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Sci ioo ls ,  a s  a  g r o u p ,  a r e  t h e  t h i r d  l a r g e s t  u s e r s  o f  e n e r g y  i n  b u i l d i n g s  i n  Canada. The D i v i s i o n  
o f  B u i l d i n g  R e s e a r c h ,  N a t i o n a l  Research  C o u n c i l  o f  Canada t h e r e f o r e  welcomed t h e  o p p o r t u n i t y  i n  
t h e  autumn o f  1975 t o  p a r t i c i p a t e  w i t h  t h e  C a r l e t o n  Board o f  E d u c a t i o n  i n  a  program t o  r e d u c e  
e n e r g y  u s e  i n  s c h o o l s .  

A major  problem e n c o u n t e r e d  i n i t i a l l y  was t h e  l a c k  o f  d a t a  on a i r  i n f i l t r a t i o n  f o r  s c h o o l  
b u i l d i n g s .  A program of  a i r  l e a k a g e  measurements  i n  s c h o o l s  was t h e r e f o r e  c a r r i e d  o u t .  R e s u l t s  
o f  t h e  measurements  were t h e n  a p p l i e d  t o  a  s i m p l i f i e d  model o f  a  s c h o o l  b u i l d i n g ,  from which a i r  
i n f i l t r a t i o n  and i t s  c o n t r i b u t i o n  t o  t o t a l  h e a t i n g  consumpt ion  c o u l d  b e  c a l c u l a t e d .  

SELECTION OF TEST SCkIOOLS 

1,lcvcn t e s t  buildings were s e l e c t e d  from a  t o t a l  o f  56 e l e m e n t a r y  s c h o o l s ,  based  on t h c i r  1975 
e n e r g y  consumpt ion  ( l ) .  Of t h e  e l e v e n  s c h o o l s ,  f i v e  were c o n s i d e r e d  t o  have  a v e r a g e  consumpt ion ,  
t l i r c e  t o  have h i g h  c o n s u l r ~ p t i o n ' a n d  t h e  r e m a i n i n g  t h r e e  t o  have  low consumption ( F i g .  1 ) .  A b r i e f  
i l e s c r i l ) t i o n  o f  t h e  t e s t e d  s c h o o l s  i s  g i v e n  i n  T a b l e  X .  

l l ~ c  a i r  I c , ~ k . ~ g c  c h a r a c t e r i s t i c s  o f  s c h o o l  t ) u i l t l i n g s  were measured b y  means o f  t h e  p r e s s u r i t a t i o n  
method. The f a n  u s e d  was a  vane  a x i a l  t y p e  w i t h  a  variable-pitch b l a d e  t h a t  c a n  be  a d j u s t e d  
manua l ly  t o  o b t a i n  f l o w  r a t e s  between 0  and 2 3  m3/s (0  t o  50 ,000  c f m ) .  The f a n  i n t a k e  was 
c o n n e c t e d  by s e v e r a l  l e n g t h s  o f  0 . 9  m ( 3  f t )  d i a m e t e r  d u c t  t o  an e n t r a n c e  d o o r  r e p l a c e d  f o r  t h e  
t c s t s  1)). ,I plyboocl p c ~ n c l  ( F l g .  2 ) .  

Air flak r a t e s  were measured u p s t r e a m  o f  t h e  f a n  i n t a k e  u s l n g  t o t a l  p r e s s u r e  a v e r a g i n g  
t t i l ~ c s  ( 2 )  f o r  h i g h  a i r  f l o w  r a t e s  and an o r i f i c e  p l a t e  f o r  low a i r  f l o w  r a t e s .  The p r e s s u r e  
J ~ f f c r c r ~ c c s  . lcross  t h e  e x t e r i o r  w a l l s  were measured a t  t h e  m i d d l e  o f  each  w a l l  n e a r  t h e  g round .  
\ ~ ~ o r t : ~ l ~ l c  p r e s s u r e  m e t e r  c o n s i s t i n g  o f  a  d iaphragm-type  p r e s s u r e  t r a n s d u c e r  ( s t a t i c  e r r o r  band 
o f  so0 f u l l  s c a l e )  and a  d i g i t a l  v o l t m e t e r  were u s e d .  To min imize  wind i n f l u e n c e  on t h e  p r e s s u r e  
n ic~ . l iu r rn~ents  a 1  l  t e s t s  were c o n d u c t e d  w i t h  a  n ie teoro log i  c a l  wind s p e e d  lower  t h a n  15 km/h 
(9. mph) ( 3 )  . 

blost t e s t s  were c o n d u c t e d  u n d e r  s u c t i o n  c o n d i t i o n s ,  p a r t l y  b e c a u s e  a i r  i n f i l t r a t i o n  o c c u r 5  
w i t h  h u l l d i n g s  u n d e r  t h i s  c o n d i t i o n ,  b u t  a l s o  b e c a u s e  o f  t h e  need  t o  a v o i d  any p o s s i b l c  damage 
t o  f u r n i t u r e  and d i s c o m f o r t  t o  o c c u p a n t s .  Tor c o m p a r i s o n ,  two s c h o o l s  were t e s t e d  u n d e r  b o t h  
s u c t i o n  and p r e s s u r i z a t i o n .  

'Tile b u i l d i n g s  were t e s t e c t  w i t h  t h e  a i r - h a n d l i n g  sys tem i n  o p e r a t i o n  and w i t h  i t  s h u t  down. 
With t h e  sys tem o n ,  a n  i n i t i a l  r e a d i n g  o f  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  e x t e r i o r  w a l l s  was t a k e n  
i i l t 1 1  t l ic  t e s t  f an  s h u t  do\c11 and i t s  i n t a k e  s c a l e d .  T h i s  r e a d i n g ,  which i s  t h e  amount o f  
i ~ r c ~ s ~ ~ x - i z ; ~ t i o n  r e s u l t i n g  from i m b a l a n c e  hetwecn o t i t s i d e  a i r  s u p p l y  and e x h a u s t  a i r  r a t e i  o f  t h e  
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n l  r-lln~lllli~ly sy s tc~r~s, was tllcll subtracted algei~ra icnl l y From thc ~~rcssure d i f fcrcr~ce rc:~tl ill[;:: 
obtained with the test fan operating. All schools except School C operated under suction 
pressures ranging from -2 to -35 Pa (-0.008 to -0.14 in. of water). 

The air leakage rates through air intake and exhaust openings, openable windows, and doors 
wcrc 01)t;lincd by conr1,aring the over-all air leakage rates taken before and after they were 
sealed. Because of difficulties in sealing, only schools with centralized air-handling systems 
 ere tested. As well, joints between window or door frames and walls were not sealed so that 
any leakage there was considered as part of the air leakage through the walls. 

In addition, air leakage tests were made in School J in both June and December to discover 
whether leakage varied with season. 

L':Xf'ERIblllNTAL RESULTS 
p--- 

The over-all air leakage rates per unit area of exterior walls and their corresponding pressure 
difference are shown in Fig. 3 and 4 for air-handling system either operating or shut down. The 
results vary from 0.0024 to 0.006 m3/s.m2 at a pressure difference of 25 Pa, (0.43 to 1.2 cfm/ft2 
at 0.1 in. of water). These figures also show that, in general, the operation of the air- 
handling systems had little effect on over-all air leakage rate when pressure differences were 
lower than S0 Pa (0.2 in. of water). 

Lxan~ination of the limited air leakage data (Fig. 3 and 4) indicated that there was no 
meaningful relation between total energy consumption (Fig. 1) and the measured air leakage rate 
The variation in air leakage from school to school could not be explained by wall construction 
because all were similar in design (see Table I). Investigation of the construction of the 
sci~ool with the highest leakage value (School D) revealed, however, a large number of unsealed 
ol)cvli~ig!, ;iroi111~1 the roof joists at the exterior wirll, suggesting that poor workmanshil, and 
lack of concern for sealing can lead to high air leakage. In addition, the air leakage rate 
~neasurcd in June at School .J was within 2% of the leakage rate measured there in December, 
suggesting that, for this particular school, crack width did not vary with outside temperature. 

Fig. 5 indicatrs that with the air-handling systems shut dokm 15 to 43% of the over-all air 
leahago can be attributed to the air intake and exhaust openings and thc remainder to the walls, 
of which openable windows and doors of two schools contributed up to 4 and lc"~, respectively 
[the percentage areas of openable windows and doors to the total wall area are about 2 and 2.5%, 
respectively) . 

Tests were conducted on two schools to investigate the difference in air leakage rates with 
n builcling under suction and pressurization. Comparison of the over-all air leakage rate 
measured under the two conditions was made with the air-handling systems both in operation and 
shut clown; in the la.tter case, with the air intake and exhaust openings sealed and unsealed. 
Fig. 0 ,  which shows the results for School B (the more extreme of the two schools), indicates 
that the difference in over-all alr leakage rates between suction and pressurization is 
rninirnurn with the air-handling systems shut down and the duct openings sealed. If the duct 
openings are unsealed, the over-all air leakage rate obtained under suction, with the air- 
handling systems in operation, is about 10% higher than it wotlld be under pressurization; the 
reverse 1 s  true with the sir-handling system shut down. 

GENER.L\L.IZATION OF AIR LEAKAGE DATA 

'T'hc air Iccihogc d<ltn 111c~1sureJ in tlrc clevcn schools were used to define three cl,l%ses of 
llui 1di11g const~uction: loose, average and tight (Fig. 7). The air leakage characteristics were 
dcf i11t.d using the following eclucltion : 

c, = over-all air leakage rate per unit area of exterior walls, m3/s*m2 (cfm/ft2) 
n n 

C = flow coefficient, m3/s.m2. (Pa) (cfm/ft2 (in, of water) 1 

AP = pressure difference across exterior wall, Pa (in. of water) 

n = flow exponent 



Ihc Lonlrnon flow cxponent for the three classes was found to be about 0.65 by curve fitting; the 
corrcsl)c)~~cling flol~ cotbfficir~~ts woro: 

Flow coefficient, C 

0.65 0.65 
Clilss m3/s.m2 (Pa) cfm/ft2 (in. of water) -- 

Tight 3.0 X l ~ - ~  2.1 

Average 5.0 X 1 r 4  * 3.5 

Loose 7.0 X 4.9 

These flow coefficients are based on the air leakage values for schools with air-handling 
systerris off. .l'hey can be iipplied to other conditions (ai r-hand1 ing systcms on and Imi ltl~ng 
under pressurization) for load and energy calculations without introducing significant errors 

A I K  INFILTRATION RESULTING FROM WIND AND STACK EFFECT -- - 

Using the method described in Ref. 4, air infiltration rates for a simplified model of a school 
building were calculated at various combinations of wind speed and ambient air temperature. 
The school model (1) (see Appendix A) consists of two independent parts: a single-storey 
classroom block and a two-storey high open hall (gymnasium) comprising 90 and 10% of the total 
floor area, respectively. The intake and exhaust openings of the air-handling systems were 
assumed to be located at the roof level. 

The air leakage paths in each wall were lumped into five equally-sized openings located at 
equal intervals in the vertical direction. Ventilation openings were represented by a single 
opening located in the roof. The corresponding flow coefficients were calculated from Eq 1 
assuming 70 and 30% of the total air leakage value for walls and roof, respectively. Wind was 
assumed to act normally to the long wall. The surface pressure coefficients were derived from 
the measurement of pressure distributions on a cubic model in a suburban boundary layer (5). 
Thcse coefficients increase almost linearly with height from 0.46 to 0.64 for the windward wall 
and are approximately constant, with values of -0.25, -0.54 and -0.6 for the leeward wall, the 
two side walls, and the roof, respectively. 

The calculated air infiltration rates are shown in Fig. 8 as a function of wind speed at the 
roof and inside-outside temperature difference. Wind speed at the roof level of an isolated 
school can be approximately related to the meteorological wind speed by the equation (6): 

V is wind speed at roof level, km/h (mph) 

ti is building height, m (ft) 

Vs 
is the wind speed at 10 m (32.8 ft) above the ground measured by the 
>leteorological Service, km/h (mph) 

B is a constant and is equal to 0.142 and 0.211 for Imperial and S.I. units, 
respectively. 

U s i ~ ~ y  C q  2, the relation botwccn the roof lcvcl wind spccd and the rnctcoro!ogical wind specd 
thus assumed were: 

V = 0.35 Vs for classroom block 

V = 0.42 Vs for hall 

'The contribution of stack effect to air infiltration was shown to be quite significant, even 
for :l single-level building. This is illustrated by the results for the classroom block (see 
Fig. 8) where the air infiltration resulting from stack effect for an inside-outside temperature 



difference of 55.6"C (lOO°F) is approximately the same as that from a 15 km/h (9.3 mph) wind at 
tllc roof lcvcl (45 kni/h or 28 mph meteorological wind speed) . 
EFFECTS OF AIR INFILTRATION ON ANNUAL ENERGY CONSUMPTION 

The annual heat consumption for the school model was calculated both with and without air 
infiltration, using the Meriwether Energy Analysis Series. A brief description of the building 
model and the conditions used for heating load calculations is given in Appendix A .  'I'he annual 
heating loads were calculated for various combinations of mean annual wind speed acting normally 
on the long wall and ambient air temperature between -17.8'C and 23.9'C (O°F and 75°F). The 
~c:~l~les of air infiltration rates were obtained from Fig. 8, which is based on walls of average 
alr tightness. 

The calculated annual heat consumption, using 1974 Ottawa weather data for various mean annual 
wind speeds at roof level, is shown in Fig. 9. The contribution of air infiltration to the total 
annual heat consumption is illustrated in Table 11, assuming a mean annual wind speed of 16 km/h 
(10 mph), the Ottawa average (7). It indicates that the proportion of heat consumption 
attributed to air infiltration is about 29%. 

The use of annual average wind speeds in energy analysis will tend to underestimate heat 
consumption because air infiltration rate varies non-linearly with wind speed (Fig. 8), and 
because wind speed is generally higher in winter than in summer. A separate method of 
calculating the contribution to annual heating load from air infiltration, using three years of 
hourly weather data for Ottawa, resulted in values 4 to 7% higher than those using annual mean 
wind speeds; monthly loads varied from 2 to 13%. 

The calculated flow coefficients for the eleven schools, assuming a flow exponent of 0.65, vary 
from 3.0 1oP4 to 7.0 X m3/s.m2 ( ~ a ) ~ . ~ ~  (2.1 to 4.9 cfm/ft2 (in. of Tests on 
four of the buildings showed that with the air-handling system off, 15 to 45% of over-all air 
leakage could be attributed to flow through the intake and exhaust system openings. 

Tests conducted at pressure differences below 50 Pa (0.2 in. of water) showed no significant 
difference in the air leakage rates when the buildings were tested under either suction or 
pressurization 

The large variation in air leakage values could not be explained by the wall design of the 
schools; it was probably caused by variation in workmanship during construction and by the number 
of openings associated with the air-handling system. 

Air infiltration rates calculated for a model school building indicated that those duc  to 
stack action are significant even for single-storey buildings. Air infiltration is also bhown 
to be  n m'ljor contributing factor to annual heat consumption. 
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TABLE 1 

School 

~escri~t'ion of Test Schools 

l A B C 

lcr~r testvrl 

Year constructerl 

I : l u o r  sircn, m' (ft2) 

f:loor height, m (ft) 

\.ol~rme, m3 (ft3) 

h indow type 

fixed and openable fixed and openable fixed and openable fixed and openable 

sealed double glazing sealed double glazing sealed double glazing sealed double glaring 

Window ore,i/vnl l area I 0.106 0.077 0.178 0.137 

1 15.24 cm nutoclavcd 10.2 cm fnce b r ~ c k  10.2 cm face brick 10.2 cm face brick 

cellular air srlacc 
Typical w;lll construction concrete 5.1 cm rigid 

air space 
5.1 cm foam 

5.1 cm rigid 
insuintion 

insulation 
20.3 cm concrete 

20.3 cm concrete 
block 

block 

:Jumber of Vestibule 
exterior 

doors No vestibule 

2 double 

1.6 cm drpall 
insulation 

20.3 cm concrete 

block 

S single, 5 double 4 single, 4 double 3 single, 4 double 15 single. 4 double 

b. 
Katio of adjusted door 1 
area to wall area l 0.024 0.020 0.013 0.027 

M2 oil, centralized #2 oil, centrnllzed electric, localized U 2  oil, centralized 

IiVAC system all-air H / V  systems all-air H / V  systems roof exhausters and all-air H / V  systems 

convectors 
- 

Notrs: n .  lncludlny h'indows; b. A 50% reduction in area i s  iillonrd for door with vestibule or similar nrran!zement. 



TABLE 1 (Conttd) 

Year tested 

Ycar constructed 

School 

Floor area, mZ (ft2) 

E F C, ti 

Floor height, m (ft) 

Volume, m' (ft3) 

B .  

~.xter~or wall area, m2 (ftZ) 

Window type 

W~ndow arcu/wall nrra 

fixed sealed double, fixed sealed double, Fixed and opennhle fixed and openable 

openable sealed double openable sealed double sealed double glazing sealed double glazing 

and single glnzing nnd sing16 glazing 

1 10.2 cm face brick 10.2 cm face brick 10.2 cm concrete 10.2 cm face brick 

block 2.5 cnl nir sp,~co 

2.5 cm air space 3.8 cm rigid 
Typiciil wall construction 

insulation insulation 2.5 cm rigid insulation 

20.3 cm concrete 20.3 cm concrete insulation 15.2 cm cuncrcte 

block block 20.3 cm concreto block 

hlocb. 

2 . S  cm sir spncc a i r  SPNCO 

2.5 cm rigid 2.5 cm riaid 

Sumher of 1 Vestibule 
exterlor 

doors J No vestibule 

b. 
Ratio of adjusted door 

I single, l double l single I single, 4 double I single, 2 double 

7 single, 3 double 2 single. 4 double 2 single, 2 double I single, 5 double 

a2 oil, centralized n 2  oil, localized t ?  oil. centralized #2 oil, localized 

l l V A C  sy.stc~n a t  l-sir H/\' s)'stomr exhausting systems all-air H/V systems all-air H / V  systomr 

with unit ventilator and hot-water and unit ventilator nnd hot-wsyer 

in perimeter room  convector^ in perimeter room convector in 

perimeter room 

- 

Notes: a .  Including Wlndrrws; 

b. A 50% reduction in Ares is allowed for door with vestibule or slmilar arrangement 



TABLE 1 (Cont'd) 

I I 1 
P p------ -- 

Year tested 1 1976 1976 1976 

Ycar constructed 

Floor area, m2 (ft2) 

Floor height, m [ft) 

Volume, m3 ( f c 3 )  

a. 
Exterior wall nrca, m2 (ft2) 

Kindou type 

Window arca/wall area 

Openable windon/wall area 

Typical wnll construction 

Number oC Vestibule 
exterior 

doors No vestibule 

b. 
Ratio of adjusted door 

area to wall area 

W A C  system 

fixed nnd opennble 

sealed double glazing 

10.2 cm face brick 

2.5 cm air speco 

2.5 cm rigid 

insulation 

20.3 cm concrete 

block 

8 single, 4 double 

fixed sealed domes, 

f~xed and openable 

sealed double glazing 

0.062 

10.2 cm split b l o ~ h  

face 

5 . l  cm air space 

IS.? cm concrete 

block and 

foamed in 

place 

insulation 

3 single, 2 double 

2 single, 3 double 

fixed sealed domes, 

fixed and openable 

seeled double ylnzi~ig 

0.102 

10.2 cm face brick 

S. 1 cm foamed 

insulation 

20.3 cm concrcte 

block 

14 singlc, I doublc 

6 single 

0.024 0.016 0.014 

v 2  oil, locnlized gas, centralized all- a 2  oil and electric 

exhausting systems air H / V  systems with centralized all-nir 

nnd hot-wntur roof-toll A . H .  units H / V  system wit11 

 convector^ convector or unit 

ventilator in 

perimeter room 

Notes: a. Including Windows; b. A 50'8 reduction in urea is allowed for door with vestibule or similar arraligement. 

TABLE 2 

Contribution of Air Infiltration to Annual H e a t  

Consumption in Ottawa for V = 16 km/h 
S 

~ ~ i ~ s s r n o n l  S..: 1 0 . 2 8  1 c;:;: 
-- 

Ha1 i 1.19 
- -----...W----- 

Total = 90% C1assroo:n + 10% Hail .38 0.49  

Wind Speed 

at Roof, km/h 

Total Hcat Consumption Attr~buted to Infiltration = 29% 

Annual licat Conrumption, ~.~/rn*/Annurn 

No Infiltration Averajic Infiltration 



F i g .  1  1 9 7 5  a n n u a l  t o t a l  e n e r g y  c o n s u m p t i o n  
of t h e  elementary s c h o o l s  u n d c r  t h e  C a r l c t o n  
Board  o f  E d u c a t i o n  

. ;Pc,p i i l i : l l l l  I I I I I I I I N L I  A C l O l i  L k I I Y I 0 I  W A L L .  P .  

F i g .  3 T h e  o v e r a l l  a i r  l e a k a g e  r a t e s  
f o r  s c h o o l s  w i t h  t h e i r  a i r  h a n d l i n g  
s y s t e m s  s h u t  o f f  

F i g .  2 B u i l d i n g  t es t  s e t u p  s h o w i n g  e x h a u s t  
f a n  and d u c t  connection 

, I O  a i l  ( .o  n o  11111 i , o  

I l i 5 l L Y i  I I1I I I I INICL A C X i t l '  l X I I Y I r , R  r d l i  P r  

F i y .  4 The o v e r a l l  a i r  l e a k a g e  r a t e s  
f o r  s c h o o l s  w i t h  t h e i r  a i r  h a n d l i n g  
s y s t e m s  i n  o p e r a t i o n  

Fig. 5 T h e  c o n t r i b u t i o n  o f  b u i l d i n g  
c o m p o n e n t s  t o  t h e  o v e r a l l  a i r  l e a k a g c  
r a t e  



F i g .  6 T h e  e f f e c t  of p r e s s u r i z a t i o n  
o r  s u c t i o n  on  t h e  a i r  l e a k a g e  r a t e  
o f  S c h o o l  B 

h ? , , , ,  # W .  0 ,  W A r , ,  

; 0 0 1 0  
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APPENDIX A -- 

School Model 

Sizc 

Orientation 

Construction 

Environmental 
Condition 

IILIAC S y s t cm 

Operation 

2 Over-all area 1800 m3 (20,000 ft j 

Dimensions: 

Classroom Block 87 m 'X 29 m (190 ft x 95 ft), 2.74 m (9 ft) floor to 

ceiling, 3.8 m (12.5 ft) over-all height 

Hall 16.8 m X 11 m (55 ft X 36 ft), 6.4 m (21 ft) floor to ceiling, 

7.9 m (26 Et) over-all height 

Major axis runs SlV to NE 

Over-all Transmittances: 
2 

Wall 1.28 Il/m K (0.225 Btu/h ft2 F) 
2 

Roof 0.34 W/m K (0.06 Btu/h ft2 F) 

Glazing: 

Class - 25% of external wall (as viewed from inside), double-glazed 
with internal blind 

Hall - unglazed 

"bledium Weight Construction" 

Temperature: 

Class - 22.2"C (72°F) 

5.S°C (10'1.') set-back during unoccul)ied period 

Ventilation: 
3 

2.36 (dm) /S person ( 5  cfm) equivalent to: 
3 2 Class - 0.0072 (dm) /S m2 (0.085 cfm/ft ) 

7 2 
llall - 0.0211 (dm)3/s m- (0.25 cfm/ft ) 

Lighting : 

Electrical load: class - 12 lv/m2 (1.12 IV/ft2j 

hall - 19 W / I I ~  (1.77 w/ft2) 

Class - terminal re-heat with scheduled supply air temperature 

Hall - constant volume variable temperature 

No mechanical cooling 

School assumed to be used through an academic year for normal school use 
plus evening school. Plant operated 6 a.m. to 10 p.m. weekdays; lighting 
and occupancy rates reduced by -50% in the evenings. 


