
L B L - 1 4  3 6 9  
U C - 9 5 d

LB Lawrence Berkeley Laboratory
UNIVERSITY OF CALIFORNIA

ENERGY & ENVIRONMENT 
DIVISION

ENERGY CONSERVATION THROUGH INTERIOR SHADING OF 
WINDOWS: AN ANALYSIS,  TEST^ AND EVALUATION OF
REFLECTIVE VENETIAN BLINDS

“7

R o b e r t  L. Van D yc k  a n d  T h om as  P .  K onen

M arch  1 9 8 2

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

«KT«W« « '*S



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



LEGAL N O T IC E

This book was prepared  as an account of work 
sponsored by an agency of the U nited States 
Governm ent. N either the U nited States Govern­
m ent nor any agency thereof, nor any of their 
employees, makes any w arranty, express or im­
plied, or assumes any legal liability or responsibility 
for the accuracy, completeness, or usefulness of 
any information, apparatus, product, or process 
disclosed, or represents that its use w ould not 
infringe privately ow ned rights. Reference herein 
to any specific com m ercial product, process, or 
service by trade  name, tradem ark, m anufacturer, 
or otherwise, does not necessarily constitute or 
imply its endorsem ent, recom m endation, or favor­
ing by the U nited States G overnm ent or any agency 
thereof. T he views and opinions o f authors ex­
pressed herein do not necessarily state or reflect 
those of the U nited States G overnm ent or any 
agency thereof.

P rin ted  in th e  U nited  S ta te s  o f  A m erica 
A vailable fro m  

N ational T ech n ica l In fo rm a tio n  Service 
U.S. D ep a rtm en t o f  C om m erce  
5285 P o rt R oyal R oad 
S pringfield , VA 22161  
Price C ode : A 04

Law rence Berkeley Laboratory is an equal opportunity employer.



LBL— 1436 9 

DE82 015125

LBL-14369 .
EEB-W-82-04
W-121

ENERGY CONSERVATION THROUGH INTERIOR SHADING OF WINDOWS:

AN ANALYSIS, TEST AND EVALUATION OF REFLECTIVE VENETIAN BLINDS

Robert L. Van Dyck* and Thomas P. Konen*

Energy E f f ic ie n t  Buildings Program 
Lawrence Berkeley Laboratory 

Univers ity  of C a lifo rn ia  
Berkeley, C a li fo rn ia  94720 

March 1982

This work was supported by the Assistant Secretary fo r  Conservation and 
Renewable Energy, O ff ice  of Buildings and Community Systems, Buildings  
Division of the U.S. Department o f Enerqy under Contract No. DE-AC03- 
76SF00098.

*Stevens In s t i tu te  o f Technology 
Davidson Laboratory 
Castle Point Station  

Hoboken, New Jersey 07030 
Subcontract No. 5489802

This manuscript was printed from o r ig in a ls  provided by the authors.

.  D tSCLAIM ER •

on account work sponsored by an agency of the United States Government. 
Government nor any agency thereof, nor any of their emoloyees. make;, any 
plied, or assumes any legal liab ility or responsibility for the accurary, 
less o f any Information, apparatus, product, or process disclosed, rjr 
puicj not infringe privately owned rights. Reference herein to any specific 

commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does 
not necessarily constitute or impiy its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency thereof.

This book was prepared 
Neither the United Slat

completeness, 
represents that i

M W l  tJHS BOCUMEUT IS



R - 2 0 8 3

TABLE OF CONTENTS

A b s t r a c t ...................................................................................................................................i i i

Summary .................................................................................................................................. v

L i s t  of  T a b l e s ................................................................................................................

L i s t  o f  Figures .............................................................................................   . . . x i

Nomenclature ................................................................................................................  x i i

In t roduct ion  ................................................................................................................  1

Background ................................................................................................................  1

Research Objectives  ..............................................................................................  3

S ig n i f ic a n c e  of  W o r k .........................................................................................  3

Analysis  ..........................................................................................................................  5

Heat T ransfer  Through Windows ....................................................................... 5

P r e d ic t i v e  Methods f o r  Determining Shading C o e f f ic ie n t s  . . .  6

Experimental  Apparatus and Procedures .............................................................  10

Environmental  S imula tor  wi th  A r t i f i c i a l  Sun ....................................  10

Measuring So lar  Optical  Propert ies  ......................................................... 12

Results ..............................................................................................................................  13

Confirmation of  Test  M e t h o d s .............................................................................13

Measured Solar  Opt ical  Propert ies  of  Bl inds ......................................  IL

Measured Shading C o e f f ic ie n t s  f o r  Bl inds ......................................  15

Comparison o f  Measured and Predic ted Shading C o e f f ic ie n t s  . . I 5

E f f e c t  of  Solar  Incidence and S la t  Angle on Shading
C o e f f ic ie n t s  ................................................................................................... I 6

Discussion .....................................................................................................................  I 8

Estimating Building  Heating and Cooling Energy ........................... I 8

Conclusions and Recommendations ......................................................................  21

Acknowledgements .......................................................................................................  23

References .......................................................................................................................... 2h

Tables  25

Figures  35

Appendix I -  Simulator Instrumentat ion

Appendix 2 -  Summary of Previous Work

Appendix 3 -  Selected Bib l iography





'1-.2083

ABSTRACT

Windows admit rad ia n t  and conducted heat energy as wel l  as 

l i g h t  and, f o r  th is  reason, e f f e c t i v e  means f o r  contro l  is mandatory.  

Venetian b l in d s ,  prov id ing continuous s o la r  c o n t r o l ,  are  ideal f o r  

energy e f f i c i e n t  windows. They may be closed in the summer to block  

out undesirable  so la r  ra d ia t io n  and opened in the  w in te r  to  admit the  

va luab le  energy of  the sun w h i le  prov id ing  year-round g la r e  f r e e  

i l lu m in a t io n .  A r c h i te c t s ,  engineers and manufacturers have been 

re lu c ta n t  to promote the use o f  Venetian b l inds  as energy saving  

products because o f  remaining u n c e r t a in t ie s  in the technology. This  

coopera tive  program involv ing  industry ,  government and a u n iv e r s i t y  

research team has developed p r e d i c t i v e  equations and has confirmed  

t h e i r  a b i l i t y  to  a c c u ra te ly  p r e d ic t  shading c o e f f i c i e n t s  through 

experiments in an environmental  s im u la to r  wi th  an a r t i f i c i a l  sun.

Ten Venetian b linds  w ith  a wide range o f surface  f in is h e s ,  inc lud ing  

gloss and s a t in  f in is h  p a in ts ,  polished aluminum, chrome depos it ion  

and u n its  w ith  d i f f e r e n t  co lors  on the  upper and lower surfaces of  

the s la ts  were included in the experim ental work.

In a d d i t io n ,  the e f f e c t  of  s o la r  incidence and s la t  angle on 

b l in d  re f le c ta n c e  and shading c o e f f i c i e n t  was determined. The impact 

of  vary ing incidence and s l a t  angle on b u i ld in g  energy load is d i s ­

cussed.

- I l l -
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SUMMARY

Venetian b l in d s ,  provid ing continuous s o la r  c o n t r o l ,  are  ideal  

f o r  energy e f f i c i e n t  windows. They may be closed in the summer to  

block out undesirable  s o la r  r a d ia t io n  and opened in the w in te r  to  

admit the va luab le  energy o f  the sun w h i le  provid ing year-round  

g l a r e f r e e  i l lu m in a t io n .  E a r l i e r  studies  have shown th a t  wi th  proper  

contro l  and use, i n t e r i o r  shading devices can save a minimum of 10 

and up to 30 percent o f  the o v e r a l l  y e a r ly  heat ing  and cool ing  energy 

consumption o f  ty p ic a l  glass paneled commercial o f f i c e  b u i ld ings .

Since energy consumed by commercial bu i ld ings  is est imated to be as 

much as 15 percent of  t o t a l  energy consumption in the United S ta te s ,  

these savings are  very s ig n i f i c a n t  and equ iva len t  to 0 .3 5  m i l l i o n  

b a r re ls  o f  o i l  per day.

A r c h i te c t s ,  engineers and manufacturers have been re lu c tan t  

to  promote the use of  Venetian bl inds as energy saving devices because 

o f  remaining u n c e r t a in t ie s  in the  technology.  Levolor Lorentzen,  In c . ,  

the leading producer o f  Venetian b l inds  and Stevens I n s t i t u t e  o f  

Technology,  a small p r i v a t e  c o l leg e  devoted to eng ineer ing and science  

have jo in e d  toge ther  and, w i th  the  cooperation and support o f  the Depart­

ment of  Energy and the  U n iv e r s i ty  o f  C a l i f o r n i a  a t  Berkeley,  have undertaken

an a n a ly s is ,  t e s t  and eva lua t ion  of  Venetian b l inds.  The work was d iv ided  

in to  fo u r  major tasks:

1. Comparison of measured shading c o e f f i c i e n t s  with  pre­

d ic ted  values,  using the Stevens-Levolor  Environmental  

Simula tor  wi th  an a r t i f i c i a l  sun.

2 .  Refinement o f  p r e d ic t i v e  equations f o r  shading c o e f f i ­

c ie n ts .

3. Determination of  the s ig n i f ic a n c e  of  s o la r  angle of  

1nci dence.

- V -
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Ij-. Development of  improved procedures f o r  est im at ing  

annual energy requirements based on the f ind ings  

of the i n i t i a l  work.

These o b je c t ive s  are  f u l l y  cons is tent  w i th  the LBL/DOE research program 

which has as i t s  goal a major reduction in the consumption of  non­

renewable energy resources in bu i ld in g s .

Ear ly  research in to  s o la r  heat gain through windows by the  

American Socie ty  of  Heating,  R e f r ig e r a t in g  and A i r -C o n d i t io n in g  

Engineers, led to the development o f  shading c o e f f i c i e n t s  defined as 

the r a t i o  of  s o la r  heat gain through a g laz ing  system to the s o la r  

heat gain through double s trength glass under the same set of  condi­

t io n s .  Most e a r l y  shading c o e f f i c i e n t s  were determined by experiment  

in a s o la r  c a lo r im e te r .  A n a ly t ic a l  techniques have been developed 

and are now used to c a lc u la t e  shading c o e f f i c i e n t s  based on the  s o la r  

o p t ic a l  p roper t ies  o f  the  elements w i th in  the g laz ing  system. Dis­

crepancies in p r o p r ie t a r y  data f o r  Venetian b l inds have ra ised questions  

as to the v a l i d i t y  o f  the mathematical  models. As an example, the  

ana lys is  does not consider the f r e e  convective a i r  f low  around Venetian  

b l in d s .  In a d d i t io n ,  various in t e r p r e t a t io n s  of  proport ion ing  of  energy 

w i t h in  the system of an i n t e r i o r  b l ind  f i t t e d  to a s in g le  glass window 

have been suggested.

Resolution o f  these u n c e r t a in t ie s  required a d d i t io n a l  analys is  

of the basic heat t r a n s f e r  through g la s s -b l in d  g laz ing  systems and 

corresponding experimental  inves t iga t ions  to confirm the p r e d i c t i v e  

methods. The needed environmental  s im ula tor  wi th  a r t i f i c i a l  sun, 

designed and b u i l t  by Stevens I n s t i t u t e  o f  Technology under con tract  

to  Levolor  Lorentzen,  inc.  f o r  eva lu a t in g  t h e i r  products,  was made 

a v a i l a b l e  f o r  th is  work.

The q u a l i t y  o f  the  a r t i f i c i a l  sun and usefulness o f  the s im ula tor  

to determine shading c o e f f i c i e n t s  was e s tab l ished  a t  the s t a r t  o f  the 

program. Among the basic c h a r a c t e r is t i c s  inves t iga ted  and measured

- V I -
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a re  s o la r  spectra l  energy propor t ion ing ,  d i r e c t i o n a l i t y  and r a t i o  of  

d i f f u s e  to t o t a l  rad iant  energy.  Measured shading c o e f f i c i e n t s  f o r  

th ree  glasses: c l e a r ,  heat absorbing and r e f l e c t i v e ,  agreed with

published values and v e r i f i e d  the environmental  s im ula tor  system and 

procedures f o r  ob ta in ing  shading c o e f f i c i e n t s  and measurements of  

s o la r  o p t ic a l  p roper t ies  o f  elements used in g laz ing  systems.

Ten Venetian b l inds  w i th  a v a r i e t y  o f  sur face  f in is h e s ,  inc luding  

gloss and s a t in  f i n i s h  pa in ts ,  pol ished aluminum, chrome deposit ion and 

units  w i th  d i f f e r e n t  colors on the upper and lower surfaces of  the s la ts  

were included in the experimental  work.  Transmittance and re f le c ta n c e  

were measured and used in the p r e d ic t i v e  equations f o r  c a lc u la t in g  

shading c o e f f i c i e n t s .

The a n a l y t i c a l  approach taken in developing the p r e d ic t i v e  

equations fo l lows the techniques used by the American Socie ty  of  

Heating,  R e f r ig e ra t in g  and A i r  Condit ion ing Engineers in developing  

expressions f o r  the s o la r  heat gain through s in g le  and double g laz ing .

In extending these basic concepts to g la s s -b l in d  systems we have 

neglected the res is tance  of  the b l in d  to  convective  heat f low  based 

on the reasonable assumption th a t  a i r  is f r e e  to  f low  through and over  

the  b l in d  s la t s .  The equations r e f l e c t  the  concept th a t  s o la r  heat  

absorbed by the b l in d  remains w i th in  the room. In a d d i t io n ,  the  

f r a c t io n s  of  heat f lowing from the glass a re  determined by the  f i l m  

and o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t s .  The a b i l i t y  of  the derived  

equation to a cc u ra te ly  p re d ic t  shading c o e f f i c i e n t s  f o r  a wide range 

of b l ind  co lo rs ,  s l a t  angles and so la r  incidence angles was confirmed 

by the experimental par t  of  the program.

The v a r i a t i o n  in shading c o e f f i c i e n t  with  s o la r  incidence angle  

is found to  be r e l a t i v e l y  small but the e f f e c t  of  s l a t  angle is shown 

to  be very important.  Thus, v a r i a t io n s  in b l in d  s e t t in g  should be 

permit ted and accounted f o r  in any est imations of  s o la r  energy loads 

on the i n t e r i o r  of  a b u i ld ing  with s in g le  g la s s -b l in d  window treatment .

- v i i -
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I t  is recommended tha t  the development of  very  high re f le c ta n c e  

bl inds  s u i ta b le  f o r  mass production a t  reasonable cost be pursued.  

Other, more complex g la z ing  systems, must a lso  be studied to  f u r t h e r  

the na tional  goal o f  large  sca le  energy savings through contro l  of  

heat f low through windows.
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NOMENCLATURE

The fo l lo w in g  symbols and d e f i n i t i o n s  a re  used in th is  report:

OS double s trength  ( r e fe r e n c e  standard c le a r  g lass)

F s o la r  heat gain c o e f f i c i e n t

h surface  f i l m  c o e f f i c i e n t  of  heat t r a n s f e r ,  B tu /hr -sq  f t  deg F

1 s o la r  i n t e n s i t y ,  B tu /h r -sq  f t

k constant of  p r o p o r t i o n a l i t y

N inward f low ing  f r a c t i o n  of  s o la r  heat absorbed by the glass

Q, heat f low ,  B tu /hr

SC shading c o e f f i c i e n t  = 1.15 F of f e n e s t r a t io n

SHGF s o la r  heat gain f a c t o r ,  B tu /hr -sq  f t

SHG s o la r  heat ga in ,  B tu /hr

t  temperature,  deg F (F a h re n h e i t )

U o v e ra l l  heat t r a n s f e r  c o e f f i c i e n t ,  B tu /hr  sq f t - d e g  F

a absorptance

9 s o la r  incidence angle ,  deg

p re f le c ta n c e

T transmit tance

iji s l a t  angle ,  deg

Subscripts  

M measured

P predicted

0 outer  o r  outdoor glass un i t

s space (between)

1 inner or indoor b l in d  u n i t

10 inward f lowing heat absorbed by outer  glass u n i t

11 inward f low ing  heat absorbed by inner b l in d  u n i t

2 inner combined f i l m  c o e f f i c i e n t  ( in c lu d in g  porous b l in d )

A bar over a symbol denotes the combined g la s s -b l in d  average value.

- x i i -
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INTRODUCTION

Background

The design o f  energy e f f i c i e n t  bu i ld ings  now and in the fo resee­

ab le  f u t u r e  w i l l  re qu i re  increased energy e f f i c i e n t  u t i l i z a t i o n  of  fenes­

t r a t i o n .  Windows admit ra d ian t  and conducted heat energy as wel l  as 

l i g h t  and, f o r  t h i s  reason, e f f e c t i v e  means f o r  contro l  is mandatory.

In summer we wish to  b lock out undesirab le  s o la r  ra d ia t io n  but in 

w in te r  we wish to  re ta in  the v a lu a b le  energy o f the  sun, w h i le  enjoying  

year-round g la re f r e e  i l lu m in a t io n .  I t  has been shown^ th a t  w ith  proper 

contro l and use o f  shading devices such as Venetian b l in d s ,  a minimum 

o f 10, and up to  30 percent savings in o v e ra l l  y e a r ly  heating  and cooling  

energy consumption, depending on lo c a le ,  o f a ty p ic a l  g lass -faced  modern 

commercial o f f i c e  b u ild in g  can be re a l iz e d  w h i le  a t  the same time im­

proving the a e s th e t ic  and physical working environment. A rc h i te c ts ,  

engineers and manufacturers have been re lu c ta n t  to  promote the use o f  

Venetian b linds as energy saving devices because of remaining u n c e r ta in t ie s  

in the technology.

Ear ly  research in to  s o la r  heat gain through windows by the American 

Socie ty  of  Heating,  R e f r ig e r a t in g  and A i r -C o n d i t io n in g  Engineers, led to  

the  development o f  shading c o e f f i c i e n t s  defined as the r a t i o  o f  s o la r  

heat gain through a g laz ing  system to  the s o la r  heat gain through double  

strength  glass under the same set o f  cond i t ions .  Most e a r l y  shading 

c o e f f i c i e n t s  were determined by experiment in a s o la r  c a lo r im e te r .

A n a ly t ic a l  techniques have been developed and are  now used to c a lc u la t e  

shading c o e f f i c i e n t s  based on the s o la r  o p t ic a l  p rope r t ies  of  the elements 

w i th in  t h e g l a z i n g  system. Discrepancies in p r o p r ie t a r y  data have raised  

questions as to  the v a l i d i t y  o f  the  mathematical  models. As an example, 

one w ide ly  used analys is  does not consider the f r e e  convective  a i r  f low  

around Venetian b l in d s .  In a d d i t io n ,  various in t e r p r e t a t io n s  of  pro­

por t ion ing  of  energy w i th in  the system of an i n t e r i o r  b l in d  f i t t e d  to  

a s in g le  glass window have been suggested.  Resolution of  these u n c e r ta in t ie s
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required a d d i t io n a l  ana lys is  of the basic heat t r a n s f e r  through g lass-  

bl ind  g laz ing  systems and corresponding experimental  inv es t iga t ions  

to confirm the p r e d i c t i v e  methods.

Stevens i n s t i t u t e  of  Technology, a small p r i v a t e  c o l leg e  devoted 

to engineer ing and science and Levolor  Loren tzen ^ In c . , the leading manu­

f a c t u r e r  of Venetian b l in d s ,  jo ined  together  to unravel the muddled 

technology. Working toge ther ,  Stevens and Levolor  explored the r e l a t i o n ­

ship between b u i ld in g  energy use and i n t e r i o r  shading and concluded that  

s i g n i f i c a n t  b e n e f i ts  could be der ived .  T h e i r  modest research budget 

permit ted the design and construct ion  of  an environmental  s im ula tor  

with an a r t i f i c i a l  sun fo r  product t e s t in g  and eva lu a t io n .  Recognizing 

the need f o r  a fundamental in v e s t ig a t io n  of the heat t r a n s f e r  through 

a g la s s -b l in d  system and cognizant o f  the l i m i t a t i o n  of  t h e i r  own budget,  

the research team p e t i t io n e d  the Department of  Energy f o r  a d d i t io n a l  

support.

The U. S. Department o f  Energy's Windows Program managed through 

the Lawrence Berkeley Laboratory a t  the U n iv e r s i ty  o f  C a l i f o r n i a  had

a lso  shown th a t  in many instances,  when t re a te d  as a dynamic element of

a b u i ld in g ,  a window can provide net energy b e n e f i t s .  The DOE/LBL 

program is d i re c te d  a t  developing improved design s t r a te g ie s  f o r  using 

window systems in w a l l s ,  and a s s is t in g  in the commercia l izat ion of  

energy e f f i c i e n t  window products and accessor ies.  The cooperation  

and support of  the Department of  Energy was sought to  ensure completion

of  the program and to a c c e le ra te  implementation of  the re su l ts  by

a r c h i te c ts  and engineers.

This document serves as the f i n a l  report  fo r  the d e t a i l e d  study  

of  energy e f f i c i e n t  windows f i t t e d  with  i n t e r i o r  b l inds undertaken by 

contrac t  w i th  Lawrence Berkeley Laboratory f o r  the U. S. Department 

of  Energy.
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Research O bjectives

The prime o b je c t iv e  of  t h i s  study was the a n a ly s is ,  t e s t  and 

eva lu a t io n  of  new types of  r e f l e c t i v e  Venetian b l in d s ,  several  o f  which 

were designed to achieve low shading c o e f f i c i e n t s  and one which was 

expected to  achieve a value  o f  0 . 2 .  The work was d iv ided in to  four  

major tasks:

1. Comparison of  measured shading c o e f f i c i e n t s  with  

pred ic ted  values ,  using the Stevens-Levolor  

environmental  s im ula tor .

2 .  Refinement of  the p r e d i c t i v e  equations f o r  

shading c o e f f i c i e n t s .

3. Determination of  the s ig n i f ic a n c e  o f  s o la r  angle  

of  incidence.

i)-. Development o f  improved procedures f o r  est imating

annual energy requirements based on the above re s u l t s .

S ig n i f ic a n c e  of  Work

Windows, because of t h e i r  comparatively  high thermal c o n d u c t iv i ty ,  

permit  heat losses th a t  account f o r  8^ of  the energy used n a t i o n a l l y  f o r  

heat ing ,  cool ing and v e n t i l a t i o n  of  b u i ld in g s .  A wel l  insu la ted  wal l  

system may be expected to have a U-value an order of  magnitude less 

than the 1 .0  B t u / f t ^  hr °F a t t r i b u t e d  to a s in g le  l i g h t  of  g lass .  For 

th is  reason, many a r c h i t e c t s  and b u i ld in g  code o f f i c i a l s  have suggested 

minimizing window area f o r  energy e f f i c i e n t  designs.  Other s tudies  

have suggested th a t  double glazed fe n e s t r a t io n  may have a net energy 

gain over the heat ing season f o r  many o r i e n t a t i o n s .  I t  is c le a r  th a t  

among the many requirements f o r  energy e f f i c i e n t  windows are:

1. High transmission of s o la r  r a d ia t io n  

during the heat ing season.

2 .  Maximum r e f le c ta n c e  of  s o la r  ra d ia t io n  

during the cool ing  season.
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Our f u r t h e r  understanding of the heat t r a n s f e r  through windows 

with  the a t ta inm ent  of  the s p e c i f i c  research ob je c t iv e s  defined fo r  

t h i s  program provides the basis f o r  the rapid implementation of  energy 

e f f i c i e n t  i n t e r i o r  shading products.  The p o te n t ia l  savings are  0 .35  

m i l l i o n  b a rre ls  o f  o i l  per day.
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ANALYSIS

Heat T ransfer  Through Windows

Ear ly  research by the American Society  o f  Heating,  R e f r ig e ra t in g
2

and A i r -C o n d i t io n in g  Engineers,  has shewn th a t  d i r e c t  rad iant  s o la r  heat

gain through windows is a fu nc t ion  of  the angle of  incidence of the sun

and t h a t  th is  r e la t io n s h ip  f o r  var ious  glass and glass shading components

d i f f e r s  approximately by a constant f a c t o r .  This led to  the development

o f  the  "shading c o e f f i c i e n t "  o f  a window system which is defined as the

r a t i o  of  s o la r  heat gain through a g la z in g  system under a s p e c i f i c  s e t

of  condi t ions ( e . g . ,  b l in d  angle  and sun c o nd i t ions )  to  the s o l a r  heat

gain through a s in g le  l i g h t  of  double s trength  sheet glass under the

same set  o f  condi t ions:

-P _ SHG through g la z in g  system 
SHG through BS c le a r  glass

Most e a r l y  shading c o e f f i c i e n t s  were determined from ra t io s  o f  d i r e c t

heat measurements using a s o la r  c a lo r im e te r  t h a t  tracked the sun.

So lar  in t e n s i t y  and s o la r  heat gain fa c to rs  f o r  the standard  

reference g lass ,  double strength c l e a r  g lass ,  a re  now tabu la ted  f o r

l a t i t u d e s  from 0 °  to  6h°  North a t  8 °  in te rv a ls  f o r  both h o r izo n ta l  and
2

v e r t i c a l  surfaces a t  s ix teen o r i e n t a t i o n s .  ASHRAE has a lso  assembled 

a ta b le  o f  t y p ic a l  shading c o e f f i c i e n t s  f o r  a v a r i e t y  o f  glasses and 

combinations of  glass w i th  i n t e r i o r  shading devices.  These data enable  

a r c h i t e c t s  and engineers to  est im ate  the heat gain or loss through 

f e n e s t r a t io n  by means of the fo l lo w in g  equation:

( 1 )  Tota l  Heat Gain = SC x SHGF + U ( t  -  t . ) ,  where:o r  ^

SC = shading c o e f f i c i e n t

SHGF = s o la r  heat gain f a c t o r ,  B tu /hr -sq  f t

U = o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t ,  B tu /h r -sq  f t - d e g  F

t^  = outs ide  temperature,  deg F

t .  = inside temperature,  deg F
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A i r  movement across the outdoor surface  of  the glass Is usua l ly  

assumed to be 7*5  niph and Indoors to  be s t i l l  a i r  co n d i t io n s ,  w i th  a 

standard ground r e f le c ta n c e  of  0 . 2 .  Maximum SHGF occurs near 35 degrees 

s o la r  incidence ang le .

The above equation shows the r e l a t i v e  heat gains ( o r  losses) through 

glass areas w i th in  a b u i ld in g .  These gains are  dependent on the fo l low ing  

c h a r a c t e r is t i c s :

•Solar r a d ia t io n  i n t e n s i t y  and inc ident  angle  

Outdoor- indoor temperature d i f f e r e n c e  

A i r  movement across the surfaces of  the glass  

Shading device c h a r a c t e r is t i c s

Low temperature ra d ia t io n  from the  surfaces o f  the fe n e s t r a t io n  

Equation ( 1 )  was developed from the more basic  re la t io n s h ip

Transmitted Inward Flow Conduction
Tota l  Heat Gain = S o lar  + o f  absorbed + Heat Gain

Radiat ion Radiat ion

( 2 )  Tota l  Heat Gain = So lar  Heat Gain + Conduction Heat Gain,  

where: conduction heat ga in ,  U ( t^  -  t . ) ,  occurs whether

the  sun is sh in ing or not.  When the outs ide  tempera­

t u r e  is g re a te r  than the ins ide  temperature,  the  

heat f lo w  is inward.

P r e d ic t i v e  Methods f o r  Determining Shading C o e f f ic ie n t s

More re c e n t ly ,  a n a l y t i c a l  techniques have been developed to  permit  

rap id ,  economical de termination of  SC based on the  s o la r  o p t ic a l  p roper t ies  

of the glass and the  shading device,  i . e . ,  re f le c ta n c e ,  t ransmit tance  and 

absorptance measurements of  each component. However, some questions have 

a r is en  as to the v a l i d i t y  of  SC values computed f o r  a s in g le  g la s s -b l in d  

system using double -g laz ing  theory with  a dead a i r  space, since th a t  

ana lys is  does not consider the f r e e  f low of  a i r  around and through modern 

one-inch wide b l in d s .  In a d d i t io n ,  various in te r p r e t a t io n s  of  p roport ion ing  

of  energy w i th in  the system of an i n t e r i o r  b l in d  f i t t e d  to  a s in g le  glass  

window have been suggested.  The schematic diagram in Figure  1, Heat 

T ransfer  Through Selected Glazing Systems, i l l u s t r a t e s  the heat t r a n s f e r  

through a s in g le  glass and g la s s -b l in d  system. For the same indoor and
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outdoor a i r  temperatures,  the r e l a t i v e  a i r  v e l o c i t i e s  a t  the inner and 

outer  faces of  the glass w i l l  govern the f r a c t i o n  o f  the energy absorbed 

by the glass u l t i m a t e l y  conducted in to  the room. Some researchers have 

al lowed f o r  a por t ion  o f  the  energy absorbed by the b l in d  to be rad ia ted  

back to and absorbed by the g lass .  We a re  concerned about th is  appor t ion ­

ing,  since the warmer s u n l i t  glass requires a net loss of  rad ia ted  and 

absorbed energy to the coo ler  b l in d .  As a r e s u l t ,  we p o s tu la te  th a t  a l l  

energy absorbed by an in te r ior -m ounted b l in d  w i th  s u n l i t  glass having 

emittance equal to or  g re a te r  than th a t  o f  the b l in d  remains w i th in  the  

room. This energy apport ioning is shown in Figure  1. I t  remains to be 

determined j u s t  what proport ions  of  the energy are  r e f l e c t e d  and con­

ducted back through the glass and what proport ions remain in the room 

f o r  various b l in d  angle  s e t t in g s  a t  various s o la r  incidence angles.

For a s in g le  l i g h t  of  g lass .  Equation ( 2 )  may be w r i t t e n  per u n i t  

area as:

Tota l  Heat Gain = [ t  + Na]I  + U( t  -  t . )o I

To ta l  Heat G a i n = F I + U ( t  - t . )
o '

where,  f o r  s in g le  glass

F = T  + Na = Solar  Heat Gain C o e f f i c i e n t ,  c h a r a c t e r is t i c  of  
the f e n e s t r a t io n  and incidence angle

T = transm it tance  of  the glass

a  = absorptance of  the glass

N = inward f lowing f r a c t i o n  o f  s o la r  heat absorbed by the glass

I = s o la r  i n t e n s i t y ,  B tu /hr -sq  f t

And, by d e f i n i t i o n

F of Fenestra t ionSC =
F of Double Strength Clear  Glass 

and s ince F of  DS c le a r  glass f o r  standard summer condi t ions  is O.8 7 , 

SC = 1 . 1 5  F o f  Fenestra t ion
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This same approach, when developed f o r  an in ter ior -m ounted b l in d  wi th  a 

s in g le  l i g h t  of g lass ,  produces the fo l lo w in g  equations -  borrowing the  

form from double g la z ing  theory used by ASHRAE and as shown in Figure  5 

but assuming N . j  = 1:

Tota l  Heat G a i n = F I + U ( t  - t . )o I

Tota l  Heat G a i n = [ T + N .  a + N , . 5 ' . ] l  + U ( t  -  t . )lO O I I I o I

where, f o r  a g la s s - b l in d  system:

F = [ t  + N. O' + N - . a . ] = Solar  Heat Gain C o e f f i c ie n t  
IO o M  1

T
T  = T. ( t  °  ) = transm it tance  of  the g la s s -b l in d  system

' • -  P«P;o"i  ( p .  measured from outs ide)

T
■T— = net absorptance of  cne oui 

o i o f  the system ( t h e  g lass )

I
T

a = a + a p. (■»———— ) = net absorptance of  the ou te r  component
O O

a.  =  a .  V. .  ) = net absorptance of  the inner component
^o* î of  the system ( t h e  b l in d )

N. = N = 7̂  = inward f lowing f r a c t i o n  of  heat absorbed
l O  h  U  X . U  1o by the glass

N. .  = 1 .0  = inward f lowing f r a c t i o n  o f  heat absorbed
* ' by the b l ind

U = ■    ' •' ........— —  = o v e ra l l  heat t r a n s f e r  c o e f f i c i e n t
i / h ^ + i / h ^ + i / h , +Rblind neglecting glass resis tance

This ana lys is  assumes th a t  a i r  is f r e e  to f low through and over the b l ind  

s la t s ,  r e s u l t in g  in natura l  convection a t  the ins ide  surface  of  the glass.  

We may take an o v e r a l l  ins ide  c o e f f i c i e n t  h^, such th a t

' / h 2 = ' / h i + l / h ,  -Rblind
then

U = — ' = 0 ^
i / h ^  ^ i /h ^
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gIVIng
hg

N .  =
IO h + h-  

o 2

S u b s t i tu t in g  f o r  a s in g le  g la s s -b l in d  combination wi th  N . .  = 1 .0

F = T +  N . ^ a ^ + 1 . 0 a .  ( 3 )

The F of  the g la s s -b l in d  combination may be w r i t t e n  as a func t ion  of  

b l in d  re f le c ta n c e  p.  f o r  a given set  of  glass s o la r  o p t ic a l  p roper t ies

T , p ,  a  :
ô  o  ̂ o

F = T + Of, + N. a
I I O o

F = T (  2 - « )  + a  (  2 _ )  + N P: ( ------^ ) 1  (3 a )
' 1 - P o P i  ' ’ - V i  ' °  °  °  ' 1 - p ^ P ;

but since

then

T .  + p. + Of. = 1
I I I

T ,  + a.  = 1 -  p.I I I

so t h a t

F = (1 -  p . )  + N. [ a  + a  p. .
' 1-PoPj °  °  ' ’ -Po"i

Shading c o e f f i c i e n t  f o r  a g la s s -b l in d  system may now be expressed as 

SC = 1.15 F o f  Fenestra t ion  

where the f a c t o r  1.15 is the reciprocal  o f  F f o r  standard reference glass ,

then

( T

This p r e d i c t i v e  equation was confirmed by the experimental  program.
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EXPERIMENTAL APPARATUS AND PROCEDURES

Environmental S imulator  with A r t i f i c i a l  Sun

S imulator

The Building  Technology Research D iv is ion  of  the Davidson 

Laboratory a t  Stevens I n s t i t u t e  of  Technology working with the support  

of Levolor  Lorentzen,  In c . ,  the acknowledged leading manufacturer o f  

Venet ian b l inds ,  have designed and b u i l t  the Stevens-Levolor environ­

mental s im u la to r .  This new t e s t  f a c i l i t y  was designed to provide accurate  

c a l o r im e t r i c  measurement of  t o t a l  s o la r  heat gains through g la s s -b l in d  

systems in order to  obta in  the  shading c o e f f i c i e n t s  of  many of Levolor*s  

newer products.  In a d d i t io n ,  the re la t io n s h ip s  between energy use and 

i n t e r i o r  shading have been inves t iga ted  wi th  the  aim of  increased  

u t i l i z a t i o n  of  innovat ive  Venetian b l inds wi th  shading c o e f f i c i e n t s  

s i g n i f i c a n t l y  lower than values c u r r e n t l y  found in a r c h i t e c t u r a l  and 

engineering handbooks. Values as low as 0 .2  have been p rev ious ly  

reported f o r  unique r e f l e c t i v e  f i n i s h e s .

The actual  layout of the Levolor s im ula tor  includes two th e rm a l ly -  

insula ted t e s t  chambers connected by a window, wi th  an a d ju s tab le  angle  

s o la r  s imula tor  in the outdoor chamber; see Figures 2,  3 and 1)-. The 

s te a d y -s ta te  heat f low  in to  the " indoor” room is a c c u ra te ly  measured 

by the heat removed in the  water  f low ing  through a heat exchanger th a t  

maintains constant temperature in the indoor room. This water  is supplied  

p r e c h i l l e d  from an outs ide  re serv o ir  and is c i r c u la t e d  in to  and out o f  

the te s t  room where the water  temperatures in and out and the f low ra te  

are  very acc u ra te ly  measured wi th  plat inum res is tance  thermometers and 

a tu rb in e  f low meter.  S p e c i f i c  information on the instrumentat ion may 

be found in Appendix 1.

In order to  minimize wal l  heat losses,  s ix  inches of  polyurethane  

foam were sandwiched between f ib e rg la s s -c o a te d  plywood panels to give  

the indoor room a measured o v e ra l l  heat t r a n s f e r  c o e f f i c i e n t  of

0 .0 33  Btu/hr-deg F - f t ^ .  The t o t a l  indoor room wal l  heat loss is then 

9 Btu/hr-deg F.

10
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The s o la r  heat gain t e s t  procedure is to seal both chambers, 

bring  them to e q u i l ib r iu m  w ith  the "outdoor" s o la r  s im u la to r  ON and 

the glass f u l l y  warmed up, and then to  a d jus t  the coo l ing  w ater  f low  

r a te  to  mainta in  constant indoor temperature w h i le  keeping the tempera­

tures of  the two chambers and o u te r  lab ora to ry  environment w i th in  1 . 0  

degree Fahrenheit  o f  one another .  This procedure provides t ru e  "s teady-  

s ta te "  measurement of  the to t a l  rad ian t  and absorp t ive -c onduc t ive  heat  

f low in to  the indoor t e s t  room through the f e n e s t r a t io n  opening wi th  

minimal wal l  c o r re c t io n s .  One computational  adjustment required is 

f o r  the heat load due to  the t e s t  room e l e c t r i c  blower motor,  which 

is located w i th in  the room and moves the a i r  through the  heat exchanger.  

The power consumption o f  th is  blower is measured and found to be approxi ­

mate ly  T60 B t u /h f .  This load is c onstan t ly  monitored and is subtracted  

from the measured t o t a l  heat load removed by the cool ing water .

Tota l  s o la r  heat gain to the t e s t  room, a func t ion  of  the s o la r  

s im ula to r  incidence angle  and i n s t a l l e d  fe n e s t r a t io n  t rea tm ent ,  is 

measurable to w i t h i n  ±  18 B tu /h r .  The heat balance is as fo l low s:

Q,. = Q, 4. where Q, is heat f low in B tu /hr  in out '

SHG + -  ^ a l l s  ^ ^ e a t  Exchanger

where SHG is t o t a l  s o la r  heat gain through the f e n e s t r a t i o n .  With 

temperatures set so t h a t  ^ temperature d i f f e r e n c e

indoors to outdoors,  then

SHG = d.^ e a t  Exchanger Blower

The desired shading c o e f f i c i e n t  is the r a t i o

_ SHG of  g la s s - b l in d  system 

SHG of  re fe rence  glass

1 1
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<%UT -  V0W ER >

<%UT -  V owEr ) re fe rence glass

The "outdoor" s o la r  room is cooled by a th e r m o s t a t i c a l l y - c o n t r o l l e d  

a i r  cond i t ion ing  system.

A r t i f i c i a l  Sun

The fo l lo w in g  c h a r a c t e r is t i c s  a re  considered d e s i ra b le  f o r  good 

s imulat ion  of  the sun a t  a f e n e s t r a t io n  opening in a b u i ld ing :

1. R e la t iv e ly  uniform in te n s i t y  over the glass area.

2.  Adjus tab le  i n t e n s i t y  ( i n s o l a t i o n )  of  from 50 to  250 B t u / f t ^ .

3. Good d i r e c t i o n a l i t y  (a long the axis of  the "sun").

4. A spectrum with  energy content in the var ious wavelength 
bands c lo s e ly  propor t iona l  to  tha t  o f  the sun.

5- Reflected and d i f f u s e  radiant energy minimized and docu­
mented f o r  any tes ts  th a t  may be inf luenced by th is  ra d ia t io n .

The s o la r  s im ula tor  consists  o f  f o u r ,  UOO-watt, high in te n s i t y  m u l t i ­

vapor lamps and assoc iated power equipment mounted on an a d ju s ta b le  lamp 

bank th a t  u t i l i z e s  f i v e ,  BCXD-watt and fo u r  200 -w at t  incandescent lamps
3

in an a r ray  s im i l a r  to th a t  l a i d  out by e a r l i e r  researchers to f i l l  in

and provide r e l a t i v e l y  uniform l i g h t i n g  a t  the  window and good s imulat ion

of the sun’ s spectrum a t  reasonable cost .

Measuring So lar  Opt ical  Propert ies

Solar  o p t ic a l  p ro p er t ies  of Venetian b l inds  and window glasses  

are  measured in separate  t e s t s .  A b lack  box mounted behind the window 

absorbs unwanted r e f l e c t e d  energy. Average transmit tance  and re f le c ta n c e  

are determined wi th  pyranometers.  See Figure  3.

Bl ind s l a t  angles are  set  and held by means of a small motor and 

potent iometer  arrangement.  Angular p o s i t ion  of the potentiometer  is 

c a l ib r a t e d  using a p o in te r  mounted on the cen t ra l  s l a t  tha t  is set  

against a p r o t r a c t o r  on the  window frame.

12
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RESULTS

Confirmation o f  Test Methods 

Q u a l i ty  of  A r t i f i c i a l  Sun

The basic c h a r a c t e r is t i c s  of  the so lar  s im u la to r  have been measured 

and documented in Table 1, Solar  S imula tor  L ight  Beam C h a r a c te r is t ic s ,  

reveal ing  a reasonably good representa t ion  of  the s o la r  spectra l  energy 

propor t ion ing ,  good d i r e c t i o n a l i t y  and an approximately 2 5  percent pro­

p o r t ion  of  d i f f u s e  to t o t a l  rad iant  energy. C u r re n t ly ,  an average  

in s o la t io n  of 100 B t u / h r - f t ^  is provided normal to the window opening 

f o r  35 degrees incidence angle .  This i n t e n s i t y  is considered ample to  

obta in  an accurate  measurement of  shading c o e f f i c i e n t ,  which is merely 

a r a t i o  of  s o la r  heat gains f o r  condi t ions of  equal Indoor and outdoor  

temperatures.  Shading c o e f f i c i e n t ,  by d e f i n i t i o n ,  is independent of  

s o la r  i n t e n s i t y .  Higher values of  in s o la t io n  may be r e a l i z a b l e  with  

a d d i t io n a l  investment in the f u t u r e .

Shading C o e f f ic ie n t s  f o r  Several  Glasses

Since the measurement of  shading c o e f f i c i e n t  as wel l  as of  so la r  

o p t ic a l  p roper t ies  ( r e f l e c t a n c e ,  t ransmit tance and absorptance) is 

g e n era l ly  performed using natura l  sun l igh t  on a c le a r  day, t h i s  e x p e r i ­

mental work using an a r t i f i c i a l  sun has l i t t l e  or  no precedent.  There­

f o r e ,  confi rmat ion  of  the procedures and techniques was made by measuring 

the shading c o e f f i c i e n t  and the s o la r  o p t ic a l  p rope r t ies  of  th ree  t y p i c a l l y -  

a v a i l a b l e  1/ L - i n c h  t h i c k  s in g le  l ig h ts  of  glass: c l e a r ,  gray heat

absorbing and s i l v e r  r e f l e c t i n g  — with the coat ing on the indoor surface  

of  the g lass .

Table  2 ,  comparing measured and pred ic ted  shading c o e f f i c i e n t s ,  

v e r i f i e s  the environmental  s imula tor  system and procedures f o r  obta in ing  

shading c o e f f i c i e n t s  and measurements of  s o la r  o p t ic a l  p roper t ies  

of fe n e s t r a t io n s .  The v e r i f i c a t i o n  is on the basis of  a comparison of
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published and accepted shading c o e f f i c i e n t s  with measured values fo r  

th ree  glasses -  c l e a r ,  heat absorbing and r e f l e c t i v e .

The t ime required to  achieve th is  p rec is ion  was found to  depend 

on glass warm-up t ime with  the s o la r  s im ula tor  l ig h ts  a t  e q u i l ib r iu m .

These condi t ions are reached a t  from one to two hours a f t e r  turn-on  

of the system, when accurate  measurement of  t o t a l  s o la r  heat gain of  

any given f e n e s t r a t io n  can commence. However, once the glass is heated 

up, a d d i t io n  of  a b l ind  angle change or  o ther  change in r e f le c ta n c e  a t  

the window can produce a new set o f  e q u i l ib r iu m  glass temperatures in 

as l i t t l e  as twenty minutes.

Measured Solar  Optical  Propert ies  of  Bl inds

The Venetian b l inds suppl ied by Levolor Lorentzen,  Inc.  f o r  th is  

program are  l i s t e d  and described in Table 3. I t  is to be noted tha t  

they include s ix  pa inted f in is h e s  -  some glossy and some s a t in ,  one 

polished aluminum f i n i s h ,  one chrome deposited f i n i s h  and two b l inds  

with  d i f f e r e n t  colors  and f in is h e s  on the upper and lower surfaces of  

the  s l a t s .  These b l inds a l l  have one-inch wide,  1.2 width to  spacing 

r a t i o ,  s l i g h t l y  convex-shaped (upper sur face)  s la t s  and are rep rese n ta t ive  

of current  large  sca le  production items.

I t  should be s ta ted  here that none of the high-production bl inds  

suppl ied had the a n t i c ip a t e d  high r e f lec ta n c e  f i n i s h  produced in l im i te d  

q u a n t i t i e s  to special  order in recent years.  As a r e s u l t ,  the measured 

re f lec tances  l i s t e d  with  the o ther  so la r  o p t ic a l  p rope r t ies  in Table !)• 

f o r  a typ ica l  35  degree incidence angle,  do not exceed 0 . 6  -  even f o r  

the closed b l ind  p o s i t io n .  However, re f lec tances  of  up to  0 .9  have 

been measured f o r  s p e c i f i c  h ig h ly  r e f l e c t i v e  b l inds in closed p o s i t io n  

in recent years wi th  h igher  than 0 .6  f o r  degree p o s i t io n .  These 

bl inds g e n era l ly  had h ig h ly  pol ished m i r r o r - l i k e  m e t a l l i c  f in is h e s  and 

were q u i te  c o s t ly  to  produce. I t  is hoped tha t  h ig h ly  r e f l e c t i v e  paints  

may become a v a i l a b l e  which could f i l l  the need fo r  lower production cost  

e n e r g y - e f f i c i e n t  b l inds discussed throughout th is  report .
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Measured Shading C o e f f ic ie n t s  f o r  Bl inds

The shading c o e f f i c i e n t s  as measured in the s im ula tor  which 

provides e s s e n t i a l l y  s t i l l  a i r  condi t ions  on both sides o f  the fenes­

t r a t i o n  are  presented in Table Measured Shading C o e f f ic ie n t s  of  

Experimental  Venetian Bl inds.  Actual a i r  v e l o c i t i e s  were measured to  

be everywhere less than one - foot  per second w i t h i n  s ix  inches of both 

sides of the bare window glass w i thout s o la r  heat but wi th  a i r  c i r c u l a ­

t io n  blowers running in both sealed chambers ( in d o o r  and outdoor) .  Thus, 

heat conduction and natura l  convection a re  f r e e  to  develop in the v i c i n i t y  

of the glass and b l in d  system under s o la r  loading.  Th is ,  plus the f a c t  

th a t  observed average temperatures on both sides of the glass are  w i th in  

one to two degrees F f o r  c le a r  glass under a s o la r  heat load,  is why 

s t i l l  a i r  condi t ions (N .^  = O . 5 ) a re  used f o r  computing the f r a c t i o n  

of the heat energy absorbed in the glass tha t  passes by convection and 

r a d ia t io n  in to  the indoor room of the s im ula tor .

Comparison of Measured and Pred ic ted Shading C o e f f ic ie n t s

Table  6  shows a d i r e c t  comparison between pred ic ted  shading 

c o e f f i c i e n t s  f o r  s t i l l  a i r  condi t ions  wi th  the s im ula tor  measured values.  

The measured values were adjusted to a l low  f o r  the l / i ) - in c h  c le a r  glass  

in s t a l l e d  in the s im u la to r  in the fo l lo w in g  manner:

cr  -  through g laz ing  system v n ok
M

SHG through I / I 4—inch c le a r  glass

where the f a c t o r  0 . 9 ^̂ = jHC through 1/ ^ - i n c h  c le a r  glass
SHG through DS c le a r  glass

Calculated shading c o e f f i c i e n t s  f o r  ASHRAE summer condit ions (N,  = O.2 6 7 )
10

are  given in the l a s t  column o f  Table 6  to  show the e f f e c t  of  a 7*5  mph 

outs ide  wind on the shading c o e f f i c i e n t s  of  various fe n e s t r a t io n s .

Figure 6 was p lo t te d  to examine the v a r ia t io n s  in measured shading

c o e f f i c i e n t s  with b l in d  r e f le c ta n c e  f o r  each s l a t  p os i t ion  tes ted .

The s o l id  l ines  in the f i g u r e  represent the pred ic ted  shading c o e f f i c i e n t  

using Equation ( i i )  wi th  = 0 .5 *  The dashed l ines  represent the

15



R-2083

standard d e v ia t io n  f o r  the measured data r e l a t i v e  to the pred ic ted  l in e .  

I t  may be seen th a t  the pred ic ted  shading c o e f f i c i e n t  is almost but not 

q u i te  l i n e a r  with r e f lec ta n c e .

The agreement between measured so la r  heat gain ra t io s  and pre­

d ic ted  values based on s o la r  o p t ic a l  r e f lec ta n c e  of  the b l in d  is con­

sidered very  good. Since convection v e l o c i t i e s  set  up a t  the inner side  

of the glass are  p a r t l y  due to the b l in d  absorptance and re f lec tance  

and the r e l a t i v e  p o ro s i ty  to a i r  f low between the s l a t s ,  i t  is s u rpr is ing  

how wel l  a s in g le  value of  N. can be f i t t e d  to  the measurements in ̂ lO
Figure 6 .  The term in the equat ion involv ing th is  f r a c t i o n  is the heat  

absorbed in the glass and only  represents a por t ion  of  the t o t a l  heat  

load passing through the fe n e s t r a t io n  to the room. However, th is  term 

becomes a major p or t ion  of  the heat load f o r  a h ig h ly  r e f l e c t i v e  b l in d .  

The agreement is s u f f i c i e n t l y  good f o r  p r e d ic t i v e  purposes with d i f f e r e n t  

f i n is h e s ,  colors and surfaces as e xem pl i f ied  by the ten t e s t  b l in d s .

E f fe c t  o f  So lar  Incidence and S la t  Angle on Shading C o e f f ic ie n t s

The s e n s i t i v i t y  of  shading c o e f f i c i e n t  to b l in d  re f le c ta n c e  as

a func t ion  of  glass type and the f r a c t i o n  N.^ is shown in Figures 7

and 8 .  These pred ic ted  shading c o e f f i c i e n t s  computed by Equation (If-)

show tha t  high r e f lec ta n c e  b l inds ,  p. = 0 .9  f o r  example, w i l l  re s u l t

in shading c o e f f i c i e n t s  as low as 0 .2  f o r  1/I<—inch c le a r  glass but

on ly  0 . 3 0  f o r  1/1(—inch heat absorbing glass f o r  = 0 . 3 .  I t  is

obvious in these f ig u re s  tha t  the N. f r a c t i o n  has a much more ̂ I o
important e f f e c t  on shading c o e f f i c i e n t  f o r  a ty p ic a l  heat absorbing  

glass as compared to  a c le a r  glass with the same i n t e r i o r  r e f l e c t i n g  

b l in d .  Thus the energy-saving e f f e c t  o f  a r e t r o f i t  of  b l inds to e x i s t ­

ing glass is seen to be dependent on the p ro p e r t ies  of the i n s t a l l e d  

g la s s .

Table 7 gives a l i s t i n g  of  measured shading c o e f f i c i e n t s  and 

measured b l ind  re f lec tances  f o r  the No. 2 o f f - w h i t e , s a t  in f i n i s h  b l ind  

a t  th ree  d i f f e r e n t  s o la r  incidence angles f o r  the several s l a t  angles
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te s te d .  This t a b le  and Figure  9 reveal  the r e l a t i v e l y  small e f f e c t  of  

incidence angle  on shading c o e f f i c i e n t ,  w h i le  Figure  10 shows that the  

measured v a r ia t io n s  a re  due p r i m a r i l y  to the r e f lec ta n c e  d i f fe ren ces  

th a t  occur with  changes in so lar  in c id e n c e /s la t  angle  combination.

Figure  11 is a graphical  d is p la y  of  the  combined e f f e c t s  of  

s l a t  angle and s o la r  incidence angle ( 0 ) on measured r e f lec ta n c e  f o r  

the Mo. 2 b l in d .  This f i g u r e  shows tha t  b a s i c a l l y  one curve can be 

f i t t e d  to the re f lec tances  i f  the ap p ro p r ia te  angle  sca le  is selected  

as shown. in t h i s  manner, r e f lec ta n c e  may be computed f o r  any other  

incidence ( 9 )  and s l a t  angle (\|t) i f  the curve has been measured f o r  

one incidence angle  over a wide range of s l a t  angles .  E m p i r ic a l ly ,  

t h i s  may be expressed as

p ,  = k (  0 + \|f) COS0 . ( 5 )

Table  8  l i s t s  the f i t t e d  values of  k f o r  each t e s t  b l in d  f o r  r e f le c ta n c e .  

These k values a r e  a good r e l a t i v e  measure of  the average brightness  

of  each b l in d ,  except f o r  several  points  near the wide open zero degree 

p o s i t io n .  The k values are seen to c lu s t e r  into roughly f i v e  leve ls  

o f  brightness f o r  the ten t e s t  b l in d s .  I t  is a n t i c ip a t e d  th a t  k may 

be as high as 0 . 0 1  f o r  a h i g h l y - r e f l e c t i v e  b l in d .

F igure  9 has been re p lo t te d  fo r  measured shading c o e f f i c i e n t  

against  t h i s  same angle  sca le ,  ( 0  + \jf)cos0, in Figure  12. The s c a t t e r  

about a mean curve is g r e a t l y  reduced in Figure  12, i n d ic a t in g  the  

v a l i d i t y  of  the empir ica l  f i t .
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DISCUSSION

Est imating Bui ld ing Heating and Cooling Energy 

Energy Savings Estimation

I t  is suggested t h a t ,  to any e x is t in g  procedure f o r  est imating  

heat ing and cooling loads used in annual energy savings c a lc u la t io n s  

f o r  a Venetian b l in d  ( e . g . ,  ASHRAE, Reference 6 ) ,  a v a r i a b l e  shading 

c o e f f i c i e n t  term be introduced where form er ly  a constant value  was 

used. Thus, s o la r  heat gain through a s in g le  l i g h t  of  glass with  

i n t e r i o r  shading by means of a Venetian b l in d  should be ca lc u la ted  

in the fo l lo w in g  manner:

cun _ cn ("Total D i rec t  + D i f fu s e  In s o la t io n  through I 
^ [s ta n d a rd  1 /8 - in c h  Th ick  DS Clear  Glass J

where now SC /  constant but becomes a v a r i a b l e  fu nct ion  of  0 and ijf, 

where \|( may be a fu n c t io n  of i n s o la t io n ,  t ime of day and season and 9,  

as a f i r s t  approximation is the  ta bu la ted  s o l a r  a l t i t u d e  angle which is 

a func t ion  of  time of day, month, and l a t i t u d e  o f  the  f e n e s t r a t i o n .

Note th a t  SC now is c a lc u la te d  using Equations (I)-) and ( 5 ) :

sc  .  1.15 | ( 1  -  p , )

p . = k( 9 + 'l<)cos9

with  the ap p ro p r ia te  s u b s t i t u t io n  of k, 9 and \|r values in to  Equation  

( 5 ) f o r  the s p e c i f i c  b l in d -g la s s  combination,  season and l a t i t u d e  under 

cons idera t ion .  Since i t  is be l ieved tha t  f o r  h ig h ly  r e f l e c t i v e  b l inds ,  

il( would be c o n t r o l l e d  f o r  most e f f e c t i v e  use of d a y l ig h t  ing -  e . g . ,  

ijt = f  ( i n s o l a t i o n )  -  and a lso  would be governed by season f o r  t o t a l  

s o la r  energy management -  e . g . ,  closed as much as possib le  in summer 

and open as much as possib le  in w in te r ,  except at  n ight  -  i|r w i l l  become 

a func t ion  of  in s o la t io n ,  time and season. The actual  v a r i a t i o n  of
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must be determined f o r  o p t im iza t io n  of  d a y l ig h t  and g la re  control  as 

wel l  as s o la r  heat ga in ,  since a r t i f i c i a l  l i g h t i n g  a f f e c t s  heat ing and 

cool ing  loads during  a l l  seasons of the year.

Several  a r c h i t e c t u r a l  c a lc u la t io n s  have been made to demonstrate 

the e f f e c t s  o f  v a r i a b l e  shading c o e f f i c i e n t  as compared wi th  constant  

shading c o e f f i c i e n t  of 0 - 5 5  f o r  a t y p ic a l  " l i g h t "  co lo r  b l in d  behind a 

s in g le  l / l | - i n c h  c le a r  g lass .  Computations were made f o r  the d a i l y  s o la r  

energy heat load per square fo o t  o f  window area a t  deg north l a t i t u d e  

f o r  two o r ie n ta t io n s  -  fac ing  south and southwest -  f o r  two rep rese n ta t ive  

days, January 21 (W in t e r )  and June 21 (Summer).

Current p r a c t ic e  is to  use a s in g le  constant value  o f  shading 

c o e f f i c i e n t  to compute s o la r  heat gain ( o r  lo s s ) ,  see Reference J,  f o r  

example, w i th  no prov is ion  f o r  v a r i a t i o n  w i th  season o r  s o la r  incidence  

angle  ( p r o f i l e  angle f o r  a h o r izo n ta l  b l i n d ) .  This cond i t ion  was fo l lowed  

f o r  Case I o f  Table 9* Case I I  o f  the same ta b le  was computed a l lowing  

f o r  v a r i a t io n s  in shading c o e f f i c i e n t  according to Equations (h)  and ( 5 )  

w ith  the No. 2 b l in d  c h a r a c t e r i s t i c s  used to represent a t y p ic a l  l i g h t  

co lo r  b l in d .  In a d d i t io n ,  the b l ind  was assumed open (i|( = 0 deg) f o r  

the  w in te r  day and closed ( i|f = 70 deg) f o r  the summer day. The s o la r  

a l t i t u d e  angle v a r ia t io n s  w i th  t ime of day tabu la ted  in Reference 8 

were used f o r  9 v a r ia t io n s  to  approximate hour ly  p r o f i l e  angle values  

in Equation (5 )«  Table 9 shows that  f a i r l y  large  v a r ia t io n s  in d a i l y  

s o la r  heat ga in /sq  f t  may be r e a l i z e d  simply by opening the b l in d  during  

the  w in te r  season (January 21 as a t y p ic a l  day) on south or southwest 

o r ien ted  windows. The t y p ic a l  summer season (June 21) d a i l y  s o la r  

heat gains computed f o r  th is  fe n e s t r a t io n  show l i t t l e  d i f f e r e n c e  with  

those including the added complexi ty  of  using a v a r i a b l e  shading c o e f f i ­

c i e n t .  In f a c t ,  the d e t a i l e d  hour ly  c a lc u la t io n s  show r e l a t i v e l y  small 

v a r ia t io n s  in shading c o e f f i c i e n t  due to vary ing s o la r  a l t i t u d e  angle  

during e i t h e r  season a t  both o r i e n t a t io n s .  The major d i f f e r e n c e  in 

mean shading c o e f f i c i e n t  was due to  the assumption of  open b l ind  

( ij; = 0 deg) fo r  the w in te r  day. This gave an average value  o f  about

0 . 8  versus 0 .5 5  f o r  shading c o e f f i c i e n t s  a t  both o r ie n ta t io n s  on January 21
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Obviously,  many o ther  examples could be used to  show other  types 

of b l ind  c o n t r o l ,  but these simple examples show tha t  the usual procedure  

of  computing s o la r  heat loads through fe n e s t ra t io n s  using a constant  

shading c o e f f i c i e n t  probably gives acceptable  energy values as long as 

the c orrec t  mean value  is used f o r  the b l ind  r e f le c ta n c e  and average 

b l ind  angles used f o r  a given season. However, i t  is d e f i n i t e l y  shown 

th a t  b l in d  angle  changes must be accounted f o r  by using a d i f f e r e n t  

mean value of  shading c o e f f i c i e n t  other  than the usual tabu la ted  "closed  

b l in d "  values,  even f o r  a t y p ic a l  l i g h t - c o lo r e d  b l in d .  N a t u r a l ly ,  the 

percentage v a r ia t io n s  in heat gain in w in te r  o r  loss in summer w i l l  

depend not only on the re f le c ta n c e  of  the b l in d  -  p a r t i c u l a r l y  h igh-  

r e f le c ta n c e  energy saving b l inds open instead of  closed -  but a lso  on 

the  s p e c i f i c  type and number of  l i g h ts  o f  glass used in the f e n e s t r a t io n .
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CONCLUSIONS AND RECOMMENDATIONS

The primary  f ind ings  of th is  in v e s t ig a t io n  and study enables us

to reach the fo l lo w in g  conclusions and recommendations.

1. The energy r a t i o ,  known as the shading c o e f f i c i e n t ,  has been demon­

s t ra te d  p r e d ic ta b le  as a fu nc t ion  of  i n t e r i o r  b l in d  s o la r  op t ic a l  

re f le c ta n c e  and r a t i o  of  f i l m  c o e f f i c i e n t s  f o r  a given g lass .

2 .  The energy proport ion ing  to  the room, f o r  a f e n e s t r a t io n  con­

s i s t i n g  of  a s in g le  glass f i t t e d  with  an i n t e r i o r  Venetian b l in d ,  has 

been shown and proven w i th  prec ise  measurements under c a r e f u l l y  

c o n t ro l le d  condi t ions  using an a r t i f i c i a l  sun as a source of 

rad ian t  energy.

3 . The v a r i a t i o n  in shading c o e f f i c i e n t  w i th  s o la r  incidence angle  

is found to be r e l a t i v e l y  small but the e f f e c t  o f  s l a t  angle ( o r  

b l in d  p o s i t i o n )  is shown to  be a more important parameter tha t  

should be accounted f o r  in any est imations of  s o la r  energy loads 

on the i n t e r i o r  of  a b u i ld in g  with a s in g le  g la s s - b l in d  window 

arrangement.

L. The r e l a t i v e  brightness of  the outdoor- fac ing  surfaces o f  a b l ind

is based on the ra te  o f  change of average s o la r  re f le c ta n c e  with  

change in an angle combining s o la r  incidence and s l a t  s e t t in g  

e f f e c t s .  Thus, brightness is a measure of  the a b i l i t y  of  a given  

b l in d  to contro l  ra d ia n t  s o la r  energy heat gains to a room a t  a l l  

angle  s e t t in g s .  I t  is suggested tha t  the empir ica l  equation using 

t h is  f a c t o r  be app l ied  to energy c a lc u la t io n s  where s l a t  angle  

changes are  required f o r  d i f f e r e n t  seasons or c o n t r o l l in g  systems.

5 . I t  has been found t h a t  more work is needed f o r  the development of

a high r e f le c ta n c e  b l in d  s u i t a b le  f o r  mass production a t  reason­

ab le  cost ,  since curren t  mass-produced b l inds do not provide the  

shading c o e f f i c i e n t  0 . 2  va lue  desired and p rev ious ly  reported by 

other  lab o ra to r ie s  f o r  specia l  order products.
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6 . Fur th e r ,  i t  is be l ieved th a t  shading c o e f f i c i e n t  claims f o r  many 

other  add-on products should be v e r i f i e d  in order to  prov ide  f a i r  

comparisons between products on o ther  bases such as cost,  

longe v i ty ,  eye-appeal ,  e tc .  f o r  a given leve l  o f  energy savings 

a t  the window.

7.  Add i t iona l  research is required to  in v e s t ig a te  and confirm pre­

d i c t i v e  techniques f o r  o ther  g laz ing  systems such as in su la t in g  

and r e f l e c t i v e  g lass .

8 . Fur ther  work should be undertaken to  determine the  s ig n i f ic a n c e  

of a i r  movement on both the i n t e r i o r  and e x t e r i o r  g laz ing  sur face .

9* Experimental  work explor ing shading c o e f f i c i e n t s  fo r  angles of  

incidence g re a t e r  than degrees should be considered.  These 

inves t iga t ions  should include s k y l ig h t  a p p l ic a t io n s .
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TABLE 1

SOLAR SIMULATOR LIGHT BEAM CHARACTER I ST ICs'

A. D i s t r ib u t io n  of  Spectra l  Energy
2

Nominal Wavelength Band ASHRAE Sun So lar  Simulator
m i l l im ic ro n s  ALL ^MV

300 -  UOO U l t r a  V i o l e t  .03  -06 .07
1̂ 00 -  TOO V i s i b l e  .hk .28  .36
TOO -  2800 In f ra  Red .53  . 6 6  -57

B. In so la t io n  Measured Normal to  Plane of  Window

Spectra l  F i l t e r  Band Inso la t ion
m i l l im ic ro n s  B t u / h r - f t ^

ALL UMV^

2 9 5  -  2 8 0 0  10T.J+ 75 .0
400 -  2 8 0 0  1 0 0 . 9  6 9 . 2
530 -  2 8 0 0  9 2 . 8  6 2 . 7
6 9 5  -  2 8 0 0  7 0 . 6  4 2 . 5

C. D i r e c t i o n a l i t y  Averaged Over Three V e r t i c a l  S ta t ions

1. Basic S imulator  Lights

Incidence ALL 4MV^

35  degrees ±  8  deg ±  8  deg
Ij.

2 .  S imula tor  + Honeycomb

35 degrees ±  3 deg

Honeycomb causes a 55 to 6 5  percent l i g h t  reduction

D. Ratio  o f  D i f fu se  L ight  to Tota l  L ight

ALL 4MV^

0 . 2 5  0 . 1 8

1. Measured on window c e n t e r l i n e  a t  35 degrees incidence angle

2.  P. Moon, f o r  a i r  mass 2.

3 . Four m u l t i -v ap o r  lamps only .

4.  Hexcel D.S. 6 0 OO aluminum, 3 / 4 - inch c e l l ,  3 - inch th ic k .
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TABLE .2 

VERIFICATION TEST RESULTS

A. Comparison of  Measured Shading C o e f f ic ie n ts  w i th  Predicted Values

Ml / L - I n c h  Glass SC

Clear  0 .9 ^

Heat Absorbing O.BO

R e f le c t in g  0 . 14-6

SC
1 2

0 .97

0 . 8 0

Measured values,  SCĵ ,̂ were determined in the Stevens-LevoIor simu­
l a t o r  a t  35 degrees incidence and in s t i l l  a i r  condi t ions.  Predicted  
values were determined using ASHRAE technique; SCp = 1.15 ( t + Nof) 
fo r  N = 0 .5  and the s im ula tor  measured s o la r  o p t ic a l  p roper t ies  in
B.

*
B. Comparison of Measured and Typical  Published Solar  Optical  Propert ies  

of Glass
Outdoor

T ransmi t tance Reflectance Absorptance
l /U - ln c h  Glass Stevens LOF Stevens LOF Stevens LOF

Clear 0 .T 7 0 . 7 6 5 0 . 0 9 0 . 0 7 2 0 . ]h 0 . 1 6 3

Heat Absorbing 0.2^6 O.I46O 0 . 0 7 0 . 052^ O.h'J 0.2i.86

R e f le c t i  ng 0.11 0 . 0 8 9 0 . 3 2 0 . 332+ 0 . 5 7 0 .577

*
Total  so la r  p roper t ies  measurements of  rep res en ta t ive  
samples of  these glasses supplied by glass manufacturer 's  
research d i v is i o n .

2 6



R-2083

TABLE 3

DESCRIPTION OF EXPERIMENTAL VENETIAN BLINDS 

A l l  Bl inds Are One-Inch Width With 0 .8 - In c h  Spacing (Open)

B i i nd No. Coi or
Upper Surface/Lower Surface  

( Convex/Concave)

Surface F in ish  
Upper Surface/Lower Surface  

(Convex/Concave)

1 Wh i te/Wh i te Glossy/Glossy

2 Off  W h i te /O f f  White Sat i n/Sat i n

3 Light Green/L ight Green G1ossy/Glossy

4 A1 urn i num/Alurn i num Polished/Pol ished

5 Light Tan /L igh t  Tan Glossy/Glossy

6 Medium Tan/Medium Tan Sat 1n/Sat i n

7 Chrome/Chrome* Fine R ipp le /F in e  Ripple

8 Chrome/Black F i ne R1pple /Sa t  i n

9 Dark Brown/Dark Brown Sat i n/Sat i n

0
, *  

81ack/Chrome Sat i n/F i ne R i pple

Arranged in order o f  decreasing r e f le c ta n c e  fo r  closed b l in d s .

"Glossy" and "S a t in "  r e f e r  to ty p ica l  painted sur face  f in ishes  
as seen by the eye.

These bl inds received a special  p ro t e c t i v e  coat ing.
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TABLE h

MEASURED SOLAR OPTICAL PROPERTIES 
OF EXPERIMENTAL VENETIAN BLINDS 

35 Degrees Solar  Incidence

B1 i nd 
No.

S la t  
Pos11 ion

Transmi t tance
T .

1

Ref1ectance

Pi

Absorpta
a.

1

I Cl osed .051 . 6 02 . 3 47
kS deg . 1 10 .4 9 5 .395
Open .1+83 . 2 1 6 .301

2 Closed . 01+2 .589 .3 69
1+5 deg .108 .4 7 7 .415
Open .1+1+2 . 1 9 7 .361

3 Cl osed . 031+ . 5 0 3 .463
^5 deg .108 .375 .517
Open .5^1+ .148 . 3 0 8

k Closed . 0 36 . 4 9 8 .466
1+5 deg .120 .381 .4 9 9
Open .5 7 0 .0 6 9 .361

5 Closed . 0 3 5 .444 .521
1+5 deg .080 .340 . 5 8 0
Open .1+99 . 1 3 4 . 3 6 7

6 Closed .021 . 3 16 . 663
1+5 deg . 0 5 2 .2 2 9 .7 1 9
Open .399 . 0 9 7 . 5 0 4

7 Closed .021+ .3 1 6 . 660
1+5 deg .0 5 8 . 2 19 .723
Open .1+82 .046 . 4 7 2

8 Cl osed .01 7 .312 .671
1+5 deg .0 2 5 .231 . 7 4 4
Open . 4 9 6 .013 .491

9 C1 os ed .015 .089 . 8 9 6
1+5 deg . 0 2 6 .065 .9 0 9
Open . 4 3 4 .020 .546

10 Cl osed . 0 0 6 .0 6 2 .9 3 2
1+5 deg . 0 32 .041 . 9 2 7
Open .407 .014 . 5 7 9
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TABLE 5

MEASURED SHADING COEFFICIENTS OF 
EXPERIMENTAL VENETIAN BLINDS

35 Degrees Solar  Incidence Angle and S t i l l  A i r  Conditions

B1 i nd No. Col or S la t  Posit  ion Shading C o e f f i c i e n t

1 Wh i t  e Closed .55
A-5 deg .66
Open .80

2 Of f  White Cl osed .53
kS deg .68
Open .79

3 Light Green Closed .58
kS deg .67
Open .8k

k Aluminum C1 o s ed .56
kS deg .71
Open .92

5 Light Tan Closed . 6 0
k5 deg .71
Open .8k

6 Med i urn Tan Cl osed .66
kS deg .77
Open .88

7 Chrome C1 os ed .66
^5 deg .80
Open .92

8 Chrome/Black Cl osed .69
kS deg .80
Open .90

9 D a rk B rown C1 os ed .83
kS deg .85
Open .90

10 Black/Chrome Cl osed .83
A-5 deg .85
Open .90

The above shading c o e f f i c i e n t s  were measured under s t i l l
a i r  condi t ions and t h e re fo re  are not d i r e c t l y  comparable
with  ASHRAE values published fo r
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TABLE 6

COMPARISON OF MEASURED AND PREDICTED SHADING COEFFICIENTS

35 Deg Incidence,  1 /L - lnch Clear  Glass,
1- Inch Wide I n t e r i o r  Bl inds

Bl ind 
No.

S la t  
Pos i t  ion

Pi
B1 i nd 

Reflectance S t i l l  A i r ( H io = .5 )

SCp

S umme r ( N. = ' 10

1 C1 os ed . 6 0 2 . 5 5 . 5 0 .UL
deg .2^95 .66 . 5 9 . 5 3

Open . 2 1 6 . 8 0 .81 . 7 6

2 Closed . 5 8 9 . 5 3 .51 .2 5̂
L5 deg .2^77 .68 . 6 0 . 5 5
Open . 197 . 7 9 . 8 2 . 7 8

3 C1 os ed . 5 0 3 . 5 8 . 5 8 . 5 2
L5 deg . 3 7 5 . 6 7 .68 . 6 3
Open .1L8 .8h .86 . 8 2

2+ Closed .L98 . 5 6 . 5 8 . 5 3
deg .381 .71 .68 . 6 3

Open . 0 6 9 . 9 2 .9 2 .88

5 C1 os ed . 6 0 • 63 . 5 7
L5 deg . 32^0 .71 .71 .66
Open . 132^ .8h . 8 7 .83

6 Closed . 3 1 6 .66 . 7 3 .68
L5 deg . 2 2 9 . 7 7 . 8 0 . 7 5
Open • C97 .88 . 9 0 .86

7 Closed . 3 1 6 .66 . 7 3 .68
U5 deg . 2 1 9 . 8 0 .81 . 7 6
Open .Oh6 . 9 2 . 92^ . 9 0

8 Closed . 3 1 2 .6 9 . 7 3 .68
2f5 deg .231 . 8 0 . 8 0 . 7 5
Open . 0 1 3 . 9 0 . 9 6 .9 2

9 Closed . 0 8 9 .83 .91 .86
deg . 0 6 5 . 8 5 .9 2 .88

Open .020 . 9 0 . 9 6 .9 2

10 Closed . 0 6 2 . 8 3 . 9 3 . 8 8

L5 deg .Oh] . 8 5 . 92^ . 9 0
Open .Q]h . 9 0 . 9 6 . 9 2

Subscr ipts:  M = measured in Simulator
P = predicted based on measured b l ind  re f le c ta n c e ,  p. ,

where glass T  ̂ 0 =  -T7,  = . 0 8 , O' =  
0 . 1 5
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TABLE 7

EFFECTS OF SOLAR INCIDENCE AND SLAT ANGLE 
ON BLIND REFLECTANCE AND SHADING COEFFICIENT

No. 2 Bl ind in S t i l l  A i r

Measured Shading C o e f f i c ie n t wi th 1 / L - 1 nch C1 ea r Glass

S la t  Ang1e Incidence Angle, 0, deg
S e t t in g  ijr deg 0 35 ^5

^  *  Closed 69 . 6 2 . 5 3 . 5 6

k-3 deg L5 .7 2 .68 .66

Open 0 .8L •79 .8h

B. Measured Average Solar  Reflectance of Bl ind Alone

S la t  Angle 
S et t in g  i|( deg

1nc i dence
0

Angle,  9,
35

deg

^  *  Closed 69 . 5 1 8 • 589 . 5 7 8

L5 deg L5 .3^+2 .L 77 . L 50

30  deg 30 . 2 3 7 .3 8 9 . 371^
Open 0 . 1 2 7 .197 .211

* Maximum angle possib le  (v a r ie s  s l i g h t l y  wi th  b l in d )
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TABLE 8

BRIGHTNESS FACTORS FOR EXPERIMENTAL VENETIAN BLINDS

i nd 
No.

k
per degree

Colors 
(see Table 3)

F inish

1 .0073 Wh i te Glossy

2 .0072 O ff -WhIte Sat i n

3 . 0 0 5 6 Light  Green Glossy

L . 0 0 5 8 A1uminum Poli  shed

5 .0 05 1 Light  Tan Glossy

6 .0035 Medi um Tan Sat in

T .0035 Ch rome Fine Ripple

8 . 0 0 3 6 Chrome/Black Fine R ip p le /S a t in

9 .0010 Dark Brown Sat l  n

10 . 0 0 0 7 Black/Chrome S a t in /F in e  Ripple
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TABLE 9

EFFECTS OF VARIABLE SOLAR INCIDENCE AND SLAT ANGLE 
ON SOLAR ENERGY CONSERVATION IN A BUILDING

D a i ly  Energy Loads^ Btu/Sq Ft of  Window

CASE I 
Constant SC=0.55

Day (Season) Window Facing
South Southwest

Jan 2 1 ( w in t e r )  901
ri

901
II

June 21(summer) 346

653

653

560

CASE I I  
V a r ia b le  SC = f (  9 , \li)

Window Facing 
South Southwest

1330

706

354

9 6 7

514

522

Bli  nd S e t t  i ng 
 deg

0 open
U M

70  closed
It IT

7 0  closed
It If

E f f e c t i v e  Daytime Shading C o e f f i c i e n t

Jan 21

June 21

CASE I

. 5 5

. 5 5

. 5 5

. 5 5

. 5 5

. 5 5

.81

. 4 3

.56

CASE I I

Day (Season) South Southwest South Southwest

.81

. 4 3

.5 1

\|i deg 

0 open
T! I?

7 0  closed

70  c losed

Condit ions of  comparison:

40 deg North L a t i tu d e

■^-inch c le a r  glass: p^=.0 8 , q' ^ = .1 5

No. 2 Bl ind: p. = .00 72 (9  + ;it)cos9

N. = 0 .26710
9 «  So lar  A l t i t u d e  Angle,  deg 

i(t = S la t  Angl e, deg
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TABLE 10 

PRECISION

The prec is ion  o f  the measured re su l ts  is est imated to be 

w i th in  the fo l low ing  values;

T t o t a l  s o la r  transmit tance ±  0 . 0 2

P to t a l  s o la r  re f lec ta n c e ±  0 . 0 3

a t o t a l  s o la r  absorptance ±  0 . 0 5

measured shading c o e f f i c i e n t ±  0 . 0 3

9 so la r  incidence angle ±  0.1 deg

s l a t  angle s e t t in g ± 0 . 5  deg

*
Same as a l t i t u d e  angle and p r o f i l e  angle f o r  th is  te s t  arrangement.
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G1ass-Absorbed 
Energy to  Room Sol ar  

Rad i at  ion

B1 i nd-Absorbed 
Energy to  
Room ^

R e f1ected 
Rad i a t  ion

D i rect  
T ransm i t t e d  
Rad i a t  ion 
to  Room

OutsIde

Glass B l i  nd System

Absorbed 
Energy 
to Room

Na

Ref 1ected 
Rad i at ionD i re c t  

T ransmi t t  ed 
Rad i at  ion 
to Room

Outs ide

S i ngle Glass

Sol ar 
Rad i at  i on

FIGURE 1. HEAT TRANSFER THROUGH SELECTED
GLAZING SYSTEMS
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INDOOR
CALORIMETER

ROOM

UJCTN

OUTDOOR
SOLAR

ROOM

11-Turn  
T-10  Metering Valve

)o—  r >Heat 
Exchanger 

and 
Blower

8-Turn  
Bypass ValveFlow Meter

L _  t
Pres.

Water
Cooler120 V . ;

F 11 t e r

C I r c u la t In g  
Pump 

and 
Motor

Out I n
a t  a t

Bottom Top 
INSULATED 
RESERVOIR

Solar Heater
\A A A ,

• •
120 V.S imulator Rheostat

Thermocouple 
Lead

Condi t ioner

Pressure  
■ O  Gage

Cutoff

Water Main

Atmospheric
Pressure
Overflow

Dra i n

120 V.

:  120 V.

Propor t iona l  
Temperature 
C o n t r o l le r

CHILLED-WATER SYSTEM

35
tro

FIGURE 2 .  LEVOLOR ENVIRONMENTAL SIMULATOR



CBB 8 2 4 - 3 3 4 7

F IGURE 4 ,  OVERALL VIEW OF LABORATORY
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XBB 8 2 4 - 3 3 4 6

FIGURE 3 .  EXPERIMENTAL SETUP FOR MEASURING  
TRANSMITTANCE AND REFLECTANCE
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T .

p.

OutdoorsRoom

a

where:

a

to ta  1 
rad iant  
energy

T ransmi t tance  

Ref 1ectance  

Absorptance

Solar Optical  Propert ies

Iso la ted  
Bli  nd Glass

Comb i ned 
Glass -B l i  nd

T ,
1

T T
O

P.
1

P P
o

O' O' a
i o

Surface C o e f f ic ie n ts  

hg combined room side of  glass 

h outdoor side of  glass ( o u t e r )

i /hg S ( resistances of a i r  space, b l in d  and a l l  surfaces  
between the glass and the room)

1

1/h + R , + 1/h,o glass ' c

and neglecting  R ^g lass

U =

N. = I o

1 h h 
o 2

1/h^ + 1/hp + h

2

, then

o ' 2  " o ’ "2
h.

h + h- o 2

FIGURE 5. IMPORTANT PARAMETERS GOVERNING SOLAR HEAT TRANSFER 
THROUGH GLASS-BLIND GLAZING
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Shad i ng 
Coeff  i c i ent

.0 S la t  Posi t ion  -  Closed

0.8  -

0.6

O.h

0.2

0
0.6 0.8 1.00.20

Shad i ng

.0 S la t  Posi t ion  -  Deg.

0.8

0.6

0 . 4

0.2

0
0.6 0.80 .4 1.00 .20

Shad i ng 
Coeff  i c i ent

.0
S la t  Posi t ion -  Open

0.8

0.6

0 .2  f

0 0 .2  0 .4  0 .6  0 .8
Reflectance of  Bl ind ( p . )

1.0

FIGURE 6 .  COMPARISON OF PREDICTED AND MEASURED SHADING COEFFICIENTS

One-Inch Blinds with 1 /4 - Inch  Clear  Glass 
35 Deg. Solar  Incidence Angle 

S t i l l  A i r  Condi t ions
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P red i cted 
Shad i ng 
Coeff  i c i ent

l / I) -- |nch Clear  Glass

T = 0 .7 7  P = 0 .0 8  » = 0 .1 5o o

0.8

0.6

0 .7

0 .2

0.6 0.8 1.00 0 .2

I n t e r i o r  Bl ind Ref lectance ( p . )

FIGURE 7- EFFECT OF N FACTOR ON SHADING COEFFICIENT 
FOR CLEAR GLASS
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1/U - ln c h  Gray Heat Absorbing Glass 

= O.it-6 p = 0 . 0 5  a = 0 . ^ 9
0 0 ^

Predicted  
Shad i ng 
Coeff i ci ent

0.8

0 . 7
0.6

o.h

0 .3

0.2

0.80.60 .2

I n t e r i o r  Bl ind Reflectance ( p . )

FIGURE 8.  EFFECT OF N FACTOR ON SHADING COEFFICIENT 
FOR HEAT ABSORBING GLASS
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Solar  Incidence Angle 0

Measured 
Shad i ng 
Coeff  i c i e n t

Open

0 Deg ^

35 Deg O
U5 Deg ^

Bl I nd

Glass

Sun

0

8

6

.h

.2

0
6 00

Closed 

S la t  Angle ( Deg

FIGURE 9 . EFFECT OF BLIND SLAT ANGLE ON SHADING COEFFICIENT
IN STILL AIR

No. 2 Bl ind With l /U - ln c h  Clear  Glass
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Shadi ng 
Coeff i ci ent

1.0

0.8

0.6

o.h

0 .2

0

. GO

Solar  Incldence Angle 

A  0 Deg

•  35 Deg 
O  J4-5 Deg

No. 2 Bl!nd

0

■O/-

S la t  Posi t ion  -  Closed

0 .2 0 . 1+ 0.6

N
0.S

0.8 1.0

Shad i ng 
C o e f f ic ie n t

GO
0.8

0.6

s l a t  Posi t ion -  h^ Deg0 .2

0.6 0.8 1 .00.20

Shad i ng 
Coeff i ci ent

0.8  -

0/-I

S la t  Posi t ion  -  Open0.2  •'

0.6 0.80 .2 1. 00
Reflectance of Bl ind ( p . )

I

FIGURE 10. EFFECT OF BLIND REFLECTANCE ON SHADING COEFFICIENT 
Measured in Environmental S imulator -  S t i l l  A i r  

One Inch Blinds With 1 /L - |nch Clear Glass
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Measured in Environmental S imulator -  S t i l l  A i r  
No. 2 Bl ind With 1/U-lnch C lear  Glass

_ Bl ind ^  
Reflectance

 P i - . - - -

So lar  Incidence Angle ( 0)

0.8

0.6

0.2

60 90300
( 0 + ili)cos0 

E f f e c t i v e  Incidence Angle,  Deg

FIGURE 11. EFFECT OF SLAT ANGLE AND SOLAR INCIDENCE 
ON BLIND REFLECTANCE;

o

Shadi ng 
Coeff  i c ie n t

0.2

6030 900
( 0  + iji)cos0 

E f f e c t i v e  Incidence Angle,  Deg

FIGURE 12. SHADING COEFFICIENT AS A FUNCTION 
OF EFFECTIVE INCIDENCE ANGLE
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APPENDIX I 

Simulator  instrumentat ion

No.

1

I tem Name Model No. Type Manufactu rer

h

5

8

10

1 1

12

Black and White  
Pyranometer

Prec is ion Spectral  
Pyranometer

Alphatometer  
Min ia tu re  
Pyranometer

Emissometer

8-1^8

PSP 
Schott  
F i 1ters

lA

AE

H a l l t r o n  Power PC5-59
Computer, Prec is ion  
Wattmeter

Omni f low Flowmeter FTM-N6 -LJS 
and Readout

Measurement System TS-OO6 8 - 7 IO5 
Temperature

Data Logger

Fine Metering  
Valve

A djustab le  DC 
Power Supply

A.C. Line  
Condi t io n e r

In te g ra t  i ng 
Dig i t a 1 
Voltmeter

22008

lOlOT

Ser ies 6 0 OO 

HP-21J-01C

Thermopile  

Thermopi1e

Thermop i 1e

Hal l  E f fe c t

Turbi  ne 
Magnet i c 
Pulse

Plat inum  
Res istance  
I ransducer  & 
Signal  Condi­
t io n e r

30  Channels,  
DC.
100 pos s i b1e

S S -6L -3 /8 in .  11 turn

The Eppley Laboratory,  
Newport, R . I .

The Eppley Laboratory,  
Newport, R. I .

Devices & Services Co. 
Dal las ,  Texas

Devices & Services Co. 
D a l las ,  Texas

Ohio Semit ronics,  Inc.  
Columbus, Ohio

Flow Technology,  Inc.  
Phoenix, Arizona

W hi t take r  Corporation ISD

John Fluke Mfg. Co.,  Inc.  
Mountlake Terrace ,  WA

NUPRO

T ra n s is to r i z e d  Power Designs, Inc.
1-lOOV

Sol id  S ta te

New York, NY

ELGAR Corporation  
San Diego, CA

Hewlett -Packard Corporation  
Palo A1to,  CA
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APPENDIX 2 

Summary of  Previous Work

The e a r l y  work on heat f low through glass was conducted by the  

American Society  o f  Heating and V e n t i l a t i n g  Engineers a t  i ts  research 

laboratory  in Cleveland^ Ohio. In the e a r l y  1950's the in v es t ig a t io n  

was extended to  include an analys is  of the e f f e c t  o f  un iformly  spaced 

f l a t  opaque s l a t s .  In the f i r s t  repor t ,^  of  th is  long-range research 

e f f o r t ,  G. V. Parmelee and W. W. Aubele reported c a lc u la ted  values of  

absorptance and t ransmit tance  f o r  specular and d i f f u s e  r e f l e c t i n g  s l a t  

surfaces and suggested ru les f o r  e s t im at ing  the p roper t ies  f o r  a com­

b ina t ion  glass and s l a t  assembly. Among t h e i r  conclusions regarding  

the e f f e c t  of  the several  v a r ia b les  on the performance of a Venetian  

b l in d  are:

1. For given values of  s l a t  absorptance,  p r o f i l e  angle and 

s l a t  geometry, the type o f  r e f l e c t i o n  ( d i f f u s e  or specular )  

is most important.  The importance decreases as p r o f i l e  

angle,  s l a t  angle  and s l a t  w idth -spacing r a t i o  decrease.

2 .  For a given p r o f i l e  angle  and s l a t  geometry, decreasing  

values of  absorptance increase r e f lec ta n c e  but a lso increase  

transmi t tance .

3. In many cases,  p a r t i c u l a r l y  when the s la t  width-spacing  

r a t i o  is o f  the order of  1 . 2  and the s la t  angle is g re a te r  

than zero ,  the absorptance of  the s l a t  assembly is  g re a te r  

in value  than the absorptance value of  the s l a t  sur face .

2
In the experimental study of s l a t - t y p e  sun shades the researchers 

compared experimental determinations of  the absorbed and t ransmit ted  

f r a c t io n s  of  s o la r  r a d ia t io n  with  those pred ic ted  by the mathematical  

theory .  Heat gain measurements were made w i th  a so la r  c a lo r im e te r .

The agreement between the t h e o r e t ic a l  and measured values suggested 

the approach taken in the e a r l i e r  paper was p r a c t ic a l  f o r  developing  

design data f o r  shading products.

1̂7
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3
In the f i n a l  research paper , the in ves t ig a to rs  presented design 

data as a Shade Factor  which was defined as the t o t a l  heat gain from a 

shade-glass combination minus the convection and r a d ia t io n  gain from a 

s in g le  unshaded common window g lass .  The shade f a c t o r  may be considered  

a predecessor of  the shading c o e f f i c i e n t .

Tota l  Gain from Shade- Convection and Radiat ion Gain
 ̂ Glass Combination from Sing le  Unshaded Common GlassShade Factor  = ■ —  ■ ' , . — ,  - — ----------------    —

Total  So lar  Energy Transmitted
by Single  Unshaded Common Giass

Among the discussions of the performance c h a r a c t e r is t i c s  in th is  paper 

were the fo l lo w in g  points which are  of  current  i n t e r e s t .

1. Normal s l a t  curvature  does not s i g n i f i c a n t l y  change the 

shade performance. The th ickness r a t i o  of metal s la t s  

is so small as to be i n s ig n i f i c a n t .

2 .  Transmitted s o la r  ra d ia t io n  consists  of s t ra ig h t - th ro u g h  

and re f lec ted - th ro u g h  components. Both components are  

inf luenced by p r o f i l e  angle ,  s l a t  angle and spacing r a t i o .

The re f lec ted - th ro u g h  component is a lso  dependent upon 

the absorptance of  the  s l a t  f o r  s o la r  r a d ia t io n  and does 

not change r a p id ly  with p r o f i l e  angle.

3. An increase in s l a t  angle increases the t o t a l  energy 

re f l e c te d  to the outs ide  and decreases the amount 

admitted to the room.

if. A spacing r a t i o  of 1.2 with a s l a t  angle of  i ff  degrees

w i l l  exclude the s t ra ig h t - th ro u g h  component on a l l  o r i e n t a ­

t ions in the north l a t i tu d e s  between 6 a.m. and 6  p.m. 

from May 1 to the middle of  August. A 30 degree s l a t  

angle w i l l  do the same between 7  a.m. and 5 p.m. but 

w i l l  approximately  double the r e f 1ected-through component 

and increase the ra d ia t io n  absorbed by the shade.

ifB
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5 . A decrease in s l a t  absorptance (h ig h e r  s l a t  re f le c ta n c e )  

increases the  amount of  s o la r  ra d ia t io n  admitted to the  

room by increasing the re f lec ted - th rough  component, but 

i t  a lso  increases the energy r e f l e c t e d  to the  outs ide .

The t o t a l  heat gain is th e re fo re  reduced.

6 .  S l a t - t y p e  shades have a high transmit tance  f o r  ground- 

r e f l e c t e d  s o la r  r a d ia t io n ,  which may c o n s t i t u t e  a s i z e ­

ab le  f r a c t i o n  of  the  inc ident  d i f f u s e  s o la r  r a d ia t io n .

The t ransm it tance  f o r  both above-the-hor izon and below- 

the -hor izon  d i f f u s e  s o la r  ra d ia t io n  is ge n era l ly  g re a te r  

than the re f lec ted - th ro u g h  transmit tance  of d i r e c t  so la r  

r a d ia t  ion.

Other research workers in t h i s  f i e l d  have conducted mathematical

and experimental  analys is  of the  heat t r a n s f e r  through s in g le  and insu la -
h 5 6t in g  glass wi th  i n t e r i o r  drapery shading.  * ’ These programs together

have provided the foundation f o r  the present ASHRAE method f o r  d e t e r ­

mining the heat gain through windows.
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