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SPATIOTEMPORAL CONTROL OF MECHANICAL EXHAUST AIR 
VENTILATION 

Synopsis 

Centrally controlled mechanical exhaust air ventilation 
systems in residential buildings can satisfactorily 
serve only a few of the inhabitants. As the need for 
ventilation in each apartment varies both temporally 
and locally, the exhaust air ventilation system should 
operate accordingly. 

On the basis of a new cascade-control method a selfcon- 
tained constant flow exhaust air terminal device was 
constructed. With the device the user can, according 
to his own needs, increase temporarily his own exhaust 
air ventilation, 

The new terminal devices are suitable for a spatiotem- 
porally controlled mechanical exhaust air ventilation 
system provided that the ducts are tight, the pressure 
in the ducts is within the operation range of the ter- 
minal devices in all points of operation, and the in- 
side of the building is tight. 

1 INTRODUCTION 

The mechanical exhaust air ventilation systems in res- 
idential buildings in Finland are usually constructed 
as so called two-speed systems. By changing the speed 
of rotation of the fan the flow rate of the exhaust air 
may be reduced to half of its statutory value at hours 
during which the need for ventilation is considered to 
be lower. In practise the result is that the higher 
flow rates are used only when there is considered to be 
a common demand for increased ventilation. The cen- 
tralized control systems, however, can satisfactorily 
serve only a few of the inhabitants. As the need for 
ventilation in each apartment varies both temporally 
and locally the exhaust air ventilation systems should 
operate accordingly. 

With the new cascade control system based on exploita- 
tion of the flow's own pressure energy it had become 
possible to build a selfcontained constant flow exhaust 
air terminal device with which the inhabitant can increase 
his own exhaust air ventilation rate. Twenty-five con- 
stant flow terminal devices were built for the investi- 
gations. Their technical properties and suitability 
for a spatiotemporally controlled exhaust air ventila- 
tion system were studied both in the laboratory and in 
one small residential house that previously had been 
equipped with centralized control of exhaust air venti- 
lation. No effort was made to construct a terminal de- 
vice ready for industrial production. 



2 CASCADE CONTROL METHOD 

Cascade control is a new method /I-11/ for conditioning 
and/or control of a fluid flow by exploiting the pres- 
sure difference created by the flow itself. Cascade 
control is based on a flow condition according to Fig- 
ure 1. An intermediate chamber is arranged in the flow 
duct, which is connected to the inlet space having 
higher pressure (pl) with orifice dl and with orifice 
d2 to the outlet space having lower pressure (p3). The 
system is characterized by that 

where 

p1 is inlet pressure 

p2 intermediate pressure 

p3 outlet pressure 

dl diameter of the inlet orifice 

d2 diameter of the outlet orifice 

k flow loss factor. 

Figure 1. Flow condition in cascade control. 

By equipping the intermediate chamber with a flexible 
wall allowing linear motion, by fastening the other end 
of the flow duct and by controlling with the aid of a 
shaped control cone for instance the free space of the 
outlet orifice (d2 = dekv) we get a certain position 
between the opening and the control cone to correspond 
to each pressure difference (pi - p3), Figure 2. 



MOTION 
I 

Figure 2 .  Cascade where t h e  wal l  i n  t h e  intermediate  
chamber is  f l e x i b l e  and t h e  a rea  of o u t l e t  
o r i f i c e  d2 i s  c o n t r o l l e d  with t h e  a i d  of a  
c o n t r o l  cone. 

In  t h e  a p p l i c a t i o n  t h e  s i g n  of t h e  exponent on t h e  
r i g h t  s i d e  of equat ion 1 is  minus ( - ) .  In  o t h e r  appl i -  
c a t i o n s  t h e  s i g n  i s  according t o  each case e i t h e r  p lus  
( + )  o r  minus ( - )  . 
The s t r u c t u r a l  p r i n c i p l e  of t h e  se l fconta ined  cascade 
c o n t r o l l e d  cons tan t  flow exhaust a i r  terminal  devices  
used i n  t h i s  i n v e s t i g a t i o n  i s  shown i n  Figure 3 .  The 
intermediate  chamber of t h e  cascade c o n s i s t s  of a  main 
valve cone moving on a  l i n e a r  bearing.  The movable 
valve cone i s  by a  r o l l i n g  membrane joined t o  t h e  un- 
movable p a r t  of t h e  in termedia te  chamber. The c o n t r o l  
cone has been shaped so  t h a t  such a  p o s i t i o n  of t h e  
movable main va lve  cone corresponds t o  each pressure  
d i f f e r e n c e  va lue  p, - p3 t h a t  t h e  main a i r  flow of t h e  
exhaust a i r  t e rmina l  device  i s  cons tant .  

A system has been connected t o  t h e  cons tant  flow termi- 
n a l  devices  wi th  which t h e  con t ro l  a i r  i n l e t  o r i f i c e  d  
can be c losed ,  Then t h e  main valve cone opens t o  a  1 

f ixed  open p o s i t i o n  and t h e  main flow i s  increased .  In  
t h i s  p o s i t i o n  t h e  device is  no t  a  cons tant  flow t e r m i -  
n a l  device.  

To prevent  d i r t  from accumulating i n  t h e  l i n e a r  bearing 
and c o n t r o l  a i r  o r i f i c e s  t h e  c o n t r o l  a i r  d i r e c t e d  t o  
the  in termedia te  chamber i s  f i l t e r e d .  



1 Movable main va lve  cone p, Room pressure  
2 Roll ing membrane p2 Intermediate  chamber 
3  Shu t t e r  of  c o n t r o l  a i r  pressure  

i n l e t  o r i f i c e  d l  con- 
t r o l l e d  by a t imer  p, Duct pressure  

J 

4 Linear  bear ing  d l  Control a i r  i n l e t  o r i f i c e  
5 Spring 
6 Shaf t  d2 Control  a i r  o u t l e t  o r i f i -  
7 Control  cone c e  
8 Intermediate  chamber 
9 A i r  f i l t e r  

Figure 3 .  S t r u c t u r a l  p r i n c i p l e  of a  cascade c o n t r o l l e d  
se l fcon ta ined  cons tant  flow exhaust a i r  ter- 
minal device.  

3  PRINCIPLES OF CONSTANT FLOW TERMINAL DEVICE D E S I G N  

The cons tan t  flow te rmina l  devices  w e r e  designed on t h e  
b a s i s  of t h e  c e n t r a l l y  c o n t r o l l e d  exhaust a i r  v e n t i l a -  
t i o n  system used i n  t h e  t e s t  bui ld ing ,  t h e  a i r  flow 
r a t e s ,  t h e  coupling s i z e s  of t h e  o r i g i n a l  exhaust  a i r  
t e rmina l  devices ,  and t h e  evaluated p ressu res  of t h e  
exhaust  a i r  fan .  

The a i r  flows of t h e  cons tant  flow terminal  devices  
w e r e  determined on t h e  b a s i s  of t h e  device based ex- 
haust  a i r  flows expressed i n  m3/h and presented i n  t h e  
Compiled Finnish Building Regulations as fol lows:  



Constant flow Increased flow Coupling 
m3/h dm3/s m3/s dm3/s s i z e ,  rnm 

I n  k i t chen  40 11, l  - > 80 - > 22,2 125 
In bathroom 30 813 - > 60 - > 16,7 100 

The cons tan t  flow te rmina l  devices  had t o  opera te  with- 
i n  t h e  p ressu re  d i f f e r e n c e  range 100 - 200 Pa, of which 
t h e  a c t u a l  working range w a s  eva lua ted  t o  be 125 - 175 
Pa. 

Di f fe ren t  models were made of each cons tan t  flow t e r m i -  
n a l  device type  both f o r  w a l l  and c e i l i n g  i n s t a l l a t i o n .  
Bas ica l ly  t h e  d i f f e r e n t  models w e r e  s i m i l a r ,  bu t  those 
of smal ler  a i r  flow had been t h r o t t l e d  more. The t i m e  
f o r  increased  a i r  flow had been l i m i t e d  t o  about 50 
minutes with a t imer.  D i f f e r e n t  t e c h n i c a l  s o l u t i o n s  
( so  c a l l e d  cord,  mechanical, and a i r  c o n t r o l )  w e r e  used 
t o  set t h e  t e rmina l  devices  on increased  flow, Figure 4,  

Figure 4 .  Two models of cons tan t  flow exhaust a i r  t e r -  
minal devices ,  To t h e  l e f t  i s  t h e  a i r  oper- 
a t e d  model, The t i m e r  and t h e  c o n t r o l  a i r  
o r i f i c e  dl  a r e  i n  a s e p a r a t e  u n i t ,  To t h e  
r i g h t  i s  t h e  cord  opera ted  model. The cord 
t o  t h e  t i m e r  i s  not  i n s t a l l e d .  



4 PERFORMaNCE OF CONSTANT FLOW TERMINAL DEVICES 

4 .  I A i r  flow 

The aim was to build the constant flow terminal devices to 
within 2 5% air flow accuracy. As it was not possible during 
construction, due to production technical reasons, to realize 
all the known operation sensitivity affecting details (for 
instance mass centre of moving parts and rolling membrane 
dimensions) of the prototype terminal devices, the k 10% 
accuracy sufficient for the air flows of ventilation install- 
ation was deemed satisfactory. 

Within t h e  pressure  d i f f e r e n c e  range 100 - 200 Pa t h e  
accuracy of  t h e  a i r  f low of t h e  cons tant  flow terminal  
devices  was genera l ly  b e t t e r  than  2 10 %, Figure 5 ,  
Within t h e  pressure  d i f f e r e n c e  range 125 - 175 Pa, t h e  
accuracy of t h e  a i r  f low of t h e  cons tant  flow terminal  
devices  i n s t a l l e d  v e r t i c a l l y  i n  t h e  c e i l i n g  w a s  b e t t e r  
than 2 5 %. Of t h e  cons tan t  flow terminal  devices  in -  
s t a l l e d  h o r i z o n t a l l y  on t h e  wa l l  only one h a l f  reached 
t h i s  accuracy. The opera t ion  s e n s i t i v i t y  of t h e  con- 
s t a n t  flow terminal  devices  i n s t a l l e d  on t h e  wal l  could 
be improved i f  t h e  c e n t r e  of t h e  m a s s  of t h e  movable 
p a r t s  i s  s h i f t e d  t o  t h e  midpoint of t h e  l i n e a r  bearing.  

The planned increased a i r  flows were reached i n  bath- 
room te rmina l  devices  with pressure  d i f f e r e n c e  70 - 80 
Pa and i n  k i t chen  t e rmina l  devices  with an about 110 Pa 
pressure  d i f f e r e n c e .  

4 .2  Noise generat ion 

The noise  genera t ion  of  t h e  k i t chen  cons tant  flow t e r -  
minal devices  remained below 30 dB (A)  during cons tant  
flow wi th in  t h e  whole planned pressure  d i f f e r e n c e  range 
100 - 200 Pa. S t a r t i n g  from pressure  d i f f e r e n c e  170  - 
180 Pa a  whis t l ing  sound was heard i n  t h e  bathroom con- 
s t a n t  flow terminal  devices .  During increased flow t h e  
k i t chen  cons tan t  flow terminal  devices  w e r e  n o i s i e r  
than  those  of t h e  bathroom, Figure 5. 



FLOW RATE, dm3/s 

1 Terminal device  f o r  8 , 3  / 1 6 , 7  dm3 /s flow 
2 Terminal device f o r  1 1 , I  /22,2 dm3/s flow. 

Figure 5. Average flow- and no i se techn ica l  (10  m 2 

sound absorption) p r o p e r t i e s  of t h e  con- 
s t a n t  flow exhaust  a i r  te rminal  devices .  
The va lues  a r e  presented a t  constant  flow 
and increased flow. 

4 . 3  Noise a t t e n u a t i o n  

The measured noise  a t t e n u a t i o n  p r o p e r t i e s  of one bath- 
room cons tant  flow te rmina l  device m e t  t h e  noise  a t t e n -  
ua t ion  requirements presented i n  t h e  Compiled Finnish 
Building Regulations p a r t  C6 with t h e  exception of high 
f requencies ,  Table 1. However, a t  high f requencies  ad- 
d i t i o n a l  a t t e n u a t i o n  of t h e  cons tant  flow te rmina l  de- 
v i c e s  i s  easy.  



Table 1 ,  Noise a t t e n u a t i o n  of a  8,3/16,6 dm3/s con- 
s t a n t  flow te rmina l  device ,  dB. 

Direction of I Position of 1 Octave band center frequency, Hz 1 

4.4 Duct pressure  

From room to  duct 

In  a  spa t io tempora l ly  c o n t r o l l e d  exhaust a i r  v e n t i l a -  
t i o n  system t h e  cons tan t  flow terminal  devices  opera te  
a s  planned i f  t h e  planned 1 0 0  - 2 0 0  Pa underpressure 
can be maintained i n  t h e  ducts .  Pressure s t a b i l i t y  i n  
t h e  ducts  when t h e  t e rmina l  devices  a r e  set on in-  
c reased  flow depends on t h e  shape of  t h e  s p e c i f i c  
curves of t h e  fan and ducts .  The pressure i n  t h e  duc t s  
s h a l l  be s e p a r a t e l y  ad jus ted  when needed. I f  s e v e r a l  
cons tant  f low terminal  devices  have t o  opera te  a t  t h e  
same t i m e  with var ious  pressure  d i f f e rences  due t o  f o r  
ins tance  thermal f o r c e s ,  a  considerably smal ler  va r i a -  
t i o n  can be allowed i n  duct  pressure  adjustment than i n  
a  s i t u a t i o n  when a l l  t h e  cons tant  flow terminal  devices  
opera te  almost with t h e  same pressure  d i f f e r e n c e ,  

1 Calculated atten- 
uat ion 
room+duct+room 
Requiren-ent 

4,5 Control  a i r  

The volume flow of t h e  a i r  used t o  c o n t r o l  t h e  cons tant  
flow te rmina l  devices  was smaller  than  0,5 % of t h e  ex- 
haus t  a i r  f low during cons tan t  flow. The c o n t r o l  a i r  
was dimensioned t o  be taken from a space where t h e  pre-  
v a i l i n g  p ressu re  was t h e  same a s  t h a t  upstream of t h e  
cons tan t  f low terminal  device.  

) Constant flow a t  1 00 Pa pressure difference 
Terminal device completely open (increased flow) . 

100 Pa 
O W  

I f  t h e  p ressu re  of t h e  c o n t r o l  a i r  t o  t h e  t e rmina l  de- 
v i c e s  d i f f e r s  from t h e  pressure  p r e v a i l i n g  immediately 
upstream of t h e  device,  t h e  flow w i l l  be a f f e c t e d .  When 
t h e  c o n t r o l  a i r  i s  taken from a space which has  a  
h igher  p ressu re  than  t h a t  upstream of t h e  te rminal  de- 
v ice ,  then  t h e  a i r  f low decreases  and when t h e  pressure  
is  lower, then  t h e  a i r  flow inc reases ,  Figure 6. 
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Figure 6 .  Flow dev ia t ion  of a  cons tan t  flow exhaust  
a i r  te rminal  device a t  d i f f e r e n t  pressure  
d i f f e r e n c e s  between upstream space of t h e  
device and t h e  c o n t r o l  a i r  in t ake .  

When t h e  p ressu re  d i f f e r e n c e  between t h e  c o n t r o l  a i r  
in t ake  and upstream of t h e  te rminal  device was kept  
cons tant ,  t h e  te rminal  device operated a s  a  cons tan t  
flow device b u t  on a  new nominal flow. 

4,6 Operation speed 

Measurements on t h e  opera t ion  speed of t h e  te rminal  de- 
v i c e s  showed t h a t  a f t e r  a  quick change of t h e  pressure  
d i f f e rence  of t h e  t e rmina l  devices ,  cons tant  flow was 
reached wi th in  10 seconds. The te rminal  devices  d id  
not  r e a c t  on quick o s c i l l a t i o n s  of t h e  pressure  d i f f e r -  
ence. 

5 FIELD MEASUREMENTS 

5.1 Follow-up measurements i n  t h e  test  bui ld ing  

The follow-up measurements were made i n  a  s m a l l  t h r e e  
s to rey  r e s i d e n t i a l  bu i ld ing ,  where t h e  exhaust a i r  ven- 
t i l a t i o n  system used, which was equipped with c e n t r a l -  
ized  c o n t r o l  (two-speed system),  was f i r s t  s tud ied .  
Then t h e  o r i g i n a l  exhaust  a i r  t e rmina l  devices  i n  t h e  
e x i s t i n g  exhaust  a i r  v e n t i l a t i o n  system were replaced 
with cons tan t  flow te rmina l  devices .  The aim of t h e  
follow-up measurements w a s  t o  s tudy t h e  performance of 
t h e  cons tan t  flow te rmina l  devices  and t o  c l a r i f y  t h e  
opera t iona l  p r e r e q u i s i t e s  of a spat iotemporal ly  con- 
t r o l l e d  exhaust  a i r  v e n t i l a t i o n  system. 

In  i n s t a l l a t i o n  and follow-up measurements of t h e  spa- 
t io tempora l ly  c o n t r o l l e d  exhaust a i r  v e n t i l a t i o n  system 
i n  t h e  test  bu i ld ing  w e  could no t  use t h e  r e s u l t s  of 
system tests made i n  t h e  labora tory  with cons tant  flow 
terminal  devices ,  because t h e  labora tory  t e s t s  could 
not be made u n t i l  t h e  follow-up measurements had 
s t a r t e d ,  



I n  measurements of t h e  c e n t r a l l y  con t ro l l ed  exhaust a i r  
v e n t i l a t i o n  system s e v e r a l  leaks  could be de tec ted  i n  
t h e  ducts .  When t h e  a i r  flows i n  t h e  o r i g i n a l  exhaust 
a i r  t e rmina l  devices  had been cor rec t ly .  ad jus ted ,  t h e  
t o t a l  a i r  flow of t h e  main ducts  was about 50 % l a r g e r  
than t h e  planned a i r  flow. 

Reduction of  t h e  no i se  caused by t h e  l a r g e  l e a k s  i n  t h e  
duc t s  w a s  poss ib le  only  by t i g h t e n i n g  t h e  duc t s  where 
poss ib le .  The ducts  w e r e  t ightened during i n s t a l l a t i o n  
of t h e  cons tan t  flow te rmina l  devices .  With t i g h t -  
ening t h e  noise  l e v e l  i n  t h e  apartments could be re- 
duced with 2 - 12 dB (A) . The t o t a l  a i r  f  low i n  t h e  
main duc t s  was, however, s t i l l  about 12 % higher  than  
t h e  planned a i r  flow. 

For noise  t e c h n i c a l  reasons t h e  underpressure of t h e  
duc t s  was lowered dur ing  i n s t a l l a t i o n  of cons tan t  flow 
terminal  devices  by reducing t h e  f an  r o t a t i o n  speed 
with a  t ransformer and by t h r o t t l i n g  t h e  suc t ion  duct  
of t h e  fan.  These measures d e c i s i v e l y  reduced t h e  pos- 
s i b i l i t i e s  of inc reas ing  t h e  a i r  flow, i . e .  keeping t h e  
duct  underpressure wi th in  t h e  planned range. 

The three-month follow-up measurements showed t h a t  t h e  
cons tant  f low terminal  devices re turned  t o  cons tan t  flow 
a f t e r  having been set on increased flow. A t  n i g h t s ,  
when t h e  cons tant  f low terminal  devices  presumably were 
not  s e t  on increased flow, t h e  s tandard dev ia t ion  of 
t h e  a i r  f lows was smal ler  than  + 4 %, and t h e  v a r i a t i o n  
was + 10 % when t h e  extreme values  a r e  s tud ied .  

Apartment-based measurements showed t h a t  t h e  a i r  flows 
of t h e  bathroom cons tan t  flow terminal  devices  were on 
average according t o  t h e  design va lues  during cons tant  
flow. The a i r  flows of t h e  k i tchen cons tant  flow t e r -  
minal devices  were dur ing  cons tant  flow about 14 - 22  % 
smaller  than  t h e  des ign  va lues ,  The k i tchen measure- 
ment r e s u l t s  could be inf luenced by t h e  l eak  a i r  flows 
observed i n  t h e  hoods. When t h e  r e s u l t s  of  measure- 
ments made during i n s t a l l a t i o n  of t h e  cons tant  flow 
terminal  devices  were compared with measurement r e s u l t s  
a f t e r  four  months' use ,  it was observed t h a t  t h e  devia- 
t i o n s  of s i n g l e  cons tan t  flow te rmina l  devices  from t h e  
design va lues  had increased  with t i m e ,  but  t h e  t o t a l  
a i r  flows had remained almost equal .  with t h e  cons tan t  
flow te rmina l  devices  set on increased v e n t i l a t i o n ,  t h e  
design va lues  of t h e  a i r  flows w e r e  no t  reached mainly 
due t o  t h e  poorly r e a l i z e d  duct ing.  

The v e n t i l a t i o n  of t h e  whole bu i ld ing  was increased  si- 
multaneously with t h e  previously used c e n t r a l l y  con- 
t r o l l e d  exhaust  a i r  v e n t i l a t i o n  system. The underpres- 
s u r e s  of t h e  apartments with regard  t o  ou t s ide  a i r  w e r e  
then  c l e a r l y  l a r g e r  than  with t h e  spat iotemporal ly  con- 
t r o l l e d  exhaust  a i r  v e n t i l a t i o n  system i n  which 



usual ly  only a p a r t  of t h e  bui ld ing  i s  i n  t h e  a r e a  of 
increased v e n t i l a t i o n .  

5.2 F i n a l  inspec t ion  of t h e  cons tant  flow terminal  
devices  

The f i n a l  inspec t ion  was made a f t e r  e i g h t  months of use.  
The cons tan t  flow te rmina l  devices  had become d i r t y  
only on t h e  o u t s i d e .  F i l t e r i n g  of t h e  a i r  used t o  con- 
t r o l  t h e  cons tan t  flow te rmina l  devices  had, according 
t o  v i s u a l  check, kept  c l ean  t h e  i n s i d e  p a r t s  c r i t i c a l  
t o  te rminal  device opera t ion .  

5.3 V e n t i l a t i o n  needs of t h e  i n h a b i t a n t s  

The follow-up measurements made i n  t h e  t e s t  bu i ld ing  
showed t h a t  t h e  i n h a b i t a n t s  had used temporally in-  
creased v e n t i l a t i o n  r a t h e r  ind iv idua l ly .  With spa t io -  
temporally c o n t r o l l e d  exhaust  a i r  v e n t i l a t i o n  using 
cons tant  flow terminal  devices  t h e  v e n t i l a t i o n  needs of 
t h e  i n h a b i t a n t s  could be s a t i s f i e d  much b e t t e r  than 
with t h e  c e n t r a l i z e d  c o n t r o l  of exhaust  a i r  v e n t i l a t i o n  
used previous ly .  

6 OPERATIONAL PREREQUISITES OF A SPATIOTEMPORALLY 
CONTROLLED EXHAUST A I R  VENTILATION SYSTEM 

A spat iotemporal ly  c o n t r o l l e d  exhaust a i r  v e n t i l a t i o n  
system can be r e a l i z e d  wi th  cascade-control-based, 
se l f con ta ined  cons tant  flow terminal  devices  with which 
t h e  exhaust  a i r  flow can be increased.  The most impor- 
t a n t  p r e r e q u s i t e s  of t h e  system a r e  t h a t  t h e  duc t s  a r e  
t i g h t ,  t h a t  t h e  dimensioned pressure  d i f f e r e n c e s  of t h e  
cons tant  flow terminal  devices  can be secured i n  a l l  
po in t s  of opera t ion ,  and t h a t  t h e  i n s i d e  t i g h t n e s s  of 
t h e  bu i ld ing  i s  good, because t h e  supply a i r  must be 
ou t s ide  a i r  and not  a i r  from a  neighbouring a p a r t -  
ment. 
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