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Abstract

The article presents the experimental validation of a numerical model of heat losses from a horizontal rectangular flue gas
duct situated outside a heating plant building. The duct is insulated with mineral wool mats and protected with galvanised
sheet metal. The model was developed in ANSYS Fluent 2024 R2, incorporating the effects of wind velocity and solar
radiation. The computational domain is defined as encompassing the duct and the surrounding airspace. A sensitivity anal-
ysis of the mesh on the simulation results was performed. The validation experiment was conducted at an operational coal-
fired heating plant under various wind and sunlight conditions. The measurement of the heat flux density was conducted
by means of heat flux sensors. The validation indicators, that is to say, the process validation metric and the relative root
mean square error, confirm the consistency between the simulation results and the heat flux density measurements on the
bottom and side walls. The numerical model that has been utilised is capable of being employed in analyses of flue gas
duct modernisation, with the objective of reducing heat losses from flue gases flowing through the duct.
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1. Introduction

Statistics Poland [1] have reported that in 2024, district heating
was utilised for the heating of 45% of households in Poland.
This share is so large that even a negligible enhancement in the
energy efficiency of heat generation has the potential to mark-
edly diminish the environmental impact of heat production in
residential buildings. According to data from the Energy Regu-
latory Office [2], the average efficiency of licensed sources was
84% in 2024, representing a 5pp increase since 2002. The effi-
ciency level is determined by the magnitude of various heat

losses that occur in the process of heat production. For coal-fired
heating plants, the following factors warrant consideration: ex-
haust heat loss carried by flue gases into the environment, in-
complete combustion loss caused by the presence of combus-
tible particles in fly ash and slag, heat losses to the environment
through convection and radiation, physical heat contained in
combustion residues (the so-called physical enthalpy of resi-
dues), and incomplete combustion loss resulting from the partial
combustion of gaseous combustible components in flue gases.
Figure 1 shows examples of the shares of these heat losses for
a coal-fired water boiler.
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Nomenclature

ai —model constant

CV(RMSE)- relative root mean square error coefficient, %
cp  — specific heat capacity at constant pressure, J/(kg K)
D  —measured value

D. - cross-diffusion term, kg/(m?s?)

d — hydraulic diameter, m

e — error, %

E - comparison error

F1, F2>—first and second blending functions
G  —energy production, kg/(m/s%)

GCI - grid convergence index, %

Gr  — Grashof number

g — gravitational force, m/s?

h — characteristic cell size, m

H  —height, m

| — turbulence intensity, %

k  —kinetic energy of turbulence, m?/s?
Ma — Mach number

n — number of measurements in a series
N —number of grid cells
p — pressure, Pa

Peonv — Order of convergence

Q - heat flux density, W/m?
r — grid refinement ratio
Re —Reynolds number
RMSE- root mean square error

s — standard deviation
S — modulus of the mean rate-of-strain tensor, 1/s
Snum — numerical simulation value
t — temperature, °C
tp  — Student's t-distribution coefficient for confidence level p
T — absolute temperature, K
Ua  — type A standard uncertainty
up  — systematic standard uncertainty
uc —combined standard uncertainty
U  —uncertainty
Uv — process validation metric
\Y — computational domain volume, m?
~
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Fig. 1. Shares of heat losses for an example coal-fired
water boiler (own study based on [3]).

In the case of a boiler that is operated in accordance with the
established guidelines, exhaust loss constitutes the most signifi-
cant element in its energy balance. As Zhang et al. [3] assert,

w  —velocity vector, m/s

wx  — velocity component in the x-axis direction, m/s

X — segment length in x-axis direction, m

y*  —dimensionless wall distance in turbulence models

Greek symbols
a*  — coefficient damping the turbulent viscosity
£* —modified dissipation coefficient for k

pi —Dblended dissipation coefficient for @
y1 — production coefficient for o
0 — thickness, m

A — thermal conductivity, W/(m K)

u  —dynamic viscosity, u = pklw, kg/(m s)
w1 —turbulent viscosity, kg/(m s)

v — kinematic viscosity, m?/s

vdof — number of degrees of freedom

p  —density, kg/m?

o  —diffusion coefficient

w  —turbulence dissipation rate, 1/s

Subscripts and Superscripts

a — relative
c — total
D  —experimental value

ext — extrapolated

i — measurement number in a series
k  —turbulent kinetic energy

SN — numerical simulation value
SPD - due to input data

— turbulent

— coordinate direction

— viscous sublayer

— turbulence dissipation rate

— for wall layers

— for the region far from the wall
— fluctuation of a variable

SN P QT X

Abbreviations and Acronyms
CFD — computational fluid dynamics
GCI — grid convergence index

this may account for as much as 8-9% in the case of coal-fired
water boilers, a subject to be analysed later in this article. This
phenomenon of heat losses can be mitigated through various
means, including the reduction of flue gas temperature, with due
consideration for the issue of sulphur corrosion on the walls of
both horizontal and vertical flue gas ducts. The conditions for its
occurrence are associated with the location of the ducts, which,
in the context of heating plants, are partially situated outside the
building. Subsequently, the flue gas is exposed to meteorologi-
cal conditions, including wind and precipitation, which prompt
a rapid cooling process. It is imperative to maintain the temper-
ature of the flue gas above the so-called acid dew point, where
the mixture of sulfuric acid and water vapour condenses, leading
to the corrosion of ducts. Consequently, proper insulation of the
flue gas discharge route, and even at the design stage, the opti-
mal route for reducing heat loss, is a factor that significantly af-
fects the efficiency of district heating production.
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It is evident that a considerable number of heating plants and
combined heat and power plants are currently in operation in
Poland. It is important to note that many of these facilities were
constructed several decades ago. The modernisation of existing
flue gas ducts has been demonstrated to result in a substantial
enhancement of the efficiency of district heating production.
The magnitude of this increase can be estimated using numerical
simulations, provided that the extent to which they reflect reality
is known. The validation of numerical models of flue gas flows
in heating plants by comparing simulation results with measure-
ments on actual facilities is a subject that is rarely described in
the literature. The primary rationale for this is the complexity
inherent in such studies, which is compounded by the extensive
scale of the model and frequently necessitates disruption to the
existing installation.

A review of the extant literature reveals a paucity of research
on the validation of numerical models for a horizontal rectangu-
lar section of flue gas ducts based on measured heat flux density.
Nevertheless, there are a number of publications that address
this topic in specific areas.

Matas et al. [4] and Chen et al. [5] described the issue of
a rectangular horizontal section of a flue gas duct, focusing on
flow velocities. Matas et al. [4] validated a numerical model of
the flue gas system between the boiler and the fan by comparing
the simulation results with measurement data obtained at a com-
bined heat and power plant. The model under consideration in-
corporated short rectangular horizontal sections. It was deter-
mined that the correspondence between the simulation outcomes
and the measurement data was deemed to be satisfactory, as ev-
idenced by the findings concerning the flue gas flow rates and
velocity distribution. Chen et al. [5] presented an analysis of the
numerical simulation results for a rectangular flue gas duct, ex-
amining the conditions upstream and downstream of an electro-
static precipitator. The velocity distribution was also described.
The publication did not include any validation.

Conversely, El-Shafie [6] utilised temperature measure-
ments to validate a numerical model, albeit for a vertical circular
flue gas duct discharging flue gas from a glass furnace. The
demonstration revealed a substantial degree of concordance be-
tween the temperature distribution that was derived from the nu-
merical simulation and the measurement results.

None of the above publications takes into account the current
influence of wind. None of the numerical models presented
cover the air around the flue gas duct. Nevertheless, this ap-
proach is frequently employed in numerical simulations of flows
around buildings, as articulated by Huang et al. [7]. The litera-
ture provides comprehensive guidelines for the numerical simu-
lation and validation of numerical models of buildings, with
consideration for external air flow (see, for example, Franke
et al. [8], Tominaga et al. [9]). Outside the boiler room building,
the flue gas duct is significantly affected by the external air.
Consequently, it appears that, in numerical simulations, it could
be treated in the same way as a building.

It has been observed that the aforementioned publications
neglect to consider the impact of solar radiation, a factor that is
undoubtedly implicated in the intensity of heat exchange be-
tween the flue gases and the environment.

The present work serves to augment the extant body of
knowledge concerning the impact of outside air and solar radia-
tion on heat losses from flue gas ducts. The objective of this
study is to utilise numerical simulations to formulate solutions
that enhance the efficiency of district heating production by re-
ducing heat losses from flue gas ducts.

2. Numerical model of heat losses from
the flue gas duct of a heating plant

2.1. Fundamental equations of conservation

Computational fluid dynamics (CFD) is a technique for solving
problems involving fluid flow and the accompanying heat ex-
change using numerical methods. It is imperative that these so-
lutions adhere to the established laws of conservation in the
physics of the phenomenon. It is imperative to acknowledge the
fundamental principle of fluid mechanics: the conservation of
mass. In accordance with Newton's second law of motion, the
change in momentum of a fluid particle must be equal to the sum
of the forces acting upon it. In accordance with Newton's first
law of motion, the change in energy must be equal to the sum of
the changes in heat transfer and the changes in work done on the
fluid element.

The law of conservation of mass gives rise to the continuity
equation described in Eq. (1), under the assumption that the phe-
nomenon is steady-state. The numerical model investigated in
this study involves two fluids: flue gas and air. Both are assumed
to be incompressible with respect to pressure changes, as the
Mach number remains below 0.3. While flue gas is also consid-
ered incompressible with respect to thermally induced density
changes, due to the dominance of forced convection within the
duct, air is treated as thermally compressible. This approach is
necessary to model the mixed convection around the duct, which
is key to capturing buoyancy effects caused by flow separation
as the wind encounters the structure. Equation (1) represents the
continuity equation for both fluids

V- (pw) =0, 1

where: p — density, w — velocity vector. In the case of flue gas,
the density is assumed constant, whereas for air, it varies accord-
ing to the thermal compressibility assumption.

The law of momentum change is described by the momen-
tum conservation equation. This work presents its averaged ver-
sion, i.e. the Reynolds equation described in Eq. (2). The veloc-
ity component in the x-axis direction is given. In addition to the
aforementioned assumptions, the fluid flow is turbulent, and
gravity is taken into account in the x-axis direction, with the op-
posite sign:

0 -
V- (pww,) =—£+V-(qux)—V-(pwxW)—pg, )

where: w — velocity, p - pressure, x — segment length in the x-
axis direction, x4 — dynamic viscosity, g — gravitational acceler-
ation, and other quantities as indicated in Eq. (1). The subscript
x denotes the vector component in the x-axis direction, and
" denotes fluctuations of variables. Analogous equations de-
scribe the conservation of momentum’ in the other directions.
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In the analysed phenomenon of heat exchange between flue
gas and air, the influence of gravity on the flow from the flue
gas side is negligible. However, this is not the case on the air
side. The phenomenon of mixed convection can be defined as
a combination of free convection, which is influenced by tem-
perature differences and affects density, and forced convection,
which is driven by the action of wind. In order to estimate the
influence of gravity, the ratio of the Grashof number to the
square of the Reynolds number was calculated for the measure-
ment from the experiment at the highest wind velocity. The re-
sult obtained was 0.04, which, according to Bejan [10], indicates
a small but not negligible influence of buoyancy forces on air
density. It is important to note that this effect will increase as the
wind velocity decreases. It is therefore evident that all simula-
tions were performed with due consideration for gravitational
forces.

The governing law of energy changes is regulated by the en-
ergy conservation equation, as outlined in Eqg. (3). Along with
the previously stated assumptions, there are no internal heat
sources, and energy dissipation due to working against viscous
forces can be neglected:

V- (pc,wT) = V- (AVT) — V- (pcpﬁ), 3)

where: ¢, — specific heat capacity at constant pressure, T — abso-
lute temperature, A — thermal conductivity.

2.2. Turbulence model

The phenomenon of heat exchange in the flue gas duct was mod-
elled using the software programme ANSYS Fluent 2024 R2. It
is widely used in numerical simulations of flows around build-
ings that take into account the influence of external air velocity,
as described by Huang et al. [7].

In the analysed case, turbulent motion occurs on both the flue
and air sides. In the proximity of the walls, the nature of the flow
undergoes a transformation. In order to achieve a reliable repre-
sentation of the flow field within a reasonable computational
time, appropriate turbulence models are selected. It is posited
that these models provide a reliable approximation of the effect
of turbulence on the average velocity, pressure and temperature
fields. This enables accurate and stable calculation results to be
obtained with an acceptable computational effort.

In the aforementioned issue, the Reynolds-averaged Navier-
Stokes (RANS) model was selected, in which all vortex scales
are modelled, the so-called Shear-Stress Transport (SST k-w).
This model has been employed in analogous analyses within the
extant literature (see, for example, Matas et al. [4]). The model
demonstrates an effective solution to the equations in the wall
layer at low speeds. In the fully turbulent area far from the wall,
the k—¢ model is employed. Hamisu et al. [11] posit that the rec-
ommended value of y* for the SST k—w model is approximately
1, although values up to 5 are deemed acceptable.

The phenomenon of turbulence is taken into account in CFD
in the k—w SST model by solving the equations of kinetic energy
transport of turbulence and turbulence dissipation rate, respec-
tively:

V- (pkw) = V- [(u + peoi)Vk] + G — pBwk,  (4)

V- (pow) =V - [(u + po,)Vo] + yl%Gk = pBiw? + D,. (5)

The model also incorporates a specific formulation for tur-
bulent viscosity, a blended dissipation coefficient and a cross-
diffusion term, respectively:

pk 1

He = ———F5m5, (6)
max[?,al—w

Bi = Fifis + (1 — F)Pi, (7

Dy, = 2(1 = F)po, ;= Vk - Vo, 8)

where: k — turbulent kinetic energy, u: — turbulent viscosity, ok,
o, — diffusion coefficients both equal to 0.5 in wall layers, and
equal to 1.0 and 0.856 (o.,2) far from the walls, respectively,
Gk — production of turbulent Kinetic energy, p* — modified dis-
sipation coefficient for k equal to 0.09, w — specific dissipation
rate, y» — production coefficient for » equal to 0.52 for high-
Reynolds number flows, i — blended dissipation coefficient for
o, D, — cross-diffusion term, a* — coefficient damping the tur-
bulent viscosity equal to 1 for high-Reynolds number flows,
S — modulus of the mean rate-of-strain tensor, F1, F» — first and
second blending functions, a1 — model constant equal to 0.31,
pi1, Bi2 — dissipation coefficients for o equal to 0.075 in wall
layers and 0.0828 far from the walls, respectively.

The mathematical formulation follows the original notation
proposed by Menter [12], while coefficients and model imple-
mentation are based on the ANSYS Fluent documentation [13].
It was assumed that the flue gas is incompressible with respect
to both pressure and temperature changes. In contrast, air was
modelled as incompressible regarding pressure but thermally
compressible, as described in Subsection 2.1. The phenomenon
is assumed to be steady-state, and no internal heat sources are
present.

2.3. Solar radiation model

In order to account for the impact of solar radiation on the flue
gas duct, the Solar Load Model in ANSY'S Fluent 2024 R2 was
utilised. In this model, the impact of solar radiation is deter-
mined on the basis of three factors. Firstly, data on the location
of the actual installation must be taken into account. Secondly,
the date of the measurement series must be considered. Thirdly,
the solar radiation coefficient must be taken into account. The
solar radiation coefficient was calculated on the basis of the air
temperature measured in conditions of shade and in the sun dur-
ing the measurement series in the validation experiment. For the
measurement series for which a cloudless sky was observed, this
coefficient was assumed to be equal to 1. This corresponds to
the difference in air temperature between the measurement in
the shade and in direct sunlight, as measured at that time. For
the remaining measurement series, the insolation coefficient was
calculated in relation to the above-mentioned measurement se-
ries, based on the current difference in air temperature measured
in the shade and in direct sunlight.

The absorptivity of the duct walls, ground (predominantly
grass) and building envelope was assumed to be 0.8, accounting
for material properties, ageing, and coal dust deposition typical
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of the coal-fired heating plant environment. Carvalho et al. [14]
reported an albedo of 0.25 for grass corresponding to an absorp-
tion coefficient of 0.75. In this study, the absorption coefficient
was increased to 0.8 to reflect the significant darkening of veg-
etation caused by coal dust accumulation. Similarly, the building
envelope’s absorptivity was based on Yu et al. [15], who identi-
fied a range of 0.65 — 0.85 for grey wall-facing materials. The
value of 0.8 was selected due to long-term environmental ex-
posure. For blue-painted steel ducts, the baseline from Liu
etal. [16] (0.63-0.75 for grey coatings) was adjusted to 0.8. This
adjustment accounts for the higher near-infrared absorption typ-
ical of standard blue pigments compared to grey ones, as well as
the further increase in absorptivity caused by coal dust contam-
ination.

While ANSY'S Fluent also allows for radiation exchange cal-
culations between surfaces and gases, the Radiation Model was
not activated for two main reasons. First, at the investigated tem-
peratures (below 400 K for flue gas, and below 300 K for air),
gases are generally considered transparent [17]. Furthermore,
since radiant energy emission is proportional to the fourth power
of absolute temperature, its contribution at these moderate tem-
peratures is negligible compared to convective fluxes observed
in this study. Consequently, omitting the radiation model does
not significantly impact the final results.

2.4. Geometry of the computational domain

The geometry of the model was created in ANSY'S DesignMod-
eler. The issue was regarded as a three-dimensional problem.
The modelled geometry is shown in Fig. 2:

air

o

o7
N 5
%/. =_air

flue gas =

Fig. 2. Geometric model showing the direction of flue gas
and air flows (ANSYS DesignModeler 2024 R2).

The duct in question was modelled with a thickness of 4 mm,
with the material used being steel sheet. The duct insulation is
composed of two mineral wool mats, each measuring 50 mm in
thickness, which are sheathed in 0.5 mm-thick galvanised sheet
metal. The duct exhibits a rectangular cross-section, with the
following internal dimensions: width of 2.12 m, height of
1.06 m, length of 7.04 m. The geometry of the model is such that
it takes into account the volume of the duct and the insulation.
The sheets were modelled as surfaces with thicknesses assigned
in ANSYS Fluent 2024 R2.

The direction of flow of flue gas and the direction of air inlet
are perpendicular to each other. The location of the air outlet is
above rather than behind the duct. This is due to the proximity
of a building, which blocks the flow. The dimensions of the
computational domain, in the absence of guidelines for flue

ducts, were based on guidelines for modelling wind flow around
buildings, presented by Franke et al. [8] and Tominaga et al. [9].
The domain extends 10H above the duct, while a distance of 5H
was modelled between the wind inlet plane and the duct, where
H is the height of the duct. The selection of these values was
informed by a blockage ratio of 7%. This ratio is utilised to as-
certain the distances between the wind inlet and outlet, and the
object around which the wind flows. The ratio is defined as the
cross-sectional area of the obstacle (in this case, the channel)
divided by the cross-sectional area of the air domain in the di-
rection of air inflow. The location of the installation was a de-
termining factor in the dimensions of the air domain: 11.5H be-
hind the channel (building boundary) and 4 m below the channel
(ground level). The width of the computational domain was as-
sumed to be equal to the length of the analysed section.

2.5. Discretisation of the computational domain

The spatial discretisation of the computational domain per-
formed in ANSYS ICEM CFD 2024 R2 is presented in Fig. 3.

Fig. 3. Numerical mesh: view from the flue gas inlet
toward the duct (ANSYS ICEM CFD 2024 R2).

The limit for the minimum cell size in the fully turbulent area
on the air side was assumed based on the cube root of the duct
volume, i.e. 0.27 m, in accordance with the guidelines for build-
ings provided by Franke et al. [8].

The mesh was refined near the duct walls in order to rectify
the issue of heat transfer in the wall layers. These are the layers,
in which the fluid's viscosity is a significant factor in determin-
ing its flow. For the purpose of this study, the thickness of the
aforementioned zone was estimated for flue gases based on the
formula for turbulent flow through a pipe, Eq. (9), as posited by
Schlichting and Gersten [18]. Such flow is divided into a viscous
sublayer and a turbulent core:

InRe

6y =122 Re G(InRe) '

9)
where: d, — thickness of the viscous sublayer of flue gas, Re —
Reynolds number, and function G(In Re) is equal to 1.35 at
2300 < Re < 107, and d — hydraulic diameter.

However, the thickness of the wall layer was calculated ac-
cording to the formula given by Schlichting and Gersten [18] for
turbulent flow along a plate:

R
8 = 0.14——G(InRe) 7, (10)

where d; is the thickness of the turbulent boundary layer of air,
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v is the kinematic viscosity, and function G(In Re) is equal to 15
at 10°< Re < 108,

According to Duan et al. [19], the Reynolds number on the
flue gas side was determined using the square root of the channel
cross-sectional area as the characteristic dimension. On the air
side, the channel width was taken as the characteristic dimension
for the flow along the plate.

The thicknesses at which mesh refinement is important were
calculated for the data from each measurement series. The max-
imum values recorded were 0.004 m on the flue gas side and
0.04 m on the air side. On this basis, the grid refinement at the
walls was modelled accordingly so that it covered at least the
estimated thickness of the wall zone. The layer thickness growth
rate was set at 1.2, at which the independence of the grid influ-
ence on the numerical simulation result, as determined by the
grid convergence index (GCI), is less than 1%. In accordance
with the recommendations set out by Franke et al. [8], the max-
imum value for numerical simulations of wind flow around
buildings, it should not exceed 1.2. The thicknesses of the first
layer in the wall zone are 0.0001 m on the flue gas side and
0.0003 m on the air side, respectively. In the context of these
thicknesses, the maximum values of y* at the walls did not
exceed 5, in accordance with the recommendations for the
SST k—w turbulence model.

The simulations were executed on a grid, the independence
analysis of which is presented in the following chapter. The total
number of mainly hexahedral volume elements was approxi-
mately 2 million. The quality of the mesh was verified to ensure
numerical stability and accuracy. The skewness reached a max-
imum value of 0.8 (with an average of 0.2), and the minimum
orthogonal quality was 0.2 (with an average of 0.9). Although
a maximum aspect ratio reached 1005 (with an average of 86 for
the entire domain), these peak values occurred exclusively
within the wall layers. In the computational domain far from the
walls, the maximum aspect ratio remained below 6.

2.6. Mesh independence analysis

The independence of the results from the mesh used was tested
using GCI. This method is frequently employed to estimate dis-
cretisation error in numerical fluid dynamics analyses, as evi-
denced by the works of Franke et al. [8] and Celik et al. [20].
According to Roache [21], GCI is derived from the generalised
Richardson extrapolation method, which determines the numer-
ical uncertainty associated with spatial discretisation errors. The
relative error of the test of independence of results from the
mesh necessitates solutions for a minimum of three grids of var-
ying refinement. A uniform refinement in all directions was as-
sumed between successive meshes, and the layer growth rate
was modified in the wall area (changes of approximately 25%).
The number of layers at the walls was adjusted to cover the es-
timated total thickness of the near-wall layer. In all types of
grids, meticulous attention was paid to ensure adequate quality.
This was achieved by analysing the aspect ratio, orthogonality
and skewness of its elements. If deemed necessary, the mesh di-
vision along the flue gas duct axis was corrected.

Celik et al. [20] proposed the following methodology for cal-
culating GCI from Eq. (11) based on the results of numerical

simulations on three distinct grids, designed as follows: fine — 1,
medium — 2, and coarse — 3:

1.25e21
ry1Pconv—1’

GCI?! = (12)
where: e, — relative error between the results obtained from the
two meshes, r — grid refinement ratio (recommended > 1.3),
Peonv — Order of convergence.

The relative error between the results from two meshes is
calculated from:

g2 = |Snum1=Snum2 (12)
Snum,l
where Snum stands for the numerical simulation value.
The grid refinement ratio, expressed as
ha
T21 = - (13)
1

is determined based on the characteristic cell size using the
equation;

1
14 3
m=(r)" (14)
where V is the computational domain volume and N is the num-
ber of grid cells.

The order of convergence of the numerical method is deter-
mined iteratively according to the equation:

1

In(r21)

Snum,3~Snum,2

+

pconv =

Snum,2~Snum,1

S =S
szlconv_sgn(snums num,z)
+1n num,2—Snum,1
rPconv_¢ n(snum,z-snum,z>
32 Snum,2—Snum,1

. (15

for which the quantities are described in the preceding formulas.
The relative error extrapolated between the results obtained
from the two grids is calculated from:

21 _ sé)%t_snumJ 16
Cext = 21 ’ ( )
ext
where the extrapolated value is expressed as:
Se2x1t — (szlconvsnum,l_snum,z). (17)

CEE

In Table 1, the GCI for the measurement with the highest
wind velocity is presented, along with several additional values
that were obtained through the utilisation of the aforementioned
methodology. The GCI for the medium and fine grids was found
to be below 1%. The solution was within the asymptotic range
of convergence. Although the medium grid was sufficient, the
fine grid was selected for the final simulations to ensure maxi-
mum numerical precision.

2.7. Material properties, boundary and initial condi-
tions

As illustrated in Tables 2 and 3, the physical properties are
assigned to individual surfaces and volumes. The material
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Table 1. Results of the study on the independence of results from grid

refinement.
Grid type Fine Medium Coarse
Number of elements 1985410 829650 312240
Grid refinement ratio 1.34 1.39 -
Characteristic cell size, m 0.11 0.15 0.21
Maximum element, m 0.27 0.34 0.42
Layer thickness growth 1.2 1.5 1.9
factor
Relative error, % 0.3 0.9 -
Extrapolated relative 0.2 0.5 -
error, %
Grid convergence index, % 0.25 0.65 -
Table 2. Physical properties of materials.
Mineral wool mat  Steel Reference
Thermal
conductivity, 0.0002t+0.033 50 [22]
W/(m K)

. 3 mat: [23]
Density, kg/m 100 7 800 steel: [22]
Specific heat
capacity, J/(kg K) 750 450 (23]

t — arithmetic mean of the flue gas and air temperatures

Table 3. Physical properties of gases — average values
for all measurements.

Flue gas [22] Air [24,25]
Thermal conduc-
tivity, W/(m K) 0.0281 0.0250
1.225
H 3
Density, kg/m 0.977 (at 288.15 K)
Dynamic viscos- 1.904x10° 1.778x10°
ity, kg/(m s)
Specific heat
capacity, J/(kg K) 1026 1041

in accordance with established

Table 4. Inlet initial conditions for all measurement series.

Measurement Temperature, K Velocity, m/s

series Flue gas Air Flue gas Air
1 363.8 282.0 6.7 2.7
2 365.2 282.2 6.8 3.7
3 366.1 282.3 6.9 3.2
4 362.1 282.5 8.5 2.5
5 364.3 284.5 6.3 2.7
6 364.8 284.3 6.3 3.0
7 364.8 284.1 6.4 1.9
8 364.9 286.0 6.4 1.9
9 364.7 286.4 6.3 3.2
10 363.4 286.3 6.2 4.1

tional area as a characteristic dimension, in accordance with the
recommendation of Duan et al. [19].

The temperature and velocity values for all measurement se-
ries are presented in Table 4. The turbulence intensity for the
flue gas is 5% in all cases, while for the air, it varies between
4% and 5%. The hydraulic diameter is 1.413 m for the flue gas
and 10.1 m for the air.

The boundary conditions are described in Table 5. The steel
duct walls were modelled on both sides of the insulation body
using the Shell Conduction option, allowing for heat conduction
within the plane of the metal sheets. A no-slip condition was set
on the duct walls, as they are fluid-solid interfaces. An adiabatic
condition was applied to the cross-sections of the duct walls
(duct ends). A constant temperature equal to the air temperature
was assumed on the ground and on the building side, while the
other side walls of the wind domain were designated as sym-
metry boundaries.

The flue gas and air inlets were modelled as velocity-inlet,
while the outlets were modelled as pressure-outlet. At the pres-
sure-outlets, a zero-pressure gradient was assumed, with the
backflow temperature and turbulence parameters set to values

Table 5. Summary of boundary conditions and numerical settings.

standards. The properties of gases were obtained from
established standards and authoritative publications on air and
gas mixtures. Regarding density, different density models were
applied to each fluid. Air was modelled as an incompressible
ideal gas, where density varies with a local temperature. This
approach accurately captures the buoyancy effects around the
duct. In contrast, the flue gas was modelled with a constant
density.

The initial conditions were established at the inlet to the flue
gas duct and the air domain. These conditions included the ve-
locity and temperature, as determined by the experimental study,
as well as the turbulence intensity, which was calculated using

the equation proposed by Russo and Basse [26]:
[ = 0.14Re™ 90790 (18)

where | denotes the turbulence intensity. The Reynolds humber
was determined for the square root of the channel cross-sec-

Boundary
name

Flue gas
inlet

Flue gas
outlet

Duct walls

Duct ends

Air inlet

Air outlet

Wind
domain,
side walls
Ground /
building
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Type
Velocity-
inlet

Pressure-
outlet

Wall
Wall

Velocity-
inlet

Pressure-
outlet

Sym-
metry

Wall

Thermal
conditions

Temperature
(Tab. 4)

Backflow: inlet
value
Coupled (shell
conduction)
Adiabatic

Temperature
(Tab. 4)

Backflow: inlet
value

Temperature:
air inlet value

Momentum
conditions
Velocity (Tab. 4)
and turbulence
parameters
Gauge pressure: 0,
backflow: inlet value

No-slip

Velocity (Tab. 4)
and turbulence
parameters
Gauge pressure: 0,
backflow: inlet value

No-slip
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corresponding to the respective inlet conditions. This was justi-
fied because the temperature drop of the flue gas along the in-
vestigated part of the insulated duct is minimal, and the ambient
air outside maintains a nearly uniform temperature throughout
the domain.

2.8. Basic assumptions in numerical modelling

The issue was modelled as a time-steady problem.

Both flue gas and air were treated as incompressible with re-
spect to pressure changes, as the Mach number was below 0.3.
Therefore, a pressure-based calculation module was selected.

The calculations were performed in double precision.

A coupled algorithm was used to solve the system of pres-
sure and velocity equations. In order to solve the pressure equa-
tion, due to the presence of mixed convection, the PRESTO!
(pressure staggering option) discretisation scheme was used,
while second-order upwind schemes were used for the remain-
ing equations.

Franke et al. [8] and Celik et al. [20] posit that the residual
value resulting from solving the aforementioned equations
should be a minimum of 1x107#, and that this should be reduced
further for the purposes of validation. In accordance with the
recommendation of Franke et al. [8], the parameter under inves-
tigation should be observed simultaneously. If it remains un-
changed during successive iterations, the simulation can also be
considered convergent. The convergence criterion was estab-
lished at a residual value of 1x10%, with a simultaneous heat
flux density variability of less than 0.01% in the final 100 itera-
tions.

3. Experimental validation of the numerical model
in a real heating plant

3.1. Test methodology

In order to analyse the phenomenon of heat losses from the hor-
izontal flue gas duct of a heating boiler, an existing system lo-
cated in a municipal heating plant was selected for the purpose
of this study. The boiler operating parameters were meticulously
monitored at the plant, which demonstrated that the flue gas
losses during the experiment ranged from 4 to 5%. The heat
source employed was a WR-25 water grate boiler, which was
fuelled by hard coal with an average calorific value of 23 MJ/kg.
The nominal parameters, in conjunction with the range of values
obtained from measurements during the experiment, are pre-
sented in Table 6.

Table 6. Characteristics of the WR-25 water-grate boiler: nominal and
experimentally obtained values.

Nominal Values during
values the experiment
Thermal power, MW 32 19-24
Efficiency, % 82 73-81
Boiler feed water temperature, °C 70 65-72
Heating water temperature, °C 150 115-128
Flue gas volume downstream of 53000 23 000 - 47 000

the boiler, m3/h

-/ Studied

sectlon

Fig. 4. The examined section of the flue gas duct on a satellite map
of the heating plant (own work, based on geoportal.gov.pl).

Figure 4 presents a satellite map of the analysed section of
the flue gas duct located downstream of the dust extraction sys-
tem. The system in question connects to the ducts from the other
boilers operating within the plant just before entering the chim-
ney.

In Figure 5, the measurement stations are indicated. The in-
itial measurement station is situated 1.3 m posterior to the el-
bow. The measurement holes are located at an interval of
7.04 m. In the section of the duct that was analysed, there was
an absence of fully developed flow in the cross-section, which
can be attributed to the configuration of the duct. Bejan [27] as-
serts that fully developed turbulent flow occurs after approxi-
mately 10 equivalent diameters have passed behind the disturb-
ance. In this case, such a section would have to start after ap-
proximately 14 m. The analysed flue gas duct did not contain
any such section.

The measurements were taken a few days after the boiler was
started up, when thermal equilibrium had been achieved.

Heat flux sensors were utilised to assess heat losses. The
components were installed on the bottom and upper walls of the
duct, and situated within the cross-section of the measuring
opening, with an approximate distance of 60 cm from the duct
axis. The installation of the components along the duct axis was
rendered infeasible by the presence of metal sheet joints. The
sensor was positioned on the side wall in a location exhibiting
uniform insulation quality. This location was selected on the ba-

Measurement
station 2

Measurement
station 1

3 !!

=

Fig. 5. Measurement stations on the tested section
of the duct (own archive).
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sis of thermal imaging tests, with the sensor placed at a distance
of approximately 60 cm from the measuring station.

The flue gas temperature was measured using PT100 ther-
mometric resistors. During the measurements, the surrounding
air humidity was measured using a capacitive humidity probe,
and the current weather conditions (cloud cover, precipitation)
were recorded. The device was located at the duct support,
which was positioned approximately in the middle of the duct
section that had been selected for measurement. This section
was situated in a location that was sheltered from wind and sun.

The calculations furthermore incorporated the readings of in-
struments that had been permanently installed in the heating
plant, including the mass of coal fed to the boiler, the excess air
coefficient, the CO, and O content in the flue gas, the flue gas
velocity, the wind azimuth and velocity, the ambient air temper-
ature, as well as the air temperature in direct sunlight.

The measurement of air humidity and flue gas temperature
was conducted at an interval of 10 s, while the electromotive
force measurements from heat flux sensors were recorded at a
frequency of 2 min. The readings from the heating plant instru-
ments were recorded as 10-min. averages. The measurement
data, which had been prepared for the purpose of validating the
numerical model, were grouped into 10-min averages.

3.2. Experimental results and discussion

During the course of the measurements, considerable fluctua-
tions in the heat flux sensor for the upper wall were observed.
A rigorous examination of the relationship between the heat flux
density on the subject wall and the ambient air temperature in
direct sunlight revealed a discernible correlation. Subsequent
analysis indicated that this correlation was attributed to the im-
pact of solar radiation, which exhibited a marked intensity that
was significantly higher than that observed in other areas. Pear-
son's correlation coefficient for the heat flux density of the upper
wall with the air temperature in direct sunlight was 0.9. Conse-
quently, the outcomes derived from the bottom and side walls
(Pearson's coefficients of 0.6 and 0.1, respectively) were se-
lected for validation.

The measurement series were analysed in terms of wind
pressure on the duct. The location of the heating plant building
is such that it is in close proximity to the duct. The building
functions as a barrier to south and west winds. The wind velocity
value was obtained from the heating plant's instruments; conse-
quently, it was not measured exactly at the duct location. Fol-
lowing the consideration of wind azimuth readings, as deter-
mined by the data measured at the heating plant, the validation
was conducted exclusively on those measurements during which
the wind was not blowing from the direction of the building.

Figure 6 shows the results of the heat flux density measure-
ments together with the total uncertainty bars. The graph also
shows the values of ambient air temperature, air temperature in
direct sunlight, wind velocity and the temperature difference be-
tween the flue gas and the air. The values are connected by lines
to make the profiles of the variables easier to read. During meas-
urements, the heat losses obtained from the bottom wall ranged
from 28 to 37 W/m?, and from 29 to 44 W/m? from the side wall.
In each measurement series, the total uncertainty of the heat flux

) 80 = 110
a Heat flux density on the bottom wall
70 |mmHeat flux density on the side wall 100
e Temperature difference between flue gas and air
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Fig. 6. Experimental results for heat flux density (a)
and weather parameters (b).

density from the bottom wall was lower than that of the side
wall. For the bottom wall, the total measurement uncertainty is
clearly greater where solar radiation heats the flue gas duct walls
intensively.

The obtained heat flux density profiles show a negative cor-
relation with the temperature difference between the flue gases
and the air. This is due to the simultaneous influence of weather
phenomena, such as solar radiation and wind velocity, on the
temperature of the duct wall (Pearson's coefficient is —0.7 for the
bottom wall and —0.4 for the side wall). The measured electro-
motive force increases as the temperature of the duct wall in-
creases. This temperature increase is due not only to the temper-
ature difference between the media on both sides of the wall, but
also to solar radiation and conduction of absorbed heat along the
wall. The incorrect correlation is clearly visible in measure-
ments 8-10. During these measurements, a significant rise in
heat losses was observed despite a decrease in the temperature
difference between the flue gas and the air. This decrease should
result in decreased heat losses, yet a negative Pearson coefficient
was obtained.

As shown above, measuring heat losses with heat flux sen-
sors, which have the advantage of not requiring significant in-
terference with the existing installation, is also subject to con-
siderable uncertainty due to current weather conditions, particu-
larly those resulting from the intensity of solar radiation and
wind gusts. Nevertheless, bearing these limitations in mind and
accounting for measurement uncertainty, the test results were
used to validate the numerical model of heat exchange in the
heating plant's flue gas duct.
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4. Simulation results and model validation

All simulations were considered to have converged because the
behaviour equations reached the assumed residual value, and the
heat flux density stabilised below 0.01% in at least the last
100 iterations in all simulations.

Figure 7 shows the results of the numerical simulation com-
pared with the results of the experimental study, together with
the total uncertainty. In the case of the bottom wall, the measur-
ing sensor was mounted approximately 60 cm from the duct axis
in the windward direction, while the simulation result includes
the average heat flux density across the entire surface.

The consistency of the numerical calculations with the ex-
perimental data was analysed using two methods. The first

70

O Bottom wall - experiment B Bottom wall - simulation

60 | mSide wall - experiment B Side wall - simulation

Heat flux density, W/m?

1 2 3 4 5 6 7 8 9 10
Measurement series number

Fig. 7. Comparison of simulation and experimental results.

method leads to the determination of the key validation metric,
Uv. This method was described by Stern et al. [22], for example.
It takes into account errors and uncertainties in both data cate-
gories to assess the level of validation. The second method is
used when there is insufficient data to calculate the aforemen-
tioned errors and uncertainties, and it calculates the relative co-
efficient of variation of the root mean square error CV(RMSE).
This method was employed to compare the results with those in
the literature, even though the data were available. No publica-
tions describing the validation of numerical models by an exper-
iment conducted in the presence of variable weather conditions
based on the first method were found. The second method, on
the other hand, is used in publications concerning the validation
of analyses of phenomena on external building elements.

In the method used to determine the validation metric Uy,
the comparison error E should not exceed the metric itself, indi-
cating good agreement between the results obtained in the nu-
merical simulation and the experiment on the actual object:

E= |5 _Snumll (19)

Uy? = Up® + Uspp® + Usy’®, (20)

where: E — comparison error, D — mean measured value,
Uy — process validation metric, Up — uncertainty of experimental
values, Uspp — uncertainty due to input data (e.g. material data),
Usn — uncertainty of numerical simulation.

The uncertainty of the values obtained in the experiment
(Up) was taken as the expanded uncertainty according to
Egs. (21)—(25). The confidence level p was taken to be 95%, and
the number of degrees of freedom was taken to be 4. Therefore,
the Student's t-distribution critical value was 2.7765.

UD = tp (Vdof)uc,i’ (21)
Vdof = N — 1, (22)
Ue; =+Jui +ug, (23)
=5
ta =, )
1 J—
§ = [az;Zi=alDi = DJ?, (25)

where: tp(vaor) — Student's t-distribution coefficient for confi-
dence level p and degrees of freedom vor , Uc,i — combined stand-
ard uncertainty for measurement number i, n — number of meas-
urements in a series, U, — type A standard uncertainty, u, — sys-
tematic standard uncertainty, s — standard deviation, D; — i-th
measured value.

Errors resulting from the use of the input data (Uspp) were
determined based on the assumption that heat losses mainly de-
pend on the temperature difference between flue gas and air, as
well as the insulation thickness and thermal conductivity coeffi-
cient. According to Zarnowski and Wisniewski [29], the thermal
conductivity coefficient of mineral wool insulation does not
change significantly over time; therefore, this parameter was
omitted in the analysis of uncertainties resulting from the use of
input data. The heat flux density is directly proportional to the
temperature difference between the flue gases and the air, and
inversely proportional to the thickness of the insulation:

(26)

where: AT — temperature difference between flue gas and air,
0 — insulation thickness.

The uncertainty in the insulation thickness was assumed to
be 3%, due to settlement, in accordance with the results of the
study by Nagy et al. [30]. In the absence of measurement uncer-
tainty for the air temperature, which was measured by devices
permanently installed in the heating plant, the total uncertainties
of the temperature difference were determined only on the basis
of the systematic and random errors of the flue gas temperature
measurements. A value of approximately 1% was obtained for
all measurements. The total uncertainty of the heat flux density
resulting from the use of input data was determined in accord-
ance with the law of uncertainty propagation, assuming a linear
relationship between the temperature difference, insulation
thickness and heat losses.

The GCI obtained in the grid independence analysis was
adopted as the uncertainty of the numerical simulation (Usn).

When analysing the compliance of the numerical simulation
results with the measurement data, a second method was em-
ployed to determine CV(RMSE) according to the following
equations:
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RMSE

CV(RMSE) = 100,

(27)

RMSE = J%Z?zl(snum Dy, (28)
where: CV(RMSE) — relative root mean square error, RMSE —
root mean square error, i — measurement number in a single
measurement series, n — number of measurements in a single
measurement series.

The validation results are presented in Fig. 8. With the ex-
ception of measurements 4 and 6 for the side wall, the compari-
son error E does not exceed the validation metric Uy, proving
that the numerical simulation results are consistent with the
measurements within the accepted uncertainty limits.
CV(RMSE) ranged from 7% to 22% for the bottom wall and
from 9% to 36% for the side wall. These high percentage values
result from the low absolute value of the measured heat flux and
the variability of weather conditions during the experiment,
which were averaged for each 10-min measurement series. Sim-
ilar levels can be found in the literature. For example, Demanega
et al. [31] calculated CV(RMSE) for heat losses from a build-
ing's window surface. The measurements were taken on cloud-
less days using heat flux sensors. Depending on the numerical
model selected, the relative root mean square error ranged from
16% to 38%.

Figure 9 shows the heat flux density distributions across the
bottom and side walls of the duct. It should be noted that the
extreme values observed during the experiment do not coincide
with the numerical extremes (see Fig. 7). Therefore, Fig. 9 pre-
sents the simulation results for the bottom wall measurement se-
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Fig. 8. Validation consistency: a) validation metric (E/U,),
and b) relative root mean square error (CV(RMSE)).

ries, corresponding to both the numerical and experimental ex-
tremes (the latter being intermediate in the simulation). For all
illustrated series, heat flux density on the bottom wall on the
windward side is significantly lower. Regarding the side wall,
a single simulation result is presented (for the series with the
highest experimental heat flux density), which is sufficient to
demonstrate that the heat flux density is distributed more evenly
along its surface. The characteristic profile shape on the bottom
wall remains consistent regardless of the heat flux density mag-
nitude (covering maximum, minimum and intermediate values).
It confirms the robustness of the model in reproducibly captur-
ing the heat transfer patterns across all measurement series.

30 —B, the highest Q in simulation - - B, the lowest Q in simulation
43 B, the highest Q in experiment - - B, the lowest Q in experiment
40 ~—8, the highest Q in experiment

35

30

25
20

W

Heat flux density, W/m?

0.0 0.5 1.0 1.5 2.0 2.5
Duct width / height, m

Fig. 9. Heat flux density (Q) across the bottom (B) and side (S) wall
of the duct (wind reversal on the bottom wall opposite
to the horizontal axis reversal).

The heat flux density distributions illustrate the result from
the velocity field and wind streamlines shown in Fig. 10. After
flowing into a channel-shaped obstacle, the air stream separates
and changes direction, forming vortices that lead to a local de-
crease in convection intensity. In turn, the intensity of convec-
tion affects the air temperature around the duct, the field of
which is presented in Fig. 11. Both figures refer to the series
with the highest heat flux density, which was obtained in simu-
lations on the bottom wall.

The nature of the wind flow described affects the variation
in heat losses on the surface of individual walls and between
them. Figure 12 illustrates the temperature field on the outer sur-
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Fig. 10. Velocity field and air flow streamlines around the duct;
right side of the illustration corresponds to the windward side
(ANSYS CFD-Post 2024 R2).
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Fig. 11. Air temperature field around the duct; right side
of the illustration corresponds to the windward side
(ANSYS CFD-Post 2024 R2).
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Fig. 12. Temperature field on the duct walls; right side
of the illustration corresponds to the windward side
(ANSYS CFD-Post 2024 R2).

faces of the bottom and side walls. As can be seen from the dif-
ference in surface temperature, heat losses on the leeward side
of the side walls are lower than on the windward side. The side
walls follow the typical trend of lower temperatures on the wind-
ward side. For the bottom wall, the temperature is higher on the
windward side than on the leeward side. This phenomenon is
attributed to the separation of the air stream at the leading edge
and the formation of local flow disturbances, which reduce local
heat transfer efficiency despite the windward orientation.
Figure 13 shows the temperature field in the flue gas duct
insulation. On the windward and bottom sides of the duct, the
temperature of the insulation in contact with the outside air is
significantly lower than on the top wall and leeward side.

Temperature, K

295 > |

Fig. 13. Temperature field in the duct insulation; right side
of the illustration corresponds to the windward side
(ANSYS CFD-Post 2024 R2).

5. Summary and conclusions

The article describes the process of validating a numerical
model of the heat exchange between the flue gas flowing
through the horizontal, rectangular duct of a heating plant and
the surrounding air. The model considers the effects of wind and
solar radiation. The computational domain includes both the
duct and the surrounding airspace. This was defined based on
guidelines for numerical simulations for buildings.

The validation experiment was conducted under variable
weather conditions, including cloud cover, air temperature and
wind velocity.

Validation was carried out for the bottom and side walls of
the duct. This was analysed in two ways. The uncertainty-based
method showed that, for almost all measurement series, the
comparison error did not exceed the validation metric. In con-
trast, the second method, which did not take uncertainty into ac-
count, produced fairly high values of the relative mean square
error coefficient: up to 22% for the bottom wall and 36% for the
side wall. However, these values are comparable to those re-
ported in the literature, describing the experimental validation
of models of external building elements exposed to rapidly
changing weather conditions. It should be noted that heat losses
measured with heat flux sensors are subject to high error due to
rapidly changing intensity of solar radiation, wind velocity and
wind direction. Nevertheless, they are a research tool that inter-
feres very little with the existing installation.

The results obtained indicate that the developed numerical
model can be used to analyse flue gas duct modernisation in or-
der to reduce heat losses from flue gases flowing through the
duct in terms of the bottom and side walls. These analyses may
include the actual sunlight conditions, as well as the wind veloc-
ity and temperatures at a given location.

To summarise, the following specific conclusions were
drawn from the research:

— the upper wall was excluded from the validation process
due to extreme heat flux fluctuations caused by direct solar
exposure. A very high Pearson correlation coefficient (0.9)
between the heat flux density and air temperature in direct
sunlight confirmed that solar radiation dominated the ther-
mal signal, making these measurements unsuitable for re-
liable numerical comparison;

— the validation showed a significantly higher discrepancy
for the side walls compared to the bottom wall. This is at-
tributed to the high sensitivity of heat flux sensors to rapid
solar radiation changes, which introduces measurement
uncertainty that affects the final validation results for those
surfaces;

— the numerical model, utilising the k—w SST turbulence
model, correctly captured the well-known phenomenon of
flow separation at the leading edge of the duct. The result-
ing vortices explain the specific heat flux density profile
on the bottom wall observed in the simulations;

— the numerical model demonstrated robustness, as the char-
acteristic shape of the heat flux density profile on the bot-
tom wall remained consistent across measurement series,
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regardless of the heat flux density magnitude. This con-
firms that the model reproducibly captures the underlying
heat transfer patterns under boundary conditions observed
during the experiment.

The study leads to the following general conclusions:

— the use of heat flux sensors, while subject to environmental
interference, is a non-invasive diagnostic method for large-
scale energy systems where operational continuity is re-
quired;

—the application of an uncertainty-based validation approach
(based on the E/Uy ratio) is recommended for evaluating
industrial models in uncontrolled environments (changing
weather conditions), as it provides a more objective meas-
ure of accuracy than the standard error coefficient
CV(RMSE), by accounting for experimental uncertainty;

— the developed numerical model offers an important step
towards making thermal insulation of ducts in district heat-
ing infrastructure adaptable to individual location and en-
vironmental conditions.
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