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SYNOPSIS 

Measurements of t h e  a i r  temperature and a i r  v e l o c i t y  
w e r e  c a r r i e d  o u t  i n  four  bu i ld ings  without air-condi- 
t i o n i n g  using a newly developed anemometer whose 
s e n s i t i v i t y  al lows t h e  examination o f  t h e  dynamic 
behaviour of a i r  movements. Recent r e s u l t s  descr ib ing  
t h e  phys ica l  reasons of d r a f t  problems were employed 
i n  o rde r  t o  re-examine t h e  c o r ~ e l a t i o n  between a i r  
movements and d r a f t  problems i n  a  bui ld inq .  From t h e  
r e s u l t i n g  eva lua t ion  cr i ter ia  fol lows t h a t  bes ides ,  
t h e  environmental temperature and t h e  mean a i r  v e l o c i t y ,  
t h e  magnitude of t h e  t u r b u l e n t  f l u c t u a t i o n s  is  impor- 
t a n t .  Measured wi th  t h e s e  c r i t e r i a  t h e  a i r  movements 
of a l l  bu i ld ings  without a i r -condi t ioning  l i e  wi th in  
t h e  range of thermal comfort. The a i r  movements i n  most 
of t h e  bu i ld ings  with a i r -condi t ioning  l i e  a l s o  i n  t h e  
range of thermal comfort, however, almost ha l f  of  t h e  
va lues  l i e  wi th in  t h e  range of  thermal discomfort  o r  
i n  t h e  t r a n s i t i o n a l  range. This r e s u l t  co inc ides  a l -  
most e n t i r e l y  with t h e  r e s u l t s  from ques t iona i res  about 
t h e  thermal comfort i n  t h e  t e s t e d  bui ld ings .  The number 
of complaints about d r a f t  problems i s  s i g n i f i c a n t l y  
higher  i n  air-condi t ioned rooms than  i n  rooms without  
a i r -condi t ioning .  

1 .  BACKGROUND OF INVESTIGATIONS 

The following has been s t a t e d  i n  t h e  frame of a  German 
r e p r e s e t a t i v e  survey [ I ]  : I n  air-condi t ioned bu i ld ings  
t h e r e  a r e  s i g n i f i c a n t l y  more complaints about discom- 
f o r t  and h e a l t h  problems than  i n  no t  a i r-condi t ioned 
bu i ld ings  - and t h i s  c l e a r l y  i n  r e l a t i o n  with d r a f t  
phenomena. To v e r i f y  t h i s  s t a t e r e n t  i n  f i e l d  r e sea rch ,  
i n q u i r i e s  have been made i n  comparable c o l l e c t i v e s  
i n  seve ra l  bu i ld ings  with and without a i r -condi t ion  and 
simultaneously a  phys ica l  a n a l y s i s  of t h e  r e spec t ive  
indoor c l imate .  

2. REALIZATION OF INVESTIGATIONS 

2.1 Objects  inves t iga ted  and time of measurements 

Researches were made i n  t e n  d i f f e r e n t  bu i ld ings ,  p a r t l y  
with repeated measurements a t  d i f f e r e n t  t imes.  Table 1 
con ta ins  a  l i s t  of o b j e c t s ,  mentioning t h e  equipment 
with a i r - cond i t ion ,  t h e  exac t  t i m e s  of measurements 



Table  1: Survey of o b j e c t s  i n v e s t i g a t e d ,  ment ioning measuring t i m e  
and d a i l y  mean v a l u e  o f  outdoor  a i r  tempera ture .  

The outdoor  a i r  t empera tu res  were g iven  by t h e  German 
Weather S e r v i c e  (Deutscher W e t t e r d i e n s t ) .  

Outdoor 
a i r  temp. 
d a i l y  meag 
v a l u e  i n  C 

015  

0 1 0  
12 ,O 

-1 ,O 
12,O 

- 

14-,O 

Time o f  
measurement 

December 1983 

December 1983 
J u l y  1984 
- -- -- 

December 1983 
J u l y  1984 

wi thout  
a i r -  
cond . 

x 

___..___ 

Siemens-Gymnasium, 
Milnchen 

Sophie-Scholl-Ober- 
s chu le ,  Schbneberg, 
B e r l i n  

Grasser-Gymnasium, 
tliinchen 

Arbeitsamt , 
Heidelberg 

Xonzer tsaa l ,  
Miinchen 

w i t h  air- 

, 

Kopernikus Oberschule  
S t e g l i t z ,  B e r l i n  

Objec t  measured 

1. Oberschule  W i l -  
mersdorf ,  B e r l i n  

x 

x 

x 

x 

_ 

I 
cond . 

X 

Bezirksamt Wedding 
o l d  and new bu i ldg .  
B e r l i n  

Bezirksamt S t e g l i t z ,  
B e r l i n  

J u l y  1984 
- 

x 

x 

x 

x 

_._ 

March 1984 

J u l y  1984 

March 1984 

A p r i l  1984 

J u l y  1984 

-1 ,O 

12,O 

-2,5 

6,O 

17,O 



and t h e  r e s p e c t i v e  d a i l y  average va lues  of outdoor tem- 
pera ture .  The indoor c l ima te  systems a r e  i n  a l l  cases  
induct ion systems with c e i l i n g  a i r  o u t l e t s .  Most of t h e  
measurements were made i n  o f f i c e s  and c l a s s  rooms, i n  
one case i n  a b i g ,  a i r-condi t ioned concer t -ha l l  with 
630m2 of basa l  su r face  and about Ilm height .  

The measurements were made during severa l  per iods  
" t y p i c a l "  f o r  c l i m a t i z a t i o n  of rooms: winter  (December 
1983) , t r a n s i t i o n  time (March and Apr i l  1984) and 
summer ( Ju ly  1984).  Bas ica l ly  t h e  room s were t e s t e d  
without occupation, i n  case  of t h e  concer t -ha l l  with 
and without  o rches t ra .  

2.2 Measuring instruments  used 

2.2.1 Anemometer 

To make an exact  a n a l y s i s  of a i r  movements i n  l i v i n g  
q u a r t e r s ,  it i s  necessary t o  measure a i r  v e l o c i t i e s  
with hcigh r e s o l u t i o n ,  non-direct ional  and f a s t ,  s i n c e  
a i r  movements a r e  s u b j e c t  t o  permanent v a r i a t i o n s .  
Unt i l  r e c e n t l y ,  non-direct ional  measuring of a i r  velo- 
c i t i e s  (not  applying he re )  of 0 m / s  t o  0 ,5  m / s  was 
p r a c t i c a l l y  impossible 123 . The reason he re fo r  was 
a usua l ly  high temperature of t h e  anemometer sensor  of 
more than  1 0 0 ~ ~ .  The self-convect ion produced with 
downward cur ren t  a t  a v e l o c i t y  of up t o  0 , l  m / s  an 
ambiguous ( t h a t  i s  t o  say not  useable)  measuring s i g n a l  
and compared t o  t h e  ascending c u r r e n t  no t  t o l e r a b l e  
d i f f e r e n c e s  of measuring s i g n a l s  ( f i g .  1 ,  top)  . Only 
with t h e  developed anemometer working with comparative- 
l y  low sensor  temperature of about 4 0 0  C t3J  it i s  
poss ib le  t o  make non-direct ional  measurements of low 
a i r  v e l o c i t i e s  ( f i g . 1  bottom). I n  paragraph 3 it i s  
shown t h a t  e s p e c i a l l y  f a s t  changing of d i r e c t i o n s  and 
amount of a i r  v e l o c i t y  a r e  t h e  phys ica l  cause of 
d r a f t  phenomena. Therefore,  a f u r t h e r  e s s e n t i a l  r e -  
quirement t o  an anemometer i s  a s h o r t  time cons tant .  
The newly developed anemometer corresponds t o  t h i s  
requirement wi th  a time cons tant  of 10 m / s  ( f i g .  2 )  , 

2 . 2 . 2  A i r  t e m ~ e r a t u r e  measurina device 

To measure t h e  a i r  temperature,  a customary r e s i s t o r  
thermometer was used. 



air velocity  I m l s  I 

Figure 1: top: Calibration curves of a constant tem- 
perature anemometer heated up to 
c. 140OC. 

bottom:Calibration curves of a newly develo- 
ped anemometer heated up to 
c. 40°c, for ascending and downward 
air streams. 
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Figure 2: Anemometer measuring s i g n a l s  r e g i s t e r e d  
a t  t h e  same time and a t  t h e  same p l a c e  
with d i f f e r i n g  t ime cons tant .  

top: o l d e r  anemometer same a s  i n  f i g . 1  top  

bottom: newly developed anemometer same a s  
i n  f i g .  1 bottom. 



2.3 Reg i s t r a t ion  of measuring va lues  and evalua t ion  

I n  t h e  t e s t e d  rooms those  s p o t s  were chosen f o r  measure- 
ment were persons s tayed,  I n  t h e s e  a reas  measurements 
of a i r  v e l o c i t y  and a i r  temperature were g e n e r a l l y  
taken i n  t h r e e  l e v e l s  above f l o o r  l e v e l :  
0 , 2  m ,  about he ight  of ankles  
1 ,3  m ,  about he ight  of head when sea ted  
1 , 8  m ,  about he ight  of head when s tanding ,  

For s t a t i s t i c  eva lua t ion  of a i r  v e l o c i t y  measurements, 
t h e  measuring s i g n a l s  a r e  l ead  t o  a c l a s s i f i e r  and a r e  
scanned - always during c .  5 min. - i n  i n t e r v a l s  of 
about 0 , 3  seconds. The r e l a t i v e  cumulative frequency 
per  v e l o c i t y  c l a s s  can then  be read o f f -These  a r e  re- 
g i s t e r e d  i n  a GauR p r o b a b i l i t y  paper ( f i g .  3 ,  t o p )  . 
I n  a GauR normal d i s t r i b u t i o n  of a i r  v e l o c i t y ,  t h e  
entered  measuring p o i n t s  must be i n  a s t r a i g h t  l i n e ,  
which was t h e  case  here .  From t h e  p r o b a b i l i t y  paper t h e  
corresponding a i r  v e l o c i t y  mean va lues  (50 % va lues )  
and t h e  s tandard  d e v i a t i o n  ( d i f f e r e n c e  between 8 4  % 
and 50 % value)  can be read  o f f .  The quo t i en t  of these  
two va lues  i s  c a l l e d  turbulence  i n t e n s i t y  and i n  com- 
b ina t ion  wi th  t h e  average va lue  i s  used t o  judge 
d r a f t  phenomena ( see  par .  3 ) .  Both va lues  a r e  shown i n  
the  diagram i n  f i g .  3 ,  bottom, 

3. EVALUATION OF RESULTS 

A i m  of t h e  p resen t  researches  i s  an evalua t ion  of t h e  
s t a t e d  a i r  v e l o c i t i e s  with regard t o  d r a f t  phenomena. 
A s  mentioned above, t h e  mean value of a i r  v e l o c i t i e s  
a s  w e l l  a s  t h e  turbulence  thereof  a r e  e s s e n t i a l .  This 
i s  e x p l i c i t l y  explained i n  14% and presented b r i e f l y  
i n  t h e  following. 

3.1 Evaluation of r e s u l t s  cons ider ing  mean va lue  and t u r -  
bulence of a i r  v e l o c i t i e s  

When eva lua t ing  t h e  a i r  v e l o c i t y ,  we presume t h a t  
" d r a f t "  e x i s t s  from t h e  moment when t h e  convect ive l o s s  
of hea t  of  man becomes as g r e a t  as t o  be d i sagreab le  
and/or t h e  su r face  temperature drops too  low. From t h e  
physical  p o i n t  of view, t h e  convect ive surface-heat-  
t r a n s f e r  c o e f f i c i e n t  and t h e  surrounding temperature 
a r e  respons ib le  he re fo r .  

I n  t h e  c i t e d  r e p o r t  / 4 ] ,  f i r s t  measurements a t  a heated 
a r t i f i c i a l  head with a i r  stream t o  t h e  f r o n t  show a 
pa rabo l i c  r e l a t i o n  between product of mean a i r  v e l o c i t y  



alr v e l o c i t y  [rnlsl 

Fi~ure 3: Cumulative frequency and turbulence intensity - 
of air velocities measured in a room, 
The hyperbola from the bottom figure can be 
taken from figure 5, in this case a surroun- 
ding temperature of 21 ,5 OC. 



and turbulence  i n t e n s i t y  on t h e  one hand and t h e  con- 
v e c t i v e  l o s s  of hea t  ( sur face-heat - t ransfer  c o e f f i c i e n t )  
on t h e  o t h e r  hand ( f i g .  4 ) .  Taking f u r t h e r  i n t o  con- 
s i d e r a t i o n  

- former exemplary indoor c l ima te  measurements i n  a i r -  
condi t ioned o f f i c e s  and c lean  rooms, where, f o r  2 2 O ~  
surrounding temperature a maximum admissible  surface-  
heat- t ransf  er c o e f f i c i e n t  of about 12 iT7/m2K was found 
[4] (do t t ed  l i n e  i n  f i g .  4 ) ,  a s  w e l l  a s  

- t h e  hea t  balance equat ion f o r  dry  hea t  l o s s  presented 
i n  S 4 3  , 

f i g u r e  5 can be derived.  I n  t h i s  diagram t h e r e  a r e  - 
s i m i l a r  t o  f i g .  4 ,  bottom - t h e  maximum admissible  
va lues  of t h e  convect ive sur face-heat - t ransfer  coe f f i -  
c i e n t  f o r  t h e  d i f f e r e n t  surrounding temperatures ( top  
margin of f i g . ) .  The curves a r e  hyperbola,  s i n c e  t h e  
c o e f f i c i e n t s  according t o  f i g u r e  4 a r e  determined by 
t h e  product of turbulence  i n t e n s i t y  and mean a i r  velo- 
c i t y  ( r i g h t  margin i n  f i g .  5) , 

A comprehensive p r e s e n t a t i o n  of a l l  measuring r e s u l t s  
and eva lua t ion  i s  shown on f i g u r e  6, top.  By means of 
t h e  r e l a t i o n  shown i n  f i g u r e  4 ,  t h e  r e spec t ive  convec- 
t i v e  sur face-heat - t ransfer  c o e f f i c i e n t s  can be computed 
from t h e  va lues  of  mean a i r  v e l o c i t y  and turbulence 
i n t e n s i t y ,  I n  f i g u r e  6,  t o p ,  t h e  convective surface-  
hea t - t r ans fe r -coe f f i c i en t s  a r e  r e g i s t e r e d  wi th  t h e  
measured surrounding a i r  temperatures ,  D i s t i n c t i o n  i s  
made between va lues  measured i n  air-condi t ioned and 
unair-conditioned bui ld ings .  Furthermore, an evalua t ion  
curve i s  drawn, l i m i t i n g  t h e  t o p  of s t i l l  comfortable 
( f r e e  of d r a f t )  combinations of values.  This curve is  
easy t o  be der ived  from f i g u r e  5. 

It is obvious t h a t  t h e  va lues  measured i n  unair-condi- 
t ioned rooms a r e  lower than  those  i n  air-condi t ioned 
rooms. I n  t h e  "comfortable" range (below t h e  l i m i t i n g  
curve) l i e  almost a l l  va lues  of unair-conditioned rooms. 
Not q u i t e  h a l f  of  t h e  va lues  of a ir-condi t ioned rooms 
a r e  i n  t h e  "uncomfortable" range, many i n  he ight  of t h e  
l i m i t i n g  curve,  some even higher .  For unair-conditioned 
t h e  convect ive sur face-heat - t ransfer  c o e f f i c i e n t s  rooms 

ranged between 7 V7/m2K and 10 ~ / m 2 ~ ,  average about 
8 , 5  W m2K; f o r  t h e  a i r -condi t ioned rooms c .  between 6 7 P/m K and 15 17/m2~,  average about 11 ~ / m 2 ~ .  This 
r e s u l t  co inc ides  with t h e  r e s u l t s  of i n v e s t i g a t i o n s  
i n  t h e  t e s t e d  nine o b j e c t s ,  saying t h a t  i n  rooms with 
a i r - cond i t ion  t h e r e  a r e  considerably more complaints 
about d r a f t  than i n  rooms without a i r -condi t ion .  



standard deviation Tu + V g e / @  = s [ m l s 1 

Figure 4 :  Measured c o r r e l a t i o n  between convective sur- 
face-heat - t ransfer  c o e f f i c i e n t  and t h e  pro- 
duct  of turbulence i n t e n s i t y  and mean a i r  
v e l o c i t y ,  i , e .  t h e  s tandard dev ia t ion  of 
a i r  motion ( d o t s ) ,  a s  we l l  a s  computed 
c o r r e l a t i o n .  

otK: convect ive sur face-heat - t ransfer  coe f f .  

s : standard dev ia t ion  

%K: convective sur face-heat - t ransfer  
c o e f f i c i e n t  with self-convect ion.  
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Figure 5: Corre la t ion  between turbulence i n t e n s i t y  
and mean a i r  v e l o c i t y  i n  d i f f e r e n t  surroun- 
ding temperatures.  ~t t h e  t o p  margin of t h e  
f i g u r e  t h e r e  i s  t h e  maximum admissible  
convective sur face-heat - t ransfer  c o e f f i c i e n t  
presented i n  - d i f f e r e n t  surrounding tempe- 
r a t u r e s ,  found on t h e  b a s i s  of p rov i s iona l  
measuring r e s u l t s  i n  1 . 

v50 % : mean a i r  v e l o c i t y  o r  50 %-value 



a with air conditioning 
4 natural ventilatid 

surrounding temperature [OC 1 

Figure 6: top: Convective surface-heat-transfer 
coefficients depending on surroun- 
ding temperatures, as well as 
evaluation curve acc. to figure 5. 

bottom: Mean air velocities and surrounding 
temperatures, as well as evaluation 
curve according to DIN 1946, part 2 
131 - 



Complaints about d r a f t ,  more f requent  i n  summer, can be 
explained by t h e  a i d  of f i g u r e  6 .  Presuming t h a t  t h e  
convect ive sur face-heat - t ransfer  c o e f f i c i e n t s  remain 
b a s i c a l l y  independant of t h e  season - t h e  p resen t  
r e s u l t s  a r e  confirming t h i s  - t h e  a i r  temperature e ,g .  
I ~ O C ,  t h e  maximum admissible  va lue  of 6 w / m 2 ~  ( f  ig .5)  
i s  surpassed i n  any case.  However, a i r  temperatures of 
18 O C i n  t h e  a r e a  of a i r  o u t l e t s  must be expected i n  
summer. 

3.2 Evaluat ion of r e s u l t s  according t o  D I N  1946 

The usual  eva lua t ion  of a i r  motions according t o  D I N  
1946, p a r t  2 [5] depends s o l e l y  on t h e  average a i r  
v e l o c i t y  and a i r  temperature.  I n  f i g u r e  6, t h e  measured 
va lues  and t h e  evalua t ion  curve according t o  D I N  a r e  
en tered  i n  a corresponding diagram. 

It can be s t a t e d  t h a t  t h e  measured va lues  i n  t h e  range 
of t h e  DIN-curve, i .e .  above 220C a i r  temperature,  a r e  
admissible  - i n  accordance with f i g u r e  6,  top ,  A l l  
measured va lues  with a i r  temperatures below 2 2 O ~  would 
be "forbidden" according t o  t h e  curve. Since almost 
ha l f  of a l l  measuring va lues  a r e  wi th in  t h i s  range of 
temperature,  t h e  p resen t  DIN-evaluation curve does no t  
seem appropr ia t e  f o r  p r a c t i c e .  I f  t h e  DIN-curve was 
continued t o  t h e  bottom with cons tan t  i n c l i n e ,  almost 
a l l  measuring po in t s  would l i e  below t h e  extended curve. 
This  would show a more o p t i m i s t i c  eva lua t ion  than  
following t h e  curve i n  f i g u r e  6 top .  

4 .  SUMRY AND CONCLUSIONS 

Measurements of a i r  v e l o c i t y  and a i r  temnerature were 
c a r r i e d  o u t  i n  four  o b j e c t s  with a i r - cond i t ion  and i n  
s i x  o b j e c t s  without a i r  condi t ion .  The measurements 
were made i n  60 measuring s p o t s ,  i n  t h e  he ight  of 
0,2 m (ankle)  , 1 ,3m (head when sea ted)  , 1,8  m (head 
when s t a n d i n g ) .  A newly developed anemometer was used 
here  which e s p e c i a l l y  permits  t o  analyse a i r  motions 
regarding t h e i r  dynamic behaviour. New test  r e s u l t s  
(some s t i l l  t o  be completed) descr ib ing  t h e  phys ica l  
causes f o r  d r a f t  phenomena were employed t o  examine 
t h e  causa l  c o r r e l a t i o n  between a i r  motion and d r a f t  
phenomena. Resul t ing evalua t ion  c r i t e r i a  showed t h a t  
bes ides  t h e  a i r  temperature (surrounding temperature) 
and t h e  temporal mean va lue  of a i r  motion, t h e  turbu- 
lence  i n t e n s i t y  a s  wel l  i s  d e c i s i v e  f o r  d r a f t  phenomena. 



Measured wi th  t h e s e  c r i t e r i a  p r a c t i c a l l y  a l l  a i r  motiom 
i n  bu i ld ings  without a i r - cond i t ion  are wi th in  t h e  com- 
f o r t a b l e  range. The majo r i ty  of a i r  motions measured i n  
bu i ld ings  wi th  a i r - cond i t ion  i s  i n  t h e  comfortable 
range. L e s s  than  ha l f  of t h e  measuring va lues  a r e  i n  
t h e  uncomfortable range, many c l o s e  t o  t h e  comfort 
l i m i t i n g  curve ,  some c l e a r l y  above. This  r e s u k c o i n -  
c i d e s  wi th  r e s u l t s  of o t h e r  i n v e s t i g a t i o n s  i n  t h e  tes- 
t e d  bu i ld ings ,  saying t h a t  i n  rooms with a i r - cond i t ion  
t h e r e  a r e  more complaints about d r a f t  phenomena t h a n  
i n  unair-conditioned rooms. Other than  t h e s e  new crite- 
r i a  of comfort ,  t h e  v a l i d  D I N  1946 does not  cons ider  
temporal dynamic behaviour of a i r  v e l o c i t i e s ,  It must 
be added, t h a t  =cording h e r e t o ,  a i r  temperatures below 
2 2 O ~  would not  be admissible ,  

Fur ther  s t e p s  have t o  be taken t o  e l imina te  complaints 
i n  air-condi t ioned bu i ld ings  and from t h e  p r e s e n t  in- 
v e s t i g a t i o n s  t h e  fol lowing conclusions can be drawn: 

4.1 The c r i t e r i a  used up t o  t h e  p resen t  f o r  eva lua t ion  of  
a i r  v e l o c i t i e s  a r e  incomplete. 

4.2 The dynamic behaviour of a i r  motions ( turbulence)  must 
be taken i n t o  cons idera t ion .  

4.3 Due t o  t h e  phys ica l  test r e s u l t s ,  it seems more rea- 
sonable t o  apply t h e  convect ive sur face-heat - t ransfer  
c o e f f i c i e n t  t h a n  t h e  a i r  v e l o c i t y  as measuring u n i t  
f o r  eva lua t ion  of d r a f t  phenomena, 

4 , 4  The phys ica l  i n v e s t i g a t i o n s ,  including t h e  dynamic be- 
haviour of a i r  motions i n  rooms, must be completed and 
s u b t i l i z e d  t o  confirm t h e  provis ional  marginal comfort 
values.  To t h i s  aim a l s o  gsycho-physical i n v e s t i g a t i o n s  
a r e  required.  Above a l l ,  t h e r e  must be sys temat ic  re-  
searches t o  f i n d  o u t  whether d r a f t  phenomena a r e  t h e  
s o l e  cause f o r  complaints o r  whether o t h e r  causes a s  
wel l  ( f . i .  minor a i r  q u a l i t y )  have any inf luence .  

.5 From t h e  t e c h n i c a l  p o i n t  of view w e  have t o  f i n d  o u t  
p r e c i s e l y  whether t h e  complaints a r e  due t o  b a s i c  
d e f i c i e n c i e s  of indoor c l ima te  i n s t a l l a t i o n s  o r ,  
whether t h e  i n s t a l l a t i o n s  do not  reach  t h e  d e s i r e d  
va lues  i .e . ,  whether they are badly serv iced  and 
adjus ted .  
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