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Summary

The purpose of this Master’'s Thesis is to analyzei&fired condensing boiler (Vaillant IcoVit
246-7) describing the aspects concerning the cotdlougatomization and droplet combustion
theory), condensation latent heat recovery from dbmbustion products (Colburn and Heugen
theory) and the heat transfer phenomena occumitigel device.

Furthermore will be described the regulatory aspeittat defines calculation methods and
laboratory tests to assess the energetic perfornaha boiler. In particular: the combustion

efficiency assessment for tuning the boiler’s buritiee laboratory tests used for the determination
of the useful efficiency and the heat losses ofltbier that will be used in the calculation of the

boiler's seasonal efficiency.

This Master’s Thesis was made within the Erasmogmm, under the supervision of Prof. Klaus
Sommer, of the Institut fur Technische Gebaudeansng, Fakultat fur Anlagen, Energie-und
Maschinensysteme, Fachhochschule Koln.
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Introduction

The residential space heating is one of the mogbitant contributors on the energy consumption
in the European Union. It was estimated that theshbold sector is responsible of around the 25%
of the final energy consumption in the EU-27 acsmtributing to greenhouse emission for around
the 8,5% [1].

In the residential buildings the most of the enasgysed to space heating and hot domestic water
production (80%) [2]. Thus, improving the domessipace heating boilers’ technology is a
fundamental objective to achieve the energetic emdronmental goals that the European Union
has recognized by ratifying the Kyoto Protocol.

The highest performances in the field of combussipace heaters are achieved by the Condensing
Boilers.

Commonly, condensation boilers are fed with natugas, but when is not available a gas
distribution grid, liquid fuels (heating oil, alkmown as No.2 fuel oil) or LPG are used.

Comparing the performance of oil-fired and gaseficendensing boiler, we can find the following
results [3]:

Gas Oil
Full load 98,0 % 97,9 %
Part load (30%) 108,0 % 103,9 %

Tab. 1Calculated maximum efficiency of condensingdns
(on Lower Heating Value basis)

We can recognize that the oil-fired condensingdsdgchnology has lower performances than gas-
fired condensing boilers, because of the chemiocahposition of the fuel. This topic will be
discussed in the following.

The European Industry continues to invest in R&Ddib-fired boilers, with aim of improving the
combustion process, reducing the pollutant emissao increasing the combustion efficiency, and
enhance the heat exchange mechanisms, trying toitaxg the heat generated by combustion in
the best way.






Chapterl

Combustion

The starting point for the description of the aiefl condensing boiler is the combustion process.
At first are provided some general information abthe “fuel oil”, and will be discussed the
principal features of a combustion process.

1.1 LIQUID FUELS

1.1.1 REFINERY

The basic source of liquid fuels is crude oil. Gagyid and semi-solid materials are at the well
head, but the liquid fuels which are burned in pcacare first processed in refinery.

The most important process in refinery is distidlat the crude oil is flashed into a column. The
main part of the column is at atmospheric pressitle a vacuum section producing the heavier
products. The vaporized oil travels up to theiowl which has a vertical temperature gradient and
the top of the column is the coolest part. Thetioacof the oil which vaporizes in the column will
condense out at the appropriate level in the colaibble caps and trays are used to facilitate this
process.

Distillation
Column

Fig.1.1 Distillation of crude oil

Whit this system the most volatile fractions arérasted on the top of the column, since they have
a lower dew point, and at the top of the columnehie the lower temperature.All products which
have been condensate in the column are defineddiatllate oils” , whereas the feedstock’s
components that did not evaporate are called “vesiiel products”.



1.1.2 PROPERTIES OF FUEL OIL

[4] provides this classification of fuel oils:

Characteristic Fuel oil no. 1 Fuel oil no. 1-D Fuel oil no. 2 Fuel oil no. 2-D Fuel oil no. 4
Synonym(s) Kerosene; coal Diesel fuel; API no. 2 fuel Diesel fuel; Oil, fuel, no. 4;
oil; kerosine; diesel fuel oil no. 1; otl; gas oil; diesel fuel oil residual fuel
range oil; diesel oil no. 1; no. 1 home heating no. 2; diesel oil no. 4; no.
straight run diesel; diesel oil oil no. 2; oil no. 2; 4 fuel oil; residual
kerosene; distil- (light); Arctic number 2 burner no. 2 diesel; diesel fuel oil; marine
late fuel oils, diesel** oil; diesel oil (medium)*¢ boiler fuel;, marine
light; furnace fuel; furnace oil diesel fuel; diesel
oil no. 1; no. 2° fuel no. 4; grade 4*¢¢
Deobase®; JP-5;

JP-1; range oil***

Tab.1.1 Fuel oil definitions

All the fuel oil classes refined from crude pettotfemay be categorized as either a distillate fuel o
a residual fuel depending on the method of producti

Fuel oils no. 1 and no. 2 are distillate fuels whionsist of distilled process streams.

Residual fuel oils such as fuel oil no. 4 are resglremaining after distillation or cracking, or
blends of such residues with distillates (IARC 1089

Diesel fuels are approximately similar to fuel ailsed for heating (fuel oils no. 1, no. 2, and4jo.
All fuel oils consist of complex mixtures of alipi@and aromatic hydrocarbons.

The liquid fuels used in house heating systems are:

- Fuel oil no. 1 (kerosene) is a light distillate winiconsists primarily of hydrocarbons in the
C9 + C16 range [4]. A light liquid distillate witthistillation range of about 325 to 570 °F.
Is used generally in vaporizing “pot-type” burn@sspace heaters, but is not recommended
for wick burners. [5].

- fuel oil no. 2 is a heavier, usually blended, tles¢ with hydrocarbons in the C11-C20
range[4]. A slightly heavier distillate with a maxim distillation temperature of 675 °F.
Is used for mechanically atomizing type burners whédre sediment in fuel and preheating
are prohibited or limited. This is the general fta automatic oil-fired heating equipment.
It is also used by utilities for gas enrichmentgmses and by industry for many purposes
such as baking, evaporating, annealing, and drgitog [5].

Since the complexity of fuel oil composition, totelenine the chemical composition and thermo-
physical properties, is required a laboratory itigasion for the specific fuel oil considered.
Thermo-physical properties are needed in ordehtmse the burner’'s technical characteristics and
are related to safety matters.

The chemical composition of a fuel oil is givenform of “ultimate analysis” , which gives the
percentage by mass of each element present inudle These data are fundamental in order to
write combustion equations.



Focusing our attention on Domestic Fuel Oil (DFBat belongs to category “fuel oil n. 27, we can
find in literature some typical values for the mainemical and thermo-physical properties, as
shown in Tab.1.2:

Properties Reference | Reference | Reference
[51] [52] [53]
C (%) 86,89 86,89 -
H (%) 12,98 12,98 -
O (%) 0,45 0,45 -
N (%) <0,30 <0,3 -
S (%) 0,20 <0,2 0,2
Density at 15°C [kg ] 844 854 815-865
Kinematic viscosity at 37,8 °C [mis'] 3,3 3,3 -
Pour point [°C] -9 - -9
Flash point [°C] 63 - >55
Low heating value [kJ k] 43700 43741 >41868

Tab. 1.2 Domestic Fuel Oil Ultimate Analysis

Where the chemical-physical properties have thevwahg definitions:

Density: is the ratio between the weight of the fuel argl vblume, measured at a specific
temperature (15°C). Sl unit for this parametekig]

Kinematic viscosityis the measurement of the resistance to flow egréain temperature, and is
therefore very significant as far as boiler instidin are concerned,; it reflects the energy requioe
pump the oil through the pipelines and it has apartant bearing on the atomization process in
burners. The Sl unit of kinematic viscosity is[s}, but since this unit is so large is preferredise
[cm?/s], called stokes [St], or [nfits], called centistokes [cSt]. The equivalence leetwthis units

is the following:

1 mf/s = 10,000 ctis [stokes] =1,000,000 nfiis [centistokes] (1.1)

Pour Point is complementary to viscosity in that it givesiadication of the temperature at which
the oil will start to flow freely.It is an indicain on the temperature at which oil can be pumped in

pipes.

Flash point is the lowest temperature at which a volatile makean vaporize to form an ignitable

mixture in air. It is important to underline thdiid mixture ignites only with an external energy
input (ignition). At the flash point, the vapor magase to burn when the source of ignition is
removed. This parameter is not to be confused with autoignition temperature. This is an
important parameter for safety aspects.

Calorific Value in the case of liquid fuels is measured in a baralorimeter, which measures
directly the gross calorific value at constant voéu

Sulfur contentsulfur is present in all liquid fuels, in signifist quantity in residual fuel oil. When
burnt, sulfur forms sulfur dioxide (SPand sulfur trioxide (S€) which are major sources of air
pollution. These products have important conseqeeerior thermal plants installations: the flue
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must be designed to provide acceptable concemeatd SQ at the ground level, and when SO
reacts with water it gives sulfuric acid, a stroogrrosive agent that could attack the plant’s
surfaces.

1.2 STOICHIOMETRY

Since the chemical composition of a liquid fuelkisown, by the ultimate analysis, in terms of
percentage by maswy), all the chemical equations will be written @rrhs of mass.

The species that we can find in a liquid fuel aabon, hydrogen, nitrogen, oxygen, sulfur. Only
three of them can burn, i.e. carbon, hydrogen aulturs according the following relations
expressed by mass:

12kgC + 32kg0, — 44kgCO, 1kgC + 2,67kg0, — 3,67kgCO, (1.2a)
1

2kgH, +§ 32kg0, — 18kgH,0 1kgH, + 8kg0, — 9kgH,0 (1.2b)

32kgS + 32kg0, — 64kgS0, 1kgS + 1kg0, — 2kgS0, (1.2¢c)

Thus, for stoichiometric combustion:

* 2,67 kg of oxygen are required to burn 1 kg of oatlproducing 3,67kg of carbon dioxide;
» 8 kg of oxygen are required to burn 1 kg of hydrogeoducing 9kg of water;
* 1 kg of oxygen is required to burn 1 kg of sulfomrpducing 2kg of sulfur dioxide;

Complex hydrocarbons contain other species in thetecules, such as nitrogen and oxygen,
which are not fuels. The oxygen present in the isiebnsidered to be available for the combustion,
then the amount of oxygen in the fuel reduces #tygen requirement for combustion.The nitrogen
in the fuel is taken to appear as gaseous nitrogdre Combustion Products.

Referring to the composition of our fuel oil, wenceasily obtain the oxygen request to burn 1 kg of

this fuel and the amount of species in the prodonksure:
Fuel + a0, — bC0O, + cH,0 + dS0O, + eN, (1.3)
Where:

a=w¢-2,67+wy,"8+ws—wp,

b =w;-3,67
C=wy, "8
d=ws-2

e = wy,



1.2.1 COMBUSTION IN DRY AIR

Generally, combustion are in air, not in pure oxygBlow we will consider the common air
properties.

If we consider the model of dry air used in techhicalculations, we will represent it as an ideal
mixture of nitrogen and oxygen:

02vol% =21%
szol% =79%

As we consider air as ideal mixture of ideal gasies,volumetric percentage of each component
corresponds to its molar fraction in the mixtur@amks to this consideration, we can convert the
gas composition from molar basis to mass basis.

A given quantity of air contents a 21% of oxygehisTmeans that the 21% of the molecules in the
mixture are oxygen. Each oxygen molecule has a cutde weight of 32 kg/kmol. The same we
can say about the nitrogen: the71% of our air sarhps a molecular weight of 28 kg/kmol. The
molecular weight of the mixture is given from:

k
Mg = Mo,xo, + My, Xy, = 320,21+ 280,79 = 28,84 —— (1.4)

To obtain the mass fraction of oxygen and nitrogethe mixture:

Mg, X0 320,21 kgo

Wo, = 22 = = 0,233 —= (1.5)
Mgir 28,84 kgair
Mpy,xN 280,79 kgo

wy, = —2+—2%= =0,767 —= (1.6)

z Mgir 28,84 kgair
In other words, 1 kg of dry air contains 0,233 kg@»ygen and 0,767 kg of nitrogen, orlooking this

from the opposite point of view, to collect 1 kgafygen we neegl% = 4,29 kg of dry air, that

will carry 3,29 kg of nitrogen as well.

With these considerations, we are now able to taleuthe air request for a stoichiometric
combustion of a particular fuel in Dry Air:

Mary air = @ 4,29 kgdry air (1.7)

The composition of the combustion products is ol@diby modifying the equation (1.3):

Fuel + a(0, + 3,28N,) — bCO, + cH,0 + dSO, + eN, (1.8)
Where:
a=w¢-2,67+wy,8+ws—wp, (1.8a)
b =w¢-3,67 (1.8b)



c = WH2 -8 (18C)
e=a-3,29+wy, (1.8e)

At this point, is useful to remember that the Padwf Combustion are gaseous. Thus, for an
easier treatment, we should transform their comipasn volume (molar)basis.

Recalling some definitions:

m; m;
wW; = n;, =—
Miot M;
n; Vi
X; = =7 Mtot=ZMi'xi
N¢ot tot

1.2.2 COMBUSTION IN WET AIR

Till now we have considered air as dry air. Buteal combustions we use wet air, which contains
some water vapor. This water content will be preserihe flue gas as well, thus the volumetric
composition of the combustion gases will be modifie

Wet air is assumed to be a binary homogeneous mixtudry air (21% @and 79% N) and water
vapor in variable percentage.

To quantify the moisture content in a sample of &&t two parameters are used: Absolute
Humidity (X) or Relative Humidity ¢)

The definition of Absolute Humiditys: the ratio between water vapor mass and drynass of a
sample of dry air.

X =" (1.9)

The reason for not using the total mass but thesnafidry air is that air and water are very

dissimilar substances, and for the range of tenpexs and pressures envisaged, one of the
components (dry air) may be thought as permanemttife gas phase, while water vapor can be
easily changed, and thus it is advantageous tor rebmcentrations, enthalpies, and other

thermodynamic functions, to the conservative méskyoair.

Assuming dry air and water vapor as perfect gagesam write:

x=Tw_ PV _ PoRaT _Raby _ R Mypy _ MaPv _ () goo Pv_ (1.11)
mq PaV RyT pa Rypa Mg R pqa My Pq P—Pv



Where:

V: vapor; p;: partial pressure of the component “i” in the mixe;
a: dry air; p: total pressure of the mixture;
V: volume of the sample; M,=18,01534 kg / kmol: water vapor molar mass;

T: temperature of the mixture; M,=28,97 kg / kmol: dry air molar mass;

We can see that the absolute humidity of dry apedéels only on partial pressure of vapor in the
mixture, for a known total pressure of the mixtuRemembering the Gibbs-Dalton law of partial
pressures, we know that the numerical value optréal pressure of one component in a mixture is
equal to its molar fraction in the mixture, forcda pressure equal to 1 atm.

Dy Ny

== = 1.12

14 Ntot v ( )
Relative Humidity is defined as the ratio betwelea mmass of water vapor content in a volume of
wet air, and the maximum mass of water vapor iatarated sample of wet air that occupies the
same volume, and at the same temperature.

|24
p="2 =§Z§l = 2] (1.13)
e7| =,

m
sdT RyT Ds

Wherep,is the saturation pressure of water vapor at thgpégature T. This parameter can vary
from 0 or 0% (dry air) tol or 100% (saturated.air

Knowing the Relative Humidity, the temperature T dime total pressure p of the mixture, is easy to
obtain the molar fraction of the water vapor conia the mixture:

Using tables of water properties or relations, fribv@ temperature value of the wet air we can find
the saturation pressure of water vapor, and frasghirameter we apply the following equation:

Py = @ * Ps (1.14)

Then:

X="2=0622-"=m, =m, 0,622 (1.15)
Mmq P—DPv P—Dv

The last equation is written in case of wet ait, the approach to obtain it is general. In factyé
want to calculate the water content of flue gasegust have to modify the numerical value 0,662,
that represents the ratio of molecular weight gfalr and water vapor:

M,

E = 0,662
Now we have a complete picture of the stoichiometombustion in air of a liquid fuel, and we can
write what happens when we burn 1 kg of fuel in Wiet
With these considerations, we are now able to Galeuthe air request for a stoichiometric
combustion of a particular fuel in Wet Air:

Myet air = Mary air T My (1.16)



1.2.3 EXCESS AIR

A fundamental parameter in the combustion proceisstiee ratio between the mass of combustion
air used to burn the mass unit of fuel. This patames called “Air-to-Fuel Ratio”, AFR, and is
defined as:

AFR = 24z (1.17)

Meyel

On dry air base.
When the combustion process takes place with theafr@amount of air, calculated with equation
(1.8a), will refer to this ratio as the “stoichiomme Air-to-Fuel ratio” ATF;). This parameter is a
characteristic of the fuel burned, so, know thd,fA&F;; is also known.
In real combustions we need to provide more ain floa a stoichiometric reaction is required, due
to the imperfect mixing of fuel and oxidizer.
To characterize the amount of combustion air usedhie real combustion under analysis, is used
the Air-to-Fuel equivalence ratig;

AFR
A=
AFRg;

(1.18)

For stoichiometric combustioh= 1, if less air is provided we will have< 1 (rich mixture), if
more than the stoichiometric air is provided wd waved > 1 (lean mixture).

Sometimes the relation between stoichiometric aeded and actual air required for the
combustion is given as “excess of ai¢).(This parameter is defined as follows:

— (ma)actual_(ma)st — (ma/mf)aCfual_(ma/mf)St = (AFR)aCtual_(AFR)St = A —_ 1 (l 19)

(ma)st (ma/mg)se (AFR)st

If we don’t provide a sufficient air mass in a reambustions, with a certain excess of air, wé wil
obtain a “sub-stoichiometric” reaction localized some parts of the combustion zone . This
situation is to be avoided for the following reason

1. If there is not enough oxygen reacting with thd,fagpart of this will not release its energy,
thus we are wasting energy;

2. If there is not enough oxygen reacting with thel,fue the Combustion Products we will
find dangerous compounds (i.e. carbon monoxide);

Combustion of a fuel with less than the stoichiametir requirement is a complex situation which
involves chemical equilibriums and reaction kingtichowever a simplified mechanism is
conventionally assumed which enables an estimatibrihe products of combustion[6]. The
mechanism is the following:

1. The available oxygen burns all the hydrogen inftied to water vapor;
2. All the carbon in the fuel is then burned to carlboonoxide;
3. The remaining oxygen is consumed by burning carbonoxide to carbon dioxide;

The described model is applicable only there isughamxygen to complete steps 1 and 2.
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Considering a sub-stoichiometric combustion, we sae that the volume fraction of CO in the
Combustion Products rapidly increases, for smalteteents of oxygen delivered € 1) as shown
in Fig. 1.2.

PERCENT OF FLUE GAS BY VOLUME

FLUE GAS ANALYSIS

CARBON /,4 E \
mMonNoxibE /- : L CARBON DIOXIDE
/ 12 2 \
\ / 11 % \
N / T - N\
~__/ l: N\ —
AK— -
7 ——
7\ 1 B
/ N L F
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ANl
\I E
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10 20 30 40 50 60 70

Fig.1.2 Flue gas composition vs. the Air-to-Fualigglent ratio

Commonly, for heating applications, is used an @atl from 1 to 1.5, depending on the burner
characteristics, we can say that a more the busnedvanced, more thevalue used will be close

to 1.

Increasingigives as a result, aside from a better chemicalioeg a heat loss: the Flue Loss.
Increasing the air supply means an increasing mfasgrogen flowing in the combustion zone, in

which it will be heated, without giving any energetontribution to the reaction.

In practice:

thinking of a given heating device, that works wahcertaim. The device has a defined heat
exchange surface area, which can extract an antdumat, Q , from the combustion of 1 kg of
fuel. If now we provide a grater quantity of airgher4) we will find that:

The flame temperature is decreased, because tkeesatair cools down the combustion

process;

The flue gas temperature is decreased;
The heat extract from the heat exchanger, Q , @edsed, because the temperature
difference between Combustion Products and caffied (cold fluid in the heat

exchange) is decreased;

So we reduced the thermal efficiency of our process
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1.3 THERMOCHEMISTRY
1.3.1 FIRST LAW OF THERMODYNAMICS

Considering a control volume, in which the fluid yrfeoow across the boundary, assuming steady-
state and steady-flow, we can write the energyrcalas:

ch - Vi/cv = me, — me; + m(povo - pivi) (1-20)
Where:

Q... is the rate of heat transferred across the bougdd the system:;

W.,: isthe rate of all work done by the control vole;

m is the mass flow rate of the fluid that acrdss tontrol volume;

e is the specific energy of the stream in the wered point;

me: is the rate of energy going out of the systeabgsript “0”) or entering in the system
(subscript “i");

W.,: isthe rate of all work done by the control vole;

m: is the mass flow rate of the fluid that acrdss tontrol volume;

e: is the specific energy of the stream in the adergd point;

me: is the rate of energy going out of the systeabgsript “0”) or entering in the system
(subscript “i");

m(p,v, — p;v;):is the rate of work associated with the pressoreds where the fluid crosses the

control surfacep, andv, are, respectively, the pressure and the speadiifigrmeof the

stream in the point “x”.

Q
<

The specific energy of the stream) (s the sum of internal energy, kinetic energy aadential
energy:

e =u+%v2 + gz (1.21)
Where:

u: is the internal energy;

12 is the velocity of the fluid;

Z. is the elevation.

We can write the sum of internal energy and thesganee-specific volume associated to the flow
work, that represents the Enthalpy, h, of the flnithe specific condition:

h=u+pv (1.22)

Finally we obtain the expression of energy cong@man a control volume:
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Qev = Wey = 112 [(ho = B) +3 (W = V) + g (2, — 2,)] (1.23)
That on a mass-specific basis becomes:

ov = Weo = [(ho = h) +3 03 = v) + g(z, — 2] (1.24)
Considering the case of combustion we can make sonifications:

No work is exchanged across the system’s boundétytive outside and the variation of kinetic
and potential energy can be neglected. So, werobtai

ch = m(h, — h;) (1.25)
or in mass-specific basis:

dev = (ho — hy) (1.26)

1.3.2 ABSOLUTE ENTHALPY AND ENTHALPY OF FORMATION

For any species we can define an Absolute Enthifllalyis the sum of an enthalpy that takes into
account the energy associated with the energyeoftiemical bonds, the Enthalpy of Formation
and an enthalpy that is associated only with thgptrature, the Sensible Enthalpy chardge,

The Molar Absolute Enthalpy for the specie “i” isfuhed as:
hi(T) = hp(Trer) + Bhsi(Trep = T) (1.27)
To use this equation we need to define a Standaf@ré&ce state. Commonly this state is
represented by:

Trer = 25°C

Prer = 1 atm
The convention is that Enthalpy of Formation isoziar the elements in their naturally occurring
state at the Reference State temperature and pgessu

If we assume that the species that we are consglérave an ideal gas behavior, the following
eguations are consistent:

hi(T) = Y (Trer) + fTTRef ¢pi(T)AT = b (Trer) + [cp_i];Ref(T —Trer) = B i(Trer) + (T — Trer)  (1.28)
Where:

¢, (T) is the constant-pressure specific heat of theigg€g that is a function of the temperature;
13



[cp,i]; =¢,, Is the mean value of the specific heat of theisg®, in the temperature interval
Ref

considered,;
h?(Tyer) is the standard enthalpy of formation of the spéti

1.3.3 ENTHALPY OF COMBUSTION AND HEATING VALUES

Writing the energy equation for a combustion precessuming a simple steady-flow reactor in
which a stoichiometric mixture of reactants entarsd products exits, both at the Standard
Reference stateTf.r = 25°C,p,.r = 1 atm). The combustion is assumed to be complete, we
obtain:

Qev = [Ho (Tref) - Hi(Tref)] = Hprod(Tref) - Hreac(Tref) (1-29)
Where:

Ho(Trer) = Hproa(Tres) is the enthalpy of the products mixture at thenefice temperature;
H;(Tyer) = Hreac(Trer) is the enthalpy of the reactant mixture at therefice temperature;

Since we imposed that the products of combustioe Ita be at reference sta®. /), we need to

cool them. The heat that we extract cooling thelmastion products to the reference temperature is
defined Enthalpy of Reaction or Enthalpy of Comhmrs{per mass of mixturéyhy.

Ahg = ¢y = Hprod (Tref) - Hreac(Tref) (1.30)

Ahg = (H;)(Tref) + AHS(Tref))Pmd - (H/?(Tref) + AHS(Tref)) (1.32)

Reac

AhR = ZProd Wi (h)(‘),i(Tref) + E(Tref - Tref)) - ZReac Wi (h)(‘),i(Tref) + E(Tref - Tref)) (132)

Ahg = ZProd w; h](‘),i(Tref) - ZReac w; h](‘),i(Tref) (133)

wherew;is the mass fraction of the element “i” in the mie;

If we write the previous equation considering tarbthe mass-unit of fuel we obtain the standard
higher heating value (HHV) , that is defined as hleat release to the ambient when fuel, oxidizer
and products flow at 25°C, 1 atm and species-stgghrand computed by adding the latent heat of
the water-vapor.

From this definition we notice that the HHV is aspitve value, for the usual conventions used for
heat transfer direction, and we see also that mileapy of combustion is a positive value. So the
heating value has the same numerical value of nitleapy of combustion with the signchanged,

[7].
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HHV = —Ahy (1.34)

We can estimate the Higher Heating Value of a kmelwing its compositions by mass, writing the
following equation, derived from the basic combmstireactions of Carbon, Hydrogen and
Sulfur[8]:

HHV =~ 34,03w, + 244,42w,, + 10,88w; [kg’”” ] (1.35)
fuel

When the higher heating value of a fuel is deteemiiexperimentally, we are referring to the
standard practical heating value PHYV, that is aefias: the heat transfer to cooling water in a
Junkers-type calorimeter, i.e. a flow calorimetathwinputs (fuel and air mixture, and cooling
water) and output approaching standard conditi@b8& and 1 atm). The fuel is burnt with excess
air for complete combustion, since the heating @asuindependent of excess air, while the cooling
flow-rate is traded off for best resolution.

When we are talking about heating values of fuslsmportant to define the physical state of all
reactants and products, especially:

» physical state of water in the products (liquidzapor);
» state of aggregation of the fuel (gas, liquid ard®;

In the definition of High Heating Value we assunhattthe water content in the products is in
condensate state. If we refer to a combustion prtiducts at standard conditions, but with water in
vapor phase, we have the Lower Heating Value LHV.

Obviously LHV is lower than the HHV, since is nakén in account the latent heat of vaporization
(hfgn,0) Of the water vapor as an available heat source.

LHV = HHV — hsg .0 (1.36)
Formally, the Latent Heat of Vaporization or Enthabf Vaporizationh,, is defined as the heat

required in a constant pressure process to conpledgorize the unit mass of liquid at a given
temperature, i.e. :

hfg (T, p) = hvapor (T, p) - hliquid (T, p) (1.37)

WhereT andp are the saturation temperature and pressure tesggc
Values ofh;, are tabulated.

If the fuel is in gas phase, its HHV will be higtiban the fuel was in liquid phase, due to the hiate
Heat of Vaporization required by the liquid fuel thange phase. In Fig.1.2 all the above
consideration are graphically shown.
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Fig. 1.2 Representation of the reactant’s and mrtslenthalpies

1.3.4 ADIABATIC COMBUSTION TEMPERATURE

Till now we considered combustion were the reastémmperature at the beginning of the process
was equal to the products temperature after thenthvehemical reaction. This means that we had
to export heat from the system, who allowed thd traasfer across its boundaries. Now we want
to analyze an adiabatic system, in which the eneeigased by the chemical transformation of

reactants into products is used only to rise uppioelucts temperature, and no heat transfer is
admitted across the reactor boundaries. In this waswill obtain another important parameter for

combustion processes: the Adiabatic Combustion Eeatpre.

The adiabatic temperature is a thermodynamic sat@ble that results from the conversion of

internal chemical energy to internal thermal enexfjgr the combustion process takes place.

It can be measured at the exhaust of an adiabatmbdastor, or just after a flame, but the practical

difficulties in ensuring minimal heat losses, pautarly from the thermometer probe, render a
theoretical computation more precise that the doheasurement [9]

Writing the equation (1.8) under this condition @&ain:

1kgFUEL + AFRkgAIR = ¥ p,oqw;kg - PROD; (1.38)
0= [h;(‘],Fuel + C_ppuel(Tin - TRef)] + AFR - [h,(‘],Air + q’Air(Tin - TRef)] - ZProduct wi - [h,(‘],i + C_pl-(Tad - TRef)](l'Sg)

h/Q,Fuel + AFR - h/(’),Air - ZProd w; - h]ql = LHV (140)

We use the LHV because in this situation the wiaténe products is in vapor phase.

0="LHV + (G,  +AFR-& ) (Tin = Trer) = ZeroaW: - &, (Taa — Trer) (1.41)
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Thus, the Adiabatic temperatuse

LHV+(unel+AFRq Air)'(Tin—TRef)

YProd Wi'gi

Toq = Trey + (1.42)

Where:

T,q: Is the temperature of product mixture exiting tlystem, i.e. the Adiabatic Combust
Temperature;

T;,: Is the temperature of the reactants mixture entgtire systen
AFR is the air-tduel ratio

Cp;: is the mean constamiressure specific heat for the specie

We can understand see that factors that influemeé\diabatic Temperature of Combion are:the
lower heating value (LHV), the i-to-fuel ratio (AFR), the inlet temperature of reacta(T;,,) and
the products compositiom).

We can think that higher is the heating value heffuel, higher will be the Adiabatic Temperat
of Combustion. But in reality things are not goingsthvay. In fact the fuels with the highe
heating values are those rich in hydrogen, or watinigh carbo-to-hydrogen ratio (methar
C:H=1.3). The combustion of a hydro«rich fuel will generate more wait vapor in its product:
Water vapor has the higher specific heat than therccombustion product, thus, looking at
equation (1.42), we can understand that the AdiaBamperature of Combustion will be low

The highest value of Adiabatic Tempture of Combustion is obtained with stoichiome#ic Any
increasing of air delivered to the combustion Vaillver the Adiabatic Temperature of Combusti
since it will be increased the amount of gasesettidmted, i.e. it will be higher the denomiir in
equation (1.42). In Fig.1.3 ishown what just sa

J200
2800
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lemperature, K
1

Pressure, aim

800
300 |
L lean | rich |4
P R Y N T S T T S S M M 1
o 02 04 06 08 L0 12 L4

Fuel/air equivalence ralio ¢

Fig 1.3 Adiabatic flame temperature and I-to-Air equivalence rati
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In many burners the incoming air is preheated, lhsby a heat exchanger which uses the heat
content of flue gases when they leave the lastiaedtf the heating device (as in our case).
Increasing the reactants’ temperature correspandsctease the numerator in equation (1.42), so
the Adiabatic Temperature of Combustion will in@ea

All that we said represent a simplification of wiaatually happens, but it can be used as an upper
bound to the Adiabatic Temperature of Combustiarprictice there are a number of reasons why
the Adiabatic Temperature will be lower than théueapredicted by our approach, and the most
significant is the dissociation of products in riaats or other highly reactive species due to the
temperature achieved in the flame. This kind ofigfarmation is endothermic, so the dissociation
process will be accompanied by an absorption ofggnenence reducing the flame temperature.
Admitting the products dissociation in our modalresponds to remove the hypothesis of mono-
directionality for the chemical reactions.

1.3.5 DROPLET COMBUSTION

When in a combustion process the fuel and theraimdtially separated before they reach the flame
zone, we are referring to “non premixed flames"dffusive flames”. Focusing on our case, an oll
burner, the fuel is a liquid. It enters the comlmrsthamber as a spray. Since combustion occurs in
the gas phase, is important to understand the izgbion mechanism of the spray droplets and the
mixing process of the fuel vapor with the oxidizeravoid low combustion efficiency and pollutant
emissions in the atmosphere. In fact in a non prechicombustion, overall mixing can be
stoichiometric or with a certain excess of air, lBupossible that in some areas of the combustion
chamber the combustion occurs in sub-stoichiometitditions, this phenomenon is the cause of
combustion ineffectiveness (presence of unburneddoarbons) and pollutants formation.

Liquid fuel combustion is usually done by injectitiguid fuel into the gas phase combustion
environment. Turbulence within the liquid flow iseated inside the injector. This turbulent fluid
flow gets out of the nozzle in the form of complax of strings and then crushes into small drops
and appears as dense clouds of droplets that lasrttinough the gas into the flame zone. Heat
transfer to drop, increases the vapor pressuretlar@fore the fuel evaporates into the gas, so
burning of gas phase is began. Non-premixed flameognds the group drops or droplets and
eventually fuel vapor burns. This set of processeslled combustion spray[10].

If we consider that each droplet of the spray isaunded by a spherical flame that burns the fuel
vapor released by the evaporating droplet, wedbiut “single droplet combustion”. This situation
is pretty rare to find in usual combustion process$eit it is easy to study (especially if we assume
that the droplet exists in a quiescent medium).
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1.3.5.1 SINGLE DROPLET COMBUSTION MODEL

Analytical and simplified models to describe thisgess were developed by several authors.

Fuel droplets models are used to describe theenfle of droplet size and ambient conditions on
fuel devices such as oil-fired boilers. The simpleasi-steady model by [9 and 11] is widely
accepted as a theoretical model of fuel dropletlgstion.

The assumption of this model are:

1.

9.

The burning droplet is surrounded by a sphericajynmetric flame, and exists in a
guiescent, infinite medium. There are no interaxdiwith any other droplets, and the effects
of convection are ignored,;
The burning process is quasi-steady;
The fuel is a single component liquid with zerousdlity for gases. Phase equilibrium
prevails at the liquid-vapor interface;
Pressure is uniform and constant;
The gas phase consists in only three “species’ Wapor, oxidizer and combustion
products.
The gas phase is divided into two zones. The “imoere” between the droplet surface and
the flame, which contains only fuel vapor and costlmn products, and the “outer zone”
starting from the flame to the infinite, which cams only oxidizer and combustion
products;
Fuel and oxidizer react in stoichiometric proparsoat the flame. Chemical kinetics is
assumed to be infinitely fast, so that the flamegesented as an infinitesimally sheet;

kg

The Lewis number is unityLe = % = oD 1, that means that the thermal and mass
rg

diffusivity have the same magnitude)
Radiation heat transfer is neglected,;

10. The values ok, ¢, 4, pD are constant;
11.The liquid fuel droplet is the only condensed phaset or liquid water are not present.

With these assumptions, a graphical sketch validhie model is the following:

Outer

reglon

Inner
Droplet 3
region

let surface

P

| ____Flamesheet _____

Dire

e

0 Ts Ty
Fig. 1.4 Representation of the model

Wherer is the radial distance from the droplet center.
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Implementing this model we will be able to find msin result the droplet burning ratey, for a
given initial droplet diamete),, and for given environmental conditions, far frtime droplet, i.e.
the temperaturd,,,, and the oxidizer mass fractidp, ., = 1.

To achieve this main result, we will obtain othaeresting information such as:

temperature and species profiles in each region;
the flame radiusy;

the flame temperaturé;;

the droplet surface temperatie,

the fuel vapor mass fraction at the droplet surfége.

ok wbdPE

Summarizing we seek expressions to evaluate fivanpetersmg,Yr ¢, Ts, Trandry. Thus we will
write five equations:

the fuel vapor distribution in the inner region;

the oxidizer distribution in the outer region;

energy balance at the droplet surface;

energy balance at the flame sheet;

the phase-equilibrium at the liquid-vapor interfaesing the Clausius-Clapeyron
relationship.

abr e

Mass conservation
Since is assumed a quasi-steady process, the lnassfe is a constant, independent by the radius:
m(r) = mp = const. (1.43)

And we can say that the mass flow rate is everya/dentical to the fuel flow rate, that is the
Burning Rate.

1. Species conservation in the inner region

We assumed that in the inner region there are fu@ly vapor and combustion products that are
diffusing in the gas phase. Using the Fick’s landier the following boundary condition:

Yp (Ts) = YF,s (Ts) (1-44)

we obtain species distributions in the inner region

Fuel:
(1-YEs) -ZERE
n@)=1———%ﬁmr— (1.45)
e Ts

Combustion Products:

Yo, (r) = 1= Yp(r) (1.46)
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We can find a relation betweé&R, ,m; andrs if we consider the following boundary condition:
Ye(r7) =0 (1.47)

And it results:

Zrm
S
Yps=1- —Zrig (1.48)
e 'f
Where:
Zp=— (1.49)
F = 4tpD )

2. Species conservation in the outer region

We assumed that in the outer region there are oxigizer and combustion products that are
diffusing in the gas phase.

At the flame the oxidizer and the fuel vapor conebim stoichimetric proportions:

lkgFuel + vkgOxidizer = (1 + v) kgProducts (1.49)

Using the Fick’s law, under the following boundagndition:

Yox(rs) =0 (1.50)

we obtain species distributions in the outer region

_ZFmp
e T
e 'f

The combustion products mass fraction distribuison

Yo, (r) = 1 — Yo, (7) (1.52)

We can find a relation betweein: andr; if we use the following boundary condition:
Yox(r = 0) = Yoy =1 (1.53)

And it results:

Zptp

e Tt o= (1.54)

v

Energy conservation balances

With the hypothesis that we stated for this modele can adopt the Shvab-Zeldovich energy
equation to write the following energy balancese Tdifferential expression of the energy
conservation for our case is:
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a(r2 . dT

(d‘r'dr) = ZTmFE (155)
Where:
Zp=-2=—_=7 (1.56)

- ATk g - 4mtpD -
Because of the assumption of unity of Lewis number.

To obtain theemperature profile in the inner regipwe need to integrate the equation (1.55) with
the following boundary conditions:

T(r,) =T, (1.57a)
T(ry) =Ty (1.57b)

Obtaining the expression:

_Zrmp _Z1E —Z'Cﬂﬂ
(Ts—Tf)e™ T +Tfe Ts —Te [

T(r) P TS (1.58)
e Ts —e 'f
Considering the outer zone, the boundary conditeras
T(r;) =Ty (1.59a)
T(r > o) =T, (1.59b)
And thetemperature profile in the outer regiast
n _ZTmFp
(Tf—Tw)e_ZTTF+Twe f -1
T(r) = i (1.60)

e f -1
3. Energy balance at the droplet surface

Heat generated at the flame is conducted througlgdls phase to the droplet surface. Some of this
heat is used to vaporize the fuel and the remaisicgnducted into the droplet interior:

Qg—i = thfg + Qi—l (1.61)

Q;_; is the heat conducted into the droplet interiord @ne common approach to handle this
guantity is adopting the “onion skin” model for teplet. It consist in thinking that the droplst i
composed of two zones: the interior region existingformly at its initial temperaturd,; and a
thin surface layer at the surface temperatfireT hus we can write:

Qi—1 = Mhpcy (Ts — Tp) (1.62)

Qi
qi1 = 5 = pu(Ts = To) (1.63)
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This heat is the energy required to increase tip@di temperature from the initial value to the
temperature at which the liquid starts to vaporize.

The heat conducted to the droplet surface fronfldme can be evaluated using the Fourier’s law,
and using the temperature distribution of the imegion:

B [_kg4”r2 %]rs = 1itp[hrg + i) (1.64)

The temperature gradient is obtained from equafiob8) and, calculating its expression at the
droplet surface, i.e. when= r;, we can write the following correlation betweer tour unknown
g, Ty, Ts andry:

_Zrmp
cpg(Tr=Ts) e Ts B
hroras | zpmp  Zmg T 1= 0 (1.65)
e Ts —e 'f

4. Energy balance at the flame sheet

The flame temperature is the highest in the consttisystem, thus, heat is conducted both toward
the droplet),_; , both away to infinity)_...

The energy released by the combustion processaisiaed by using absolute enthalpy fluxes for
the fuel, oxidizer and products. The surface enbajgince at the flame sheet is:

tphe + Moxhox — Mprhpy = Qg + Qp— (1.66)
Defining the heat of combustion as:

Ahe(Trer) = hip +vhP o, — (V + DR, (1.67)
And substituting it in equation (1.66), we obtain:

tpAhe + MepCpg[(Tr — Trep) + V(Tr — Trep) — W+ D(Tf — Tref)] = Qi + Qf—,  (1.68)

Assuming that,,, is constant mean thah, is independent from temperature, so, if we thimt t
Tr = Tyep, We oObtain:

tpAhe = Qi + Qp—o (1.69)

That states that “the rate at which chemical ené&gyonverted to thermal energy at the flame is
equal to the rate at which the heat is conducteaydmm the flame.
Relying on Fuorier’s law, as above, we can estingate, :

mphh, = kgdmr? [‘”]r_ — kgdmr? [Z—Z] (1.70)

rlrg il

Where the temperature gradients are given diffexeng the temperature profile of the inner region
(-) and for the outer region (+), and valuatingithierr = v, and r = rf+.

The flame sheet energy balance is finally exprebyed
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_Zrmp _Zpmp
c Ti-Ts)e 'S Te-To)e '
Ahg| zpmp _ZT™F _Zrmp
e s —e 'f 1-e 'f

5. Liquid vapor equilibrium

The model assumes equilibrium between the liquid e vapor phase of fuel at the droplet
surface. we can write the Clausius-Clapeyron equoato obtain the last equation we need to
provide the closure to the problem.

The partial pressure of the fuel at the liquid-vaipterface is given by:

B

prs = Ae Ts (1.72)

Where A and B are constants obtained from the GlatGSlapeyron equation, and depends on the
particular fuel considered.

The partial pressure of the fuel is related torttwde fraction of the fuel vapor and mass fraction:

__ DFs

Xpg = (2.73)
’ P
And
_ MWEg
YF'S - xF’S XF’SMWF-l'(l—XF_s)MWpr (174)
Than we obtain from (1.68) and (1.71):
_B
A-MWpge Ts
Yps = % (1.75)
AMWge Ts+|p—A-e Ts|-MWp,
Now we have five equation with five unknown, andave able to solve the problem.
Equation unknown
_ _ _ZF™E
Fuel species conservatign v 1 e s e Y
in the inner zone F.s = _Zphp Frlfoths
e '
Oxidizer species J—
o +EEE gy 41 .
conservation in the outer e f = Mg, ¢
zone v
Ener lance at th _ZrmE
ergy balance at the ¢pg(Tr = T5) e s .
droplet liquid-vapor . —+1=0 mg, 75,15, Ts
. he, + qi-1 Zrmpg _ZrmE
interface fg AL e s —e TS
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Zrmp _ZrmFp
c Tr—Ts)e 'f Tr—T,)e 'f
Energy balance at the | 22 Ui . 5) ~ yi )Z : -1 :
Ahc _Zrmp _4TMF _ZTMF meg, rfan!Ts
flame sheet e s —e f l1—e 'f
=0
. . B
ngglo_l vapor.phase A-MW;-eTs
equilibrium at interface | Yrs = 5 B Ts,Ye,s
(Clausius-Clapeyron) A-MWp-e Ts + [P —A-e Ts|- MWp,
The species properties for inner and outer regiereatimated as follows:
T=05(T;+Tf) (1.76a)
Cpg = Cpr(T) (1.76Db)
kg = 0,4k (T) + 0,6k, (T) (1.76¢)
pr = pi(T) (1.76d)
as suggested by Williams and Law [12].
The main results of this model are the following:
* Fuel mass flow rate [kg/s]:
1y = 2245 10 (1 + B) (1.77)
‘pg
Where B is the Transfer number, defined as:
B = 2 tora®T) (1.78)
qi-1thgg
* Flame temperature [K]:
1, = Uethiol g g4, (1.79)
f cpg(1+v) S '
* Flame to droplet radius ratio:
r In(1+B
I - Wles) (1.80)
Ts ln(1+;)
« TheD?law and the Droplet lifetime are:
D?(t)=Di — K-t (1.81)

and




ta=—; (1.82)
Where:
Ty is the droplet radiugm];
. . L w.
ky:  is the thermal conductivity of the gas phﬁg],
cpg- Is the specific heat of the gas ph%;{sé;];
B: is the Transfer Number, or Spalding Number;
Ah.: is the enthalpy of combusti%‘g];
is the oxidizer-to fuel stoichiometric rat[%];
T.: s the free-stream temperatufk];
T is the droplet surface temperatur€];
qi—;- is the heat per unit mass conducted into theplmwinterior[é];
hsg: is the latent heat of vaporlzatlc[ﬁ(g];
t: is time[s];
Dy:  is the initial droplet diametefm];
. . mZ
K: is the evaporation rate consta['ﬁs—];
_ 8kg _ 2mp
K = e In(1+B) = p—— (1.83)

pi: s the liquid densit}4];

In the following figure are shown temperature apécses profiles in the inner and outer regions.

Inner region : Outer region

Liquid-vapor interface

Flaume sheet

T e e
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Liquid-vapor interface
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] r, Py

Fig.1.5 Temperature and species profiles
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1.3.5.2 FILM THEORY-CONVECTIVE ENVIRONMENT

This simple quasi-steady model assumes that tseme relative velocity between the droplet and
the free stream, no buoyancy. This situation ociubge droplet is immersed in a stagnant medium
and in micro gravity conditions.

In order to make more close to real cases of istete droplet burning model, we should think
now that the droplet is in a convective environmeértiere are several approaches to include
convection in the droplet burning model. The simplene is the so-called “film theory”. The
essence of this new model is to move the heat-naasbk- transfer boundary conditions from the
infinity, inward, to the so-called film radiu8;, for species and; for energy.

The film radii are defined in terms of the Nusseitmber, Nu, for heat transfer and the Sherwood
number, Sh, for mass transfer.

ér _ Nu
= Nz (1.84)
Sy _ Sh
- ez (1.85)

The Nusselt number, Nu, is the ratio of convectoveonductive heat transfer across the boundary.
The Sherwood number, Sh, represents the ratiorofemtive to diffusive mass transport.
With the hypothesis of unity of Lewis number, wa eaderstand thafh = Nu, thusé; = §y,.

Feath [7] recommends to use the following corretatin case of droplet burning with forced
convection:

0,555 Rel/2pr1/3
[1+1,232/(Re Pr4/3)]1/2

Nu=2+ (1.86)

Where the Reynolds number is based on the dropeteder and the relative velocity. Thermo-
physical properties are evaluated at the mean tenye.

The presence of a convective environment modifidg the mass and energy balances in the outer
region (oxidizer distribution in the outer regiondatemperature distribution in the outer region),
and the energy balance at the flame sheet.

Introducing the film theory boundary conditions wlgtain:

For species conservation:

becomes

Yor(r 2> 0) =1—>Y,,(6y) =1 (1.87)

The new relation between the burning rate, and the flam radiug, , is:

___ Zpmp
e s Nu/(Nu-2) v+1
=, (1.88)
e 'f
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For energy conservation:

becomes

T(ro>©)=T,——T(6;) =T, (1.89)

The new outer region temperature distribution is:

Zrih JZME - _zpip(Nu-2)
_ (Tp-To)e 7 +T,e '/ -Tre  TsNu
() = _ZTME  Zpip(Nu-2) (1.90)
e f —e s Nu
Whit the above equation we can now write the enéaigince at the flame sheet as:
_ZTmFp _ZrmF
epg | (Tp=T)e  "F (Ty-To)e 'S o
Ah¢ _M _ZTThF _M _ZTmF (Nu-2) 1 - 0 (1.91)
e f —e Ts e f —e rs Nu
The new equation system to solve is:
Equation Unknown
. . _ZFmp
Fuelspecies conservatign v. =1 e s e Y
in the inner zone F.s = _Zpp A
e 'f
. : ~ zpmp
OX|d|z_er s_pec;lles oy e S .
conservation in the outer o Mg, T¢
zone-MODIFIED e f
_ZrmFp
Energy b.ala.nce at the eo(Tr = T,) — i,
droplet liquid-vapor Py — s T 1=0 T T
interface fo T i STEE T folfts
_Zrip _Zrp
Energy balance at the| ¢g | (Tr —Ts)e ' B (Tr—To)e 'f _1=0 mg,
flame sheet-MODIFIED| Ah,| -Zr™E  _zpmp  _ZIME zpinp (Nu-2) B 17, T T
e f —e 7Ts e f —e rs Nu
. . B
ngglo_l vapor.phase A-MW;-eTs
equilibrium at interface Yes = 3 5 Ts Y s
(Clausius-Clapeyron) A-MWp-e Ts + [P —A-e Ts|- MWp,

In this case we obtain the following formulatioratiprovides the burning rate of a fuel droplet in a
convective environment:

rig = 2 (1 + B) (1.92)

pg
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Fig.1.6 Temperature and species profile accordiadFilm theory”

We can see that according the film theory, the létopombustion in a convective environment
reduces the flame radius to droplet radius ratio.

This simple quasi-steady droplet combustion mosldddast at predicting fuel mass flow rate;,
but is not accurate at predicting the flame temtpeeal; (lower than observed values), and the

flame to droplet radiug, (higher than observed values)[13].

In the simplified quasi-steady model all propertes treated as constants, and the selection of the
mean values is used to provide agreement with erpatal observations. In reality, many of the
properties have a strong temperature and/or cotposiependency. To consider this aspect [13]
proposes a modification of this simple quasi-steatdel that predicts more accurately results,
assuming discontinuity in heat transfer and trartspoefficients across the flame sheet and non
unity of the Lewis number for both inner and outagion.

The unrealistically large flame stand-off distapecedicted by the Blaw is shown by Law et al. [7]

to be a result of neglecting the unsteady effectuef vapor accumulation between the droplet
surface and the flame.

The simple quasi-steady model shown above requiras the liquid fuel consists of a single
component, when fuel oil is a multi-component migtuls required to assume as a fuel a mono-
component fuel, that could well represent the fesil

Finally, is important to consider the issue of thieractions among multiple droplets as would be
present in a fuel spray.
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CHAPTER 2
FLUE GAS ANALYSIS

The composition of the flue gases is importaninfi@ny reasons:

Assessment of pollutant emissions;

Assessment of air-to-fuel ratio;

Valuation of the combustion efficiency;

Calculation of the dew point temperature of the fhases;

PwbdbrE

2.1 POLLUTANT EMISSIONS

Beside the main products that a combustion prgoestuces, i.e. CQan HO, there other kinds of
compounds in the emissions from a fossil fuel-finedt generator. These can be classified by their
effects on the environment (Environmental Impact)ytheir origin.

Generally accepted Environmental Impacts categaneshe following:

- Global Warming Potential (GWP):in this category areluded CQ ,CO and CH .These
emissions are considered to be responsible of therfBouse Effect.

- Acidification Potential(AP): in this category arecluded the sulfur and nitrogen oxides,
SO snd NQ,

- Volatile Organic Compounds (VOC) in this categorse ancluded the emissions of
hydrocarbon compounds,/&,, from oil-fired burners.

There are essentially three systems that can h@eito reduce the pollutants:

Preventive system$y acting on the fuel before subjecting it to cwrstion, trying to reduce the
amount of polluting agents. These systems invdheecontrol of the “Unavoidable products from
the combustion reaction” and the “Pollutants the¢ anavoidable because they are already
contained in the fuel”.

A typical case is represented by liquid fuels: adyoption to reduce the combustion emissions is to
chose a fuel with low sulfur and nitrogen content.

Primary systemsby acting on the process and combustion equipifoember), so that combustion
takes place under the best conditions thus reduttiagformation of pollutants. These systems
involve the control of the “Emissions that are ansence of incomplete combustion” and the
“Emissions that don't involve the fuel, but are neanted with the chemical reaction between air
molecules triggered by the specific combustion doos”.
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Secondary systemby acting on the combustion gases, to break dihvenpolluting components
before they are expelled into the atmosphere. Thgsems involve the control of all the above
emissions groups. This option is taken into accoumfy in the case of large thermal plants.

The Primary Systems will be discussed, since agentbst interesting from the heat generator’'s
design characteristics.

To understand the strategies for the emission gbistbetter to explore the mechanisms and causes
that origin these emissions.

For our purpose, a more interesting categorizaifdhe heat generator emissions is by their origin.
Is possible to define the following groups:

- Unavoidable products from the combustion reacti@an combustion reaction of an
hydrocarbon will always be accompanied with a cardmxide and water production. The
amount of CQgenerated is totally depending on the carbon cbmethe fuel.

Selected a certain fuel, there is no way to avaidenluce the generation of these two
compounds unless reducing or not executing the ostidn process.

- Pollutants that are unavoidable because they areaaly contained in the fuethis is the
case of sulfur oxides, SQ which are generated from the oxidation of thEusicontent
initially in the fuel. To reduce or avoid its geaBon has to be chosen a fuel with a low
content of sulfur. In the case of liquid fuels,calome part of Nitrogen Oxides, NGare
produced from the oxidation of the nitrogen coniarthe fuel.

- Emissions that are consequence of incomplete cdimhubasically all the compounds of
carbon, except the carbon dioxide are includedchis ¢ategory, CO, (1, and particulate
matter, PM, i.e. soot. The causes of incompletebemtion are principally:

» Lack of oxygen to complete the combustion of thel,fand

* Fuel temperature too low to permit oxidation to wccThis phenomenon might
happen as a result of flame impingement with théamealls of the combustion
chamber, that determines a cooling of the flamedbald reach a temperature below
the burn temperature of the fuel. In the casequiidi fuel the incomplete combustion
can occur also for problems in the atomization-va@ation phase.

* During the start and stop of combustion the unbdig@ses (in pre purge and after
purge phases) are sent to the chimney. This caasesnsiderable amount of
unburned emissions.

- Emissions that don't involve the fuel, but are castad with the chemical reaction between
air molecules triggered by the specific combustionditions this is the case of nitrogen
oxides. NQ, that are produced from the reaction between xlygen and nitrogen in the air.
The conditions that allow the N@re: enough air in the combustion zone and temyrerat
sufficiently high (above 1200°C).

We will focus on the NQ, CO and Particulate Matter (PM).
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2.1.1 NITROGEN OXIDES

In the combustion of fuels that contain no nitrogeitric oxide, NO, is formed by three chemical
mechanisms that involve the nitrogen from the air:

- The thermal or Zeldovich mechanism that dominatdsgh temperature combustion over a
fairly wide range of equivalence ratios;

- The prompt or Fenimore mechanism that is partidoh@ortant in fuel-rich combustions;

- The NO-intermediate mechanism, plays an important molhé production of NO in very
fuel-lean, low-temperature combustion processes.

Three models of nitric oxide formation exist, whielad to the formation of different types of nitric
oxide (different by type of origin but not by cheral composition); respectively they are:

- Thermal nitric oxides (thermal NOXx);
- Prompt nitric oxides (prompt NOXx);
- Fuel nitric oxides (fuel NOx);

Thermal nitric oxidesare formed by the oxidation of atmospheric nitrog@&ontained in
combustion supporter air) under high temperaturel5D0 K) and high oxygen concentration
conditions, and represent the majority of nitridd@s in the case of gaseous fuels (methane and
LPG) and in general in

fuels which do not contain nitrogenous compoundse Techanism proposed by Zeldovich is
represented by the following chain reactions (ex¢ehZeldovich mechanism):

N2+ O NO+N
N+0O2< NO+O0O
N+OHe NO+H

Prompt nitric oxidesare formed by means of the fixation of atmospher@ecular nitrogen by
hydrocarbon fragments (radicals) present in thendlaarea; this method of forming oxides is
extremely rapid thus giving rise to the name prarsgnimore characterized this mechanism with
the following chain reactions:

CH+ N, — HCN +N
C+N,oCN+N
HCN +0 & NH + H
NH +H & N + H,
N+OH & NO+H

Their formation essentially depends on the conediotr of radicals in the first stage of the flame;
for oxidative flames (combustion with excess of gaw), their contribution is negligible, while in
the case of rich mixtures and for low-temperatwmnlgustion, their contribution may reach 25% of
the full nitric oxides total.
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Nitric oxides from fueform by means of oxidation of the nitrogenous coomls contained in the
fuel within the flame area, and their productionsignificant when the fuel’s nitrogen content
exceeds 0.1% in weight, essentially only for ligardl solid fuels.

The relative importance of the three NO formatioechranisms, for different fuels, is shown in the
following graph:

GAS LIGHT OIL HEAVY OIL CARBON
100 g

80 o

60 FUEL

PROMPT
a0 Il HERmAL

20

0 0,15 0,5 1

FUEL NITROGEN CONTENT (mass%)

Fig. 2.1 Percentage of N@rmation mechanisms

From Fig.2.1 we can observe that the most impomagchanism source of NO is the Thermal
mechanism that in some cases could constitute thet80% of the total NCemissions.
There are three basic principles of primary NOxtario reduce NOx formation

* Reduction of high combustion/flame temperature esimore NOx will be formed at higher
temperatures under thermodynamic equilibrium coorat

* Reduction of residence time at high combustion tragpre to resist the NOx formation
approaches thermodynamic equilibrium concentration.

* Reduction of oxygen concentration and hence theemhxygen concentration in the high
temperature zone.

The primary NOx control technologies involve eitloeiboth of the following:
* Modification of fuel/air delivery-burner system.

* Modification of gas burner.
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2.1.2 CARBON MONOXIDE

Carbon monoxide is a result of a partial oxidatdhe carbon present in the fuel. It appears when
the combustion is carried out with too low air thiwe stoichiometric requirements, so that the
oxygen is not sufficient to complete the oxidatioh carbon, obtaining carbon dioxide. The
presence of carbon monoxide is an indicator of @@mbustion Efficiency . The carbon oxide
production in heating systems is usually avoidedguming the combustion with a sufficient air
excess.

2.1.3 TOTAL SUSPENDED PARTICLES

The total particulate matter, in the case of ligiiidd heat generators (the principal category Mf P
producers) is primarily constituted by Soot.

The formation of Soot can be regarded as a intrproperty of most non premixed flames.

Soot is formed in the fuel-rich regions and is aoned in fuel-lean regions. The chemistry and
physics of soot formation is really complex, butould be figured as a four steps sequence:

1. Formation of precursors species: formation of th/qyclic aromatic hydrocarbons, from
reactions who start with the original fuel;

2. Particle inception: formation of small particles afcritical size from growth by both
chemical means and coagulation;

3. Surface growth and particle agglomeration: thes#ighes continue to be exposed to the
bath of species, traveling through the flame;

4. Particle oxidation: at some point this soot paetialill pass through an oxidizing region of
the flame;

If all the soot particles formed in the flame a@ oxidized in the flame, the residual part wil be
emitted in atmosphere.

Soot is a hazardous combustion sub-product for huim@alth, and also a problem for the
combustion devices, causing surface fouling.

In the technical field the measure of the soot siois by flames is given in terms of Bacharach
Number, an empiric procedure that consists inrfilgea known amount of flue gas with a proper
white filter. This will capture the suspended paets in the flue gas, changing color. By comparing
the filter color with a proper reference, is obtthe Bacharach Number, that is a representation
of the actual Soot content of the flue gas.

In order to reduce the production of these comptn@ns necessary to increase the period spent in
the combustion chamber, for liquid fuels has tgbaranteed a good atomization and vaporization
process, and guarantee the fuel an adequate edfa@eggen and enhance an intimate mixing [14].
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2.2 DEW POINT TEMPERATURE OF FLUE GAS

The Combustion Products of all Hydrocarbon comlomstontain a variable quantity of water. If
this reaction product is not condensate, the CotrdousProducts can be seen as a binary
homogeneous mixture of dry gases and water vagewikse wet air.

The quantity of water vapor in the Combustion Patslinas a relevant importance in Condensation
Boilers, since it determines:

- The extra heat (latent heat) that these devicesesdiract in comparison to the Non-
Condensing Boilers;
- The temperature at which this extra heat recovanytake place.

Focusing on the last point, we can say: is posslecover the latent heat of water vapor content
in a given flue gas mixture, if this water vapoc#ried at the condensation temperature (dew point
temperaturd’,;,,,, which depend exclusively on the partial pressifingater vapor in the considered
mixture sample.

In other wordsT,., represents the temperature at which the water agp®ra saturation pressure
equal to the partial pressure of the water vapdnénmixture. If the temperature of the flue gases

carried toTy,,,, this mixture will be saturated of wat@r, = ps), and if the mixture temperature

falls, the partial pressure of water vapor in thixtame will be greater than the water vapor
saturation(p, > ps). So the extra water vapor will condensate in tiqwater, to restore the

equilibrium (p,, = ps).

We can estimate the dew point temperafiyg, by knowing the total pressure of the mixtpreth
temperature of the mixtuf® and the partial pressure of water vapor in thetimep,,.

The partial pressure of the water vapor in the aniis given by:

py =p—— = px, (2.1)

Ntot

The saturation temperature of the mixtdig,can be found in properties tables of water, inmmpa
saturation pressupe, = p,,, or with specific equations. The value of the demperature is simply:

Tiow = Ts (2.2)
Two issues influence the dew temperature of the dias:

- Fuel composition;
- Excess air and its moisture;

Water vapor production in a combustion process nigpexclusively on the hydrogen content of
the fuel, since the only reaction that providesewais a product is the hydrogen oxidation. Higher
is the hydrogen content in the fuel, higher will liee water vapor production. Among

hydrocarbons , the maximum water vapor productsonhltained with the combustion of methane
(CHy), which has the lower carbon-to-hydrogen ratidH€3 by mass). Increasing the number of
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carbon atoms in the fuel’s molecule , this ratieases, and decreases the water production from
combustion as well.

Decreasing the C:H ratio of the fuel, for a staahmetric combustion, the water steam content will
decrease. This determines a lower concentratiavatér vapor in the flue gas, then a lower partial
pressure of water vapor in mixture, thus the dewtgemperature of the flue gas falls down.

Comparing the most common fuels in domestic heafitgthane and Fuel Oil, we can find the
following characteristics:
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Fig 2.2 Dew point Temperature vs. €@ in the flue gases for Gasoil and Methane

The curves represent the dew point temperatur@eofClombustion Products as a function of the
volumetric percentage of GOn the mixture. Volumetric concentration of €@ a measurable
parameter that provides an indication of the foeit ratioA.

Stoichiometric combustiom (= 1) is realized for a C®volumetric fraction that is a fix value for
each kind of fuel.

As we can see, in stoichiometric combustion of Kdiéls obtained a dew point temperature of flue
gas of about 10°C lower than the Methane Combu#$troducts.

If now we consider the effect of excess of air be tlew point temperature, we can see that,
decreasing the volumetric fraction of €@ontent in the flue gas, i.e. we provide more than
stoichiometric amount of airA(> 1), the dew point temperature will decrease, sifee water
vapor’s volumetric fraction will be lower, thus tpartial pressure of vapor is lower as well, thais i
required a lower temperature to reach the saturateodition for water vapor.

We have to underline that lower is the dew poimifgerature, more difficult will be to reach the
condensation conditions in a condensing devicetating about boilers, a low value of the dew
point temperature determines the request to thénigesystem to work with low temperatures, as
will be discussed later.
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Obviously, when we burn a fuel in air, we shoulchgider the moisture content carried by air,
because this will be added to the water vapor comtethe flue gases.

2.3 CONDENSATION OF FLUE GAS

Condensation of flue gas is desired in order toease the heat recovered from the combustion of
the fuel. This is possible only if the internal Wamperature of one of the section of the flue gas
path is lower than the dew point temperature offfine gas. This temperature depends on the type
of fuel and on the excess air.

Thus, if we measure a return water temperatureehitran the flue gas dew temperature, we can
state that no condensation will occur (inside tbike). Therefore, the return water temperature is
key factor in achieving the condensing conditions.

The condensation of pure water vapor is a wetivkm mechanism. The first studies about this
topic were done by Nusselt. A lot of works were maol analyze experimentally and theoretically
the condensation heat transfer of water vapor ix with small quantities of non-condensable
gases. On the other hand, when we talk about taegshenon of water vapor condensation of flue
gas, the situation is quite different. In this cts® volumetric percentage of non-condensable gases
is as high as 80% + 85%, and the theories aboveéioned do not refer to this case.

To study this situation, Colburn and Hougen intret the “film model”, a simple physical
description of the phenomena that occur in vapardeasation with high non-condensable gas
percentage processes.

To explain what the Colburn and Heugen theory kg refer to the following situation: the flue
gas with water vapor at a superheated state flaushing the tube walls. The water vapor
entrained in the non condensable gases, that anndot in volume, condenses into liquid water
while the tube wall temperature of the heat excbang below the saturation temperature of the
water vapor, the tube wall will be partially orafly wetted by water film.

The water film is surrounded by the gas boundaygri@round the tube, the condensation of water
vapor occurs at the interface of the water film gr@lboundary layer due to the diffusion driven by
the vapor concentration difference across the layer

The heat transferred through the film includes peots, which are the sensible heat due to the
forced convection of the gases and the latentdeato the vapor condensation respectively.

Along the flow path of flue gases the water vapontent is gradually decreased because of its
being condensed, which gives rise to a continuedsation of corresponding partial pressure, thus
saturation temperature.

In [15] was proposed a theoretical analysis offiftteess of condensation of moistened gas.
When non-condensable gases are absent, the butk v@mperaturd), ,. and the liquid—vapor
interface temperaturg ,,. are identical and equal to the saturation tempegaif pure vapofs,;;
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when non-condensable gases exist, there is a dwgeen the vapor saturation temperature in the
bulk and the temperature at the liquid—vapor istegf which is due to the reduction in vapor partial
pressurép, , > p;,,) and can be considered as a penalty in the coniiemgaocess.

It can be imagined that the vapor must diffuse ugtothe non-condensable gas boundary layer for
it to attain the liquid—vapor interface, so thag tapor concentration difference between the bulk
and the interface is the driving force of massdfean

In addition, there is a drop from bulk gas temp@&el, to the interfacial temperatufg, which is
the driving force of convection heat transfer.
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Fig.2.3 The Film Model

Based on this model, a heat balance at the ligasl#gerface between the heat transfer through the
non-condensable gas boundary layer and the heafdérathrough the condensate film can be
obtained. As the heat transfer though non-condémsghs boundary layer consists of two
components: the sensible heat i, due to temperature difference between bulk vapais-
mixture and interface, and the latent heat gx,; given up by the condensing vapor, therefore:

Qtot = Gconv T Gcond (2-3)
Where:

Qconv = hcv(Tg - Ti) (2-4)

Qcond = m/c/ondHfg (2.5)

h.,:  forced convection heat transfer coefficient ttusensible heat;
Ty: bulk vapor-gas mixture temperature;
T;: interface temperature;
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M_onq: iNterfacial condensate flux;
Hgy:  latent heat of vaporization of the vapor undeg torresponding partial pressure;

the overall heat transfer coefficiei},..-.;; can be determined by the following:

hoverall(Tg - Ti) = hcv(Tg - Ti) + mgondHfg (2-6)

Forced convection heat transfer can be describethdyNusselt number and forced convection
mass transfer can be described by the Sherwooderesb

Nu = CRe™Pr'/3 (2.7)
Sh = C'Re™ Sc/3 (2.8)

The Nusselt number is defined as:

Nu =2 (2.9)

The Sherwood number is defined as:

_ 9md
Sh = (2.10)

The Prandtl number is defined as:

_ Hep _ pUep
pr=tr=8 (2.11)

The Schmidt number is defined as:

N
Sc = =7 (2.12)

The Reynolds number is defined as:

Re=222 -1 (2.13)
u v
Where:
h: heat transfer coefficien{‘%
m-K

o W

thermal conductlvnm

d: characteristic lengthn
Jm. Mass transfer Coeﬁ|0|e|;\;%

. . kg
p: densﬂyx
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D:  diffusion coefficien{?
U: dynamic viscosit%

. k
cp.  specific heatL
kgK

. . . . mZ

V. kinematic viscosity -
. L. m

u: flow linear veIouty;

A close analogy exists between convective heatcanglective mass transfer owing to the fact that
conduction and diffusion in a fluid are governed fbyysical laws of identical form, that is,
Fourier's and Fick’s laws, respectively.

As a result, in many circumstances the Sherwoodbeaobtained in a simple manner from the
Nusselt number for the same flow conditions.

Indeed, in most gas mixtures Sh is nearly equébtbeat transfer counterparts. For dilute mixtures
and solutions and low mass transfer rates, the fauleexploiting the analogy is simple: The
Sherwood is obtained by replacing the Prandtl nuimpehe Schmidt number in the appropriate
heat transfer correlation.[16]

For this reason the coefficients and the exponientise previous correlations should be equat:
C:m=m.

Therefore:

Nu Pr 1/3

U _ (£ 2.14)
Sh (S ) (

h DC 1/3 a\2/3 2/3

= (@) = (E) =rate @13)

Whereazp% is the thermal diffusivity and.e is the Lewis number, the thermal to mass
14

diffusivity ratio.

The vapor must diffuse through the non-condensgaseboundary layer to reach the liquid-vapor
interface. The mass balance at the interface yields

" an ”
Meona = (_pD W) + Wv,i(mtot i (2-16)
i
" 6Wnc "
Myc = (_pD W) + Wnc,i(mtot i (2-17)
i
Where:

m,,nq. iNterfacial condensate flux;
m,.. interfacial non condensable flux;

41



m/,;: imaginary compensatory mixture flow at the ifdee to account for the situation that the
diffusion process is in one direction only
W: vapor (subscript “v,i”) and gas (subscript “nt) mass fraction at the interface

As the condensate surface is impermeable to theaodensable gasn,,.=0 than:

Wnc,i(m;:/ot P (pD aaL;C)l (2.18)

Since the system is composed of two componentslesming vapor and non condensable gas, the
mass fractions follow the equation:

WypetW, =1 (2.19)
Therefore:
MWne | W,

Combining eq. (2.16),(2.18) and (2.20) and sinyplij, we obtain:

Wy
" _ (—pD :3// )i _ (Wv,b_Wv,i) — B 2.21
Meond = _1_Wv,i =9m Wy Im (2.21)

Where:

Jm.mass transfer coefficieljr:lf;is;

B = % represents the driving force of mass transfer;
W, p:is the vapor mass fraction in the bulk mixture;

W, ;:is the vapor mass fraction in the interface;

The condensation heat transfer coefficient accounting the latent heat transfer is defined as:

hcd(Tg - Ti) = m;ondHfg (2.22)
Therefore:

_ mgondHfg _ 1
hea = aory — ImBro (229

Defining the Nusselt number for condensation:

head d
Nueq =55 = gmBHzg s (2.24)
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Recalling the Sherwood number’s definition:

_ 9md
Sh =2z (2.25)
Nugy =9mefrp e (2.26)

pD Sc cp(Ty—T;)

In the last equation we can recognize the followaors:

gmd _

It = Sh (2.27)
Hrg  _

- 1@ (2.28)

Ja , the Jacob number, represents the phase chaaggyda the sensible heat transfer ratio;

Pr
Sc

= Le (2.29)
So that the equation for the condensation Nussetider becames:
Nu.; = ShBLeJa (2.30)

Applying equation (2.8) to the previous one, weaaft

Sh = CRe™Sc'/3 (2.31)
=B
Sc=" (2.32)
Pr 1/3
Sh = CRe™ () (2.33)
Pr 1/3
Nugg = CRe™ (=) " LeBja = CRe™Pr'/3Le?/*BJa (2.34)

The overall heat transfer is due to the convedir@ transfer and to the condensation heat transfer
dtot = Gconv T Gcona (2.35)

Thus the overall Nusselt number can be obtained as:

_ hoveralld _ (hcv+hcd)d _
Nuoverall - 1 - 1 - Nucv + Nucd (236)

Nu,, is the Nusselt number due to convection and ithmgalculated using a correlation valid for
the case of interest, such as:

Nu,, = CRe™Pr/3 (2.37)

Nu.4 is the Nusselt number due to condensation is tie the was obtained in the previous
discussion:
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Nu.y = CRe™Pr'/3Le?/3B]a

Nugperqu = Nug, + Nuog = CRe™Pr'/3 + CRe™Pr'/3Le?/3Bja

Ntgperay = CRe™Pr/3(1 + Le?/®BJa)

The equation above is the normalized correlatiocoofvection-condensation heat transfer, in which

C andm are constants to be determined by experimental dat

140

(2.38)
(2.39)

(2.40)
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Fig.2.4 Relationseep between Nusselt number aFfig.2.5 Relationseep between Nusselt number afd +

Reynolds Nuber Based on the experimental datanfl.iaLe?/3Bja)Based on the experimental data, [Liang et al.]
et al]

If Re is raised, the sensible heat transfer is enharnte@dn be found that for a given value of
(1+ Le?/3BJa), the increase of sensible heat transfer lead$&ddricrease of total convection—
condensation heat transfer.

In the expression of the augmentation fagto# Le?/°BJja), Ja = /s the ratio of the phase

cp(Tg—Ti)
change energy to the sensible heat traBsferw(/;’f%f’)'i): is the driving force of mass transfer, and

its value increases as the vapor mass fractioeases.
In the case of higher vapor mass fraction (i.eghéi value of B), more water vapor can be
condensed and more latent heat can be releasedyvénall heat transfer coefficient is higher.

Therefore, higher value @i + Le?/3Bja), means higher value 8fu,,e;q1;-
[17]studied the same problem as above, but forhematonfiguration: condensation of wet flue gas

inside of a vertical straight pipe.
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2.4 COMBUSTION EFFICIENCY

A general definition of Combustion Efficiency isvrgh by the formula [18]:

_ Hreact(T)_Hprod(T)
MryelLHV

(2.41)

That considers the Lower Heating Value since isimgsl that water content in the products is in
liquidphase.

The reactants enthalph,....(T), involves not only the chemical energy contenthia fuel (LHV)
and air (that is zero), but also the sensible ¢jyhaf them. So, is taken in account the preheating
of reactants.

The products enthalp¥,.,q(T), is referred to the real composition of the pradumixture,
considering all species content, such as unburpetl (CO,H and GH,) due to a not-perfect
mixing of oxygen and fuel. Higher is this valuedihitemperature of product mixture) lower is the
heat extract form the fuel (stack loss).

The difference in the numerator represents the®fe energy amount provided by the combustion
process. Complete combustion efficiency would exttadl the energy available in the fuel.

Combustion efficiency increases with [19]:

* increasing temperature of the reactants;

* increasing time that the reactants are in contact;
* increasing surface areas;

* increasing stored chemical energy;

The specific heat of combustion is a chemical priypdat refers to the amount of energy that can
theoretically be extracted from a fuel at 100 % bastion efficiency. The Lower Heating

Value is a more realistic term and does not inchiecondensation of the water vapor

produced. It is thus more easily applied to reahlsostion processes.

One way of increasing the temperature of the reésia to preheat them by a heat exchanger, that
uses a low grade heat available from flue gas,rbddeing injected into the combustion chamber.

Increasing time and surface of contact betweendndloxidizer is a design task.

For a liquid fuel combustion, the oil must be disgel into the combustion air in an even spray of
fine droplets. The droplets must be sufficientlyadinfincreasing the surface of contact-to-volume
of fuel ratio) to allow for the process of drop&ataporation and combustion of fuel vapor to take
place in the available time within the flame.

The creation of a fuel spray before the burningcess is called Atomization, and we will discuss
this topic further.
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2.4.1 COMBUSTION EFFICIENCY IN NON CONDENSING BOILE RS

In the boiler field is not adopted this definitioh Combustion Efficiency, since to measure all the
parameters involved in its calculation (enthalpy ppbducts and reactants), are required very
intrusive and sophisticated measuring tools.

However there are simplified approaches [20] teeueine the Combustion Efficiency, that can

provide useful information related to the effecti@@mbustion Efficiency that was given in
equation (2.41). The simplified Combustion Effiagrdefinition is:

Neomp = 100% — Qgeack (2-42)

That represents the ratio between the energy eattdiom the fuel and potential energy contained
in the fuel.

Where Q40 1S Stack Loss, i.e. the amount of heat transfetvgdcombustion gases to the
environment, that is commonly calculated on thasbaisthe empirical “Siegert formula” [21]:

Al
Qstack = (Tflue - Tamb) ) (C_Oz + B) (2-43)
Where:
A]. = COZ,MAX " Ath - B (244)

A.,: s the theoretical ai{%];
kg ruel

B: is a fuel dependent parameitf —1];

CO, yax: is the stoichiometric volume fraction 60, in the flue gas [m?);
Tre: is the flue gas temperature [°C];

T,mp: IS the ambient temperature [°C].

The above formula (2.42) assume that the only gyasecreasing the combustion efficiency is the
stack loss. Thus, them neglect incomplete comhusbisses, radiation losses, etc.

This simplification is necessary due to the in&pilo measure the amount of other losses with a gas
analyzer, device usually adopted in efficiency gsialin the domestic boiler field.

The simplification introduced to obtain the formeilabove makes the value of efficiency calculated
in this way not as precise, but enough useful lierttining operation of a boiler, since they reflect
precisely the tendencies of efficiency change.

To improve the accuracy of the Combustion Efficientaking in account the incomplete
combustion loss, is introduced the so called Lgsthbomplete Combustiof,,. . It represents the
percentage of energy loss caused by the presentanmohable gases (in this case mainly CO) in
the combustion gases.
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The loss caused by incomplete combustion is cdkdilaon the basis of the measured CO
concentration in the combustion gases accorditigedollowing formula:

@O (2.45)

Fi . =
e co+co,

Where:

CO, CQ: are the volume concentrations (%) in the flus;ga
a: is a factor specific for a given fuel.

CalculatingF;,,. enables a correction of the previously calcula@emmbustion Efficiency (2.42).
Then the so-called corrected efficiengyis given by:

Neomb = Ncomb — Fine (2.46)

2.4.2 COMBUSTION EFFICIENCY IN CONDENSING BOILERS

The Combustion Efficiency is referred to the fudbsver heating value, neglecting the potential
energy contained in the fuel coming from the colsdéon of the water vapor in the combustion
products, and represented by the higher heatingeval

The reason of this choice came from the fact,ithéte past, was not welcome any condensation of
vapor present in the combustion products becauskeotondensate is characterized by a strong
acidity that could damage the materials of which tid heat generators were built. With the
introduction of new materials for the constructioh heat generators, resistant to the corrosive
action of the flue gas condensate, a new techndtmgyoilers was born: the Condensing Boiler.

The condensing technology allows to cool the combunsproducts under the dew point
temperature of the flue gases before they are setean the atmosphere. This determines two
benefits from the energetic point of view:

- Cooling the combustion products, letting them readower temperature, implies a lower
sensible heat loss (Stack Loss);

- Condensing the vapor contained in the combustiodymts implies the recovery of the latent
heat of vaporization, that is an important conitiin in the case of fuels with an high
hydrogen content. In the case of condensationvdhes that represents the “energy source”
for the system is the fuel’s higher heating valtigat is from the 11% (for natural gas) to the
6% (for gasoil) bigger than the lower heating value

For the assessment of the Combustion Efficiendpéncase of Condensation, has to be introduced
a different procedure that takes in account thetiadal heat recovered by the combustion products
vapor condensation. Has to be noticed that evethig case the denominator value for the
Combustion Efficiency formula remains the lower trea value, in order to make possible
efficiency comparisons between condensing and mowlensing boilers. Thus, in the condensing
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cases it will not be wrong to obtain efficiency wed greater than the unity, that, from the
thermodynamic point of view, represents a non-sense

From the Combustion Efficiency, written accordinige tequation (2.42), we can write the
Combustion Efficiency formula for the condensingea

Neomp = 100% — Qstack + Quar (2-47)

Where Q,,:is the value that increases the Combustion Effayetue to the condensation of flue
gases.

2.4.3 COMBUSTION EFFICIENCY ACCORDING THE EUROPEAN
STANDARD(EN 15378)

This EN Standard prescribes the following measucmuditions [22]:

- Sample flue gas near boiler discharge, at leastim@ diameters.

- Sampling hole shall be tight.

- Flue gas shall be sampled in the middle of theasirelhe hottest point or the point with the
lowest measured

- Combustion air temperature shall be measured aebumtake.

- Simultaneous measurement of flue gas and intakeraperature is recommended.

- If there is a combustion air pre-heater, flue gasperature and combustion air temperature
shall be measured between boiler and heat recolestige.

- The flue gas properties shall be measured in time gmint, preferably with a multifunction
device (combined probe), using an instrument comglwith EN 50379:

The combustion efficiency.omp, IS given by:
Neomp = 100 — Xch,on (2-48)

Wherea,;, ., is the sensible heat of the flue gas losags,,, , i.e. the sensible heat losses through
the chimney with burner on, and is calculated i following equation:

Xchon = (Hfg — O4ir ) * <C—1 + CZ) (2.49)

2:L_XOZ,fg.dry
where cl and c2 are constants given in nationaaas) depending on the fuel.

In the case of a heat generator that allows theverg of the latent heat from the flue gases
(condensing boilers), an additive correction tesmapplied to take into account the recovery of the
latent heat of condensation:

ncomb,corr = Ncomb + Xcond (2-50)
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In this EN standard is given the procedure to dateua,.,,; when is not available any National
Standard.
The following properties of flue gas shall be meadu

- 64 flue gas temperature;

- Xozrg.ary OXygen content of the dry flue gas;
The following properties of flue gas shall be meadwor estimated:

6, combustion air temperature (default value: extesngient temperature);
Xqir COMbustion air relative humidity (default valu@€9s);
- Xs4 flue gas relative humidity (default value:100%)

The recovered latent heat of condensatigp, , is defined as the mass of water vapor condensed
multiplied by the specific heat of condensatiomater.

The mass of water vapor condensed in the heat gfenes the difference between the water vapor
available (the sum of the water production dueht® s$toichiometric combustion and the water
content in the combustion air) and the mass of watatent in the flue gas exiting the heat
generator.

To calculate the required quantities to assessebavered latent heat of condensatigp,,, the
EN Standard proposes the following procedure.
The actual amount of dry flue gds; 4, is given by:

20,94
Vfg,dry = Vfg,st,dry * 20,94~ X0z £g dry (2.51)
The actual amount of dry combustion @jf,. 4, is given by:
Vair,dry = Vair,st,dry + Vfg,dry - Vfg,st,dry (2-52)

Saturation humidity of aify;0 gir,sq: and flue gagy,o r4.sq: Shall be calculated according @g;,
(combustion air temperature) afig, (flue gas temperature), respectively, and be esga as kg

of humidity per Nms3 of dry air or flue gas.

The EN Standard provides the saturation humidityes as a function of temperature, to be used
in the above calculations, and linear or polynomiaerpolation are used for intermediate
temperatures.

Is assumed that the flue gases and the combustibawe the same saturation humidity values.

0,4 0T 65

°C

0

10

20

30

40

50

60

70

fHZO,air,sat or fHZO,fg,sat

kg/Nm’y,,

0,00493

0,00986

0,0191

2

0,0357

1

0,063

31

0,1

112 78,1

9 0,3596

Note saturation humidity is expressed as kg of wasaor per N of dry gas (either air or flue gas)

Tab. 2.1 Saturation humidity values, prEN 15378
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Total humidity of combustion air mH20,air is givew:

_ Xair
mHZO,air - fHZO,air,sat * Vair,dry * 100 (2-53)

Total humidity of flue gasny,, s, is given by:

Xf
Mpyz0,fg = ‘EHZO,fg,sat *Vegary * ﬁ (2.54)

The amount of condensed watRf;, o conq IS given by:
My20,cond = MHu20,st T MH20,air — MH20,fg (2.55)
If My20cona 1S NEQAtiVE, there is No condensation, @R, cong = 0 andaypqg = 0.

The specific latent heat of condensatiop, r4 is given by:

— J J
hcond,fg = 2500 600@ - Hfg * 2 435kg_°C (256a)
Or
Wh Wh
heona,rg = 694,617~ — brg * 0,6764 -~ (2.57b)

The condensation he@t,,, is given by:

Qcona = Mu20,cona * hcond,fg (2.58)

If the calculation is based on net calorific valuie recovered latent heat of condensatigy, is
given by:

Qeona = 100 * 2end (2.59a)

i

If the calculation is based on gross calorific esluthe recovered latent heat of condensatjgp,
is given by:
Qcona = 100 x 2cond (2.59h)

N
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2.4.4 COMBUSTION EFFICIENCY ACCORDING THE ITALIAN
STANDARD (UNI 10389-1)

The UNI 10389-1 “Flue gases analysis and measureorersite of combustion efficiency” [23]
provides the instructions to evaluate the Combuostdficiency of a boiler and defines the
procedures in order to assess the compositioneofltle gases, in accordance with the European
Standards.

The Combustion Efficiencyj.,mp ,iS defined as: the ratio between ConventionaltiigaPower,
Pc, and the Burner Thermal Poweg, .P

Pc

Necomb = 5 (2-60)

Pp

The Conventional Heating Power is defined as: then& Thermal Power lowered by the Stack
Heat Loss, @

Pc = Pp — Qs (2.61)

The Burner Thermal Power is defined as: the prodtitie fuel's Lower Heating Value (LHV) and
the burned fuel flow rate.
This technical regulation states the proceduredeioto measure:

The Burner Thermal Power;

The flue gases composition and temperature andaimdustion air temperature;
Evaluation of the Combustion Efficiency;

Evaluation of the Smoke Index;

PwbdPE

Burner Thermal Power assessment

Known the oil nozzle nominal flow rate and the aitwation pressure, is possible to obtain the oil
mass flow rate G [kg/h] using the tables or cupmewided by the nozzle’'s manufacturer.

To obtain the Burner Thermal Power, the value ofsGnultiplied by the conventional Lower
Heating Value:

a- Gasoil: 11,86 kWh/kg;
b- Fuel Oil:22,47 kWh/kg;

Flue gases sampling and combustion air tempeeatoeasurement
Measurement conditions

Each measurement has be made when the heat generatosteady-state condition at the
thermal power at which the measurement is referred
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Is assumed that the Steady-State condition is eghethen the flue gases temperature is
stabilized at a certain value ,i.e. it doesn’t viargre than +2°C.

Flue gases sampling and temperature measuremehbedsne at a proper sampling socket on the
gas evacuation pipe.

If downstream the heat generator there is a dekimteallows the heat recovery from flue gases and
heat recovered is used to pre heat the combustipth@ measurement of the flue gas temperature
and the combustion air temperature must be made:

- Flue gas temperature: downstream the recoveryrygfer pre heating);
- Combustion air temperature: upstream the recowetem (before the pre heating);

Evaluation of the Combustion Efficiency in NON CEWNSING MODE
In the non condensing mode, i.e. when the averagegases temperature is higher than the flue

gases dew point temperatutg,, the Combustion Efficiency is obtained as follow:
a- Stack Heat Power LosssQletermination:

Qs = (Tflue - Tamb) ' (L + B) (2.62)

21%—-0,

WhereA1l andB are coefficients depending on the fuel used:

Al B FUEL
0,68 0,50 Gasoil
0,68 0,52 Fuel QOil

Tab. 2.2 coefficientd1 andB (UNI 10389-1)

b- The Combustion Efficiency is given by:
Neomp = 100 — Qs (2.63)
The uncertainty on this value is assumed-29.
Evaluation of the Combustion Efficiency in CONDBENSIMODE

In condensing mode, i.e. when the average fluesg@seperature is lower than the flue gases dew
point temperature,,;, the Combustion Efficiency is obtained as follow:

a- Stack Heat Power LossgsQletermination:

Qs = (Tflue - Tamb) ) (L + B) (2-64)

21%—0,

b- Air index, n, determination:
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21
n =
21-0,

(2.65)

Determination of the dry combustion products voluahaormal conditions (TPN;:

Ves =n*VF

Determination of the actual combustion productsun@, V..., at the

temperatu retf:

273+tf
v = Vg *
fs,act fs 273

Calculation of the actual combustion products ntassected for the flue gases temperature,

Mfs,act:
Mfs,act = st,act * MVf

Determination of the dry combustion air volume atmal conditions (TPN)/,:

Vs =nx*xVA

(2.67)

flue gases

(2.68)

(2.69)

(2.70)

Determination of the actual combustion air volunigs,.. , at the combustion air

temperaturet,

273+t,
273

Vas,act = Vs *

(2.71)

Calculation of the actual combustion air mass @beckfor the air temperaturly; 4.

Mas,act = Vas,act * MV,

Water mass content in combustion air, AR, withaesumption that the combustion air has

relative humidity of 50%:

AR = Mg ace * Xq * 0,5

Water mass content in combustion products, AF:
AF = Mgsqcc * Xy

Determination of the condensed water amount, CD:
CD = AC + AR — AF

Determination of the energy recovered from the wed@densation, ER:

(2.72)

(2.73)

(2.74)

(2.75)
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ER = CD * H,yng (2.76)

m- Calculation of the Combustion Efficiency incremdsT,, due to water condensation:

ET =28 « 100 (2.77)
LHV

n- The Combustion Efficiency is given by:
Neomp = 100 — Qs + ET (2.78)
The uncertainty on this value is assumed-29%.

All the parameters in the procedure above descradsedgiven in the same technical law and are
reported in Tab. 2.3,Tab. 2.4, Tab. 2.5.

Air index n 1 1,1 1,2 1,3 1,5 2

Dew point temperature [°C] 52 50,4 48,7 45,9 44,6 39,3

Tab.2.3 Dew point temperature v.s air index (UN389-1)

Parameter Gasoil
VF [M%ue gad 10,41

N 11,09
AC [Kg wated 1,17

LHV [MJ] 42,70

Tab. 2.4 parameters (UNI 10389-1)

Temperature [°C] | X,and % %} MV, and M\/f[%] Hcond[k;gnd]
0 0,00379 1,29299 2,502
5 0,00542 1,26968 2,490
10 0,00766 1,24719 2,478
15 0,01069 1,22549 2,466
20 0,01476 1,20453 2,454
25 0,02017 1,18427 2,443
30 0,02733 1,16469 2,431
35 0,03676 1,14574 2,419
40 0,04914 1,12740 2,407
45 0,026541 1,10963 2,395
50 0,08686 1,09242 2,383
55 0,11532 1,07573 2,371
60 0,15354 1,05955 2,359

Tab. 2.5 parameters (UNI 10389-1)

54



If the measurements are done with a multifunctioalyzer, it has to satisfy the following requests
in accuracy:

Measured parameter Measuring range  Resolution Acaay Minimum value
CcoO 0 ppm - 2000ppm 1 ppm +20ppm or 5% measured value 0 ppkn
0O, 0% - 21% 0,1% #0,3% 0,3%
CO, 0% - 20% 0,1% 10,2% 0,2%
Flue gas temperature 0°C —-400°C 1°C +2°C or 1,5% measured valye
Combustion air temperature -20°C - 100°C 1°C #1°C

Tab. 2.6 multifunction analyzer requirements (URB&9-1)
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CHAPTER 3
OIL FIRED CONDENSING BOILER

3.1 BOILER DESCRIPTION

A heat generator is basically composed by a soofrteat and a heat exchanger, that transfers the
heat form the source to the heat carrier fluidcdmbustion heat generators the heat source are the
combustion products of a combustion. The combugironess is obtained by using a burner.
The heat exchanger of a heat generator can beyduadled into two main areas:
- the fire box, or combustion chamber, in which tbhenbustion takes place and the metallic
walls of this section are “seeing” the flame;
- the smoke tubes, or smoke passages, in which tiéusiion products are further cooled
down.

3.1.1 THE BURNER

The term “burners” describes a series of equiprfamiburning various types of fuel under suitable
conditions for perfect combustion.

The burner operates by sucking in the fuel andctimbustion air, mixes them thoroughly together
and safely ignites them inside the heat generatmbaistion chamber.

A burner is composed by:

* The combustion heaghich mixes the fuel and the combustion air;

* Fuel supply comprising components used for regulating thé¢ floev and guaranteeing the
safety of the combustion system;

* The combustion air supplgomprising of the fan and any pipes for taking #ir to the
combustion head;

» The electrical and control componeme&juired for firing the flame, the electricity sup to
the motors and thermal output regulation develdpethe burner.

We can classify burners according to the strateglelivering the thermal output:

* single-stage burners: the thermal output is inéeiand the burner can be switched on or
off (ON-OFF);

* multi-stage burners: usually two-stage or thregestare set for running at one or more
reduced output speeds or at maximum output (OFF-HIGH or OFF-LOW-MID-
HIGH); switchover from one stage to another caadi®@matic or manual;

* modulating burners: the delivered output is autecafly varied continuously between a
minimum and maximum value, for optimum deliverytbé thermal output in relation to
system requirements.
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In fig. 3.1 are shown the above defined burnerg;

aj
tar wp Slop Sl up Slap

— |
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Tstotage  Ped slige  Pod pldge  Pnd stege  Ind stege  Ded shage

b)

Fig.3.1 Singl-stage (a) and two-stage (b) burmarking strategie

The firing range of burner is a representatiorhm €Cartesian plan of an area, showing the pre:
in the combustion chamber (in mbars or in Pa) @enYhaxis and the thermal output (in kW or
kg/h of fuel burnt) on the X axisthis area indicates working conditions under whicé burne|
guarantees combustion corresponding to the theamoigal requirement

Combustion
chamber
Pressure

Power Output
Fig. 3.2 firing range for a tv-stage burner

The firing range is obtained in special test bailaccording ttmethods established by Europe
legislation, EN 267 standard for liquid fuel burs

For twostage burners (Fig. 3.2) the firing range is idedilided into tw« areas, left (zone A) ar
right (zone B) of the vertical line traced for the paintresponing to the maximum head availab
The firing point corresponding to the maximum odtpad, consequently, to operate in the
stage, must be chosen within zone B. Zone B pravide maximum output of the burner in relat
to the combustion chamber pseire
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The 1st stage output should be chosen within theinmim/maximum declared formula and
normally falls within zone A. The absolute lowemit corresponds to the minimum value of zone
A.

3.1.1.1 THE COMBUSTION HEAD

The combustion head is the part of the burner thiaes the combustion air with the fuel and
stabilizes the flame that is generated.

The combustion head essentially comprises thevimig components:

The fuel metering deviceozzles for liquid fuels and orifices and distititws for gaseous fuels; oil
nozzles are characterized by three parametersupsipray angle and type of spray distribution;

The turbulator diffuser diskwhich mixes the fuel and the combustion air, arabilizes the flame
to avoid it blowing back into the burner;

The flame ignition systemises electric arcs produced by high-voltage pewvetectrodes directly
igniting the flame or coupled with a pilot burner;

A flame sensoior motoring the flame;
The flame tubeomprising made of profiled metal cylinder whiakfides the output speed range.

Flame tube and diffuser disk determine the geomefrghe flame developed by the burner.
Especially the diffuser disk determines the rotaideatures of the fuel and combustion air mixture
flow and, consequently, the flame dimensions.

As a rule, an increase in the rotational featurmsses an increase in the flame diameter and a
decrease in the flame length.[14]

3.1.1.1.1 BLUE FLAME

The convenctional oil burners, before the introaucbf “blue flame” technology, used to produce
yellow or yellow-orange flames which are noisy, retéerised by incomplete combustion and often
deposit of soot int the flue or chimney, and disgkaof particulate matter into athmosphere.
Such yellow type flame burners have localized heghperature regions that tend to produce large
amounts od oxides of nitrogen and soot (which Hagl temperature mechanisms of formation)
[24].
The “blue flame” burner is able to burn liquid fegdreventig the above seen problems.
To obtain a blue flame the recirculation of a lasgeount of combustion products, upstream the
flame zone, is required.
The mechanism to obtain a blue flame is as follows:
- fresch mixture of atomized liquid fuel, exiting theel nozzle, and combustion air, exiting
the air nozzle, is injected through a convergimgahin the preparation zone.
- This spray of fresh mixure is travelling at highlacity through this zone, thus creating a
low pressure zone.
- In correspondence of the preparation zone thers@re holes or slots, which connect the
preparation zone with combusion chamber, filleccaibustion products. So that the low
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pressure zone will drown back some of the gasetarmu inthe combustion chamber a
they will mixed with the fresh mixtur

Recirculated gases include combustion productsvapdrized unburned fuel, thus being a |
vapor rich mixture of combustion products havingsigmificant oxygen contel

1.Burnertube

. Combustion ai

. Nozzle holde

. Dosing ring

. Air nozzle

Helix

. Ignition electrod
. Hame contra

. Hue gas recirculatio
10. Bue flamt¢

11. Fre tube

Fig.3.3 Flue gas recirculation in a Blue Flame let

By the injection of hogases near the fuel oil outlet from the atomiziogate, are obtained ti
following benefits:
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Hot gases enhances the liquid fuel droplet vapbozain a way that the fuel reaches
flame zone in gas phase. Tlconsiderablyreduces the soot formation, and the unbui
hydrocarbon amount in the flue gas. This has assaltra lower fuel consumption (a
higher combustion efficiency), lower unburned esimes and a lower fouling of tt
combustion chamber.

A flame that is soofree has the characteristic color blue. In lumintiashes, characterize
by a yellow color, soot takes an important roleadiative heat transft

The flame temperature is lowered since the flameo@ed by the hot gases, this is a
factor to hae low nitrogen oxides emissions. In fact, in a bostion process nitroge
oxides start to be generated in a significant ampwhen the flame temperature is hig
than 1500 °C and the productiotaches its maximum around 2000°C].

Fig.3.4 NG, production vs. reaction temperature



3.1.1.2 FUEL SUPPLY

Hydraulic circuits on board liquid fuel burners orixed burners, have different features and
complexity, depending on the type of fuel, suppl@dput, load regulation logic (single-stage,
multi-stage or modulating) and special standardsrice.

Generally the burners are fitted with a geared pamg a single or double fuel shut off solenoid
system. [14]

. Supply

Suction

1 Return

Fig.3.5 sketch of an oil pump

Modulating burners also have shut off valves on rdteirn circuit and a pressure regulator for
varying output.

The fan motor drives the pump, or it is run indegetly, it can have special features for using
kerosene.

The oil feed systems covered in this section ditd-pipeline” type and namely those comprising a
delivery pipeline from the tank to the burners an@éturn pipeline from the burner to the tank[14].
In Fig.3.5 is represented an oil pump sketch, irctvive can identify three zones:

» suction (in green): the inlet (S) is connected witte oil tank, the negative pressure
generated by the geared wheel, sucks the oil, whasises through a filter (H) and enters in
the compression chamber;

» supply (in red) : the pressurized oil, if the eleetalve (NC) is open, is sent to the nozzle
trough the outlet (E). The oil pressure is reguldig the pressure controller valve (T), set at
the desired pressure (P1).

* return (in yellow): the excess oil from the pressaontroller valve is sent back to the oil
tank. The oil leakages are collected and sent tmathe tank.[26]

The important task of the oil pump is to providsudficient pressure value to the oil delivered to
the oil nozzle, in order to accomplish the fuelnaitcation.
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3.1.1.2.1 THE NOZZLE

The vaporizing process is accelerated if fuel i& hiquid oil is spilt in small droplets.

A very small droplet will be vaporize in a shortipe of time when exposed to high temperatures.
Separating the oil into very small droplets thdawe area is increased, exposing more oil surface t
contact with air. The process above describedlisccatomization.

The simplest method to achieve the Atomization Jight oils is by the use of nozzles, which
separate the fuel into small droplets by theiripalar design.

The most common type of nozzle for Atomizationhggh pressure atomizing type”.

In addition to breaking up the fuel into small deip, the nozzle is expected to deliver these
droplets in a specific pattern. It must be desigiwedeliver a specified spray angle within spedifie
limits. It must also be designed to distribute ehdsoplets as desired across a cross section of the
spray.

The second function of a nozzle is metering thé #Wethe predetermined pressure the nozzle will
deliver a definite amount of fuel. This charactiécisallows the heat generation control. For
example, in double stage burners, which can detiverfixed values of thermal power, the amount
of fuel burner is regulated by changing the presstinvhich the fuel oil is sent to the nozzle.
Usually the flow rate is given in terms of Gallgmsr Hour, GPH, that in terms of Liters per Hour
corresponds:

1GPH = 3,7854 - (3.1)

3.1.1.2.2 FUNCTIONING PRINCIPLE

Breaking the bulk liquid into small droplets recpsrthe application of energy. With nozzles, this
energy is supplied as pressure energy, generabed d& motor driven pump. In order to create
droplets, this pressure energy has to be convantedvelocity energy. This is done by supplying
the fuel under pressure and forcing it through tao$énoles or slots. The oil emerges from these
slots at a very high velocity.

How a Nozzle Works

OIL AT 100 PSI /—OH\FICE

L L

SWIRL CHAMBER
(35 PSI AT CENTER»>

SWIRL CHAMBER

Fig.3.6 Nozzle sketch

These slots are cut tangentially into a swirl chemibhe velocity of rotation increases as the tqui
approaches the center of the swirl chamber. Themaiced the discharge orifice, from which the
liquid exits with a so high rotational velocity tha the middle of the rotating fluid flow is creat

an air core. The oil then will extend into the mef in the form of a rapidly rotating tube of oil,
leaving an air core in the center. As this tubeibis rotating it pushes outward against the wafls
the orifice because of the centrifugal force depetb Not all pressure of the liquid is converted
into velocity energy, but some of it remains asspuee energy and the pressure, which tends to
push the liquid forward through the orifice, wik lpproximately one half of the applied pressure.
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This pressure forces the oil to emerge from thicerin the form of a spinning tube which, because
of centrifugal force, immediately expands into aeshaped sheet as it leaves the orifice.

This sheet of liquid emerging from the orifice sthees to the point where it ruptures and throws off
droplets of liquid.

A spray is so created. The spray angle is govelyethe design of the swirl chamber and the
orifice.

The conditions that affect the nozzle performance: gressure, specific gravity, viscosity,
temperature of the oil supplied at the nozzle.

Pressure

1. As might be expected, an increase in pressireases the discharge rate of the nozzle, all other
factors remaining

equal. The relationship between the pressure authalige from a nozzle is a fundamental one. The
theoretical discharge from any orifice or nozzlgiisen by the equation:

Ffuel =C Aﬁng (32)
Where:

C: is a dimensionless coefficient for the partggulozzle in question;
Ais the area of the nozzle orifice;

H:is the pressure head applied to the nozzle;

g:is acceleration of gravity.

This fundamental equation is modified by varioustdes encountered in nozzle design, but from it
we arrive at a simple formula, which is of valueato/one using nozzles.

Fo=Fi- |(B) (3.3)

In this equation:

p1: Is pressure at which the nozzle is calibrated,;

p,. IS any pressure at which it is desired to opera nozzle;
F1: is the calibrated flow rate at pressue.

F2: is the flow rate at the desired pressure;

In Fig. 5.7 is shown what was said above.
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Atomizing Nozzles
Pressure vs. Discharge|

F2=F1o0 (P2/100)°

Flow Factor

50 70 90
Pressure (psi)

Fig.3.7 Flow Factor vs. Atomizing Pressure for &ie

This relationship is approximately true for nozzieshe small sizes used for domestic oil burners
but not exactly so.

The value of the exponent varies somewhat with leodesign and flow rate and it has been found
to be as low as 0.470.

2. After a true divergent spray is established, iagyease in the pressure does not change the basic
spray angle.

When the spray angle is measured a distance ot 46oem in front of the nozzle operating at high
pressure, there is a change in the direction tbplelts are traveling, but that is not the basiagpr
angle of the nozzle. The reason the spray angleaapipo change at a distance in front of the nozzle
is also quite fundamental. With an increase in sues the velocity of the droplets is increased
within the body of the spray. An increase in veilpan the spray causes a reduction in pressure in
that area. Thus the spray might be said to aspaiat@vhich will tend to push into the spray. As
that air moves toward the center of the sprayaities with it the droplets which have lost their
velocity to the point where the air can move them.

3. An increase in the applied pressure will prodaoeller droplets in the spray. Some recent
research shows that the median droplet size vieavessely as the .3 power of the pressure change.
That means that if the pressure is increased frodnpki to 300 psi, the median droplet diameter is
reduced approximately 28%. An increase in preséum@ 100 to 150 psi reduces the median
droplet diameter by approximately 11%.

Specific Gravity

Specific gravity is normally used in flow calculats but in the petroleum industry the more

common term is API gravity.
The relationship between specific gravity and AgrBvity is given by the equation:

API°+131,5

The effect of specific gravity on discharge ratelwetric) is as follows:

F, =F, (j—i) (3.5)

Where:
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d,: is the Specific Gravity for flow;
d,: is the Specific Gravity for flow,.

Viscosity

In small nozzles and within the limits of No. 2 fu@l, the effects of changes in gravity are less
important than the effects of changes in viscodite viscosity of fuel is a measure of its resiséan
to flow.

To measure this parameter can be used the Saybotisimeter. This apparatus lets flow the oil
through an orifice and counts the time requiredllk@ prescribed sample. The number of seconds
that are taken to fill a prescribed sample is theerkatic viscosity of the fluid in SUS at that
particular temperature.

The conversion relation from SUS unit to cSt uodntistokes) is the following:

For 32<SUS<100:

¢St = 0,226 - SUS — % (3.6a)
For SUS>100:

cSt = 0,220 - SUS — — (3.6b)

A high viscosity indicates greater resistance aovfl

Fuels with higher viscosities need greater enavgyndve them whether the flow is through pipes or

through nozzles.. For purposes of calculations mecessary to determine the absolute viscosity.
Absolute viscosity is determined by multiplying &matic viscosity in terms of centistokes by the

specific gravity of the liquid at the same temperat It is expressed in centipoises. Changes in
viscosity have several effects on nozzle performaanc

1. With a pressure-atomizing nozzle of the size ap@ tyommonly used in domestic oil burners,
the flow rate is affected as shown in Figure wwssuaning typical values of gravity.

15

% Change from rating at 35 SSU

[ No.20il |

20 p3 30 k) 40 45 50 55 60

Viscosity SSU

Fig.3.8 Variation on the flow rate vs. Fuel Visdgsi

When viscosity is increased from 35 SSU to 45 S&tidischarge rate from the nozzle is increased.
The effect of viscosity on flow rate varies witHfdrent designs of nozzles and at different supply
pressures:

» Larger nozzles show less effect of viscosity omftban small nozzles of similar design.

» The effect of viscosity is less at higher pressures
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The correlation between viscosity and flow rateotiygh the nozzle has to be determined by
experimental tests.

2. With higher viscosity fuels the spray angle vebabt be as stable as with low viscosity fuels.
The angle of the film at the orifice is not changagpreciably, but the effective spray angle
becomes narrower. The film tends to collapse, ptinjg the main body of droplets more toward the

center of the spray. If the viscosity is high enouthe effective spray angle may collapse to the
extent that a long, very narrow flame results.

3 With higher viscosity fuels the droplet sizensreased. The droplet size may be increased to the
point that it is impossible to maintain a steadyfe front and the oil will burn off the back watl o
the combustion chamber. Since an increase in vtga@sgjuires an increase in the amount of energy
provided to atomize the oil, the effects of vistpsdbn spray angle and droplet size can be
minimized by increasing the supply pressure.

Temperature

The effect of temperature on the atomization predssjust related to the viscosity changes.
Lowering temperature means increasing viscosity @nd versa, thus we can repeat the same
conclusion made for the variation of the viscosijue.

% 1 N —

d| Temp vs Viscosity 111
|Catalytic No. 2 Fuel Oil
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Fig. 3.9 Temperature effect on Fuel Viscosity

3.1.1.2.3 DROPLET SIZE AND SPRY PATTERN

The droplet size is important in order to improhe tombustion efficiency. The droplet size is
dependent upon the following factors:
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1. The droplet size is usually larger in the highescarge rates, assuming the same pressure.
That means that a 10.00 GPH nozzle will have ladgeplets in its spray than a 5.00 GPH
nozzle with the same spray angle at the same peessu

2. The droplet size is smaller in the wider spray asg|

3. High viscosity fuel produces larger droplets inpaay than low viscosity fuel at the same
pressure.

4. A nozzle with a rough orifice finish produces largieoplet size than a nozzle with a good
finish.

5. Increasing the fuel pressure on the nozzle rediheedroplet size.

6. Nozzle design is a very important determinant afptet size in the spray. The smallest
possible droplet size is not necessarily the mestrdble. Good droplet size distribution to
produce efficient, quiet fires is determined by zlezlesign.

Nozzles for oil burner use are provided in twoelént general types of spray patterns, hollow cone
and solid cone.

Generally speaking, it is well to use a spray twaech matches the air pattern for the particular
burner in question, and that can fit the geomdtdbaracteristics of the combustion chamber.

* The hollow cone is a spray in which the concerdratf droplets is at the outer edge of the
spray with little or no fuel in the center of thaay.

* The solid cone spray is defined as one in whichdib&ibution of droplets is fairly uniform
across the cross section of the spray.

In actual applications the use of hollow cone aoltiscone nozzles seems to resolve itself into a
few simple rules, to which, of course, there ame@xceptions:

1. In low flow rates (up to approximately 2.00 GPH)istcommon to use an hollow cone
nozzle for all applications. This is because offdw that a solid cone nozzle naturally gives
a very long flame and could not be contained iaumd or square combustion chamber.
If a spray is required with more fuel spray near tenter, it appears advisable to select a
nozzle with a narrower spray angle rather tharogbe solid cone type.
The use of hollow cone nozzles in these small |atss insures quietest possible operation.
Hollow cone nozzles are more stable in their spirayle and droplet size distribution under
adverse conditions than solid cone nozzles of dngesflow rate.

2. in medium flow rates (from 2.00 GPH to 3.00 GPHY)Idw or solid cone sprays may be
selected to fit the air pattern in which they ar@perate.

3. in high flow rates (above 3.00 GPH) it solid copeays are used. The main reason for this
is that smoother ignition is obtained with solichecsprays in the majority of burners, since
in this range of flow rates the burner doesn’t fatability problems that can have the
smaller sized burners[27].
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Type “A” Type “B”
Hollow Cone Solid Cone

Fig.3.10 Spay Patterns representation

3.1.1.3 THE AIR FAN

Fans are machines capable of supplying energyfltoda by increasing pressuor speed, using a
rotating element.

The fans installed on burners are generally cermfai

Centrifugal fans are made up of a box that containeyed fan wheel on a shaft supportec
bearings.

The shaft can be connected directly to the eleatiatol using joints or, indirectly, using belts a
pulleys.

The fan wheel positioned inside the box may havéeniig blade orientations/profiles ai
specifically:

« fan wheel with wingshaped blade
 fan wheel with reverse curved blac
 fan wheel with radial blades;

« fan wheel with forward curved blad

The working characteristics of a fan, similar togh for pumps, are described by the characte
curve. The characteristic curve of a fan is represkin a Cartesian plan where the Y axis st
the pressure and the X axis shows the volumetiicatyg (see Fig. 3.1:

Fan Curve Fan Curve
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s g Increasing Airflow ——=
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Increasing Airflow — - Increasing Airflow ——=

Fig. 3.11 working characteristics of air fi
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The number of characteristic curves for each fgredds on the number of rotation spe

The working point of a fan idetermined by the circuit in which it is includ

The circuit also has a characteristic curve, amrdittersection of the fan characteristic curve
circuit characteristic curve, represents the waghpoint of the syster

P Maximum fan
pressure

Resistant
circurt

—

performance
graph

o

?

[77]

@

a

21 Fan

£ a— performance

Z ] graph

. Nominal delivery v

Fig. 3.12 working point of the air fan

The system characteristic curve varies in relatiothe setting of the combustion head and ope
degree of the air damper. Therefore, in order tierd@ne the air flow conditions (rate rate ¢
pressure) delivered by the fan, is rested a sufficiently precise evaluation of the puessdrop
induced by the circuit (air intake pipes, burneadhé&eding pipes and other accessol

The circuit pressure drops have a parabolic flowhwespect to fluid speed and, conseque
delivery.

Pressure drops in an areaulic system are deterrbynego component

 concentrated pressure drops;
* distributed pressure drops.

Among the concentrated pressure drops, must ba tateaccoun

- those introduced by the combustion head, wherair transits using a complex geome
route; furthermore, an air damper is fitted inside burner for calibrating the delivery
combustion supporter &

- those introduced by the presence of dampers, guubk any heat exchangers, must
calculated fo the effective value of the drop introduced, whiolust be provided by tt
manufacturer of the mentioned devit

- those introduced by the presence of circuit pegtida, such as curves, direction ¢
section variations, can be calculated using tHowing equation:

Apw =€*p*§ (3.7)
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Where:

Ap,,: is the pressure drop [Pe

& is the nordimensional drop facto
p: isthe air density [kg/F;
12 is the average speed in the pipeline [r.

Distributed pressurdrops can be estimated by using the D-Weisbach formul:

v2

2xg

Aps =f*%* (3.8)

Where:

Apy: is the pressure drop due to friction ;

f: is the friction factol

L is the pipeline length [r;

D: is the pipelinediameter [m];

\ is the air speed inside the pipeline [r
g is the gravity acceleration 9.81 [r].

The delivery of combustion air is proportionateth@ delivery of fuel burnt, which in turn
proportionate to the required outp

For multistage and modulating burners, air providgdhe fan must be chanc in order to vary the
delivery.

In Forced draught burners, delivery can be vametvd principal manner

* Varying the fan firing point;
* Varying the number of fan revoluns;

In the first regulation method, the fan firing pbis moved, along the characteristic curve,
varying the pressure drop of the areaulic circyitifitroducing a sen-controlled damper (se
Fig.3.13).

Fig.3.13 air fan regulation by introdug a pressure drop in the sys
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Depending on the opening degree of the dampexateus system curves are obtained.

In the case shown in Fig.5.13, the regulation dangbesing determines the variation of then
characteristic system curve from curve 1 to curveadsequently, the fan firing point moves from
A to B, with the consequent increase of the fardiHeam P1 to P2’ and the decrease of the delivery
from Q1 to Q2.

The opening degree of the damper introduces theuscharacteristic system curves thus
determining differing delivery values.

This system is rather effective above all in céngyal fans with forward curved blades where a
delivery drop corresponds to a drop in absorbegudutin centrifugal fans with reverse curved
blades, the output curve has a virtually flat trand therefore it is not possible to obtain optimum
operating performances.

The variation of the number of fan revolutions lidaoned by using an inverter.
This device varies the frequency of the power syppltage to the electric motor connected to the

fan wheel. The modification in the rotation speédhe@ motor, due to a variation in the electric
power frequency is represented by the followingadiqu:

n =120 *’;: (3.9)

Where:

n: is the motor rotation speed [rpm];
f: is the power supply voltage frequency [Hz];
p: is the number of poles of the motor.

By regulating the number of revolutions, maximunif@enance operating can be obtained under
the various working conditions, as the characterigtrve is translated until it coincides with the
nominal firing point, as is shown in Fig. 3.14.

Fig. 3.14 air fan regulation by varying the faneghe
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3.1.1.4BURNER CONTROL AND AUXILIARY ENERGY

Boilers use electrical components for their opersti In the case of an -fired boiler we can
recognize: control unit, oil pump, oil f-heater, air fan, ignition system. These compon
introduces an energy consumption (electrical). A pé& this eectrical energy might be partial
recovered as heat released to the involved fluidsthe air fan heats the combustion air and th
pump heats the oil before the combustion procdasTab.31 is provided an overview of tt
typical power consumpin for the various components, given from the “Bobavelec study

ical .
instg':anenus Consumption Censumption during Consumption
Component power during system off system on burner off during system on
mode maode bumer on mode
wi
Depends ontype of T
Pump 55-80 control system Yes Yes
Fan 30-50 No No Yes
Control unit 2-6 Yes Yes Yes
Gas valve 6-10 No Mo Yes
Stand-by
consumption 5-15 Yes Yes Yes
i Yes, during 50s.
Cil preheat 40-150 No No for cold start only
Oil pump / 75200 No No Yes

atomization

Tab.3.1 Auxiliary energy consumption

The auxiliary electricity consumption for gas bale@ver the year (space heating only) may
from approximately 150 kWihto 450 kWi according to the control strategy of the circulater
oil boilers the yearly electricity consumption Eienated to be 2 times highe28] (considering also
the consumption of the circulating pur

Combustion regulation and control requires an kicity power supply to perform the followir
functions:

» Handling of the firing and flame safety seque
* Regulating the thermal load.

Observance of the safety instructions requiresitieeof special devices for supervising the burr
These devicemust be capable to satisfy the following princig

1. The flame must be present within a limited pa&ad time from when the fuel is made availa
to the nozzle and subsequently it must burn urmmpéedly

2. Depending on the type of burner, thaximum margin of time must be indicated during viat
the fuel can be discharged without the flame fogninhis period of time, which is sufficient
short, is called safety time;

3. In absence of flame detection within safety fimeystem loc-out takes place and fuel flow i
stopped;

4. For oil burners, if during working flame goest @aue to a temporary problem, it may be
established by a new firing;
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5. Failure of burner devices that compromise safebntrol and formation of the flame, must
automatically interrupt the burner operations. Thik out, called a safety lock out, is indicated b
a warning light and can only be released manually.

The equipment required to perform these functisresifollows:

- An on/off fuel system, for example an electromagnedlve;

- An electrical firing device;

- A flame detection system which ascertains withtyatee presence or absence of the flame
and determines the corresponding control orders.gie burners, the detection sensor is
generally an ionization type, while for liquid fugl mixed fuel burners the sensor is usually
a photocell type;

- Atiming circuit which establishes the safety time;

- Alock out circuit in case of failure In the cadesmgle-stage regulation, in order to start-up
or stop the burner all that is needed is a devhe¢ activates the heat regulation handling
system.

As a rule, it is represented by the contact ofearntfostat with two settings, which regulates, for
example, the water temperature of a boiler. Whentémperature decreases with respect to the
value prescribed, the thermostat requests heateftine it closes the contact and starts up the
burner; vice versa for an increase in temperatieecbntact opens and the burner is stopped.

The control panel, which differs in relation to tnatput and the type of burner, having received the
heat request signal, establishes the running sequarthe various devices.

If it becomes necessary to supply the thermal dubputwo levels, one can use a two-stage type
regulation. In this case, two separate thermostalled first flame and second flame control the
firings. Each of the two thermostats behaves lite gingle thermostat in the single-stage burner,
activating/deactivating the release devices oftieéand combustion air.

The two thermostats function at different tempematevels. The thermostat that controls the first
stage must be calibrated to a higher temperatarettrat of the second thermostat [14].

3.1.2 THE HEAT EXCHANGER

As said before, the heat exchanger is composed@fections: the combustion chamber and the
smoke tubes (in the smoke tubes-type heat gensyafidie Combustion chamber is nothing else
than a cylinder, in which the burner shoots then#laThe temperatures in this zone are pretty high
(around 1000-1200°C), so that the radiation heasfier is not to be neglected. The treatment of the
heat exchange in the combustion chamber will beudsed elsewhere.

The second part of the heat exchange is in the smudles. Here the combustion products, leaving
the combustion chamber, are cooled down to theinedjtemperature for the exiting gases from the
boiler.

If the characteristics of burners are almost simal@mong the various brands and boiler typologies,
we can’t say the same for the characteristics @htat exchangers. In fact, the design optionef th
heat exchanger section can vary in strong way densig different boiler models.
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In the following paragraph will be described a sfie@architecture of heat generator, produced by
Vaillant.

3.1.2.1 OIL-FIRED CONDENSING BOILER VAILLANT ICOvit VKO 246-7

The heat generator analyzed is an oil fired condgnfioor-standing boiler, VaillaniCOvit
exclusiv VKO 246-7The boiler is characterized by a two stage buwwittr a Burner Heating Power
of 14 + 23 kW.

The boiler's body is cylinder in deep-drawnstaislesteel with a diameter of 500 mm,
approximately 700 mm of length. It contains thenboistion chamber, a cylinder with a diameter
of 180 mm, approximately 650 mm of length and tepasated stainless steelcoils, approximately 9
m length for each coil, that runthrough the boitehp. Combustion chamber and the coils are in
thermal contact with the water content (85 |) b boiler body.

Fig. 3.15 The BoilevaillantiCOvitexclusiv VKO 246-7

The main components of the boiler studied are shaviig.3.16.

The combustion air is preheated in the coaxiatamir heat exchanger (1), and is aspirated by the
air fan (15).

Oil is sucked from the pump(14), preheated and &emie oil nozzle, atomized and mixed with
combustion air.
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. Return water from an eventual water stor
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9. Boiler body

10. Gmbustion chamb

11. Helical coil

12. Water pressure gaut
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14.Sfety temperaturelimits

15. Air fan

16. Oil Pump
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Fig. 3.16Boiler’s sketch

The arrangement of the combustor is vertical re/éesne: the burner fires out from the top of
combustion chamber to the bottom. The hot gaseh b bottom of the combustion chamber
there they reverse their flow direction, going hdokm tre bottom to the top of the chamt
Meanwhile, outside the combustion chamber, watBowgng in co current with the second pass
of the gases inside the combustion chan

The combustion products exit the combustion charabémne top of it. Here tl gases stream splits
in two equal parts each one entering one coil. ddks have opposite rotation verse. The gase
through the coils cooling down in a counter cutrrenfiguration with the water outside the co
Actually, In the case of coils iwould not be possible to speak of fluids in pataflew or
counterflow. In fact, each section of the coil isldy the fluid outside the tubes in such a waypéx
considered cross flow. Therefore, the coil is then f elements in which the fluxes &n cross
flow. Usually, though, if the inside fluid enterset coils in correspondence of the outlet of
external fluid, it is customary to speak of fluidscounter flow 29].

The gases exit the coils and they are collecteddarflue gas collector. Here the condensate 1
flue gases is collected and sent to the neutraliaetecrease the condensate acidity that, othey
could not bedisposed of in publicsewat

From theflue gas collector the flue gases are sent totdeksIn the path from the boiler outlet
the chimney outlet, the combustion products ardecbdown in the preheating process of
combustion air.
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Fig. 3.17 Chimney and Combustion Air Preheatindifferent installation modes

The oil burner is composed of:

b 1. Burnercase
2. Ignition transformer
3. Combustionair inlet
4. Blowerwith silencer
5.Air differential pressure gauge

= g N 6. Two-stage oil pump
7. Solenoidvalve 1
* 1 8. Solenoidvalve 2

9. Burnermotor
10.Nozzlewith oil preheating
11.lonization detector
12.Air nozzle

13.0il nozzle

14.Ignition electrode
15.Recirculation port
16.Flame tube

Fig.3.18 Burner’s sketch

When a heat requirement is recorded by the roonmibstat or by a weather-dependent control, the
oil pre-heater(10), that is upstream of the nozgléjrned on.

The burner motor (9) is switched on. The oil puBpgucks the Fuel oil from the tank and transfers
it under pressure to the Solenoid valvel (7), thaet at the first pressure level, for the Firtstgs

of power production. After no more than 3 minuiegeached the oil temperature of approximately
55 °C by the preheating system, and the releagentistat closes the control circuit for the oil-
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burner. The blower motor runs to - the pressureioeiurn <4000 rpm - and reached briefly the
maximum speed.

After the fan reaches the starting speed (about 6Dftaximum speed) the ignition transformer (2)
is turned on and the solenoid valve 1 for the Btage is opened. The oil occurs under high pressur
from the oil jet from (13) and is atomized.

The combustion air from the blower (4) passes thinaihe air nozzle (12) that promotes the mixing
with the oil mist, obtaining an ignitable mixturghis is ignited by a spark produced by the ignition
electrodes (14). The flame is formed in the flamget(16) and the lonization electrode detectsthe
flame.After astabilization period, if the heat demdrom the load is not satisfied with the First
Stage power, the solenoid valve 2 (8) is switclmedrder to achieve the Second Stage of the
burner. Simultaneouslythe bloweris regulated tomaan the appropriate excess air.

Before the release of the oil supply the boiled #re exhaust system are ventilated.

This Period is called the pre-purge.

The fan increases the pressure in the combustiamislr and the still air is set in motion, before
the combustion begins. Simultaneously, any exidtamgmable gases in the combustion chamber is
removed [30].

3.1.2.2 COMBUSTION CHAMBER

Heat transmission inside the combustion chambegstakace between a mixture of moving gases
and the cylinder walls. The heat transfer mechasisimat take place are: radiation and forced
convection.

The starting problem to solve is to determine tbedas-flame temperature inside the combustion
chamber.

[31] propose to get the value of the hot gas-flame teatpes as a function of the adiabatic flame

temperature (calculated) and an experimental factbat is an image of the heat transferred in the
combustion chamber, depending on the firing rated #me excess air, while the adiabatic

temperature is only influenced by the excess dieyTfound the following expression:

¥ =Yo(Msyer) + 0,535 € (3.10)
Tflame =YTaa (3.11)
Wherey, is a constant experimentally determined ariglthe excess air.

The heat transfer rate from the gases and the cstiohuchamber walls is given by the following
formula:

Qecg = hg,rAp (Tg - Tw) + hgcAp (Tg - Tw) (3.12)

To calculate the heat transfer from the combusparducts to the chamber walls, have to be
considered convective and radiative heat transfedes. Since the fluid temperatures are not
initially a known parameter, is applied the epsidhU method to get converged values.

The flame is considered as cylinder with a unigwwiactor to the camber’s walls.

The gas to chamber’s wall radiative heat transf@aiculated with the equation :
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hyr =0 x& *(T7 +T2)* (T, + T) (3.13)

Whereg; is the flame emissivity, calculated according thettel studies results (see Paragraph
3.2.31)

The gas to combustion chamber walls convective heasfer coefficient, ., is calculated by
using a Nussuelt number correlation that fitsdage of study. In the conditions in the [25]stusly i
used the Gnielinski correlation:

; _ 2/3 0,36
Ny = 92 = 2(Reg—1000)Pry [ e ](T—g) (3.14)
1—12,7\/§(Pr92/3_1) Lec Tw
f = (158 Log(Re,) - 3,28) " (3.15)

Valid in the following conditions:

0.37 < =¥ < 1 and2300 < Re, < 10*
Tg

Of course, is required an approximate knowledge¢hefflow and temperature conditions in the
combustion chamber, in order to select the coiestselt number correlation.

At the Water side, the heat transfer mechanism asvection. Depending on the specific
characteristics of the heat exchanger, differemtetations must be used. The heat transfer rate
between the combustion chamber wall and the water i

Qcc,w = hw,,cAp (Tw - Twater) (3-16)

A first distinction to do is if the water flow arteat transfer is characterized by forced convection
or free convection. In the first case the correlaito be used are functions of the Reynolds number
and Prandtl number, in the second case the coamtaare functions of the Grashof number (Gr)
and Prandtl,or simply the Rayleig number (Ra=Gr*Pr)

We can consider that the convection mechanismeas Eonvection if:
Gr > Re?

In the case studied by [31]the convection is careid as Free convection. The water side heat
transfer coefficient is calculated with the Kuelmd &oldstein correlation.

Kuehn and Goldstein correlatidior natural convection between horizontal concenemnd eccentric
cylinders under quasi-steady conditions for~F0.7 and a large range of Rayleigh humbe22 ¢ 102 <
Ral < 7.7 x 107 ). The overall correlation they proposed is gibgrequativo:

Nuygter = [(Nucond)ls + (Nuconv)ls]l/ls (3-17)

where the mean Nusselt numbers for conduction angection are given by equations (3.18) and (3.19)
respectively. The inner cylinder is the boiler lioxx and the outer cylinder is the water jacket.

Nucong = l (3.18)
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1 1 ]‘1

Ntony = [+ (3.19)

Nug

Nu; andNu, are the Nusselt numbers for the inner and outérdars at boundary-layer conditions:

Nu; = (3.20)

In|1+ z

S

1 15 1 15\ 15
4 3
<O,S*RaDi> +<0,21*RaDi>

Nu, = (3.21)
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3.1.2.3 HELICAL COILS

After the combustion chamber we find the helicalscon which the flue gas transfer is further
cooled down and enters in the region of possibielensation of water vapor.

The heat exchange in a helical coil has been stubie several authors, and lots of empirical
correlations are available.

Helically coiled tubes have been introduced as ohehe passive heat transfer enhancement
techniques to enhance heat transfer coefficiemaiious application.

The easiest benefit to be recognized, when is asdwlical coil heat exchanger, is its compactness,
allowing a large heat exchange area, with a tlieime occupation.

In addition, considering an equal heat exchanga, drelically coiled tubes are superior to straight
tubes, due to the presence of a secondary flohenube (Dean flow), normal to the axial direction,
which mix the fluid particles enhancing the heansfer rate [32].

The origin of the secondary flow is as follows:

When a fluid flows through a straight tube, thadluelocity is maximum at the tube center, zero at
the tube wall and symmetrically distributed abdw &xis. However, when the fluid flows through a
curved tube, the primary velocity profile indicatadove is distorted by the addition of secondary
flow pattern. The secondary flow is generated bwytrifeigal action and acts in a plane

perpendicular to the primary flow. Since the velpas maximum at the center, the fluid at the
center is subjected to the maximum centrifugaloactwhich pushes the fluid towards the outer
wall. The fluid at the outer wall moves in ward rajothe tube wall to replace the fluid ejected
outwards.This results in the formation of two voes symmetrical about a horizontal plane through
the tube center. Figure 3.19 shows a sketch adebendary flow pattern[33].
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Fig.3.19 The secondary flow in a coiled tube

The heat transfer rate for the coil could be edthdy:

Qeoit = Ai * Ugoir * (Tg=Twater) (3.22)
Where:
U.oii: IS the global heat transfer coefficient;

Ueoit = ———a— (3.23)

h

coili Mcoil,o*Ao

heoirisheoiro: are respectively the inner and outer heat transfeefficients;
A; A, are respectively the inner and outer heat transfeas;

T,: is a representative gas temperature in the coil;

Twater: 1S @ representative water temperature out ofcoi

In the following pages will be given some indicatiabout the Nusselt number correlations for
helical coils.

A helical coil can be geometrically described bg toil radius R, the pipe radius r and the coill
pitch 27mh:
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Fig.3.20 Helical coil geometry

The internal heat transfer coefficient

The Reynolds critic number for helical coiled pipeggested by Schimidt is:
r 0,45
Regpi = 2300 [1 +86 (E) ] (3.24)

And, for curvature ratiosy =£ Jless than 1/860, the critical Reynolds number Wasd to
correspond with that for straight pipes.

The most used correlation for the Nusselt numbéretital coiled pipes are the following:

e Schmidt’s correlations:

o Laminar flow:
709 0,5+0,2903(1)0'194 1/3
Nu = 3,65 + 0,08 [1 40,08 (ﬁ) ]Re[ R |pps 100 < Re < Rey  (3.25)
0 Turbulent flow:

[ 1/3 )01
Nu=0023|1+148(1+ %) (%) lRe[O'“O'ZZ(R) s Recyir < Re < 22000  (3.26)

[ Ty (T8
Nu = 0,023|1 + 3,6 (1 - E) (ﬁ) ]ReO'SPr1/3 22000 < Re < 150000 (3.27)

» Seban and McLaughlin, for turbulent flow:

701

Nu = 0,023 (R) " Re085py04 Re > Re i (3.28)
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» Seider and Tate, for turbulent flow:
Used in the case of large property variations ftbenbulk flow to the wall temperature:

0,7 < Pr < 16000

0,14
Nu = 0,027Re%8pr1/3 (“b—””‘) Re > 10000 3.99
Hwali L (3.29)
—>10
D
* Petukhov
An accurate correlation valid in fully developeddulent flow:
Nut — (f/2)RePr <ubulk)°'14 0,5 < Pr < 2000 (3.30)
1,07 + 12,7(f/2)°5(Pr2/3 — 1) \tyau 10000 < Re < 500000 '

Wheref is the friction factor that can be obtained frdre Moody diagram or from the Petukhov’s
fiction factor correlation:

1
~ 1,58In(Re) — 3,28

f 3000 < Re < 500000 (3.31)

The external heat transfer coefficient

The heat transfer coefficient in the annuluys,can be calculated with the following equatiods][

hoD, 0,5 p,-0,31
Nu=——=0.6Re™Pr™ 50 < Re < 10000 (3.32)
or.
hoDe 055pay3 A\
= = ’ /3 —
Nu ==~ = 0.36Re™Pr (uw> Re > 10000 (3.33)

Another approach in order to define a correlatorevtaluate the outside Nusselt number is to use
correlation for tube bundles in cross flow suchtesone proposed by Zukauskas. This correlation
has a 15% uncertainty. More inaccuracy may resaihfthis particular analysis, as flow over the
helical coils will be of a similar, but differentature than flow over tubes in crossflow The flow
over the helical coils may produce a swirling motithat tubes in crossflow would not. The
swirling motion increases the movement of the wdlmreby enhancing heat transfer.

m n (T 1/4
Nu = CReJaxPr™ (o) (3.34)
w
Rep max C M n
0+ 100 0,9 0,4 0,36
100 =+ 1000 0,52 0,5 0,36
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maxD ,0
Repmax = 222 (3.35)

Zukauskas’ crossflow correlation requires a ReysaldmberRep 4, ,» Which is based upon tl
maximum fluid velocity y,,,, , and the diameter of the tubes in crossflD,,. The kinematic
viscosity,v, is evaluated at the average heat enger water temperature[B5

3.2 ENERGY BALANCE AND LOSSES

Looking at boiler as a complex system, we can dasds principal basic ideal parts as follo

- Combustion zone

- Burner

- Primary heat exchanger
- Secondary heat exchan
- Tertiary heat exchanger.

@ COMBUSTION
» U

BURNER

U

PRIMARY HEAT
EXCHANGER

2

SECONDARY HEAT
EXCHANGER

2

TERTIARY HEAT
EXCHANGER

Fig. 3.21 Heat generator representation

Such a distinction is made on the basis of thechiasiction of the component. We can adopt
following definitions:

- combustion is the place where the fuel chemical energgoisverted into thermal ener:
(sensible radiant and convective heat and latent aosidg heat) and where are determi
the heat losses due to incomplete combustion aodrtdoustion air exces

- Burner. represents the device dedicated to the combuptimress. The distinction betwe
burner and combustion zone, is not always made,esthe difficulties in temperatul
measurements, that leads difficulties in modelhegliehavior.
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- Primary heat exchangeradiation heat and the convention heat cominmftioe burner is
transferred to the boiler water. Here is not alldweny latent heat recuperation, the
combustion products leave this exchanger at temperehigher than their dew point
temperature. This heat exchanger is the only o@enion condensing boiler

- Secondary heat exchangeamly in condensing boilers is present. Its functis to further
cool the flue gases to a temperature level wherst mbthe latent heat can be recovered,
recovering at the same time the sensible heat rénggin the flue gases.

- Tertiary heat exchangers considered when is present in the heat generatdiguration, a
dedicated place in which the combustion air ishgrat with the exiting flue gases.

Each one of the above ideal components may bagalysrecognizable as a dedicated appliance
in the boiler system, or more than one of the abioeal components are built-in in a single
physical component. For example, the combustiomtlea is the physical component in which is
possible to identify three ideal components: thenlgostion zone, the burner and a part of the
primary heat exchanger.

Moreover, the ideal components may be located mtwwo physical components, for instance, in
the Vaillant boiler we can identify the primary hexchanger between the combustion chamber
and the first part of the helical coil heat exchemg

3.2.1 COMBUSTION
During the combustion process, chemical Energy ainatl in the fuel is converted into three
energy forms:

- Radiation energy of the flame/burner;
- Convection energy of the combustion products;
- Latent heat of the water vapor;

The total heat released by the combustion proseteiCombustion Heat that is represented by the
Higher Heating Value, HHV, of the fuel:

HHV = Qflame + Qlatent + stair + quel—loss (3-36)
WhereQsame is the sum of radiation energy and convectiongner

If we leave out the latent heat contained in théewsapor, we obtain the Lower Heating Value,
LHV:

LHV = Qflame + Qxsair + quel—loss (3.37)

To calculate the flame temperature we can refethéo “calorific flame temperature” or to the
“adiabatic flame temperature”. The first one canchkeulated from the enthalpy of the fuel, under
the assumption that all the energy is converted hdt combustion products. The temperature
increase, over the ambient temperature, of the ostidn products comes from:
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LHV = mc,AT (3.38)
Where :

m:. is the mass of the combustion products;
cp. is the specific heat of the combustion products
AT: is the temperature increase of the combusti@upcts, from the ambient temperature.

This value of temperature is never reached in m@dbecause of the dissociation effects.

Another value of temperature that takes into actthendissociation process is the “adiabatic flame
temperature”. Especially for gases the adiabatend temperature is practically equal to the
calorific flame temperature at the commonly usedaator values.

3.2.1.1 LATENT CONDENSATION HEAT

The latent condensation heatis the heat containethe water vapor from combustion when
condensing. Numerically it is the difference betwétgher and Lower Heating Values (HHV and
LHV)of the fuel.

In theory, the latent condensation heat can bg faltovered, if somewhere in the boiler, before the
combustion products go up the chimney are cooleédeg@mbient temperature.

In anon condensing boildte flue gases leave the boiler at a temperatuneele@ 200-300°C. In
this condition the water content is still in vapginase, so that no latent condensation heat is
recovered by the boiler, and is completely loghm atmosphere. To establish where this point of
total loss is, the EN standards says that then® isondensation risk if the flue gases are leaving
the boiler at a temperature above 160°C.

In acondensing boilghere is the possibility of recovering the lateahdensation heat of the flue
gases. The EN standards speak of a dedicated “esimgeboiler” at flue gas temperature of lower
than 80°C.

Condensing’ relates to the fact that the water vapahe flue gas comes into contact with a cold
surface of the heat exchanger and then turnsiopall releasing the latent heat of condensation.
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Fig. 3.22 Steady state efficiency and amount ofleosate related to return temperature in gas fioddr
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3.2.1.2 HEAT LOSS IN EXCESS COMBUSTION AIR

When extra air is provided for the combustion pss¢cédeside the benefit of lowering the unburned
production, enhancing combustion due to an higineoust of oxygen available, is introduced a
penalty as well. In fact, if more air than the resaey is introduced in the combustion process, an
extra amount of air has to be heated by the condmystrom the ambient temperature to the
combustion temperature.

A “rule-of-thumbs” is that: every 1% {extra results in 0,5% efficiency loss.
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Fig.3.23 Heat losses and air excess

3.2.1.3 FUEL LOSS

Is the energy loss due to incomplete combustion thanifested by the presence of carbon
monoxide (CO2) and total organic compounds (TOC).

Pfeiffer 2001 of the University of Stuttgart exesditseveral tests on emissions of oil and gas-fired
boilers, looking at the case of stationary operafes required in EN standards) and at the case of

cycling operations (according to DIN 4702-8). Thesults that was found are shown in the
following table.
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Emissions gas fired bodlers (sowce Pletfer, 1)

Gears, Tired appliance Raf. CO frap WL CH,; [mg/n] TOC [mgCs.F
. Lhe S =
Sreacy sédate  Cyelag :‘:ﬁl Cyeling ::T.:-T Cyeling®
Boker wilh premic bumes Hi-G1 22 i oAz 1] 0,59 16
Premix cordensng. Ral bumar [ 043 H 049 E ] 088 ELl
Premin condersng. Bal bumer G 349 10 R 33 20 b
Instantaneous boder, Bl buamer G7 4 16 089 (1} (R 4
EnaIAtaneOLE omad, By DT £ 6.5 15 045 e 059 19
Avarage 5 18 YT 254 1.0% ME

* Cycling operation based on relative boder iad acc. DN 4702 / Parl B

Emiasions ol lifed Dolers (source: Pleiffed, 1)

il fired Boile Raf. CO frap'Mt] CHy [rnsg W] TOC [ragrCI]
Sready ~ . Sreaily . . Sready .
sinta Cyclng aigie Cyging aadn Cycing
Boter 1 with el Dumed 1 Hi81 « 0,33 3 = 0,40 049 = 0,56 1,5
Bober 1 with el bufmer 2 Hi-B2 « 0,35 19 =043 043 = Q.60 1.0
Bobar T wih j=t hurmer 3 H-83 <{,34 37 =041 uAS = 0,58 1.2
Bosar T with jat Dumer 4 Hi-B4 (o] 4 =041 044 = QoG 16
Botar 2 with jof bumer & H}BS 1.2 43 = 42 1.5 =059 i
Bonar 3 with jif Duimey § H3-B8E &0 ra = 0,40 10 = 0,56 -5 ]
IGolar 3 with ot burmer 3 H3-83 5.4 ra =041 .51 <057 .
Botler 3 wilh jul bumed T H1ET? 43 33 = i}, 074 (53 24
A yerags 2 » od o84 o.ar d 18

Fig. 3.24 Emissions by gas and oil boilers in syestdte and cycling operations

In principle we can say that the fuel loss due rioomplete combustion can be assessed by
measuring the amount of these sub products of iptetemcombustion.

3.2.2 BURNER

Usually the distinction between combustion energhaiice and the burner energy balance are not
separated, because the actual measurements oftBamperature is very difficult without some sort
of burner. But is interesting to distinguish thisotideal processes, because the interactions betwee
the flame and the burner lead to different charesties of the division between convective energy
and radiation energy.

When the temperature of combustion products is uredsat the burner, the so-called Combustion
Temperature, is found a temperature value thalways approximately 100-200° lower than the
adiabatic flame temperature.

Looking at the following picture (Fig. 3.25), thapresents the Combustion Temperature at various
burner power output, against the adiabatic andricatemperature, we can observe the following
facts:
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If we assume that the power output of the burnernseasure of the flame size, we can see that for
a smaller flame size (i.e. for a partial load & #game burner-10 kW) the Combustion Temperature
is significantly lower than for a bigger size (itke nominal load-35 kW).

2500 K
kalorsche Flammentemperatur [K]

adiabate Flammen ternperatur [K]

Werbrennungstemperatu r [K)

2000

1500

0.5 1,0 1,8 2,0
Lufzahl

Fig. 3.25 Flame temperatures and burner power tutpu

This fact has an influence in the share of radmBoergy and convection energy produced in the
burner.

Between 35 and 10 kW power the temperature diffaxeis some 350 K. Assuming this is
proportional to the temperature difference with dimebient (ca. 1700°C) this means that at 10 kW
(30% load) the share of radiation energy has isa@dy 20% with respect of 35 kW (100% load).
On average, every 10% decrease in load has yialaeohd 2,5-3% more radiation share.

This contra-intuitive aspect could be explainedrfra different point of view: with a larger burner
plate (compared to its nominal capacity in W/crh® tadiation share increases (and the convection
share, i.e. the temperature of the combustion gdseseases). This result is showed in Fig. 3.26 in
which are compared different burner technologiebaracterized by different combustion
temperatures (and radiation energy share):

Pre-mix burner type Bumer plate Combustion Radiation Max. load Surface
temperature  products share [Wiiem®] for 20
[*C] temperature [9] kKW
at 10 mm [cmA]
['Cl]
Steel plate 400 1300 5% 100 200
Radiation bumer (ceramic/steel) 200 1100 20-25% 300-400 70
300 (=1000,
8 5.
Porous ceramic burner 1200 900-1000 25-30% experimental) 70

Fig. 3.26 Estimated temperatures and loads fonpxeburners (air factor 1,2; no preheat air)
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3.2.3 PRIMARY HEAT EXCHANGER

In the primary heat exchanger the radiation hedttha convention heat coming from the burner is
transferred to the boiler water.

In non-condensing boiler, the primary heat exchangedhe only heat exchanger of the system,
since in this kind of heat generator is not allovaeg latent heat recovery.

In the primary heat exchanger the heat transfecgs® is simultaneously duel to radiation and
convection .

In the heat exchanger/combustion chamber therpate that can be “seen” by the burner and are
subject to radiation heat.

All parts of the heat exchanger are subject tactmevection heat.

3.2.3.1 RADIATION HEAT TRANSFER

The relation between radiation and convection isegeomplex, but as proposed in [36] is possible
to simplify the radiation modeling in industrialrimer, by applying the Stefan-Bolzman formula:

Qrag = A * Epes * 05 * (Tg4 - Tvﬁ) (3.39)
Where :

Qrqqa: s the radiation heat energy;

A: is the surface of radiation heat transfer;
&res- IS the resulting emission factor;
os. is the Stefan-Bolzmancostant;

T,, T, are the temperature of gas and wall in K.

A key factor in this energy transfer is represergdhe “resulting emission factog).;.

The flame is approximated by a cylinder with unitgw factor to the chamber walls.

Assuming that gas an combustion chamber walls @ln@wing as a gray-Lambert surface, the total
emissivity and the total absorptivity are equalu3is possible to calculate.., with the following
formula:

€res = el Zgas (340)

Ewallt€gas—Ewall*Egas

To evaluate the flame emissivity,;, luminous ;) and non luminousef) contributions have to be
estimated [31].

The luminous contribution is given by the soot presn the flame. If we consider the typical (new)
domestic boiler the soot production is negligiltheis we can disregard the luminous contribution.
For hydrocarbons flames, non luminous emissigjtys mainly due to CO2 and H2O. It can be
modeled by spectral models or analytical expressmistained from fits of experimental data. A
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simplified model has been developed by Hottel (}9bHeres, was correlated in terms of gas
temperature, gas total pressure, radiating sppeai¢sl pressures and radius of the hemisphere.
The gas emissivity, has been correlated in terms of the temperdfyrthe total pressure p of the

gas, the partial pressupg of the gas species (such as water vapor, carlmddei etc.), and the
radius L of an equivalent hemispherical gas mass.

The water vapor emissivityy, ois presented in Fig.3.27 as a function of the gasperaturd,and
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Fig.3.27 Emissivity of water vapor in a mixture itonradiating gases at 1 atm total pressure ahdrafspherical
shape. (From Hottel, 1954)

Herepy,ois the partial pressure of water vapor in the gadure at a total pressure of 1 atm; and
L. is the mean beam length to take into accountiteand shape of the gas geometry, which is
different from a hemispherical geometry.

If the total pressure of the gas is different friratm, a correction factorgo (to be multiplied to
"H20 for 1 atm pressure) is obtained from Fig.3.28.
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Fig.3.28 Correction factor for obtaining water vapmissivity at pressures other than 1 atm; (Fraottét 1954.)

90



The mean beam lengihis provided in Table 3.29 for various gas geomst(iacropera and
DeWitt, 2002).

Gecmetry Characteristic Length L,
Sphere (radiation to surfoce) Diarmeter D 0.65D
Infinite circular cylinder (radiation to curved surface) Diameter 1 [ERSEF )
Semu-infinite circular eyvhinder iradiation to base) [Mameter ) 0630
Cueular cylinder of equal Leight aod diaceler (radiation o Dianeler D 0.600
entire surfacc)
[nfinite parallsl planss (radiation to plares) Spacmg between plan=s L 1 8L
{ nhe (racdhiatior to any surlace) Side 1. 16

Arbitrary shape of volume I (radiation to surface of area A) Volume to area ratio V,/4 3.60/4

Serrce: Dawa from Incropera amd DeWite (2002).

Table 3.29 Mean Beam Lengthgs for Various Gas Geometries

Similarly, the carbon dioxide emissivity,, and corresponding correction factafdzare provided
in Figs. 3.30 and 3.31, respectively.
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Fig. 3.30 Emissivity of carbon dioxide in a mixtuwmith nonradiating gases at 1 atm total pressudeofin
hemispherical shape. (From Hottel, 1954.)
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Fig. 3.31 Correction factor for obtaining carbonxdde emissivity at pressures other than latm.r{Rrwttel, 1954.)
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The emissivity value for water vapor and carborxidie apply only when they are alone with other
non-radiating components in the gas mixture. Howewben both are present in the gas with other
non-radiating components, the total gas emissisityiven by:

Eg = CHZO * EHZO + CCOZ * ECOZ — Ae (341)

where the correction factd is given in Fig. 3.32 [36].
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Fig. 3.32Correction factors associated with mixsuséwater vapor and carbon dioxide. (From Hottéh4.)

Considering a particular case, representative @dramon situation for an industrial boiler. For a
fixed combustion chamber wall temperature and filed gas composition, is shown the variation
of the resulting emission factar,.;, when the gas temperature varies, for differemhtmastion
chamber heights:
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Fig.3.33 Emission factor vs. gas temperature
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The graph shows two important things:
- The dimensions of the combustion chamber influenthesradiation fraction of the heat
transfer;
- The radiation emission factor increases at a |demperature.

The “ERDGAS REPORT 1/03” mentions a value ef.;=0,2 to 0,3 for normal burners and
&0s=0,6 for radiation burners[28].

3.2.3.2 CONVECTIVE HEAT TRANSFER

The convective heat transfer is depending linearlythe temperature difference. A simplified
equation for the convection is:

Qconv = A xa* (Tg — Tw) (3.42)
Where:
A: is the heat transfer surface;

a: is the heat transfer coefficient;
T,, T, are the temperature of gas and wall

The heat transfer coefficient, depends on the flue gas velocity.In the followipigture is
represented the convective heat transfer coeffigas side) as function of the gas velocity in the
heat exchanger, for a fixed wall temperature amdwo values of gas temperature.
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Fig.3.34 Convective heat transfer coefficient \as gpeed

We can see that the heat transfer coefficient,sg#es, is strongly dependent on the gas velocity,
more than how it is influenced by the gas tempeeatu
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3.24 ENERGY BALANCE OF THE COMBUSTION, BURNER AND
PRIMARY HEAT EXCHANGER

If we are analyzing a non-condensing boiler, treaidnodel of the heat generator is completed at
the level of the Primary Heat Exchanger. In faog, $econdary Heat Exchanger is used to represent
the part of an heat generator in which the flueegasre at a temperature level that allows the
condensation. Thus, at this point of the analySmnfbustion, Burner and Primary Heat Exchanger)
is possible to define a system energy balance. €ssaly, when we are referring to a condensing
boiler, we just need to add to the model of a nemdensing boiler the Secondary Heat Exchanger
that introduces the possibility of a further sefesibeat recuperation from the flue gases and the
latent heat of condensation.

Now is introduced the energy balance of the ComdusBurner and Primary Heat Exchanger
System. The heat generator in a heating systemtheagmportant role of “following” the heat
demand of the system. The heat load is not timsteon but it varies with some temporal law,
depending on the boundary conditions of the systéns makes the heat generator follow a cycle
made of starts and stops during the time.

The dynamic behavior of the heat generator is sgpied by a series of cycles in which is possible
to distinguish the “ON-mode”, i.e. the flame is &kied on, and the “OFF-mode”, i.e. the burner is
switched off. Fig. 3.35 shows the energy balanab@heat generator in one cycle.
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Fig. 3.35 Boiler cycle and energy balance

We can divide the cycle into four section, two éach mode:
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In the ON-mode:

- starting-up:

= the flame is switched on. The condition (temperdiand fuel-air mixing) in
the combustion chamber in the first moment of thaction are such that
they don’t allow an optimal combustion, with an g production of
unburned compounds, that constitute an energy loss.

= The materials of the boiler structure will absora astore some of the heat
released by the combustion, subtracting heat titréo the boiler water.

= The latent heat and the sensible heat of the caiwbugroduct that are not
recovered by the Primary Heat Exchanger are Idsthere is not any
Secondary Heat Exchanger.

= The heat transferred to the water grows while hbat transferred to the
appliance and the combustion star-up loss decrease.

= During these processes a certain amount of enesghpst through the
envelope of the boiler. It depends on the supaiftemperature of the boiler
envelope, thus, is easy to understand that in thdirgy-up phase, its
magnitude grows until the Steady condition is realchn fact, in the steady
state condition will be reached the highest tenmpegzof the boiler envelope,
at which corresponds the highest value of envellogses

- steady state:

= the most of the heat extracted from the fuel isdfarred to the boiler water

= a certain amount of energy is lost through thednaihsing due to Radiation
and Conduction.

= A certain amount of energy is lost at the chimnegduse the flue gases are
at high temperature, and at the Primary Heat Exgérais not recovered any
amount of latent heat.

In the OFF-mode:

- cooling down: the burner is switched off, and thetev pump is still running

= a certain amount of the energy stored in the &traf the boiler during the
starting-up is released to the boiler water;
the after purge, made to clean the combustion bbanremoving the
combustion products from it, will enhance the heasfer between the hot
gases and the boiler water;
= The boiler envelope will continue to transfer hieathe boiler room, but with

a lower intensity.

- stand-by

= |f is not installed a valve that closes the flues gluct or the air inlet duct
during the OFF-mode, there will be a “chimney effélsat will induce an air
flow through the combustion chamber to the chimii&g causes a heat loss
due to the loss of the internal heat;

= The Pre Purge, made to remove any unburned traddeincombustion
chamber before the new cycle, will determine anrggndoss through the
chimney,
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= The boiler envelope will continue to transfer hieathe boiler room;

In the following paragraphs are presented the gnlexgses that could be localizedthre Primary
Heat Exchanger.

3.2.4.1 FLUE GAS LOSSES

The primary heat exchanger is designed to captreadiation heat from the burner and to transfer
the heat from the combustion products to the baikger, but without condensation.
The important parameters are the heat exchangacsuithe temperature difference between water
and flue gas, and the convective coefficients, whidepends on the configuration of the heat
exchanger, normally counter flow.
After passing the primary heat exchanger the flageg temperature are in a range of temperature
of:

- 130 +140°C in low temperature and condensing bsiler

- 180 °C in modern atmospheric boilers;

- Upto 250 °C in older atmospheric boilers;

This means that, compared to the original 1730°Caciat the entrance of the primary heat
exchanger- and the ambient temperature, aroundsthe % of the flue gas energy exits the
primary heat exchanger, without taking into accdbetlatent condensing heat.

In case of atmospheric boiler or low temperaturgebathis value corresponds to the final flue gas
loss.

An important parameter in this context is the Costimm Efficiency that expresses a measure of the
Flue Gas Losses, is Steady-State condition, ascemage of the Combustion Power referred to
the fuel lower heating value .

In the European Standard EN 15316-4-1 [37] (seedPaph 5.1.1) is proposed the following
definition for the flue gas losses: it is callededt loss through chimney when the burner is
on"Ps,on” and represents the percentage of the nominal aetitm power of the boiler, it
calculated as the complement to 100 of the Comtnuéifficiency at test conditions (average boiler
water temperatur@y, .s: and the boiler room temperatig.s.). In the Appendix C of the Norm
are given the following default values:

Description Ogniest | Oiest | Penon
°C °C %
Atmospheric boiler 70 20 12
Force draught gas boiler 70 20 10
Liquid fuel boiler 70 20 11
Condensing boiler 50 20 6

In these values is not taken into account the poieb&ondensing heat recovery. It will be
introduced in the balance with the Secondary Heah&nger.
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3.2.4.2 LOSSES THROUGH THE HEAT GENERATOR ENVELOPE

During the operation time, while the burner is thg heat exchanger (that includes the combustion
chamber) will transmit heat directly to the casargl to the air between the heat exchanger and the
casing.

In some situations the heat transmitted to théetween the heat exchanger and the casing can be
recovered-is the combustion air is picked up by tbenbustion air fan. Conversely the heat
transmitted to the casing is not recovered. That felost through radiation and convection round
the envelope and through conduction.

When the burner is turned off the heat generatortimoes to lose heat through radiation,
convection through the envelope, but in a minor @amcince the temperature of the envelope
surface is lower.

The radiation heat loss through the boiler envelsggven by:
Qrad = Aenv * €eny * O * (Ténv - Tglr) (3.43)
In which:

Aqnpt IS the boiler envelope surface;

€.nv. 1S the emission factor of the envelope (vahetsveen 0,1 and 0,9 depending on material
and finishing);

0. Is the Stefan-Boltzmann constant;

T.n.p: 1S the boiler envelope temperature in K;

Ty is the boiler room temperature in K.

The convection heat loss through the boiler envelsmiven by:

Qconv = 2r6 * Aenv * (Tenv - Tblr)l'25 (3-44)
Heat losses through the envelope of the boiler nrmode can be seen an determined as the
difference between the Combustion Efficiency anel et Efficiency of the boiler, and can be
indicated as a percentage of the input power [28].
The heat losses through the boiler envelope indswwn-mode are influenced by:

- Combustion temperature (type of burner);

- Heat exchanger/burner configuration;

- Boiler water temperature;
- Insulation, material and finishing of the boilenvefope.
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In the European Standard EN 15316-4-1[37] the Heases through the generator envelBpg.,,,

are calculated from laboratory tests and expreasgukrcentage of the nominal combustion power
of the generator. Its value should be declarechbyntanufacturer. The following default values are
provided in the Appendix C of the Norm:

Pgnenv = A — B xlogd., (3.45)

Whered_, is the boiler nominal combustion power [kKW] aneé tharameters A and B depend on
the boiler’s insulation:

Boiler insulation type A B
Well insulated, high efficiency new boiler 1,72 D4
Well insulated and maintained 3,45 0,88
Old boiler with average insulation 6,90 1,76
Old boiler, poor insulation 8,36 2,2
No insulation 10,35 2,64

The Norm also allows the calculation Bf,.,, as the difference between the Combustion
Efficiency and the Useful (net) efficiency of theiler at test conditions.

3.2.4.3 STANDING LOSSES

When the burner is turned off the heat generatortimoes to lose heat through radiation,
convection and conduction. This losses are:

- convection trough the chimney;
- radiation, convection and conduction through thiebenvelope.

These losses depend on:

- average boiler water temperature;

- average water flow;

- use of a flue valve;

- insulation, material and finishing of the envelope;
- operating time of the pump;

- use of a pilot flame;

if the pump is not continuously running, but isnied off after each cycle we can consider the
following additional parameters:

- heat capacity of the heat generator;
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- operating time of the pump after the burner isédroff;
- boiler operation periods over the day;

Pump continuously running:

The standing losses are determined according the8@Nstandards, in which are described the
methods to measure the heat lost while the busnerned off.

From this value coming from test bed is possiblddtermine the real standing loss by a corrective
formula that takes into account the real averagemtamperature in the boiler and the real boiler
temperature.

Pump switches off 10 minutes after each burnintgecyc

In principle the standing losses will be lowerh&tpump is switched off after some time the burner
is turned off, because the appliance is not keptisoously at a certain temperature but is allowed
to cool down.

In this situation the heat capacity of the generdiiermines the amount of energy stored in the
generator and the amount that can be lost.

The operating time of the pump after the burneswiiched-off achieves that some of the stored
energy in the boiler mass (heat exchanger) isfeamsl to the hydronic system.

During an operating period the radiation and cohwaclosses depend on the average appliance
temperature.

In the European Standard EN 15316-4-1 the starldsggs are the sum of the Losses through the
generator envelopg,, ..y, discussed above, and the Heat Losses througkhiheney with the
burner offPy, ofr.the last one of them takes into account the sedfdct of the chimney, which
causes a flow of cold air through the boilg, .«is expressed as a percentage of the nominal
combustion power. The following default values gireen in Appendix C of the Norm:

Description Pip o %0

Liquid fuel or gas fired boiler with the fan befdiee combustion
chamber and automatic closure of air intake withriar off:

Premixed burners 0,2
Wall mounted, gas fired boiler with fan and wali€flgas exhaust 0,4
Liquid fuel or gas fired boiler with the fan befdiee combustion

chamber and no closure of air intake with burndr of

Chimney height < 10 m 1,0
Chimney height > 10 m 1,2
Atmospheric gas fired boiler:

Chimney height < 10 m 1,2
Chimney height > 10 m 1,6
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3.2.4.4 PRE-PURGE

For safety reasons, before the burner is switcmedaacertain amount of cold air (ambient air) is
sent to the combustion chamber to remove the exlgases that could still be there since the last
combustion phase. According to prEN 13836 the pimg period must be of 30 seconds with an
air flow corresponding the nominal boiler load. @msly this operation determines a heat loss,
since the cold air will cool down the boiler mass.

Is possible a rough calculation of this heat logsiging the formula:

Qlosspurge = Tourgebf * Pran * Pair * Cair * AT airavg (3.46)
Where:

Quoss;purge: 1S the energy loss per burning cycle caused leymarrge and after-purge;

tourge,bf- is the pre-purge time in [s];

Pfan: is the air flow in [n¥/s];

Dair: is the air density in [kg/f;

Cair- is the specific heat of air in [J/kgK].

3.2.4.5 AFTER PURGE

The EN standards prescribe also an after-purgbeagnd of each cycle, of around 10 seconds. This
is imposed for safety reasons, i.e. removing regidgnitable products from the combustion
chamber. Unlike the pre-purge, the after-purge mmeficial to transfer the residual heat of the
burner and the heat exchanger to the boiler wabece the flue gases are at a higher temperature
than water.

All in all, the after-purge could be neglected framenergy balance.

Pre Purge and After Purge phase can be regardsmgsonents of the Standing Losses.

3.2.4.6 START-STOP LOSSES

It shows that , depending on the heat load andhéla¢ capacity of the boiler, is required some time
before the boiler system can reach the steady r&tgime.

During the start-up time there are the most emmseiduel and other emissions, causing a fuel loss
of about 1,5%][28].After the heating up of the boike reached the thermal equilibrium, and from

this moment the boiler is working with the steathtes efficiency as defined in EN 303.

3.2.4.7 CYCLING LOSSES

A boiler starts to cycling when the energy inputas high for the heat output realized by boiler
water flow. Cycling occurs especially with boiletsaracterized by low water content.

For example, considering a heat generator connestttd a radiator system with thermostatic
valves. When several thermostatic valves are clabedheat demand decreases and the resistance
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in the heating system increases, causing a hidter dpeed of the boiler water. As a result the
boiler return temperature will be higher. The capusnce of this is that in condensing boilers, in
cycling regime, the part load efficiency will bener than measured according to test standards (EN
303) because a higher return water temperatureeases the flue gas losses and reduces the
condensation potential.

3.2.5 SECONDARY HEAT EXCHANGER

If the heat generator is a condensing boiler inrépeesentation of it we introduce a secondary heat
exchanger. The function of the secondary heat exgdrais to further cool the flue gases to a
temperature level where most of the latent heatreanperated, recovering at the same time the
sensible heat remaining in the flue gases. Thitddoe seen as a reduction on the above mentioned
energy losses localized at the Primary Heat exdarang

In the reality this secondary heat exchanger isnooe than a little extension of the primary heat
exchanger in the case of integrated boilers wah lurner. In the case of cylindrical burner and a
spiral-tube heat exchanger, the Secondary Heataexer could be really a secondary spiral.

In most cases the Secondary Heat Exchanger i®ayfle/boiler water heat exchanger. In some oil-
fired burners the secondary heat exchanger iseagfis/combustion air heat exchanger.

The EN standards identify the possibility of consktion when the boiler return water is around
30°C, and in this condition is assumed a 90% efl#tent heat recovered. In reality the average
return water temperature is around 45°C, that leddgent heat recovery around the 50%.

3.2.5.1 CONDENSATION TECHNOLOGY

In condensing boiler, the highest level of wateparacondensation is required inside the boiler.
This requires water to return from the plant aheatow temperatures and well-sized and thermally
enhanced heat transfer surfaces so that the Isieris not increased with respect to a traditional
one with the similar capacity, arriving at a tengtere difference even lower than 40 between
the exhaust and the return water.

The main innovation introduced by the Condensimfirtelogy is allowing a cooling of flue gases
temperature in the boiler that may trigger the @msation of vapor content in them.

This requires solving the following problems:

- the inside of the boiler requires different and enexpensive materials, from aluminum to
stainless steel that bear carbonic acid corrosion.

- the flue gases are cooled till saturation for ladl toute till the exhaust. Therefore, condensation
must be expected all along the chimney as the ssnpk@bably get cooled along this route.
That is why it is necessary to provide the tubifighe chimney all along the route before the
final exhaust all along the route before the fimehaust.

101



- the low temperature exhaust gives a very poor dpaéissurised burning system is requested
that must be equipped with a burner fan for thelmastion air.

The main rule is: the lower is the temperature hictv the smokes are cooled,the higher the latent
heat fraction of the smokes made available by aewosing boiler.
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Fig.3.36Dew point temperature of methane combugiroducts vs. excess air.

The graph represented in Fig. 3.36gives the dewt pemperature of methane combustion products
as a function of excess air. The excess air diltiheswater vapor content in the combustion
products and hence tends to lower the dew temperatu

In the graph is added the horizontal axis, repitasgithe saturation water content related to the dr
combustion products at different temperatures.

This value allows through the computation of th&éedence between the initial water content
(stoichiometric water production in combustion,0% of excess air) and the water content at a
given temperature to evaluate the condensate anfmunméd by cooling the combustion products to
that temperature.

If the exhaust gas is cooled to &0, its water content is about 85 gik@smokes thus the condensate
is given by: (140+ 85) = 55 g/kg, smokes

The change of water phase from vapor to liquidasts thermal energy: the condensing heat. Itis a
function of temperature, but at usual building tenapures it can be considered as 2500 kJ/kg

The low methane heat value is about 35 MJtime combustion of 1 frof methane produces 1,5
kg of water vapor, that if is all condensed, pregica condensing heat of about 3750 RJthat
correspond to around the 10% of the low heatinge/alhis 10% corresponds also to the difference
between the higher and lower heating value of nmetha

So, if the combustion products are cooled till 5Qfbut 40%o0f the water vapor is condensed
(55/140). If HHV and LHYV differby about 4 MJ/m3 aaovery of about 1.6 MJ/m3 is obtained. The
best traditional boiler can give about 32 MJ/m3eréfore, theefficiency improvement for the

condensation is 5% (1.6/32).
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However,the cooling of the exhaust to a lower ter@afpee means asensible heat recovery. This is
shown in Fig.3.37, which illustrateshow the seresildss as a function of the air excess is for
differentexhaust temperatures. A 850 exhaust means a 2% loss against a6% loss fo0aC4
exhaust for a 20% air excess.

Therefore, the possible efficiency improvement tfee considered condensing boiler operation is
9%.
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Fig.3.37 Sensible heat losses and flue gas temyerat

If the exhaust were cooled till 4C, the water content would be lowered to 50 gfkgmokeswith a
condensation of 90 g/kgy smokes@nd the latent heat recovery would be raised tb,6hat is 2.6
MJ/m® with an overall efficiency increment of 8%.

If you add to this effect the 4% recovered as $d@dieat, the overall improvement with respect to
the best traditional boiler is 12%. If the besditi@anal boiler efficiency is 92%, the condensing
boiler efficiency is 104%.

In Fig.3.38 are reported three different curves:lthiler efficiency (on HHV)y, the exhaust gasses
temperature, t, and the condensed production, Ga danction of the boiler water return
temperature.
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Fig.3.38 Influence of the return water temperature

Whereas the traditional boilers practically do depend on that temperature, condensing boiler
begins slowly to improve its efficiency on reducirggurn temperature. When an inflexion point is
met in the curve, the dew point temperature ishhed@nd from there the efficiency improvement is
very rapid. The inflexion point is met at a tempera lower than 60 °C (the dew temperature for a
stoichiometric combustion of methane).

A return water temperature between 45° and 55 °fedsiested according to the heat exchange
effectiveness of a given boiler: in fact the heathenge between the combustion products and the
water requires a temperature difference that depemdthe extension and quality of the heat
transfer surfaces [38].

In the case of oil-fired condensing boiler all wheds said above is still true, only the numerical
values are changing.

For example, the dew point temperature is arouri€ 43@r a 20% excess air.

The average difference between the Higher Heatalgé&/and Lower is around 6%.

3.2.6 TERTIARY HEAT EXCHANGER

The Tertiary Heat Exchanger is considered wherresgnt in the heat generator configuration, a
dedicated place in which the combustion air is lprat with the exiting flue gases. This heat
exchange could take place in concentric flue/aatslor in a separated plate heat exchanger.

In the case of oil-fired boiler the pre-heatingtod combustion air is also functional to enhanee th

fuel liquid droplet vaporization.

In the tertiary heat exchanger is also possibleréicaperation of another part of the latent heat of
the flue gases [28].
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CHAPTER 4

EFFICIENCY TESTS

A heat generator, with the combustion processstess energy from the fuel to the heat cai
fluid (water) which will be used downstream the trgenerator to achieve different scopes, suc
space heating, domestic hot water production aratidustrial processt

We can represent the heat generator’s power flewsliows

Qc

Fig. 4.1 Heat Generator’s feat flows

Writing the First Principldalance

Qp = Q¢+ Qs+ Quseful 4.1)

Where:

Qg: is the Burner Heating Power, i.e. the energy ampumtthe time unit, provided by ti
entering fuel. It is obtained by the fuel's lowerating power multiplied by the fuel flc
rate:

Where:

mg: is the fuel flow rate
LHV: is the fuel lower heating valt
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Qs: is the Casing Heat Loss, i.e. the energy amountthe time unit, transferred to the
environment in which the heat generator is workidge to the temperature difference
between the boiler's case and environment air;

Q.: is the Chimney Heat Loss, i.e. sum of the enamgunt, in the time unit, transferred to the
atmosphere by the combustion products which aeassld at high temperatur@, and the
energy loss due to incomplete combustion of the Gye

Qc=04+0Qy (4.3)

Quserwi- 1S the Useful Heating Power, i.e. the energy antpim the time unit, received by the heat
carrier fluid.

The Useful Heating Power value can be obtained withirect approach, by measuring the actual
thermal power received by the heat carrier fluid:

Quseful = my, ¢y (T, — T1) (4.4)
Where:

m,,. Iis the water flow rate;
cw- IS the water specific heat;
T, — T;: is the temperature difference between supplyrahdn water.

or through an indirect approach, i.e. subtractmogifthe power inlet the power losses :

Quseful =Qp — Q¢ —0s (4.5)

The last approach is affected by strong uncertasdee to difficulties in measuring the parameters
required.

The ratio between the Useful Heating Power andBimner Heating Power is defined as Useful
Efficiency of the heat generatay,:

Quse u
Ny = 0 Lo (46)
B

The Useful Efficiency qualifies the heat generaa@bility in converting the fuel energy into udefu
thermal energy transferred to the heat carriedflui

4.1 USEFUL EFFICIENCY FOR CONDENSING BOILERS

As was discussed in the paragraph 2.5.2, in thievgas not allowed any vapor condensation in the
combustion products’ path from the burner to tlemoey outlet. Hence the representative
parameter of the “energy source” of the system thaguel’s lower heating power. For this reason
the denominator of the Useful Efficiency’'s formusathe fuel flow rate multiplied by its lower
heating value.

In the case of Useful Efficiency evaluation forandensing boiler, the “extra energy” recovered by
the flue gas vapor condensation is already compuexh higher value of Useful Heating Power, if
we consider a constant Burner Heating Power, om filhe opposite point of view, by a lower value
of the Burner Heating Power, considering a condtis#ful Heating Power. Hence the formula to
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assess the Useful Efficiency (4.6) doesn’t needraagification when is considered a condensing
boiler. The only change that will be seen is a @neaalue of the Useful Efficiency in the
condensing case, with values even higher than.unity

4.2 USEFUL HEATING POWER  AND EFFICIENCY
ACCORDING THE UNI EN 304

In the European norm UNI EN 304 “Heating boilergsfcode for heating boilers for atomizing oil
burners”[39]sets the roles in order to executestesta heat generator. In this regulation, amoag th
other topics, we can find the procedures to assess:

- Boiler's Useful Heating Power and Efficiency;
- Nominal Useful Heating Power,

- Boiler's Useful Efficiency;

- Standing Loss.

4.2.1 FUEL

Tests must be made by using commercial heatingilgagbich can be measured by weight
measurements or volumetric measurements.

If the fuel’s lower heating value is not determirtgdsing a bomb calorimeter, and is unknown the
ultimate analysis, the following default value slible taken:

Lower heating valuél,, = 42,689?:—;
Chemical mass fractions:
» Carbonc = 0,86 [i—i ;

» Hydrogenh = 0,136 [Z—j];

. = kgy.
Sulfurs = 0,003 [kg],

* Nitrogen n=0

* Oxygen 0=0
4.2.2 DETERMINATION OF THE COMBUSTION PARAMETERS
Stoichiometric Oxygen Requirement:
Opmin =C* 1,86 +5%0,70 + h 5,55 — 0 % 0,7 [m*/kg] (4.7)

Dry Air Requirement:

Lipin = 20 [nf/kg] (4.8)

0,21

Stoichiometric Combustion Products on dry basis:
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Vaermin = € * 1,85 + 5 % 0,68 + 0,8 * 1+ Opyin * —  [m°kg 4.9
’ 0,21

Stoichiometric Carbon Dioxide percentage on drys@sthe Combustion Products:

COpmar = —22 [nP/m’] (4.10)

VAtr,min

Stoichiometric Sulfur Dioxide percentage on dryias the Combustion Products:

SOy max = —22° [n/m?] (4.11)

Va tr,min

Combustion Products Actual Volume on dry basis:

_ Vco,—Vso, _ c*1,85+5+0,70 3
Vatr = (00,750, meas +COmeas (€017 meas +COmeas L1 /X0 (4.12)
Water vapor content in the Combustion Products:
V,=hx111 [n/kg] (4.13)

4.2.3 AIR INDEX AND AIR EXCESS

The Air Index,4, is given by:

1= AIR VOLUME INTRODUCED IN THE BURNER

Lmin

And is obtained measuring th&0, + S0,) and theCO content or theO, content in the
Combustion Products.

The Air Excesse, is given by:
e=(1—1)%100 (4.14)

Thus, if the Combustion Products don’t contain ptirdburned components:

/1 — 1 + [ COZ,max_SOZ,max _ 1] VAtr,min (415)

(C02+502)meas+comeas Lmin

Or, if is measured th@,content in the Combustion Products:

/1 — 1 + VAtr,min * 03
Lmin 21-0,

(4.16)

4.2.4 DIRECT AND INDIRECT METHODS

The regulation provides two calculation method®ider to assess the Useful Efficiency of the
heat generator: a Direct Method and Indirect Methdde last one is considered just as a
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verification procedure for the Direct Method. Incfeonly the Direct Method is recognized as
reliable in this regulation.

4.2.4.1 DIRECT METHOD

Consist on a direct evaluation of the heat transfefrom the heat generator to the heat carrier
fluid (water), i.e. the Useful Heating Power. Tlgsdone by measuring the water temperature
increase between the upstream and the downstrdahe beat generator, and the water mass flow

rate, as was written in equation (4.4).
The measurement of this quantity can be evaluateirectly on the heat generator (short circuit),

or through a heat exchanger (heat exchanger dircuit

1- Useful Heating Power direct measurement on the geaeratoris obtained by measuring
the cold water mass flow rate entering the boilkrtp and the water temperature increment
between water’'s inlet and outlet. Another way ismeasure the water mass flow rate
circulating in the boiler’s loop and its temperatuncrease.

close or open
compensation
tank

cold water inlet

3-way ‘ discharge H Wy
valve )'_‘_"it?’ta"'k ‘; )’
N i cold water inlet
A/ d] / boiler pressure reducing valve in
ke order to abtain a constan
T=—— = m pressure
o~ — — balance
|
A 7 7 / & // /ﬁ =

Fig.4.2 Short circuit

2- Useful Heating Power indirect measurement throughhaat exchangerthermal power
provided by the heat generator is transferredecctioling water through an heat exchanger.
The heat power that this receives is determinethbgsurements of the cooling water mass
flow rate and of its temperature increase. Thishmetintroduces some thermal loss (at the
heat exchanger) that have to be evaluated in arpnalry test. The Useful Heating Power is
the sum of the heat that the heat exchanger rexaive the circuit thermal loss.
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expantion tank, not

connected to water's
circulation
heat exchanger

cold water inlet
at constant pressure

3-way valve tank

circulation pump P
\‘\———_
Rv2

balance

7,

- i
discharge

Fig.4.3 Heat exchanger circuit

The Useful Heating Power is determinate by udmegfollowing procedure:
a- If is adopted the short circuit:
Quseful = Wy x cyy * (ty — tg) [W] (4.17)
Where:
W;: s the cold or hot water mass flow rate [kg/s]
cw1. IS the thermal capacity on mass basis at the ayemwater temperature [J/(kg K)]
ty . cold water temperature [°C]
ty: hot water temperature [°C]
b- If is adopted the heat exchanger circuit:
Quseful = WZ * Cyp * (twA - tE) + QV [W] (4-18)
Where:
W,: s the cooling water mass flow rate[kg/s]
cw2. IS the thermal capacity on mass basis at the ayemwater temperature [J/(kg K)]
twa: Is the temperature of the cooling water [°C]
tg: is the hot water temperature [°C]
Qy: is the circuit’s thermal loss[W]
The Burner Thermal Powé;is calculated as follows:

Qp = B+ H, [W] (4.19)

Where:
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B:

H,:

is the fuel's mass flow rate [kg/s];
is the fuel’'s Lower Heating Value [J/kg];

The Boller Efficiency is given by the ratio:

M = % (4.20)
B

4.2.4.2 THE INDIRECT METHOD

Looking at Fig. 9.1, we can see that we could deitez the Useful Heating Power starting from the
Burner Heating Power and subtracting from its vah& Power Losses amounts that occur in the
system. Hence the Useful Efficiency could be atadiby:

Me=1—qa—qu—4s (4.21)

Where:

q4. is the loss due to the combustion products séndibat (relative value, referred to the
Burner Heating Power);

qu. is the loss due to the incomplete combustiora{re? value, referred to the Burner Heating
Power);

qs: is the loss due to heat transfer between the peaerator and the ambient (relative value,

referred to the Burner Heating Power).

The Combustion Products Logs,

If the combustion air and the fuel are introduagethie system at ambient conditions:

_ Va*xCpm,atr

Q=" * (ta—tL) (4.22)
Where :

V,: is the Combustion Products’ volume per kg of fuahed,;

ty: is the Combustion Products’ temperature;

ty: is the environment air temperature;

Cpm,atr- 1S the Combustion Products’ mass thermal capaaiithe average temperature

betweert, andt; ;
H,: isthe fuel's lower heating value.

The Dry Combustion Product’s Volume could be deteed in a general way as follows, in
the case of incomplete combustion and with air sxce

(Vco,+Vso,)+V
Vaer = Veo, + Vso, + Voo +Vy, + Vo, = (Cozfgéz)nf:; +C0Cn(;as [m°/kg] (4.23)
Where:
Veo,: is the carbon dioxide volume ffkg];
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Vso,: is the sulfur dioxide volumefitikg];

Veo: is the carbon oxide volumeffig];
V,: is the nitrogen volume[irkg];
Vo, is the oxygen volumefitkg];

(CO; + S03) meas: 1s the measured percentagedd, andSO0, in the dry Combustion
Products [mi/m?’]
CO0,,0451S the measured percentage of CO in the dry CordsuBroducts[ny/m?;

In the combustion of fuel oil, by neglecting thdueaof C0,,,.,s, We can write:

100
Vatr = Vatrmin * 3507076005 [m*/kg] (4.24)

WhereV,, minis determined by equation (9.12).

If we split the contribution of the water vapor ritathe one from the dry Combustion Products,
equation (9.22) becomes:

1
qa = (VAtr * Comoaer + Wy * pm,HZO) * (tg —t,) * o, (4.25)
Where:
Com,atr is the dry Combustion Products’ average massntaé capacity betweetyandt; ;
Com,n,0- is the water vapor’s average mass thermal capydogtweert,andt; ;

The above parameters cold be calculated by usaptlowing formulae, valid fort, < 500°C :

Com,aer = 0,361 + 0,008 [ 2 ] +0,034 [1000 c] + [0 085 + 0,19 [1000 C] 0,14 [102“(‘)%]2] [1C0?)i/o] +

[O 3 [To00° C 0, [1000 c] ] [1600042%] (4.26)

C

pm,H,0 =

sa ]| (4.27)

1000°C.

* Unburned Lossgy,

Considering that the only unburned present in tbeustion Products is carbon oxide:

qu = CO * Vyyy % 12,04

(4.28)

Where:

CO: s the carbon oxide quantity in the dry CommmrsProducts [nVm’]
Vaer: is the Dry Combustion Product’s Volume per kduedl burned [nVkg]
H,. s the fuel's lower heating power[MJ/kg]

The value 12,64 is the heating value of the cadode [MJ/kg]
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» Casing Lossgg

This heat loss is due to the thermal differencevben the heat generator case and the ambient in
which the heat generator is situated. The valughif heat loss could be determined by the
approximation that follows:

The outer surface of the heat generator is divitdd zones (partial surfaces,x)Qwhich are
characterized by similar temperatures. The heablpthe partial surface is calculate as follows:

Qx = Fe*xax*(ty, —t) [W] (4.29)
Where:
Q.. isthe heat lost by the partial surface[W]
E.: is the partial surface extensionfm
a. is the heat exchange coefficient due to radiatiod convection [W/fK]
tn. isthe average temperature of the partial surfaCé
t,: is the ambient temperature[°C]

The heat exchange coefficieat, could be chosen by using the following graph:

[
15 /

/’

0 100 200
fin°C —=

Fig.9.4 Heat transfer coefficient by natural corti@tand radiation for horizontal and vertical sués with ambient
temperature; = 20°C.

The Casing Lossys, is obtained by:

20
g =L% (4.30)
B

4.2.5 STANDING LOSS DETERMINATION

In period in which the burner is turned off, theahgenerator continues to lose heat trough the
envelope and the chimney. This happens becaude démperature difference between the boiler
components (hot) and the air temperature of theebobom (cold). This heat loss determines the
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cooling of the boiler, that will yield an extra tggement of energy to heat-up again the device,
when it will be recalled to operate.

The EN 304 provides the experimental method touatadg the Standing Loss. The procedure
proposed is as described in the following.

The boiler is not providing any heat power to tleathcarrier (the hydraulic loop is not working),
and the boiler’s thermostat is set to maintainnaperature difference of 50 K between the average
water temperature in the boiler and the ambienperature.

During the OFF-period of the boiler the circulab@s to be switch off. The circulator is turned on
by the thermostat together with the burner, andtmuark until 3 minutes after the burner is
switched off.

After the heat up of the boiler, the test periadtstwhen the burner is switched on for the firaet
The test period is finishes with the next turning af the burner. For each test period the fuel
consumption must be measured.

The Standing Loss (it is a relative value) is ciltad as:

__ fuelconsumptionduringthetestperiod
qs = (4.31)

imposedfuelflowrateduringthetestperiod
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CHAPTER 5
LEGISLATION ON

BOILER'S PERFORMANCE

The European Union has elaborated Directives irerotd meet the “z-2C-20” objectives, i.e.
reducing of 20% the greenhouse gas emission, isiagaf 20% the renewable energy use a
reduction of 20% of the global energy us«ough a more efficient energy u

The greatest energy saving potential lies in bngdi 40]. For this reason in 2002 was promulg
the 2002/91/CE, “Energy Performance of Buildingsebiive’[41], then recast in the 2010/31/

[42]. In this Directive isdefined a harmonized framework for a calculatiorthud to assess ti
energy performance of a building. The performaneelves the whole system “envel-systems”,
from space heating to lighting appliances. By usogh calculation methods, the MemiStates
will apply minimum requirements on the energy perfances of new building

This European Directive proposes, also, the intctida of energy performance labels for dwellii
in all European Member States. Such an energy meafoce label woulhave to be handed ov
when a dwelling is built, reconstructed, sold onteel out. This label shows the current ene
performance status of the building divided overgpefficiency classes A to 43].

The European Committee for Standardization, CEeceived the mandate to elaborihe
standards for a methodology calculating the intiegraenergy performance of buildings
accordance with the EPBD.

The main scheme of Standards produced is showigil5.1.

] (=]
I:r'rerg}r Herormance EﬂEfgj" Herlormance
Requirement Certificate _ System
new buildings ArL 4,5 and Hecommendations inspections
¢ majorrenovations Art. 4, 6 & Art. 7 ] Art. 8 9
Enargy?pe{f@rn'rm:e EF 5emﬁczi:e1 format and content
EP EXPRESSIONS EP CERTIFICATES Heﬂmg binf;m
EN 15247 e e w ilars
EN 15217 EN 15378
T | Air conditioning
TOTAL ENERGY USE, EP RATING TYPES EN 15240
EN 15603 s
Ventilation
- systams
T EN 152391
BUILDING NEEDS, SYSTEM USE, (H. G, W, V, L, [A]D
EMN IS0 13790 , EN 15316-1, EN 153162, EN 15243, EN 15316-3, EN 15265, EN 15183,
EN 15241, EN 15232
1

SUPPOARTING (CLIMATE, SOLAR GAINS, THANSMISSION, ....)
L | 2.0 ENISOES4S, EN IS0 13370, BN IS0 10077-1. EN 12347, EN IS0 10211, EN 150 10077-2, EN IS0 14583, EN |30 10455,
EN 15242, EN 13773, EN 15251, EN IS0 15827, EN 150 7345, EM IS0 5288, EN IS0 825, EN 12792

Fig. 5.1 Standards involved in the EP
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In this wide field the interesting Standard elaledafrom CEN is the one involving the heat
generation sub-system: prEN15316-4-1,space hegéngration systems, combustion systems, that
will be discussed in Paragraph 5.2.

Another Directive adopted by the European Unionthwthe same aim of increasing energy
efficiency, is the 2005/32/CE “Energy using Progi@uP) [44], than recast in the2009/125/CE
“Energy related Products” (ErP) [45].

The ErP Directive covers all those products thaterergy consumers or that could contribute in
somehow to the energy saving. All these producteevdivided in “Lots”, from the boilers for
ambient heating (Lotl) to the windows. For each l@s produced a calculation method to
assessing the energy performance, and defined mamiperformance levels. The examined Energy
related Product can be sold in the European mdiketreceiving the “CE” marc) only if the
prescribed minimum performance level is achieved.

The spirit of this Directive is based on the awasmnthat the 80% of the environmental impact
coming from the life-cycle of a Energy related Rrotis defined in the design phase of the product.
In fact, this Directive is also known as Eco-Desiyjrective.

In the Paragraph 5.3 will be discussed the calcnanethod to assess the energy performance of
space heating boilers.

5.1 SEASONAL EFFICIENCY

In the Paragraph 2.5, about the Combustion Effeyreand inChapter4 about the Useful Efficiency,
were described the heat generator’'s performan&dad-State conditions. The Useful Efficiency,
that characterizes the boiler’s attitude to trammafahe chemical energy in the fuel into thermal
energy of the heat carrier fluid, can be measutadifi@rent Load (nominal Load, Part Load), but
always in Steady State conditions.

This kind of methods had limitations, that deterenia significant gap between announced
performance and actual performance. A heat gemenaicks for most of the time at partial load,

and if a heat generator has good performancedmstef efficiency- at the nominal power, could

behave in a different way when it is working in@tltonditions.

In these EPBD and Eco-Design Directives is comsillea more accurate measurement : the
“seasonal efficiency” that takes into account tobwial energy provided by the heat generator and
the fuel and electricity consumption that allows thevice to provide the useful effect (heating),
over the heating season. This means that the peafare of the heat generator are considered in the
“real use” of the device.

heatprovidedbythegenerator
_ [ P ytheg ] (5.1)

Ns -
totalenergyconsumption overaperiod

The major changes between seasonal and nominallatgdn are the use of several different
working points instead of one, and integration he talculation of operation at partial capacity

instead of full capacity. Since most systems openabst of the time under a partial load, the new
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methodology gives a better indication of expectedl-life performance. The new seasonal
efficiency calculation will also take into considéon the power consumed by devices in auxiliary
modes like standby mode.

When we evaluate the seasonal efficiency of thé bemerator, in order to assess the building
energy consumption, the load profile of the spaeatdr depends on the actual heat demand. This is
in the scope of the EPBD, discussed later.

When we want evaluate the seasonal efficiency ef libat generator, considered as a single
product, before to be introduced in a heating systihe actual load profile is unknown, thus is
introduced a fictitious representation of the Igadfile that a space heater should encounter in a
typical heating system. This is in the scope offhe Directive.

5.2 EUROPEAN STANDARD: EN 15316-4-1

The European Standard EN 15316-4-1 [42], comingnfiloe EPBD Directive, presents methods for

the calculation of the additional energy requiretaesf a heat generation system in order to meet
the distribution and/or storage sub-system demahé. calculation is based on the performance
characteristics of the products given in produandards and on other characteristics required to
evaluate the

performance of the products as included in theesyst

This method can be used for the following applmadt
- judging compliance with regulations expressedms of energy targets;
- optimization of the energy performance of a planhedt generation system, by applying
the method to several possible options;
- assessing the effect of possible energy consernvatEasures on an existing heat generation
system, by calculating the energy use with andoutlthe energy conservation measure.

The user shall refer to other European Standartts mational documents for input
data and detailed calculation procedures not peaiay this standard.

For the first method the considered calculationiqoeis the heating season. The performance
calculation is based on the data related to thkeibdirective. The operation conditions taken into
account (climate, distribution system connectethégenerator, etc.) are approximated by typology
of the considered region and are not case spetfiftbis method is to be applied, an appropriate
national annex with the relevant

values shall be available.

The second method is also based on the data retated boiler directive, but supplementary data
are needed in order to take into account the dpeojberation conditions of the individual
installation. The considered calculation period barthe heating season but may also be a shorter
period (month, week, or the operation periods atingrto EN ISO 13790). The method is not
limited and can be used with the default valueggiv informative annex B.

The third method distinguishes in a more expliaiywhe losses of a generator which occurs during
boiler cycling (i.e. combustion losses). Some & tharameters can be measured on site. This
method is well adapted for existing buildings. Tadéculation method to be applied is chosen as a
function of the available data and the objectiviethe user.
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The first two methods explicitly take the measugdticiency data from the Boiler Efficiency
Directive BED at 30% and 100% load measured acogrtti the EN product standards, but also the
defaults of the third method are taken from thel@dDirective.

For the second and third method, the declared valutosses at 0% load’ is assumed available.

5.2.1 BOILER CYCLING METHOD

This method well reflects the ideal analysis madBaragraph 3.2.

The calculation is based on a subdivision of théeboperating time between burner on-mode and
burner off-mode (ton ands). The time in on-mode is the time the fuel valsactually open, pre-
and post ventilation are not considered. Heatirsgde through chimney are taken separately for
these two time periods (£bn/ Qch off)-

Auxiliary energy is considered separately for comgrus before (typically burner fan) and after
(pump) the burner (W and W), each with their own recoverable energy coeffitigk,, and k)
and thereby recovered energy,( kbr * Wy, and Q=Kas * W a).

The method then continues to detail each of thedein the equation, basically by measuring
several parameters under test conditions. In p&ctthese values are not provided by
manufacturers and in order to apply this methadubker would be required to do the measures
him/herself (i.e. through a laboratory). Once theasured

values are available under test conditions, thdnateproceeds to calibrate these test values for the
actual conditions using a number of equations.

When the input data are not available (i.e. perboroe at test conditions), and this provides

interesting background information, the method pegs a number of default values in Annex C.
As was said, the method considers two operatinggim

- Burner ONtime (see Fig. 5.2) flue gas losses anelepe losses are considered here;
- Burner OFF time (stand-by) (see Fig.5.3) draugbsés and envelope losses are considered
here.

HEAT FROM
DISTRIBUTION 7

t HEAT TQ ‘ . .
DISTRIBUTION 1 7]
' ENVELOPE - 2 ENVELOPE

ENVELOPE LOSSES LOSSES
LOSSES

ENVELOPE
LOSSES

FUEL INPUT

Fig.5.2 Burner ONtime Fig. 5.3 Burner OFF time
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From this time division is defined the load facteg, as:

tgn toN+toFF

This value can be measured on an existing heatgeneor calculated from th@, o .
For each calculation interval the burner-on timeakulated depending on the system heat demand
Qgout - FOr both on and off-time, losses are calculatgidg boiler characterization data, correction

formulas and tabulated parameters to take intouatcctual operating conditions .
The required amount of fuel is obtained accordongdmbustion power and calculated on-time.

The basic energy balance of the generation sulersyist

Qg,out = an + Qbr + Qaf - Qch,on - Qch,off - an,env (53)

Where:
The heat losses through the chimney with the bun€)., o, are:

_ Pch,on

Qch,on ~ 100 * CDcn * tON (5-4)

Where:

Pehon: is the actual specific heat loss through the ctesnwhen the burner is on. Its
value is calculated from the test valBg,,,, referred to test temperature
values, and then corrected to consider the actodébconditions:

Pch,on = [Pc’h,on + (egn,w,av - egn,test) * fcor] * FC" (5-5)

Ogn,w,av- Is the average water temperature in the boilethe actual conditions;

Ogn test: is the average water temperature in the boiletest conditions;

feor: is a correction factor given in the procedure;

FC™. takes into account the reduction of losses witth higermittencies, due to a
lower average temperature of the flue gas (higlifciency at start);

D, is the combustion power of the generator.

The heat losses through the chimney with the busftgd;, , ¢, are:

_ Penorr
Qch,off - Clotz-) * Py * tOFF (5-6)

Where:
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Penoff- is the actual specific heat loss through the chiymwben the burner is off. Its

value is calculated from the test valBg,,.,, referred to test temperature
values, and then corrected to consider the actodebconditions:

0 —0;
— ! gn,w,av Lgn
Pch,off _Pch,off* * FCP

5.7
egn,test_ei,test ( )
i gn: is the actual temperature of the boiler room;

0 test: is the temperature of the test room;

p: is an exponent that depends on the heat capatitye boiler.

The heat losses through the generator envelope are:

_ Pgnenv

an,env 100 * ¢cn * (tOFF + tON) (58)
Where :
Py env Is the actual the actual total generator envelopatiosses and is calculated

from test conditions:

0 nwav‘gi n
gnw, g *ch

’

P =P * k *
n,env n,env n,env

9 9 gn. ng,test_ei,test

(5.9)

kgnenv: is the reduction factor taking into account thedbon of the generator that

determines the recovery of heat losses as a remuofitotal losses.

The total auxiliary energy required by the generasub-system is given by:

Wy = X Py,i * ton,i (5.10)

The auxiliary energy converted to heat and recal/tyehe system before the generator is:
Qpr =X Dpri * ton,i * kbr,i (5.11)

Where:

@, ;. is the electrical power consumption of auxiliaypliances (before the generator);
kp.i: is the recovery factor @by, ;

The auxiliary energy converted to heat and recal/eyehe system after the generator is:
Qar = X Pqsi * ton,i * Kag,i (5.12)

Where:
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@45 Is the electrical power consumption of auxiliappliances (after the generator);
kqr,i: is the recovery factor @b, ;

Calculation procedure for a single stage generator:

1- Determine the total heat output of the generatigsiesn, that is the value of the pre
determined energy required as input of the distidiousystem (calculated with the EN
15316-2-3)

2- Determine the total timg,, of operation of the generator;

3- If the load factor is not known, execute the foliog iterative procedure (4,5,6)with a
starting value FC=1, from which are determimggly,,Pcp,orr @aNdPyy, eny-

4- Determin€Pcp on,Pen,orf aNdPy, ¢ny With the actual FC value;

5- Determinel;,Q,, and@,; with the actual FC value;

6- Calculate the new load factor:

100%(Qg,out=Qqaf)
tgn*Pref

Pentkpr*Ppr _ Pcn
Qref (Dref

: Pch,off"'Pgn,env

FC = (5.13)

100% *PchontPchoff

7- Repeat steps 4,5 and 6until FC converges;

8- Calculate the energy to be supplied to the heatrgéor by the fuel:

Qgin = Pen * tgn * FC (5.14)
9- Calculate the total heat losses by:

Qgit = Qgin — Qgout + Qpr + Qqs (5.15)

10- The recoverable heat losses has been taken ictu@cas a reduction of heat losses
through the generator, then:

Qg,l,rl =0 (5-16)

Multistage and modulating generators (effect ofnleurcontrol) are taken into account by addition
of a third reference state: burner ON at minimumticmous power. The performance of these
boilers is calculated assuming that the followipgmting conditions are possible:

if the power required by the distribution systenless than the minimum ON power, the
boiler will cycle just as a single stage boiler;
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if the power required by the distribution systenhigher than the minimum ON power, the
boiler will stay ON continuously and its loss fast@re calculated by interpolation between
minimum load and maximum load values.

Calculation procedure for a multi stage generator:

The following procedure has to be considered ithve multi-stage heat generator, by using the
above procedure the FC value converges to a numher
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1- Determine the total heat output of the generatigstesn, that is the value of the pre
determined energy required as input of the distidiousystem (calculated with the EN
15316-2-3);

2- CalculateR,, .n, With FC=1;

3- Calculate the heat loss at the chimney in on-maatetife maximunP., o, max and the
minimum Py, o, min 9€Nerators power wit FC=1;

4- Set@cn,avg = Pepmins

5- CalculateP.p, on avg bY:

Penav _d’cn,min
Pch,on,avg = Fchon,min + (Pch,on,max - Pch,on,min) * m (5-17)
6- Calculatedy,, 4,4 by:
(Dcn,av _(Dcn,min

(pbr,avg = (pbr,min + ((pbr,max - ¢)br,min) * m (5-18)
7- Calculate a newb,,, 4,4, value by:

Qg,out=Qqy  Pgn.env S S

tan 00 ref ~Kbr*Pbr,avg
¢cn,avg = . Pch,on,avg (519)
LTS

8- Repeat steps 5,6 and 7 umdl, ,,,, converges.

9- Calculate the energy to be supplied to the heatrgéor by the fuel:

Qg,in = ¢cn,avg *Ton (5.20)
10-Calculate the auxiliary energy by:
Wy = tgn * (¢br,avg + ¢af) (5.21)

11-Calculate the recovered auxiliary energy by:



Wg,rd = lgn * (¢br,avg * Kpr + ¢af * kaf) (5.22)
12-Calculate the total heat losses by:
Qg,l,t = Qg,in - Qg,out + (pbr,avg * kbr * tgn + (paf * kaf * tgn (5-24)

13-The recoverable heat losses has been taken intarstcas a reduction of heat losses through
the generator, then:

Qg,l,rl =0 (5-25)

Condensation latent heat recovery is calculatedrdony to flue gas composition and temperature
and taken into account as a "bonus" (reductiorfiluefgas losses.

For a single stage boiler the procedure to bentaki® account is the same as the one described
above, wheré,, ., is replaced witlP;, ,,, given by:

P:h,on = Pch,on —R (5.26)

WhereR is the recovered latent heat at a nominal rate percentage of the burner combustion
powergd,,,.

The procedure to calculate the R factor is sumradribelow

- Flue gas temperatusg,, is calculated as the sum of:

« water return temperatum, ,,  ,which depends on the operating conditions of
emitters and distribution system (heating systefiecet

* temperature difference between flue gas temperatndewater return temperature
(boiler effect)pd,,f;.

- Dry flue gas actual volume:

20,94

Vevary = Veust,ary * 209903 1oy (5.27)
- Dry air actual volume:

Vair,dry = Vair,st,dry + Vfl,dry - Vfl,st,dry (5-28)
- Water amount in the combustion air:

MHZO,air = MHZO,air,sat * Vair,dry * % (5.29)

- Water amount in the flue gas:
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HUM
100

Myz0.11 = Muzo,fisat * Vipary * (5.30)

Where:

Myzo,515ac- 1S given in tables and is relative to the fluesgamperaturé, ;
Miz0.4irsat- 1S Qiven in tables and is relative to the inlat@mperatured,;, ;
HUM,;, andHU Mg, are given by tables as default values.

Water amount condensed:

My20,cona = Muz0,st ¥ Mu20,air = Mu20,51 (5.31)
Condensation specific heat:

Heona,p1 = 2500600 — 65, x 2435 [J/kg] (5.32)
Condensation heat:

Qcona = My20,cond * Hcond,fl (5.33)

Recovered latent heat:

R = 122 %cona (5.34)

H;

The Seasonal Generation Efficiency is:
_ Qg,out
s = Qg,in"‘fel*Wg (535)
5.2.2 NUMERICAL EXEMPLE

It was considered for the calculation of the seabkefficiency a residential building in Northern
Italy. Following the calculation methodology propdsby the Italian Standard UNI-TS 11300 [46]
for the evaluation of the ideal energy requireddipace heating, it was obtained:

The heating season is betweef! Cictober and 15April: t,, = 15.638.400 s;

Energy requirement for space heating for each month

Month October* November Decembe January February akéh April*

Q_H [MJ] 3218 11423 15176 16581 13200 11148 3581

*only 15 days.

Energy gain by sun radiation and internal heatcssir

Month October November December January February dia April

Q G[MJ] 1510 2195 2198 2317 2551 3137 1590
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Of this energy gain only one part is recovered, r@uiices the heat requirements of the building, it
was estimated that only the 88% is effectively wetced. Thus, the Ideal heat required for space
heating, month by month is given in the next table:

Month October November December January Februar da April

Q_hvs [MJ] 1972 9612 13363 14669 11095 8560 2269

The efficiency of the emission and regulation amtridution sub systems was chosen from the
default values proposed in the UNITS 11300 [46]:

- Emission efficiency: radiator on external insulaveall, 1., = 0,94;
- Control efficiency: climatic compensation and anmbieontrol,n.ontro1 = 0,97 ;
- Distribution efficiency: independent plant, buiktiveen 1977-1993,;; = 0,98;

The total efficiency is:

Ntot = Nem * Neontrot * Naist = 0,89 (5.36)

The energy that the boiler must provide is:

Qn
Qg,out = Quaist,in = = (5.37)
Ntot
Month October November Decembef January February March ri\p
Qgout 2216 10800 15014 16483 12467 9618 2550

The energy that the heat generator must providegltine heating season is:
Qg,out = 69147 [M]]

Was executed the calculations for the whole headmson, with the oil-fired condensing boiler
ICOvit VKO 246-7, with the following input data:

The boiler data were chosen from both the plata datl default values provided by EN 15316-4-
1[42], Appendix C:

D, 18 kW Plate data
egn,wf 60 °C Plant data
ggn,wr 40 °C Plant data
egn,test 70 °C Appendix C

Oign 16 °C Appendix C
ei,gn,test 13°C Appendix C

D, 260 W Plate data

Dy 0 no internal circulator
Pihon 11 % Appendix C
P',gn,env 1,17 % Appendix C
Pinoss 1,2% Appendix C

kp, 0,8 Appendix C

fcorr 0,045 Appendix C
n,mp 0,1 Appendix C

Data for condensation Appendix C
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The results are :
Load factorFC = 0,27

Pch,on = 7,55%
PCh,Off = 0,63%
Pyneny = 0,43%

Auxiliary Energy:W, = 1106 M]

Qch,on = 5780 MJ

QCh,Off = 1288 M]
an,env = 1205 MJ

Qgin = 76535 M]
Qg = 8272 M]

The seasonal efficiency was calculated with:

775 _ Qg,out _ 0,87

Qg int2,5Wgy

(5.38)

Using the same procedure and the same boiler ilatas calculated the monthly performance of
the generation sub-system:

month October November December January February refa April
Qgout 2216 10800 15014 16483 12467 9618 2550
tgn 1296000 2592000 2678400 267840 24192( 2678400 600P9
FC 0,11 0,26 0,34 0,38 0,32 0,22 0,13
Qyin 2566 11972 16517 18103 13743 10756 2928
Qchon 174 898 1282 1420 1056 794 202
Qcnofr 119 217 204 195 190 231 119
Qgnenv 91 199 211 213 189 202 92
W, 37 173 239 261 199 155 42
1 0,83 0,87 0,88 0,88 0,88 0,86 0,84

5.3 DIRECTIVE: ENERGY RELATED PRODUCTS

Europe has long required objective measuremengsjapment performance. These measurements
allow the setting of minimum requirements that nfaoturers must meet, and provide consumers
with information on appliances performance so tta&y make intelligent choices when purchasing.

Has been proposed the following definition of ‘swed space heating energy efficienqg,, as:
the ratio between the space heating demand fosigrdged heating season, supplied by a space

heater and the annual energy consumption requoireteet this demand, expressed in %[47];

To calculate the ‘seasonal space heating energyesfty for a “boiler space heater”, according the
draft regulation [48], are required the followingput data, which the manufacturer will be obliged
to provide in the technical documentation:
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1. P,is the useful heat output at nominal heat outpalk;ulated with the testing procedure
given in the EN 304, in which the test conditione: avater temperatures 80/60°C, and
nominal heat output;

2. P, is the useful heat output at 30% of the nominait fwaitput, calculated with the testing
procedure given in the EN 304, in which the testditions are: return water temperatures
30°C (condensing boiler), and 30% of the nomiretloutput;

3. mn, is the useful efficiency at nominal power), caétell with the testing procedure given in
the EN 304, referred tB, condition and measured on Higher Heating Valuésbas

4. n, is the useful efficiency at 30% of the nominal gowpart load), calculated with the
testing procedure given in the EN 304, referre®,toondition and measured on Higher
Heating Value basis;

5. Py is the stand-by heat loss is calculated with tteegdure described in the EN 304 (in
which is indicated as “q”);

6. elmax is the auxiliary electricity consumption at fulbdd (mainly Oil pump and Ari
blower);

7. elmin is the auxiliary electricity consumption at paradl (30%);

8. Psg is the auxiliary electricity consumption in stabg+mode;

9. Pign is the ignition burner power consumption

The representative seasonal space heating endiggrefy is given as follows:
Ns = Nson — > F(i) (5.39)
Where:

Nson IS the “seasonal space heating energy efficiemaciive mode”;
F(i) are the correction factors.

The “seasonal space heating energy efficiencytimeamode™,,, IS calculated as follows:
Nson = 0,85 *1; + 0,15 1, (5.40)
Where:

n..  is the useful efficiency at 30% of the nomiralpr (part load)
ns. IS the useful efficiency at nominal power.

That represents a weighted measure of the heatajeneconsidering that in the “heating season” it
works for the 15% of the time at full load and the 85%of the time at the 30% of the nominal
load.

The correction factorB(i) are calculated as follows:

F(1) accounts a negative contribution to the “seasgpake heating energy efficiency” due to
adjusted contribution of temperature controls. Bpace heaters, boiler combination heater and
cogenerating space heaters, the correcti®Nli = 3%.

F(2) accounts the negative contribution to the “sedsspace heating energy efficiency” by the
“auxiliary electricity consumption”, and is calctga with:
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0,15*elmax+0,85+xelmin+1,3*Pgpg
0,15*P4+0,85*P1

F(2) = 2,5 * (5.41)

Where *‘auxiliary electricity consumption’ means thienual electricity required for the designated
operation of a boiler space heater, calculated ftbenelectric power consumption at full load
(elmax), at part load élmin), in standby mode and default operating hours aath emode,
expressed in kWh in terms of final energy (theda@,5 is the conversion factor from electricity
final energy);

F(3) accounts a negative contribution to the “seasspate heating energy efficiency” by stand-by
heat losses and is given as follows:

F(3) = 0,5 * % (5.42)
4

Where ‘standby heat lossPg,,) means the heat loss of a boiler space heatepearating modes
without heat demand, expressed in kW.

F(4) accounts a negative contribution to the “seasspate heating energy efficiency” by ignition
burner power consumption, i.e. when the burnerasiged with a pilot flame, and is calculated as
follows:

F(4) = 0,5+ Pp—g (5.43)
4

Where the‘ignition burner power consumption’ (Pigs) the power consumption of a burner
intended to ignite the main burner, expressed imérms of GCV.

Once obtained the value 9§, we can understand if the considered heating gémrefulfill the
European Standards, and what is the energy cldabg device.

For the Vaillant boiler considered, we couldn’tdiall the values required for the calculation ad th
seasonal space heating energy efficiency, so e toi estimate probable values using literaturedafidult
values found in technical standards.

P, 5,7 kW
P, 19 kW
M1 100,3 %
un 92,3 %
elmax 260 W
elmin 78 W
Py, 5W
Py 50 W
Pign 0 W

Applying the equations described above we obtathedfollowing representative seasonal space heating

energy efficiency value:
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5.3.1 ENERGY LABEL

Increase the market share of energy-efficient hgata@l contribute to achieving the 20%energy
savings potential anticipated by 2020 in the Enédffficiency Action Plan(COM(2006) 545), and
confirmed in the Commission’s Communication on Eye2020(COM(2010) 639) and Energy
Efficiency Plan 2011 (COM(2011) 109).

One of the main reasons for persistent sales oféelificiency heaters and conventionalproducts
without the use of renewable energy sources orrarg#ion is that end-users basetheir purchase
decisions on the purchase costs of products raéitlaer their life cycle costs, asituation not helped
by the current practice of not fully including eronmental costs inenergy costs.

For this reason EU decided to promulgate 2080/30/EU Directive [47], that introducenergy
labels for Energy related Products, thus for spaeating boilers and other heating systems.
Itintroduces the widely known A-G scale to coves tarious types of conventional boilers.
Additionally, the dynamic top classes+AA++ and A+ are intended to promote the use
ofcogeneration and renewable energy sources. Stimed product information will be
madeavailable to end-users in the form of ‘fich@®. information notices), on the internet and
inadvertisements.

The proposed measure sets out new mandatory Igbelamd standard product
informationrequirements for suppliers placing oe tharket and/or putting into service heaters,
temperature controls, solar devices (solar-onlytesys solar collector, solar tank and othersolar
products placed on the market separately) or padtiee heat recovery devices, and fordealers
offering stand-alone heaters and packages of lseamperature controls, solardevices and/or
passive flue heat recovery devices. The scopeeofitasure is aligned withthe scope of a proposed
Eco-design implementing measure setting Eco-desigunirements forthe energy efficiency, sound
power levels and nitrogen oxide emissions of heater

In Fig. 5.3 is reported an example of Label.

| Il 111

I
/

YN

KYZ[2012 - 2014

Fig.5.3 Energy Label

In the Label is possible to individuate the follogiareas:
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I.  Supplier's name;
Il.  Supplier's model identifier;
lll.  The space heating function, (in this case radsystem);
IV. The seasonal space heating energy efficiency;
V. The rated heat output in kW, rounded to the neanésger;
VI.  The sound power level, indoors, in dB, roundechtoriearest integer;

The energy efficiency ranking of heaters is basethe scheme laid down in Directive2010/30/EU
in having a single efficiency scale for space mggtcovering boilers,cogeneration, heat pumps and
their packages with further products. Two yearsrathe entryinto force of the Delegated
Regulation, a scale from G to A for conventionahtees (G-D forelectric boilers, C-B for non-
condensing boilers in collective buildings, B-A foondensingboilers) with higher classesfér
cogeneration and-Afor heat pumps will be introduced.

Four years after the entry into force of the DeledaRegulation, a further class-Awill beadded

on top of the labelling scale, while classes G twilt be abolished due to moreambitious Eco-
design requirements. This will ensure dynamic mathemsformation towardhighly efficient heaters
using new and renewable energy technologies[49].

The energy efficiency ranking refers to the “seas@pace heating energy efficiency”, discussed in
Paragraph 5.3.

The seasonal space heating energy efficiency dasdea heater, with the exception of
lowtemperatureheat pumps and heat pump space sdatdow-temperature application, shall
bedetermined on the basis of its seasonal spati@deaergy efficiency as set out in Table 1.

Seasonal space heating energy efficiency Seasonal space heating energy efficiency

class ¥, in %
AT He= 130
AT 125 < 5j; < 150
AT 98 <y, <125
A 00 < 45 < 08
B 82 < ;<90
C 75 < ;< 82
D 36, < T8
E 34 <4< 36
F 30 < ;= 34
G s < 30

Tab. 1 Boiler space heaters in seasonal spacenbeaatergy efficiency classes A++to G

With the calculations made in the previous sectithrg Vaillant oil-fired condensing boiler belongs
to the efficiency class A, since the estimated @ealsspace heating efficiency value is 90%.

This result, shows that the oil-fired condensingldsoanalyzed belongs to the best technology
currently available in the market, regarding tiidiced space heating boilers.

In Fig. 5.4 is represented a diagram showing thelisision in efficiency classes, for different
space heating technologies [50].
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Fig.5.4 Different technologies performance and lebe
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CHAPTER 6

CONCLUSIONS

In this Master’'s Thesis were investigated the ttedrand energetic characteristics of an oil-fired
condensing boilerdescribing the main phenomena rdogu in an oil boiler: atomization,
evaporation of fuel and mixing with combustion @ltaining a ignitable mixture in the combustion
chamber. Were discussed the droplet combustion inddscribing the combustion mechanism
when a liquid fuel is used, and the Colburn and déeutheory to describe the water vapor
condensation of the flue gases.

It was discussed the problem of pollutant emisseams the strategies for lowering them. And with
that it was discussed the combustion efficiencycepty according the European Standard prEN
15378 and Italian Standard UNI 10389-1.

It was taken as example of boiler the Vaillantfogd condensing boiler IcoVIt 246-7, and was
described its components and layout.

It was presented the concept of Useful Efficierany] described the European test standard used for
assessing this parameter.

The final part of this work is about the Europearebtives regarding the Seasonal Efficiency of a
heat generator, the EPBD and the ErP Directivessdltwo Directives are consider the boiler from
two different points of view: EPBD sees the boile a subsystem of the building, and the
performance of the heat generator is influencethbyactual interaction with the building in which
is installed. The ErP approach considers the hemtergtor as a “product” and sets the
characteristics that boilers must satisfy to bd sokhe European market.

By using the procedure described in these Direstivas calculated the Seasonal Efficiency of the
analyzed boiler. The results show that the seaseaifialency of the boiler, calculated according
both the Directives, is around 90% (on higher ingavalue basis). That, according the new
parameters introduced by the 2010/30/EU Direciovethe Energy Labeling, corresponds to an A
class.
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