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SYNOPSIS
Infiltration heat losses due to heating appliances
located within the living space are normally evaluated
by reducing the conversion efficiency of the boiler,
with no consideration for the fluid dynamic interaction
between boiler, chimney and building. Purpose of this
vork ig to develop a simplified wmathematical model of
the overall (building <+ boiler + chimney) system,
suitable to calculate the pressure distribution and air
flow rate in the building induced by the simultaneous
effect of natural forces and the exhaust system.

Inside pressure and air flows across the envelope,
through the boiler, the draft diverter, and the stack
are calculated by means of a steady-state model.

Results are presented as a parametric analysis which
points out the dependence of air infiltration rates on
factorg such as envelope permeability and veather
conditions, and the dependence of stack flow rate on
weather parameters.

LIST OF SYMBOLS

—_————— e v e i i e s S

A = area of envelope component (m?)

ACH = air changes per hour (h)-1

Ast = ratio between steoichiometric air and fuel mass
flov rates

c = flue gases gpeed in the stack (m/s)

C = permeability coefficient (m3/(h-m? -Pan))

Cp = wind pressure coefficient

d = atmospheric boundary layer thickness (m)

g = gravity acceleration, equal to 9.81 m/s?

h = reference height

hu = useful height of the stack (m)

Hi = lower heating value of fuel (kJ/kg)

k = internal air flow resistance

m = mass flow rate (kg/s)

n = infiltration flow exponent

P = air pregsure (Pa)

Pi = boiler infiltration loss

Q = volume air flow (m3/s)

R = excessg air

Sr = ratio between mass flow rate in the gtack and in
the flue

T = absolute temperature (K)

t = time (8)

v = wind speed (m/8)

v = building volume (mc)

z = height (m)

8 = boundary layer exponent

B = equivalent flow friction coefficient 4in +the
stack

é = gpecific mass of air (kg/wc)
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b = in the boiler/flue

e = external, building

£ = fuel

i = indoor

in = incoming

out = outgoing

pn = neutral level

8 = in the stack

v = at the weather station
INTRODUCTION

R e e e R e —

The study of air infiltration induced by heating
appliances is one of the typical "second approximation®
problemns which have been recently invegtigated,
following the great impulse of research in the building
physice area during the last decade. It is, nonetheless,
a problem which deserves some attention, due to the
increasing number of individual heating systems being
installed within the living spaces, and to the growing
interest in the areas of ventilation and indocor air
quality.

A thorough analysis of the problem requires a model
capable of taking into account simultaneously the air
infiltration induced by natural forces and the behaviour
of the boiler plus exhaust systen.

Calculation procedures and standards for the design of
chimneys have been developed since a long time in
several countries, e.g., by CSTB in France /1/ and by
DIN in Germany /72/. Recent research work in the field
focuses on experimental testing (see for example Angle-
gio et al. /37), and on the dynamic behaviour of
branched chimneys (Andreini et al., /74/).

The problem of evaluating the use of indoor air as
combustion air in termg of boiler infiltration losses
vas first analysed by Chi and Kelly /5/, and Kelly et
al. /6/.

The thermal performance of open fireplaces wvas
investigated from the experimental and theoretical point
of view by Modera and Sonderegger /7/. An experimental

analysis of the interactions between a chimney and a
building under the effect of external forces (wind,
temperature difference) wvas presented by Shaw and Brown
/8/7. Further theoretical and experimental work was done
by Shaw and Kim /9/.

This paper analyses the interaction between air in-

filtration and +the boiler plus exhaust eystem using a
simplified model, suitable for analysing the sensitivity
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2.1

of the phenomenon to a number of parameters, such as
vind speed, air temperature, building perweability, etc.

A large fraction of the individual boilere located in-
doors, except the so-called "balanced draft systems",
make use of indoor air for combustion. Moreover, the use
of draft diverters -- which causes an extra infiltration
rate -- 1is becowming more and more common for their
ability +to decrease the flue gas dew point, and for
gafety reasons, becauge in case of reverse flow +they
prevent the extinction of the combustion flame by the
flue gases.

In central systems draft regulators are used, which are
able to decrease the chimney draft to the point where
draft is balanced by flov resistances, thus azllowing a
better matching between boiler and chimney even when the
stack is oversized. Moreover, as pointed out by Kunz
/10/, gsuch devices allow, in the off-period of +the
burner, the wventilation of the stack and therefore the
evaporation of condenesate.

MATHEMATICAL MODEL

2R — gL Pl — R~ — g~

e A e i e o e e e e Do i e e e - - s o o e e

The model adopted is described in detail in a previous
papexr by Fracastoro and Pagani 711/, where it was used
to derive a simplified procedure to calculate natural
air infiltration in buildings.

The building envelope is subdivided into a number of
elementary areas of variable height and width equal to
the width of the fagcade and the pressure difference is
calculated across each area. Then, assuming the air
permeability of each elementary area is known, the air
flow rate is calculated and summed up over the whole
envelope. The condition that the incoming air flow rate
ig equal to the outgoing flow rate allows to determine
the internal pressure.

The model dbes not take into account turbulence-induced
ventilation, and the lower floor and upper ceiling are
supposed to be perfectly airtight.

The external pressure on the fagade is calculated by the
folilowing formula

Pe(x,y,2z) = Pe(h) - ée-g-(z-h) + Cp-be-v2/2 (1)
vhere the pressure coefficients Cp are those indicated
by Wise /12/, assumed conastant over the entire facgade.

The wind velocity varies with height according to the
law proposed by Shaw and Tamura, /13/:
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v(z) = vwx(

The atmospheric boundary layer thickness and exponent
are given in Tab. 1, as a function of the type of
terrain surrounding the building. In this analysis the
wind velocity is assumed to be known at +the building
gite, 10 m above the ground.

TAB. 1 - BOUNDARY LAYER THICKNESS AND EXPONENT

Surrounding terrain d{m) ;]

urban centre 520 0. 400
suburbs or rough countryside 400 0. 286
countryside 280 0. 143

The internal pressure is congidered to be a function
only of the height above ground, and is given by:

Pi(z) = Pi(h) - éi-g-(z-h) - IZ(k-APx) (3
wvhere the sum is extended to all floor partitions below
the considered level z, k is the so-called "internal air
flow resistance" /11/, and APx is the maximum pressure
drop across the floors, given by

APx = -g-hi-(ée ~ &i) (4)
The value of k varies between O, for buildings having an
element (as +the stairs or lift well) providing good
vertical continuity, and 1 for buildings wmade of super-
imposed, vertically tight floors.
Assuming a reference height equal to the unknown neutral

level height h = zpn, the pressure difference betveen
outdoor and indoor is given by:

AP(x,y,2) = Pe(x,y,z) - Pi(z) =
= g-(di - ée)-(z - zpn) + Cp-bée-v2/2 + L k-APx (3)
The incowing air flovw rate is:
Qin = JC(x,y,z)-|A.P(x.y,z)|“~dA (6')
A+

where the integral is extended to the area A+ across
wvhich AP is positive and
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GQout = jC(x,y,z)-'A P(x,y,z)'“-dA (6")
A_.

extended to the area A- across which AP is negative.
By imposing the continuity egquation
@ = Qin = Qs + Qout 7))

vhere Qs is the volume air flow exfiltrating through the
stack, calculated as shown in the next sections, the
neutral level height zpn is determined, together with
the corresponding value of @, oxr ACH = 3600-Q/V.

SIS RN ARl T Rl R AL R m L S e—-

A typical hot water individual heating system consists
of a gas-fired boiler coupled to the exhaust system,
including the flue, the draft diverter and the stack.
The draft diverter connects the s8tack with the ambient
in which the boiler is located. The flue and the stack
are respectively the portions of the exhaust system
upstream and downstream of the draft diverter. Hence,
the chimney and the boiler are actually uncoupled from
the fluid dynamics standpoint.

During the boiler on-period the flue gas mass flow rate
in the boiler and flue may be considered constant, both
for natural draft and forced draft boilers. The equation
relating the flue gas mass flow rate wb to the fuel mass
flow rate mf, the stoichiometric air Ast, and the excess
air R is:

mb = mf-(1 + R-Ast) 8)

During the boiler off-period the air flow rate is no
longer constant, being determined by the wmechanical
equilibrium between the available pressure drop across
the stack and the friction pressure loss. The available
pressure drop depends in turn on the temperature of the
air in the stack, wvhich varies with time. In order to
determine the air flow during the off-period, the
temperature transient in the chimney plus boiler system
should therefore be analysed; such aspect is not yet
implemented in the model presented in this paper.

When a draft diverter is adopted, if the gas flow rate
corresponding to the gas temperature in the stack is
higher than the flowv rate in the boiler, an extra flow
of air (at ambient temperature) is drawn into the stack
through the draft diverter. The dilution of the flue
gases with ambient air lowers the average gas
temperature in the stack, therefore reducing the stack
draft until a different equilibrium condition is
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reached. The ratio of the mass flow rate in the stack to
the mags flow rate in the flue isg defined as:

Sr = ms / wmb (9)

Hence, the volumetric flow rate exfiltrating through the
stack is:

Qs = Sr-mb/éi (10)

The value of Sr depends=2 on the congtruction features of
the boiler and chimney and on the flue gas temperature.
Sr is also influenced by the actual internal pressure
value, which in turn depends on the external pressure
field described by Egq. (1).

Typical values of Sr for individual gas boilers commonly
adopted in Italy range between 2 and 2.5.

In order to compare different boilers it may be useful
to express the infiltration heat loss induced by the
boiler in terms of boiler losses, i.e., as a fraction of
the available heat of combustion. The "boiler
infiltration loss" is given by the following expression:

t
fms-cp-(Ti-Te)-dt
o

Pi

(11)

t
mg-Hi-dt
o

vhere the two integrals are extended aver time t, com-
prehengive of an integer number of on-off cycles.

Presgsure and temperature distribution

In this section the calculation of pressures, temper-
atures and gas flow rates in the boiler, flue, draft
diverter and stack is presented.

Basically two different gsituationg mwmay occur with
regpect to the pressure distribution, i.e.:

i) the natural draft boiler in which the slight under-
pressure of the combustion chamber (with respect to
ambient) determines the flow of combustion air;

ii) the forced draft boiler, in which the burner ism
equipped with a fan controlling the combustion air
flow.

The outdoor pressure Pe(zb) at the boiler level (z = zb)

in the undisturbed =zone is asasumed as the reference
value in the pressure calculation. It is also assumed
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that the flue gas pressure at the chimney outlet
(elevation z = zb + hu) equals the outdoor air pressure
at the same elevation Pe(zb + hu). This fact implies
that the discharge gas pressgure is not influenced by the
local wind speed. Two alternative paths may be followed
to determine the pressure drop '

APe = Pe(zb) - Pe(zb + hu)

Following the external path, this is equal to the hydro-
static drop

APe = APhyd,e = &e-g-hu (12)

Alternatively, A Pe may be calculated along the path
*outgide-ingide-stack base-stack outlet".

The difference between the reference pressure and indoor
pressure Pi(zb) at the boiler level ig indicated as:

NPa = Pe(zb) - Pi(zb) (13)

The difference between the indoor pressure Pi(zb) and
the pressure at the base of the stack Pf(zb)

APb = Pi(zb) - P£f(zb) (14)
depends on the characteristicgs of the boiler: for a
forced draft boiler A Pb can be assumed equal to zero,
as the pressure losses in the boiler are balanced by the
pressure head o¢f the burner’s blowver, while for a
natural draft boiler A Pb assumes a positive value.

The flue gas pressure difference A Pf between the stack
base and outlet is given by the sum of two terms, i.e.:

i) the "hydrostatic” pressure difference
D Phyd,s = &8-g-hu (15)
ii) the friction losses
DPw = Br-88-c2/2 (16)
where the B+ coefficient includes the effect of both
distributed and concentrated flow resistances, as
vell as the effect of the kinetic terwm.
Therefore:

APf = Pf(zb) - Pf(zb + hu) = &s-(g-hu + B#-c2/2) (17)

The following equation may be written by equalizing the
twvo pressure drops

A Phyd,e = APa + APb + APw + APhyd, s (18)
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In the latter equation, the known termg are A Phyd,e
and, in the cage of forced draft boilers, the term & Pb,
which can be taken equal to zero. The unknown terms are
D Pa, D Pw and A Phyd,s; the two latter terms are a
function of the gas speed c and density és, given that
the chimney congtructive and geometric characteristics
are assigned; the gas density és8 is in turn a function
of temperature Ta.

Applying the continuity and the energy equations to the
draft diverter, and assuming that air and flue gases
have equal specific heat, it is found that:

mb-Tb + (mg - mb)-Ti = ms-Ts (19)

As a first approximation, if the thermal losses of the
flue gas are neglected, the temperature Ts also
repregsents the average value in the stack.

The overall solution of the problem is obtained with the
follovwing procedure:

i. Ag an initial guess it is assumed Ts = Tb

ii. The neutral plane elevation ig initially taken at
the mid height of the building; this is equivalent
to impoging an initial value of 4O Pa.

iii.The gas speed c is calculated from equation (18) and
the mass flow rate ms is determined from the contin-
uity equation.

iv. The new value of temperature Ts is calculated from
equation (19) and the process is repeated from point
iii. onwards until convergence is attained.

v. A check is made on the building air flows, until the
continuity equation (7) is gatigfied. Otherwise, the
position of the neutral plane is modified, i.e. the
elevation is moved upwards if @Qin < (Qout+Q@s) and
viceversa, and the calculation is repeated <from
point ii. until convergence.

Results wmay be presented in terms of the ratio between
the number of air changes with and without chimney:

ACH(w chimney)

ACH(w/0 chimney)

Alternatively, if emphasys is placed on boiler perform-
ance, the boiler infiltration loss Pi may be calculated
from the infiltration rate. The relationship between Pi
and the number of air changes (ACH) is given by:
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6i-V-cp-(Ti-Te) - ACH
Pi = (11)
3600-ms-Hi ’

CALCULATION HYPOTHESES AND APPLICATION EXAMPLE

In this preliminary phase of the work, a parametric
investigation has been performed in order to analyse the
gengitivity of the results with respect to some of the
most gignificant parameters (air permeability and
weather parameters).

As a first example, a tvo-storey detached house having a
square 12 m x 12 m plan, with a forced draft gas boiler

on the ground floor vas considered. A constant value of
the stack cross section, determined according to
standard DIN 4705, vag assumed. The characteristic data
of the building, boiler and exhaugt system are

summarized in Table 2. Permeability was supposed to be
uniform over the entire envelope.

The pressure difference across the building envelope is

plotted in Fig. 1l (A = windward facade, C = leeward
facade, B = side fagades) with (y) and without (n)
exhaust system in the living space; wind direction is
agsumed perpendicular to facades A and C. The exhaust

gystem produces a decrease of the internal pressure,
corregponding to an increase of AP across all facades.

Two types of analyses have been performed: the first
investigating the influence of the exhaust system on the
air infiltration rate of the building; the second
analyging the influence of weather parameters on the
exhaust system operation.

Resulte of the former analysis are expressed in terms of
the ratio of air changes in the building with chimney to
air changes in the same building without chimney, as a
function of wind speed and outdoor temperature (see Fig.
2), and wind speed and average envelope permeability
(see Fig. 3. Ag it could be expected, the ratio
decreases with increasging wind velocity and temperature
difference, and becowee practically independent of
outdoor temperature for wind speeds exceeding 4 w/s.
Also, the ratio shows a strong dependence on the
building permeability, even at high wind speeds.

Regsults of the latter analysis are shown in Fig. 4,
where the variation of factor Sr igs reported as a
function of wind speed and temperature difference. Sr
decreases with increasing wind speed due to wind
depreasgurization of the building; Sr decreases also with
decreasing outdoor-indoor temperature differences, due
to the reduction of stack draft.
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TAB. 2 - CHARACTERISTIC DATA OF BUILDING,
BOILER AND CHIMNEY

indoor temperature 20 °C
boiler heating power 23,490 W
internal air flowv resistance 0
flow exponent across building envelope 0.65
fuel type gas
C02 percent in flue gases 10 %
chimney loss i2 %
boiler efficiency 80 %
internal diameter of the stack 0.12 m
gtack height 5.8 m
B* coefficient downstream the draft diverter 2.5
4. CONCLUSIONS

The preliminary results of the model agree with a
qualitative physical understanding of the phenomena.
Obviously, an experimental validation is needed to
assess the accuracy of the model.

At the present state the model capability is constrained
by a number of egimplifying assumptions, the most
important of which are:

i. the internal pressure is only dependent on the
height above the ground

ii. turbulence induced ventilation is not taken into
account

iii.thermal dynawic behaviour of the chimney is not
congidered, and therefore the boiler is considered
to be operating under steady-state conditions

iv, temperature of the flue gases is assumed constant in
the astack

However, these limitations should not affect the order
of wmagnitude of the results and the correlation trends
with the parameters. For example, the results show that
the dinfluence of the exhaust system on the ventilation
rate (Figures 2 and 3) is by far more marked than the
influence of the weather parameters on the exhaust
system operation (Fig. 4).

Research work in this area seems promising, due to the
riging interest in indoor air quality, and to the
rapidly developing use of individual boiler systems
located within the living space and equipped with draft
diverters.

Future developments of this research will address the
trangsient behaviour of the system in on-off cycle boiler
operation and a more detailed description of the
horizontal air flows inside the building.
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Discussion
Paper 15

0. Nielsen (Ministry of Housing and Building, Denmark) (a) Have
any Italian workers investigated the indoor climate problems
associated with combustion gases back-flowing through the draft
diverter? (b) I presume draft diverters are only used on boilers
with atmospheric burners.

M, Masoero (Politecnico di Torino, Italy) (a) The problem has
been investigated only recently. To solve it, Italgas (the
largest gas distribution company in Italy) is developing a
device which interrupts gas flow to the burner under the
dictates of a temperature sensor at the diverter. (b) Draft
diverters are compulsory on individual gas boilers with
atmospheric burners, but are also used on forced air burners
with the fan downstream of the draft diverter.

W. De Gids ('INO Division of Technology for Society, Holland) A
problem associated with flow diverters is that immediately after
the burner ignites there is an emission of NOx into the space.

R. Walker (Building Research Station, Garston, UK) (a) Could you
tell me what expression you used to relate indoor-outdoor
pressure differences to air leakage? (b) You may find it useful
to scale data by 1/(DT)1/2 in order to remove the dependence on
DT.

M. Masoero (Politecnico di Torino, Italy) (a) The usual
expression:Q = C A ]Dpln was used (see equations (6') and (6")
in the paper).

D. Harrje (Princeton University, USA) Besides the air
infiltration implications of your work it is also important to
consider the soil gas and radon which may be drawn from the
basement crawlspace due to the negative pressure (set up by
boiler operation). If a warm air system is used there are
further considerations with regard to supply and exhaust
balance, which would also affect the basement area pressure.
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