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THERMAL C FOfZV MEAS 

For many y e a r s  i t  h a s  been d e s i r a b l e  t o  be  a b l e  t o  d e t e r m i n e  d i r e c t l y  man 's  
p r e d i c t e d  t h e r m a l  s e n s a t i o n  i n  a g i v e n  env i ronment .  T h i s  d e t e r m i n a t i o n  h a s  
been d i f f i c u l t  b e c a u s e  i n  o r d e r  t o  s u s t a i n  t h e r m a l  c o m f o r t  a b a l a n c e  must be 
a c h i e v e d  between no l e s s  t h a n  s i x  p a r a m e t e r s :  

A i r  t e m p e r a t u r e  ( ta)  

A i r  v e l o c i t y  ( V )  

Mean r a d i a n t  t e m p e r a t u r e  (MRT) 

Vapor p r e s s u r e  i n  a i r  (P, 

f o r  t h e  environment  and 

A c t i v i t y  l e v e l  ( M )  

C l o t h i n g  (1) 

f o r  p e o p l e .  

The i d e a l  s o l u t i o n  would be  t o  d e t e r m i n e  t h e  expec ted  d e g r e e  of t h e r m a l  
s e n s a t i o n  w i t h  a s i n g l e  i n s t r u m e n t .  To e n a b l e  u s  t o  d o  t h i s ,  it is  n e c e s s a r y  
t o  have a w e l l  d e f i n e d  u n i t  t o  r e p r e s e n t  t h e  d e g r e e  of t h e r m a l  s e n s a t i o n .  

Such a u n i t  appeared i n  1 9 7 0  when Fanger d e f i n e d  t h e  PMV ( p r e d i c t e d  mean 
v o t e )  i n d e x l .  T h i s  i n d e x  g i v e s  t h e  expec ted  d e g r e e  o f  t h e r m a l  comfor t  i n  re- 
l a t i o n  t o  a l l  t h e  above mentioned s i x  t h e r m a l  p a r a m e t e r s .  

The PMV-index i s  based on F a n g e r ' s  comfor t  e q u a t i o n  from 1 9 6 7 ~  and t h e  u s u a l  
psycho-phys ica l  ASHRAE s c a l e .  Only t h i s  h a s  been  changed t o  form a s y m m e t r i c a l  
s c a l e  around z e r o .  

The PMV s c a l e  i s  t h e r e f o r e :  

+ 3  h o t  
+ 2 warm 
+ 1 s l i g h t l y  warm 

0 n e u t r a l  
- 1 s l i g h t l y  c o o l  
- 2 c o o l  
- 3 c o l d  

The comfor t  e q u a t i o n  d e s c r i b e s  t h e  c o n d i t i o n s  under  which a l a r g e  g roup  of 
p e o p l e  w i l l  on a v e r a g e  v o t e  f o r  z e r o  on t h e  above s c a l e .  The problem was t o  
combine t h e  c o m f o r t  e q u a t i o n  w i t h  t h e  d i f f e r e n t  d e g r e e s  of t h e r m a l  d i s c o m f o r t  
a s  g i v e n  on t h e  PMV s c a l e .  
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I t  i s  w e l l  known t h a t  t h e  organism i s  capable  of ma in t a in ing  a  h e a t  balance 
even when t h e  ambient temperature  v a r i e s  w i th in  wide l i m i t s .  Within a  r e l a -  
t i v e l y  narrow zone inc lud ing  t h e  comfort zone, t h e  h e a t  ba lance  i s  maintained 
by vasomotor a c t i o n ,  and under g r e a t e r  thermal  l oads ,  by sweat ing o r  s h i v e r i n g .  

It is reasonable  t o  presume, t h e r e f o r e ,  t h a t  t h e  degree o f  thermal  discom- 
f o r t  i s  c l o s e l y  r e l a t e d  t o  t h e  thermal  load which t h e  environment impresses  on 
t h e  person,  and consequent ly  t h e  degree of thermal  d i s comfor t  can  be expected 
t o  be a  f u n c t i o n  of t h e  thermal  load .  

Fanger has  def ined t h e  degree  of  thermal  d i scomfor t  ( t h e  PMV v a l u e )  a t  a  
given a c t i v i t y  l e v e l  a s  a  f u n c t i o n  of t h e  d i f f e r e n c e  between t h e  i n t e r n a l  h e a t  
p roduct ion  (metabolism) and t h e  h e a t  l o s s  t o  t h e  a c t u a l  environment from a 
person w i t h  s k i n  temperature  and sweat p roduct ion  cor responding  t o  thermal  
comfort  a t  t h e  a c t u a l  a c t i v i t y  l e v e l .  

I t  i s  now p o s s i b l e  t o  c a l c u l a t e  t h e  PMV va lue  f o r  a l l  combinations of t h e  
above-menti~ned s i x  thermal  c l i m a t e  f a c t o r s .  However, t h e  exp re s s ion  f o r  t h e  
c a l c u l a t i o n  of  t h e  PMV va lue  i s  s o  complicated t h a t  i t  i s  s u i t a b l e  on ly  f o r  
computer c a l c u l a t i o n .  Fange r l  has  c a l c u l a t e d  and given i n  t a b u l a r  form t h e  
PMV va lue  f o r  s i x  a c t i v i t y  l e v e l s ,  seven c10 va lues ,  n ine  a i r  v e l o c i t i e s ,  one 
r e l a t i v e  humidity and e i g h t  t empera tures .  The a i r  t empera ture  and t h e  mean 
r a d i a n t  temperature  a r e  assumed t o  be t h e  same. Cor rec t ion  diagrams a r e  given 
s o  t h a t  t h e  PMV value  can be determined f o r  o t h e r  humid i t i e s ,  and where t h e  
mean r a d i a n t  temperature  i s  n o t  equa l  t o  t h e  a i r  t empera ture .  

INSTRUMENTATION 

Over t h e  yea r s  many ins t ruments  have been developed t o  measure one o r  more of 
t h e  parameters  wi th  t h e  purpose of c a l c u l a t i n g  t h e  expected degree  of thermal  
comfort .  

The f i r s t  ins t rument  was Frankenhauser ' s  homeotherm developed i n  1910. 
La t e r  developments inc luded  Duf ton '  s eupatheoscope i n  19323, and Winslow' s 
thermal  i n t e g r a t o r  i n  19354. Many more a r e  named i n  t h e  l i t e r a t u r e ;  among t h e  
l a t e s t  i s  t h e  R meter,  developed a t  t h e  P i e r c e  Foundation Laboratory i n  New 
Haven a t  t h e  end of t h e  1 9 6 0 ~ ~ 5 .  With t h e  R meter it  i s  p o s s i b l e  t o  determine 
a i r  t empera ture ,  a i r  v e l o c i t y ,  mean r a d i a n t  temperature  p l u s  t h e  o p e r a t i v e  
temperature  and t h e  e f f e c t i v e  r a d i a n t  f i e l d .  

No ma t t e r  which of  t h e  above-mentioned ins t ruments  i s  used, it i s  s t i l l  
neces sa ry ,  a f t e r  measuring, t o  make c e r t a i n  a d d i t i o n a l  c a l c u l a t i o n s  and es t i -  
mates be fo re  a r r i v i n g  a t  t h e  expected thermal  s e n s a t i o n .  Moreover, on ly  a  li- 
mited number of t h e s e  i n s t rumen t s  is  a v a i l a b l e  i n  s c i e n t i f i c  l a b o r a t o r i e s ,  and 
they  a r e  t h e r e f o r e  n o t  r e a d i l y  a v a i l a b l e  f o r  t h e  p r a c t i s i n g  eng inee r .  

The Comfy-Test EQ 2 1 ~ ' ~  

Recent ly ,  a t  t h e  Thermal I n s u l a t i o n  Laboratory o f  t h e  Technica l  Un ive r s i t y  
of  Denmark, an ins t rument  has  been developed which, by d i r e c t  measurement o f  
t h e  p r e d i c t e d  mean vo te  ( t h e  PMV v a l u e ) ,  g ives  d i r e c t  in format ion  on t h e  occu- 
p a n t ' s  expected thermal  s e n s a t i o n .  The comfort  meter,  a v a i l a b l e  commercially,  
i s  i n  p r i n c i p l e  formed by t h e  i t ems  shown i n  F ig .  1, and i n  t h e  f i n a l  form it 
i s  shown i n  F ig .  4 .  A s  a c c u r a t e l y  a s  p o s s i b l e ,  a  s enso r  measures t h e  d r y  h e a t  
l o s s  from a  person i n  thermal  comfort  i n  t h e  given sur roundings  and wearing 
t h e  c l o t h i n g  a s  ad jus t ed  on t h e  ins t rument .  I n  o t h e r  words, it i s  a  s enso r  
which measures tar MRT, and v ' s  combined thermal  e f f e c t  on t h i s  person.  A con- 
t r o l  ins t rument  governs t h e  supply o f  h e a t  t o  t h e  s enso r ,  s o  t h a t  i t s  s u r f a c e  
tempera ture  remains c o n s t a n t l y  equa l  t o  t h e  average o u t e r  s u r f a c e  temperature  
of t h e  person i n  thermal  comfort  wearing t h e  c l o t h i n g  a s  se t  on t h e  i n s t rumen t .  
A new s e t t i n g  of  c l o t h i n g  w i l l  t h e r e f o r e  produce a  p a r t i a l  change i n  c a l c u l a -  
t i o n  va lue  f o r  t he  de t e rmina t ion  of PMV value  and a  p a r t i a l  change i n  t h e  s u r -  
f ace  temperature  s o  t h a t  it cor responds  t o  t h e  new c10 va lue .  

The ins t rument  a l s o  c o n t a i n s  an ana log  r e s i s t a n c e  network ( F i g .  2) which 
c a l c u l a t e s  t h e  t o t a l  h e a t  l o s s  from a person i n  thermal  comfort  i n  t h e  a c t u a l  



environment,  based upon t h e  measured d r y  h e a t  l o s s  and t h e  se t  vapor p r e s s u r e .  
By comparing, i n  t h e  network, t h e  d e s i r e d  h e a t  l o s s  w i t h  t h e  a c t u a l  a c t i v i t y  
l e v e l  a s  s e t  on t h e  i n s t rumen t ,  an e l e c t r i c a l  measuring va lue ,  a  v o l t a g e  d i f -  
f e r e n c e ,  is  obta ined  which shows d i r e c t l y  on a  meter t h e  d e s i r e d  PMV v a l u e .  

The Sensor  

The most t e c h n i c a l l y  i n t e r e s t i n g  p a r t  of t h e  new comfort  measuring dev ice  
i s  t h e  s enso r  i t s e l f .  The aim i n  deve loping  t h e  s enso r  was t o  ach ieve  an op- 
t i m a l  s imu la t i on  of a  person  from a thermal  p o i n t  of view. This  is achieved 
by a p p r o p r i a t e l y  s e l e c t i n g  t h e  s e n s o r ' s :  

s i z e  
shape 
o r i e n t a t i o n  
r a d i a t i o n  p r o p e r t i e s  
s u r f a c e  tempera ture  

S i z e .  The s i z e  i s  chosen s o  t h a t  t h e  r e l a t i o n s h i p  between t h e  h e a t  emi t t ance  
by convec t ion  and by r a d i a t i o n  i s  t h e  same a s  f o r  a  person .  According t o  
~ a n ~ e r l ,  t h e  e f f e c t i v e  r a d i a n t  a r e a  of a  person i s  only  0.7 t i m e s  a s  g r e a t  a s  
t h e  convec t ion  a r e a .  This  i s  due t o  t h e  f a c t  t h a t  a  r e c i p r o c a l  r a d i a t i o n  ex- 
change occurs  between some p a r t s  of  t h e  body, e . g .  between t h e  i n n e r  s i d e s  of 
t h e  l e g s  and between t h e  arms and t h e  s i d e s  of t h e  body. On t h e  o t h e r  hand, 
t h e  s e n s o r ' s  r a d i a t i o n -  and convec t ion-areas  a r e  e q u a l .  By now making t h e  
s e n s o r  s o  sma l l  t h a t  i t s  convec t ive  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  1/0.7 = 1 . 4  
t imes  a s  g r e a t  a s  man's,  t h e  c o r r e c t  r e l a t i o n  between t h e  s e n s o r ' s  convec t ive  
and r a d i a n t  h e a t  l o s s  is  ob ta ined .  The f a c t  t h a t  t h e  s e n s o r ' s  combined h e a t  
t r a n s f e r  c o e f f i c i e n t  i s  1 . 4  t imes  g r e a t e r  t han  a  p e r s o n ' s  h e a t  t r a n s f e r  coef-  
f i c i e n t  i n  t h e  same thermal  environment i s  c o r r e c t e d  w i t h i n  t h e  c a l c u l a t i n g  
u n i t .  

Shape And O r i e n t a t i o n .  The shape and o r i e n t a t i o n  o f  t h e  s enso r  a r e  s e l e c t e d  
w i t h  t h e  aim of ach iev ing  t h e  c o r r e c t  r a d i a t i o n  exchange between t h e  s enso r  
and i t s  sur roundings .  Table  1 shows t h e  r a d i a t i o n  a r e a  f a c t o r  i n  d i f f e r e n t  
d i r e c t i o n s  f o r  bo th  s enso r  and man. There i s  a  f a i r l y  good agreement between 
man and senso r  f o r  bo th  s t a n d i n g  and s i t t i n g  p o s i t i o n s ,  cor responding  t o  t h e  
s e n s o r  be ing  placed v e r t i c a l l y  and a t  an ang le  (30 deg )  t o  t h e  v e r t i c a l  re- 
s p e c t i v e l y .  The o r i e n t a t i o n  of  t h e  s e n s o r  can be chosen by s e t t i n g  t h e  c y l i n -  
d r i c a l  connec t ing  l i n k  between senso r  and t r i p o d .  

Rad ia t i on  P r o p e r t i e s .  The r a d i a t i o n  p r o p e r t i e s  a r e  chosen s o  t h a t  f o r  long- 
wave r a d i a t i o n  it cor responds  t o  t h e  absorp tance  f o r  bo th  a  nude and a  c l o t h e d  
pe r son .  For short-wave r a d i a t i o n  ( s o l a r )  t h e  absorp tance  depends on t h e  c o l o r  
of t h e  s u r f a c e .  One cannot  s i m u l a t e  persons  i n  bo th  l i g h t  and d a r k  c l o t h i n g  
w i t h  a  s i n g l e  s e n s o r .  The co lo r  of  t h e  s enso r  is  chosen s o  t h a t  it cor responds  
t o  uncovered s k i n  and r a t h e r  l i g h t  c l o t h i n g .  

Su r f ace  Temperature.  By means o f  t h e  measuring i n s t r u m e n t ' s  ad jus tment  knob 
f o r  c l o t h i n g  shown i n  F i g .  3 ,  t h e  r e g u l a t i n g  system f o r  c o n t r o l l i n g  t h e  s u r -  
f  a c e  tempera ture  of t h e  s enso r  c a n  be  v a r i e d ,  s o  t h a t  a f t e r  a  s h o r t  pe r iod  of 
ad jus tment  (approx 2 min)  i t  assumes t h e  same va lue  a s  t h e  mean o u t e r  s u r f a c e  
tempera ture  of a  person i n  thermal  comfort ,  w i t h  c l o t h i n g  cor responding  t o  
t h a t  se t  on t h e  i n s t rumen t .  I n  t h i s  c a s e  t h e  e f f e c t  conveyed t o  t h e  s enso r  
(w/m2)  becomes a  d i r e c t  measure f o r  t h e  p e r s o n ' s  d r y  h e a t  l o s s  t o  t h e  environ-  
ment. 

COMPARISON OF MEASUREMENTS 

A series of  s imul taneous  measurements have been made under d i f f e r e n t  c o n d i t i o n s  
o f t e n  encountered i n  p r a c t i c e ,  w i t h  t h e  aim of  comparing t h e  PMV v a l u e  measured 
d i r e c t l y  u s i n g  t h e  comfort  meter, w i t h  t h e  PMV va lue  c a l c u l a t e d  on t h e  b a s i s  of 
t h e  i n d i v i d u a l  environmental  parameters .  I t  was a l s o  d e s i r e d  t o  examine t h e  
i n f l u e n c e  t h a t  t h e  v a r i a t i o n  of  MRT and v have upon t h e  comfor t  meters  d e t e r -  
mina t ion  of PMV va lue .  



F a c i l i t i e s  And I n s t r u m e n t a t i o n  

The measurements were t a k e n  i n  two d i f f e r e n t  e n v i r o n m e n t a l  s i t u a t i o n s :  

A .  A Heavy Room I n s u l a t e d  From The Sur round ings  And S i t u a t e d  Underground. 
The room ( h x  l x b  = 2.5 x 7 . 2  X 6.0 m )  can be  h e a t e d  e l e c t r i c a l l y ,  b u t  t h e  
most  un i fo rm t h e r m a l  f i e l d  i s  o b t a i n e d  when t h e  room s t a n d s  f o r  s e v e r a l  
d a y s  w i t h o u t  h e a t  a d d i t i o n  ( i . e .  ta = MRT) and w i t h o u t  v e n t i l a t i o n  ( i . e .  
v < 0.05 m / s ) .  I n  t h i s  room t h e  l n d l v i d u a l  env i ronmenta l  p a r a m e t e r s  can 
b e  d e t e r m i n e d  w i t h  g r e a t  a c c u r a c y  (20.1 d q  C. I t  i s  t h e r e f o r e  p o s s i b l e  
f rom t h e  measurements i n  t h i s  room t o  d e t e r m i n e  t h e  measur ing  a c c u r a c y  
o f  t h e  comfor t  m e t e r .  

B. A North-Facing L a b o r a t o r y  Room ( h x  l x b  = 2.4 x 1 2 x  5.4 m ) .  The room had 
windows and a l s o  mechan ica l  v e n t i l a t i o n ,  and i n  o r d e r  t o  chanqe t h e  MRT, 
a  v e r t i c a l  b l a c k  p a n e l  r a d i a t o r  ( h x  l = 0.5  X 1 .75  m )  was p o s i i i o n e d  on 
one w a l l .  The s u r f a c e  t e m p e r a t u r e  o f  t h e  r a d i a t o r  was c o n t r o l l e d  by a  
t h e r m o s t a t i c  r e s e r v o i r  w i t h  p o s s i b i l i t i e s  f o r  b o t h  c o o l i n g  and h e a t i n g .  
The u s u a l  t e c h n i c a l  measur ing  problems can b e  expec ted  i n  t h i s  room i n  
c o n n e c t i o n  w i t h  d e t e r m i n a t i o n  of  t h e  i n d i v i d u a l  e n v i r o n m e n t a l  p a r a m e t e r s .  

The f o l l o w i n g  measur ing  equipment  was used f o r  d e t e r m i n i n g  t h e  i n d i v i d u a l  
e n v i r o n m e n t a l  p a r a m e t e r s  : 

ta was measured w i t h  a  c o p p e r - c o n s t a n t a n  thermoelement ,  28 g a g e s .  A l e n g t h  
o f  200 mm n e a r e s t  t h e  s o l d e r i n g  p o i n t  was wound i n t o  a s p i r a l  and su r rounded  
w i t h  a  p o l i s h e d  m e t a l  c y l i n d e r .  

MRT was measured w i t h  a  s i m i l a r  thermoelement  c e n t r a l l y  p l a c e d  i n  a  4 "  b l a c k  
g l o b e  o f  p o l y e t y  l e n .  

A i r  v e l o c i t y  ( v )  was measured w i t h  a  DISA h o t  w i r e  anemometer k55 sys tem w i t h  
a  measur ing  band 0.05-10 m / s .  

ta and MRT were measured and r e g i s t e r e d  on a  d i g i t a l  d a t a l o g  D i g i t e c  1590 TC 
which gave d i r e c t l y  t h e  t e m p e r a t u r e  i n  deg C t o  I d e c i m a l  p l a c e .  Dur ing 
c a l i b r a t i o n  w i t h  t h e  a c t u a l  thermoelements  t h e  a c c u r a c y  was found t o  be b e t -  
ter t h a n  50.2 deg C .  

MRT c a n  b e  c a l c u l a t e d  from t h e  formula:  

Tw = T  + 0.103 . 104 ,  / v ( t g  - t a )  ( p a g e  203 i n  Ref 8 )  
9  

With c o n v e r s i o n  t o  deg  C e n t i g r a d e ,  m / s  and t o  a  4  i n .  g l o b e  t h e  e x p r e s s i o n  
become s : 

(MRT + 2 7 3 ) 4  = ( t g  + 2 7 3 ) 4  + 0.272-10'- & ( t g  - t a )  

A computer was used t o  c a l c u l a t e  t h e  PMV v a l u e s  based on F a n g e r ' s  formula  
u s i n g  t h e  i n d i v i d u a l l y  measured e n v i r o n m e n t a l  p a r a m e t e r s .  The PMV v a l u e s  
c a n  a l s o  be  de te rmined  by i n t e r p o l a t i o n  i n  t h e  t a b l e s  o f  Ref 1. 

RESULT S 

The r e s u l t s  o f  t h e  above-mentioned measurements a r e  t a b u l a t e d  i n  T a b l e s  2-6. 
The PMV v a l u e  i s  measured and c a l c u l a t e d  f o r  5  a c t i v i t y  l e v e l s ,  2  c 1 0  v a l u e s  
and 2  a i r  v e l o c i t i e s .  

The r e s u l t s  i n  Tab le  2 a r e  d e r i v e d  from w e l l  d e f i n e d  e n v i r o n m e n t a l  parame- 
t e r s  (ta = MRT and v < 0.05 m / s ) .  

I n  T a b l e  3, t h e  s e n s o r s  r e a c t i o n  t o  a  p o i n t  r a d i a t i o n  s o u r c e  was i n v e s t i -  
g a t e d .  A 250 w a t t  i n f r a r e d  lamp was p l a c e d  1 .6  m from t h e  g l o b e ,  and s e n s o r  
and r e a d i n g  were  t a k e n  w i t h  ( A )  t h e  r a d i a t i o n  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  
s e n s o r ' s  a x i s ,  and w i t h  ( B )  t h e  r a d i a t i o n  d i r e c t i o n  p a r a l l e l  w i t h  t h e  s e n s o r ' s  
a x i s .  There  was a  s i g n i f i c a n t  d i f f e r e n c e  i n  PMV v a l u e  i n  t h e  two i n s t a n c e s ,  
a  d i f f e r e n c e  t h a t  a  p e r s o n  would f e e l  b u t  which i s  n o t  d i s c l o s e d  by t h e  g l o b e .  



A s i m i l a r  comparison was made i n  Table  4 ,  where t h e  PMV va lues  w e r e  measured 
w i t h  an a i r  f low pe rpend icu l a r  t o  t h e  s e n s o r ' s  a x i s  and p a r a l l e l  t o  t h e  s e n s o r ' s  
a x i s .  The a i r  f low was genera ted  by an ax i a l - f l ow  f an  wi th  v a r i a b l e  speed ,  
p laced  approx 2.5 m from t h e  s e n s o r .  The f a n  speed was a d j u s t e d  t o  g ive  an a i r  
v e l o c i t y  a t  t h e  s enso r  o f  1 .0  m / s .  I t  can  be  s een  from Table  4 t h a t  t h e  PMV 
v a l u e  i s  a lmos t  unaf fec ted  by t h e  d i r e c t i o n  of t h e  a i r  f low. Th i s  i s  i n  agree-  
ment w i th  Ref 9 which showed t h a t  t h e  p r e f e r r e d  ambient t empera ture ,  even when 
a t  an  a i r  v e l o c i t y  of  0.8 m / s ,  was a lmos t  una f f ec t ed  by t h e  d i r e c t i o n  from which 
t h e  a i r  f low came. This  must be due t o  t h e  convec t ive  h e a t  l o s s  be ing  indepen- 
d e n t  o f  t h e  a i r  f low d i r e c t i o n .  

Tables  5 and 6 show t h e  r e s u l t s  from room B .  The globe and t h e  s enso r  were 
p laced  symmetr ica l ly  and a t  t h e  same d i s t a n c e  (0.6 m)  from t h e  r a d i a t o r .  The 
e f f e c t  o f  va ry ing  r a d i a t o r  t empera ture  can  be s e e n  i n  Table  5. 

The a i r  v e l o c i t y  around t h e  s enso r  can be v a r i e d  by u s i n g  t h e  above-mentioned 
f a n .  The a i r  v e l o c i t y  was ad jus t ed  b e f o r e  each  measurement u s i n g  a h o t  w i r e  
anemometer and t h e  r e s u l t s  a r e  t a b u l a t e d  i n  Table  6 .  

.APPRAI SAL OF RESULTS 

The s t a n d a r d  d e v i a t i o n  ( S )  f o r  t h e  two measuring methods is  shown i n  Table  7 .  
The r e s u l t s  a r e  d iv ided  i n t o  3 groups:  

I The d i f f e r e n c e  between t h e  measured and t h e  c a l c u l a t e d  PMV va lues  i n  Table  2 
i s  presumably due t o  t h e  comfort  i n s t rumen t .  I ts  measuring accuracy under 
t h e s e  c o n d i t i o n s  is  k0 .05  PMV. 

I1 There i s  a l a r g e  d i f f e r e n c e  between senso r  and globe va lue  when measuring 
wi th  r a d i a t i o n  p a r a l l e l  t o  t h e  s e n s o r ' s  a x i s .  This  i s  due t o  t h e  f a c t  
t h a t  t h e  g lobe  t a k e s  no account  of a p e r s o n ' s  p r o j e c t e d  a r e a  f a c t o r ,  which 
v a r i e s  from 0.08 t o  0.35 depending on t h e  d i r e c t i o n  of  r a d i a t i o n .  The 
sensor ,  however, i s  developed t o  s i m u l a t e  a human be ing  and t h e r e f o r e  i n -  
c l u d e s  t h i s  v a r i a t i o n .  

I11 A t  t h e  remaining measurements, t h e  d e v i a t i o n  between t h e  two methods of  
measuring has  been c a l c u l a t e d  t o  k0.12 PMV. Comparing wi th  I ,  one must 
assume t h a t  t h e  measuring inaccuracy  i n  p r a c t i c a l  i n s t a n c e s  w i l l  be g r e a t e r  
when u s i n g  t r a d i t i o n a l  equipment than  when us ing  t h e  new in s t rumen t .  

I t  can be  g e n e r a l l y  s t a t e d  t h a t  a l l  t h e s e  measurements were made w i t h  wel l -  
c a l i b r a t e d  i n s t rumen t s  and under c o n s t a n t  thermal  c o n d i t i o n s .  I t  i s  r ea sonab le  
t o  suppose t h a t  a c t u a l  measurements i n  p r a c t i c e  w i l l  i n c l u d e  a g r e a t e r  e r r o r  
f o r  bo th  measuring methods. Non-steady-state  c o n d i t i o n s ,  however, w i l l  have 
much less e f f e c t  on t h e  Comfy-Test's measurements because t h i s  i n s t rumen t  a l -  
ways i n t e g r a t e s  t h e  cor responding  va lues  o f  ta, MRT and v ,  whereas t r a d i t i o n a l  
equipment canno t  measure a l l  parameters  a t  t h e  same p o s i t i o n  s imul taneous ly .  

The fo l l owing  w i l l  show t h a t  i n  p r a c t i c e  i t  i s  t h e  occupants  and n o t  t h e  
measuring equipment t h a t  sets t h e  l i m i t s  f o r  how a c c u r a t e l y  t h e  p r e d i c t e d  degree  
of thermal  comfor t  can be dec ided .  

Measuring Accuracy 

The mathematical  exp re s s ion  f o r  c a l c u l a t i n g  t h e  PMV va lue  i s  an e x c e l l e n t  
t o o l  f o r  c l o s e l y  ana lyz ing  t h e  needed accuracy  one should use t o  measure t h e  
p r e d i c t e d  deg ree  of  thermal  comfort ,  i n c l u d i n g  an e s t i m a t i o n  of t h e  j u s t i f i c a -  
t i o n  i n  n e g l e c t i n g  an a c t u a l  measurement of  water  vapor p r e s s u r e .  Th i s  omis- 
s i o n  i s  perhaps t h e  only a p p a r e n t l y  i l l o g i c a l  p a r t  of  t h e  i n s t r u m e n t ' s  cons t ruc-  
t i o n .  

The PMV va lue  can  be expressed  a s :  

PMV = f  (tar V ,  MRT, P,, M ,  1) 

where M and I cannot  be measured b u t  must be e s t ima ted  c o n s i d e r i n g  t h e  knowledge 



w e  have of t h e  a p p l i c a t i o n  o f  t h e  a c t u a l  space .  

Nei ther  M nor  I can be given wi th  g r e a t  accuracy . '  M v a r i e s  f o r  t h e  same ac- 
t i v i t y  from person t o  person depending on t h e  phys io log i ca l  and ergonometr ic  
c o n d i t i o n s ,  and I i s ,  among o t h e r  t h i n g s ,  dependent on t h e  f i t  of t h e  c l o t h i n g .  

Cons ider ing  these  c o n d i t i o n s  t h e  a d j u s t a b l e  va lues  on t h e  ins t rument  have 
been s e l e c t e d  a s  fo l lows  : 

For a c t i v i t y  l e v e l  ( M )  : 4 0 ,  50, 60, 70, 80, 90, 100, 

120,  1 4 0 ,  160, 180 and 200 (w/m2)  

and f o r  c l o t h i n g  ( I ) :  0 . 0 ,  0 .1 ,  0 .2 ,  0 .3 ,  0.4, 0 .5 ,  

0 . 6 ,  0.8, 1 . 0 ,  1 . 2 ,  1.5 and 2.0 ( c l o )  

Now t h e  unavoidable  u n c e r t a i n t y  i n  t h e  PMV value  a r i s i n g  from M and I can 
be determined according t o  t h e  c l a s s i c  measuring theory :  

2 PMV 
= l/ (F uM) + (i uI)  2  UpMV~ , I 

I n  Table  8 ,  uM I i s  c a l c u l a t e d  f o r  s e v e r a l  t y p i c a l  ad jus tments .  A s  can be 
seen  from the  t a b i e ,  t h e  va lue  i s  p r a c t i c a l l y  independent of t h e  s e l e c t e d  com- 
b i n a t i o n s .  The va lue  can  (wi th  good approximation)  be se t  a t  20.25 PMV. 

The degree  of combined u n c e r t a i n t y  o f  t h e  PMV value  w i l l  now depend on t h e  
fo l lowing  two f a c t o r s  : 

a .  The Ins t ruments  E r ro r  ( u p ~ v ~ ) .  Measurements i n  Tables  2-6 sugges t  t h a t  t h e  - 
comfort  m e t e r ' s  e r r o r  i s ,  i n  p r a c t i c e ,  less than 20.10 PMV. I f  we c a l c u l a t e  
wi th  u p ~ v ~  = '0 .10 PMV w e  o b t a i n :  

upmMtI + u p ~ v ~  =l 0.252 + 0 . 1 0 ~  = 20.27 PMV 

b .  Knowledge Of p,. p, can be ad jus t ed  w i t h  an accuracy of 2 1 mbar, i f  i t  i s  

measured a c c u r a t e l y  enough. According t o  Table 7 ,  t h i s  g ives :  

UPMV~a 
= 20.03 PMV and thereby  a  combined u n c e r t a i n t y  o f :  

U = V 0 . 2 5 ~  + O s l o 2  + 0.032 = 20.27 PMV 
PMV 

Even i f  p, i s  no t  known very  a c c u r a t e l y  bu t  i s  decided from a  rough know- 
l edge  of ta and RH, g iv ing  f o r  example: 

uta = 22 deg C and uRH = 210 p e r c e n t  

w e  o b t a i n  upa = 24 mbar and up = 20.12 PMV and thereby:  a  

upMV = l i O  .252 + 0.102 + 0 . 1 2 ~  = k0.29 PMV 

i . e . ,  a  moderate i n c r e a s e  ( 7  p e r c e n t )  of  t h e  combined u n c e r t a i n t y .  Th i s  
confirms t h a t  a c c u r a t e  knowledge of humidity is  n o t  necessary .  This  a p p l i e s  
however on ly  t o  those  comfort  measurements a t  lower a c t i v i t y  l e v e l s .  

DISCUSSION 

I n  p r a c t i c e ,  t h e  q u i t e  unp rec i se  knowledge of  a c t i v i t y  l e v e l  and c l o t h i n g  s e t  
a  minimum l i m i t  f o r  how a c c u r a t e l y  t h e  PMV va lue  can be determined f o r  a  given 



situation. At the same time, the dependence of the PMV value on namely these 
two parameters indicated the importance of always being aware of them when con- 
sidering a thermal environment. This is always the case when using the instru- 
ment described, which especially concentrates attention toward these two para- 
meters. The combination of M and I which will give optimal thermal comfort in 
the given environment can therefore be directly read from the instrument. This 
has a great psychological effect when persuading occupants that even the best 
indoor environmental systems may need a change in the personal parameters, 
especially clothing, if the thermal comfort is to be sustained under the same 
environmental conditions which satisfy the other occupants. 

The influence of vapor pressure on the PMV value is so minimal that an accu- 
rate measurement is unnecessary. An error of t4 mbar will give no significant 
increase in error of the PMV value. For example, if pa is selected as 12 mbar 
then the degree of error at t~ = 24 deg C will not be exceeded as long as the 
relative humidity lies between 27 and 54 percent. This explains the reason for 
omitting a humidity transducer in the instrument and setting pa directly. This 
also gives the possibility of showing the occupants how little effect pa has on 
the degree of thermal comfort. 

CONCLUSION 

1. The new comfort meter provides a quick, direct measurement of the predicted 
mean vote in a given space. 

2. Comparison with calculated PMV values based on separate measurements of the 
thermal parameters in typical environments shows good agreement. 

3. In cases where man is exposed to asymmetric radiation the comfort meter 
gives a better approximation to the PMV value than can be calculated from 
traditional measurements of the thermal parameters. 

4. Inaccuracy of a certain PMV value is due mainly to the fact that in prac- 
tice it is difficult to state activity level and clothing with great accu- 
racy. In order to compare different thermal environments, to measure the 
thermal effect produced by changes in the heating and ventilating system, 
as well as for the repreducibility of thermal environmental measurements 
in common, it is still important that the thermal parameters are measured 
accurately. 

5. The comfort meter measures the thermal effect of ta, MRT, and v, simul- 
taneously and at the same position; this gives a good reproduction especial- 
ly under non-steady-state conditions. 
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TABLE 1 

C o m p a r i s o n  B e t w e e n  t h e  P r o j e c t e d  A r e a  F a c t o r  f o r  Man 
a n d  S e n s o r  i n  S t a n d i n g  a n d  S e a t e d  P o s i t i o n s  

TABLE 2  

C a l c u l a t e d  a n d  M e a s u r e d  PMV V a l u e s ,  a t  We l l -Known  
E n v i r o n m e n t a l  P a r a m e t e r s  - Room A 

l- 

P a  

m b  ar  

1 0  

5 5 %  RH 

2 
U 

11% RH 

d i f f e r e n c e  

cal . mes . 
t 0 . 0 8  

0  . o  
- 0 . 0 3  

+ 0 . 0 3  

+O . 0 2  

+O . 0 2  

- 0 . 0 9  

- 0 . 0 4  

- 0 . 0 5  

- 0 . 0 1  

+ 0 . 0 3  

- 0 . 0 8  

t 0 . 0 1  

+O . 0 1  

PMV 

c a l c u l a t i o n  
from parmeters 

-1 - 9 0  

- 1 . 1 0  

-0 .18  

+O . 5 8  

-1 .74  

-0 .70  

- 0 . 1 4  

+O. 58  

+ 1 . 0 8  

- 2 . 0 1  

-0 - 8 6  

-0 .26  

+ 0 . 5 2  

+ 1 . 0 3  

I 

c l0  

1 . 0  

mas'aed by 
mart m t e r  

- 1 . 9 8  

-1 .10  

- 0 , 1 5  

+O . 5 5  

- 1 . 7 6  

- 0 . 7 2  

- 0 . 0 5  

+ 0 . 6 2  

+ 1 . 1 3  

- 2 . 0 0  

- 0 . 8 9  

- 0 . 1 8  

+ 0 . 5 1  

+ l  .02  

MRT 

0 C 

1 6 . 2  

1 6 . 2  

1 6 . 2  

v 

m/s 

< 0 . 0 5  

< 0 . 0 5  

( 0 . 0 5  

M 

W /m2 

8  0  

1 0 0  

1 4 0  

1 8 0  

6  0  

8  0  

1 0 0  

1 4 0  

1 8 0  

6  0  

8 0  

1 0 0  

1 4 0  

1 8  0  

a 

0 C 

1 6 . 2  

1 6 . 2  

1 6 . 2  



TABLE 3 

C a l c u l a t e d  a n d  M e a s u r e d  PMV V a l u e  
A :  W i t h  a R a d i a t i o n  F i e l d  a t  a  R i g h t  A n g l e  t o  t h e  A x i s  

B :  W i t h  t h e  Same R a d i a t i o n  F i e l d  A l o n g  t h e  S e n s o r  

TABLE 4 . 

r 

A 

C a l c u l a t e d  a n d  M e a s u r e d  PMV V a l u e s  
A :  W i t h  a n  A i r f l o w  a t  a  R i g h t  A n g l e  t o  t h e  S e n s o r ' s  A x i s  

B :  W i t h  t h e  Same A i r f l o w  A l o n g  t h e  A x i s  

P a  

mbar 

1 0  

I 

c10 

O S 5  

l e O  

M 

w/m2 

8  0  

100  

140  

1 8  0  

8  0  

1 0 0  

140  

180  

MRT 

O C 

1 6 . 1  A 

MRT 

0 C 

20 .4  

20 .6  

ta 

OC 

1 6 . 1  

1 6 . 1  

I 

c10 

0 . 5  

P a  

mbar 

1 0  

v 

m's 

1 . 0  

v 

m/s 

~ 0 . 0 5  

~ 0 . 0 5  

M 

w/m2 

1 0 0  

1 4 0  

1 8  0  

t a 

OC 

1 6 . 1  

d i f  f e r ewe  

''l.- 

- 0 . 1 6  

- 0 . 0 5  

- 0 . 0 1  

PlrW 

difference 

"l.- 

- 0 . 1 8  

0  . O  

+ 0 . 0 4  

+ O  . l1 
-- 

+O .06  

-0 .09  

-0 .04  

+O. 1 0  

PMV 

c a l c u l a t i o n  
£ran par-ters 

- 2 . 3 8  

- 1 . 1 6  

- 0 . 3 0  

ca lcu la t ion  
from paranetem 

- 1 . 4 2  

-0 .70  

+O. 20 

+ 0 . 9 2  

-0 .27  

+O. 1 6  

+O .84 

+1 .46  

rreasured by 
m o r t  meter 

-2.22 

-1.11 

- 0 . 2 9  

- 
x l ~ a s u r d  by 
a m f o r t  meter 

- 1 . 6 0  

- 0 . 7 0  

+O . l 6  

+O . 8 1  

- 0 . 3 3  

+o.  25' 

+O .88 

+ l .  36 



TABLE 5 

C a l c u l a t e d  a n d  M e a s u r e d  PMV V a l u e s ,  a t  t h e  T h r e e  
D i f f e r e n t  Mean R a d i a n t  T e m p e r a t u r e  L e v e l s  

t 

P a 

mbar 

I 

c10 

0 . 5  

M 

w/m2 

ta 

OC 

2 2  . O  

22  .l 

MRT 

c' C 

1 7 . 9  

2 2 . 6  

v 

m/s 

0 . 1 0  

0 . 0 8  

differerne 

c d c  . - m e a s  . 

+O . 0 1  

+O .07  

PMV 

ca l cu l a t i cm  
£run parmters 

-2 .07  

-1 .20  

masured by 
m o r t  mter 

- 2 . 08  

- 1 . 2 7  



T A B L E  6 

Calculated and Measured P M V  Values f o r  Different Air Velocities 

TABLE 7 

Calculation of Standard Deviation f o r  All Measurements 



TABLE 8 

T y p i c a l  E x a m p l e s  i n  D e v i a t i o n  o f  PMV V a l u e s  a s  a  R e s u l t  o f  t h e  
U n c e r t a i n t y  i n  t h e  G i v e n  V a l u e s  o f  A c t i v i t y  a n d  C l o t h i n g  

Sensor Calculating device 

M 

(w/rn2) 

6 0  

1 2 0  

1 8  0  

Air temperature 

Air velocity 

I 

( c l o )  

0 . 0  

0 . 5  

1 . 0  

1 . 5  

2 . 0  

0 . 0  

0 . 5  

1 . 0  

1 . 5  

2 . 0  

0 . 0  

0 . 5  

1 . 0  

1 . 5  

2 . 0  

Mean mdlant tempemture L eve l 
v L 

T 

a c t l v i t y  

Mecisurod pammatars Set parameters 

F i g .  1 P r i n c i p l e  o u t l i n e  o f  t h e r m a l  
c o m f o r t  m e t e r  

~ P M V  U 

M 

0 . 2 7  

0 . 2 2  

0 . 2 0  

0 . 1 9  

0 . 1 8  

0 . 2 8  

0 . 2 4  

0 . 2 2  

0 . 2 1  

0 . 2 1  
' 

0 . 2 4  
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DISCUSSION 

PROFESSOR F.H. ROHLES, Kansas S t a t e  Univ., Manhattan,KS: Have you s y s t e m a t i c a l l y  
v a l i d a t e d  t h e  r e a d i n g s  from your  mete r  a g a i n s t  r e s p o n s e s  from p e o p l e  i n  v a r i o u s  
env i ronments?  

MADSEN: Not s y s t e m a t i c a l l y .  A t  d e m o n s t r a t i o n s  o f  t h e  comfor t  meter t o  a n  aud i -  
e n c e  o f  up t o  one hundred p e o p l e ,  I have o f t e n  asked  t h e s e  peop le  t o  v o t e  accord-  
i n g  t o  F a n g e r ' s  PMV s c a l e .  Before  v o t i n g ,  t h e  a c t i v i t y  l e v e l  and t h e  c l o t h i n g  
were s e t  a t  t h e  i n s t r u m e n t ,  and a f t e r  t h e  v o t i n g  t h e  measured PMV v a l u e  was 
compared w i t h  t h e  a c t u a l  mean v o t i n g .  

On t h e s e  o c c a s i o n s  t h e r e  h a s  been a  v e r y  good agreement between v o t e  and 
measurement. But ,  of  c o u r s e  t h i s  s i t u a t i o n  i s  n e a r l y  t h e  same e v e r y  t i m e ,  abou t  
60 '/m2 and 0.8 - 1 . 0  c l o .  

A s  shown i n  my p a p e r ,  t h e r e  seems t o  be a  good agreement between t h e  PMV 
v a l u e s  measured w i t h  t h e  comfor t  m e t e r  and t h e  v a l u e s  c a l c u l a t e d  from measure- 
ments t a k e n  of t h e  d i f f e r e n t  t h e r m a l  p a r a m e t e r s .  I t  seems t o  me t h a t  t h e  c o r r e -  
l a t i o n  between t h e  PMV v a l u e  and t h e  t h e r m a l  s e n s a t i o n  o f  p e r s o n s  i n  d i f f e r e n t  
env i ronments  i s  indeed  f a l l i n g  w i t h i n  F a n g e r ' s  sphere .  

But ,  I a g r e e  t h a t  t h i s  ins t rument--because  o f  i t s  f a s t  r esponse  and good 
reproduc t iv i ty - -would  be a  good t o o l  t o  u s e  a s  a  p r a c t i c a l  check o f  t h i s  c o r r e l a -  
t i o n .  

PROFESSOR CHARLES KIPPENHART, U n i v e r s i t y  o f  Washington, S e a t t l e ,  WA: What a r e  
t h e  s p e c t r o l  c h a r a c t e r i s t i c s  o f  t h e  s e n s o r ,  p a r t i c u l a r l y  i n  t h e  l o n g  i n f r a r e d ?  

MADSEN: I n  t h e  l o n g  i n f r a r e d  r a d i a t i o n  a r e a ,  t h e  e m i t t a n c e  from t h e  s e n s o r  i s  
o f  a b o u t  0.96, o r  n e a r l y  t h e  same a s  t h a t  from t h e  human s k i n ,  o r  a  b l a c k  g lobe .  

KIPPENHART: I n  t h e  a y s y m e t r i c a l  r a d i a n t  f i e l d ,  t h e  g lobe  thermometer ,  which i s  
q u i t e  f l a t  g i v e s  a  h i g h e r  PMV. T h i s  would be  expec ted  i f  t h e  s e n s o r  l o n g  i n f r a  
a b s o r p t i v e l y  were less. S i n c e  o n l y  i n s t r u m e n t  r e a d i n g s  were compared, how can 
you s a y  t h a t  t h e  comfor t  m e t e r  PVM i n d i c a t i o n  i s  " b e t t e r " .  I would s a y  t h a t  
t h i s  would depend on how t h e  PMV g a t h e r e d  from p e r s o n s  s u b j e c t e d  t o  t h i s  env i ron-  
ment would v o t e .  

MADSEN: I n  Tab le  3A: " R a d i a t i o n  f i e l d  a t  a  r i g h t  a n g l e  t o  t h e  s e n s o r ' s  a x i s " ,  
you w i l l  f i n d  a  f a i r l y  good c o r r e l a t i o n  between t h e  PMV-values, c a l c u l a t e d  from 
g l o b e  measurements,  and measured w i t h  t h e  comfor t  meter .  I n  t h i s  c a s e ,  t h e  pro- 

j e c t e d  a r e a  f a c t o r  between t h e  g l o h e  and t h e  r a d i a t i o n  s o u r c e  i s  ( ' r' ) =0.25,  . d 2  
and between t h e  s e n s o r  and t h e  r a d i a t i o n  s o u r c e  t h e  p r o j e c t  a r e a  f a c t o r  i s  0.28 
( f rom t a b l e  l ) ,  o r  n e a r l y  t h e  same. 

I n  Tab le  3B:  " R a d i a t i o n  f i e l d  a l o n g  t h e  s e n s o r " ,  you w i l l  f i n d  a  s i g n i f i c a n t l y  
lower PMV-value when u s i n g  t h e  comfor t  m e t e r ,  t h a n  you w i l l  g e t  from g l o b e  
measurements. The r e a s o n  f o r  t h i s  d i f f e r e n c e  i s  t h a t  i n  t h i s  c a s e  t h e  s e n s o r  
h a s  a  p r o j e c t e d  a r e a  f a c t o r  a t  o n l y  0.08 i n  r e l a t i o n  t o  t h e  r a d i a t i o n  s o u r c e  ( s e e  
t a b l e  l ) ,  whereas  t h e  one of t h e  g l o v e  s t i l l  i s  of 0.25. 

A p e r s o n  s t a n d i n g  j u s t  below a  s p o t l i g h t ,  f o r  i n s t a n c e ,  may have t h e  same 
s m a l l  p r o j e c t e d  a r e a  f a c t o r  i n  r e l a t i o n  t o  t h i s  r a d i a t i o n  s o u r c e ,  and consequent-  
l y  t h e  s p o t l i g h t  w i l l  have o n l y  a  s m a l l  i n f l u e n c e  on h i s  h e a t  l o s s  - and on h i s  
PMV-value. A h o r i z o n t a l  r a d i a t i o n  s o u r c e  o f  t h e  same i n t e n s i t y  w i l l  change h i s  
h e a t  l o s s  much more on account  o f  t h e  much h i g h e r  p r o j e c t e d  a r e a  f a c t o r  o f  0.23 - 
0.35 (see t a b l e  l ) ,  and he  w i l l  t h u s  g e t  a  h i g h e r  PMV-value. 



Conc lus ion :  The e m i t t a n c e  i s  o f  a b o u t  0.96 f o r  b o t h  g l o b e ,  s e n s o r ,  and human 
b e i n g .  The s h a  e  o f  t h e  s e n s o r  i s  d e s i g n e d  i n  a  way t h a t  i t  h a s  n e a r l y  t h e  same 
p r o j e c t e d  a r e a  -3- a c t o r s  i n  d i f f e r e n t  d i r e c t i o n s  a s  t h e  human b e i n g ,  whereas  t h e  
g l o b e  h a s  t h e  same p r o j e c t e d  a r e a  f a c t o r  i n  a l l  d i r e c t i o n s .  

RICHARD PEFLEY, Mech Engr Dept Chairman, S a n t a  C l a r a  Univ., S a n t a  C l a r a ,  CA: I n  
a  s t i l l  a i r  env i ronment ,  s e d e n t a r y  p e o p l e  d i c t a t e  t h e  c o n v e c t i v e  c o e f f i c i e n t  by 
t h e i r  mot ions .  How i s  t h i s  e f f e c t  b u i l t  i n t o  t h e  i n s t r u m e n t ?  - 

MADSEN: You a r e  q u i t e  r i g h t ,  a t  h i g h e r  a c t i v i t y  l e v e l s  p e o p l e  a r e  moving; t h e  
s e n s o r  i s  n o t .  T h e r e f o r e ,  I have c a l c u l a t e d  t h e  a n a l o g i c a l  r e s i s t a n c e  network 
( F i g .  2 )  s o  t h a t  f o r  h i g h e r  a c t i v i t y  l e v e l s  (100 - 200 w / m 2 )  t h e  i n s t r u m e n t  w i t h  
t h e  s e n s o r  p l a c e d  i n  s t i l l  a i r  w i l l  c a l c u l a t e  a  PMV v a l u e  c o r r e s p o n d i n g  t o  0.15 
m / s  f o r  a c t i v i t y  l e v e l s  o f  100-120 and 140 w/m2 and  t o  0.2 m / s  f o r  160-180 and 
200 w/m2 .  I n  o t h e r  words ,  t h e  i n s t r u m e n t  w i l l  c a l c u l a t e  a  PMV v a l u e  which i s ,  
f o r  h i g h e r  a c t i v i t y  l e v e l s ,  s l i g h t l y  lower  t h a n  t h e  PMV v a l u e  c o r r e s p o n d i n g  t o  
s t i l l  a i r .  

NELS JONNES, 3M Co., S t .  P a u l ,  MN: What a r e  t h e  e n v i r o n m e n t a l  l i m i t s  o f  t h e  
comfy-meter? What a r e  t h e  c a p a b i l i t i e s  f o r  h e a t - s t r e s s  and f o r  c o l d - s t r e s s  
env i ronments?  

MADSEN: I t  i s  d i f f i c u l t  t o  s t a t e  any  e x a c t  e n v i r o n m e n t a l  l i m i t s .  These  a r e  
dependen t  on t h e  a c t u a l  a c t i v i t y  l e v e l  and c l o t h i n g .  However, I c a n  s t a t e  t h e  
o u t e r  l i m i t s  c o r r e s p o n d i n g  t o  t h e  l i m i t a t i o n  o f  t h e  PMV v a l u e  which can  be shown 
a t  t h e  mete r .  They a r e  -2.5 and + 2.5 PMV. 

I n  s t i l l  a i r  f o r  40w/m2 and 0.0 c10 you w i l l  f i n d  -2.5 PMV Q 2 8 O ~ ;  +2.5PMV Q 

3 4 O ~  and f o r  200 w/m2 and 2.0 c10 you w i l l  g e t  -2 .5  PMV % < - loOc; c2.5  PMV Q 

21oc 

I n  s i t u t a t i o n s  o f  h e a t  s t r e s s ,  t h e r e  can  b e  some problems a t  t h e  upper  end 
o f  t h e  PMV s c a l e  on a c c o u n t  o f  t h e  swea t  s e c r e t i o n ,  b u t  i n  t h i s  a r e a  we a r e  no  
l o n g e r  t a l k i n g  a b o u t  t h e r m a l  comfor t .  I n  c o l d  s t r e s s  env i ronments  t h e r e  w i l l  
be no problems a s  l o n g  a s  you a r e  a b l e  t o  s e t  t h e  c o r r e c t  c10 v a l u e  a t  t h e  i n -  
s t r u m e n t .  

PROFESSOR A.  PHARO GAGGE, John  B. P i e r c e  Founda t ion  L a b o r a t o r y ,  New Haven, CO: 
We have had some e x p e r i e n c e  u s i n g  v o u r  Comfimeter i n  t h e  f i e l d .  Dur ins  o u r  
s u r v e y s  o f  o f f i c e  workers  i n  t h e  GSA B u i l d i n g  i n  NYC d u r i n g  surmner 1974 and 
w i n t e r  1975,  we found t h e  Comfimeter had an " i n s t r u m e n t a l "  s e n s i t i v i t y  6 (PMV)/ 
GTaof 0 .33 + 0.02 cat/OC and proved i t s e l f  a s  c o n s i s t e n t  and w i t h  a  h i g h  tes t -  
r e t e s t  r e l i a b i l i t y  c o e f f i c i e n t .  I n  compar i son ,  t h e  o f f i c e  p e o p l e  su rveyed  
(approx .  500) by q u e s t i o n n a i r e  showed a n  o v e r a l l  t h e r m a l  s e n s i t i v i t y  o f  0.48 + 
0.04 cat/OC. These  o b s e r v a t i o n s  migh t  show t h a t  t h e s e  p e o p l e  were  s l i g h t l y  
more s e n s i t i v e  t o  changes  i n  t h e  Ta-environment t h a n  t h e  Comfimeter when u s e d  
a s  t h e  s e n s i n g  i n s t r u m e n t .  

We hope i n  t h e  f u t u r e  t h a t  a  d i r e c t  r e a d i n g  of O p e r a t i v e  Temperature  can  be 
i n c o r p o r a t e d  i n t o  t h e  mete r .  We f e e l  t h a t  a  To measurement i s  more m e a n i n g f u l  
i n  judq ing  Comfort t h a n  when T, and MRT a r e  used  i n d i v i d u a l l y .  

MADSEN: I am v e r y  g l a d  indeed  t o  h e a r  t h a t  my i n s t r u m e n t  h a s  been u s e d  i n  t h e  
f i e l d  a l s o  h e r e  i n  t h e  U.S. 

1. I n  F a n g e r ' s  book "Thermal ~ o m f o r t ~ l  on page  124 ( s e e  f i g . ) ,  aPMV/3ta i s  
shown f o r  d i f f e r e n t  a c t i v i t y  l e v e l s ,  c l o t h i n g s ,  
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Fig. 23. G(PMV):dt as  a f u n c t ~ o n  of the thermal resistance of the c l o t h ~ n g  ~ ~ t h  rel. velocity as  parameter, a t  three different a c t i ~ ~ t y  l e ~ e l s  
6(PMV)/dt  is determined for P M V  : 0 and ~ndicates  the increment of predicted mean vote.  hen air temperature ( -  mean r a d ~ a n t  tempera- 
ture)  is increased by I C .  (Constant vapour pressure.) 

figH,ACT I V f l  
M/AD,= 150kcolIhr m' 

and a i r  v e l o c i t i e s .  For  s e d e n t a r y  p e r s o n s  w i t h  0 .5  c10 and i n  s t i l l  a i r ,  
aPMV/ata = 0 .35  ~ a t / O c .  Higher  a c t i v i t y  l e v e l s  and h i g h e r  c10 v a l u e s  w i l l  g i v e  
even s m a l l e r  s e n s i v i t i e s .  Only a  h i g h e r  a i r  v e l o c i t y  w i l l  approach t h e  s e n s i v i -  
t y  t o  t h e  0 . 4 8  v a l u e  you found i n  t h e  GSA B u i l d i n g .  But t h e  a i r  v e l o c i t y  must  
be  h i g h  ( a b o u t  1 m / s )  i n  o r d e r  t o  g e t  0 .48  c a t / O ~ ,  and I d o n ' t  t h i n k  t h e  v e l o c i t y  
h a s  been t h a t  h i g h .  
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I t  seems t h a t  t h e  m e t e r  h a s  been i n  agreement  w i t h  F a n g e r ' s  PMV e x p r e s s i o n .  
But your  h i g h  v a l u e  f o r  aPMV/ata i n d i c a t e s  t h a t  t h e r e  is  some d i s c r e p a n c y  between 
t h e  PMV e x p r e s s i o n  and your  r e s u l t s .  One r e a s o n  c o u l d  be  t h a t  i n  t h e  GSA Bui ld -  
i n g  t h e r e  h a s  been v a r y i n g  a i r  v e l o c i t i e s  ( t u r b u l e n c e s ) .  T h i s  can p o s s i b l y  c a u s e  
a  narrowing of t h e  PMV s c a l e ,  and t h e r e b y  a n  i n c r e a s e d  aPMV/ata. There  i s  s t i l l  
a  l o t  o f  work t o  do  i n  t h i s  f i e l d .  

MEDIUM ACTIVITY 
M/A~,~100kc0I /h l  m' 

0  L 

03  03 

0 2 

2 .  F o r  t h e  t i m e  b e i n g ,  t h e  comfor t  m e t e r  i s  a b l e  t o  d i r e c t l y  measure  t h e  equ iva -  
l e n t  t e m p e r a t u r e ,  d e f i n e d  a s  t h e  e q u i v a l e n t  v a l u e  of a i r  t e m p e r a t u r e  and mean 
r a d i a n t  t e m p e r a t u r e  a t  a i r  ve1ocit .y n i l ,  which g i v e s  t h e  same d r y  h e a t  l o s s  from 
a  p e r s o n  a s  t h e  a c t u a l  combina t ion  of t h e s e  t h r e e  t h e r m a l  p a r a m e t e r s .  
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I t  would be  q u i t e  s i m p l e  t o  modify t h e  i n s t r u m e n t  f o r  d i r e c t  measur ing of  t h e  
o p e r a t i v e  t e m p e r a t u r e .  The s e n s o r  h a s  a l r e a d y  a  t empera tu re -dependen t  r e s i s t a n c e  
w i r e  a round  t h e  whole o f  t h e  s u r f a c e .  By u s e  of  t h i s ,  i n  a  measur ing b r i d g e  it 
w i l l  be p o s s i b l e  t o  d e t e r m i n e  t h e  a c t u a l  mean t e m p e r a t u r e  o f  t h e  unhea ted  s e n s o r ,  
and a s  a  r e s u l t  of t h e  shape  and t h e  r a d i a t i o n  p r o p e r t i e s  of  t h e  s e n s o r  t h i s  
would be t h e  o p e r a t i v e  t e m p e r a t u r e  i n  r e l a t i o n  t o  a  human b e i n g .  I s h a l l  t r y  t o  
make t h i s  m o d i f i c a t i o n  of  t h e  i n s t r u m e n t .  
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