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Summary

Two main topics are dealt with in this thesis. Firstly, the performance of
condensing boilers with �nned tube heat exchangers and premix burners
is evaluated. Secondly, ways of avoiding condensate formation in the 
ue
system are evaluated.

In the �rst investigation, a transient heat transfer approach is used to
predict performance of di�erent boiler con�gurations connected to di�erent
heating systems. The smallest e�ciency di�erence between heat loads and
heating systems is obtained when the heat exchanger gives a small tem-
perature di�erence between 
ue gases and return water, the heat transfer
coe�cient is low and and the thermostat hysteresis is large. Taking into
account heat exchanger size, the best boiler is one with higher heat transfer
per unit area which only causes a small e�ciency loss. The total heating
cost at part load, including gas and electricity, has a maximum at the low-
est simulated heat load. The heat supplied by the circulation heat pump is
responsible for this.

The second investigation evaluates methods of drying the 
ue gases. Re-
heating the 
ue gases in di�erent ways and water removal in an adsorbent
bed are evaluated. Reheating is tested in two specially designed boilers. The
necessary reheating is calculated to approximately 100{150�C if an uninsu-
lated masonry chimney is used. The tested boilers show that it is possible
to design a proper boiler. The losses, stand-by and convective/radiative,
must be kept at a minimum in order to obtain a high e�ciency.
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1

Introduction

A brief description of condensing boilers will be given in this chapter as
well as the state of the art and the technology evolution for these boilers.
It is assumed that the reader is familiar with the basic characteristics of
condensing boilers regarding 
ue gas temperatures, boiler e�ciency and
material topics.

1.1 Energy Economics and Planning and Natural Gas

In the subject \Energy economics and planning", e�cient use of energy
in various processes is studied. Primarily, centralized energy distribution
systems on a municipal level are studied, e.g. electricity, district heating
and natural gas. Examples of research topics in these areas are coincidence
factors in electric heating and Demand Side Management (DSM), low return
water temperature from consumer substations in district heating improving
the operating conditions for a back pressure steam turbine and the overall
heating e�ciency of gas appliances.

In this section I present some advantages I think condensing gas boilers
o�er. Condensing boilers o�er the possibility of a very high fuel utilization
and thus of interest in \Energy economics and planning". For a municipal
utility, a maximized appliance e�ciency is of interest since it minimises
the transportation work. Of course, it will also reduce the gas sold to each
customer. High e�ciency can thus be an advantage for both the distribution
company and the customer. A study of ways to improve the overall annual
fuel utilization or e�ciency will also provide a small contribution to the
knowledge of load economizing and coincidence factors.

Natural gas is today used in all types of fuel consuming processes and
one may easily point at both environmental and e�ciency advantages in
comparison with other fuels. In the sector of space heating, properties of
both the fuel natural gas and the building can be noted for a potential of
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very e�cient energy utilization. In this context are the properties divided
into two categories, combustion and process.

Combustion of natural gas generates a larger amount of water compared
to oil or coal combustion. Only when moist fuels, for example wood and
peat, or hydrogen are used the 
ue gases will have a water content equivalent
to that of natural gas combustion or higher. The high water content involves
a high water dew point, approximately 50{60�C. The exact temperature is
mainly dependent on the combustion air excess ratio. The negligible content
of sulphur and heavy metals combined with the possibility to control the
combustion in order to minimize the CO and NOx emissions make natural
gas an environmentally attractive fuel. It is worth mentioning catalytic com-
bustion and surface combustion as attractive technical solutions especially
well suited for gaseous fuels. The small emission levels should be taken into
account as this thesis deals with gas appliances used in for example areas
of single family houses, i.e. a great number of small emission sources at a
low level above the ground in housing areas.

The process in which the fuel is used determine how far the 
ue gases can
be cooled, i.e. the highest obtainable e�ciency. The temperatures in space
heating systems, more precisely the return temperature from the heating
system, are often low enough to allow condensation of the water vapour in

ue gases. Natural gas can thus be used to obtain very high e�ciencies.
Furthermore, the condensate from natural gas 
ue gases is less aggressive
than the condensate from oil 
ue gases. Altogether this have lead to the
development of condensing gas boilers at attractive prices for the consumer.

This thesis focusses on condensing gas boilers and energy economics and
planning from a technical point of view. This means that the boiler design
is studied and discussed in order to use the potential of high e�ciency to
a as high degree as possible, taking into account the wide range of opera-
ting conditions generated by di�erent building characteristics as well as the
climatic changes during the heating season. The approach is to look at the
boiler, the heating system and the building as the necessary parameters in
the system to be studied.

1.2 Evolution of Residential Condensing Gas Boilers

Condensation of water vapour in 
ue gases was reported in the 1930s but
regarding condensate formation in the chimney. Until the 1970s research
works only seem to deal with unwanted condensation and its e�ects on chim-
neys and gas appliance material according to a bibliography by Hindin [30].
The \energy crisis" and the increase of natural gas consumption, especially
in Europe, during the 1970s draw the attention to higher e�ciencies and
condensing appliances.
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1.2.1 Short History

Perhaps is the Canadian boiler Pulsamatic by Lucas-Rotax Ltd. the �rst
condensing space heating appliance. It was developed in the late 1950s and
used a pulse combustor. It is interesting to note that outdoor air was used as
combustion air. Approximately 700 boilers were manufactured until 1966.

Kirk [38] writes 1974 that there is no widely used gas appliance that has
an e�ciency of 90% (based on the higher heating value) and utilizing the la-
tent heat, i.e. condensation. He shortly mentions work at the American Gas
Association on a condensing furnace with a stainless steel heat exchanger.
The exhaust temperature was 49�C. A boiler equipped with a pulse combus-
tor is also mentioned. In this boiler the latent heat was obviously recovered
by transporting the 
ue gases through a water bath. Field [21] reports in
1974 on French experiences with condensing heat exchangers added to two
1.2 MW boilers for heating swimming pools. Operation began in 1971 fol-
lowing a prototype in 1970. In 1976 Rado [66] describes an evaluation made
at Ruhrgas in Germany of an add-on condensing heat exchanger intended
for use in space heating boilers. The unit tested was connected to a boiler
of approximately 1 MW gas input. Measured e�ciency at full load was
101.2%. The condensing heat exchanger was said to have been successfully
used for swimming pool heating for several years.

In for example the Netherlands and in Great Britain the development of
condensing appliances have been encouraged by research done at gas com-
pany research centres or equivalent, i.e. Gasunie Research and British Gas.
In the Netherlands Gasunie Research 1979 presented a condensing boiler for
the Dutch boiler manufacturers. The prototype had two heat exchangers
and was rapidly developed. Basic data were transferred to licenced Dutch
boiler manufacturers. In 1981 ten companies had developed boilers of dif-
ferent designs. VEG-Gasinstituut (now Gastec) later conducted a lot of
work regarding corrosion and material topics. Gasunie has again developed
a prototype condensing boiler described by Bootsma and Meijnen [9], this
time with a modulating burner and hot tap water production in the same
unit. This work is conducted in cooperation with Dutch boiler and burner
manufacturers.

The work at British Gas can be studied in published reports, e.g. in
the contributions to the International Gas Research Conference in 1986
and 1989. Searle and Allen [73] describe the development of a wall hung
condensing boiler, Hargreaves and Patterson [27] describe an evaluation of
burners and burner controls and Stevens and Morgan [79] present results
from assessments of materials for condensing appliances. The contributions
to the 1989 conference included work more related to the interaction between
boiler and building; studies and calculations of 
ues by Etheridge et al. [20]
and warm-air heating evaluation by Nevrala et al. [49].

Dedicated conferences have also shown the interest in and the need for re-
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search regarding condensing appliances. The conference \Condensing Heat
Exchangers" (CHX) has been held twice, 1982 in Atlanta and in 1987 in
Columbus, Ohio.

1.2.2 Boiler Design

Early condensing boilers often had two separate heat exchangers with con-
densation taking place in the second one. These boilers can be seen as
non-condensing boilers with added condensing heat exchangers. Separate
condensing heat exchangers were also available for domestic boilers and
still are. New boilers often have a single heat exchanger. In Europe today,
strictly condensing heat exchangers, either as a secondary heat exchangers
or as added separate units, are mostly found in larger boiler installations
for space heating. These basic designs are denoted the �rst and second
generation condensing boilers by Jannemann [36]. In �gure 1.1 they are
schematically shown. These designs are later in this thesis called type I and
type II.

Figure 1.1: Basic condensing boiler designs according to Jannemann

The heating systems in North America are usually warm-air systems
while hydronic systems dominate in Europe. These and other factors have
lead to di�erent paths in the boiler developments in the two continents.
These di�erences are discussed in a paper by Searle et al. [74]. The topics
discussed are condensate formation and amount, heat exchanger design and
material, maintenance and possible fuel savings.

Today, the state of the art regarding European residential boilers is
a low heat capacity boiler with an often �nned tube heat exchanger and
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premixed combustion with either blue 
ames or a radiating glowing burner
surface. Examples of this type are the Ne�t Turbo (EcomLine), the EWFE
Micromat and the Remeha Micron 2.

1.2.3 Boiler Performance

The e�ciency of gas boilers has increased due to a number of improve-
ments. Among them are increased heat insulation to reduce the convective
heat loss and a lower 
ue gas temperature. The use of new burners often
lower the 
ue loss due to lower excess air ratios. They also permit a re-
duced air 
ow through the boiler during the burner stand-by period, thus
reducing the stand-by loss. A burner that is well suited for condensing ap-
pliances is a pulse combustor in which the pressure generated �ts the higher
pressure drop in condensing heat exchangers. Examples are the Ameri-
can furnace Lennox Pulse and the Hydrotherm Hydro Pulse boiler. Due
to the higher pressure drop in condensing boilers a combustion air fan is
necessary. A higher electricity consumption follows compared to traditional
non-condensing boilers. The electricity consumption for space heating boil-
ers and the interaction with other parts of the installation are discussed
later in this thesis.

The gas consumption for space heating has been further reduced by
control systems which better adapt the boiler operation to the heat demand.
These improvements could lead to non-condensing boilers of good design
with a low 
ue gas temperature and with an e�ciency of the same order as
the early condensing boilers. The boiler price is lower than for a condensing
boiler. Today, non-condensing boilers can reach an annual e�ciency of
slightly above 90% (based on the lower heating value) which is an e�ciency
level comparable to those of early single family house condensing boilers.
However, boilers of that kind may introduce new problems such as unwanted
condensation in the boiler and corrosion problems in chimney liners.

Energy savings of 15{20% are often claimed when condensing boilers
are compared to non-condensing boilers. This may be true when an old
non-condensing boiler is retro�tted by a condensing boiler.

1.2.4 Economics and Regulations

The economic gain of condensing boilers can be smaller in the future due
to a smaller e�ciency di�erence between condensing and non-condensing
boilers and a reduced heat demand in new buildings. Another competitor
may be electrical heating if the total cost for the heating device and the
heat distribution system is considered in low-energy houses with an annual
net heat demand less than 10000 kWh.

The use of condensing boilers in a particular country is depending not
only on thermodynamic performance but also on regulations, political mea-
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sures and taxation. One example is the possibility to locate the boiler in
the attic as in the Netherlands, thus reducing the cost for a corrosion resis-
tant chimney lining. The government may also encourage the use of certain
technologies through subsidizes as in the Netherlands where approximately
10% of the boiler cost has been subsidized in order to increase the market
share for condensing boilers. Fuel taxation can also control the use of the
technology chosen. One example is the CO2 tax in force in Sweden. Since
Sweden does not have own fossil fuel sources, domestic fuels such as biomass
can bene�t from this.

1.3 Boiler E�ciency and the Building

The interaction between the building and the boiler involves a large number
of topics. In-depth studies of the energy use in buildings to get thermal com-
fort often include air tightness aspects, indoor air 
ow calculations (using
CFD codes) and consideration of solar radiation gain. The boiler has often
been considered as a simple heat source. The building has been of greater
importance in these studies. In studies where the interest is focussed on
the boiler the opposite situation is often to be found. The boiler has been
described in detail while the building and heating system are described to-
gether as a simple heat sink. These are the two main approaches taken in
the literature. A general discussion on integrating these approaches is done
by Hensen [29]. In the dissertations by Hensen [28] and Tang [80] both au-
thors present models of the building and the di�erent parts of the heating
and ventilation system, e.g. the boiler, the heat distribution system, valves
and the control system.

In 1972 Dittrich [18] presented a model for the calculation of the part-
load operation of residential boilers. Many models have followed and these
models are discussed in chapter 3. These models often consider the building
as a simple static heat load. Some studies have dealt with the overall heating
system. Four of them are here cronologically reviewed.

The oldest model of these is implemented in the American computer
program HFLAME by Bonne et al. [7, 8] which has been used for evaluation
of the entire system, consisting of a furnace, building and heating system.
The model simulates the furnace or boiler dynamically and the heat load
statically. Performance and e�ciency are calculated from heat losses to
the 
ue system during the burner on-period and o�-period respectively.
Calibration is made from one steady-state 
ue gas temperature and one
temperature pro�le at part-load during a whole burner cycle. Electricity
consumption for the heat distribution system is also included. The losses
considered are the 
ue loss during burner operating time, the heat loss
during the burner stand-by time and the air in�ltration. Heat from the 
ue
system to the heated space is also accounted for.
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The model has not been used to point out an optimum furnace design.
Common topics for evaluation have been various operating conditions, con-
trol systems, and heating system designs. For a natural gas �red warm-air
furnace the in
uence of oversizing, reduced excess air ratio, intermittent
ignition instead of a pilot 
ame, cycling frequency, di�erent ways of com-
bustion air supply and warm air 
ow and circulation air fan operation were
evaluated.

Pickup and Miles [61] made in 1979 a British study of the overall system
consisting of boiler, heating system and building. It included both space
heating and hot tap water production. The authors strongly recommend
low heat capacity boilers to obtain as high annual e�ciency as possible.
The investigations were directed towards the use of gas boilers in new low
energy houses, approximately 4 kW heat demand at {1�C outdoor tempe-
rature. Commercially available boilers were tested in the laboratory and in
�eld installations. It seems like night setback was assumed which may ex-
plain high heat losses for high heat capacity boilers. One may also suspect
that these boilers were of an older design and not so well insulated as the
new low heat capacity boilers. The authors provide recommendations for
boiler sizing, heating system and control system. Some recommendations
are perhaps closely linked to British building practice and thus not generally
valid.

A similar and more recent study with the same aim as the British study
is described by Nielsen and Spiegelhauer [51]. The aim was to develop a gas
�red heating system for the year 2000. For this, three parts were identi�ed:
evaluation of the expected characteristics of future new Danish single family
houses, assessment of the most suitable heat distribution system and �nally
development of burners and boilers. In the �rst part, the heat demand in
new buildings was estimated. Together with the heat demand for additional
heating following night setback and heat required for hot tap water produc-
tion the necessary burner heat input was determined. The authors conclude
that a gas input of approximately twice the heat demand at the design out-
door temperature is su�cient. For the anticipated new Danish single-family
houses this involves a burner input of 10{15 kW. The best heat distribution
system is according to the authors the commonly used hydronic system.

Two types of boiler designs were then considered, a high heat capacity
boiler with no or only a small burner turn-down ratio or a low heat capacity
boiler with a highly modulating burner. The turn-down ratio is mentioned
as a main limitation in the latter design. The burner must also be envi-
ronmentally friendly, i.e. the use of a low NOx burner is required. Fibre
burners are considered as suitable for the task and o�er the possibility of
obtaining a large turn-down ratio.

Further studies were suggested on the design of a high heat capacity and
a low heat capacity boiler, development of air and fuel mixing systems for
premix burners and �nally design tools for small and medium sized boilers



1.4 Aims, Delimitations and Basic Considerations 21

with premix burners. It was evaluated that a compact non-condensing cast
iron boiler with an annual e�ciency of 88{90% could be developed.

The recommendations regarding high heat capacity boilers are obviously
contradictory in the British and in the Danish studies. The basic assump-
tions may be different, but di�erences in technical standards are probably
also of importance for the standpoint on boiler design choice. In the Danish
work, an extremely small heat loss from the boiler body is assumed, 50{
100 W at 65�C boiler temperature. The equivalent heat loss of the heavy
boilers in the British investigation were probably up to ten times this value,
which may be a major explanation. The high heat capacity boiler with a
one-step burner was in the Danish work considered to adapt better to dif-
ferent heating systems and therefore currently of greater interest than a low
heat capacity boiler with a similar burner. Since the study was conducted in
cooperation with Danish boiler companies the results are directed towards
new products.

Jakob et al. [34, 35] have evaluated 21 design options from US Depart-
ment of Energy for improved appliance e�ciency. Options which increase
the e�ciency were economically assessed. A combination of literature data,
experiments and furnace simulations were used for the evaluation. The total
life-cycle costs were predicted and compared. Building characteristics were
summarised as future heat loads.

The conclusion, from an economical point of view, is that the lowest
life-cycle cost is obtained for furnaces having the lowest allowable e�ciency.
The baseline furnace selected had an input of approximately 22 kW and an
annual e�ciency of 85%. Design heat demand was approximately 9 kW.
Among the design options studied, only a small e�ciency improvement of
1{2% could be economically justi�ed. Appliances with higher e�ciencies
su�ered from higher costs either from the 
ue system or the from furnace
itself. It should be remembered that the conclusion is made for the US
price situation. Higher energy prices will for example increase the number
of economically justi�able options.

These four studies are based either on measured data from individual
furnace installations or a general discussion based on known characteristics.
None of the models are general in the sense that the system performance
can be calculated from an assumed system design.

1.4 Aims, Delimitations and Basic Considerations

In this thesis a central space heating system for single family houses consist-
ing of a natural gas �red condensing boiler and a hydronic heating system
is studied. The thesis consists of two main studies:

� A study of boiler performance changes for di�erent boiler designs and
heat loads.
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� A study of di�erent boiler designs to avoid the need for moisture
resistant chimney liners when condensing boilers are used.

These studies also de�nes two aims. A third aim is the development of
detailed models for prediction of boiler operation and its interaction with
the building. The �rst study is limited to the boiler performance in a strictly
technical manner, i.e. calculations of the local temperatures and heat 
ows
in boilers and the resulting e�ciency. The second study deals with the goal
to technically evaluate boiler designs which make the use of chimney liners
unnecessary. It can also be said to also deal with the issue that a reduced
e�ciency can be economically justi�ed due to reduced installation costs.

The system study is based on an engineering approach. This means that
the di�erent parts of the heating system are quite well described and put
together in a single model. It is not the intention to perform basic research
in areas such as transient heat transfer, building modelling, 
uid mechanics
and so on.

The condensing boiler has a heat exchanger with no mixing of the 
u-
ids. The 
ue gas pressure is kept at the atmospheric level and only the
combustion air humidity is added to the combustion process.

The heating system is a two-string hydronic system with a constant wa-
ter 
ow and an outdoor temperature controlled 
ow temperature. Energy
for space heating is only supplied by the heating system. Neither con-
vective/radiative loss from the boiler nor heat from the chimney walls are
considered useful in this approach. Excessive heat from electric appliances
is not included in the heat supplied for space heating. The house is suitable
for a single family; annual heat demands considered in the thesis are less
than 30000 kWh. It does not have a mechanical ventilation and thus no en-
ergy recovery from the indoor air leaving the house. The chimney assumed
in this work is an uninsulated masonry chimney.

A number of investigations were required to ful�l the mentioned aims.
The work may be cronologically divided into the following steps. The order
of items also shows the development from laboratory tests to simulations of
the entire heating system.

1. An experimental investigation of 
ue gas reheating in a commercially
available boiler.

2. Development of a calculation model for the heat and mass transfer in
chimneys.

3. Tests of specially designed condensing boilers with 
ue gas reheating.

4. Detailed modelling of heat and mass transfer in a well de�ned boiler
and the dynamic characteristics of heating systems and buildings.
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The economical consequenses of the suggested boiler designs are not
discussed in this thesis. Furthermore, the discussion only deals with a boiler
used for space heating, not hot tap water production as well. It is however
possible in future work to include the sanitary hot water production in the
model and methology developed.

1.4.1 Thesis Structure

The thesis is arranged as follows. Chapter 1, 2 and 3 form a background
while chapter 4, 5 and 6 constitute the actual investigations. In chapter 2
a \picture" of the boiler and its environment is presented. This is followed in
chapter 3 by a survey of methods of calculating boiler performance. Models
are divided into models for prediction of part-load e�ciency of existing
boilers and models used as design tools. Comments are made on the di�erent
methods. Also, a discussion about electricity consumption is carried out.
The purpose of this chapter is to point at the parameters important for
the boiler performance and which also are needed for a detailed analysis of
boilers.

A calculation model of boiler performance is presented in chapter 4.
The boiler in the model consists of a burner �ring down towards a cross 
ow
heat exchanger. Thorough calculations in order to evaluate some design
parameters are made.

In chapter 5 and 6 
ue gas drying by means of 
ue gas reheating
or adsorption drying is studied. The content of these chapters is divided
between calculations of the necessary 
ue gas temperature and humidity
and experiments in boilers with and without 
ue gas reheating. Conclusions
about boiler designs are drawn.

Chapter 7 contains a discussion and conclusions are drawn from the
two studies.

1.5 De�nitions

Throughout the thesis a number of terms are used. They can have slightly
di�erent meaning depending on the source. In this thesis they have the
following meaning.

Boiler Heat generator intended for water based space heating systems,
hydronic systems.

Control system The boiler or furnace monitoring system consisting of one
or more of the following devices or functions: boiler thermostat, room
thermostat, radiator valves, outdoor temperature control and night
setback.
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Convective/Radiative loss This is heat transferred from the boiler cas-
ing and water jackets to the surrounding boiler room.

Cycling frequency This is the frequency of the intermittent operation of
a one-step burner. The cycling frequency is not �xed for a particular
boiler and heat load.

Furnace Heat generator intended for warm-air space heating systems.

Heat capacity If a boiler has a high or low heat capacity is dependent
on the burner input. No exact value is given to separate high and
low heat capacity boilers. It is instead a general description of the
boiler design. Remeha 1HR is an older, �rst generation, condensing
boiler with two heat exchangers, one cast iron heat exchanger and one
condensing heat exchanger consisting of a �nned tube bundle in an
aluminium alloy. The total weight is 134 kg and if 105 kg is assumed
to be included in the heat exchanger this gives a heat capacity, related
to the burner input, of approximately 3000 J/kWK and 5500 J/kWK
including the 11 litre water content. The EWFEMicromat MZ22 has a
total weight of 65 kg and if 40 kg is assumed to be an aluminium heat
exchanger, a 18 kW gas input yields a heat capacity of 2000 J/kWK
and 2500 J/kWK including an assumed 2 litre water content.

Heat demand The heat required to keep the indoor temperature constant
at a certain level. It is only determined by the heat transfer character-
istics of the building. Thus, no user behaviour is taken into account.

Heat output This is the boiler output at the water jackets at full load
operation.

Heating system The heating system assumed in this study is a central
two-string hydronic system.

Natural gas, heating value The lower heating value is used throughout
the thesis unless other stated. This means that the e�ciencies are ap-
proximately 10% higher than if the higher heating value is considered
as long as the the fuel is natural gas H. The gas composition used
is 91.1% CH4, 4.7% C2H6, 1.7% C3H8, 1.4% C4H10, 0.5% CO2 and
0.6% N2. The lower heating value is 39.0 MJ/m3.

Operating cycle This is the time between two burner starts, i.e. including
pre-purge time, burner operation and stand-by.

Part-load operation This occurs when the heat load is less than the
boiler heat output. The part-load e�ciency is the relation between
useful heat at the water jackets and the gas input at part-load opera-
tion.
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Pre-purge loss This loss occurs during the pre-purge time and is the en-
ergy used for heating the combustion air until the 
ame ignites. In
condensing boilers water is also evaporated.

Pre-purge time The time from the start of the combustion air fan to the

ame ignition.

Relative time This is a dimensionless burner operating time. The relative
time, � , denotes the share of time the burner operates between two
starts.

Stand-by loss An air 
ow through the boiler to the 
ue that cools the
heat exchanger determines this loss. It is the heat transferred to the
air 
ow and further to the 
ue system. It occurs from the time the
burner has stopped until the combustion air fan starts.

Start/stop e�ect The start/stop e�ect is the di�erence in heat output
when only the cycling frequency is changed. Water temperatures are
constant. Both positive and negative values are possible indicating
gains and losses respectively.
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Space Heating Boiler Characteristics

In this chapter, heat 
ows in boilers as well as overall boiler characteristics
are described. The aim is to show the parameters necessary for an accurate
simulation of the boiler performance in a building. The building is in this
chapter represented by a simple steady-state heat load.

2.1 Boiler Heat Flows

Modelling boiler characteristics and using the results for boiler design re-
quire a detailed picture of the heat 
ows to and from the boiler as well
as inside the boiler. It is suitable to express the di�erent heat 
ows as a
function of time since the intermittent (on/o�) operation of many burners
gives a transient heat transfer in normal operation. This is also the case
in boilers equipped with modulating boilers at low heat loads. A general
expression for the heat transferred to the heating system _Qrad assuming no
heat loss in the distribution system then yields

_Qrad(t) = _Qb(t)� _Qlh(t)� _Qstore(t)� _Qlw(t)� _Qlf (t) (2.1)

where _Qb is the burner input, _Qlh is the heat loss from not water cooled hot
spots, _Qstore is the heat stored in the the heat exchanger, pipes and water,
_Qlw is the heat loss from water cooled parts, _Qlf is the loss to the 
ue
system and t is a time parameter. The di�erent heat 
ows may of course
also be dependent on parameters like temperatures and heat loads. The
parameter _Qstore denotes heat stored in the heat exchanger material during
the burner operation and released to the heating system during the burner
stand-by period as a result of the cyclic operation.

Among the time dependent parameters, only the heat delivered to the
heating system _Qrad and the 
ue loss _Qlw during burner operation would
in practice be possible to measure directly. The remaining losses, i.e. the
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heat loss to the surrounding room and the stand-by loss, are given as the
remainder when a heat balance is set up around the system. The accuracy
in this way of determining these losses is likely to be bad due to their small
part of the the total heat 
ow.

However, in practice will a boiler meet heat loads in a limited num-
ber of operating conditions. For a boiler with a one-step burner these are
full load and stand by. A two-step burner either operates in full load and
low load or in low load and stand by. Finally, the modulating burner ei-
ther operates within the turn-down ratio or in lowest fuel input and stand
by. The part-load performance for a particular heat load may therefore be
expressed as a combination of two operating conditions. Often are these
approximated as steady-state conditions. The following discussion will deal
with a boiler with a one-step burner. The approach is easily adapted to the
other burners mentioned. The two steady-state operating conditions are
shown in �gure 2.1.
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Burner stand byBurner operation

_Qrad;on
_Qrad;off

_Qb;on
_Qb;off

_Qlw;on
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6 6
_Qlf;on

_Qlf;off

Figure 2.1: Energy 
ows in a boiler during burner operation and burner stand
by

During the burner operating time, the gas input to the main burner is
_Qb;on while it is _Qb;off during the main burner stand-by period in case of a

pilot burner. From the boiler, the useful heat _Qrad;on and _Qrad;off are taken
during the burner operating and stand-by times respectively. An accurate
heat balance must also include the energy supplied to the water circulation
pump which gives a small contribution to the heating of the water.

The di�erent heat losses are transferred either to the 
ue or to the
surrounding room. During the main burner operating time the 
ue loss is
determined by the 
ue gas temperature at the boiler outlet, the excess air
ratio for the combustion, and in case of condensation, the water content
in the 
ue gases. The 
ue loss when the main burner is not operating,
_Qlf;off , is determined by a possible 
ow of cooling air through the boiler.
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The heat loss to the surrounding room, _Qlw;on + _Qlh;on, during the main
burner operation and the corresponding values during burner stand by is
also named convective and/or radiative loss. _Qlh;on denotes the heat loss
from hot surfaces on the burner and 
ame radiation from an atmospheric
burner if used, and _Qlw the heat loss from the boiler surface including the
water jackets. The heat balances in steady-state conditions thus become

_Qb;on = _Qrad;on + _Qlf;on + _Qlw;on + _Qlh;on (2.2)

during burner operation and

a _Qb;on = _Qrad;off + _Qlf;off + _Qlw;off + _Qlh;off (2.3)

during burner stand by. The pilot burner input _Qb;off has been replaced

by the expression a _Qb;on, i.e. a fraction of the main burner input.
In this discussion of heat balances, complete combustion has been as-

sumed. In a well adjusted gas burner this can be anticipated, but during the
�rst seconds of burner operation higher amounts of unburnt hydrocarbons
and carbon monoxide are emitted. Long operating times reduce this loss
to a negligible part of the heat input. However, extremely short operating
times can be obtained at low heat loads in boilers with low heat capacities,
and in bad installations.

Rawe and Schultz [68] studied the heat losses from residential boilers in
order to determine the size of the convective/radiative and stand-by losses.
Their test set up allowed a separation of the losses.

8 di�erent boilers, manufactured between 1971 and 1988, equipped with
both atmospheric and fan assisted burners were tested. In �gure 2.2 some
of the presented results are shown. The three graphs show the heat loss to
the surrounding room, the stand-by loss and in the third graph both the
heat loss and the stand-by loss for two boilers. The losses, expressed as a
percentage of the burner input, are functions of the di�erence between the
average boiler temperature and the boiler room temperature, �#.

The heat loss to the boiler room, qst, is expressed as radiation loss and
shows the same behaviour for all tested boilers, only the value di�ers. Stand-
by loss for one of the boilers is shown in the lower left graph. The two upper
curves show the stand-by loss with gas or electrical boiler heating. In the
latter case, the water cirquit contains an electric heater outside the boiler
unlike the �rst case where the burner is used. The di�erence in stand-by loss
may be explained by di�erent heat exchanger temperatures when either the
burner or the electric heating is used to maintain the boiler temperature.
The air 
owing through the boiler is likely to be a�ected by these di�erent
surface temperatures. In the French test (French standard NF D30001),
the boiler temperature is kept constant using external heating of the water
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Figure 2.2: Measured heat losses from gas boilers

while the boilers own burner is used for the same purpose in the German test
(German standard DIN 4702). This di�erences may explain the di�erent
results obtained applying the French and German stand-by tests.

The graph at the bottom right of the �gure shows both the stand-by loss
and the heat loss to the boiler room, and one clearly sees that the stand-by
loss is much more temperature dependent. The curve shape is unique for
each boiler model.

2.2 Building Parameters

The heat 
ows in a building form a complex pattern. In �gure 2.3 a building
and the di�erent heat 
ows are shown. The heat demand consists of trans-
mission loss _Qtrans through walls, windows, 
oor and roof, controlled ven-
tilation loss _Qvent;1 and uncontrolled ventilation loss _Qvent;2 due to leakage
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Figure 2.3: Heat 
ows in a building

in for example window openings. In general, the walls including windows,
roof and 
oor have quite di�erent heat insulation qualities and heat stor-
age capacities. Heat from the heating system _Qrad is normally responsible
for the major part of the space heating. The indoor air is also heated by
heat losses from the boiler to the boiler room _Qconv ( _Qlh+ _Qlw), heat from
electric appliances _Qappl, heat from occupants and solar radiation _Qsun.

The boiler operating conditions generated by the building can be de-
scribed by simple steady-state expressions for heat load and heating system
temperatures. The heat load may be calculated from the annual net heat
demand and the outdoor or ambient temperature assuming a linear rela-
tionship. This can be done if a period of several hours are considered or if
the building has no habitants. The radiator system temperatures are easily
calculated, see for example Ransmark [67]. These data can then be used for
an analysis of the boiler operation.

E�ects of night setback on the boiler e�ciency and gas consumption
need a more detailed, dynamic, building description. For this, dynamics
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due to heat stored in walls Qw, roof Qr, 
oor and ground Qg and indoor air
Qair need to be considered as well as the changes in radiator temperatures.
A further discussion is made in the derivation of the building model, see
page 66.

The di�erent parts of the building and the heating system in which the
boiler is installed in
uence the entire system performance, e.g. the annual
e�ciency. The parts considered are shown in �gure 2.4.

- �

6

6

Boiler

Heat load

Control
system

Heating
system
design

e�ciency
Annual

Figure 2.4: The boiler and the environment in
uencing the annual e�ciency

The following boiler parameters are assumed to have an in
uence on the
e�ciency: the heat exchanger design, the burner input and the excess air
ratio, the heat losses, the boiler heat capacity and the boiler thermostat
characteristics.

The control system also in
uence the e�ciency. The boiler operating
conditions are not the same when di�erent control systems are used. They
can use for example a boiler thermostat only, a room thermostat or an
outdoor temperature controlled thermostat. Also, a circulation pump with
either a timer or a variable speed are sometimes included in the control
system and it can also in
uence the boiler operating conditions.

The heat load is de�ned by the house design and the climate as well as
the possibility to use night setback. The heating system includes important
factors as the design temperatures, the heat capacity and the water 
ow.

2.3 Gas Boiler Electricity Consumption

Electric power consumption for the combustion fan and circulation pump
is necessary for the generation and distribution of heat. These devices are
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also responsible for the major part of the electric power consumption in gas-
�red boilers. It is therefore of interest to investigate the power consumption
as well as the gas cost. Especially in low energy houses and in countries
where the ratio between electricity and gas prices is high the cost for the
electricity consumed is not negligible compared to the gas cost. The electric
power consumption Ptot is composed of

Ptot = Pfan + Pign + Pcontrol + Ppump (2.4)

where subscripts fan, ign, control and pump denote the combustion fan, the

ame ignition, the control system and the electronic devices in the boiler
and �nally the water circulation pump respectively. In a warm-air heating
system the circulation pump is replaced by an air circulation fan.

The power consumption for each device is either constant or dependent
on the burner operation. A modulating burner and a variable speed cir-
culation pump may give a power consumption which is not constant at
each operating condition. However, even in these cases the power consump-
tion can be described by much simplier expressions than the transient heat
transfer processes in the boiler.



3

Models for the Prediction of Boiler

Performance

To what extent is it possible to predict the boiler performance in di�erent
situations? In this chapter are models for the prediction of boiler per-
formance described and commented. The description is limited to typical
model structures and thus no standards or regulations are described. Mod-
els used to predict boiler performance can be divided into two types:

� Models to be used for existing boilers. Measured heat 
ows are used
in the predictions.

� Models for prediction of the performance of an arbitrarily chosen boiler
design. Design speci�cation and heat transfer correlations are used in
the predictions. The design speci�cation includes the heat exchanger
geometry.

Most models, independent of the above mentioned types, only deal with
heat transfer in the boiler. The electricity consumed, necessary for the
boiler operation is seldom considered. A simple model for the electricity
consumption is therefore also presented in this chapter.

3.1 Models for Existing Boilers

Several purposes for the use of measured or predicted part-load perfor-
mance can be mentioned. Among them are consumer information, ful�lling
appliance standards e t c]. Models and testing procedures used for o�cial
e�ciency data or labelling are not discussed. Instead, di�erent approaches
are discussed. Models for annual e�ciency prediction are often based on
simple equations for the part-load e�ciency.
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The main error source in all models is the estimation of the boiler heat
losses which normally only are a minor part of the energy input. Therefore
will even the simpliest model in most cases seldom give errors exceeding a
few percent. However, if a few test measurements are to be used for an
annual e�ciency prediction or for quality rating, the model must have an
accuracy equivalent to the test accuracy, i.e. not worse than approximately
2{3%.

Several models for part-load performance prediction have been pre-
sented. They can be divided into one group containing models based on
a steady-state approach and one group where the models include dynamics.

Simple models based on steady-state heat balances cannot take transient
e�ects into considerations. It is therefore di�cult to rely on these models if
the operating conditions di�er much from the test conditions. More detailed
models are easier to improve due to their often physically better description
of the heat transfer. Dynamic models give the opportunity to an even more
detailed description of the boiler performance.

3.1.1 Steady-State Models

An easy-to-use model for annual e�ciency predictions was derived by Dit-
trich in 1972 [18]. The model is based on the assumption of two steady-state
conditions, full load and stand by, see �gure 2.1 on page 27. During a period
t of full-load operation the boiler input energy Q1 with �b boiler e�ciency
equals

Q1 = t
_Qout

�b
(3.1)

where _Qout is the heat output. Convective losses are included in �b. During
the stand-by period, ttot � t, the energy Q2 is supplied to compensate for
the stand-by loss represented by qsb

Q2 = (ttot � t) qsb
_Qout

�b
(3.2)

which gives the annual e�ciency � as

� =
Q1 �b

Q1 +Q2
=

�b

1 +
�
ttot
t � 1

�
qsb

(3.3)

This way of predicting the annual e�ciency assumes a linear relationship
between heat losses and operating time. It is only accurate if a constant
boiler temperature is used. An advantage is the use of easily measured
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parameters but �xed values are used for the full-load e�ciency and stand-by
loss. Plate and Tenhumberg [64] improved the model by introducing heat
load dependent functions for heating system temperatures, stand-by loss
and full-load boiler e�ciency. These changes made it possible to predict the
e�ciency for boilers with load dependent temperatures as well, for example
when using an outdoor temperature controlled 
ow temperature. This is a
step towards a performance prediction where all heat 
ows are separated and
individually described. However, in the Dittrich model, with and without
improvements, the heat losses are included in the full-load e�ciency and
the stand-by loss.

Separating the losses makes it possible to describe the part-load op-
eration more in detail. Models with a steady-state approach including a
detailed description of the heat losses have been developed by for example
de Wit and Paulsen [17] and the author [56]. The heat losses are in these
models separated into _Qlw, _Qlh, and _Qlf;off . The di�erent expressions used
are shown in equations 3.4{3.8. de Wit and Paulsen calculate the stand-by
loss _Qlf;off as

_Qlf;off;[17] = (1:0� I) _Qlf;ref

�
T � 20

45

�1:3

(3.4)

where I is a relative load ( _Qrad= _Qb) based on heat load and burner input and
_Qlf;ref is the stand-by loss at the reference condition (65�C). The author
has chosen equation 3.5 for the calculation of the stand-by loss

_Qlf;off;[56] = k1�T
n (3.5)

The di�erence between the average boiler temperature and the room tempe-
rature is denoted �T . The constant k1 and the exponent n are determined
by stand-by tests at di�erent boiler temperatures.

Heat loss from the boiler surface _Qlw, is in both models calculated in
analogy with heat transfer from heating system radiators as

_Qlw;[17] =
_Qlw;ref

�
T � 20

45

�1:3

(3.6)

and

_Qlw;[56] = k2�T
1:3 (3.7)

Heat loss from hot spots occurs only during burner operation and is accord-
ing to de Wit and Paulsen directly proportional to the relative load I . It is
written as

_Qlh;[17] = I _Qlh;nom (3.8)
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where _Qlh;nom is the nominal loss (continous burner operation).

3.1.2 Models Including Dynamics

The steady-state performance models do not directly take dynamic be-
haviour into consideration with a few minor exceptions. A model by van Rij
and Overman [81] contains a parameter for start-stop e�ects, i.e. changes
in the steady-state heat balances only depending on the cycling frequency.
The model by de Wit and Paulsen [17] includes a calculation of the heat
loss caused by pre-purge ventilation. The boiler heat capacity is used in a
simple expression for the cycling frequency at a known heat load.

The newly developed SAVE model described by Schweitzer [72] is based
on steady-state heat balances. The average 
ue gas temperature is calcu-
lated using time constants for the heating and cooling of the heat exchanger.
The time constants are determined from a 30% heat load test.

Laret [43] has developed a model which includes the dynamic behaviour.
Basic thermodynamic relations are used for the boiler description. A �rst
order di�erential equation is used to characterise the dynamic behaviour.
The water and the heat exchanger are together considered as the boiler heat
capacity. All terms such as heat 
ows, temperatures e t c are assumed to be
proportional to the relative operating time. The model is calibrated using
data from a full-load and a part-load test. A time constant for the heat
capacity is obtained from the part-load data and further used to determine
the dynamic characteristics. Describing the heat exchanger by means of the
total heat transfer (UA) also gives the possibility to analyse boilers with
modulating burners. Laret claims that the accuracy is better than 1% for
predictions covering a wide range of operating conditions.

Claus and Stephan [13] developed a model for furnaces and boilers. The
transient heat transfer analysis included a �rst order di�erential equation;
the boiler is treated as a single heat capacity. Temperatures and draught
in the chimney are also calculated in order to calculate air 
ow during the
burner stand-by period. As in the previous model, experimental data are
used to �t the model to the test results.

Lebrun et al. [44] found that the steady-state approach gave fully sat-
isfactory e�ciency values if long periods are considered. However, it is
claimed that a dynamic boiler model is necessary to evaluate all topics in
an integrated boiler and building system. Two heat capacities are used in
the model, the 
ue gases and the heat exchanger including the water.

Transient heat transfer and boiler e�ciency for larger boilers, >200 kW,
with fan assisted burners has been investigated by Pfei�er [60]. This model
is however not general in the sense that it can be used for any boiler together
with a few calibrating test results, it is rather a model for carefully described
boilers.
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The model includes radiation heat transfer from the 
ame to the com-
bustion chamber walls, convective heat transfer in the combustion chamber
and the heat transfer in the convective parts of the heat exchanger. The
surface shape can also be su�ciently described, for example taking �ns into
account. Good agreement with manufacturers' data is reported. Purposes
mentioned for this model are to studies of the gas temperature and reten-
tion time in the combustion chamber for NOx formation reasons, and wall
temperatures when modulating burners are used.

The last example of models shows some additional uses for detailed boiler
analysis that can be performed with a more detailed physical description.
The main disadvantage of models of this kind is their limited use to only
one or a few boilers. The particular model however, describes a widely used
boiler design and can therefore be adapted to more boilers than most similar
models.

3.1.3 Models for Other Fuels

Gas or oil �red boilers are easier to model compared to for example wood
�red residential boilers. This is due to the ease to measure and keep constant
the �ring rate. Problems arising when modelling wood �red boilers regard
the heat input, unburnt fuel and CO. Examples on the modelling and testing
of such boilers are one model by Ahmad [1] and a testing procedure by the
National Swedish Testing Institute [78].

3.1.4 Comments on Part-Load E�ciency Models

Part-load e�ciency models usually use an approach of comparing steady-
state heat 
ows at full-load and part-load conditions. In most cases the
accuracy of the predicted part-load e�ciency could be within a �3{4%
range. A comparison between calculated and measured e�ciencies for sev-
eral models is reported by Koot et al. [39]. Largest di�erences between
the predictions and the measurements occured in part-load conditions for
a boiler with high, not directly measured, heat losses. However, when all
operating conditions during the heating season are taken into account the
deviation from measured values decrease to a maximum of 3{4%. The boil-
ers with high heat losses, used to test model limits, show di�erences up
to 10% between measurements and calculations. All models used in the
investigation were based on steady-state approaches.

Models based on a transient heat transfer approach are more often based
on thermodynamic relationships which make them easier to improve. Often,
they are used to predict the performance of non-existing boilers. The use
of such models is normally restricted to overall system studies instead of
being used as tools for the engineer or installer.
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Heat Losses

The 
ue loss during burner operation is the easiest loss to measure. In con-
densing boilers this loss is equivalent to, or often lower than other losses.
In models based on steady-state heat balances the average 
ue gas tempe-
rature during the burner operation is seldom possible to calculate. Instead,
the steady-state value is used which gives an error in the 
ue loss predic-
tion. Using overall heat transfer characteristics and a transient heat transfer
approach give a way to better predict the average 
ue gas temperature.

Heat loss due to the convection and radiation from the boiler surface
and heat loss due to the cooling of the boiler interior during the burner
stand-by time are based on di�erent temperatures. These are the heating
system return or 
ow water temperatures or the average value of these
temperatures.

Expressions for the di�erent losses in steady-state models often lack a
thermodynamic base and are �tted to a few test results. In a boiler the heat
exchanger surface temperature during the burner stand-by period will in-
crease at a higher cycling frequency, see Koot, Koschowitz and N�aslund [40].
A model including transient heat transfer capability was developed and used
for evaluation of the in
uence from cycling frequency1. In �gure 3.1 
ue
gas temperature and heat exchanger temperature near the outlet are shown.
The graphs show the result for a 17 kW boiler (35% excess air) at 52% load.
Cycling frequencies are 2.5, 10 and 30 operating cycles per hour. In table 3.1
average material temperatures are shown. Segment 1 and 3 represent the
inlet and outlet of the heat exchanger.

Table 3.1: Average 
ue gas and material temperatures (�C) in a non-condensing
boiler for di�erent cycling frequencies

Cycling frequency (cycles/h)
Period 2.5 10 30

Segment 1
cycle 159.5 146.8 145.2
on-time 183.4 149.4 147.5
o�-time 133.4 144.6 148.8

Segment 2
cycle 72.1 69.9 70.2
on-time 74.5 70.0 69.6
o�-time 69.6 69.9 70.6

The table shows that the largest di�erences occur between 2.5 and 10
cycles/h. Further, the di�erences between the average values are more pro-

1The model is a simpli�ed version of the boiler model described in the next chapter.
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Figure 3.1: Flue gas temperatures (top) during the burner operation and wall
temperatures near the outlet (bottom) at di�erent cycling frequencies. Calcu-
lated values for a boiler with 17 kW gas input and 52% load.
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nounced in the �rst part of the heat exchanger. The most interesting tem-
perature for the stand-by loss is maybe the material temperature during
the stand-by time. This temperature is increasing for an increased cycling
frequency. We also observe a tendency to a lower 
ue gas temperature for
the higher cycling frequencies. In a boiler with an atmospheric burner it is
likely that an increased cycling frequency results in a higher stand-by loss
due to the higher heat exchanger surface temperature. No model studied
based on steady-state heat balances seems to include this e�ect. In boilers
with fan assisted burners the e�ect on stand-by loss is probably negligible.
However, the heat loss during the burner pre-purge time may be a�ected.

Control System

Several methods of adapting the boiler operation to the heat load are pos-
sible. The most commonly used involve a boiler thermostat alone, a room
thermostat or an outdoor temperature controlled thermostat. The method
used is often dependent on the country of operation. For example, in Swe-
den and Germany an outdoor temperature controlled 
ow temperature is
often used while room thermostats are widely used in the Netherlands. Of-
ten are the part-load models not able to take di�erent control systems into
account. An exception is the earlier mentioned SAVE model.

It is not unlikely that new control strategies will be introduced or gain
market share. Two examples are adaptive control systems and control sys-
tems developed within the smart house concepts. To the latter may belong a
control systems for individual room heating. This means that performance
models need to be continously improved in order to be up to date with
commercial boilers.

Environment

The environment is in this context de�ned by the heating system and the
building. It determines the boiler temperature and to some extent also the

ue gas temperature and thus the maximum obtainable e�ciency and some
of the heat losses. Models which use the boiler temperature for the cal-
culation of stand-by and convection heat losses are able to take the e�ect
of di�erent heating systems into consideration. However, heating systems
which have considerably di�erent water 
ows compared to those of the ef-
�ciency tests may increase or decrease the start and stop loss without any
possibility to predict this in many models.

Concluding Remarks

The comments made on models, and calculation of di�erent heat 
ows and
losses, point towards the use of a dynamic heat transfer approach if a wide
range of operating conditions, also except those few in the laboratory tests,
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shall be possible to treat accurately. A steady-state approach is su�cient
if losses are separated and part-load e�ciency for an existing boiler sought
for. However, the need for a dynamic model is greatly reduced if simple
expressions for as many boiler characteristics as possible are included in a
static, or steady-state, model.

3.2 Models for New Boilers and as Design Tool

A survey of existing models for calculating the performance of condens-
ing boilers or heat exchangers is presented in this section. These models
are based on a boiler or heat exchanger design speci�cation rather than
measured heat 
ows as in the previous models. The purpose is to show
some data about their aim, design, restrictions, results and accuracy. The
presented models often use heat transfer correlations developed for dehu-
midi�ers or heat pumps, not correlations especially designed for the heat
transfer between the 
ue gases and heating system 
uid. The in
uence on
the boiler performance from the di�erent boiler parts can be evaluated us-
ing these models. The possibility to evaluate parts or details depend on the
accuracy of the boiler description.

3.2.1 Gaz de France

At the French gas company Gaz de France a model for condensing heat
exchangers has been developed, and described by Pelloux-Prayer [59].

The model applies to separate heat exchangers connected after a con-
ventional gas boiler. Mass transfer is calculated from known heat transfer
correlations for non-condensible heat transfer and using the Chilton-Hougen
analogy between heat and mass transfer. Since the gas inlet temperature is
low, 150{250�C, no attention needs to be paid to gas radiation and 
ame
radiation. The overall steady-state e�ciency for a boiler and a condensing
heat exchanger is said to be calculated with an accuracy of �1%.

Furthermore, the in
uence of tube design, smooth or �nned tubes, was
investigated. Two heat exchangers, one with �nned tubes and one with
smooth tubes, with the same performance in non-condensing operation
were compared in condensing operation. Best result was obtained with the
smooth tubes due to decreased �n e�ciency in the presence of condensation
for the �nned tubes.

3.2.2 USA

A number of condensing heat exchanger models have been developed in
USA. Among them are a model for oil furnaces and boilers by Ball and



42 Models for the Prediction of Boiler Performance

White [4] and three models for warm-air furnaces by Lux et al. [45], Fischer
and Stickford [22] and Aronov and Sheridan [2].

The model by Fischer and Stickford, condhx, deals with a �nned tube
heat exchanger in a cross 
ow for warm-air furnaces and steady-state ope-
ration. Air is 
owing outside the tubes while the 
ue gas 
ows inside the
tubes. For the calculation of the air-side heat transfer coe�cient, a heat
pump model is used.

The authors recommend a calibration of the model to �t it to experimen-
tal data by adjusting a number of constants. The model will then be ready
for the prediction of the e�ects due to changes in the operating conditions.

3.2.3 British Gas

At British Gas, a steady-state heat transfer model suitable for residential
boilers has been presented by Newcombe and Dixon [50]. The purpose of the
development of the model and a computer program was to provide reliable
design data.

The authors mention the possibility of using the model in a quasi-steady
mode in order to describe the transient conditions found in commercial boil-
ers. The simulated boiler is seen in �gure 3.2. The burner �res downwards
facing the heat exchanger which consists of �nned tubes.

Figure 3.2: Boiler design used in British Gas' condensing heat exchanger model

The model uses correlations for convective heat transfer with and with-
out condensation from previous work and radiative heat transfer. Heat
is transferred to the heat exchanger as well as to the manifolds. Experi-
ments showed a substantial deviation between model prediction and mea-
sured data. Heat transfer coe�cients computed from measurements were
2{3 times the predicted coe�cient. Experimental data were used to estab-
lish new heat transfer correlations. The heat transfer coe�cient data is
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presented for Reynolds number Re=300{750 (the characteristic length for
calculating Re is not mentioned). The conclusion drawn is that empirical
data must be obtained from speci�c tests.

Yau and Rose [85] have also studied the performance of condensing boil-
ers of the same design. The calculations were made for steady-state con-
ditions using the �n e�ciency �f for the heat transfer to the tubes. They
studied three heat exchanger con�gurations, one identical with �gure 3.2
and the other two had three and two tubes in the �rst row, the latter a
pure in-line con�guration. Best performance was shown for the con�gura-
tion with three tubes in the �rst row despite less heat exchanger area. The
largest di�erence between the con�gurations, measured as heat output, was
approximately 5%. This di�erence decreased as return water temperature
increased. The study shows that a substantial reduction in heat exchanger
area is possible by rearranging the heat exchanger tubes and thus improving
the performance.

3.2.4 Danish Technological Institute

The most detailed model for performance calculation is the model from
Danish Technological Institute (DTI) by Gundtoft [26]. It is applicable for
non-condensing boilers. In �gure 3.3 the system of boiler and heating system
is shown. The boiler model allows calculation of time resolved temperatures
of 
ue gases and boiler water in an well de�ned environment comprising the
heating system and the building. The stand-by loss is also calculated thus
making a calculation of boiler e�ciency possible at an arbitrarily chosen
operating condition.

Equation 3.9 is the basic equation for the modelling of the boiler. As
seen in �gure 3.3 the boiler is divided into three parts. For the �rst of these
three parts a heat balance is written as

Heat transfer to the boiler materialz }| {
Tb1;new � Tb1;old

�t

mb

3
cp;H2O +

+

Heat transfer to the boiler waterz }| {
_mH2O;tot cp;H2O(Tb1;old � Tret;BP ) =

= U (Tret;1 � Tb1;old)| {z }
Heat transfer from the

ue gases to the boiler

�
_Qconv

3

�
(Tb1;old � Tcc)

40

�1:3

| {z }
Convective loss

(3.9)

where Tb:: is the temperature of each boiler part, Tcc is the gas temperature
in the combustion chamber, Tret:: is the water temperature in the by-pass
pipe or in the heating system return pipe, mb is the total boiler mass,
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Figure 3.3: The division of a boiler into di�erent parts according to the model
from Danish Technological Institute

_mH2O;tot is the water mass 
ow in the boiler and U is the overall heat
transfer coe�cient. One purpose of the model development was to get a tool
to improve the boiler e�ciency by evaluating changes in the burner control
system, the pre-purge time and the outdoor temperature boiler control.

3.2.5 Error Sources

It is not the intention in this thesis to derive more accurate correlations for
the heat transfer in residential gas boilers, but an attempt to explain the
di�erences between model results and actual measurements is made. The
di�erences are assumed to exist on the 
ue gas side in the heat exchanger.

Experiments for the correlation of heat and mass transfer data have most
certainly been made with uniform inlet 
ow conditions. In gas boilers we
often �nd 
ow �elds which may not be in accordance with the assumed 
ow
�elds in the heat transfer correlations that have been used in the various
models.

Calculations of the 
ow �eld in a tube bundle can be used to evaluate
possible sources for model errors. The computer code fluent [16] was used
for a short study of the 
ow �elds in in-line and staggered tube arrange-
ments. Inlet 
ow conditions simulating di�erent burner cross sections were
also used.
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The tube arrangements studied are shown in �gures 3.4 and 3.52. The
domain cross section is 185�305 mm and has a length of 185 mm. 6 rows
of tubes are included; 4 tubes per row in the in-line arrangement and 3 and
4 tubes in the staggered tube arrangement. The tubes have sharp edges as
seen in the �gures. This is due to the fact that the fluent version used
did not allow for body �tted coordinates (BFC) and that the number of
cells was limited to 20000. Only cold 
ow �elds were calculated; i.e. no
heat transfer. The 
ow assumed was set to 25 m3/h. Inlet 
ow conditions
were set by assuming three burner types, a burner covering the entire cross
section, a line burner over a third of the cross section and �nally a square
opening simulating a fan assisted burner. From the calculations, 
ow �elds
are showed for two cases. These are the 
ows in the two tube arrangements
and inlet 
ow as if a burner covering the entire cross section (a uniform inlet

ow �eld) was used, see �gures 3.4 and 3.5.

The two �gures show the 
ow �eld at the center of the domain. Sig-
ni�cant di�erences between the tube arrangements are clearly seen. The

ow closer to the walls is similar to that at the center with this simulated
burner. Larger di�erences are found when the assumed burner does not give
a uniform inlet 
ow. Especially when in-line tube arrangement is consid-
ered, the 
ow is concentrated to the domain center. Large di�erences in the

ow �elds between the center and the walls where the tubes are connected
are also observed.

It seems interesting to perform a more in-depth study of the interaction
between the tube arrangement, the burner type and the 
ow �eld. This
may also include measurements, for example Laser Doppler Anemometry
(LDA), to verify the calculations.

3.2.6 Concluding Remarks

Models that can be used as design tools for gas �red boilers are much more
limited to a particular design than the previous steady-state or dynamic
models. The more detailed models described in this chapter give more in-
depth information about the boiler characteristics, for example the local
temperatures. In general, these models are not complicated and the cal-
culations are straightforward. Well known heat transfer correlations are
normally used.

The need for calibration or correction in some of the models clearly illus-
trate the complicated heat transfer processes involved in condensing boiler
or furnace designs. It also shows the di�culty of using heat transfer data
and correlations obtained from carefully controlled experiments in boiler
models. Di�erences explaining the need for calibration may exist in the

ow �eld and in the temperature distribution.

2They are the same as the boiler model in the next chapter.
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Figure 3.4: Cold 
ow �eld calculated for a staggered tube arrangement. Uniform
inlet 
ow, center of domain. Re=550
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Figure 3.5: Cold 
ow �eld calculated for an in-line tube arrangement. Uniform
inlet 
ow, center of domain. Re=550
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3.3 Electricity Consumption

The performance models described in this chapter do not include calcula-
tions of the electricity consumption. This must be done if the total energy
consumption and the total energy cost are to be determined. A model for
the electricity consumption will be presented here. The combustion air fan,
the circulation pump, the 
ame ignition and the control system are dealt
with separately. This model can easily be included in models for existing
boilers.

3.3.1 Combustion Air Fan

Calculating the total fan operating time including the pre-purge time, re-
quires knowledge of the number of burner starts during a certain time pe-
riod. The hourly heat delivered to the house, Qrad, is

Qrad = _Qb � �b 3600 (3.10)

where the relative time � is de�ned as

� =
ton

ton + tsb
(3.11)

and ton and tsb are de�ned as the burner operating time and burner stand-
by time in an operating cycle. The number of cycles n during one hour
is

n =
3600

ton + tsb
(3.12)

and the total fan operating time per hour, tfan, becomes

tfan = n (ton + tp) (3.13)

where tp denotes the pre-purge time. The hourly electrical energy Wfan

supplied to the fan with electrical input Pfan is

Wfan = Pfan n (ton + tp) (3.14)

An expression for the share of the combustion fan electricity consumption
to the energy output Qrad then reads

Wfan

Qrad
=

Pfan n (ton + tp)
_Qb � �b 3600

(3.15)
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and �nally by combining equations 3.12 and 3.15

Wfan

Qrad
=

Pfan
ton+tsb

(ton + tp)

_Qb � �b
(3.16)

The electrical energy required for the combustion air fan is shown in �gure
3.6. Equation 3.16 was used to calculate the curves. The electrical input
to the fan is 20 W and the burner input is 10 kW. The pre-purge time is
set to 30 seconds and boiler part-load e�ciencies �b of 80% and 90% are
used. The results are shown with the electrical input as percentage of the
heat output. It is clearly seen that the combustion air fan consumption is
lower than 0.5% of the heat output as long as the burner operating time,
ton, exceeds 20 seconds in each operating cycle. Only at extremely short
burner operating times the consumption reaches values exceeding 1%. A
reduced pre-purge time, for example 5{10 seconds, will reduce the electricity
consumption.

Figure 3.6: Combustion fan electricity consumption as function of heat output.
The fan is assumed to have an electrical input of 20 W and the burner input is
10 kW. The pre-purge time is set to 30 seconds.



50 Models for the Prediction of Boiler Performance

As seen in equation 3.16, the burner operating time has to be known.
A simple expression for the cycling frequency, N , in a period has been
presented by de Wit and Paulsen [17]. For space heating only, it is written
as

N =
1

C�Tthermo

 
1�

_Qrad

_Qb

!
_Qrad (3.17)

where N is given in s�1 and C denotes the boiler heat capacity (kJ/K) and
�T the boiler thermostat temperature hysteresis. The number of starts per
hour n thus becomes

n = 3600N (3.18)

This discussion has shown that the electricity consumption is dependent
on parameters such as burner design, boiler heat capacity and parts of the
control system.

3.3.2 Circulation Pump

The circulation pump is either operating continously or switched o� some
time after the end of the burner operation. A variable speed pump can also
be used. Here, only pumps operating with a �xed capacity will be dealt
with. For continous operation, the electrical energy consumption is

Wpump = t Ppump (3.19)

The electricity consumption when the circulation pump can be switched o�
is dependent on heat load and the number of burner starts per time unit.
The burner stand-by time, tsb;cycle, is calculated as

tsb;cycle =

 
1�

_Qrad

�b _Qb

!
3600

n
(3.20)

for an operation with n burner cycles per hour. Equations 3.17 and 3.18 are
used to calculate n. The circulation pump will only operate intermittently
if tsb;cycle exceeds the time set by the timer, tpump;off . The electricity con-
sumption for the circulation pump is calculated according to equation 3.21
if intermittent operation is possible.

Wpump = Ppump

" 
1�

_Qrad

�b _Qb

!
3600

n
� tpump;off

#
(3.21)
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3.3.3 Flame Ignition and Control System

For completeness, the electricity required for 
ame ignition and the boiler
control system must also be included in a detailed model. The ignition
electrical energy consumption per hour, Wign, becomes

Wign = n tign Pign (3.22)

A constant power consumption for the control system is assumed, i.e.

Wcontrol = t Pcontrol (3.23)

3.3.4 Total Hourly Electricity Consumption

Combining the equations above gives an expression for the total electrical
energy consumption during one hour, Wel;hour .

Wel;hour = Pfan n

�
ton
3600

+
tp

3600

�
+ 3600Ppump + n tign Pign+

+ 3600Pcontrol = Pfan n

�
ton
3600

+
tp

3600

�
+

+ 3600 (Ppump + Pcontrol) + n tign Pign (3.24)

or

Wel;hour = Pfan n

�
ton
3600

+
tp

3600

�
+ n tign Pign + 3600Pcontrol +

Ppump �
" 

1�
_Qrad

�b _Qb

!
3600

n
� tpump;off

#
(3.25)

when the circulation pump is switched o� during a part of the burner stand-
by time, i.e. tsb;cycle > tpump;off .

3.4 Conclusions from this Chapter

In this chapter the discussion have dealt with characteristics such as oper-
ating conditions and e�ciency, and the in
uence from di�erent parts in the
building and in the boiler. Models for the prediction of the part-load e�-
ciency and the annual e�ciency have also been described and commented.
These models can be used for existing as well as non-existing or future boil-
ers. The part-load performance of existing boilers can be su�ciently well
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predicted by models based on steady-state heat balances. This requires a
detailed description of the di�erent heat 
ows. Models based on a transient
heat transfer approach are well suited for system studies. These models use
overall boiler characteristics.

Models suitable as design tools often use a detailed description of the
burner and heat exchanger design. Heat transfer correlations from literature
can then be used. Large deviations between predicted and measured heat
transfer coe�cients have been observed which illustrate the complex heat
transfer processes in a boiler. It was also shown that the 
ow �eld in a
heat exchanger changed considerably when di�erent burner outlets were
assumed. Flow �elds di�erent from those in tests for development of heat
transfer correlations are probably present in many commercial boilers.



4

Development of a New Boiler Model

and Modelling Results

Several models for the design of condensing boilers or furnaces have been
presented. A common characteristic of almost all of these models is that only
the condensing heat exchanger design is dealt with. The heating system and
the building are seldom included as shown previously. In order to evaluate
the e�ects of the boiler design, a quite detailed description of the parts
involved is necessary. The model shall make it possible to vary the heat
exchanger design, i.e. tubes and �ns, mass 
ow and 
ue gas properties as
well as the material properties.

The boiler model developed within this work is used for the calculation
of the total energy use, gas and electricity, required by a well de�ned boiler
installed in a well de�ned building and a certain control system. Three
parts are therefore necessary in the model. They are:

� A submodel describing the transient heat and mass transfer processes
in the boiler

� A submodel describing the house and the heating system

� A submodel describing the control system

Each submodel is described in the chapter as well as a general description
is given of heat transfer in tubes with annular �ns. A boiler with a heat
exchanger consisting of tubes with annular �ns was chosen for three main
reasons:

� Heat transfer correlations are easily found in literature

� It is a common design among commercial boilers

� It is possible to build a 
exible laboratory boiler of this design
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Some of the tasks for such a detailed model are:

� Analysis of the overall performance

� Evaluation of material temperatures in order to avoid
overheating of the �ns

� Investigation of where the condensation starts and
point out possible areas for corrosion

The �rst task, analysis of the boiler performance, is one of the two main
topics of this thesis. It is possible to adapt the heat and mass transfer
model to other heat exchanger designs. This adaptation requires known
correlations for the heat and mass transfer in the new heat exchanger design.

4.1 Modelling the Performance of a Condensing

Boiler

The heat transfer model described in this chapter is not intended to be
an improvement of previous work on heat transfer in �nned tube heat ex-
changers. Heat transfer correlations from other researchers are used for the
modelling of the heat exchanger performance.

Investigations on the heat exchanger design considered, tube bundles of
in-line or staggered con�gurations, have been made for applications such as
gas turbine regenerators, power plant heat exchangers, heat pumps and air
conditioning appliances. Two early examples are studies by Huge [31] and
Pierson [62] on bundles consisting of smooth tubes in di�erent arrangements
and tube spacings.

4.1.1 Modelling Approach

The boiler to be modelled in this work consists of a bundle of �nned tubes
in an insulated box. Vessels outside the box connect the tube rows. The
burner is located at the top �ring downwards. This form a cross 
ow �nned
heat exchanger with multiple passes on the water side. Figure 4.1 shows a
part of the assumed boiler design, two tube rows and the connecting vessel.

The burner is modelled as a source of a 
ue gas 
ow where gas input, ex-
cess air and radiation characteristics can be varied. The system controlling
the boiler operation is idealised, i.e. the characteristics of real sensors are
not taken into consideration. Instead, thermostats in for example the boiler
and in rooms switch when boiler water and room temperature settings are
reached without considering response times in these sensors. Future work
could include studies of the in
uence of real sensor characteristics on the
boiler performance.
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Flue gases

Wall
6

6

Water

Figure 4.1: Assumed boiler design in the simulation model

4.1.2 Overall Heat Balance

Basically, a transient heat transfer model can evolve from a set of di�erential
equations based on a small heat exchanger segment as shown in �gure 4.2.
In this approach three heat capacities are used, the heat exchanger material,
the water and the 
ue gases.

A heat balance around the heat exchanger segment gives the following
set of �rst order di�erential equations for changes in average heat exchanger
temperature Tm, water temperature TH2O and 
ue gas temperature Tfg.

@Tm
dt

(mcp)m = hfgAfg(Tfg � Tm)� hH2OAH2O(Tm � TH2O) (4.1)

@TH2O

dt
(mcp)H2O = hH2OAH2O(Tm � TH2O) +

+ _mH2OcpH2O
(TH2O;in � TH2O) (4.2)

@Tfg
dt

(mcp)fg = hfgAfg(Tm � Tfg) + _mfgcfg(Tfg;in � Tfg) (4.3)

where subscript in denotes properties for 
uid entering the segment. The
heat transfer in the vessel is treated in an analogous way.
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?
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J]
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TH2O Tfg

Figure 4.2: Heat balance around a heat exchanger segment in the boiler

4.1.3 Flue Gas Side Heat Transfer in Finned Tubes

In order to reach the goal of evaluating the in
uence of heat exchanger
design on the boiler performance, it is necessary to calculate the radial
�n temperature. The temperature may a�ect the condensate evaporation
and heat loss during the pre-purge period. The text below shows di�erent
ways of calculating �n temperatures in steady-state and transient condi-
tions. Further, only heat exchanger �ns thin enough to have a constant
temperature across the �n at a certain radius are considered in this work,
i.e. �ns having a small Biot number. The Biot number is de�ned as

Bi =
h b

k
(4.4)

where h is the heat transfer coe�cient, b is the �n thickness and k is the
thermal conductivity. If Bi<0.1, a constant temperature across the material
can be assumed.

Analytical Description of Steady-State Temperatures in Annular Fins

The radial temperature distribution from the �n base at steady-state oper-
ation is described as follows. Consider a tube with annular �ns of constant
thickness, see �gure 4.3. A heat balance around a small element in the �n
gives

_Qr = _Qr+dr + d _QA (4.5)

dA =
dA

dr
dr (4.6)
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� -L

- �

--

6

6

?

-

-

rb

rtip

b_Qr+dr
_Qr

r dr

T

d _Qa

Ta

Figure 4.3: Heat exchanger tube with annular �ns of constant thickness

This gives, see for example a paper by Gardner [23] and textbooks by Sta-
siulevi�cius [77] and Kern and Kraus [37]

d2�

dr2
+
1

r

d�

dr
� 2h

k b
� = 0 (4.7)

where � = T � Tamb. The boundary conditions are

r = rb � = �b

r = rtip
d�
d r = 0

The solution to equation 4.7 is

�(r) = �(rb)
K1 (mrtip) I0 (mr) + I1 (mrtip)K0 (mr)

I0 (mrb)K1 (mrtip) + I1 (mrtip)K0 (mrb)
(4.8)

where I0, I1, K0 and K1 are zero and �rst order Bessel functions and

m =

r
2h

k b
(4.9)

where h is the heat transfer coe�cient, k is the �n thermal conductivity
and b is the �n thickness. Equation 4.8 describes the radial temperature
distribution along the �n radius without condensation.
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Discretisized Description of Steady-State Temperatures in Annular Fins

Dividing the �n into a �nite number of elements or nodes gives another way
of calculating heat transfer from the �n to the tube, see �gure 4.4.

aaaaaaaa

e
e
e

i = N
i = n� 1

i = n
i = n + 1

i = 1

i = 0

��

6

?

-�
�r

-rb

Tn

H2O

k b 2� ri� 1
2

Ti�1�Ti
�r

k b 2� ri+ 1
2

Ti+1�Ti
�r

hiAi(Tamb � Ti)

hiAi(Tamb � Ti)

Tamb

Figure 4.4: An annular �n and its elements

Assuming steady-state thermal conduction, a heat balance around �n node
i gives

k b 2� ri� 1
2

Ti�1 � Ti
�r

+ k b 2� ri+ 1
2

Ti+1 � Ti
�r

+

+2hi 2� ri�r(Tamb � Ti) = 0 (4.10)

for i = 1; 2; : : : ; N � 1. Multiply equation 4.10 with �r=k b 2�

ri� 1
2
(Ti�1 � Ti) + ri+ 1

2
(Ti+1 � Ti) +

2hi ri (�r)
2

k b
(Tamb � Ti) = 0

(4.11)

where

ri� 1
2
= rb + (i� 1

2
)�r (4.12)

ri+ 1
2
= rb + (i+

1

2
)�r (4.13)



4.1 Modelling the Performance of a Condensing Boiler 59

For node i=0 the temperature is equal to the base temperature, i.e. T0=Tb,
and for node i=N the temperature is equal to the tip temperature TN which
give for node N

k b 2� ri� 1
2

TN�1 � TN
�r

+ htip 2� rN b (Tamb � TN)+

+2hN 2� rN�
1
4

�r

2
(Tamb � TN) = 0 (4.14)

Multiply equation 4.14 with �r=2 k b �

rN�
1
2
(TN�1 � TN) +

htip�r

k
rN (Tamb � TN )+

+
hN (�r)2

k b
rN�

1
4
(Tamb � TN) = 0 (4.15)

where

rN�
1
2
= rb + (N � 1

2
)�r (4.16)

rN�
1
4
= rtip � �r

4
(4.17)

Radial Temperature Distribution in Annular Fins in Transient Conditions

Transient conditions give for the same case for node i in analogy with equa-
tion 4.10

dTi
dt

cp;i Vi �i = k b 2� ri� 1
2

Ti�1 � Ti
�r

+

+k b 2� ri+ 1
2

Ti+1 � Ti
�r

+ 2hi 2� ri�r (Tamb � Ti) (4.18)

for i = 1; 2; 3; : : : ; N � 1. Analogous with steady-state conditions this gives
after multiplication with �r=k b 2�

cp;i �i (�r)
2 ri

k

dTi
dt

= ri� 1
2
(Ti�1 � Ti)+

+ri+ 1
2
(Ti+1 � Ti) +

2hi ri (�r)
2

k b
(Tamb � Ti) (4.19)

where

Vi = 2� ri�r b (4.20)
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is used for the node volume i. For node i=0 the temperature is equal to
the base temperature, i.e. T0=Tb and for node i=N the temperature is
equal to the tip temperature TN which yields

dTN
dt

cp;N VN �N = k b 2� rN�
1
2

TN�1 � TN
�r

+

+htip 2� rN b (Tamb � TN) + 2hN 2� rN�
1
4

�r

2
(Tamb � TN) (4.21)

and can as before be rewritten as

dTN
dt

cp;N �N (�r)
2 rN�

1
4

2 k
= rN�

1
2
(TN�1 � TN)+

+
htip�r

k
rN (Tamb � TN ) +

hN (�r)2

k b
rN�

1
4
(Tamb � TN) (4.22)

where

rN�
1
2
= rb + (N � 1

2
)�r (4.23)

rN�
1
4
= rtip � �r

4
(4.24)

The method of calculating the �n temperatures in equations 4.18{4.24 is
chosen in the boiler model. It makes it straightforward and easy to im-
plement in a computer code with a satisfactory detailed description for
calculation of various local temperatures and to evaluate the in
uence of
heat exchanger design and material properties.

Fin E�ciency

The �n e�ciency �f is the ratio of the heat transfer from the �n or extended
surface to the heat transfer that would occur if the entire �n surface has
the same temperature as the base. For steady-state sensible heat transfer
in annular �ns of rectangular pro�le it may be expressed as

�f =
2 rb

m (r2tip � r2b )

�
I1 (mrtip)K1 (mrb)�K1 (mrtip) I1 (mrb)

I0 (mrb)K1 (mrtip) + I1 (mrtip)K0 (mrb)

�
(4.25)

with m, I0, I1, K0 and K1 as before. Factors a�ecting the �n e�ciency is
the �n thermal conductivity k, the �n thickness b, the �n height rtip � rb
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and the heat transfer coe�cient to the �nned surface hf . Smooth tubes
could be more e�cient than �nned tubes for steady-state operation and
condensation, for example in power plant condensors where smooth tubes
are used. As previously written, this has also been found in experiments
performed at Gaz de France [59].

Heat Transfer Coe�cients for Finned Tubes

Correlations for heat transfer in �nned tube bundles are di�cult to �nd if
the conditions are equivalent to those in a residential gas boiler. A compre-
hensive investigation of the heat exchanger design and its implications on
boiler performance requires correlations for a number of tube arrangements.
However, correlations found in the literature often deal only with in-line and
staggered tube bundles. Correlations including �n parameters are few.

In the developed model, two tube arrangements are possible, in-line or
staggered tubes. These arrangements are shown in �gure 4.5. The distances
of interest are the transversal tube spacing s1, the longitudinal tube spacing
s2 and the tube diameter d. The uniform 
ue gas 
ow has the velocity c.

h h h h h
h
hh
hh
hh
hh
h

h h h
h hh h

h h
h hh h
h

In-line Staggered

6
?

-�
? ? ??

c

? ? ? ?? ? ?

c

- �d

s2

s1

6

?
s2

�-d

� -
s1

Figure 4.5: Heat exchanger tube arrangements

For bundles of �nned tubes, heat transfer in this model is calcu-
lated in accordance with correlations given by �Zukauskas [86] and VDI-
W�armeatlas [82]. For staggered tube bundles for Re=200{20000 the aver-
age Nusselt number for the �nned tubes is calculated as [86]

Nu = 0:192
�a
b

�0:2 �s
d

�0:18�h
d

�
�0:14

Re0:65 Pr0:36
�

Pr

Prw

�0:25

(4.26)

where a= s1=d, b= s2=d, s is the �n spacing and subscript w denotes wall
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conditions. For in-line tube arrangement the Nusselt number is expressed
as [82]

Nu = 0:3 +

q
Nu2lam +Nu2turb (4.27)

where

Nulam = 0:664
p
Re

3
p
Pr (4.28)

and

Nuturb =
0:037Re0:8 Pr

1 + 2:443Re�0:1 (Pr2=3 � 1)
(4.29)

Equation 4.29 is valid for one tube row. Corrections are made for the
number of tube rows and the heat exchanger void fraction. For details,
see [82].

The heat transfer coe�cient h is given by

h =
2Nu k

� d
(4.30)

Since no correlation for the Nusselt number Nu at simultaneous heat and
mass transfer in �nned tubes was found in the literature the approach used
by Coney et al. [15] was used. The total heat 
ux _Qtot is the sum of the
sensible heat 
ux _Qconv and the latent heat 
ux _Qcond.

_Qtot = _Qconv + _Qcond = h (Tamb � Ts) +
h rH2O

cp;amb
(!amb � !s) =

= h

�
1 +

rH2O

cp;amb

�
!amb � !s
Tamb � Ts

��
(Tamb � Ts) (4.31)

where rH2O is the water vapour latent heat and ! is the humidity. Subscripts
amb and s denote ambient and saturated state at the surface temperature
respectively. This equation gives the total heat transfer coe�cient htot as

htot = h

�
1 +

rH2O

cp;amb

�
!amb � !s
Tamb � Ts

��
(4.32)

which describes the in
uence of the water vapour partial pressure.
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A Very Short Review of Some Work on Finned Tubes

A number of investigations on heat transfer in �nned tubes have been re-
ported. Some of them are cited here. Investigations with geometries similar
to those in heating boilers are rare and even fewer regarding transient con-
ditions.

Among reported studies on steady-state heat transfer are two often cited
papers by McQuiston [47, 48] which deal with �nned tube bundles intended
for dehumidi�cation and cooling applications. Compared to boilers this
involves a low water content on the corresponding 
ue gas side. In [47] it is
shown that the �n e�ciency decreases when mass transfer occurs and in [48]
correlations for heat and mass transfer and pressure drop are presented for
plate �n tube heat exchangers.

Coney et al. [15] gives a general description and numerical calculation
results of heat and mass transfer. The temperature di�erence between 
uid
and �n material is small and the air 
ow is laminar. The in
uence of dry
bulb temperature, air velocity and moisture content are investigated. Both
the air 
ow and the humid air properties are shown to be important for the
heat and mass transfer.

Idem [32, 33] investigated the performance of a �nned tube heat ex-
changer in a boiler. The geometry chosen, two tube rows in an in-line
arrangement, makes this work closely linked to the work in this thesis. The
results are presented as Colburn j-factor (j=Nu/RePr1=3 for sensible heat
transfer) for both the sensible heat transfer coe�cient and the mass transfer
coe�cient. Pressure drop is also shown. The work was carried out together
with Teledyne Laars, a company that has developed a condensing boiler of
similar design described by McGlothin [46].

These cited works assume constant 
uid properties along the �n radius
despite the di�erences in local �n temperature. Chen et al. [10] calculated
the �n e�ciency assuming that the air properties also were di�erent along
the �n. The authors point out large di�erences between their results at
low relative humidities and earlier work. They claim that the 2-dimensional
approach may answer questions from earlier 1-dimensional analysis.

All of the above cited investigations deal with steady-state heat transfer.
The transient behaviour of cross 
ow heat exchangers is described in a
limited number of published reports. Aziz [3] studied annular �ns in a
single tube with a periodically varying temperature around an average value
at the �n base. Tube bundles are concerned in the studies by Spiga and
Spiga [75, 76] and Chen and Chen [11]. These papers do not consider
condensation and analyses the temperature dependence of a step, ramp or
exponential change in inlet conditions. The changes are made on the 
ow
inside the tubes. The heat transfer coe�cient h is �xed.
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4.1.4 Water Side Heat Transfer

The heat transfer at the smooth inner surface of the circular tubes assumed
in the boiler is determined by the following expressions for the Nusselt num-
ber Nu. For fully developed laminar 
ow and thermal �eld Nu is expressed
as

Nu = 3:656 (4.33)

at constant wall temperature and for fully developed turbulent 
ow Nu is
calculated using

Nu = 0:023Re0:8Pr0:4 (4.34)

In the boiler, the water 
ow is turbulent. A water mass 
ow of 0.1 kg/s in
four tubes of 16 mm inner diameter yields Re=79500.

4.2 Building Modelling

The building model consists of a heating system model and a house model.
The models of the heating system and the house are both developed by
other authors, and are here used as tools for simulating the environment
around the boiler. The heating system model as well as the house model
are developed by Paulsen and Gundtoft [58] and later further developed by
Winberg [84].

4.2.1 Heating System Model

A two-string hydronic heating system is simulated in a model where the
heating system is discretisized into a number of elements, and for each of
these a heat balance is calculated. Used parameters are shown in �gure 4.6.

The assumptions in the heating system model are:

� No heat conduction in the water 
ow direction

� No mixing in the water 
ow direction

� No temperature gradient across the water 
ow

� Water and heating system material have equal temperatures

The energy equation gives for the �rst element in �gure 4.6.

CN
dT2
dt

= _mH2O cpH2O
(T1 � T2)�H2 (T2 � Tair) (4.35)
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Figure 4.6: Model for a two-string hydronic heating system

where CN is the heat capacity of element N , _mH2O is the heating system
mass 
ow, H2 represents the heat transfer between water and air and Tair
is the room temperature. Further, in the model is dT2 set to

dT2 = T2;i+1 � T2;i (4.36)

T1 and T2 equal the average temperature during one time step. Subscripts
i and i+ 1 denote the conditions in two consecutive time steps.

T2; i+1 =
T1;i+1 + T1;i + 2 H2

_mcp
Tair�

2 �0
�t + 1

� h
1 + H2

_mcp

i + T2;i
2 �0
�t � 1

2 �0
�t + 1

(4.37)

where � t is the time step and

�0 =

CN
_mcp

1 + H2

_mcp

(4.38)

When the 
ow water temperature and the water 
ow are measured or
calculated the return temperature may be calculated. Correct operating
conditions for the boiler are then determined. This gives a model that takes
into account dynamic characteristics and also is easily implemented in a test
set up.
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4.2.2 House Model

The house is simpli�ed to consist of a single room with walls to the outdoor
air at all sides. The heat transfer coe�cient is constant at all walls. The
building model includes two heat capacities, the indoor air and the building
material. One radiator represents the heating system. The convective part
of the heat emitted from the radiator is denoted f . The radiative part
(1 � f) is assumed to be directly transferred to the building material. A
ventilation air 
ow _mair is also included in the model. A schematic of the
building model is shown in �gure 4.7.
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Figure 4.7: The simpli�ed house as used in the house model

Heat balances for temperature changes in the building material mb and
the indoor air mair give

dTair
dt

mair cp;air =

hinAb(Tb � Tair) + _mair cp;air(Tamb � Tair) + f _Qrad (4.39)

dTb
dt

mb cp;b =

hambAb(Tamb � Tb) + hinAb(Tair � Tb) + (1� f) _Qrad (4.40)

One physical constant of the building is missing in this model, the wall
thermal conductivity. The overall heat transfer coe�cient U needs this
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value and the wall thickness. The wall thermal conductivity and the wall
thickness are taken care of by adjusting the true values of hin and hamb.
The model allows the e�ects of for example night setback to be taken into
consideration.

Energy for space heating is only supplied by the heating system. Neither
convective/radiative loss from the boiler nor heat from chimney walls are
considered as useful in this approach. Excessive heat from electric appli-
ances is also not included in the heat supplied for space heating.

4.3 Boiler Model Design

The equations describing the heat transfer in the di�erent parts have been
shown. This section contains the implementation of the equations into a
computer code. The main parts are heat transfer from 
ue gases to heat
exchanger material and water and heat storage in the heat exchanger and the
water vessels. Tube and �n temperatures are calculated using the method
described in equations 4.18{4.24. The �n is divided into 5 parts and the
tube in a single part, i.e. 8 equations. The equations are solved using the
NAG routines D02BAF and D02EAF. One tube row is treated as a unit.
This means that temperatures of material segments, water and 
ue gases
are equal regardless of the location throughout the cross section. It is a
simpli�cation made due to computer time required. Water and material
temperatures in the vessel connecting tube rows are calculated using equa-
tion 4.1 with the 
ue gas term excluded and equation 4.2 which describe
the heat transfer between water and material. The water side heat trans-
fer coe�cient is set constant to 1500 W/m2K. The vessel area is also set
constant to 0.248 m2. Increased boiler heat capacity is obtained through
an increased water volume in the vessel. The heat loss from vessel n is
calculated as

_Qloss;n = C1 (Tves � Tair)
1:3 (4.41)

which is subtracted on the right hand side in equation 4.1.
The model described was implemented in a simulation program, cond-

boil, written in fortran. A simpli�ed program, gaspanna, was also
developed. Results from the latter program have been shown in a previ-
ous chapter regarding heat transfer e�ects of burner cycling frequency (see
page 39). Figure 4.8 shows the boiler design assumed and �gure 4.9 shows
the 
ow chart for the computer code condboil.

The simulations are ended when the cycle-to-cycle variations are con-
sidered small; the simulations start at cold conditions (20�C). The cycle-to-
cycle variations are considered small enough when two consecutive cycles
di�er less than 1.0 second. In addition to this, the temperature di�erence
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Figure 4.8: Boiler segment assumed in the computer program condboil

in outlet 
ue gas and 
ow water should be less than 0.2�C for each time
step.

An ibm workstation rs6000/530 was used for the calculations. Execution
time is dependent on heat exchanger size (number of tube rows), the heat
load and the boiler heat capacity. The latter is a key parameter for the cycle
time and the computational time. The time for a completed simulation
varied between approximately 30 minutes and 24 hours.

4.4 Simulation Data Input

The data required for the simulations are collected in this section. Data
input concern the burner, the heat exchanger, the building and its heating
system and �nally the boiler control system.
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Figure 4.9: Flow chart for the boiler simulation program condboil
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4.4.1 Burner

Burner gas input is kept constant at 18 kW. However, in steady-state calcu-
lations other gas inputs are used as well. The heat radiated from the burner
surface is assumed to be 40% of the gas input. Stoichiometric condition is
assumed which gives a water vapour dew point of 59.1�C. The combustion
air temperature is 20�C (50% relative humidity).

A boiler with an 18 kW burner will be oversized for the building studied.
However, this burner input will be suitable if sanitary hot water production
with a storage tank is used. Further, the calculations will be made for a
quite low heat load which re
ects the usual boiler operating situation.

4.4.2 Heat Exchanger

In the simulations a �nned tube consisting of a copper core and an alu-
minium �n is used. The tube has an inner diameter of 16.0 mm and a
2.0 mm wall thickness. A number of �n heights and thicknesses are also
used in the simulations. Material properties are shown in table 4.1.

Table 4.1: Material properties for �nned tubes used in simulations

Tube Material Density Heat capacity Thermal conductivity
part (kg/m3) (J/kgK) (W/mK)

Core Copper 8930 390 390
Fin Aluminium 2750 960 170

Fin sizes are shown in table 4.2. The tube spacings, both transversal
and longitudinal, are chosen so the distance between �n tips always is 1 mm.
The distances a1 and a2 are also shown in table 4.2.

4.4.3 Building, Heat Loads and Control Systems

The single-family house considered in the calculations are a one-storey brick
house assumed to been built between 1950 and 1970. The U -values are
0.61 W/m2K for the walls, 3.0 W/m2K for the double-glazed windows and
0.27 W/m2K for the roof, giving a heat loss of 6.29 kW at {14�C outdoor
temperature. These values give a heat demand of 202 W/K (i.e. the tempe-
rature di�erence between the indoor and outdoor temperature) which cor-
responds to an annual heat demand of 15000 kWh/year in southern Sweden
(3100 degree days annually).

Calculations are made for three heat loads. These are chosen as the
heat loads representative for the design outdoor temperature ({14�C) and
the two average outdoor temperatures in southern Sweden for the periods
November until February and September, October, March, April and May.
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Table 4.2: Fin pro�les used in system simulations
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The average temperature for the winter period then becomes 1.7�C and
6.9�C for the rest of the heating season. Heat loads in the building are
3.1 kW and 2.0 kW. The data input regarding the house and the hydronic
systems are listed in table 4.3. The di�erent heat loads and heating system
temperatures used in the calculations are summarised in table 4.4. An
outdoor temperature controlled 
ow temperature is used in all calculations.
The water 
ow temperatures in the table are calculated from expressions
for the steady-state 
ow and return temperatures in radiator systems. Two
thermostat hysteresis are used, �Tthermo=3�C and �Tthermo=6�C.
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Table 4.3: Parameters used in building and heating system models
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Table 4.4: Heating system data for part-load analysis

Heat load at Flow Return Water
Heating design point temperature temperature 
ow
system (kW) (�C) (�C) (kg/s)

A 15.0 80.0 60.0 0.179
{14�C 49.7 41.3
1.4�C 36.8 32.7
6.9�C 32.1 29.4

B 15.0 70.0 55.0 0.239
{14�C 44.1 37.8
1.4�C 33.7 30.6
6.9�C 29.8 27.8

C 10.0 55.0 40.0 0.239
{14�C 44.8 38.6
1.4�C 34.1 31.0
6.9�C 30.2 28.1
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4.5 Steady-State Performance

A baseline design with a fuel input of 18 kW and a heat exchanger consisting
of 6 tube rows with 4 tubes in the �rst row was used. E�ects of heat exhanger
size, �n pro�les, heating system return temperatures, changes in fuel input
and rearrangement of the heat exchanger tubes were evaluated.

4.5.1 Baseline Con�guration

Steady-state performances for all 9 �n pro�les are shown for two water re-
turn temperatures, 30�C and 60�C. In �gures 4.10{4.11 
ue gas temperature
at the boiler outlet as function of total tube length is shown. The length is
related to the length of 6 rows of staggered tubes, 305 mm long. The �rst
row always contains four tubes. In a staggered arrangement three tubes
is used in the second, fourth row e t c, and in the in-line arrangement four
tubes are used in all rows. The curves are created from calculations of tube
bundles with 1 to 7 rows, i.e. a stepwise heat exchanger area increase. Ob-
serve that the heat exchanger cross section is not �xed in the calculations.
Tip distance between two tube rows is �xed at 1.0 mm distance resulting
in heat exchangers almost as compact as the the �n height allows.

It is seen that best performance is obtained in heat exchangers with high
�ns, i.e. largest heat exchanger area. The heat exchanger area seems to be of
greater importance than increased heat transfer coe�cient obtained in the
tube bundles with low �ns. However, The Reynolds number Re is quite low
for these cases, Re=230{370. The conclusion regarding the heat exchanger
area is that a staggered tube arrangement reduces the heat exchanger area
by approximately 15{20% compared to an in-line arrangement for equal
performance.

The radial �n temperatures for �ns 4{6 are shown in �gures 4.12{4.14.
Each heat exchanger has 7 tube rows and the curves show �n temperature
from the �n base (r/rb=1.0) to the �n tip (r/rb=1.5 and 2.5).

The calculations show that the radial �n temperature is almost constant
except for the �rst row. This is caused by the low heat transfer coe�cient
and thus the low heat 
ux. The results for �ns 1{3 and 7{9 are similar.
Fins 1{3 show slightly lower temperatures while �ns 7{9 show higher tem-
peratures.
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Figure 4.10: Steady-state performance as function of tube length for the 9
�n pro�les. Return water temperature is 30�C. Performances for in-line tube
arrangement are shown in the top graph while staggered tube arrangement
performance are shown in the bottom graph.
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Figure 4.11: Steady-state performance as function of tube length for the 9
�n pro�les. Return water temperature is 60�C. Performances for in-line tube
arrangement are shown in the top graph while staggered tube arrangement
performance are shown in the bottom graph.
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Figure 4.12: Fin temperature as function of the radial distance to the �n base,
�n 4 row 1{7
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Figure 4.13: Fin temperature as function of the radial distance to the �n base,
�n 5 row 1{7
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Figure 4.14: Fin temperature as function of the radial distance to the �n base,
�n 6 row 1{7
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4.5.2 E�ects of Changes in Fuel Input

The sensitivity to changes in heat input was also studied. Fuel input in the
baseline design was changed to 13 kW and 25 kW at stoichiometric condi-
tions. This gives a Reynolds number range of Re=170{570. The Reynolds
number Re is put on the x-axis instead of the burner input due to di�erent
cross section areas. The distance between �n tips is always 1.0 mm regard-
less of the �n height. The results, shown as outlet temperatures are seen in
�gure 4.15. All �n pro�les show similar heat exchanger characteristics.

4.5.3 E�ects of Changes in Heat Exchanger Con�guration

The baseline heat exchanger con�guration assumed four tubes in the �rst
row. Changing the tube number change the Reynolds number Re because
the cross section area and thus the gas velocity also is changing. Perform-
ance with tube bundles of 3 and 5 tubes in the �rst row was calculated and
compared to the baseline performance. Tube bundles with 3 and 6 tube
rows were evaluated. In �gures 4.16{4.20 the results are shown as function
of the relative tube length. As before, the baseline con�guration (relative
tube length=1.0) consists of 6 rows of tubes in a staggered arrangement
with 4 tubes in the �rst row. The curve in each graph shows results for the
baseline design. Below the curve are results for tube bundles with 3 tubes
in the �rst row shown and above the curve are results for the 5 tubes design
shown. Reynolds number Re are shown for each point.

An increased Reynolds number when the tube bundles are rearranged
reduces the necessary heat exchanger area signi�cantly. For equal perfor-
mance approximately 15{20 % less area can be used. The gain seems to be
larger for low �ns than for high �ns.

Fin temperatures are also shown. In �gures 4.21{4.22 three �n pro�les
are shown as an example of this. The �n pro�les not shown have a similar
temperature distribution. The radial �n temperature distribution has ap-
proximately the same shape as in the baseline design except that the values
are lower in the baseline design.
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Figure 4.15: Outlet 
ue gas temperature as function of the Reynolds number
for �ns 1{9 (changed due to varying burner input)
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Figure 4.16: Outlet 
ue gas temperature as function of the relative tube length
when rearranging the tubes in the baseline con�guration, �ns 1 and 2.
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Figure 4.17: Outlet 
ue gas temperature as function of the relative tube length
when rearranging the tubes in the baseline con�guration, �ns 3 and 4.
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Figure 4.18: Outlet 
ue gas temperature as function of the relative tube length
when rearranging the tubes in the baseline con�guration, �ns 5 and 6.
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Figure 4.19: Outlet 
ue gas temperature as function of the relative tube length
when rearranging the tubes in the baseline con�guration, �ns 7 and 8.
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Figure 4.20: Outlet 
ue gas temperature as function of the relative tube length
when rearranging the tubes in the baseline con�guration, �n 9
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Figure 4.21: Local �n temperature as function of the radial distance when
rearranging the tubes in the baseline con�guration, �ns 3 and 5. The curves
represent tube row 1{6.
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Figure 4.22: Local �n temperature as function of the radial distance when
rearranging the tubes in the baseline con�guration, �n 9. The curves represent
tube row 1{6
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4.5.4 Conclusions | Steady-State Performance

The conclusions regarding boiler heat exchanger design are based on inves-
tigations on �n design, tube arrangement and heat load. Only tube bundles
with constant cross sections are studied. Not surprisingly, the staggered
tube arrangement facilitates a smaller heat exchanger without lowering the
steady-state thermal performance.

Rearranging the heat exchanger tubes can improve the steady-state ther-
mal performance. This is achieved if the number of tubes in the �rst row
is reduced which increases the Reynolds number. An increased Reynolds
number due to a higher heat input in a �xed tube arrangement leads to an
increased outlet 
ue gas temperature.

The di�erence between the return water temperature and the 
ue gas
temperature is smaller for low return water temperatures.

4.6 Part-load Performance

The transient heat transfer and the performance during part-load operation
are evaluated at the operating conditions presented earlier and for a number
of boiler designs. The di�erent boiler designs are shown in table 4.5. The
performance of each boiler design is calculated with a few di�erent boiler
heat capacities and, as mentioned before, two thermostat hysteresis settings,
3�C and 6�C. Fin 3 is used in all calculations of boiler part-load performance.

The results from the transient analysis of part-load operation will be
shown as follows:

� A detailed description of one studied part-load situation

� Overall performance for the di�erent chosen designs

� In-depth analysis of the di�erent heat transfer parts

The reason for this way of showing the results is to concentrate the presen-
tation in a way that allows a direct comparison between overall part-load
performance for the di�erent designs.
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Table 4.5: Boiler designs used in transient analysis

Boiler Tube Tubes Relative Heating
design rows in rows tube length system

1 5 4 + 3 0.857 A

2 6 4 + 3 1.000 A

3 7 4 + 3 1.190 A

4 5 3 + 2 0.619 A

5 6 3 + 2 0.714 A

6 7 3 + 2 0.857 A

7 5 4 + 3 0.857 B

8 6 4 + 3 1.000 B

9 7 4 + 3 1.190 B

10 5 3 + 2 0.619 B

11 6 3 + 2 0.714 B

12 7 3 + 2 0.857 B

13 5 4 + 3 0.857 C

14 6 4 + 3 1.000 C

15 7 4 + 3 1.190 C

16 5 3 + 2 0.619 C

17 6 3 + 2 0.714 C

18 7 3 + 2 0.857 C
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4.6.1 Detailed Description of One Part-Load Case

In this detailed description will the performance for the boiler designs be
shown for heating system B and an outdoor temperature of 1.7�C. The
boiler designs are number 7{12 in table 4.5.

In �gure 4.23 burner operating times and average 
ue gas temperatures
are shown for the di�erent boiler designs. Heat capacity is increased by
assuming larger water vessels connecting the tube rows. This means that
the boiler heat capacity is concentrated to the water parts of the boiler.
Parts in contact with 
ue gases, i.e. the heat exchanger tubes, are only
responsible for a minor part of the overall heat capacity.

The burner operating time in each cycle is longer at higher heat ca-
pacities. The relationship is not linear due to the changes in e�ciency for
the various heat capacities. A boiler thermostat with high hysteresis gives
longer operating times, approximately 25{50% longer. The calculations also
show that the average 
ue gas temperature increases for large boiler heat
capacities. Lowest 
ue gas temperature is obtained in boilers with low heat
capacities and small thermostat hysteresis. This is due to the shorter burner
operating periods and consequently a lower average 
ue gas temperatures.

Figure 4.24 shows the boilers part-load e�ciency for designs 7{12. It
is clearly seen that the e�ciency is decreasing at larger heat capacities.
The explanation is the the higher average 
ue gas temperature as shown
in �gure 4.23. We also see a signi�cant di�erence between the designs
regarding the slope of the e�ciency curve. Generally, boilers with large heat
exchangers are less sensitive to changes in the heat capacity. It is interesting
to compare boiler designs 7 and 12 since they have heat exchangers with the
same relative length, but di�erently arranged. Design 12, which has a 3+2
arrangement, shows both a higher boiler e�ciency and a lower sensitivity
to changes in the heat capacity.
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Figure 4.23: Burner operating time (on-time) and average 
ue gas temperature
as a function of the boiler heat capacity for boilers designs 7{12. Heating system
B and 1.7�C outdoor temperature.
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Figure 4.24: Part-load boiler e�ciency as a function of the boiler heat capacity
for the boilers designs 7{12. Heating system B and 1.7�C outdoor temperature.
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4.6.2 Performance of the Di�erent Designs

The evaluation of the part-load performance is done on the performance
for boilers with heat capacities of 1500{2000 J/kWK. Due to the stepwise
increase of heat capacity and the varying number of tube rows, �xed heat
capacity is not possible to get in the calculations.

Boiler E�ciency

In tables 4.6 and 4.7 are calculated boiler e�ciencies shown. For all de-
signs the convective loss from the boiler casing was small. Expressed as an
e�ciency loss, it was limited to 0.2{0.3%.

Tables 4.6 and 4.7 show that the e�ciency decreases when the thermo-
stat hysteresis �Tthermo is increased from 3�C to 6�C. The di�erence is
approximately 0.3{1.5%. The largest performance di�erence between the
3 heat loads, for identical boilers, is found in boilers with small heat ex-
changers and in high temperature heating systems. Heat exchangers with
higher heat 
uxes (3+2 tubes instead of 4+3 tubes) show a slightly larger
performance di�erence between low and high heat load. These di�erences
increase as �Tthermo gets larger.

Table 4.6: Part-load e�ciencies for the boiler designs, �Tthermo=3�C

Outdoor temperature
Boiler
design {14�C 1.7�C 6.9�C

1 100.40 102.74 103.60
2 102.98 104.67 105.34
3 104.16 105.55 106.01
4 97.78 100.38 101.48
5 101.53 103.64 104.44
6 103.52 105.20 105.80
7 101.99 104.75 104.90
8 104.08 105.58 106.08
9 105.15 106.40 106.66
10 99.46 102.29 103.27
11 102.95 104.81 105.46
12 104.65 105.89 106.41
13 102.03 105.33 104.83
14 104.04 104.12 106.06
15 105.02 106.17 106.64
16 99.36 104.37 103.19
17 102.85 102.91 105.43
18 104.61 106.00 106.39
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Table 4.7: Part-load e�ciencies for the boiler designs, �Tthermo=6�C

Outdoor temperature
Boiler
design {14�C 1.7�C 6.9�C

1 99.49 101.51 102.30
2 102.33 103.87 104.53
3 104.09 105.91 105.99
4 97.81 98.55 99.63
5 100.75 102.58 103.31
6 103.00 104.47 105.07
7 101.42 103.25 104.08
8 103.25 104.99 105.60
9 104.78 105.89 106.42
10 98.31 100.91 101.98
11 102.21 103.99 104.75
12 104.19 105.51 106.11
13 101.27 103.17 104.00
14 103.52 104.92 105.56
15 104.80 105.97 106.37
16 98.27 100.82 101.89
17 102.14 103.92 104.64
18 104.13 105.59 106.06
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Figure 4.25 shows the part-load e�ciency for boiler designs 7{12 as a
function of the relative tube length. It is clearly seen that a rearrangement of
the heat exchanger in order to increase the Reynolds number also increases
the part-load e�ciency. This is in agreement with the results for steady-
state operation. The heat exchanger area can be decreased appoximately
25% for equal performance.

Figure 4.25: Part-load boiler e�ciencies for various heat exchanger sizes (rela-
tive tube length). Boiler designs 13{15 (4+3) and 16{18 (3+2) and the three
di�erent heat loads used in the text.

Heating Costs

The cost for each unit energy from the heating system is shown in tables 4.8
and 4.9. The gas energy is calculated using the e�ciency in tables 4.6 and
4.7. The electrical power consumption was also calculated in the boiler sim-
ulations, using 75 W for the circulation pump and 0.2% of the gas input for
the combustion fan. For the di�erent designs, and heat capacities, electric-
ity consumption varied between 1.5% and 4% of the gas input. Generally,
lower values are found in high heat capacity boilers. At lower heat loads the
electricity consumption increases because heat from the circulation pump
represents a larger share of the heat required. Assuming equal rates for
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gas and electricity (cel=cgas=1.0) and a electricity rate twice the gas rate
(cel=cgas=2.0) give the values in the tables 4.6 and 4.7. The lower value
corresponds to cel=cgas=1.0.

Highest heating costs are often found at the lowest heat load. For the
higher electricity rate this is always the case. The di�erence in cost is 3{4%
for the higher electricity rate. Sometimes, a weak cost minimum is seen at
the heat load corresponding to the 1.7�C outdoor temperature.

Table 4.8: Heating cost per unit output energy. �Tthermo=3�C. Heating costs
are shown for cel=cgas=1.0 and cel=cgas=2.0 for each case

Outdoor temperature
Boiler
design {14�C 1.7�C 6.9�C

1 1.0135/1.0280 1.0006/1.0279 1.0046/1.0439
2 0.9861/1.0011 0.9835/1.0116 0.9898/1.0303
3 0.9754/0.9907 0.9768/1.0057 0.9851/1.0269
4 1.0371/1.0515 1.0233/1.0504 1.0242/1.0630
5 0.9998/1.0147 0.9928/1.0207 0.9976/1.0377
6 0.9813/0.9966 0.9793/1.0080 0.9866/1.0280
7 0.9950/1.0097 0.9846/1.0141 0.9965/1.0397
8 0.9973/0.9938 0.9837/1.0149 0.9878/1.0329
9 0.9700/0.9870 0.9739/1.0061 0.9838/1.0279
10 1.0213/1.0372 1.0074/1.0372 1.0114/1.0545
11 0.9877/1.0113 0.9872/1.0113 0.9859/1.0320
12 0.9724/0.9892 0.9718/0.9996 0.9851/1.0304
13 0.9952/1.0103 0.9786/1.0079 0.9943/1.0347
14 0.9752/0.9924 0.9887/1.0170 0.9852/1.0275
15 0.9682/0.9842 0.9720/1.0021 0.9789/1.0201
16 1.0214/1.0364 0.9834/1.0122 1.0094/1.0497
17 0.9877/1.0031 1.0061/1.0340 0.9901/1.0317
18 0.9713/0.9867 0.9731/1.0028 0.9830/1.0261
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Table 4.9: Heating cost per unit output energy. �Tthermo=6�C. Heating costs
are shown for cel=cgas=1.0 and cel=cgas=2.0 for each case

Outdoor temperature
Boiler
design {14�C 1.7�C 6.9�C

1 1.0195/1.0339 1.0119/1.0387 1.0149/1.0523
2 0.9920/1.0068 0.9904/1.0181 0.9953/1.0339
3 0.9801/0.9952 0.9808/1.0093 0.9872/1.0268
4 1.0367/1.0510 1.0413/1.0679 1.0419/1.0801
5 1.0074/1.0222 1.0022/1.0296 1.0074/1.0468
6 0.9860/1.0011 0.9855/1.0138 0.9922/1.0327
7 1.0026/1.0192 0.9982/1.0279 1.0020/1.0432
8 0.9817/0.9980 0.9837/1.0149 0.9946/1.0374
9 0.9711/0.9878 0.9764/1.0084 0.9838/1.0279
10 1.0329/1.0486 1.0207/1.0504 1.0225/1.0644
11 0.9946/1.0108 0.9923/1.0230 0.9984/1.0421
12 0.9764/0.9930 0.9796/1.0114 0.9875/1.0326
13 1.0024/1.0173 0.9973/1.0253 1.0014/1.0413
14 0.9814/0.9968 0.9823/1.0115 0.9852/1.0275
15 0.9700/0.9858 0.9736/1.0035 0.9825/1.0249
16 1.0324/1.0472 1.0192/1.0465 1.0221/1.0627
17 0.9942/1.0094 0.9910/1.0197 0.9975/1.0397
18 0.9760/0.9917 0.9768/1.0065 0.9865/1.0301
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Two possible measures to take in order to decrease the heating cost,
related to the electricity consumption, are the use of a pulse combustor or a
circulation pump timer. An atmospheric burner is not a realistic alternative
for condensing boilers with this performance. The pulse combustor does not
need a combustion air fan after the combustion has started. The possible
reduction is illustrated with an example where a pulse combustor is used in
boiler design 1 and �Tthermo=3�C. The electricity consumptions are 1.45%
and 3.93% of the gas consumption at {14�C and 6.9�C outdoor temperature.
The use of a pulse combustor (where the combustion air fan is shut o� 3
seconds after the 
ame ignition) lowers these values to 1.25% and 3.73%.
The total heating costs are then reduced to 1.0085/1.0210 ({14�C) and
1.0026/1.0399 ({14�C), i.e. a reduction of approximately 0.5%. It is likely
that a circulation pump timer will reduce the costs more. However, the
heating system characteristics will then not be the same as in the simulations
and no values of cost savings will therefore be presented.

4.6.3 In-Depth Analysis of the Heat Transfer

The heat transfer di�erences between steady-state and part-load operation
will be discussed in this section. The topics are: 
ue gas temperature, �n
temperatures during the operating cycle and the air temperature during
the pre-purge period and associated losses. Boiler designs 14 (4+3 tubes
and 6 tube rows) and 17 (3+2 tubes and 6 tube rows) with low and high
heat capacities are chosen for the discussion. Heat capacities for design 14
are 1200 J/kWK and 6000 J/kWK whereas they are 1100 J/kWK and 5
900 J/kWK for design 17. The cycle times are 425 and 1517 seconds for
design 14 and 330 and 1172 seconds for design 17.

Flue gas temperature

Table 4.6 showed an increasing e�ciency for low boiler heat capacities. The
reason for this is the lower average 
ue gas temperature. For example, de-
sign 14 has an average 
ue gas temperature of 41.6�C at 1200 J/kWK and
48.9�C at 6000 J/kWK (1.7�C, 3.1 kW heat load). The lower tempera-
ture corresponds to an e�ciency of 106.1% while the second temperature
corresponds to 103.7%

The 
ue gas temperatures for designs 14 and 17 with the high heat
capacities are shown in �gure 4.26. It is clear that design 17 (3+2 tubes)
shows a more rapid temperature rise. A lower heat capacity also result
in a slightly higher 
ue gas temperature due to shorter cooling periods.
This is equal to a higher cycling frequency. Boilers with high heat transfer
coe�cients will not show as high e�ciency gains as boilers with low heat
transfer coe�cients due to a lower average 
ue gas temperatures.
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Figure 4.26: Flue gas temperatures during burner operation for design 14 and
17 with high boiler heat capacities

Fin Temperatures

Fin temperatures are important for the condensation rate and the stand-by
loss. The radial temperature distributions for �ns in the �rst and last tube
row in designs 14 and 17 are shown in �gures 4.27 and 4.28. The curves
show temperatures at 10% increments of the burner cycle. For design 14 the
cycle is 425 seconds and for design 17 it is 330 seconds. At the end of burner
operation the temperature is shown, time 0.173 in �gure 4.27 and time 0.187
in �gure 4.28. The di�erent times are caused by varying e�ciencies.

Fin temperatures are rapidly increasing after the burner has started for
both boiler designs. The temperature gradient is slightly larger for design
17 (3+2 tubes) due to a higher heat 
ux at the �n base. During the stand-
by period the temperatures are decreasing quickly and they are close to
the water temperature a long time before the pre-purge period starts. For
both designs the temperatures in the last row are well below the dew point
(59.1�C) during the whole cycle.
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Figure 4.27: Fin temperatures at di�erent points during the whole burner cycle.
The lines represent temperatures at 10% time increment from pre-purge start
(0.0), design 14. Heat capacity is 1200 J/kWK



4.6 Part-load Performance 103

Figure 4.28: Fin temperatures at di�erent points during the whole burner cycle.
The lines represent temperatures at 10% time increment from pre-purge start
(0.0), design 17. Heat capacity is 1100 J/kWK
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Pre-Purge Time Air Temperature

During the pre-purge period will the heat exchanger be cooled and this
causes a heat loss. In condensing boilers also evaporation of condensate will
occur. In �gure 4.29 is the air outlet temperature for low and high heat
capacities, boiler designs 14 and 17, shown for the whole pre-purge period.
A slightly higher temperature is observed for the low heat capacity boilers
due to the higher cycling frequency.

Figure 4.29: Air temperature at the boiler outlet during the pre-purge period
for design 14 and 17

The air temperature along the heat exchanger in design 14 is shown in
�gure 4.30. The curves show the temperatures 5, 10 and 15 seconds after
the pre-purge start. The graph shows that heat is transferred downstream
the heat exchanger. The air temperature at the outlet is close to the heat
exchanger temperature. In design 17 a sligthly lower temperature, <0.5�C,
is observed.

In �gure 4.31 is the pre-purge heat loss plotted for di�erent heat capac-
ities for design 14 and 17. A very strong increase of this loss is observed at
low heat capacities. This is caused by the higher cycling frequency due to
lower heat capacity.
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Figure 4.30: Air temperature along the heat exchanger at 5, 10 and 15 seconds
after pre-purge period beginning. Design 14 (1200 J/kWK)
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Figure 4.31: E�ciency loss due to pre-purge air 
ow at di�erent boiler heat
capacities, design 14 and 17
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4.6.4 Di�erences due to Boiler Heat Capacity

The performance �gures presented have mostly dealt with boilers with heat
capacities in the 1500{2000 J/kWK range. Further, the presentation has
also focussed on heating system B and 1.7�C outdoor temperature. Di�er-
ences in performance due to other heat loads and heat capacities will be
shortly commented in this section.

The calculations also included heat capacities slightly above 1000
J/kWK and up to 5500{6000 J/kWK. Lower boiler heat capacities in-
crease the boiler e�ciency since the pre-purge loss was not large enough to
outweigh the gain due to a lower average 
ue gas temperature. The e�-
ciency di�erence between the heat loads increased for boilers of the same
design but with lower heat capacity. For example, the e�ciency di�erence
between {14�C and 6.9�C for design 1 in table 4.6 increases from 3.20%
to 3.48% when the heat capacity is reduced. For a 3+2 tube arrangement
the di�erences are even larger. Design 4 shows an increase from 3.70%
to 5.47%. For heating systems B and C, the di�erences are smaller than
found for heating system A. Consequently, boilers with higher heat capaci-
ties than covered in tables 4.6 and 4.7 show smaller di�erences between the
three di�erent heat loads.

4.7 Conclusions About the E�ciency Sensitivity

This chapter has dealt with the �rst aim of the thesis, a study of boiler
performance in di�erent installations. A transient heat transfer model is
used and boiler performances at full load and part load are evaluated.

The boilers simulated have a one-step burner of 18 kW gas input and 0%
excess air. Surface combustion is assumed with a 40% radiation e�ciency.
The heat exchangers have a staggered tube arrangement with either 4+3
tubes or 3+2 tubes.

The part-load simulations showed that a larger thermostat hysteresis
gives a slightly lower e�ciency, <1%, mainly due to a higher average 
ue
gas temperature. The boiler least sensitive to changes in heat load is a
boiler with a large heat exchanger with low heat transfer coe�cients and
a larger thermostat hysteresis. The boiler simulations showed an e�cincy
di�erence of 1.5{4% for heat capacities of 1500{2000 J/kWK. Regarding
the heat exchanger size, the best boiler is one where the heat transfer rate
is higher. Only a negligible e�ciency reduction occurs, but this is only valid
if material temperatures are close to the adjacent water temperature and
the burner cycling frequency is not too high.

In no simulation was the pre-purge loss (as decreased e�ciency) larger
than around 1%. However, at shorter operating times (in seconds) due to
less boiler heat capacity is the pre-purge loss rapidly increasing.
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The calculation of total heating costs, including gas and electricity,
showed that the highest costs occur at low heat loads due to the heat sup-
plied by the circulation pump. This is more evident as the relation between
gas and electricity rates increases. The electricity consumption can be re-
duced either by using a pulse combustor or a circulation pump timer. Using
a pulse combustor may reduce the cost approximately 0.5% when the elec-
tricity rate is twice the gas rate. The potential of using a circulation pump
timer was not evaluated but is probably larger than a change of burner.
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Methods of Flue Gas Drying

The second aim of this thesis is to investigate the possibility of using and
operating a condensing boiler without any modi�cation to the chimney. A
brick chimney or similar is assumed as the base case, i.e. a chimney of a
material which is sensitive to condensate formation and has a high thermal
conductivity. Masonry chimneys in Sweden often have a bent 
ue duct and
space for a rigid smooth liner could be limited. Extensive work on the 
ue
system may be needed.

Condensation of water in the boiler reduces the water vapour 
ow enter-
ing the 
ue system and simpli�es the introduction of a drying system into
the boiler design. The question to answer is whether or not it is possible
to avoid condensation in a chimney when condensing boilers are used. The
question arises only in case of a conversion from another fuel and when
the boiler is located in the basement thus making a horisontal 
ue termi-
nal impossible. Further, it is assumed that the water pipes to the boiler
are not moved. This problem is dealt with in two chapters. This chapter
contains a description of three possible methods. Boiler designs using these
methods are described followed by a calculation of the heat transfer in chim-
neys in order to determine the necessary 
ue gas state at the boiler outlet.
The chapter ends with a discussion about the boiler e�ciency using drying
methods. The results from chapter 5 and 6 are summarised in chapter 6. It
also contains results from experiments performed on two boilers with drying
capability.

This part of the thesis di�ers from the previous part because 
ue gas
drying is mainly experimentally studied instead of theoretically analysed as
the boiler performance. Flue gas drying should primarily be considered as
a method of reducing the total cost when a horisontal 
ue terminal cannot
be used, but it can also be considered as a way to make the condensing
boiler installation less sensitive to the previous non-condensing installation.
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Three technical solutions are suggested and discussed. One of these are also
experimentally investigated. Parts of this chapter is also found in [53].

5.1 Drying Methods

Flue gas drying in this context is a notation for ways to create a 
ue gas
state which allows an operation without condensate forming in the chimney.
Possible ways are an increased 
ue gas temperature, a reduced water content
or a combination of the these.

Three di�erent methods of creating the desired 
ue gas state are listed
below. They all involve heat transfer to the boiler 
ue outlet.

1. Flue gas reheating using a conventional heat exchanger

2. Flue gas reheating using heat pipes

3. Flue gas drying and heating using adsorbents

These designs will be discussed more in detail in the following text.
Calculations of the 
ue gas state required for the desired operation will be
shown.

The suggested boiler designs to obtain dry 
ue gases are unconventional
in contrast with the boiler design chosen in the previous chapter. Boilers
with 
ue gas reheating by means of a conventional heat exchanger were
developed and tested. Test results are shown in the next chapter.

5.1.1 Reheating Process

Flue gas reheating in a condensing boiler means that the 
ue gases are
heated after the condensation in order to achieve a temperature and water
content which prevents condensate forming in the chimney. Figure 5.1 ex-
plains the process graphically. Reheating can be accomplished in a number
of ways regarding the heat transfer process. Conventional heat exchangers
and heat pipes are discussed in this thesis.

The heat used for reheating can be taken from for example boiler wa-
ter, hotter 
ue gases or by using electrical heating. Heat produced in the
combustion process, from boiler water or 
ue gases, is here called internal
heat. Heat produced outside the combustion process, for example electrical
heating, is called external heat. The in
uence of di�erent types of internal
or external heat on the boiler e�ciency is discussed on page 130.

As can be seen in �gure 5.1, a boiler could theoretically be designed
to allow a way directly from point 1 to point 4, i.e. reaching the desired
temperature and humidity without reheating. This boiler design must allow
condensate forming without the 
ue gas temperature dropping close to the
dew point.
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Figure 5.1: The principle of reheating. The thin line represents a boiler using
a heat exchanger design of one non-condensing and one condensing heat ex-
changer. The thick line represents a boiler where condensation can start early
in the heat exchanger. � = relative humidity.

Alternative to Reheating

One slightly di�erent alternative to reheating has been commercialised by
Viessmann in Germany [83], the Viessmann Mirola. To avoid damages to
the chimney, a small amount of 
ue gases are by-passed from the combustion
chamber to the boiler outlet. In this arrangement, the 
ue gases from the
condensing heat exchanger are mixed with the hotter 
ue gases to achieve a
temperature su�ciently high to avoid condensate formation in the chimney.
If the chimney later is changed to handle condensate, the by-pass line can
be shut and full condensing operation can be used. The boiler design is
also described by Rosa [69]. The design criterium according to Rosa is a
di�erence between 
ue gas temperature and water dew point of at least
20�C.
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5.1.2 Adsorbent Drying

Condensate formation in the chimney can also be avoided by reducing the
water content in the 
ue gases, in this case by use of an adsorbent. The use
of adsorbents will not only reduce the water content but also raise the 
ue
gas temperature during the adsorption. The process is illustrated in �gure
5.2.
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3. Flue gases from a condensing
boiler
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Figure 5.2: The principle of adsorbent drying. The line from point 1 to point
3 represents a boiler using a heat exchanger design of one non-condensing
and one condensing heat exchanger. The thick line represents a boiler where
condensation can start early in the heat exchanger. � = relative humidity.

The adsorbent needs to be frequently regenerated in order to reduce the
water content. The suggested boiler design described here involves a circu-
lar adsorbent bed, rotating between the 
ue and the boiler interior making
adsorption and regeneration possible. The similarities with desiccant cool-
ing and air preheaters in power plants are obvious. Possible adsorbents are
for example zeolites and silica gel.
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Zeolites

Zeolites, or molecular sieves, adsorb molecules in small cavities in their
structure. The adsorption is a surface process, not a chemical reaction.
The zeolite has a 3-dimensional structure and a well de�ned cavity size
determined by the atoms in the stucture. The choice of adsorbent material
determine the size of molecules to be adsorbed. Zeolite 4A is suitable for
water adsorption and has a cavity of 4.1 �A (�Angstr�om). Its chemical formula
is

Na12[(AlO2)12(SiO2)12] � xH2O (5.1)

The water molecules are removed from the zeolite by heating, also called
regeneration. The well de�ned cavity diameter gives zeolites a high degree
of selectivity and only molecules with a diameter equal to the cavity diam-
eter or less can be adsorbed. Other molecules in 
ue gases, with similar
molecular sizes to water are oxygen (2.8 �A), carbon monoxid (2.8 �A) and
nitrogen (3.0 �A). Adsorption capacity of zeolites and alternative adsorbent
materials are shown in �gure 5.3 [24].

Figure 5.3: Water adsorption for zeolite 4A, silica gel and Alumina

Molecular sieves seem to be a better alternative than the other materials
since the capacity is less a�ected by higher temperatures. Regeneration in
a space heating boiler is most likely to be a thermal regeneration, i.e. the
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adsorbent is heated. The regeneration can be achieved in a wide tempera-
ture span. If it is done using hot 
ue gases, the bed temperature should be
at least 300�C if the residual water content in the bed not should exceed
approximately 5% [24]. The dew point of the regeneration 
uid, i.e 
ue
gases, is here an important factor.

It has not been further investigated if the operating conditions, for ex-
ample the cycling frequency, are favourable for adsorbent use. However,
communication with the company grace [25] indicate a reduced adsorbent
lifetime for this application.

5.2 Suggested Boiler Designs

Among condensing boilers two basic types are found, see page 17. These
types di�er in the heat exchanger design. The �rst type, here called type
I, has two clearly separated heat exchangers where all condensation takes
place in the second one. In the second type, type II, all heat exchanger area
is collected in one package, an integrated design. In this section reheating is
commented for each basic type and suggested boiler designs are suggested.

5.2.1 Type I Boiler with Reheating

In a type I boiler, the reheating heat exchanger is naturally located between
the �rst and second, condensing, heat exchanger. The engineer is somewhat
tied to this design which have some disadvantages. The reheating heat
exchanger more or less has to be located between the �rst and second heat
exchanger. The 
ue gas temperature may therefore not be appropriate for
an e�cient reheating. Due to the fairly low temperature after the �rst heat
exchanger the reheating heat exchanger area will be fairly large. In �gure
5.4 a suggested design and the associated 
ow chart are shown. The burner
in this design is assumed to be a conventional atmospheric burner.

However, this design is today obsolete for residential condensing boilers
connected to hydronic systems. The interest for producing a boiler of this
design should therefore be quite small.

5.2.2 Type II Boiler with Reheating

Two designs of type II boilers are suggested for 
ue gas reheating. The
main di�erence is the burner geometry, either 
at or cylindrical. This leads
to di�erent heat exchanger designs. The burners are assumed to operate in
a fully premixed mode.

Several types of this basic design are found among the boilers on the
European market. Many have a heat exchanger in one piece, for example
founded in an aluminium alloy. A large number of boilers are described by
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Figure 5.4: Suggested design of a type I condensing boiler with reheating

Jannemann [36]. These designs do not always o�er the same opportunity
to include reheating as the design discussed in this thesis.

Flat Burner

A 
at burner can either be a radiant burner or a conventional blue 
ame
burner. Combustion is taking place across the entire 
at burner area. The
burner is placed above the heat exchanger, which consists of a number of
�nned tubes. The reheating heat exchanger can in this design be placed at
an arbitrary location based on wishes of material use and dynamic charac-
teristics. Figure 5.5 shows the suggested design and the 
ow chart.

Cylindrical Burner

A cylindrical burner with 
ames around the perimeter is suggested to be
surrounded by a �nned helically shaped tube. The burner can also be
surrounded by a smooth or surface extended water jacket, which will give
a similar design. Convective heat losses are likely to be easier to reduce in
the latter design. The reheating heat exchanger is located above the water
side heat exchanger and thus facing uncooled 
ue gases. The boiler design
using a cylindrical burner is shown in �gure 5.6 below.
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5.2.3 A Boiler with Heat Pipes

Heat pipes o�er a high heat transfer rate as a result of the extremely high
\thermal conductivity" along the pipe or tube axis due to the evaporation
and condensation of the working 
uid within the tube. A simple and com-
pact boiler design is possible. Heat pipes have been used in earlier studies of
space heating systems, see for example Becker and Searight [5] and Ernst et
al. [19] from 1981. The use of heat pipes in warm-air furnaces is described
in these studies. In both cases the heat pipes are used to directly transfer
the 
ue gas energy to the warm-air heating system. In these studies are
heat pipes used instead of conventional heat exchangers. It is likely that
the steady-state boiler performance is equal to the performance with a con-
ventional heat exchanger. Dynamic characteristics may though be di�erent.

Using heat pipes for reheating can simplify the boiler design compared
to a design where a heat exchanger is used. The discussion about using heat
pipes is limited to a suggested boiler design, see �gure 5.7.

�
��
�
���

���

��

�
��
�
��
�
��

�
���

��

6

Chimney

j

Burner
)

Heat pipe

:

Heat exchanger tubes

Figure 5.7: Possible design of a condensing boiler using heat pipes for 
ue gas
reheating



118 Methods of Flue Gas Drying

The burner in this design is facing a staggered heat exchanger arrange-
ment. Heat pipes are located between two rows in the beginning of the heat
exchanger.

5.2.4 A Boiler with Adsorbents

Adsorbent drying can easily be included in a boiler using a 
at burner.
The main design di�erence is in this case a wheel containing adsorbent
material. The wheel is located in a way which makes rotation possible
between the 
ue gas outlet and a point with su�ciently high temperature
for the regeneration. In �gure 5.8 the boiler and adsorbent wheel design are
shown.

In the design of the adsorbent wheel a couple of important parameters
are identi�ed. These are:

� High adsorption capacity, i.e. kgH2O/kgads

� Fast regeneration

� E�cient regeneration in a humid environment at temperatures found
in a boiler

The boiler design is not further discussed in this thesis.
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5.3 Calculation of the Necessary Flue Gas State

In this section, a model is developed for calculation of heat transfer in
chimneys. The necessary 
ue gas state, i.e. the temperature and relative
humidity at the boiler outlet, is then determined. The values given refer to
boilers with burner inputs of 15{20 kW and 25% excess air. The in
uence
of burner input, excess air and heating system return temperature on the
condensate formation in the chimney is also studied. This study of parame-
ter importance is done for a condensing boiler with no 
ue gas drying. The
model which has been used for calculating heat and mass transfer in the
chimney is based on appropriate correlations from literature.

5.3.1 Parameters A�ecting Flue Gas Drying

The di�erent parameters of the building in which the boiler is installed in-

uence the characteristics of the entire heating system as previously shown.
In this section a number of possible parameters important for the 
ue gas
drying are discussed. These parameters are the heat demand, the burner
input, the heating system temperatures and the chimney size. In �gure 5.9
the interaction between these components are made clear graphically.

Figure 5.9: Parameters a�ecting the performance of 
ue gas drying
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The component interaction can be described as follows. The burner input
and the buildings heat load and the boiler e�ciency give the relative oper-
ating time, � , of the burner (one-step burner assumed). In the model this
parameter is used to calculate the 
ue gas temperature at the boiler outlet
for acceptable operation. The chimney size, cross section area and height,
is also of importance for the 
ue gas temperatures and thus of interest for
the calculation of necessary reheating. Evaporation of condensate formed
during the burner operation is also taken into consideration in this calcula-
tion. The air 
ow through the boiler and chimney is determined from the

ue system size and the relative operating time. The air 
ow leads to an
increased heat demand. This has to be taken into consideration when com-
paring di�erent boiler designs. Finally, the characteristics of the heating
system are considered important for the calculation of necessary reheating.
Since the heating system 
uid return temperature directly a�ect the 
ue
gas temperature, a low temperature system seems appropriate. Also, the
aim of minimising the water content indicates certain characteristics of the
burner, among them low excess air ratio.

Figure 5.9 shows that boiler, heating system and building, constitute
a complex system. Consequently, each component has to be investigated
before a suitable boiler design can be proposed. In the calculation of nec-
essary 
ue gas temperature this investigation is made for the burner input,
the excess air ratio and the heating system temperatures.

5.3.2 Chimney Heat Transfer Model

Calculations of heat and mass transfer in the chimney are simpli�ed by
use of a quasi-stationary approach. The model gives the average values of

ue gas temperature Tav and inner wall temperature Tin during the burner
cycle, i.e. the time between two burner starts.

Consider a circular chimney with rin as the radius to the inner wall, rout
as the radius to the outer wall and �x as a segment height. The thermal
conductivity is kchi. The chimney is shown in �gure 5.10. The heat transfer
from 
ue gas to the chimney outer wall is determined by equations 5.2{
5.4. The equations show the heat transfer at the chimney inner wall _Qin,
through the chimney wall _Qchi and at the outer wall _Qout. The inner and
outer segment areas are denoted Ain and Aout.

_Qin = hin (Tav � Tin)Ain (5.2)

_Qchi = 2� kchi�x
Tout � Tin
ln(rout=rin)

(5.3)

_Qout = hout (Tout � Tamb)Aout (5.4)
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Figure 5.10: A section of a chimney. Used and calculated values and properties
are marked
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The heat transfer rates are equal in steady-state conditions. The heat
transfer coe�cient at the chimney inner wall, hin, is calculated using equa-
tions 5.5{5.8. The calculations of Nusselt number Nu and Rayleigh number
Ra for vertical surfaces take into account both heat and mass transfer, see
Churchill and Chu [12]. Constant values for the outer wall heat transfer
coe�cient hout are used for the indoor and outdoor part respectively.

Nu = 0:68 +
0:670Ra

1
4h

1 +
�
0:437
Pr

� 9
16

i 4
9

(5.5)

Ra =
g � (Tin � Tav) d

3
h;in

� hin
(5.6)

where g is the gravity, dh;in is the 
ue duct hydraulic diameter and � is the
kinematic viscosity. The thermal expansion factor � is calculated as

� = � 1

�av

�
@�av
@T

�
(5.7)

where �av is the density of 
ue gases at the temperature Tav and �nally

hin =
kav Nu

dh;in
(5.8)

The one-step burner operation is taken care of through a quasi-stationary
calculation method. This method is described by Plate and Tenhumberg [65]
and Rosemann [70]. The heat transferred to the wall Qcycle during burner
operation ton is

dQcycle

ton
= hin (Tav � Tin)Ain (5.9)

Assuming constant inner wall temperature yields the heat transfer
through the chimney during the whole burner cycle, ton + toff , as

dQcycle

ton + toff
= 2 kchi ��x

Tin � Tout
ln(rout=rin)

(5.10)

A dimensionless time parameter, relative operating time, � is introduced
and de�ned as

� =
ton

ton + tsb
(5.11)
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Equations 5.9{5.11 give the average chimney wall temperature Tin as

Tin =
Tout

2 k ��x
ln(rout=rin)

+ � hin Tav Ain

2 k ��x
ln(rout=rin)

+ � hin Ain

(5.12)

In case of water vapour condensation, the heat transferred to the wall
due to convection and condensation can be written as in equation 5.13
according to Colburn and Hougen [14].

d _Q = hin (Tav � Tin) dA+

KMH2O rH2O (pH2O;av � pH2O;s;in) dA (5.13)

where pH2O;s;in denotes the saturated water vapour partial pressure at Tin.
The mass transfer coe�cient K is written as

K =
hin

cp�pmMav

�
Pr

Sc

� 2
3

(5.14)

where M is the molar weight and (Pr/Sc) is the Lewis number Le which is
set equal to unity as the 
ue gases may be considered as humid air. The
mass 
ow of condensate, d _mcond, is

d _mcond =
d _Qcond

rH2O
(5.15)

which yields

d _mcond =
MH2O

Mav

hin
cp�pm

(pH2O;s;in � pH2O;av) dA (5.16)

5.3.3 Computer Code and Calculation Results

The chimney model is implemented in a program, skorsten, where the
chimney is divided into 100 segments. Flue gas state at the boiler outlet
acts as inlet conditions to the �rst segment. Boiler heat input and building
heat demand, given as calculation input, are used to calculate the relative
operating time � . In
uence of boiler oversizing can thus be evaluated. The
output data are the 
ue gas temperature, the wall temperature and the
condensate formed.

A 
ow balance based on the assumption that the pressure generated by
the average 
ue gas temperature in the chimney and chimney height is equal
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to the 
ow resistance give the possible air 
ow through the chimney during
the burner stand-by period. The air 
ow is calculated as

�av gH = �
�av c

2

2

H

din
(5.17)

where � is the friction factor, c is the air velocity and H is the chimney
height.

The air 
ow is present when a boiler equipped with an atmospheric
burner is used while no air 
ow is assumed when a fan assisted burner
is used. Evaporation of condensed water vapour is then possible to cal-
culate. The Nusselt number for heat transfer during the stand-by period
(atmospheric burner) is calculated from the correlation used for the burner
operating time. In case of a fan assisted burner, free convection (Nu=3.664)
is assumed. The 
ow chart in �gure 5.11 shows the program structure.

Experiments performed on a laboratory chimney showed an accuracy of
10{15�C [57]. The results were obtained in tests where boilers with a fan as-
sisted burner and an atmospheric burner were used. Flue gas temperatures
at steady-state conditions were 140{200�C. The accuracy is better at lower

ue gas inlet temperatures. The chimney used in the experiments consisted
of a metal tube with thin walls. It was used both without and with heat
insulation. The tests showed that the assumption of constant inner wall
temperature was reasonable. The main di�erence between measurements
and calculations was the inner wall temperature in the chimney outdoor
part. Calculated values were signi�cantly lower than measured. The con-
clusions from the comparison between measurements and calculations were
that overall heat transfer was reasonably calculated. Since calculated wall
temperatures were lower than measured the necessary reheating later shown
will be overestimated.

Comparisons with the American computer code vent-ii [71] show good
agreement for condensing boilers. In vent-ii a transient heat transfer anal-
ysis is used and calculated temperatures from this code are cycle averaged
and compared. For a condensing boiler at 45% load and an average 
ue
gas temperature during burner operation of 37.0�C, a comparison showed
di�erences not exceeding 2�C [53].

Another dynamic or transient heat transfer model for chimneys has been
developed by Pitschak et al. [63]. In this model, the chimney is considered
as a single wall shell radially divided in segments. Good agreement is shown
between measured and calculated data. From the data shown it is di�cult
to judge if the assumption of constant inner wall temperature is veri�ed.
However, presented results show a temperature di�erence less than 10�C
during the operating cycle. The chimney was cold from the beginning of
the tests.
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Figure 5.11: Flow chart describing the program skorsten for calculating heat
and mass transfer in a chimney
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In
uence from the Burner

The scope of studying the in
uence of the burner heat input and excess air
ratio on temperatures and condensate formation in the chimney is to clarify
if any combination of burner input and excess air is preferrable.

In the calculations are the heat demand and the chimney size �xed. The
house has a heat demand of 13 kW at {14�C outdoor temperature. The
chimney height is 7.5 m of which 6.5 m is indoors. The 
ue duct cross
section is 150�150 mm. Heat transfer coe�cients at the chimney outer wall
are set to 5.0 W/m2K and 15.0 W/m2K for the indoor and outdoor part
respectively. The boiler has a burner with either 15, 20 or 25 kW input.
These burner inputs correspond to an oversizing of approximately 15%, 54%
and 92%. The excess air ratio is 0% or 45% and the outdoor temperature is
0�C. The boiler e�ciency is assumed constant for all calculated cases. No
reheating is used. In �gure 5.12 and 5.13 the chimney inner wall temperature
and the accumulated condensate formation is plotted as a function of the
chimney length.

Figure 5.12: Chimney inner wall temperature at di�erent burner inputs and
excess air ratios. Flue duct cross section is 150�150 mm.

As seen in the �rst �gure, the average inner wall temperature is hardly
a�ected by the burner input. An increased burner input gives a lower av-
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Figure 5.13: Accumulated condensate formation along the chimney at di�erent
burner inputs and excess air ratios.

erage inner wall temperature due to a reduced relative operating time � .
An increased 
ow given by a higher excess air ratio raises the temperature
slightly. Figure 5.13 shows that the condensate formation has a minimum
when the largest burner is used despite the lower wall temperature. How-
ever, a closer study shows that the condensate formation during the burner
operating time is higher for large burners but shorter operating times give
a smaller amount of condensate. The conclusion drawn from these calcula-
tions is that no major di�erences occur in wall temperatures and condensate
formation due to reasonable changes in burner input and excess air.

In
uence from the Heating System

There is a correlation between heating system temperatures and the 
ue
gas temperature, and consequently the water vapour 
ow to the chimney.
Saturated 
ue gases in all operating situations are assumed.

Here, the same building is used but the burner inout is �xed to 0 kW
(45% excess air). The 
ue gas temperature after the condensing heat ex-
changer is varied between 30�C and 60�C. The outdoor temperature is 0�C.
In �gure 5.14 it is clearly seen that condensate formation is strongly depen-
dent on the 
ue gas temperature at the boiler outlet.

It is an unpleasant fact that this strong dependency exists. Thus, also
taking into consideration that the return temperature from an ordinary
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Figure 5.14: Accumulated condensate formation in the chimney as a function
of the chimney length for di�erent outlet temperatures from the boiler.

two-string hydronic system raises at higher load, it seems to be an obstacle
getting a properly operating reheating and high e�ciency at the same time.
A way of removing this problem is to further reduce the 
ue gas temperature
by means of the combustion air or the cold inlet sanitary water.

The examples given show that the most important building component
regarding the condensate formation in the chimney, is the heating system
and its return temperature. It is strongly desirable that the 
ue gas tem-
perature after the condensing heat exchanger can be kept low and constant
independently of the heating system characteristics.

5.3.4 Necessary Flue Gas Temperatures After Drying

The previous section dealt with the dependency of condensate formation in
the chimney using a conventional condensing boiler and the building com-
ponents. In this section we will show calculated values of the necessary 
ue
gas temperature for operation with no condensate formation. The values
given in table 5.1 are valid for boilers using burners in the 15{20 kW range,
�ring at 25% excess air. Other inputs are stated in the table caption.

No air 
ow through the chimney is assumed during the burner stand-
by period, not even in the case of diluted 
ue gases, for example when a
draught diverter is used. If such a 
ow is assumed in the calculations, a
considerable reduction of reheating is possible. The necessary reheating is
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Table 5.1: Necessary reheating calculated for boilers with 15{20 kW burner
input. Reheating is given for a 
ue duct cross section area of 0.015 m2 and
0.025 m2. Chimney lengths are 6 and 8 m. The lowest 
ue gas temperature
before reheating, Tmin, is varied between 20 and 40 �C. The 
ue gases are
either not diluted, �burner =1.25, or diluted to �tot=2.5, 3.0 and 3.5.

Necessary reheating, �C
�tot=�burner �tot=2,5 �tot=3,0 �tot=3,5

Tmin,
�C 6 m 8 m 6 m 8 m 6 m 8 m 6 m 8 m

0.015 m2 
ue duct
20 35 55 30 30 30 30 30 30
30 70 90 35 45 30 40 30 35
40 90 130 60 75 50 65 50 60

0.025 m2 
ue duct
20 50 65 30 30 30 30 30 30
30 90 100 55 70 40 50 40 50
40 95 155 80 110 70 90 65 75

then 40{50�C lower at 30�C and 40�C as the lowest 
ue gas temperatures.
However, this air 
ow causes an increased heat demand which is dependent
on chimney size and building tightness. The heat demand can in such cases
increase by approximately 5% in a building with an annual heat demand of
20000 kWh. The e�ciency gain due to less reheating is smaller than the
additional energy consumption, making the alternative of using air 
ow an
uninteresting one.

The values presented are based on heat transfer in an uninsulated ma-
sonry chimney. This is the assumed typical installation and at the same time
probably the most di�cult case to handle. If other operating conditions are
present, a signi�cantly lower reheating is often su�cient. An example is a
case where the 
ue gases are cooled by both the heating system and the
cold inlet sanitary water. An insulated chimney is also connected to the
boiler. If the cold sanitary water is stored, the in
uence of the heating
system temperatures on the lowest 
ue gas temperature can be avoided.
It is the possible to reduce the 
ue gas temperature to 20{30�C with this
system design. The necessary reheating when an insulated chimney is used
is approximately 20�C and can be accomplished by boiler water. KW En-
ergiprodukter in Sweden [42] has used this design.

5.4 Flue Gas Drying and Boiler E�ciency

The suggested drying processes involve other heat 
ow patterns than di-
scussed in earlier chapters. Due to the drying process heat is transferred
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to the outlet. This may introduce a new source for a heat loss. The heat
transfer in the suggested boiler designs are discussed in this section.

5.4.1 Flue Gas Reheating and Boiler E�ciency

Looking only at the energy requirement for reheating, the boiler e�ciency
will of course decrease compared to an identical boiler with no reheating.
The discussions about boiler e�ciency are in this context always based on
comparisons between two condensing boilers, one with 
ue gas reheating.

The energy requirement for reheating and the resulting decrease in boiler
e�ciency, theoretical e�ciency decrease, are shown in �gure 5.15. The
theoretical e�ciency decrease is plotted as a function of reheating, burner
excess air and the 
ue gas temperature after the condensation in the boiler.
The lower theoretical e�ciency decrease at lower excess air ratos and 
ue
gas temperatures is explained by the lower 
ue gas 
ow. The results in the
�gure are based on identical temperatures at every point in the two boilers
except for the reheating heat exchanger.

Figure 5.15: Theoretical e�ciency decrease due to reheating

However, the outlet temperature from the heat exchanger is changed
when 
ue gas reheating is added to an existing design. The discussion
of changes in outlet temperature uses the term heat exchanger entalphy
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e�ciency. Krighaar et al. [41] have discussed this for condensing boilers.
The entalphy e�ciency �h is de�ned as

�h =
hin � hout
hin � hw

(5.18)

where hin and hout are the 
ue gas entalphy at the heat exchanger inlet
and outlet. hw denotes the enthalpy at water temperature. The entalphy
e�ciency is assumed to be constant for the operating conditions studied.

Heat exchangers suitable for type I boilers as well as type II boilers are
considered, i.e. the chosen inlet temperatures are 300�C and 1000�C. For
each of these, di�erent outlet characteristics are also chosen. In �gure 5.16
the outlet 
ue gas temperature as function of the return water temperature
is shown. In total, four heat exchangers are studied.

Figure 5.16: Assumed temperature di�erence between 
ue gas and return water
temperature for heat exchangers studied regarding entalphy e�ciency �h

Chosen reheating levels are 75�C and 150�C. Excess air ratios are 1.0
and 1.3. The results are shown as e�ciency gains in �gures 5.17{5.18.
These �gures can be directly compared to �gure 5.15 and thus can the total
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in
uence of adding 
ue gas reheating to an existing condensing boiler design
be evaluated.

The graphs in �gures 5.17 and 5.18 show that the e�ciency gain is
signi�cantly higher if a type I boiler is simulated rather than a type II
boiler. The gain increases as the excess air, reheating level and di�erence
between return water and 
ue gas temperatures in the baseline case gets
higher. All these factors make it possible to condense more water vapour.

The decrease in 
ue gas temperature at the heat exchanger outlet due
to the added reheating is largest at 20�C return water temperature and
decreases at higher temperatures. At 20�C, the temperature decrease is
largest for 300�C baseline temperature and 150�C reheating and least at
1000�C and 75�C reheating. The changes are 5.42�C and 0.42�C. At 60�C
return water temperature these temperature changes are 2.53�C and 0.17�C.

If the e�ciency gains are compared with theoretical e�ciency decrease
it is obvious that only in boiler designs with two heat exchangers (type I)
can the reduced temperature compensate the theoretical e�ciency decrease
to a substantial extent. Laboratory experiments performed on a converted
Remeha 1HR [52] even showed an increased boiler e�ciency. However, the
conditions were more favourable than assumed in �gures 5.17 and 5.18.

This discussion has shown that the boiler e�ciency is reduced when 
ue
gas reheating is added. However, the changed heat transfer in the boiler can
reduce this e�ciency loss. The boilers of interest for reheating do not allow
any noticable reduction of this loss. This conlusion is valid for reheating
using hotter 
ue gases.

The other proposed ways of accomplishing the reheating, using boiler
water or electrical heating, do not a�ect the 
ue gas temperatures in a
boiler with reheating. Thus, the e�ciency decrease will be equivalent to the
theoretical boiler e�ciency decrease.

Keeping this discussion in mind, the in
uence of reheating on boiler
e�ciency can be estimated when looking at di�erent boiler designs.

5.4.2 Adsorbent Drying and Boiler E�ciency

The use of an adsorbent requires a heat input for the regeneration process.
This, and a possible new source for a heat loss (the adsorption device),
constitute the base for e�ciency in
uence using adsorbent drying.

When the water is adsorbed, latent heat is transformed to sensible heat
and raising the adsorbent and the 
ue gas temperature. Assuming that
all latent heat is used for heating the 
ue gases the graph in �gure 5.19
can be drawn. It shows the 
ue gas temperatures after the adsorbent bed
as a function of saturated 
ue gas temperature and the dew point after
the adsorption. As seen in the �gure, a dew point after the adsorption of
approximately 0{5�C will be su�cient for trouble free operation.
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300�C inlet, 0% excess air

300�C inlet, 30% excess air

Figure 5.17: E�ciency gain due to changed 
ue gas temperature at the heat
exchanger inlet. Baseline conditions are 300�C inlet temperature, 0% (top
graph) and 30% excess air. Reheating is 75�C and 150�C. Lines marked with
HEX=A represent the heat exchanger with larger di�erence between 
ue gas
temperature and return water temperature
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1000�C inlet, 0% excess air

1000�C inlet, 30% excess air

Figure 5.18: E�ciency gain due to changed 
ue gas temperature at the heat
exchanger inlet. Baseline conditions are 1000�C inlet temperature, 0% (top
graph) and 30% excess air. Reheating is 75�C and 150�C. Lines marked with
HEX=A represent the heat exchanger with larger di�erence between 
ue gas
temperature and return water temperature
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Figure 5.19: Flue gas temperatures before and after an adsorbent bed



6

Flue Gas Drying Tests

Tests were performed to investigate the characteristics of boilers with 
ue
gas reheating, such as e�ciency, heat losses and their origin, and the heat
exchanger performance. Two boilers of type II, described in the previous
chapter were designed and built. The results are earlier presented in [54, 55].

6.1 Test Set Up and Test Conditions

In all tests performed, the boilers were connected to a hydronic heating
system emulator. The operation of this emulator is controlled by a PC
and a data acquisition system. Return water temperature to the boiler is
calculated and controlled by means of measured 
ow temperature and water

ow. The heating system model used is the same as described on page 64.
Input such as heating system output at full load and water content are given
in order to facilitate the simulation of the dynamic behaviour of the heating
system and the building.

The boiler is controlled by a boiler thermostat only. It is set manually
for each test. Due to the small water content and heat capacity the op-
erating cycles are very short. This is seen in the �gures showing the 
ue
gas temperatures in the boiler. No attempt was made to change this boiler
characteristic.

Boiler performances were measured at four heat loads from 3.4 kW to
8.9 kW. These heat loads will cover most of the year except the warmest
periods. The main purpose of the tests though, is to investigate reheating
performance at di�erent operating conditions, not to measure and calculate
annual e�ciency. The boilers were tested with the same thermostat and
water 
ow settings for each test case whether reheating was used or not.
The house simulated in the tests has a heat demand of approximately 12 kW
at {14�C outdoor temperature. The heating system, a two-string hydronic
system, has a capacity of 16 kW at 80�C 
ow temperature and 60�C return
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temperature at nominal 
ow. The water 
ow was set to 0.113 kg/s in test
case A and set to 0.189 kg/s in test cases B, C and D.

Flue gas temperatures were measured along the heat exchanger using
thermocouples type K. Water temperatures were measured at inlet and
outlet using Pt100 sensors.

It should be borne in mind that the e�ciency data are valid for exper-
imental boilers, not of commercial standards. For example, the convective
heat losses are much larger than those acceptable in a commercial boiler.

6.2 Reheating in a Boiler with a Cylindrical Burner

This investigation is described more in detail by the author in [55]. A boiler
with a cylindrical burner surrounded by a �nned tube heat exchanger for
the space heating loop and a smooth tube for the reheating was built and
tested. A schematic drawing of the boiler is shown in �gure 6.1. The overall
sizes were an outer diameter of 350 mm and a height of 600 mm (450 mm
to the top of the heat exchanger).
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Figure 6.1: Experimental boiler design. Cylindrical burner and reheating
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6.2.1 Burner

The burner in the tested boiler is a cylindrical, experimental Thermomax
burner developed by Ruhrgas AG. Characteristic features are a fully pre-
mixed operation at approximately 25% excess air and very low NOx emis-
sions making it an interesting alternative for newly developed appliances.
The stand-by loss is assumed to be low when this burner is used. These
characteristics have all been observed in the boiler tests. The burner design
is thoroughly described by Berg and Jannemann [6] and is here only brie
y
described. A drawing of the burner is shown in �gure 6.2. Air and fuel are
mixed at the burner inlet in the top part of the drawing. The mixture is
combusted close to a perforated metal sheet acting as burner surface. The
two rods beside the burner are used for 
ame ignition and 
ame sensing.

Figure 6.2: Thermomax cylindrical burner (Ruhrgas)

The burner has a nominal gas input of 20 kW. At the burner inlet, the
combustion fan is located. During the e�ciency tests, the burner had an
input of 18 kW and operated with 20% excess air. In the experimental
boiler, the burner can be vertically moved.
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6.2.2 Heat Exchangers

The 
ue gas to water heat exchanger is a �nned tube of 7.9 m length. Outer
diameter of the tube is 20.8 mm and outer diameter of the �n is 45 mm.
The �n thickness is 0.4 mm and the spacing corresponds to 11 �ns per inch.
The aluminium �ns are mounted on a liner in copper (Essem Final from
Outokumpu Copper). The water content of the boiler, water in the heat
exchanger tube only, is approximately 1.8 litres.

The reheating heat exchanger is simple. A smooth copper tube forms
a single row heat exchanger around the burner. The tube has an inner
diameter of 16 mm and 1 mm wall thickness.

The heat exchanger position was not changed between the tests. Thus,
using no reheating, a considerable empty space was present above the water
side heat exchanger. Also, space enough for a larger reheating heat ex-
changer was available. This space is an explanation to the large heat losses
mentioned later in connection with the e�ciency measurements.

6.2.3 Boiler Performance with No Reheating

Boiler performance with no reheating is presented as measured heat ex-
changer performance and 
ue gas temperatures at steady-state and part-
load operation. Boiler part-load e�ciency at di�erent loads and associated
losses are also shown.

Heat Exchanger Performance

The 
ue gas steady-state temperature at the heat exchanger outlet was mea-
sured at di�erent return water temperatures. The heat exchanger perfor-
mance is shown as a function of the return water temperature in �gure 6.3.
The performance is expressed as the di�erence between measured 
ue gas
and return water temperatures.

No changes in performance were found for di�erent excess air ratios.
The change in excess air also a�ects the burner radiation characteristics
and this could lead to the conclusion that the radiation output does not
have any signi�cant in
uence on the heat transfer. However, the location of
the space heating heat exchanger allowed only 3 rows to be visible for the
burner surface heat radiation.

Boiler E�ciency

The e�ciency was measured at the four di�erent heat loads earlier men-
tioned. In table 6.1 the test results are summarised.

In table 6.1, _Qload is the heat load, Treturn is the water return tempera-
ture, Tfg is the average 
ue gas temperature during burner operation, �theo
is the theoretical e�ciency calculated from the average 
ue gas temperature
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Figure 6.3: Measured temperature di�erence between return water and 
ue
gases at the boiler outlet at steady-state operation. Boiler with cylindrical
burner and with no reheating.

and excess air ratio, _Qloss is the heat loss and �meas is the measured e�-
ciency. It is clear that the heat loss is large compared to commercial boilers.
The calculated heat loss _Qloss in test cases A and B suggest that the heat
loss origin from parts not containing water. The loss is probably caused
by some hot surface areas close to the burner which are not su�ciently in-
sulated. Most of the heat loss is assumed to be convective/radiative since
there is little, if any, air 
ow through the boiler during the stand-by pe-
riod. The only air 
ow during this time is during the pre-purge period.
The average heat loss _Qloss is 0.57 kW, which corresponds to 3.1% of the
burner input. An e�ciency measuring error of 1% equals 10% of the value
of _Qloss. This demonstrates the di�culty to determine the convective loss
from heat balances with a high degree of accuracy. No evidence is given
for in
uence of burner operating time or average boiler water temperature.
The major part of _Qloss is therefore assumed to be convective loss from the
boiler surface.
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Table 6.1: Measured and calculated results for the boiler with cylindrical burner
and with no reheating

Test case A B C D

_Qload (kW) 3.79 4.18 5.55 8.88
�meas (%) 94.5 94.9 96.1 94.7
Treturn (�C) 20 22 28 43
Tfg (

�C) 22 24 36 51
�theo (%) 109.6 109.3 106.8 101.1
_Qloss (kW) 0.57 0.60 0.67 0.44

Flue Gas Temperatures with No Reheating

In the boiler with no reheating, 
ue gas temperature was measured at four
points: beside the burner and in front of the �rst row of the heat exchanger,
in the middle of the heat exchanger, one row before the heat exchanger
outlet and �nally at the boiler outlet. The temperatures measured for the
four heat loads previously described, are seen in �gure 6.4.

The short burner operating and stand-by times are clearly visible. The
notch, visible in some of the graphs marks the beginning of the fan oper-
ation during the pre-purge time. The temperature drops rapidly in the heat
exchanger and it would probably give equal performance if it was smaller.
At intermittent burner operation, the same temperature di�erence between
return water and 
ue gases as in steady-state operation is not obtained.
At steady-state operation the temperatures were measured to 960�C and
150�C at the �rst two points. These temperatures were not changed when
the burner was moved vertically approximately 70 mm.

6.2.4 Boiler Performance with Reheating

The reheating obtained was found to be far too large with the simple re-
heating heat exchanger, and 300{450�C outlet temperature was measured
at full load. The degree of reheating can be reduced if only a small amount
of the 
ue gases are reheated. The heated gases are then mixed with cool

ue gases from the condensing heat exchanger outlet. This solution is suit-
able, because from a manufacturing point of view, it does not seems feasible
to break up the water side heat exchanger, in order to locate the reheating
heat exchanger at a point where the temperature gain is appropriate.

Due to overheating in the boiler, which caused 
ue gas leakage, the
tests were terminated after the e�ciency tests where the entire 
ue gas

ow passed the reheating heat exchanger. This problem was a result of the
\
exible" boiler design, allowing for example an altered burner position.
The 
ue gas leakage made the measurements unreliable. However, splitting
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Case A Case C

Case B Case D

Figure 6.4: Flue gas temperatures in the boiler with cylindrical burner and no
reheating
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the 
ue gas 
ow was found to give a simple and stable reheating function.
No e�ciency measurements were conducted in this case due to the problems
related to overheating.

Boiler E�ciency with Reheating

As mentioned earlier, thermostat and water 
ow settings were not changed
between the tests. The test results are summarised in table 6.2 where Tout;av
denotes the average 
ue gas temperature after reheating, i.e. at the boiler
outlet. The theoretical boiler e�ciency �theo is calculated from the 
ue
gas temperature at the condensing heat exchanger outlet Tfg, the average
temperature after reheating Tout;av, and the excess air ratio �. Calculated
values of the theoretical boiler e�ciency in case of a di�erent heat exchanger
or burner performance are added to the table.

Table 6.2: Measured and calculated results for the boiler with cylindrical burner
and reheating. All 
ue gases pass the reheating heat exchanger.

Test case A B C D

_Qload (kW) 3.40 3.73 4.95 8.16
�meas (%) 70.5 76.5 73.6 78.7
Treturn (�C) 20 21 28 43
Tfg (

�C) 24 24 36 51
Tout;av (

�C) 251 263 324 340
�theo (%) 99.6 99.1 93.9 86.9
_Qloss (kW) 0.99 0.84 1.00 0.85
�theo (%) Tfg + 5�C 98.8 98.3 92.4 83.4
�theo (%) Tfg + 10�C 97.8 97.3 90.4 83.1
�theo (%) �+ 0:1 98.7 98.1 92.5 84.9
�theo (%) �+ 0:2 97.7 97.1 91.0 82.8

The tests showed a large e�ciency decrease when reheating was used
and the measured e�ciencies were far from acceptable, see table 6.2. The
earlier mentioned convection loss probably represent the dominant part of
the total losses. A comparison between tables 6.1 and 6.2 show an increased
heat loss and the hot 
ue gas outlet of the reheating heat exchanger is
the most probable reason for this, due to heat conduction from the boiler
interior. The heat losses are equivalent to 4.5{5.5% of the burner input
for the test cases shown. If the heat losses could be reduced to 0.200 kW,
approximately 1% of the burner input, the e�ciencies should increase to
86.9%, 89.6%, 84.9% and 85.0% for test cases A, B, C and D respectively.
These values correspond to increased e�ciencies of 11.3{16.4% compared to
measured data.

Letting the entire 
ue gas 
ow pass the reheating heat exchanger gave
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Case B

Case A

Case C

Figure 6.5: Flue gas temperatures in the boiler with cylindrical burner and
reheating. The entire 
ue gas 
ow is passing through the reheating heat ex-
changer. Dotted lines show temperatures after the reheating.
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too large a temperature rise. Even though the e�ciency was not measured
when the reheating was at an adequate level, the theoretical values can be
used for an estimation of the maximum acceptable heat losses. The lowest

ue gas temperatures, Tfg, are known from the tests. In table 6.3 calculated
e�ciencies for the di�erent test cases are shown. The 
ue gases are heated
100�C and 150�C.

Table 6.3: Theoretical boiler e�ciencies at 100 �C and 150 �C reheating. Values
are based on data for the boiler with cylindrical burner. Heat losses are not
included in the values.

Test Tfg �T = 100�C �T = 150�C
case (�C) �theo (%) �theo (%)

A 24 105.1 103.0
B 24 105.1 103.0
C 36 102.5 100.3
D 51 96.4 93.9

6.3 Reheating in a Boiler with a Flat Burner

The boiler used for reheating with a 
at burner is almost identical to the
boiler simulated in the previous chapter. It is designed for large 
exibility,
i.e. a large number of heat exchanger sizes and boiler heat capacities are
possible. The study of 
ue gas reheating has, however, only been carried
out on one design.

6.3.1 Burner

The 
at burner is based on a metallic �bre burner sheet from the Belgian
company Acotech. This involves a surface combustion and a higher degree of
infra red heat emission compared to a conventional gas burner. The burner
plate size is 305�185 mm, and with a load of approximately 350 kW/m2

the gas input is 20 kW. It is possible to change the burner load between 300
and 1000 kW/m2, which corresponds to 17{56 kW burner input, in radiant
mode. For loads exceeding 1000 kW/m2, combustion occurs in a blue 
ame
mode. A changed burner load a�ects the amount of heat radiated from the
burner surface. In conclusion, this 
at burner has approximately the same
characteristics as the cylindrical Thermomax burner.
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6.3.2 Heat Exchangers

Finned tubes of the same design were used in the boilers with cylindrical
and 
at burners. In the boiler with a 
at burner the heat exchanger is
con�gured as a number of tube rows. 7 rows in an in-line arrangement was
used. The small water vessels connecting tube rows, and used in the boiler
model, were not used in these tests. Instead, hoses were used to connect
the tube rows.

6.3.3 Boiler Performance with No Reheating

This heat exchanger con�guration shows a slightly larger di�erence between
inlet water temperature and 
ue gas temperature at the boiler outlet than
the boiler with a cylindrical burner and helically shaped heat exchanger.
This temperature di�erence is shown in �gure 6.6. The 
ue gas tempera-
tures in the boiler with no reheating are shown in �gure 6.7. This graph
corresponds to the graphs in �gure 6.4.

Figure 6.6: Measured temperature di�erence between return water and 
ue
gases at the boiler outlet at steady-state operation and 7 tube rows in an in-
line con�guration. Boiler with 
at burner and with no reheating.



148 Flue Gas Drying Tests

Figure 6.7: Flue gas temperatures in the boiler with 
at burner and with no
reheating. The heat load is 8.50 kW, test case B.

The results of three tests including measurements of e�ciency and other
data are shown in table 6.4.
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Table 6.4: Measurement results for the boiler with a 
at burner and with no
reheating

Test case A B C

_Qload (kW) 6.30 8.50 9.40
�meas (%) 97.4 97.3 97.9
Treturn (�C) 25 32 34
Tfg (

�C) 33 38 41
�theo (%) 107.4 106.1 105.1
_Qloss (kW) 0.63 0.75 0.67



150 Flue Gas Drying Tests

6.3.4 Boiler Performance with Reheating

Unlike the boiler with cylindrical burner, this boiler design o�ers a \free"
choice of location for the reheating heat exchanger. The reheating heat
exchanger was located after the �rst water side tube row. The reheating
heat exchanger consists of four �nned tubes identical to the water side tubes.
This means that the gas to water heat exchanger comprise 6 tube rows when
reheating was added. No more changes were made to the boiler.

The temperatures measured in the boiler with reheating, 7.73 kW heat
load, are shown in �gure 6.8. The dotted line shows 
ue gas temperature
at the boiler outlet, i.e. after the reheating. The temperature is nearly
constant and corresponds to a temperature rise of approximately 100�C,
which is a reheating level at the lower end suggested in the calculations of
necessary reheating. Measured data are given in table 6.5. In conformity
with the other boiler design, theoretical boiler e�ciencies �theo are added to
the measured values. The heat loss in this boiler is not a�ected by the added
heat exchanger for reheating. The explanation is twofold. Firstly, the lower
degree of reheating gives lower material temperatures and secondly, the
outlet from the reheating heat exchanger is more e�ciently insulated than
in the other boiler. If, as with the boiler equipped with a cylindrical burner,
the heat loss is assumed to be 0.200 kW instead of the values calculated, the
e�ciencies become 98.9%, 97.9% and 96.7% respectively, i.e. an e�ciency
increase of 4.7{7.1%.

Table 6.5: Measurement results for the boiler with 
at burner and reheating.

Test case A B C

_Qload (kW) 5.87 7.01 7.73
�meas (%) 91.8 91.1 92.0
Treturn (�C) 29 35 40
Tfg (

�C) 36 41 45
Tout;av (

�C) 120 122 130
�theo (%) 102.9 101.4 99.6
_Qloss (kW) 0.65 0.72 0.59
�theo (%) Tfg + 5�C 101.2 99.3 97.1
�theo (%) Tfg + 10�C 99.2 96.8 93.9
�theo (%) � + 0.1 102.2 100.7 98.7
�theo (%) � + 0.2 101.6 99.9 97.8
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Figure 6.8: Flue gas temperatures in the boiler with 
at burner and reheating.
The dotted line shows the 
ue gas temperature after reheating. The heat load
is 7.73 kW, test case C.
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6.4 Conclusions About Flue Gas Drying

The boiler tests showed that a well operating reheating is possible without
a complicated heat exchanger design. Di�erent behaviour regarding the
degree of reheating and boiler e�ciency were observed for the two boilers.
What are the advantages and disadvantages with these designs, and in what
way is it possible to improve the performance compared to the measured
e�ciencies? These topics are discussed in this concluding section.

6.4.1 Overall Boiler Design

Which is the best boiler design if 
ue gas reheating is used? The test results
are here used to form an opinion about a \good" boiler design.

The tests presented here are all performed on type II condensing boilers,
i.e. boilers with an integrated gas to water heat exchanger. The items
mentioned below show the main reasons to favour type II boilers.

� Location of heat exchanger

� Burner

� Draught during burner stand by, stand-by loss

As previously mentioned it is easier to design and locate a reheating heat
exchanger in a type II boiler to meet requirements regarding reheating level.
Residential type I boilers are usually equipped with atmospheric burners.
These have a high excess air ratio and allow an air draught through the
boiler during the burner stand-by period. The draught causes a cooling of
the reheating heat exchanger which is not seen in the tested type II boilers
with premix burners, see �gures 6.5 and 6.8.

The reheating heat exchanger introduces a new source for heat loss com-
pared to other condensing boilers. Heat from the burner region is easily
transferred to the outlet and careful insulation seems necessary. The tests
clearly show this. Heat loss during the pre-purge period has the same source,
and the easiest way to reduce this loss is to obtain a low cycle frequency.

An increased boiler heat capacity reduces the cycling frequency. A con-
centration of the heat capacity to the water side rather than the gas side is
probably the best way to accomplish low cycling frequency and reduce heat
loss during the pre-purge period.

To obtain an annual e�ciency of 90{95%, the tests show that the losses
(assumed to be convective) should not exceed approximately 200{300 W.
This could also be expressed as 1{1.5% of the burner input assuming a
20 kW burner.

Changes in heat exchanger performance of course also a�ect the boiler
e�ciency. Figure 6.9 shows deviation in boiler e�ciency where the tempe-
rature di�erence between 
ue gas and return water, the excess air ratio and



6.4 Conclusions About Flue Gas Drying 153

the reheating level are changed. The base case is 20% excess air and a 
ue
gas temperature equal to the return temperature.

Figure 6.9: Loss of e�ciency at excess air ratios exceeding 20% and 
ue gas
temperatures higher than the return temperature, Treturn (Tr)

It is seen that the e�ciency loss due to a higher excess air ratio and
a less e�cient heat exchanger has a maximum for a return temperature of
40{45�C. This corresponds to operating conditions occuring during a large
part of the heating season. A smaller heat exchanger can be compensated
for if the heat losses are further reduced.

From this discussion, an overall residential boiler design incorporating

ue gas reheating should be as follows.

� Integrated heat exchanger and a fan assisted or premix burner �ring
at a low excess air ratio.

� A highly e�cient heat exchanger, i.e. as small temperature di�erence
as possible between 
ue gas and return water.

� Careful heat insulation.

� Operation at a low cycling frequency achieved by for example a rea-
sonably high heat capacity.



7

Discussion and Conclusions

Two aspects of residential condensing gas boilers were chosen in this thesis.
Firstly, the performance of condensing boilers was studied and boiler design
parameters as well as the in
uence of the heat load and heating system
temperatures were evaluated. The possibility to design condensing boilers
without the need to use chimney liners was studied in the second part.
Other topics regarding for example materials and manufacturing were not
studied.

Condensing boilers are highly e�cient space heating appliances. Since
the �rst boilers commonly used in Europe in the late 1970s the design has
changed considerably. Early boilers often involved non-condensing boiler
technology with an added condensing heat exchanger while new boilers
have integrated heat exchangers and other types of burners. Often, modern
premix low-pollution burners are used thus making the modern residential
condensing gas boiler the cleanest fossil fueled space heating appliance.

Predictions of the part-load e�ciency have normally been based on two
steady-state conditions which are weighted to �t the part-load studied.
These methods are often accurate enough to predict the annual e�ciency
if the losses are separately and reasonably described. The accuracy can be
within �2{3% of measured values. However, models intended as a design
tool need a description of the boiler geometry and, preferrably, a dynamic
modelling approach to predict the performance in real operating conditions.

\Part 1"

A transient heat transfer analysis of boilers is necessary to evaluate the
boiler characteristics in speci�c operating conditions. A detailed model can
provide a tool for the development of simple yet highly e�cient boilers.

In the thesis a residential gas boiler is modelled with three heat capac-
ities, the 
ue gases, the heat exchanger material and the heating system
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water. Heat transfer correlations are obtained from literature. The model
describes a boiler where heat is transferred from the 
ue gases to �nned heat
exchanger tubes and between water and material in vessels connecting the
tube rows. The walls around the �nned tubes are assumed to be adiabatic.
A number of combinations of boiler designs, building and heating system
were simulated in order to evaluate the e�ciency.

This boiler design, with a �nned tube heat exchanger and a premix
burner, is a common design on the European market. However, some dif-
ferences between the design in the model and commercial boilers exist. The
main di�erences are the adiabatic walls and a constant heat exchanger cross
section in the model. Commercial boilers have walls or manifolds contain-
ing water and acting as a part of the heat exchanger. This also means
that the boiler parts which connect the tube rows are in contact with 
ue
gases. Commercial boilers also often have a decreasing heat exchanger cross
section in the 
ow direction.

A �nned tube heat exchanger with di�erent �n pro�les is simulated in
steady-state conditions. From these simulations a high thin �n pro�le was
chosen for the part-load simulations.

A single family house was modelled to simulate heat loads representing
a 15000 kWh/year heat demand. Three di�erent heating systems and three
di�erent heat loads were also used. The heat loads are representative for
di�erent periods of the heating season.

All simulations showed a part-load e�ciency in the 97{107% range tak-
ing into account di�erent heat exchanger sizes and tube arrangements as
well as various boiler heat capacities. The convective loss was small, only
equal to an e�ciency loss of 0.2{0.3%. The part-load simulations showed
that a larger thermostat hysteresis gives a slightly lower e�ciency, <1%,
due to a higher average 
ue gas temperature. The boiler least sensitive to
changes in heat load has a large heat exchanger, a low 
ue gas side heat
transfer coe�cient and a high thermostat hysteresis. Among the boiler de-
signs simulated this di�erence was in a 1.5{4% range for boilers with a heat
capacity of 1500{2000 J/kWK. A low heat capacity results in a higher
boiler part-load e�ciency as long as the pre-purge loss is not too large.

The e�ciency di�erence between the three heat loads increases for high
temperature heating systems. Consequently, higher heat capacity means
a reduced boiler e�ciency, but these boilers also show a smaller di�erence
between the heat loads. Taking into account the heat exchanger size, the
best boiler design is one where the heat 
ux per unit area is higher. Only a
negligible e�ciency loss occurs, but this is only valid if the heat exchanger
material temperatures are close to the adjacent water temperature and the
burner cycling frequency is not too high.

In no simulation the pre-purge loss, expressed as decreased e�ciency,
was larger than approximately 1%. However, at shorter burner operating
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times (in seconds) due to less boiler heat capacity the pre-purge loss is
rapidly increasing.

The calculation of total heating cost, including gas and electricity,
showed that the highest cost occurs at a low heat load due to the heat
supplied by the circulation pump. This is more evident as the relation be-
tween gas and electricity prices is increased. The electricity consumption
can be reduced either by using a pulse combustor and/or a circulation pump
timer. Using a pulse combustor may save 0.5% of the heating costs when
the electricity rate is twice the gas rate. The potential of using a circula-
tion pump timer was not evaluated but is probably larger than a change of
burner.

\Part 2"

\Dry" 
ue gases are necessary to avoid chimney liners when condensing
boilers are used. Flue gas reheating by means of a heat exchanger and heat
pipes as well as adsorbent drying were studied. Both theoretical aspects,
mainly regarding the in
uence on boiler e�ciency, and experimental inves-
tigations on two boilers were used to evaluate condensing boilers with dry

ue gases.

Heat transfer in chimneys was calculated using a quasi-stationary ap-
proach. This gave the possibility to take into account di�erent heat loads
as well as boiler oversizing. The reheating necessary for condensate free
operation was estimated to 100{150�C. The values are valid for uninsulated
brick chimneys connected to 15{20 kW boilers. The excess air ratio in this
calculations was 25%. If the 
ue gases are diluted, the necessary reheating
could be reduced by 40{50�C. However, the dilution air increases the heat
demand. It was shown that the gas consumption became larger if dilution
air was used.

The two boilers built and tested with and without reheating showed
no major technical problems associated with reheating in modern boiler
designs. The boilers were tested at heat loads between 3.4 and 8.9 kW. The
gas input to both boilers was 18 kW. In the �rst design, where a cylindrical
burner was surrounded by a �nned tube and the reheating heat exchanger
was close to the burner, the reheating was too high, approximately 300{
450�C. It is necessary to split the 
ue gas 
ow at the condensing heat
exchanger outlet and only heat a part of the 
ow in order to get a proper
reheating and an acceptable boiler e�ciency.

The second design had a 
at surface combustion burner �ring down-
wards facing rows of �nned tubes. In this design it was easier to locate
the reheating heat exchanger at a place with a lower temperature than in
the �rst boiler design, between the �rst and second tube row. This gave
an almost perfect reheating, compared to calculated values of necessary re-
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heating. Heat insulation was easier to apply to this experimental design
and thus was the measured e�ciencies higher than for the �rst design.

It was found from the experiments that the following characteristics and
designs should be used in a condensing boiler with reheating. The heat
exchanger should be integrated, i.e. not split up in a non-condensing and a
condensing heat exchanger. The burner should either be a fan assisted or a
premix burner �ring at low excess air ratios. The heat exchanger should be
as e�cient as possible with a small di�erence between 
ue gas and return
water temperature. A careful heat insulation is necessary, especially since
the reheating heat exchanger is a new source for heat loss. Finally, the
boiler ought to operate at a low cycling frequency achieved either by a high
boiler heat capacity or by the control system.

A proper design of a boiler with reheating ought to give a part-load e�-
ciency of approximately 100% on condition that a low temperature heating
system is used.
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