Uniiorm
miaticty Trandformeation of the (F S(I:Am53999(1%3) Driscall, W. G, and
Vaughan, W, Handbodk of Oplics McGraw— New ik, 1978 Robatson, A R, Computation of
Correlatéd Color Temperature and Dlstrlbutlon Temperature,

plS%W@WMdMWB%@MR&mVM 1984,

Press,

" 1. opt.

N¢

<
.

[14} Judd, D. B., D. L. MacAdam, and G. Wyszecki, J. Opl. Soc. Am. 54,

Inegeald, T, O, M, and Nekamura, H, Study on Coour Tamparature o Tght Hom Sky and s
ubon in Japan,” Procacdings of the 6" Session of he Association: Intermationele de Ta Colour,
Buenos Aires, Argentma 1989, Vol. Il — Papers.

16] (O Mdhod of Meesuring Specn;ymg Colour Rendering Properties of Tight Sources, (IF
ublication no. 18 2 1974.

[17] Kelley, K. L., J. Opl. Soc. Am. 53, 999 (1963).

MB& Wysedd, G, "Saction 9 Coorimclry', Handbodk of Oplies W G- Driscoll and W Vaughan, ads,
raw—Hill, New York, 19xx.

[ 19] Nekarson, D and €W, Jaome Cdor Rendaing of Tight Sources (O Method of Spadification

and Its Application,” [luminalting Fngineering, Vol. 60, No. 4, April 19¢

20| e, P and Zarage, I, Computer Desion of Tiqui dFﬂterSMadeof GOUSSoluhonsof
ransition Metal lTonsg,” Applied Optics 20,2946

[21] Ingersoll, K. A., Applied Optics, 10, 2781 (1971); 11, 2473 (1972);

14



[22] Fmay KA d d SR Reuls from the PP 1987 Simimit Round Rebin and a
o Photovdltaic Calbration Mathods ~dar Rescarch Inditute, 1617 Cole Bhvd, Galden (O 8101,
Report: SERI/TR—213-3472, March 1989, p.28.

15



	DBPubCover.pdf
	LitepipeFinal.pdf

