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Brescia 25123, Italy

bDipartimento di Energia, Politecnico di Milano, Via Lambruschini 4, Milano 20156, Italy

Abstract

The present work aims at proposing an optimized physical heat transfer correlation in smooth
horizontal fire-tubes (applying a one-dimensional reduced Finite Volume Method - FVM),
validated over a wide range of operating conditions. An experimental activity is first carried
out, in which the temperature and pressure profiles of the flue gases, streaming through
pipes while applying hot-water-boiler conditions, are measured. A Computational Fluid
Dynamics (CFD) set-up is developed for simulating the thermo-physical behaviour of the
flue gases undergoing a wide range of operating conditions (replicating the conditions that
these streams experience in the most common industrial boiler applications). The acquired
experimental data with a detailed uncertainty analysis are employed for validating the de-
veloped CFD results. Subsequently, the reduced one-dimensional FVM physical models for
estimating the heat transfer (taking into account the convective and radiative terms) and
pressure drops are implemented. The most accurate models are calibrated using the results
of the fluid-dynamics simulations. In this procedure, the coefficients of the standard mod-
els are optimized, employing a Multi Objective Genetic Algorithm optimization procedure
(MOGA). This work demonstrates that the CFD simulations can reproduce the experimen-
tal data accurately. Furthermore, the estimations of the FVM model based on the calibrated
physical correlations are in good agreement with numerical results, but with a reduced com-
putational cost. Results indicate an improved estimation of tubes outlet temperature with
respect to standard correlation (42.4% error reduction), while the estimated outlet pressure
shows only a slight increase of the error with respect to the Fang correlation.
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Nomenclature

A heat exchange surface m2

A2 fuel dependent constants (for Natural Gas equal to 0.66)

B fuel dependent constants (for Natural Gas equal to 0.009)

cP isobaric specific heat coefficient J
kgK

cV isocoric specific heat coefficient J
kgK

CFD computational fluid dynamic

D euclidean distance

d diameter m

DO discrete ordinates model

e air excess value mair,actual/mair,stoch.

EGR exhaust gas recirculation

f friction factor

~g gravity acceleration m/s2

gg equivalent radiative resistance term W/m2K4

Gr Grashof number

h specific enthalpy J/kg

hconv convective heat transfer coefficient J/m2K

HWB hot water boiler

k kinetic energy

L tube length m

LHV fuel mass lower heating value J/kg
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m mass kg

ṁ mass flow rate kg/s

m hourly mass flow rate kg/h

MM molar mass g/mol

N number of finite volumes

Nu Nusselt number

P pressure Pa

p pareto

Pr Prandtl number

Q̇ heat transfer rate kWt

R radius m

R0 universal gas constant J/molK

Re Reynolds number

res Element resolution m/element

Ri Richardson number

S average radiative path length m

SST shear stress transport

T temperature K

t time s

u measurement uncertainty

V volume m3

v velocity m/s

V̇ volumetric flow rate Nm3/h

Greek

∆ Difference

η first law efficiency term
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λ linear thermal conductivity W/mK

µ Dynamic viscosity Pa · s

ν specific volume m3/kg

ω specific turbulence dissipation rate

ρ density kg/m3

σ Stefan-Boltzmann’s constant

ε emissivity

ϑ heat exchange efficiency

Subscripts

∞ bulk flow conditions

abs absolute

air air

amb ambient conditions surrounding the boiler

atm atmosphere

avg spatial average

cc combustion chamber

cons consumed quantity in a chemical process

conv convective

d Darcy

el volume element

exp experimental

fg flue gas

fuel fuel

gen products generated in a chemical process

hyd hydraulic

i index of finite volume element
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in inlet

int interior

lit literature

out outlet

rad radiative

real real

s simulation

st stoichiometric

steam steam

t thermocouple

tot total

tube tube

vessel vessel

wall inner tube wall side

1. Introduction

Fire-tube boilers are commonly used in many industrial fields and their notable energy
consumption and emissions are accordingly a matter of concern. Thus, motivated by the
increasingly stringent emission regulations and about the energy efficiencies of appliances,
the thermal design improvement of this type of boilers components has received increasing
attention. Through the analysis of the consumption share of major industrial processes,
a notable portion of the global energy demand can be attributed to steam production [1].
Therefore, any marginal improvement in the boilers’ energy efficiency can lead to a signifi-
cant primary energy saving and fuel costs reduction and, consequently, a decrement in the
corresponding emissions.

In this context, Barma et al. [1] performed a systematic investigation on boilers’ perfor-
mance and demonstrated that the hot flue gases’ discharge at the chimney is the primary
source of energy losses in the system. Furthermore, an improvement in the heat transfer
efficiency, leading to the reduction of the latter loss term, has a significant potential for
reducing the boilers’ fuel cost over its lifespan; therefore, a more accurate development on
the heat transfer surfaces is a viable solution to mitigate the aforementioned stack losses,
while distributed pressure drops, caused by the flue-gas motion with respect to stationary
tubes’ walls, should also be accounted since a considerable energy consumption is attributed
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to the blower’s fan [2]. The assessment of fire-tube boiler’s performance requires the sim-
ulation of heat transfer mechanisms and pressure drops (occurring along the tube axis of
horizontal fire-tubes), that in-turn necessitates a detailed thermal behaviour and pressure
drop modeling.

Several modelling strategies have been employed in literature, based on computational
fluid dynamic and on dynamic modelling combined with a discretization approach at the
flue-gas side. The CFD approach has been used to investigate the heat exchange in smooth
tubes employing experimental setups [3, 4]. However, these studies are conducted in a limited
range of operating conditions, and the heat exchange takes place between air or exhaust gas
and a liquid [5]. Numerical investigations have been conducted also on finned fire-tubes or
tubes equipped with turbolators in the presence of petrol and diesel exhaust flue-gases [6–
8]. These works provide accurate empirical correlations [9] for the estimation of the Nusselt
number and the friction factor based on the geometrical dimensions, but few analyses have
been focused on the modelling behaviour in smooth pipes [10]. Furthermore, the previous
studies neglect the thermal radiation component for the low temperature at gas-side. Other
studies have investigated the hot methane exhaust gases’ heat exchange considering the
temperature of flue gases up to 1170K in different scenarios. These works are focused on the
presence of a flame within the energy production systems, such as industrial furnaces [11–14]
and radiant boilers [15], [16], which are characterized by different characteristic dimensions
and smoke chemical compositions with respect to natural-gas fed fire-tube boilers.

A dynamic modelling methodology combined with a discretization approach at the flue-
gas side [17] has been also used to assess the thermal behaviour of fire-tube boilers com-
ponents. Abene et. al. [18] proposed a dynamic thermal model for cold start-up phases
of a 3-pass fire-tube boiler, which has been experimentally validated, introducing separate
control volumes at flue-gas side for each section. In this study, separate convective and heat
transfer mechanisms between the flue bulk flow side and the tube walls were implemented
and validated; however, the fluid-dynamic losses were not taken into account. Finally, the
authors reported a reasonable agreement between the estimated temperature data at the
outlet of each control volume and the experimental data. Although the approach used by
Abene et al. and by other authors in this area [19, 20] allows accurate thermal behaviour
simulations, it does not provide a dimensional description of flue gas temperature and heat
transfer rate along the main fire-tube axis.

A simplified FVM approach has been first employed by Gutiérrez Ortiz [21] and later
revised by Tognoli et al. [17, 22] to dynamically estimate the heat transfer from each
cylindrical shaped flue-gas discrete volume towards the metal walls. The mentioned model
describes the internal convective heat transfer mechanism through a Dittus-Boelter equation
in the turbulent flow regime, while the considered radiative mechanism describes the flame
radial flux employing a gray gas model, where the emissivity is estimated by Hottel-Sarofim
model [23] and pure gray Lambertian walls. Finally, in this study the authors performed a
tuning procedure for convective heat transfer equations to simulate the flue gas behaviour
in the gas passes, employing the experimental data. It is worth noticing that, although a
detailed physical modelling approach was used in this study, no radiative heat exchange
mechanism, occurring between the hot flue gases and the surrounding walls, was included.
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The mentioned works were focused on dynamic estimation of the heat transfer and the
thermal performances of fire-tube boilers, but equivalent steady-state energy balances can
be obtained starting from the mentioned investigations.

Various studies have separately investigated different phenomena taking place in the flue
gas pipes of fire-tube boilers, including the convective and radiative heat transfer mecha-
nisms along with the corresponding pressure drop. Regarding the convective heat transfer
mechanism, Taler [24] reviewed the power type correlations estimating the Nusselt number
for turbulent flow of circular tubes in a wide range of Reynolds and Prandtl numbers. In
this study, starting from the general Dittus-Boelter [25] equation, a set of convective heat
transfer correlations were reviewed and the estimations obtained using each equation were
compared with the experimental data. The author demonstrated that available simple power
law correlations can provide an acceptable accuracy for the estimation of convective heat
transfer mechanism within the considered range of geometrical parameters, compared with
more detailed Gnielinski [26, 27] relationship.

As observed in the study by Beyne et al. [28], the radiative heat transfer from the hot
combustion gaseous products represents a significant share of the global heat transfer. In
this study, the authors developed a steady-state model of a traditional fire-tube boiler based
on the ε-NTU methodology and separate control volumes. As the radiative heat transfer
mechanism was taken into account in this investigation, a more accurate estimation of flue
gas temperature was obtained. The authors employed the Taylor and Forest [29] approach
for estimating the flue gas emissivity between 1200 K and 2400 K and the Talmor [30]
correlation when the temperature exceeds this range. In the present study, the measured
maximum flue gas temperature is below 1400 K; water vapour and carbon dioxide emissivity
correlations are investigated for the relevant magnitude of the spectral emissivities of the
considered gaseous species. Lallemant et al. [31] reviewed 9 different total emissivity models
for H2O−CO2 gas species. The authors indicate a higher agreement with experimental data
when employing Smith, Shen and Friedman [32] gray gas based model in comparison with
the polynomial models and single line weighted sum gray gas models. The model proposed
in the latter study, where the values are determined as a weighted summation of coefficients,
is a valid option for the application that is investigated in the present study, taking into
account the corresponding temperature range, the average path length and the considered
nearly atmospheric pressure.

Finally, detailed models need to simulate the distributed friction losses that result from
the interaction of the considerable flue-gas flow rate in tubes in presence of a fully developed
turbulent flow occurring along the smooth tube’s axis. Several authors approximated the
Colebrook-White [33] friction factor formula in order to propose explicit solutions. These
correlations, which have been reviewed in [34–36], have demonstrated to provide accurate
predictions when compared to the reference Colebrook-White formula. Fang et al. [37]
recently proposed two new explicit correlations for single-phase turbulent flow in pipes, the
first for smooth tubes, while the second one is valid either for smooth tubes and in presence
of rough tubes. The authors compared the estimations with Nikuradse [38] and Colebrook
equations and showed marginal errors for a wide range of Reynolds number. It also worth
noticing that the Fang correlation is compatible with the observed operating conditions
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investigated in the present work.
No previous work has simultaneously investigated the convective and radiative heat trans-

fer mechanisms and the pressure drop in the flue gas pipes of fire-tube boilers in a compre-
hensive manner. Motivated by this research gap, the objective of this work is twofold: i)
implementing a 1D finite volume method (FVM) based model for simulating the flow field
in horizontal fire-tubes, and ii) providing optimized correlations for the heat transfer (con-
vective+radiative) and pressure loss estimation (utilized in the latter FVM model). The
second aim is achieved through performing an optimization procedure employing a large
dataset, which is obtained using the described 3D CFD simulations, which are in turn
validated utilizing the experimental data. The different activities proposed in this work
and their connection are summarized in Fig. 1. A comprehensive CFD model has been
first developed to simulate the aforementioned heat transfer and fluid-dynamic behaviour.
The CFD model was validated with experimental investigation by Bisetto [20], which is
similar to the scenario analysed in the present study and it is characterized by a similar
flue-gases chemical composition. To extend the model’s validity to a wide range of fire-
tube configurations and operating conditions, a second validation was performed with the
data obtained in an experimental activity performed on a Hot Water Boiler (HWB) at ICI
Caldaie SpA laboratories [39] (an Italian manufacturing company partner of this research
activity). In the next step, a revised version of Gutiérrez Ortiz [21] Finite Volume Method-
ology (FVM) for gas-passes side is employed in order to develop a separate detailed physical
model. Subsequently, a comparative analysis among the available physical based convective
heat transfer equations and friction factor correlations (considering a steady-state regime)
is performed, using CFD simulations as a validation data-set, to determine the resulting
temperature and pressure estimation bias. Finally, an optimization procedure, based on
the Multi-Object-Genetic-Algorithm (MOGA) [40, 41] is performed to provide calibrated
convective and friction factor correlations.

It is worth mentioning that once the FVM model is implemented and the utilized corre-
lation is optimized, the optimized model can be employed to simulate the behaviour of the
flue gases in other operating conditions; thus, performing computationally expensive CFD
simulations will then be avoided. The latter advantage is the key benefit of employing the
approach that has been utilized in the present study.

2. Experimental set-up

A fire-tube is a horizontal cylindrical pipe that separates hot flue-gases (streaming in-
side the pipe) from the surrounding medium, while permitting a considerable heat flux
across the metal wall. It is commonly employed in fire-tube boilers in order to heat up
sub-cooled/saturated water or a heat transfer medium such as diathermic oil. Furthermore,
despite the considerable temperature gradient observed at the flue-gas side, a homogeneous
temperature distribution is assumed for the external surface tube. The experimental mea-
surements aim to investigate the heat transfer through tube walls and the flue-gas side’s
fluid dynamic losses, while the heat transfer for the water side is neglected. In the present
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Figure 1: Research activity chart

section, details of the experimental activity (performed at ICI Caldaie SpA’s laboratory)
and the results used to validate the CFD model are provided.

2.1. Test-case description

The test case is based on a modified fire-tube boiler supplying hot-water at a designed
temperature up to 353 K. The experimental activity has been performed on a 60 kW
two-pass fire Hot-Water Boiler (HWB), which is schematically described in Fig.2, and its
dimensions are reported in Table 1, to measure the heat exchange between flue gases and
water. The combustion system consists of a coaxial blown burner, located inside the com-
bustion chamber, which receives a mixture of natural gas and air from a centrifugal fan. The
natural gas is supplied at a positive pressure between 20 − 50 mbar through a pneumatic

Parameter Value [mm]

dvessel 590
dcc 390
Lcc 580
dtube 41.3
Ltube 620

Table 1: The geometrical characteristics of the considered HWB

9



Figure 2: Schematic representation of the flue gas pipes (left) cross section of the experimental set-up (right)

valve, upstream of the fan. Successively, the flame develops on the burner’s head and the
exhaust flue gases are distributed along the entire combustion chamber, which is sized large
enough to manage the considerable flame radiation and heat exchange with respect to the
combustion chamber’s walls. Once the flue gases reach the bottom of the combustion cham-
ber, their direction is diverted back coaxially, flowing closer to the walls. Subsequently, the
flue gases are distributed in the smoke pipes, where the heat is exchanged with the metal
walls. At tube’s outlet section, flue gases are then discharged into the atmosphere through
the chimney.

For each smoke tube three K-type thermocouples [42] have been positioned at the inlet,
middle and outlet sections, while, on the water side, five uniformly spaced J-type thermo-
couples were placed directly on the pipe’s skin to measure the surface’s temperature gradient
along the entire tube axis. The total exhaust fumes mass flow rate is determined employing
the stoichiometric calculation [2] starting from the methane volume flow rate (V̇ch4) and air
excess value (e), measured on the inlet methane pipe and on the boiler’s chimney. Succes-
sively, the mass flow rate that enters each smoke pipe is derived by the total smoke mass
flow rate produced by the burner divided by the total number of the smoke pipes. The
pressure drop between inlet and outlet smoke pipe’s sections is not measured owing to its
low value (as verified by CFD simulations it is lower than 0.5 mbar) that can not be read
by the pressure probes available at ICI laboratories. The same situation holds for the study
conducted by Bisetto et al. [20], in which the pressure drop is not reported. Generally, all
registered measurements take into account the instruments’ error: the methane flow-meter
error band is equivalent to ±0.34% of the reading; the type-K and the type-J thermocouples
have an error band of ±2.5 K and ±1.5 K respectively; the gas analyzer provide the air
excess value with an error band equal to ±0.4% of the acquired value.

Finally, the boiler system has been fully insulated, with the exception of supply and
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Figure 3: Location of the thermocouple at flue-gas side and representation of considered heat transfer terms

return pipes, to minimize the heat losses from the boiler’s shell towards the external envi-
ronment.

2.2. Uncertainty analysis

The uncertainty analysis section presented has the following two objectives: i) to estimate
the flue-gas experimental temperature motivated by the notable radiative heat flux term
mechanism which in turns affect the thermocouples readings, ii) then to evaluate the systemic
uncertainty on the estimated flue-gas temperature based on the uncertainty of the recorded
data. Moreover, these information are used exclusively in the CFD validation procedure,
in which the predicted outlet flue-gas temperatures are compared with the corresponding
experimental values and their uncertainties (see Sec. 5.2). The measurements for methane
flow rate, V̇ch4, and air excess value, e, have been manually sampled during the test, and
only the declared instrument error has been considered. The uncertainty associated to the
measured temperatures is computed as the superposition effect of systemic phenomena due
to the presence of the effects of the sampling infrastructure and the ambient in which the
sensors are installed. The proposed analysis also investigates the systemic phenomena in
which the combined convective and radiative heat transfer mechanisms induce a notable
temperature bias of the flue-gas side thermocouples readings, as shown in Fig. 3.

The mentioned systemic phenomenon is described by applying the energy conservation
principle at the thermocouple boundaries. The convective heat transfer mechanism occurs
along the external surface of the temperature probe and the radiative heat flux is acting
between the thermocouple’s surface and the surrounding cold walls of the fire-tubes. The
steady-state energy balance is expressed as:

mt cV,t
dT

dt
= Vt ρ cV,t

dT

dt
= Q̇conv,t − Q̇rad,t = 0 . (1)

Therefore, the measured temperature in the given scenario is reduced by the presence of the
radiative heat transfer term.
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The convective heat transfer is modelled as:

Q̇conv,t = hconv At (Tfg − Tt), (2)

while the convective heat transfer coefficient, hconv, is defined as

hconv =
Nu λfg
dt

. (3)

The convective heat transfer mechanism across the cylindrically shaped thermocouple
surface is described by the Whitaker equation [43] for turbulent external flows in single
spheres, which has the following formulation,

Nu = 2 +
(

0.4
√
Re+ 0.06

3
√
Re2

)
Pr0.4

(
µwall

µfg

)0.25

, (4)

The flue gas stream across the channel, is defined taking into account the wet cross
section between the pipe and the round solid thermocouple, where the wet cross section is
calculated using the hydraulic diameter [44], dhyd, defined as

dhyd =
2 (Atube − At)

π (dtube + dt)
= (dtube − dt) (5)

while Awet results:

Awet =
π

4

(
d2tube − d2t

)
; (6)

The radiative heat flux is modelled applying the gray surfaces model, thus expressing
the equivalent radiative thermal resistance as the sum of the combined effects of the ther-
mocouple and surrounding walls with isotropic emissivity values:

Q̇rad,t = gtot (T 4
t − T 4

wall), (7)

where

gtot = σ
At

1− εt
εt

+
1

Ft,wall

+
1− εwall

εwall

. (8)

The thermocouples installed on the experimental set-up at the flue-gas side are completely
surrounded by the neighbouring walls (that physically separate the flue gas from the boiling
water). Accordingly, the view factor is assumed to be ideal and equal to Ft,wall = 1.

Finally, beginning from the energy balance equation under steady-state conditions Eq.1,
the temperature difference term, ∆Trad,conv, can be calculated as follows:

∆Trad,conv = Tfg − Tt =
Q̇rad,t

hconv At

, (9)

therefore, the corrected flue gas bulk temperature Tfg is determined using Eq. (9) as

Tfg = Tt + ∆Trad,conv. (10)
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The estimated uncertainty of the Nusselt number is determined as the uncertainty prop-
agation of the measured experimental data and the inherit uncertainty of the Whitaker
correlation [45], that are expressed as:

u(Nu) =

√(
∂Nu

∂Re

)2

u2(Re) + u2inh,w(Nu), (11)

where
∂Nu

∂Re
= [Pr0.4

(
µwall

µ∞

)0.25

](0.4
1

2
√
Re

+ 0.06
2

3 3
√
Re

), (12)

and
uinh,w(Nu) = 0.2 Nu. (13)

Where u(Re) is defined as,

u(Re) =
dhyd

Awet · µfg

· ṁfg, (14)

Following Eq.14, propagated uncertainty over the estimated u(ṁfg), the latter is defined
provided the relative uncertainty of the flow meter equal to 0.6%. The mass flow rate
uncertainty considering a triangular distribution [45] is therefore expressed as,

u(ṁfg) =
u(ṁfg)% · ṁfg

2
√

3
. (15)

The propagated uncertainty of the convective heat transfer coefficient is expressed as:

u(hconv) =
λg
dt
u(Nu). (16)

while finally the temperature difference uncertainty expression is the result of the propaga-
tion:

u(∆Trad,conv) =

(
Q̇rad,t

h2conv At

)
u(hconv). (17)

In general, the flue gas temperature uncertainty is determined as the combined effect of
the two major contributions: the propagated temperature difference dispersion u(∆Trad,conv)
and the repeatability uncertainty of the thermocouple measured quantities. The latter value,
which has been sampled across every design point, is equal to the standard deviation of the
sampled population. Therefore, the global flue gas temperature is determined as:

u(Tfg) =
√
u2(∆Trad,conv) + V ar(Tt) (18)

Finally, the provided uncertainty estimation of the flue gas temperature is included in
the CFD model validation phase.
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3. CFD simulations

In the present section, the details of the CFD approach are provided. In particular, the
adopted physical models are described and a mesh sensitivity analysis is reported to assess
the optimal grid spacing. Finally, the numerical model is validated, comparing the predicted
results with experimental data available in literature and measurements performed at ICI
Caldaie Lab.

3.1. Numerical set-up

All the simulations of the fire-smoke tubes were performed employing the Ansys Fluent
software [46].

The flow-field inside the tubes has been computed using the compressible steady state
Reynolds-Averaged-Navier-Stokes (RANS) equations (including gravitational forces) cou-
pled with the two equations SST k− ω turbulence model [47] with Low-Re corrections and
enabling the viscous-heating, similarly to the Bisetto et al. [20] and to Eiamsa-Ard [10]
works. The energy equation has been activated to consider heat transfer, and the Discrete
Ordinates (DO) model [48, 49] has been adopted to simulate radiative heat exchange; despite
the small values of the test cases mean beam length, the radiative heat exchange cannot be
neglected due to the high inlet temperature. Furthermore, equations for the transport of
non-reactive species [50] were considered for all species present in flue gases resulting by the
combustion of an air-methane mixture. Derived polynomial functions were used to calculate
the dynamic viscosity, the specific heat and the thermal conductivity [51] for each species.
The composition-dependent properties for multi-component mixture, i.e. the kinematic vis-
cosity, the isobaric and isochoric specific heat and the thermal conductivity were calculated
applying the kinetic theory. Finally, the Weighted-Sum-of-Gray-Gases Model (WSGGM)
[32] for the estimation of gases emissivity (ε) has been used. A coupled solver has been
chosen to solve the resulting system of equations; furthermore, the gradient is discretized
using a least-square method, while the second-order upwind discretization scheme is applied
to the velocity, energy, turbulence quantities, radiation, and species equations.

At the inlet section the mass flow rate of a single smoke pipe, ṁfg,tube, is set, while at
the outflow section the static pressure is prescribed. A no-slip boundary condition is set on
the tubes internal surface with fixed temperature. Assuming the total flue mass flow rate,
ṁtot, is uniformly distributed among the smoke-pipes, ṁfg,tube can be computed as

ṁfg,tube =
ṁtot

ntubes

, (19)

where ntubes is the number of smoke-pipes, while ṁtot can be computed as

ṁtot = ṁch4 + ṁair. (20)

The ṁch4 value is obtained by the experimental measurement of the methane volumetric
flow rate as

ṁch4 = ρch4 V̇ch4, (21)
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Figure 4: Polyhedrical mesh of the computational domain with a detali of the boundary layer zone

where ρch4 is the density of methane at atmospheric conditions.
The air mass flow rate, ṁair, can be estimated from methane mass flow and the air excess

(e), often kept within a range between 0.1 < e < 0.55 [52] (e ≈ 0.2 in this work), and strictly
dependent on the chemical composition of exhaust flue gases [2], as

ṁair = 17.24 ṁch4 (1 + e). (22)

The temperature on the internal wall is kept constant along the tube, because the water
is evaporating. The temperature value is equal to the mean value of water-temperatures
measured on the smoke-tube increased by a temperature difference that accounts for the
pipe’s steel thermal conductivity, accordingly to the Fourier’s law [51].

3.2. Mesh sensitivity analysis

A mesh sensitivity analysis has been performed to identify the grid size that guarantees
the grid independence of the results, while minimizing the computational cost. This activity
has been performed on a tube characterized by the following dimensions: Dtube = 106.3 mm
and Ltube = 3350 mm.

At the inlet section, the total mass-flow rate of ṁfg = 0.01867 kg/s, the temperature
of Tfg,in = 1000 K and the gas emissivity of εfg = 0.3 are prescribed. The chemical
composition is determined by the air excess value e through the stoichiometric calculation
[2] and the following values have been imposed on both inlet and outlet sections: %CO2 =
12.76, %O2 = 3.66, %H2O = 10.44. The static pressure, pout = patm, is imposed on the
outflow. A no slip boundary condition is applied to the walls with the imposed temperature
of Twall = 467 K, which is assumed to be constant along the entire tube, while the wall
emissivity is set to εwall = 0.5.

Different mesh sizes were considered in a range between 1.72× and 7.97×106 polyhedral
elements; for all meshes the non dimensional height of the first cell, i.e. the y+, is set around
1 to capture the heat exchange at the wall correctly.
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Figure 5: Mesh sensitivity analysis for outlet temperature (left), inlet total pressure (center), and outlet
total pressure (right). Red lines represent Richardson’s extrapolated values

The values used to compare the different meshes are the mass-weighted-average temper-
atures (Tfg,out) and the area-weighted-average total pressure on the inlet (Ptot,in) and outlet
(Ptot,out) surfaces. The reference values (Tfg,out−Rich., Pfg,in−Rich. and Pfg,out−Rich.) have been
calculated utilizing the Richardson theory [53] and are shown in Fig. 5 as red lines. Table
2 summarizes the predicted results. The medium mesh (see Fig.4) has been selected for the
following simulations as it guarantees a deviation below 2.5% for the quantities of interest
and it reduces the computational cost with respect to the finer mesh.

N. of elements Tfg,out[K] ∆% Ptot,in[Pa] ∆% Ptot,out[Pa] ∆%

Coarse 1 720 000 592.02 -0.52 % 151.51 3.71 % 15.00 -2.53 %
Medium 3 320 000 591.65 -0.46 % 153.72 2.31 % 14.89 -1.77 %

Fine 7 970 000 590.55 -0.27 % 155.18 1.38 % 14.80 -1.16 %
Richardson / 588.94 / 157.36 / 14.63 /

Table 2: Mesh sensitivity analysis. Predicted outlet temperature, Tfg,out, inlet total pressure, Ptot,in, and
outlet total pressure, Ptot,out, and the corresponding error with respect to the Richardson extrapolated
values for different mesh density (coarse, medium and fine)

4. Reduced FVM modelling description

In the present section, following the development of a CFD numerical approach, a less
computationally intensive, yet detailed, physical based model is implemented and the corre-
sponding correlations are discussed. The key objective of the reduced Finite Volume Method
(FVM) modelling is simulating the behaviour (heat transfer and pressure drop along the tube
axis) of flue gases in fire-tube boilers fed by natural gas. The flue gas flow is considered
to be injected at tubes’ inlet section, while ideal mixing and complete flow development is
assumed along the whole tubes’ length. The convective and radiative heat transfer mecha-
nisms are assumed only along the radial direction, while the local conditions are determined
thanks to a simplified FVM approach. The Finite Volume Method is implemented utilizing
discrete cylindrical shaped volumes, in which homogeneous conditions are considered. The
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frontal surface of the discrete volume element devides them along the tube axis, while the
lateral surface defines the boundary separating the flue gas volume element from the sta-
tionary wall. The simulated parameters are the pressure and the temperature defined for
each discrete volume element. For determining the the flue gas mixture’s properties, real
gas behaviour is assumed; hence, a methodology based on Helmotz’s energy formulation is
applied [54].

4.1. Energy balance and heat transfer equations

The FVM architecture, represented in Fig. 6, describes the energy flow terms, where the
heat balance equation of each i-th volume element is expressed as:

Figure 6: Developed Finite Volume Method (FVM) architecture for a cylindrical horizontal fire-tube

d

dt

[
(ρfg V ) cV,fg T

i
fg

]
= ṁfg cP,fg (T i−1

fg − T
i
fg)− Q̇i

rad − Q̇i
conv, (23)

where, as a steady-state regime is considered, the following equation holds:

d

dt

[
(ρfg V ) cV,fg T

i
fg

]
= 0. (24)

The convective heat transfer equation is expressed as:

Q̇i
conv = hifg

2πRtubeLtube

N
(T i

fg − Twall), (25)
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where hifg is based on the empirical Dittus-Boelter [25] correlation (valid for turbulent flow
of smooth tubes under gas cooling process), and can be defined as

hifg =
0.023kifg
2Rtube

Re0.8i Pr0.3i , (26)

where the bulk flow properties are evaluated. Equation (26) is valid for a moderate radial
temperature gradient ( |T i

fg−Twall|), while for higher gradient values more complex correla-
tions are adopted: Sieder and Tate [55] equation and the Gnielinski [26, 27] correlation. The
Sieder and Tate equation evaluates the properties at bulk flow condition with the exception
of the the dynamic viscosity, which is evaluated at the wall, and is defined as:

hifg =
0.027kifg
2Rtube

Re0.8i Pr
1/3
i

(
µi
fg

µwall

)0.14

. (27)

The Gnielinski [26, 27] correlation, deviates from the previous formulations, as it employs
the friction factor estimated using the Filonienko’s [56] correlation:

hifg =
kig

2Rtube

f/8 (Rei − 1000) Pri

1 + 12.7
√
f/8 (Pr

2/3
i − 1)

[
1 +

(
dw
L

)2/3]( Prifg
Prwall

)0.11

. (28)

The radiative heat transfer term is expressed as

Q̇i
rad = gifg

2π Rtube Ltube

N
(T 4

fg,i − T 4
wall), (29)

where gifg is the equivalent radiative thermal resistance defined by:

gifg = σ
1

1−εw
εw

+ 1
εifg

. (30)

Following the approach proposed by Smith et al. [32], the gases’ local emissivity is estimated
as the sum of the polynomial coefficients with respect to the CO2 and water vapour partial
pressure multiplied by the average path length:

εifg =
J∑

j=1

aε,j (Ti) [1− ekjPS], (31)

where the weighting factor aε,j(T
i) represents the fractional amount of black body spectral

energy of the kj-th gas species. The temperature dependency of the mentioned weighting
factors is expressed by a polynomial formulation as:

aε,j (Ti) =
H∑

h=1

bε,j,h T
h−1. (32)

In case of natural gas combustion, the partial pressure ratio between the vapour content
and CO2 molar concentration in the flue gases is close to 2. Thus, the polynomial gas

temperature coefficients considered for
PH2O

PCO2
≈ 2 are reported in Table 3.

The proposed model is valid for a gas temperature in the range 600 K < Tg < 2400 K
and a total pressure equal to 1 atm.
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j kj bε,j,1 · 101 bε,j,2 · 104 bε,j,3 · 107 bε,j,4 · 1011

1 0.4201 6.508 -5.551 3.029 -5.353
2 6.516 -0.2504 6.112 -3.882 6.528
3 131.9 2.718 -3.118 1.221 -1.612

Table 3: Smith’s grey-gases emissivity temperature polynomial coefficients for
PH2O

PCO2
≈ 2

4.2. Head losses models

The viscosity of the flue gasses near the wall generates friction losses and, as a conse-
quence, a pressure drop along the tube’s longitudinal axis. The tubes’ distributed head
losses can be described analytically as

∆Pi = fd,i
8 Li ṁ

2
fg

π2 D5
tube ρfg

, (33)

where fd,i is the Darcy friction factor [57] evaluated at the i-th element.
Explicit friction factor correlations are thus employed and their effect on the precited

results is investigated in Sec. 5.4. The Petukhov equation [58], which is valid for fully
developed turbulent flows (ReD > 104), is expressed as:

fd = (1.82 ln(Re)− 1.64)−2. (34)

A wider range of operating conditions is allowed by the Filonenko correlation [56], which is
valid in the turbulent regime region within the range 3 · 104 < ReD < 107. This correlation
is based on the previous Petukhov equation for smooth tubes and is defined as:

fd = (0.790 ln(Re)− 1.64)−2. (35)

Recently, more accurate friction factors correlations have been developed. The Fang et al.
[37] expression developed for smooth pipes is written as:

fd = 0.25

[
log

(
150.39

Re0.98865
− 152.66

Re

)]−2
, (36)

and it is valid in the range 3 ·103 < ReD < 108 with a proposed mean absolute relative error
(MARE) of 0.022%.

The results of the physical based correlations are compared with the output of the CFD
simulations for the same operating conditions. The scoring functions are the corresponding
absolute and relative error computed for the estimated temperature and pressure of the flue
gases at prescribed cross sections. The mean absolute relative error (MARE) is a percentage
based index defined as:

MARE(f) =
1

Nval

Nval∑
i=1

|f(i)estimated − f(i)validation|
f(i)validation

· 100 (37)
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4.3. Sensitivity analysis on the size of the volume element

An investigation on the effect of finite volume’s size, aiming at achieving solution inde-
pendence, is performed. Flue-gas side’s finite volume element resolution is defined as:

resel =
Ltube

N
, (38)

where resel represents the thickness of an element of the cylindrical volume discretization and
is considered constant along the tubes’ main axis. It varies in the range 5 · 10−4 m/element
and 1 m/element. The temperature and pressure mean absolute errors, computed employing
the selected heat transfer models and friction factor equations, have been chosen to analyze
the influence of the element resolution, as shown in Fig. 7.

Figure 7: Logarithmic scale determined temperature and pressure mean absolute error trends with various
finite volume geometrical size resolutions

The results demonstrates the independence between the model’s error and the vol-
ume size (of the finite volume fire-tube discretization method) at 10−2 m/element for the
pressure estimation. However, temperature estimation reaches the mesh independence at
10−3 m/element. The lower value has been selected as it maximizes the accuracy, while the
computational cost is still relatively low, as only 1D simulations are considered.

4.4. Physical models optimization procedure

In the present section, the optimization procedure, implemented to determine the op-
timal coefficients of the convective heat transfer model and the distributed pressure losses
correlation, is described. This procedure aims at reducing the estimation bias, performing
a tuning procedure on the coefficients of selected convective heat transfer and the Fanning
friction factor models over the wide range of operating conditions of the validation data-set.
Initially, the accuracy of all implemented Nusselt and friction factor correlations (available in
the literature) is assessed, comparing the estimations with the CFD results. The coefficients
of the correlations that minimize the estimation errors are optimized. It is noteworthy that,
while tuning the coefficients of the selected convective heat transfer correlation, the method-
ology indirectly addresses the global heat transfer phenomena composed of convection and
thermal radiation components.
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The optimization framework is based on a genetic algorithm [59–61]. In particular, a
Non-Dominant Sorting Genetic Algorithm is implemented (NSGA-II) [62] for its fast con-
vergence rate to an optimal Pareto front. Taking into account the simultaneous influence
of temperature and pressure in the computation of flue-gas real gas mixture properties [54],
two separate objective functions are defined to separately minimize the temperature and dif-
ferential pressure’s mean absolute error (MAE). The optimization problem can be described
as

min f1 = min

(
1

Nvalidation

Nval∑
i=1

|Testimated,i − Tvalidation,i|

)
, (39)

min f2 = min

(
1

Nvalidation

Nval∑
i=1

|Pestimated,i − Pvalidation,i|

)
. (40)

Moreover, each coefficient (to be tuned) is subjected to a lower and upper bound. Finally,
once the Pareto front is obtained, the point (f1,i, f2,i) of the Pareto that minimizes the
euclidean distance, d, from the origin is chosen as the optimal solution, i.e.

min |d(f1,i, f2,i)| = min
√
f 2
1,i + f 2

2,i, (41)

where i is the i-th point of the Pareto front.

5. Results and discussions

5.1. Results of the experimental activity

Different experimental tests were carried out, varying the thermal power and air excess
value to modify the chemical composition of the flue gases. Accordingly, five different
operating conditions have been tested, modifying methane’s volumetric-flow rate and the air
excess value. The measurements have been corrected to consider the radiant heat dissipation
of the thermocouples, as reported in Sec. 2.2.

Table 4 summarizes the measurements. The values reported for each design point refer
to the corresponding average sampled values that are obtained in the corresponding test
interval. The collected experimental temperatures include also the systematic uncertainty
u(T ) (see Sec.2.2).

5.2. Validation of the CFD set-up

The CFD simulations have been validated with both experimental data available in
literature [20] and data provided by ICI laboratory.

Experimental measurements available in [20] have been obtained on a hot water boiler
(fed by methane and air) with a nominal power of 90 kW . In particular, the inlet and
outlet temperatures and pressures of a third gas-pass tube with a diameter of 36.4 mm
and a length of 826 mm were measured, using K-thermocouples on the flue gas side and
on the inlet section. The CFD boundary conditions, i.e. the mass flow rate, ṁfg, the inlet
temperature, Tfg,in, the wall temperature, Twall,int, and the outlet pressure, Pout, and the
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Design Points 1 2 3 4 5

V̇ch4 [Nm3/h] 3.99 4.12 3.53 4.99 4.51
e 0.29 0.29 0.5 0.31 0.55

Tfg,in [K] 808 899 829 934 892
u(Tfg,in) [K] 24.63 27.49 20.59 27.96 23.19
Tfg,out [K] 615 627 600 685 666

u(Tfg,out) [K] 14.83 14.65 12.51 17.09 14.37
Twall [K] 348.4 348.7 353 354.4 355

u(Twall) [K] 0.17 0.27 0.59 0.49 0.26

Table 4: Experimental measured quantities on Hot-Water-Boiler (HWB)

simulation results, i.e. the outlet temperature, Tfg,out−CFD, are reported in Tab. 5. A good
agreement for all considered operating conditions in terms of predicted outflow temperature,
Tfg,out, is demonstrated by the deviation, ∆Tfg,out, with respect to the experimental data,
which is always below 4%.

Design Points 1 2 3 4

ṁfg · 104 [kg/s] 14.37 15.80 16.62 17.86
e 0.216 0.199 0.193 0.20

Tfg,in [K] 808 827 834 844
Pout [Pa] 0 0 0 0
Twall,int [K] 350.7 349.9 350.3 350.8

Tfg,out−ref [K] 582 606 616 626

Tfg,out−CFD [K] 581 593 597 602
∆Tfg,out % 0.10% 2.15% 3.08% 3.83%

Re 1627 1747 1821 1938

Table 5: CFD validation setup with respect to data provided by Bisetto et al. [20]. ṁfg is the massflow
rate, Tfg,in the inlet temperature, Twall,int the wall temperature, Pout the outlet pressure, Tfg,out−CFD the
predicted outlet temperature, Tfg,out−ref the outlet reference temperature, ∆Tfg,out the deviation, and Re
the mean Reynolds number for the pipe

A second set of experimental measurements has been used to validate the CFD set-up.
In particular, the data has been provided by the ICI laboratory through an experimental
campaign on a 60 kW two-pass fire Hot-Water-Boiler (HWB). A single pipe with a diameter
d = 41.3 mm and a length L = 620 mm has been considered for the CFD simulations. Mass
flow rate, temperature, and chemical composition have been prescribed at the inlet surface,
no slip boundary condition with fixed temperature has been set at the tube wall, while at
the outflow section the static pressure is set to 0 Pa.

Table 6 summarizes the CFD boundary conditions, the experimental outflow tempera-
tures, the numerical predicted outlet temperatures with both laminar and turbulent models,
the non-dimensional numbers that characterize the fluid flow behaviour and the total and ra-
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Design Points 1 2 3 4 5

ṁfg · 104 [kg/s] 15.26 15.76 15.61 19.37 20.58
e 0.29 0.29 0.50 0.31 0.55

Tfg,in [K] 808 899 829 934 892
Pstat,out [Pa] 0 0 0 0 0
Twall,int [K] 350.4 350.7 355.0 356.4 357.0

Tfg,out−exp [K] 615 627 600 685 666

Tfg,out−CFD (Laminar) [K] 609 656 625 705 692
∆Tfg,out % 0.9 % -4.7 % -4.1 % -2.9 % -3.9 %

Tfg,out−CFD (SST k − ω) [K] 611 637 609 693 674
∆Tfg,out % 0.7 % -1.6 % -1.5 % -1.1 % -1.2 %

Gr · 103 48.54 50.47 56.67 35.26 37.67

Re · 103 1.49 1.47 1.7 1.92 1.89

Ri · 10−2 2.2 2.4 2.4 1.2 1.1

Q̇tot [W ] -398 -517 -419 -644 -598

Q̇rad [W ] -83 -115 -84 -136 -111

∆Q̇rad [%] 20.8 % 22.3 % 20.1 % 21.1 % 18.6 %

Table 6: CFD validation setup with respect to experimental measurements on a HWB provided by ICI
laboratory. ṁfg is the massflow rate, Tfg,in the inlet temperature, Twall,int the wall temperature, Pout

the outlet pressure, Tfg,out−CFD the predicted outlet temperature, Tfg,out−exp the outlet experimental
temperature, ∆Tfg,out the deviation, and Re the mean Reynolds number for the pipe, Gr the mean Grashof

number for the pipe, Ri the mean Richardson number for the pipe, Q̇tot the exchanged total heat, Q̇rad

the exchanged radiative heat, ∆Q̇rad the percentage of the radiative heat exchanged over the total heat
exchanged

diant heat exchange through the pipe wall. While in the previous validation, the same CFD
set-up proposed by Bisetto et a. has been adopted, characterized by the use of the SST k−ω
turbulence model, despite the low Reynolds numbers, in this test case the predicted results
provided by laminar and turbulence (SST k − ω) models have been compared. The tem-
perature and density flow fields depicted in Figs. 8 and 9 show a substantial agreement.
To extend the CFD setup validity to higher Reynolds numbers, the SST k − ω turbulence
model with Low-Re corrections and viscous-heating has been chosen for the generation of
the data-set required by the optimization process. Moreover, the high temperature gradient
generates large differences in the density field, and the buoyancy forces become no more
negligible with respect to the inertial contribution, thus bringing the flow into a condition
close to mixed convection. This behaviour is also confirmed by the calculation of Richardson
Number [51], defined as:

Ri =
Gr

Re2
=

∆ρ ~g D5 ρ π2

16 ṁ2
fg,tube

. (42)

The Ri number indicates if the convection heat transfer is forced (Ri << 1), natural (Ri >>
1) or mixed (Ri ≈ 1). The Ri values obtained during the validation analysis on HWB
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Figure 8: Temperature contours obtained with Laminar and SST k − ω turbulence models for the design
point 3

Figure 9: Density contours obtained with Laminar and SST k−ω turbulence models for the design point 3

(see Tab.6) indicate that, although the forced convection is predominant, the gravitational
effects cannot be avoided, especially for design points 1, 2 and 3. The outlet temperature
deviation between the numerical results obtained with SST k−ω turbulence model and the
experimental data, is always below 1.5% and within the estimated uncertainty (see Tab. 4).

Table 6 reports also the total heat exchanged and the radiative component, which is
approximately 20% of the total heat exchanged through the pipes’ wall. Despite the small
values of mean beam length, the radiative heat exchanged cannot be neglected for the
high inlet temperature. The good agreement between numerical and experimental results
confirmed also the validity of the DO model [48, 49] to predict the radiative heat exchange.

5.3. Results of the CFD simulations

Exploiting the numerical set-up validated in Sec. 5.2, the simulations of the flue gas inside
generic smooth horizontal smoke pipes, representative of the second and third passage, are
performed for different design parameters, i.e. the tube internal diameter, the gas mass flow
rate, the gas inlet temperature and the internal wall temperature.

The considered variables are both geometrical and thermo-physical to assess their influ-
ence on the heat exchange phenomena and on the distributed pressure losses between the
flue gas flow and the pipe’s wall. Figure 10 shows logic scheme followed to define the design
points variables, considering a fixed pipe length of 2500 mm. Boundary conditions were pre-
scribed to consider different boiler operating conditions, ranging from the lower to the higher
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Figure 10: Data-set logic scheme performed with CFD simulations

maximum thermal power typically exchanged on medium-size steam boilers’ pipes. Globally,
72 and 87 simulations were performed for the second and third passage, respectively. The
CFD simulations performed have Reynolds numbers in the range 3000 < Re < 28000.

5.4. Results of physical equations’ comparison

In this section, a description of the estimation bias of the implemented physical corre-
lations is provided. The present validation task is performed by comparing the empirical
models with the validation CFD dataset (see Sec. 5.3), which considers a wide range of
geometrical and operating conditions. The evaluations are conducted separately applying
a constant volume element resolution, identified by the sensitivity analysis (see Sec. 4.3).
Each evaluation estimates the temperature and pressure trend along the tube’s axis for every
element in the validation data-set and for all implemented physical correlation. Statistical
indicators are here employed and their results are reported in Table 7. The analysis are
carried out separately for the internal heat transfer models and the head losses correlations.

Results clearly indicate the greater accuracy of the Gnielinski model over the wide set of
validation data. In addition, the Gnielinski convective heat transfer equation is more suit-
able for the current operating conditions, characterized by considerable radial temperature
gradients.

The validation of the differential pressure losses models shows the greater accuracy of
the Fang correlation [37], with respect to the Petukhov and Filonienko models.

It is also worth noticing that, although several physical based convective heat transfer
equations are analyzed, the proposed heat transfer model applies the gray gas radiative model

25



Model MAE MARE[%] V ar St.Dev

Dittus-Boelter [25] 84.12 [K] 9.59 1714.89 [K2] 41.41 [K]
Sieder-Tate [55] 19.73 [K] 2.25 214.07 [K2] 14.63 [K]
Gnielinski [27] 17.07 [K] 1.95 86.53 [K2] 9.30 [K]

Petukhov [58] 20.45 [Pa] - 399.08 [Pa2] 19.98 [Pa]
Filonenko [56] 26.45 [Pa] - 530.08 [Pa2] 23.02 [Pa]

Fang [37] 9.30 [Pa] - 612.67 [Pa2] 24.75 [Pa]

Table 7: Validation of the heat transfer and pressure drop models with respect to the CFD data-set

(a) The Pareto front of the performed multi-objective
optimization. The selected optimal point is depicted
in red

(b) Running metric [63] results over the set of generations

Figure 11: Pareto front and running metric

using the Smith weighted sum of gray gas emissivity (WSGGM) polynomial coefficients (see
Eq. (31)).

5.5. Physical models’ optimization

In the present section an optimization procedure is described, which aims to reduce the
estimation bias of the Gnielinski convective heat transfer equation, and the Fang friction
factor. A tuning phase over CFD data-set is performed, and 11 variables are optimized
subject to a defined research space contiguous with the former coefficients of the equations.
The choice of employed objective functions is motivated by the comparable scale, while
estimating both temperature and pressure MAE. The final (last generation’s) Pareto front,
which is obtained by the used genetic based optimization algorithm, is shown in Fig.11,
such as the optimization algorithm’s convergence diagram applying the running metric [63]
procedure between each generation.

The proposed index measures the generational variation within the objective space. The
results indicate that the algorithm reaches an acceptable convergence conditions after 33
generations. Once the last Pareto set of solutions is obtained, the solution with the minimum
euclidean distance from the origin is chosen as the optimal. Table 8 compares the accuracy
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of the models with optimized and standard coefficients.

Nuifg =
ffg,d/7.5630 · (Rei − 987.4441)Pri

1.0404 + 12.0090
√
f/7.5630 · (Pr0.6687i − 1)

[
1 +

(
dw
L

)0.6012]( Prifg
Prwall

)0.13

(43)

f i
fg,d = 0.2054

[
log

(
146.9152

Re0.976D,i

− 153.7099

ReD,i

)]−2
(44)

Model MAE MARE[%] V ar St.Dev

Convective heat transfer
Gnielinski [27] 17.07 [K] 1.95 86.53 [K2] 9.30 [K]

Convective heat transfer optimized correlation 10.75 [K] 1.24 50.09 [K2] 7.08 [K]
Friction factor models

Fang [37] 9.30 [Pa] - 612.67 [Pa2] 24.75 [Pa]
Friction factor optimized correlation 10.85 [Pa] - 634.44 [Pa2] 25.19 [Pa]

Table 8: The comparison between the performance of the Optimized correlations (for heat transfer and
pressure drop estimation) with the respect to the baseline equations available in the literature

The results demonstrate an improvement of the accuracy for the convective heat transfer
correlation, while the performance of the optimized model for the distributed pressure drop
is slightly worse than the baseline model proposed by Fang [37]. This behaviour can be
ascribed to the joint influence of pressure and temperature values, while estimating the
flue-gas properties through the mentioned real-gas model.

It is finally worth mentioning that although a set of novel correlations has been identified,
their application is subject to the considered operating conditions.

6. Conclusions and future works

The present study aimed at analyzing the heat transfer performances and head losses
models of flue-gases in smooth horizontal Fire-tubes on a wide range of operating conditions.

Initially, experimental measurements were performed in fire-tubes to describe the phys-
ical behaviour of flue gases while exchanging heat with a surrounding liquid media under
steady-state regime. A thorough experimental uncertainty analysis was implemented and
uncertainties of the propagated variables were consequently estimated.

Subsequently, an accurate CFD model was used to predict the flow field in smoke pipes
under different operating conditions, in order to create a large data base that will be used
as validation data-set. The physical models adopted in the CFD set-up were validated
comparing the predicted results with experimental data available in literature and with the
measurements performed in the initial phase. A good agreement between the results of the
CFD simulations and the measured in-tube heat transfer and distributed pressure drops
physical phenomena was observed.
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In the second part, a simplified 1-D FVM based model was developed, assessing the
convective and radiative heat transfer together with distributed friction factor equations of
the fire-tube’s flue gas side. An initial assessment of finite volume resolution resulted in an
optimal 1 mm/element length of the volume discrete element as the trade-off between acu-
uracy and computational cost. A wider set of operating conditions was simulated employing
the CFD approach, thus assessing the temperature and absolute pressure trends along the
tube longitudinal axis, which consequently expanded the available set of scenarios. Further-
more, the performance of a set of traditional convective heat transfer equations and friction
factor models was assessed through determining the models’ resulting bias with respect to
the available set of validation data. Additionally, the Smith grey-gas emissivity model was
implemented, which is based on a weighted sum of gray gas coefficients and addresses the
radiative emissivity of hot gray gases present in methane exhaust flue-gas species.

Successively, it was demonstrated that the Gnielinski equation leads to the lowest es-
timation error (with respect to the validation dataset), which also indicates the notable
effect caused by the temperature difference between the bulk flow and the metal wall side.
Finally, a multi-objective optimization (MOGA) procedure was designed aiming at reduc-
ing the models’ error. A number of 11 coefficients of the Gnielinski and Fang equations
were selected as optimization variables. Coefficients were tuned subject to the minimiza-
tion of the deviation between the estimated values of flue gas temperature and pressure
with respect to the validation dataset, which was determined at 12 validation cross-sections
along the fire-tube longitudinal axis. The optimal correlations show an improved convective
heat transfer estimation capability in a wide set of simulated operating conditions, while
drastically reducing the computational cost (compared to the more computationally expen-
sive CFD models). The proposed methodology can be applied to similar cases providing
improvements over simplified approaches that are commonly employed in the literature.

It is also noteworthy that the achieved reduction in the temperature estimation errors us-
ing the proposed approach based on optimized correlations, allows decreasing the estimation
uncertainties during the preliminary design of Fire-tube boilers.
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