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Audi says that the full LED headlights give the A8 an “unmistakable
appearance even in daylight, and even more so after the fall of darkness. With
a color temperature of 5,500 Kelvin, their light resembles daylight and thus is
easier on the eyes and reduces fatigue.”

The LEDs are “zero-maintenance” and designed for the life of the vehicle.
They also have low power consumption. The low beams, for example, consume
only 40 watts per unit, a bit less than the already highly efficient xenon plus
headlights.

The low beams comprise 10 individual lens modules extending through the
headlight in a distinctive arc known as the “wing” owing to its shape. Just below this is another arc of 22
white and 22 yellow LEDs for the daytime running lights (DRLs) and the turn signals. These appear to the
viewer as homogenous, continuous strips of light.

Audi AB LED headlights and DRLs

Located above the “wing” are the high beams, whose light is generated by
two powerful four-chip LEDs and a free surface reflector system. An
assistance function switches between the low beams and the high beams.
Additional high-output LEDs generate the hishway ligsht and the cornering
light. A separate fan and heat sink regulate the temperature of each headlight
unit and prevent condensation.

With the exception of the reversing light, the tail lights are realized entirely
with LED technology, with each unit containing 72 LEDs. The designers used
chip-on-board LEDs, which can be packed tightly together with high precision, in many areas due to the
limited amount of space available.

Low-beam headlights and DRELs
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PHILIDS

LumMiL Luxzol

Single Lens | Zinf Lens | dinigeens | Bin1 Lens | Tini Lens | Sinf Lens | fZint Lens| 24int Lens | 38inf Lens | Street Lighting Lens

For Lumileds Rebei For Lumileds Rebel
1. DocH: 198212 Smm 2 1. DocH: 11 8B Smm
2. Dregres: 40° 2. Degres:25® 40° 60°
3. Material: Optical grade PUWMA

I LLO1CR-DGocl 1 LLOTED-Aded

For Lumileds Rebel For Lumileds Re=hbel
1. DocH:28 818, Srvm 1. DxH:28.8x13.Bmm
2. Degree: 307 40° g 2. Degree: 40° 807

| LLOTED-AkGod 1 LLOTED-Fibod

Far Lumileds Rebsl For Lumileds Rebel

Lumileds 1. DocH:24 818, Tmm 1. DocH: 19,5020, 8mm
Rebal 2. Degree: 407 2. Degree: 387
Hichia
0838
183(3 chin) I LLOTNI-GRsod. 1 LLOT05-AX50d
123(0:chep) For Lumileds Rebel For Lumileds Rebel
13 1.0%H: 1941 2. 5mim 1. DocH: 19 711 5mm
Osram Z.Degres:40° 2. Degres: 40° 207
Diamond Cragon
Oslon I LD OS-Bsod. 1 LL8105-BYod
samsung For Lumilzds Rebel For Lumiizds Rebel
SunnixT 1. DocH: 37 . 215, d4mim 1. DxH:27. 2x 15 4mm
5 I 2. Degres: 107 2. Degres: 10°
“ _——
P4
F7 1 LLD1ZZ-Flood
e For Lumileds Rebed For Lumileds Rebel
1. DoeH: 218, 3mm 1. DocH: 22 10.6mm
aCLED 2. Degres: 25° 40° 607 7. Degres: 757 40° 80°
3. Swrface: 40°: Micro lens 80°: Micro lens 3. Swiace: 25°: Micro lens
3 : 4. Materisl: Optical PhMA l | 4. Material: Optical PMMA
B by 5. Hobder iz available: Black/ White/
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Fraen OMG makes energy efficient street lights simple with new lens for
LUXEON Rebel that meets IESNA Type Il & lll radiation patterns

READING, MA, — Philips Lumileds and Fraen

Corporation’s Optical Manufacturing Group (Fraen OMG) today announced a nhew
optical solution for LUXEON Rebel LEDs that enables street light designers to
meet IESNA Type Il and Type Il radiation patterns with a single lens set. Because
a single lens set can be used for either radiation pattern, street light manufacturers
can simplify development and manufacturing of new roadway lighting solutions.



LED

— [Each optic renders 100% of the specified distribution

LightBAR

— 21 AccuLED Optics per LightBAR
— Each LightBAR renders 100% of the distribution

Luminaire

— Multiply bar count up or
down to meet energy and
photometric requirements

- S)caling capability reduces
environmental impact-
Use only what you need

Overlay Opiics



rard Throw  Type 5 Square Type 5 Round

Spill Light 90° Spill Light Concentrated Rectangular
Eliminator Eliminator Downlight Wide




LM-79 - SSL Photometry

e [luminating e

e Electrical and Photometric

Measurements of Solid-State App’“““ﬁ“dﬂmzmm
Lighting Products of Solid tate Lighting
— Luminous Flux

— Power

— Efficacy

— Chromaticity, CRI, CCT
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PHONE: (303)442-1255

REFPORT NUMBER:
DATE -

FREFARED FOR:
CATATOS NUMBER:

LUMINATRE :

LaMPS:

LED DRIVER:

NOTE :

INSTRUMENTATION:

OBJECT. OF TES3T:

I'I b OUIdB INDEPENDENT TESTING LABORATORIES, INC.

THE LIGHT CENTER OF THE INDUSTRY SINCE 1855 3386 LONGHORN ROAD: EDULDER: CO 80302 USA
- FAX: (3034495274 - E-MAIL iti@itboulder.com - WEBSITE: www.iiboulder.com

ITL&4514 Page 1 of 2
054137510

COOPER LIGHTING

VITS—A09-LED-E1-5WO-GM

CA3T BROWN PAINTED LED DRIVER HOUSING WITH CA3ST BROWN PAINTED
METAL ACCESS DOOR, EXTRUDED BROWN PATNTED METATL HOUSING WITH
CA3T BROWN PAINTED METAL END CAPS AND FABRICATED EROWN
PATNTED REALR TIN3ERT, THREE EXTRUDED FINNED METATL HEAT 3SINES,
9 CIRCUIT BOARDS EACH WITH 21 LEDS AND FORMED WHITE PATNTED
METAL, TRIM PLATE, ONE CLEAR NON-INTEGRAL LENS BELOW EACH LED.

CNE HUNDRED EIGHTY-NINE WHITE LIGHT EMITTING DIODES (LEDS),
VERTICAL BASE-UP POSITION.

THREE ADVANCE LEDINTROO0Z4V41FO

DATR SHOWN IS ABSOLUTE FOR THE 3AMPLE PROVIDED AT RATED INPUT
VOLTAGE (l120VAC, 60Hz) TDO THE LED DRIVERS3.

Kikusui PCR2000L AC Power Socurce
Yokogawa WTZ10 Digital Power Meter
Ccean Optics QEE5000 Spectroradiometer

ITL 2.0 Meter Diameter Integrating Sphere, 4m Geometry

Measure the Spectral Power Distribution, Correlated Color
Temperature (CCT), Color Rendering Index (CRI), Chromaticity
Coordinates (x,y), BNSI CT78.377 Duv, and input slectrical
data to the luminaire.
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McGraw-Edison Ventus LED

lighting facts*

A Pragram of the U.S. DOE

Light Output (Lumens) 7762
Watts 100
Lumens per Watt (Efficacy) 78
Color Accuracy 66

Color Rendering Index (CRI)

Correlated Color Temperature (CCT)

Light Color 4105 (Bright White)

Warm White Bright White Daylight

2700K 3000K 4500K B6500K

All results are according to IESNA LM-79-2008: Approved Method for the Electrical and
FPhotometric Testing of Solid-State Lighting. The U.S. Department of Energy (DOE) verifies
product test data and results.

Visit www.lightingfacts.com for the Label Reference Guide.

Registration Number: TMRY-X6FAES
Model Number: VTS-A04-LED-E1-5WQ-XX

Type: Outdoor arealroadway fixture

+ High Performance Optical System

+/| Scalable Lumen Package & Energy Savings
&/ 4000K Color Temperature
»| 40°C Temperature Rating
+] 5-Year Warranty

<
GCOOPER Lighting
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UG stanps ror “Backlight”, “Uplight” and “Glare.” The acronym
B describes the types of stray light escaping from an outdoor lighting

luminaire. “B” stands for backlight, or the light directed in back of
the mounting pole. “U” stands for uplight, or the light directed above the
horizontal plane of the luminaire, and “G” stands for glare, or the amount of
light emitted from the luminaire at angles known to cause glare.

It is expected that BUG values will be published by luminaire manufac-
turers so lighting specifiers, designers or purchasers can tell at a glance how
well a certain luminaire controls stray light or compares with other luminaires
under consideration for an installation.

The BUG system was developed by the Illuminating Engineering Society
(IES) to make comparing and evaluating outdoor luminaires fast, easy and
more complete than older systems.

Work on the BUG system started in 2005 when the IES upgraded the
roadway shielding classification system. The original system, which included
the ratings full cutoff, cutoff, semi-cutoff and non cutoff, had been designed
as a rating system solely for street lighting. However, increasing demand for
control of glare and light trespass extended these terms to all types of outdoor
lighting, and the IES realized that a more comprehensive system was needed.

A Classification System
for Lighting Zones

The BUG System—A New Way To Control Stray

Light from Outdoor Luminaires

wajsAs ong ayy




Table A-1: Backlight Ratings imaximurn zonal lumens)

Backlight Rating
Secondary
Solid Angle = - = e "
. BH 110 500 1000 2500 S000
BM 220 1000 2500 S0 B504
BL 110 500 1000 2500 50040

Table A-2:Uplight Ratings {maximum zonal lumens)

Uplight Rating

Table A-3: Glare Ratings {maximum zonal lumens)

Glare Rating for

Asymmetrical Luminaire Types (Type |, Type I, Type Il

Secondary
Solid Ang

G0

Gl =2 =3

500 1000

2500

o4

Glare Rating for

Quadrilateral Symmetrical Luminaire Types (Typ

Secondary
Solid Angle

[ wen

b7 sapsue

=0

Gl G2 =3

12000

“BUG" RATING EXAMPLE:

A 250-wart MH area luminaire, Type IV forward throw optical diseribution. Based on the photometric
test data, the luminaire has the following zonal lumen distribution:

Lumens |% Lamp Lumens

Forward Light

FL (0-30 degrees) 1618 5.0%
FM (30-60 degrees) 60403 22.2%
FH (60-80 degrees) 3748 13.6%
FVH (80-20 degrees) 27 0.1%
Backlight

BL (0-30 degrees) 085 3.6%
BM (30-60 degrees) 030 3.4%
BH (60-80 degrees) 136 0.5%
BVH (80-90 degrees) 16 0.1%
Uplight

UL (90-100 degrees) 0 0.0%
UH (100-180 degrees) 0 0.0%
Backlight Rating:

Determine the lowest rating where the lumens for all of the secondary solid angles do not exceed the
threshold lumens from Tabfe A-1. In chis cxa.mplc the baclc.light rating would be B2 based on the BL

lumen limit.

Uplight Rating:

Determine the lowest rating where the lumens for all of the secondary solid angles do not exceed the
threshold lumens from Table A-2. In this example the uplight rating would be Ul based on the FVH
and BVH lumen limits,

Glare Rating:

Determine the lowest rating where the lumens for all of the secondary solid angles do not exceed the
threshold lumens from Table A-2 for a Type [V distibution. In this example, the glare rating would be
(52 based on the FH lumen limit.

Therefore, the BUG rating for this luminaire would be: B2 U1 G2



TYPE 2A TYPE 3A TYPE 3S

Va1




= For pedestrian safety from dusk to 10:00 p.m., the Ventus operates at
full power using all 12 LightBAR optics, which still provides 33% in
energy savings compared to the older metal halide fixtures.

= From 10:00 p.m until 1:00 a.m., the fixtures are powered down
using eight LightBAR optics resulting in a 55% energy savings. Light Calculation unit | ave. | max MIN AVG./MIN. MAX./

= From 1:00 a.m. until 4:00 a.m., the fixtures use four LightBAR Source Summary ’ ’ : Ratio MIN. Ratio
optics resulting in 77% energy savings.

= From 4:00 a.m. until dawn, the fixtures are back up to full power -
(12 LightBAR optics) to illuminate the parking lot for employees Iluminance FC 5 41 1.4 1.81
coming into work, still resulting in a 33% savings.

llluminance FC 43 026 538

BEFORE: 400W Metal Halide (458W Load) AFTER: 309W LED



EFWT EFWT
LAMP: 400W NAV-T SUPER TOTAL 458W LAMP: 12 BARS LED TOTAL 309W

Caloulation Summary Calculation Sumnmarsy

Label CalcType i Min/Siwyg| Min/HMax Labhel CaleType i Minfawvyg| Min/Max

CalcPts Illuminance 0.tz o.zg CalcPts Illuninance 0.4 o_to

Luninaire Schedule Luminajire Schedule

Symbol Lahel Description Symbol Lahel Description

. FWIT 400 FWT 4000 MNAYV-T 2 E| AL1E T43 WENTUS 1Z BARS 303

Lo 10 Lo

il 11 10 lo
N o e e L N

il 14 13 D3

i3 17 15 hs
i) 20 i)

i 1 zL Rs

2 7z 26 [z
\ .

e z4 20 E6

20 z4 24 PO

a3 zg 36 33
FUT 400 FUT 400

MH=1E w MH=1E w
Tilt=0 Tilt=0 }
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Calculation Summary

Label

CalcType

Units

Min/Avg

Min/Max

LongRatio

CalcPts

Illuminance

Lux

0.

58

0.44

Roadopt_Luminance Lane 1

Luminance

cd/ S

.75

.58

RoadOpt_Luminance TLane 2

Luminance

cd/sqm

|

.50

RoadOpt Femi Illum

demicylindrical

Lux

.39

.25

Eoadopt_Surr Illum Off-L

Surround Illum.

Luzx

.84

.67

REoadopt_Surr_T1lum Off-R

surround Illum.

Lux

.48

.26

Foadopt_Surr_Illum_ on-L

Surround Illum.

Lux

.84

.63

Eoadopt_Surr Illum On-R

Surround Illum.

Luzx

.57

.41

Roadopt_Weil Lum

Veiling Luminanc

Ccd/ S

.38

.14




WHAT IS PHOTOBIOLOGY?

"Photobiology is broadly defined to include all biological
phenomena involving non-ionizing radiation. It is
recognized that photobiological responses are the result
of chemical and/or physical changes induced in biological
systems by non-ionizing radiation."”

(Constitution of the American Society for Photobiclogy)

Photobiology is the study of the interactions of light with living organisms.
Photobiologists study animals, plants, fungi, and microbes that respond to light.
They specialize in subjects such as:

iai o> sense of sight, mediated by the
Vision = eye and brain of animals.

biological effects of ultraviolet
radiation, such as damage of
DNA.

conversion of solar energy into
Photosynthesis biochemical energy by green
plants and certain microbes.
=
Ultraviolet Effects f
i

biological rhythms that have

periods of about 24 hours and

can be altered by exposure to
light.

Circadian
Rhythms

&

emission of light from
biochemical reactions within
living organisms, such as the
flash of a firefly.

Bioluminescence




the standard in safety

N SOLID STATE LIGHTING

Photobiological Testing Services
Europe Evaluation to IEC/EN 62471 and

US Evaluation to ANSI IESNA RP 27

The evaluation and control of optical
radiation hazards from lamps and
lamp systems is a far more
complicated subject than for a
single wavelength laser system.

Photobiological safety for lamps and lighting
equipment has been studied for many years in
the United States. The first international

standard and subsequently, European standard
(IEC/EN 62471) have largely been derived from
American research.

ANSI/IESNA RP-27

Photobiological safety concerning the use of
lamps and lighting equipment has been studied
for many years in the United States. So much
so, in fact, that the standard that defines
methods, exposure and classification limits and
equipment labeling based on the related levels
of optical radiation is now in its third edition
(ANSI/IESNA RP-27).

European document EN 62471 does not
stipulate any regulations regarding usage
restrictions, labeling requirements or wamings
addressed to the user. It only makes reference
to the relevant product standards and a guide
to product labeling (IEC TR 62471-2).
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IESNA RP-27.03-07

ANSI/IESNA RP-27.3-07




ANSI/IESNA RP-27.3-07

Contents
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3.0 Definitions. . . ... .. 1
3.1 Blue Light Hazard . . ... .. 1
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ANSI/IESNA RP-27.3-07

Contents (Contin)
4.0 Lamp Safety GroUpS . . . ... . 4

4.1 General
4.2 Types of Lamps and Light Sources
4.3 Lamp Classifications. . . .. ... . e 4
4.3.1 Exempt Group
4.3.2 Risk Group 1 (Low-Risk)
4.3.3 Risk Group 2 (Moderate Risk) . . ... ... ... e 4

4.3.4 Risk Group 3 (High-Risk) . . . ... .. 4

5.0 Emission Limits . ... ... .. 4
5.1 General. ... 4
5.2 Basis for Evaluation . .. .. ... 5
5.3 Evaluation Categories . .. ... ... 5
5.4 Continuous Wave Lamp Emission Limits. . ... ... .. 6
5.5 Risk Group Evaluation - Continuous Wave Lamps . . .......... ... ... . . . . .. . . . .. 9
5.6 Risk Group Evaluation of Pulsed Lamps. . ... ... . . . 9
5.7 Pulsed Lamp Emission Limits . .. ... .. . 10
6.0 Specific Labeling Requirements . ... ... ... . .. e 11
6.1 Labeling Equivalency . . .. ... . . . 11
6.2 Product Identification . . ... ... ... 11
6.3 Labeling. . . ... 11
B.3.1 Risk GroUup 1 ... . e 11
B.3.2 Risk GroUp 2 ... o 11
B.3.3 Risk Group 3 ... . . 11

6.4 Labeling Examples. . ... ... 11
6.4.1 Ultraviolet Hazard, Egand Eyyy . .. .. .o 11
6.4.2 Retinal Thermal and Blue Light Hazards, LgandLgorEg ............ ... .. ....... 12
6.4.3 Cornea/Lens Infrared Hazard, Ejg. .. .. ... ..o 12
6.4.4 Retinal Thermal, Low Visible Light, Lig . ... .. ..o 12

6.5 Technical Information




IS THE LAMP OUTER ENVELCOPE
LAMP > CONSTRUGTED FROM A QUARTZ

MATERIAL THAT IS NOT DOPED TO
BLOCK UV-B AND UV-C?

!

YES
NO < TUNGSTEN YES
HALOGEN
OTHER i
Y CRITERIA S(A)
' EVALUATE THE LAMP AT A 20 CM
IS THE LAMP INTENDED FOR APPLICATION DISTANCE. Determine the Risk Category,
IN LIGHTING SPAGES THAT ARE and use appropriate caution labels as
TYPICALLY OCCUPIED OR VIEWED required.

BY PEQOPLE? Examples are offices, schools,
homes, factories, hospitals, stores, roadways,
and transportation vehicles.

5
=

YES b NO A
EVALUATE THE LAMP AS A GENERAL Examples of non GLS lamps are those
LIGHTING SOURCE (GLS), L.E., AT A intended for film or transparency projec-
DISTANCE WHERE THE DIRECT ILLUMI- tors, medical treatment, reprographic
MAMNCE DUE TO THE LAMP IS 500 LLUX, processes, searchlights, solor simulators,
Determine the Risk Category, and use and scientific devices.
appropriate caution labels as required.

Figure 1. Process for identifying lamps in the General Lighting Source (GLS) lamp category.



4.2 Types of Lamps and Light Sources
The following types of lamps are covered in this stan-
dard: incandescent filament lamps including tungsten
halogen types and incandescent heating sources,
low pressure discharge lamps, high intensity dis-
charge (HID) lamps, short arc lamps, carbon arcs,

electroluminescent lamps, and light-emitting diodes,
except as used with optical fibers.

-
RP(‘r\m
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'l p1 p L=l

“NSI/IESNA RP-27.3-07

Blue Light Hazard o
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36 Exposure Distance

Nearest points of human exposure consistent with
the application of the lamp.

Exempt Group classification is that the lamp do
xen
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- logical hazard for
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Safety



2700  3000K 4500K 6500K

High Pressure Sodium Metal Halide (Quartz, Ceramic) COLD LED (5700-6500K)




LED Product Safety

In the past, LEDs have been classed as laser type devices and as such have come
under the remit of laser standards, such as EN 60825 :2001. With the publication of
IEC 60825:2007, and its harmonisation as EN 60825:2007, it is specifically stated that
LED devices are no longer covered by this standard, with the exception of those used in

communication applications.

Henceforth, LEDs are to be measured against EN 62471:2008, "Photobiological Safety
of Lamps and Lamp Systems”, a document originally based directly on CIE S009:2002,
published by the CIE (Comission Internationale d'Eclairage) and adopted in 2006 by the
IEC in IEC 62471:2006.

EN 62471:2008: Required Measurements
This standard considers six hazards relative to exposure to the eye and skin over a period of up to
eight hours.

Hazard Wavelength Quantity Bioeffect
Range (nm)
Eye Skin
Actinic UV skin 200-400 Irradiance Cornea-photokeratitis Erythema
and eye (weighted) Conjunictiva- conjunctivi- Elastosis
tis
Lens-cataractogenesis
UVA eye 315-400 Irradiance Lens-cataractogenesis
Retinal Blue-light 300-700 Radiance Retina- photoretinitis
(weighted)
Retinal Blue-light- 300-700 Irradiance
small source (weighted)
Retinal thermal 380-1400 Radiance Retina- retinal burn
(weighted)
Retinal thermal- weak 780-1400 Radiance Retina- retinal burn
visual stimulus (weighted)
Infrared radiation eye 780-3000 Irradiance Cornea- corneal burn

Lens-cataractogenesis

Thermal skin 380-3000 Irradiance Skin burn




Diode Projection System

Lens concentrates (projects) the emission
from the LED source into a beam

Attempt is usually to produce the greatest
collimation as possible (within reason)

Diode projector optics cannot increase the
final radiance (“brightness™), only change
a

But are there any LED hazards?

e R e T
. < e

ICNIRP Statement (2000)—Nao! Not under
realistic use and viewing conditions
Today—two blue-light effects may be of
interest and should be re-addressed:
Photomaculopathy
Retinal injury
Neuro-endocrine effects
Sleep disturbances

Altered melatonin levels?
Immunology—cancer???




900,000,000

3,000,000
300,000
30,000
3,000
300
Cd/m? 30
3

03

0.03
0.003
0.0003
0.00003
0.000003

#

L Tungsten Filament at 2700K

Upper limit of vision

[T Fresh snow on clear day
|_ Flourescent lamp

Surface of the moon
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38 Retinal illumination from
ambient outdoor is of
the order of
0.02-0.1 mW/cm? and
these levels are just
comfortable to view

#The sun’s image is a

million times greater

8 An LED chip cannot
produce a retinal level
above that of the filament

Figure 1 Luminance and visual mode at various sky conditions.
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Recommended System for Mesopic Photometry Based on Visual
Performance

CIE 191:2010
ISBN 978 3 901906 88 6

This report deals with visual task performance based approaches to mesopic photometry, with a major aim
to establish appropriate mesopic spectral sensitivity functions to serve as the foundation of a system of
mesopic photometry. A review of the most important visual tasks and the range of visual conditions
typically encountered in the context of night-time driving is given.

The existing visual performance based systems for mesopic photometry were reviewed and tested with new
independent data sources. The outcome of the analysis and testing is a recommended system for mesopic
photometry based on visual performance. The report summarises the justifications for the recommended
system and gives general guidelines for its use and application.
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Figure 2 Simulated appearance of a red geranium and foliage in normal bright-light (photopic) vision
(left), dusk (mesopic) vision (middle), and night (scotopic) vision (right). From:
http://en.wikipedia.org/wiki/Purkinje_effect.



The use of mesopic dimensioning changes the
luminous output and consequently the Iluminous
efficacy orders of lamps. Many of the ‘white light
sources currently used for applications such as road
lighting have S/P-ratios between about 0,65 (high
pressure sodium, for example) and 2,50 (certain
metal halide lamps, for example). The S/P-ratios of
warm white LEDs are around 1,15 and those of cool
white LEDs around 2.,15. The use of the new
mesopic system to calculate the effective luminance
of these white light sources results in significant
changes in their apparent efficacy. For example, at a
photopic luminance of 1cd/m® the use of the
recommended system results in a change between
-5 % and +15 % for lamps with S/P-ratios between
0,5 and 2,5; at 0,3 cd/m? the change is between
about -10 % and +30 %.
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Table 1
Lumen Effectiveness Multipliers
(High Pressure Sodium = 1.00)
From Brightness Matching Mesopic Functions
Luminance (cd/sq.m.) 001 01 1 1 3 10

Metal Halide 2.25 2.11 1.82 1.35 1.13 1.00

High Pressure Sodium 1.00 1.00 1.00 1.00 1.00 1.00

Clear Mercury 1.48 1.43 1.38 1.22 1.09 1.00

Low Pressure Sodium 047 0.51 0.61 0.82 0.95 1.00

Calculated from empirical data developed bv Professor W. Adrian. (Ref. 5)










