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Abstract

Daylight redirecting systems with vertical windows have the potential to offset lighting energy use in deep
perimeter zones. A microstructured prismatic film designed for such usehasacterizedising
goniophotometric measurements and ray tracing simulatibhe syntheticallygeneratedidirectional
scattering distribution functioBSDF)data wereshown to hag good agreement withmited measured

data for normal incident angles-§0°). Measured data indicated thlag prismaticfilm was most efficient

when vertical angles of incidence were betweei338and within £45of normal incidence to the plane of

the windowso maximumenergy savings across the full depth of the zone occomedhe equinox to

winter solstice periodAnnual lighting energy use and visual comfort in a deep open plan office zone were
evaluated sing the Radiance thrgghase method in several climates and for south andagst) window
orientations.Lighting energy savings wef9-43% for a 12 m (40 ft) deep sotfdicing perimeter zone
compared to the same zone with no lighting contrdlse pismatic film with and without a diffuser

controlled glare for views parallel to the window lpubducedylare forseatedriewpointslooking toward

the window At mature market costs, the systeras projected to have a simple payback -&f Pears.

Techntal challenges encowgred throughout the evaluation led to improvements in measurement and
modeling tools and stressed the importance of having accurate input data for product development.

Keywords: Daylighting; prismatic film; microstructured filnijidirectional scattering distribution function;
complex fenestration systems

1. Introduction

There has been significant research dedicated to develmiing and macroscopimaterials and systems
for the purpose afedirecting sunlighanddiffuse skylidit deeper into the building interioSince lighting
energy use represerit8% of the totalprimaryenergy used by buildings in the United State§.42 quad
(quadrillion = 10° Btu) in 2010(D&R International, 2012)such innovative technologies cplay a
significant role towars aggressivenergyefficiencyand greenhouse gas emissieductiongoals
Microstructured deviceiscludeangular selectiveoatings on glasand holographic optical elements
(HOEs)(Smith and Grangvist, 201Gullivan et &, 1998;Papamichael et al., 1994¥tatic macroscopic
systems for vertical windowiacludeprismatic optical elements (POEs), mirrotedvers, lasercut panels,
and enhanced light shelv@&/adsworth, 1903Bartenbach et al., 198Kjoensch et al., 198 Rucket al.
2000; Andersen and Thuot, 20Bxltranet al., 1997; Rogers et al., 2Q0Motorizedsolartracking
systems have also been develofiedsidelighting applicationge.g.,Bartenbah, 1994). More optimized
and complex solutions have involveabf-mounted, swutracking heliostats coupled to skylights, atria and
light-guiding mirrored ductéWhitehead, 2013)r fiberoptics system@uhs et al., 2007) For both static

" Corresponding authorTel.: 510 486 4997; fax: 510 486 408%.m&il addresseslee@Ibl.go(E.S. Lee).


mailto:eslee@lbl.gov

Building and Environmert13 (2017) 28297

and dynamic systems, the technical challenge has been how to achievessigrefilirection oflaylight
for a broad range of incident angles without causing discomfort glare

Given thecall for low-cost solutions that cameet aggressivieuilding energy efficiency ancarbon

emission reduction goais the near terminterest insurface relief microstructured windows films such as
holographic diffusers, holographic optical elements, diffraction gratings, and prismatic structures has been
renewed particularly if applicable to the retrofit markeSuch films can be made throughteossing with

surface textures of depths between 10 nanometers up to 200 microns. Films are manufactured in a
cleanroom environment via retib-roll processes with widths that are applicable to kg windows

(e.g., 2 M. The substrate film can beroposed of multiple layers of acrylic (polymethyl methacrylate or
PMMA), polycarbonate, or other materigtgt arenot susceptible to degradation under prolonged

exposure to sunlight. The daylight film can be combipetntiallywith solar control filmsn a multilayer
system that achieves both solar and daylight control.

As with most innovations, creating the visla manufacturing capability for an emerging technology
requires significant capital investments so launching a venture enterprise neefisstiide carefully.
Quantifyingtechnicaland markepotential is a critical part of decisionmakingntil recently, the tools for
characterizing performance impacts have been limited, makingiduliffo build an economic caser
widespread deplayent of daylighting technologies by potential adopters (building owners, utility
emerging technology programs, regulators) difiicult to identify the key markets where their application
would be most promising.

Significant progress has been made imithe R&D community towaranoreroutineand more accurate
evaluatiors of the energy and comfort impacts of opticadlymplex daylighting systemsgFirst,
measuremenstf angularlyresolved transmittance and reflectance properties ofdighiteringmaterials
and coplanasystems hee been facilitated using scanning goniophotome&psan-Bennewitz and von
der Hardt, 1998; Andersen and de Boer, 2006; Andersen et al., 28&6yndthe algorithmsdefined by
Klems(1994a, 1994bjo determinesolar hat gairs throughmulti-layered fenestration systems involving
scattering layers have been incorporated and extended to the calculation of daylight illuminance and
luminance within the Radiance simulation t@dlard et al., 2011, McNeil and Lee, 2013ssessmerd of
daylighting systems now takefraction of the time that was neededhe pastopening up opportunities to
leverage the power giarallelcluster computing for both detailed assessments of performance impacts as
well as improvements to techingical designs.

The primary objective of this study was to evaluate the performance of prototype microstructured
daylighting films, which have beconmore economically viablgivenadvances in rotto-roll

manufacturing Thestudyevaluateswo prototye designén asouth or eastfacing 14.6 m deep open

plan office zoneawith daylightresponsive electric lightinip four climates Annual ighting energy use and
visual comfortperformance isompare to that ofa conventional shading systemetaileddata are
presentecds a means of relatingmporal and spatial performance to the aniglpendenoptical properties

of theprototypes As a developer of measurement and modeling todsecand underlyingbjective of

this study was tadentify the varbus challenges encountered in dharacterization and modeliiad)
prototypesystemgiuringthe early stages of product developmamdthendefine potentiatomprehensive
solutions for addressing the challengés with allR&D activities assessments must be conducted within
real worldtime and resource constraints which in turn have impacts on the accuracy of the outcomes. This
studyexamines thémpactof measured and synthetically generated bidirectional scattering distribution
function(BSDF) input dataon modeled resultsypviding limited insights as to the importance of having
accurate input data for product developmefmablingaccurate characterization of opticadgmplex
fenestration systems within tight resource constragritkentified as a key critical challenge for the
buildings industry.
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2. Method

2.1. Perimeter zoneonfiguration

A 178.5m? (1920ft?) furnished, open plan perimeter office zone was modeled usirRgitience

simulation softwaréWard and Shakespeare, 1998)h e zone ds o0 voél2.2iniidecoyHé nsi ons
m deep (40x48 ftjvere based on a modified version of the US Department of Energy (DOE) large office
commercial building prototypéeru et al., 2011) Thezone wasnade purposely deep to assess the ability

of the prototype daylight redirectirgystems to deliver daylight beyond the typical perimeter daylight zone

of one to two times the head height of the wind@ablel). The ceiling heighof 2.7m (9 ft) is typical of

US commercial office building construction. The height of the furnivae low (21.4m, 3.3-4.5ft) to

reflect common trends in the industry to lower workstation heights in order to provide all occupants with

access to outdoor views. Surfaceeethnces were typical of commercial office finishBk exterior

obstructions were modeled.

cleregory
view

Fig. 1. Exterior elevation of the perimeter zone fagade.

Fig. 2. Floor plan view of the open plan perimeter office zone showing a) locations atidmsretthe
nine views used for glare assessments (left image) and b) locations of the work plane illuminance grid
points, where the four zones are divided by the cubical partitions parallel to the window (right image).
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Summary of modeling assptions

Dimensions (SI)

Dimensions (IP)

Zone dimensions
Floor area
Floorto-floor height
Furnishings

Reflectance of indoor
surfaces (Rvis)
Ground reflectance

Obstructions (trees, etc.)

Upper clerestory
windows
Lower view windows

Window frames
Venetian blind

Window-to-wall area
ratio (WWR)
Facade orientation

Lighting control zones:

Zone 1

Zone 2

Zone 3

Zone 4

llluminance setpont
Simulation timestep
Zone illuminance level

Lighting schedule
Lighting energy use
Viewlocations:
View 1

View 2

View 3

View 4

Image resolution
BSDF basis

12.2 m wide, 14.6 m deep, 2.7 m high
178.5 nt

3.96 m

(16) 1.83 x 2.44 m cubicles with 1 m
high partitions parallel téhe window
and 1.4 m high partitions perpendicule
to the window

40x 48 x 9 ft

1920 f¢

13 ft

(16) 6x8 ft cubicles with 3.3 ft high
partitions parallel to the window and
4.5 ft high partitions perpendicular to
the window

Walls: 0.65, floor: 0.3, ceiling: 0.8, desks: 0.4, partitions: 0.45, chairs: 0.2.

Rvis=0.1, uniformly diffusing

None

(5) 2.44 m wide x 0.72 m tall, sill heigk
1.98 m above the floor

(5) 2.44 m wide, 1.65 m tall, sill height
0.37 m above the floor

76.2 mm

Venetian blind over full height, slat
width: 25.4 mm, slat to slat distance: 2
mm, 45° slat angle, Rvis=0.80.

Total: WWR=0.60; Upper: WWR=0.18
Lower: WWR=0.417

South and east

Distance from window (m):

(5) 8 ft wide x 2.375 ft tall, sill height
6.5 ft above the floor

(5) 8 ft wide, 5.42 ft tall, sill hght 1.21
ft above the floor

3inches

Venetian blind over full height, slat
width: 1 inch, slat to sladlistance: .79
inch, 45° slat angle, Rvis=0.80

Distance from window (ft):

0.003.05m 0-10 ft
3.056.10 m 10-20 ft
6.109.15m 20-30 ft
9.1512.20 m 3040 ft
500 lux 46.47 fc
1 hour

Average illuminance of 0.3@ grid of
points at deskeight (0.76 m) per zone
8:00- 18:00 Local Time, all week days
of the year

10-100% light output, 2€100% power,
3% standby power

1.22 m above the floor

Distance from window (m):

Average illuminance of 1 ft grid of
points at desk height (2.5 ft) per zone

4 ft above the floor
Distance from window (ft):

1.5 m, looking at window, side wall,
and rear wall

4.6 m, looking at window anside wall
7.6 m, looking at window and side wal
10.7 m, looking at window and side
wall

800x800 pixels

146x146 modified horizontal Klems
basis

5 ft, looking at window, side wall, and
rear wall

15 ft, looking at window and side wall
25 ft, looking at window and side wall
35 ft, looking at window and side wall
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Table 2
Window composition and centesf-glass properties.

Description Tvis  U-value (W/ntK) SHGC
Upper Layer 1: 6 mm love glass (Viracon VRET) 0.606 1.693 0.449
window Layer 2: 6 mnelear glass
Lower Layer 1: 6 mm love glass (Viracon VRBQ) 0.290 1.855 0.302
window Layer 2: 6 mm clear glass
P1 Layer 1: 6 mm love glass (Viracon VRET) 0.532 1.693 0.449
Layer 2: 6 mm clear glass, prismatic film on
surface 4
P2 Layer 1: 6 mm love glass (Viracon VRET) 0.427 1.855 0.302
Layer 2: 6 mm clear glass, prismatic film on
surface 4
Layer 3: 6 mm clear glass, diffusing film on
surface 5

Table 3
Shading condition for simulation cases.

Case Daylight(upper) window condition View (lower) window condition

VB  White Venetian blind with 45° slat tilt angle White Venetian blind with 45° slat tilt angle
P1 P1 system White Venetian blind with 45° slat tilt angle
P2 P2 system White Venetian blind with 458lat tilt angle

2.2. Window configurations

The facade was divided into upper daylight and lower view windovgs I5i The upper daylight windows
form a continuous strip of clerestory windows with a sill height of 1.98.61ft) above the floor.These
windows have a cent@f-glass visible transmittance (Tvig) 0.61 and awindow-to-exteriorwall area

ratio (WWR) of 0.18. The lower view windows were also continuous in width with a height of 1.65 m (5.4
ft) and sill height of B7 m (1.2 ft) above the floor (WWR=0.42). The cefakglass transmittance was
Tvis=0.29. The makeup and properties of the modeled window are given inZl'able

The window configurations were defined by one reference case and two test cases (Table 3):

T The reference case (AVBO) was defined with
upper and lower windows. The Venetian blinds were comprised of curved, concave down, matte,
1.6 cm (0.63 in.) wide white slatRyis=080, Tvis=0.05)spaced 1.2 cr(0.47 in.)apart and set at
a 45° tilt angle (lower edge of slat toward the exterior).

nter

T The first test case (fiP10) wuses a daylighting fi

blinds as the reference case on the lower windows.

i Thesecondtestoas (AP2060) consists of daylighting and

the same Venetian blinds as the reference case on the lower windows.

Thetwo test cases involved a microstructured, asymmetrical,-sididrefractiveprismatic film(3M
Daylight Redirecting FilmPadiyath et al. 2013)The film consistd of an orderly array of linear
protrusions between 5260 micrometers high. Each protrusican be described as a fesided prism
where sunlight from an incident range 688’ is refractedoy total internal reflection. The film can be

di ff
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manufactured using retb-roll processing methods and then adhered to a vertical window as a retrofit or
replacement measure. Views through the film are distorted, not clear. The film itself is colorless.

The firstdaylightr edi recting system (fiP10) consisted of this
upper clerestory window. The seconddayipgré¢ di r ecting system (-AP20) wused

redirecting film and a second light diffusingnfi (3M Fasar® Mat Crystal 2 SH2MACRX2; Hao et al.

2012) in a triplepane lowe window. The lowe coating was on surface #2, the dayligddirecting film

was adhered to surface #4 and the light diffusing film was adhered to surface #5; the base glazing layers
were thesame used in the reference case (see Table 2).

2.3. Radiance simulations

The Radianc¢hreephasemethod was used to perform annual daylight simulatioesaluate both

lighting energy savings and visual comf@ffard et al. 2011)This method separadight transport into
three phasesr matrices that: a) relates solid angles or patches from a subdivided hemispherical sky to
incident directions on the window (daylight matrix),d®scribes the outgoing angular and intensity
distribution of reflectedrad transmitted flux from the fenestration system as a function of incident angle
(bidirectional scattering distribution function (BSDfRgatrix), and c) relates the outgoing directions from
the window to the desired locations in the interior (view matriX)e sky vectorassigns luminance values
to patches representing the sky directiofibe resultant illumination is obtainéy performingmatrix
multiplicationof the three phasemsd the sky matrifor each time stepThis approach enables quick
computdion of the annual performance of any arbitrary opticabbynplex fenestration systerfracades

can be changed without simulating the entire light path, just substituting a new sky vector or fenestration
BSDF matrix. Thedctimestegool within Radiance (@rsion 4.0) calls this calculation for each time step to
compute illuminance and luminance quantities defined by the Bggrendix Al lists the Radiance
parameters used for the simulations.

To generate the sky vector, direct normal irradiance andsgiffiorizontal irradiance values are taken from
TMY2 weather dataThe prograngendaylituses the irradiance data to generate a Perez sky definition for
Radiance.The Radiance progragenskyvedivides the sky into Tregenza or Reinhart patches and
compues the average luminance of the patthis study used highly resolved sky to improve accuracy

of the calculationReinhart MF:4 subdivision scheméth 2305 patchés

The daylight matrix was generated using the Radiaicoatrib program for avindow without nearor far
field obstructions.The exterior ground was uniformly diffusing with a reflectance of 0.1.

The view matrices were defined for nine rendered views at a height of 1.2 m (4 ft) above the floor and for
four zones of workplane illumance sensor points. The nine views were used to assess daylight discomfort
glare in the space (Figa, Table 1). Workplane illuminance sensor points were defined by a grid of points
spaced 0.30 m (1 ft) apart across each of the four zone<A¥rig

The BSDFmatrix was defined using Window 6.38litchell et al. 2@8) where individual glazing layers
were selected from the International Glazing DatalfiaB8lL, 2013)and theBSDF data for individual
shading and daylightinigyerswere definedusing meaured data ardr ray-tracing tools aslescribed
below. Window 6 was used to combine the glass and shading or daylighting layers to form a single
window system whosehole windowBSDFwerethenoutput by Window 6n anXML file format for use
by Radiance.

The RadiancgenBSDRool (McNeil et al, 2013) (and other ray tracing tools like TracePro) can produce

full BSDF datasets, requiring inputs of geometry and matde#d In this study,lie geometry of the
prismaticfilm was provided by thenanufacturer and modeled in RadiansinggenBSDF The film,
adhesiveand6 mm glass substrate were all modeled as dielectric volumes with refractive indices of 1.511

t

f
h ¢
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for the film, 1.497 for the adhesive and 1.52 for the glaSection3.1 discusseshe derivation of the
BSDF dataset in more detail.

The BSDF for the diffusing film was generated usjogiophotometrieneasurements. Sintlee filmis
isotropic, only one measurement per incident theta basdequired(Klems coordinate system hame
theta bands, so nine incident angles each for front and back of the sample).

The BSDF for the Venetian blind was derived frdra builtin Window 6 Venetian blind modglvhere the
surfaces of the slats were modeled as hemispherically diffusing @rtient).

For all caseshe synthetic BSDFs used a modified version of the full Klems angle basis which provides a
clear division between upward and downward flux (B)g Flux just above horizontal provides deep

daylight penetration while flux justelow horizontals most likely to cause glare. In thadl Klems angle

basis, flux just above and just below horizontal are lumped into the same patch. The horizontally divided
angle basis used in this analysisaates flux just above and flux justlbe into separate patches.

Fig. 3. Diagrams showing divisions of the full Klems angle basis (left) and the modified Klems horizontal
angle basis (right).

2.4. Lightingsystem ané&nergy use

Theperimeterzone was divided into fou8.05m (10 ft) deegighting controlzones parallel to the window
(Fig. 2b). Dimming was proportional to available daylight, where the average hourly daylight illuminance
was determined in each zone fror.81m (1 ft) grid of points.

Given the evolving dhmable lighting market and diversity of lighting solutions (fluorescent and LED
lighting, ballast efficiency, digitally addressable lighting controls, etc.), the lighting system was first
modeled as an ideal continuous dimmable system witB03%6 light ouput for a corresponding-000%

1 Radiance parameters used for sampling waibe2-ad 700.
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power use. The setpoint workplane illuminance was defined by the llluminating Engineering Society of
North America (IESNA) Lighting Handbook recommendations for open plan offices with intermittent (500
lux) visual display taminal (VDT) use(Rea,20).

Total perimeter zone lighting energy use was determined from the average of the four zones and expressed
as fractional lighting energy use where 1.0 is the lights on at full power and 0.0 is with the lights off all
hours. Anual fractional lighting energy use was determined for daytime office work houns3f00

18:00 local time (LTYor all days of the year.

Theannualfractional lighting energy use for an ideal dimming systeas then correlated tmnual
fractionallighting energy use for a fluorescent dimming systengurfe4 shows a linear regression
between an ideal dimming system and a fluorescent dimming system withG9%®light output range for
a 26100% power range, 3% standby power when off and a seifjeininance level of 500 lux at desk
height.Fractional lighting energy use was converted to energy for a fluorescent dimming system by
multiplying the fractional value by the number of daytime work hours (2600 h) and the ASHRAE 90.1
2010(American Societ of Heating, Refrigerating and Atonditioning Engineers, Inc., 2018j)aximum
prescribed lighting power densifyPD) of 10.5 W/nf (0.98 W/ff) for open plan office$or new
construction14 W/n? (1.3 W/f®) for retrofit construction ASHRAE 90.1-2001) and8.1 W/n¥ (0.75

WI/ft?) for new construction in CaliforniéTitle-24 2013 California Energy Commission, 2012

09T i
08T ~
0.71 /
06T

05T e

0.4t N

031 $+ s

0.2T1 2,7

Fractional Lighting Energy Use - Dimming Ballast Curve

01t

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fractional Lighting Energy Use - Ideal Dimming

Fig. 4. Linear regression between fractional lighting energy use for an ideal dimming system and
fluorescent dimming system.

2.5. Discomfort glare

Theevaluation of discomfort glare was conducted usingetredglaresoftware tool (version 1;Wienold,
2012. This tool identifies glare sources within a fisheye image then computess/discomfort glare
metrics, including thedaylight glare probability (DGPand the discomfort glare index (DGIThe DGP
describes the probability that a person is disturbed by glaredagiight (31 range of values)This index
was derived fronfigh dynamic rangiuminance data and subjective responses from 76 people-scild
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daylit spaces, including spaces with sunligidirecting system@\Vienold and Christoffersen, 2006) he

DGP metric was independently verufbedgasaaldl émbetdi st
preferabled lighting conditions in a daylit office zc
subjective responses from 18 participants (25 year old mean age) over a two day period (Van Den

Wymelenberg et al. 2010). DGP calculabesed on ten times the average luminance of the entire scene

produced the highest correlation to survey questions. Hirning et al. (2013) however found the DGP metric

to underestimate glare when the lighting conditions were dominated by cdrasast dissmfort glare

(low vertical illuminance) in a field study involving 63 office workers-@byears old). A review of

discomfort glare metrics by Clear (2013) concluded that fundamental changes must be made to existing

glare models, particularly in defininghat exactly constitutes a glare source in a complex visual scene and

how sources combindViore laboratory and field work is needed to develop and validate metrics for

assessing visual discomfort for large area glare sources such as windows. Gikierotghnhess of

Wi enold and Christoffersends evegtalevmmsdysedorthei r r ec ommende
calculation of DGP. The Corndflopkinson DGI formula (Hopkinson and Bradley 1960) was derived

from subjective responses to artificial lightingthvsome later adaptations for the daylighting case and has

been found to have low correlation to actual end user response to glare from daylight. It is however

included in this analysis as a conservative measure for glare analysis and to serve asarémghior

studies.

For this analysis, the perimeter zone was illuminated solely with daylight so adaptation levels are expected

to belower than expectefibr views furthest from the window due to low overall light levels

Supplementary electric lightinwouldhaveraised adaptation levels and redutiequency of discomfort

glare but inclusion of this additional potential glare source would have confounded the analysis and so was

omitted in this study.The approach taken in this paper could produe®mie conservative evaluation of

discomfort glare for locations in the rear of the perimeter zone where discomfort glare is largely determined

by |l uminance contrast s, if the Hirningdés findings abc
does underedict discomfort glare when adaptation levels are low, then this assessment will be less

conservative.

Hourly imageswith a resolution of 800x800 pixelgeregenerated by Radianéar each othenineview
locations Arbitrarily located glare sourcegith a solid angle greater than 0.002 steradians (st) there
identified in each image bgvalglareusing the default method: pixels with a luminance greater than the
threshold luminance were identified as a potential glare source. The threshold kenirzendefined as
five times the average luminanftee recommended default valueewalglare within the entire 180field

of view or scene. Glare source pixels were then merged into one glare source given a search radius
between pixels of 0.2 steradians. Nglare source pixels were included with glare sources if they were
surrounded by a glare source (i.e., smoathiption was used). Luminance peaks (>50,000 Ydirare
extracted as separate glare sources.

To gain an understanding whenglare occurred as relatedttte prototypes @esign, a glare/ nglare

hourly metric was defined based on the combined uB&ét and DGI values where for edobur 8:00

18:00 LT, all weekdays of the year), if any of the nine views had avalge greater tha4 threshold

bet ween fijusiijastephabmborndbl ed) @werageffhgforal ue gr eat e
fiprec e pt i bthen the hplr was defermined to have glarereshold values were not selected to

achieve equivalency between the DGP and DGI metrics since the fundamental definition of the two metrics

differ.

A second method was used to evaluataial glare performanceWienold derived a method to account for
the frequency of glare over a time period, where within a defined category of corrBéfte3ceedance of
a threshold Iimit is allowed (Wienokd,t20600nt ol &t abke
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were first related to DGP values in a descriptivew®y anal ysi s of the studydés use
various categories or classes of comfort were defined:

T Class A or fibesto class: 95% odquattdi®35t i me peri od D

ntol erabled gl are).

(Ai mperceptibled glare) and the remaining 5% of t
(Aperceptibled glare).

T Class B or figoodo class: 95% of the time period D
(Apercept i bl eniainigg 5% of¢he time mast havie an average DGP limit of 0.42
(Adi sturbingd gl are).

T Class C or freasonabledo class: 95% of the time pe
(fidi sturbingodo glare) and t he r en@Pilimtiof0$d3 5% of t he
(A

These classes were calculafedthe annual period defined by 8:08:00 LT, all weekdays of the year
including periodsafter sunset

3. Results

3.1. Characterizatiorof the prismatic film

Goniophotometric measurements of actual physical samplegaegallymore accurate than synthetic

BSDF data generated using +gicing tools. Unfortunately,generating a full BSDF dataset through f©ion
automated measurements requires a significant imeggtof time. In prior work, the bidirectional

scattering properties of the base materials used in complex fenestration systems (CFS), such as the fabric
for roller shades or the painted metal finish on Venetian blinds, have been measured with a
goniophobmeter and these data were then used in-raging model to produce full BSDF datasets. This
more practicabpproach was shown to produce datasolar heat gain analydisat were within eceptable

limits of error @ndersen et al., 2008/4olina et al, 2015. Further validation work was conducted

comparing syntheticallgenerated BSDF data using trenBSDRool with measured data for flat mirrored
blinds and a micrgperforated metal mesh sha@décNeil et al, 2013).

In this ®ction we describe howmited BSDF measurements of the prismatic filrare made and howé
full BSDF data set was generated udimggenBSDRool. A comparison between theeasured and
syntheticBSDF data was made. Comparisons between illuminance anoffigkelw luminance were also
made.

3.1.1. Measured BSDF data

A 25 x 25 cm sample of the microstructured film adhered to the surfacewina thick clear glass

substrate was provided by the manufacturer then meassiregh goniophotomedr. A total of éghteen

angles of incidence ;wef(planem®mnal tothe shmpleavpertical sectien) Wita r @
dranging from OA to 80A at43AAfonct eemesihe dsiad o di n
(Aphi o) angl elebeevpen thesherizdntstaxts bf éhe sampe and the incoming ray

projected ontothe-x pl ane of the sampliefithdhedpngie bheiaocgden
incoming ray and the-axis normal to the surface of the sampiég. 5 illustrates how these angles are

defined for a CFS sample.

10
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Fig. 5. General coordinate system for the definition of bidirectional properties (left). The incident polar
coordinatesiaadéiigmvdnf bgr dn tthabdefines the sowce.@Ontgpingpoldr ¥
coordinates are gi ve n;amwy fortheeoutgoipgddferantalespacecange ofdi nat es d
d ¥. Definition of the Klems coordinate system used for representing discrete representation of

bidirectionaldata (right). (A) Vector coordinates for incident and forward going radiation. -Bixés4s

perpendicular to the plane and points toward the viewer. (B) Coordinates for bagowsgdadiation, a

left-handed version of the system defined in (A).

Measirements were carried owith thethe Lawrence Berkeley National Laboratory (LBNL)
goniophotometerRab Advanced Technologies Ltd, Bglsing techniques developed by ApiBannewitz
(2010 Grobe et al., 2010)A halogen tungsten lampas usedor the light source which illuminated 2.5
cm diameter region of thsample (more than 10 periods of thierostructure) at normal incidence. Two
wavelength bands were detected: the visible was obtained by using a vLambda filter edetegtSi and
the near infared was obtained by using an unfiltenedium gallium asenide (hGaAg detector. Detector
measurements were made at a uniform angular resolutichovket the entire hemisphere with finer
resolution sampling around the peaks.

Measured data for thésible spectrum are shown in Fi§ with a falsecolotog scale. The view shows the
angular distribution and intensity of transmitted flux for the outgoing hemisphere with therdwwurface
normal (blue line) pointing to the left of the image andttpeof the grah corresponding to the top of the
vertically-positioned sampleBlack regions within the circle indicate very low intensity values. The faint

red | i ne iamgleiwithahe ensall yiellowe hatfircle indicating the direction if spalar
transmission occurred and the red circle indicating the actual primary direction of peak transmission. The
yell ow | ine i n t he;=45Ymaligates theshbriaontal ling divitliag tkee ugper and bwer

halves of the hemisphere (notketline is not broken if the peak is in the upper hemisphere).
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(i=45°

d=0°

-50°

d

Fig. 6. Goniophotometric bidirectional transmittance distribution function (BTDF) data for visible light at
an incidewtanch50yi ehDEA d( | ef t =45d(lighteniunn).a nd
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Fig. 7. Interior view of the film installed in the two upper clerestory windpMmsnachareonkit al.,
2014) The bright arc of sunlight being redirected to the viewer is visible close to themightedge of
the right window.

InNFig.6( 1 eft), the pl ot=0fA590°Xshows astrongoivnward speculache ( d
transmitting peak with additoha s mal | er peaks al so bel g30°%thehe hori zont ¢
outgoing light focuses into a single peak redirected above the horizontal plane. Light is striking the linear

microprisms at angles where total internal reflection for this designism e f f i c i e r@0°, After at
the outgoing light is still redirected upwards but multiple peaks begin to emerge.

When | ight is incident om5°t(Hge rightathepshne patérnoacarstmutb | i que ar
a singlestrong peak occer f; anglesdhetween 30° to 80°; i.e., multiple peaks do not occur at the higher

dangles. Thelight edi recti ng effect still ocg¢®@0mcdenbut not qui
angle: light is striking the linear face of the microprismharaoffnormal angle. Notice also the vertical arc

in these figures, which indicate a continuous region oflel transmission. This bright arc is noticeable

when a largearea sample of the film is viewed at soamgles on a sunny day (Fid.

Theoutgoing angle of the transmitted peak with the greatest magnitude was determined for each incident
angle then plotted in a summary graph in. Big Fangtes hietween 45° and 135° (since the system is
axially symmetric)orresponding to miday hourdor a soutkfacing facadethis microstructure film was

able to achieva low outgoingangle of redirection when the sun or incoming liglas withind; incident

angles between about-B5°. An outgoing angle of about3® enables flux to penetrate fher from the

window wall to targeted depths of aboul® m (3040 ft). Negative outgoing angles will cause glare.

The front visible reflectance of the sample is shown in Eig-@r the primary incident angles where the
system was found to be mostieint at redirection, the front reflectance was found to be low, between
0.10 and 0.15 fod; incident angles between 10° to 60°. The effect is dominated by the glass substrate

13
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reflectance rather than dependent on the film properties. There were ficangmndications that the
a z i mu)tinfluences total reflectance.
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Fig. 8. Outgoing angle of the largest recorded BTLC Fig. 9. Directhemispherical front visible reflectance
val ue naegs$es od i ;¥O0°iardld5i. integratedfroome asur ed B RBriglsofv
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3.1.2. Synthetic BSDFlata

Theoriginal design was not expected to match the fabricated prototype due to defects introduced during
manufacturing. Exact causes for variations in profilengetry are unknown. The surface relief grating is

created by pressing a mold into a resin at high throughput in-onalll process. Small deviations from

design may occur when the die is withdrawn or during the curing process when shrinkage may\sccur
attempted to capture t he v awiihmadéliogrusing geomehlrieinppts i s mat i ¢ f
from various sources:

a) the original formulated design by the manufacturer (drawing of the prafil)

b) two drawn profiles of the fabricatettscture taken from scans conducted by the manufacturer
using an electron microscope

The profiles generated using method (b) illustrated that thereshight¢variations in the fabricated profile.
SeparateBSDF datasets were generated using the Radgar®SDRool for the original design and for
the twodrawnprofiles (b). A fourth BSDF datasdt fi g e n B S D F was\generategl bytayeraging the
intensities from each of the three sepasyteheticdataset for each outgoing patch and ithent angle.
This fourth dataset was used for thalematiors described irthe following setions and irSection 3.2

3.1.3. Comparison of synthetic BSDF data to goniophotometer measurements

A comparison of the direct hemispherit@nsmittance between tgerBSDFaverage dataset atite
measured goniophotometric datafeetthe P1prismaticfilm mounted on 3 mm clear glaskows good
agreementvith the exception of] greater than 6Q(Fig. 10). The discrepancy at these higher outgoing
angles could be explained by experimental ndfee noise gets amplifieat the highest angles since the
measured signal is divided by the cosine of the outgoing afigéemeasuresdignal in the
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goniophotomeer is proportional to BSDF*cagso when calculating the BSDthe noise is amplified by a
very large factor fog values near 90

100%

90%
5% ———

70%

60% \\\\;\\
50% \‘O
40% \
30%

20%

Transmittance

—4¢—goniophotometer

10%
—@—genBSDF Average

0% T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90

Theta Angle

Fig. 10. Directhemispherical transmittance as a function of incident angfe0-82.5°) in the plane
normaltothep r i s ma t ii=@0°)f Mehsored(gdniophotometric and synthe@nBSDPidirectional
transmittance distribution data were computed using the full Klems basis for the various incident angles.

The measured and averaged genBSDF synthetic data conugirigdhe Klems basis are shown for

varying inc+0E82%)t ianngtlhees p(ldane nor m®0)intFig. 1% Ihtlke pr i smat i c
transnitted flux is redirected upward, then the flux will occur in the positive outgoing patch angles.

Negdive patch angles capture downward transmitted fllixe peak transmission was found to odour

the most parin the same outgoing patch for incident angles betweef020At normal and very oblique

angles of incidencemultiple outgoing peaks emergadd the peak energy wapread between adjacent

patches so agreement between the two datasets was less. The intensity of the peak transmitbéd energy

the genBSDF datasetas also found to be leisan the measured ddta mostincident anglegven thaigh

the synthetic data predicted less scatter
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Fig. 11. Measured goniophotometric and synthggicBSDFoidirectional transmittance distribution data

computed using the full Kl ems b adBX5°)mtheplaschown f or var
normal to the=90%9).0Dsemagoiogfpéaimcl (§an8g.5°¢@pwarstethegi ven f or o
ceiing plane t0-82.5° (downwards to floor). The synthetic data are given for the average BSDF dataset.

Data are given for the P1 film on a 3 mm clear glass substrate.
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