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ABSTRACT - A computer program for the prediction of the air infiltration load in small residential 
buildings is described. The model represents an oil-fired furnace, a smoke pipe with barometric damper, 
a chimney and a non-partitioned building with leakage openings in the building envelope. This envelope 
includes ceiling, walls, windows and doors, the leakage opening of each being represented by several holes. 

The model can be used to predict airflow through wall, window and door leakage openings as 
well as the chimney, with furnace on or off. The effects of windspeed, wind direction and indoor/outdoor 
temperature differences are incorporated in the model. The computer program predicts the position of 
the neutral pressure level of each wall, together with the over-all air exchange rate and infiltration 
load. 

The program 1S intended for study of the dynamics of air infiltration and for computer experi
mentation with new design ideas to reduce the energy consumption of small residential type buildings. 

RESUME - Les auteurs decri vent un programme informatique servant a pre dire l' infiltration de l' air dans 
de petits immeubles residentiels. Le modele represente une chaudiere a. 1 'huile, un conduit de fumee mun1 
d'un regulateur de tirage barometrique, une cheminee et un batiment sans cloisons dont l'enveloppe 
comporte des ouvertures de fuite. L'enveloppe englobe plafond, murs, fenetres et portes, les ouvertures 
de fuite de chacun etant representees par plusieurs trous. 

Le modele sert a predire l'ecoulement de l'air a travers les ouvertures des murs, des 
fenetres, des portes et de la cheminee, avec et sans fonctionnement de la chaudiere. Le modele englobe 
les effets de la vitesse et de la direction du vent et les ecarts de temperature entre l'interieur et 
l'exterieur. Le programme informatique predit la position du niveau de pression neutre de chaque mur, 
ainsi que Ie taux d'echange global de l'air et la charge d'infiltration. 

Le programme sert a etudier la dynamique de l'infiltration de l'air et a simuler par ordinateur 
de nouveaux modeles visant a reduire la consommation d'energie des petits immeubles residentiels. 

INTRODUCTION 

It is known from air leakage and pressure 
measurements on houses (Tamura and Wi Ison, 1963; 
Hunt and Burch, 1975; Bahnfleth, Moseley and 
Harris, 1957 (a) (b)) that air infiltration may 
account for a significant fraction of the heating 
load. With the growing importance of energy con· 
servation, the value of computer simulation of air 
infiltration for predicting the air exchange rate 
has become more and more important. 

This paper describes a computer model for the 
study of air infiltration in small residential type 
bui Idings. The model consists of a forced-air 
heating system with oil-fired furnace and a non
partitioned building (Larsen, 1976). The computer 
program predicts the air exchange rate with furnace 

on or off for any combination of windspeed, 
direction and indoor/outdoor temperatures. 
program comprises a MAIN and the following 
subroutines (Larsen, 1977). 

wind 
The 

INFILT for the simulation of air infiltration/ 
exfiltration through the leakage openings 
in the huilding envelope; 

FLOWS for the computation of airflow through 
the holes representing leakage openings; 

PCOEF 

WIND 

for obtaining wind pressure coefficients 
at the building exterior surfaces; 

for converting windspeed measured at the 
meteorological site to winds peed at the 
building site; 



PCOEF finds the wind pressure coefficient Cj for 
any given surface orientation and wind direction 
and for one of the following eight building dimen-
sions 

Height Length 
No. Width Width 

1 1 1 
2 1 2 
3 1/2 1 
4 1/2 2 
5 1/2 4 
6 3/2 1 
7 3/2 2 
8 3/2 4 

The pressure coefficient Cj represents an average 
value over the surface and is obtained by averaging 
and interpolating the results presented by Chien et 
al., 1951. The subroutine FLOWS computes Gj for 
any assumed value of the internal pressure Pl. 
Similarly, the subroutine CHMNEY returns a value 
for Gc depending on the operation of the furnace. 
Finally, in subroutine INFILT an ite'rative procedure 
based on the Regula-Falsi method (Rektorys, 1969) 
is set up to find an approximation to PI' the root 
of the non-linear algebraic equation (7). 

Once the indoor pressure PI at ground level is 
known, the height of the neutral pressure level at 
each surface or wall of the building can be deter
mined. The indoor pressure Pi at any given height 
h is given by 

The outdoor pressure Po at height h is given by 

P 
o 

(8) 

(9) 

By equating indoor and outdoor pressures, one can 
obtain an equation that can be solved for height h 

h (10) 

For each wall, h is computed in the MAIN program 
according to equation (10). Note that a) in the 
absence of wind effects the neutral level is the 
same for every wall of a building, and b) when 
indoor/outdoor air densities are equal (i.e., in 
the absence of stack effect), h becomes indeter
minate (when such a condition arises, the program 
computes a finite but very large h). 

MODEL FOR FLUE-GAS EXHAUST SYSTEM 

The flue-gas exhaust system is illustrated in 
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Fig. 1. It consists of a chimney and a horizon
tal smoke pipe with barometric damper (Larsen, 
1976; Colborne and Moffatt, 1959; Moffatt and 
Colborne, 1959). The mathematical model allows 
the computation of the gas flow Gc in the chimney, 
given the pressure PI at the ground level inside 
the house and the gas flow Gf from the furnace. 
The model does not take heat losses from the 
smoke pipe and chimney into account. The chimney 
cross-section is rectangular, the smoke pipe 
cross-section circular. 

Pressure, P~, at the barometric damper opening 
just outside the smoke pipe is given in terms of 
pressure PI as 

(11) 

where h2 is the distance between the ground level 
and the axis of the smoke pipe (h2 is negative if 
the smoke pipe is located below ground level). 

Pressure, P3 , at the chimney opening is the 
algebraic sum of atmospheric pressure at ground 
level, wind pressure, and the weight of a column 
of outdoor air per unit area extending from the 
chimney top to ground level 

(12) 

where c is the wind pressure coefficient at the 
chimney top (a value of -0.5 was used) and h3 is 
the distance between ground level and the top of 
the chimney. 

Pressure, Pz, inside the smoke pipe at the 
barometric damper (on the side nearest the 
furnace) is given, by Bernoulli's equation, as 
the algebraic sum of Pu the weight of a column 
of air per unit area in the chimney, the pressure 
loss due to friction at the smoke pipe and 
chimney walls, and pressure loss due to a change 
in flue-gas velocity 

where 

(13) 

rc density of flue gases in the chimney; 

DE pressure drop due to friction losses in 
the smoke pipe and chimney; 

Vc velocity of flue gases in the chimney; 

rf density of flue gases leaving the 
furnace; 

vf velocity of flue gases entering the 
smoke pipe. 

The pressure drop DE due to friction losses is 
given by the following expression 



N = 2(1 - 2M) f2 + (4M - 1) f 
c 
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(18) 

A complete cycle consists of an on-cycle period and 
an off-cycle period. Their duration in seconds is 
given by 

f t 3,600 N on (19) 
c 

and 

1 
toff = 3,600 N - t on (20) 

c 

respectively. If the steady-state off-cycle tem
perature of the flue gases leaving the furnace is 
Soffs (typically 21°C), the average on-cycle flue 
gas temperature is Ton and the average off-cycle 
flue gas temperature is Toff, then the heat loss 
during one on-cycle period is given by 

L on [GfC f (T - S ff ) + 0.085 H E F]t P on 0 s on 
(21) 

where Cpf is the specific heat of the flue gases 
(taken as the same as the specific heat of air at 
temperature Ton) and E is the heat of vaporization 
of water at temperature Soffs. Similarly, the heat 
loss during one off-cycle period is given by 

(22) 

where Cp is the specific heat of air at temperature 
Toff. Thus the furnace efficiency Ef can be 
computed from 

(L + L ff) N on 0 c 
Ef '" 1 - 3,600 F HHV f (23) 

The average on- and off-cycle temperatures Ton 
and Toff needed to find the losses Lon and Loff can 
be calculated if one assumes that the flue gas tem
perature during the on- and off-cycles can be repre
sented by rising or decaying exponential functions 
of time (t), respectively (Larsen, 1976; Bonne and 
Johnson, 1974; Bonne, et al 1975). A typical situa
tion is illustrated in Fig. 2. In the general case, 
the on-cycle flue gas temperature Son(t) can be 
expressed as 

(a - S ) ons offs 
[ 

t + a] 
1 _ e 'ton + Soffs (24) 

where aons is the steady-state on-cycle flue gas 
temperature (typically 300°C) and 'ton is a time 
constant (typically 100 s). The constant,a,repre
sents the time interval that corresponds to the 
temperature rise from the steady-state off-cycle 
flue gas temperature Soffs to the temperature 
astart at the beginning of the on-cycle (see Fig. 2). 

Provided that an estimate of astart can be fo.und, 
the constant a may be computed from 

- a ] astart (25) 
offs 

The temperature at the end of the on-cycle period, 
astop, can be obtained by evaluating equation 
(24) at time t = ton. 

The temperature fall during an off-cycle 
period has two distinct parts, each described by 
a decaying exponential. During the first part of 
an off-cycle period the air circulation fan is on 
and the temperature is given by 

aoff! (t') 

where t ' is the time measured from the start of 
the off-cycle and 'toffl is a time constant 
(typically 150 s). The constant b represents the 
time interval that corresponds to the temperature 
drop from the steady-state on-cycle flue gas 
temperature Sons to the temperature astop at the 
end of the on-cycle (see Fig.2). It is given by 

b [:«OE 
offs 

(27) 

ons 

Assuming that the air circulation fan is 
controlled by thermostat and that the fan stops 
when the flue gas temperature falls to Sfan 
(typically 55°C), the length of time the fan is 
on (tfan) can be obtained from equations (26) and 
(27) as 

[
a fan 

offs 

(28) 

Sstop 

During the second part of the off-CYCle, when 
the air circulation fan is turned off, the 
temperature is given by 

Soff2 Ct') = Sfan - (Sfan - SOffS) 

r 
h - e 

t I - t ] fan 
'toff2 

(29) 



This paper is a contribution from the Division 
of Building Research, National Research Council of 
Canada and is published with the approval of the 
Director of the Division. 

REFERENCES 

ASHRAE, 1977. Handbook and Product Directory. 
Fundamentals, New Nork: A.S.H.R.A.E. Inc., 
Ch. 14. 

BAHNFLETH, D.R., MOSELEY, T.D., and HARRIS, W.S. 
1957(a). Measurements of infiltration in two 
re·sidences, Part I: Technique and Measured 
Infiltration, ASHRAE Trans., 63, 439-452. 

BAHNFLETH, D.R. MOSELEY, T.D., and HARRIS, W.S. 
1957(b). Measurements of infiltration in two 
residences, ·Part II: Comparison of variables 
affecting infiltration, ASHRAE Trans., 63, 
453-476. 

BONNE, U., and JOHNSON, A.E. 1974. Thermal 
efficiency in non-modulating combustion systems, 
Proc. of Conference on Improving Efficiency in 
HVAC Equipment and Components in Residential and 
Small Commercial Buildings, Sponsored by NBS 
and ASHRAE, Purdue Univ., W. Lafayette, Ind. 

BONNE, U., TORBORG, R.H., and JANSSEN, J.E. 1975. 
Digital simulation of the performance of combus
tion heating systems, A.I.Ch.E. 15th Annual 
Regional Symposium, Twin City Section, 
Bloomington, Minnesota. 

CHIEN, N., FENG, Y., WANG, H.-J., and SIAO, T.-T. 
1951. Wind tunnel studies of pressure distribu
tion on elementary building forms, Project 
sponsored by the Office of Naval Research under 
contract N80NR-500, Iowa Institute of Hydraulic 
Research, State Univ. of Iowa, Iowa City, U.S.A. 

COLBORNE, W.G., and MOFFATT, W.C. 1959. A fundamen
tal analysis of chimney performance, Presented 
at ASHRAE Annual Meeting, Lake Placid, N.Y. 

643 

DALGLIESH, W.A., and BOYD, D.W. 1962. Wind on 
buildings, Division of Building Research, 
National Research Council of Canada, CBD 28. 

DAUGHERTY, R.L., and FRANZINI, J.B. 1965. Fluid 
mechanics with engineering applications, 
New York. McGraw-Hill. 

DICK, J.B. 1950. Measurement of ventilation using 
tracer gas technique, ASHRAE Journal, Heating, 
Piping and Air-Conditioning, p. 131. 

HUNT, C.M., and BURCH, D.M. 1975. Air infiltration 
measurements in a four-bedroom townhouse using 
sulfur hexafluoride as a tracer gas, ASHRAE 
Trans., 81, Part I, 186-201. 

KREITH, F. 1965. Principles of heat transfer, 
Scranton, Pennsylvania: International Textbook 
Co., Table A-3, p. 595. 

LARSEN, B.T. 1976. Digital simulation of energy 
consumption in residential buildings, Presented 
at International CIB Symposium on Energy 
Conservation in the Built Environment, Building 
Research Station, Garston, England, April 6-8. 

LARSEN, B.T. 1977. Energy consumption of residen
tial buildings; The computer program ENCORE, 
Part 2, Documentation, Norwegian Building 
Research Institute, Computer Program Library, 
Program No. 12, Oslo. 

MOFFATT, W.C., and COLBORNE, W.G. 1959. New method 
of chimney design and performance evaluation, 
Presented at ASHRAE Annual Meeting, Lake Placid 
N.Y. 

REKTORYS, K. (Ed.) 1969. Survey of Applicable 
Mathematics, Cambridge, Massachusetts, 
The M.I.T. Press. 

TAMURA, G.T. 1975. Measurement of air leakage 
characteristics of house enclosures, ASHRAE 
Trans., 81, I, 202-211. 

TAMURA, G.T. and WILSON, A.G. 1963. Air leakage 
and pressure measurements on two occupied 
houses, ASHRAE Journal,S, No. 12, 65-73. 




