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Abstract: In Hungary, the use of gas is of a significant proportion as compared to other energy resources. In the
case of the most generally used ,,B” type gas boilers, the coordinated operation of the gas appliance and the
chimney, as well as the supply of combustion air is an important question. Besides the construction of the
chimney, when building envelops meet modern energetic requirements, this coordinated operation also depends
on the introduction of the necessary air quantity.

For the appropriate adjustment of the gas boiler to the conditions of the building and its heating system,
computer generated calculation results have to be obtained that can help the positioning of the appliance and
the elaboration of the heating system. For the examination of the coordinated operation of the gas boiler and the
heated space, a mathematical model needs to be developed to describe the non-steady-state conditions of the
heating system and the building, and to help examine the non-steady-state condition of the room’s air supply —
appliance — chimney.
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1 Introduction

In Hungary, the use of gas is of a significant
proportion as compared to other energy resources.
The heating of about 80% of family houses and
blocks of flats is provided for by gas boiler operated
central heating system. The prevalently used “B”
type* gas boilers do not operate continuously but
automatically turn on and off depending on the
changes of indoor temperature. The temperature of
the hot-water heating system connected to the boiler
changes in harmony with the operation of the boiler.
In the chimney, the extent of the draught depends on
the operation of the boiler, and the temperature of the
flue gas and the heating water.

For the appropriate adjustment of the gas boiler to
the conditions of the building and its heating and
ventilation system, computer generated calculation
results have to be obtained that can help in choosing
the appliance and in the planning of the chimney and
the air supply of the room. Our goal is the
development of a physical-mathematical model that
can be used for examining the non-steady-state
condition of the room and the gas boiler, the
chimney and the air supply of the room.

* Type “B” appliances are connected to a flue
through which combustion products can leave and
the combustion air is drawn directly from the room.
(CEN report CR 1749)

2 The physical model

The developed physical model is presented in Fig. 1.
A “B” type boiler — supplied with an open
combustion chamber — supplies a hot-water heating
system. The heated space is connected to its
environment in part through the heat directed toward
the outdoors and in part through the ventilation that
develops due to the draught of the chimney. See the
main characteristics of the energetic connection
below.
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Fig. 1 The physical model of a flat heated by an
individual gas boiler



On the basis of the physical model, an energetic
block diagram of the flat heated with the gas boiler
was developed, which in turn led to the elaboration
of the mathematic model. The model can be divided
into two main parts: the boiler — heating system —
room — walls model and the boiler — chimney —
combustion-air supply model (Fig.2). The details of
the sub-models are as follows.
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Fig.2. Energetic block diagram of a room heated by a
gas boiler
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3 The calculation model

3.1. The model of the heating system
The components of the model: the gas boiler, the
hot-water heating system, the room and its walls.
The heat produced by the gas boiler enters the room
through the heating system and the radiator.
Depending on the supply and return temperatures
and in function of the temperature of the room, the
heat transmitted by the radiator and, therefore, the
temperature of the air of the room both change.

The initial equations were the following:
— the heat balance of the heat circuit:

d

tw,s +tw,r . .
E(Mw TJ = Qboiler - Qrad (1)

- the heat balance of the room:
(Malr 27 ) Qrad Qtr — My
(2)

where

Qrad =k . _ti)’ (3)

is the heat flow transmitted by the radiator and

w
rad * Arad ’ (

Cp,air '(ti _te) >
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Ou =kyatr * Ayan - (t; = 1), “4)
is the transmission heat loss of the walls.

With the introduction of a tag for the medium
temperature of the heating medium (#,,,) and its
substitution into equations (1) and (2), the result after
the rearrangement of the equations is:

d _ Qboiler kmd 'Arad kmd 'Amd

— gy = - Tyav T 4
dr "™ M, M, : M,

(5)
and

d
_[ —
dr
_krad'Amd (t _ )_kwall'Awall‘(t —1,) -
- w,av i i e
M air M air
_mair'cair.(t._t )_kmd'Amd .t n
M i e~ M w,av
air air
n (_ krad - Arad _ Kywail - Awall . Myir * Cair j o+
i
M air M air M air
kwall 'Awall mair " Cair
+ [ M le M le (6)
air air

With the constants combined, the equations can
also look as follows:

d
Etw,av =day 'tw,av +app -t tas, and (7
d
7 i =421 hway T a2 1 a3 (3)

Initial conditions in the moment 7 = 0:

teO +1,0 and

tw,av :tw av0 — 5 5

t; =t;y; tp, =1,9 =const .

3.2 The model of the boiler
The energy flow entering the appliance in the
moment when the boiler starts operating:

szgas 'Hs +mgas “Cp gas 1 +mcomb.air “Cp air 1
()]
After the burner:
0= (mgas +mcombair) ’ tcomb'cpfg = mfg 'tcomb'cpfg
(10)
Flue gas temperature after the burner calculated from
equation (1) and (2):
My, - H
Lecomb = £ . i (11)
Mg " Cpfe
The energy flow leavmg the appliance is
Q mfg Cfe " f +my, ¢, (tw,s_ wr)+Qloss(12)



where
Qloss is the heat loss of the appliances caused by
convection and radiation.

Neglecting the appliance’s convection and radiation
losses, the heat flow transmitted by the hot flue gas
and the heated water within the heat exchanger is:
mfg Cp.fe “(t comp _tfg)zmw “Cy '(tw,s _tw,r)z
=Ape - kpe - Aty

(13)
After reductions and the introduction of constants
(Ag, A1, Ay, Aj), the form of equation (13) is:
i fe Cp,fe *eomb ~1fg) = (14)
=Ao - Ay teomp +Ag Ayt —Ag - Ay — A3

From the equations, the temperature of flue gas
leaving the appliance is:
AO . A2 + A3

AO 'Al +7’l.’lfg 'C‘p’fg

tfg (15)

3.3 The model of the chimney and the air-
inlet
Draft, induced by the density difference at H long,
vertical section of the chimney covers: flow
resistance of the air inlet, pressure difference
necessary to increase the velocity of room air
entering the draft hood, the flow resistance of
chimney and the wind pressure. Using the tags from
Fig. 1:
Ap=g-H - (Pe — Pmix.av) = DPair,in +£W§ir +

’ ’ 2 (16)
+Ap draft hood Ap chimney +Ap wind

Assuming that the characteristic of the air inlet is:
. 2

Ap=C Mairs

where  C) = const.,

equation (16) will become:

.2
g H (P = Pmixav) =C1 Mair s +

, 2
+[m—] pi,

Adrafihood “Pi ) 2
. 2 1
Majr j Pi (7

Agdraft hood * Pi

2
+[/1£+§j. M mix Pmixav +Cy,
D A4- Pmix,av 2

where C; = Apying = const.

+ é’ draft hood(
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After simplifying and reducing equation (17), the
result is:

T.
be 1- : =Cl'm;irs-'-
Rair T e T, mix,av ’

1 Ry T, 5
+(1+4drafthood)' S “Mair +

242
+(/1£+§j- !

g-H-

draft hood
Rair 'Tmix,av .2
2 o
2-A4

Pmix,av

(18)
In order to receive an equation easier to handle, the
following notations are introduced:

p

g.H.—ezBO’
Rair'Te

1 R, -T:

(1+é/drafthood)' B alr. 1=Bl9

" “Adrafthood Pi

R..

(154_4’) % ¢=BZ’

D 2-4 Pmix,av

Thus, the new form of the equation (14) is:

T C . By .
= girs+_l'm§ir+
Tmix,av BO ’ BO
3 (19)
2 ) 2
+— T m. 4+ —=.
BO mix,av mix BO
As
’hair,s = Meomb.air T Mair €8 Mpix = mfg + Mgy
equation (19) expressed in a different way is:
T, (G : By .
1- e =—L. (Meomb.air + mair)2 + _lm:ir +
Tmix,av BO BO
B, . . » Gy
+ LB_ : Tmix,avj : (mfg + Mgip )" + B_
0 0
(20)

After raising the equation to second power and
rearranging it:

T C, B B 5
—621_(_1+_1+_2.Tmixgavj.mair —

Tix, av By By By

- [%mcomb.air + % mfg 'Tmix,O +
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As the next step, the constants in equation (21) are
substituted with the constants shown below:

C C B B B
a0=1——2, a =—1+—1, 022—2, 032—3,
By By By By By
26, 2B, . 2By
ag=——-~-m, s A5 =—= Mg, , dg =—"Hlg, ,
4 BO comb.air> “5 BO fg 6 BO fg
G .2 By .2 B
a7—

=—m L, ag =—= Mg , g =——"M
By comb.air> “8 By fg > “9 By fg >

The new form of the equation is:

T, 2

=ag —(ay +ay - Thix,o + 43 - Tixay) - My —

T, mix,av
- (a4 +as- Tmix,O +ag - Tmix,av) : mair -
- (a7 +ag 'Tmix,O +ag 'Tmix,av) .
(22)
The unknowns in equation (22) are:
mair P Tmix,O es Tmix,av >
while the other factors can be determined from the
combustial equations and from the flow and
geometric characteristics of the combustion gas
outlet.
Further equations are:
— Initial temperature of flue gas after mixing
combustion air and room air:
T n."fg'ng"'mair'Ti

mix | ;—(

=T,

mix,0 =

: : (23)

Meg + Myjp

— The medium temperature of the mixture flowing
through the chimney can also be described on the
basis of the temperature of the mixture that enters
and then leaves the chimney (if we conceive the
chimney as a heat exchanger):

T _ Tmix,O + Tix (H)

mix, av )

= Imix,0 —
. 24
~ k-U o (24)

1 (M gg + M gir )*Cp mix
_E(Tmix,O —-T,)e e P

Equations (22), (23) and (24) form an equation
system. It can be used for the examination and sizing
of chimneys as regards thermal and fluid dynamics
but can also be utilised for the determination of the
chimney’s operating point when the heating system
connected to the appliance is in a non-steady-state.

4 Steps of calculation

The steps of modelling were the following:

* Initially, the gas boiler is not in operation, a
temperature evolves in the room, and a given air
current develops through the gas appliance and the
chimney.
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* At the sign of the room thermostat, at a At = 0
moment, the gas appliance starts its operation and
transmits AQ heat quantity into its surroundings
during a At period. As a result, the supply water
temperature increases. At the flue gas outlet of the
appliance, a flue gas mass flow of #; temperature
appears. The air of the room mixes to this in the draft
hood and an initial mixture temperature develops
together with an increasing flow through the
chimney.

* The operating point of the chimney can be

calculated with iteration cycles by repeating the

following steps:

1. From the heat load of the gas appliance, as given
by the manufacturer, it is possible to calculate the
mass flow of the flue gas which leaves the heat
exchanger.

2. The temperature of flue gas can be calculated from
equation (15) according to the actual return
temperature of the heating circuit.

3. By assuming an initial mass flow value for the
combustion air entering the draft hood, #ixo and
fmxav Can be calculated from (23) and (24),
respectively.

4. Room air mass flow can be determined with
equation (22) and can be compared with the
assumed value.

5. Should they differ, air mass flow has to be
modified and the above described iteration
process has to be repeated. Iteration is to be
continued until desired accuracy is met. At which
point, the data for the chimney’s operating point
is available for the given condition of the heating
circuit.

6. The mass flow of combustion air has to be
recalculated and checked by taking into account
the pressure difference between what is
calculated in the draft hood and what is measured
in the room, as well as the pressure difference
necessary to accelerate the combustion air and the
flow resistance of the gas appliance.

To calculate the next chimney operating point for
the given heating circuit, the above described method
has to be repeated.

5 Calculation results

Based on the model, a calculation program has been
created which can calculate the mass-flow of the
room air entering the draft hood, though not yet the
heat balance of the heating system and the room. The
program was used in order to determine the chimney
point and the mass-flow of the room air entering the



draft hood when a gas appliance is turned on and the
return water temperature is still cold. Afterwards the
above described factors were examined for the case
when the return water temperature is already hot.

Fig.3 reveals an example of the results of the
calculation. The mean flue gas temperature, the draft
caused by the density difference in the vertical
section of the chimney and therefore the mass flow
of the room air all steadily increase.
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Fig.3 Calculation results

6 Examination of the non-steady-state

process through measurement
Establishing the initial data for modelling requires
measurement data which describe the operating
parameters of the gas appliances, with special regard
to non-steady-state operating conditions. Therefore,
measurements have been conducted to describe the
operating conditions of the boiler and the chimney.

The following temperature measurement points
were established on the equipment in the university
department’s gas technical laboratory:

o the temperature of the flue gas leaving the gas
appliance,

e the temperature of the flue gas—air mixture close
to the point it entered the flue pipe,

e the inner wall temperature of the flue liner once
the mixture got into the funnel,

e close to the chimney outlet, along the diameter,
the temperature of the gas—air mixture and the
inner wall temperature of the flue liner.
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As follows, the changes of the characteristic
temperature data of a Vaillant VUI8 type wall
mounted boiler and the adjoining chimney are
presented. In the initial state, the boiler is cold. In the
course of the measurement, the boiler and the
chimney heat up. Once the operating balance is
reached, the boiler shuts down followed by a period
of falling temperature.

The measured environmental, gas- and water-side
characteristics:

troom = 21,1 °C
Loas = 18,7 °C
Daas = 3040 Pa
fw.supply = 51,1 °C
tw,retum = 2 8 :3 OC
My, = 520 Litre/h

Figures 4, and 5 indicate a few measurement results.
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Fig.4 Temperature change around the appliance
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Fig.5 Temperature change at the chimney entrance

7 Conclusions
In Hungary, in the case of the generally used ,,.B”
type gas boilers, the coordinated operation of the gas
appliance and the chimney, as well as the supply of
combustion air is an important question.

For the examination of the coordinated operation
of the gas boiler and the heated space, a
mathematical model needs to be developed to help
describe the non-steady-state conditions of the
heating system and the building, and can also be



used also for the examination of the non-steady-state
condition of the room’s air supply — appliance —
chimney.

Based on the model, a calculation program has
been created which can calculate the mass-flow of
the room air entering the draft hood, though not yet
the heat balance of the heating system and the room.

Establishing the initial data for modelling
requires measurement data. Therefore, measurements
have been conducted to describe the operating
conditions of the boiler and the chimney.

The measurements conducted so far clearly
demonstrate the non-steady character of the early
stage of the process, namely that the diluted flue gas
temperature and the inner wall temperature
constantly change in the case of intermittently
operating boilers.

Further steps of modelling include the
comparison of calculated and measured parameters
and improvements on the model.

Nomenclature:

A flow cross-section, m*;

[ specific heat, J/kg, K;

D the characteristic size of the chimney

(diameter), m;

gravity acceleration, m/s’;

average height of the chimney, m;
combustion heat of the natural gas, J/m?;
heat transmission coefficient, J/m*K;
mass flow rate, kg/s;

heat capacity

pressure, Pa;

energy flow rate, heat flow rate, W;

gas constant, J/kg,K;

temperature, °C;

absolute temperature, K;

specific surface of the wall of the chimney
(surface/length), m;

volume, m®;

s Natural gas mass flow entering the gas
appliance, m’/s;

TNTRRT s ToaR

NN

w speed, m/s;
Greek symbols
v specific volume, m3/kg;

A friction factor (-);
P density, kg/m’;
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Subscripts
av  average
comb combustion

e outside
fg  flue gas
i inside
mix mixture
r return
rad radiator
s supply
w water
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