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Theoretical and experimental analysis of temperature decay along an 
industrial chimney using analytical and k-ω turbulence models 
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A B S T R A C T   

Numerical simulations and analytical calculations were performed to predict the bulk and wall temperatures of 
hot gases undergoing turbulent flow inside industrial chimneys. The natural convection was numerically 
simulated using the commercial COMSOL computational fluid dynamics code with Wilcox’s k-ω turbulence 
model on 2D cross-sections of a chimney. Two analytical models, the Cortés and modified lumped models, were 
used to determine the temperature distribution along the chimney height. The numerical and analytical models 
were validated with empirical data from a glass furnace chimney. Cross-sectional velocity and temperature 
profiles were simulated at different chimney heights, along with dimensionless parameters such as the Nusselt 
number. Good agreement was found between the analytical, numerical and empirical results. The modified 
lumped model performed particularly well – this model is especially detailed, taking into account the chimney 
roughness and fouling. It was concluded that the modified lumped model can be used as an analytical model, and 
the k-ω turbulence model as a numerical simulation model, by designers of industrial chimneys.   

1. Introduction 

The chimney is an important structure in the chemical industry, 
where it is used to disperse flue gases far from the ground level, 
including important air pollutants resulting from high-temperature 
combustion, such as nitrogen oxides, carbon monoxide and carbon di-
oxide. A chimney must be capable of dispersing flue gas without 
suffering deterioration, while some pollutants must be removed before 
the flue gas is emitted into the atmosphere. The most common methods 
for removing pollutants from the flue gas involve reducing the exit 
temperature below the dew point of the pollutants, which can be as high 
as 115–140 ◦C [1]. However, acid deposition on the chimney’s inner 
wall should be avoided to prevent corrosion. 

In factories and power plants, flue gases are always discharged 
through the chimney duct at high temperatures. Therefore, heat transfer 
through the chimney walls must be considered in chimney design. The 
heat loss by convection from the outer surface of the chimney wall de-
pends on the wind velocity. The natural convection of hot gases depends 
on the flue gas temperature and the buoyancy force. The temperature 
distribution throughout the height of a chimney has been investigated 
using two analytical models [2]. Moreover, a 1D lumped model has been 
used to calculate the heat transfer and the temperature gradient along 
the chimney height [1]. The 1D lumped model has been applied using 

standard heat transfer correlations. Furthermore, calculation of the axial 
variation in mean bulk temperature has been carried out by iteratively 
evaluating a single exponential function. Theoretical and numerical 
analysis has been conducted for the prediction of the mean bulk tem-
perature [3]. Also, the agreement between theoretical and numerical 
results has been investigated. A numerical simulation has been used to 
study the thermo-convective behaviour of a smoke conduit [4]. 

Computational fluid dynamics (CFD) is a branch of fluid mechanics 
in which problems involving fluid flows are solved using computer 
simulations. The relationship between the extent of cold inflow and the 
effective total chimney height can be obtained from the differential 
pressure drop data, collected over a natural draft air-cooled heat 
exchanger model [5]. Thermal radiation emitted by smoke heats the 
internal chimney cylinder wall, and different configurations have been 
investigated to understand the influence of cylinder spacing and cylin-
der height [6]. The natural convection from a heated plate placed inside 
a chimney has been investigated both experimentally and numerically 
[7]. Furthermore, the effect of chimney height on heat transfer distri-
bution rates from the vertical plate and flow field inside the chimney has 
been studied. A semi-analytical approach has been developed for pre-
dicting the mean bulk and interface temperatures of hot gases moving 
inside thick-walled metallic tubes with isothermal conditions at the 
outer surface [8]. Three design rules have been studied and tested for 13 
industrial chimneys [9]. Moreover, the cross-wind vibration of a new 
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100 m steel chimney has been studied to measure the damping prop-
erties of the chimney [10]. Numerical analysis of transient natural 
convection in a vertical chimney that is symmetrically heated at a uni-
form heat flux has been investigated [11]. In some industries, such as 
glass melting, materials that are deposited on the chimney surface are an 
important parameter affecting heat transfer through the chimney height. 
These fouling materials in glass furnaces have been analyzed to deter-
mine their thermal conductivity [12]. Several approaches for designing 
optimum stack filters have been characterized in terms of costs [13]. A 
flue gas monitoring system has been designed based on gross gamma 
activity released from the stack in a nuclear reactor [14]. Different 
methods have been studied the calculation of the ultimate strength of 
circular sections of reinforced concrete chimneys at various wind 
loading [15]. High outlet temperature gases are generated from most of 
industrial applications, therefore, various studies have been discussed 
the waste heat recovery from exhaust gases. The design of a heat re-
covery unit for the optimum use of waste heat from flue gases of the 
industrial glass furnace has been investigated [16]. The waste heat 
content in exhaust gases was delivered to preheat the absorption chiller 
dilute solution (lithium bromide). The performance of thermoelectric 
generator used for waste heat recovery from the vertical chimney has 
been investigated [17]. The waste heat recovery has been reviewed for 
different thermal energy processes using thermoelectric generators [18]. 
It has been reported a review on the previous works of the waste heat 
recovery from the industrial chimneys and vehicles. 

This study investigates the chimney design parameters using two 
analytical models, the Cortés and modified lumped models, and com-
pares the results with those of a CFD k-ω turbulence model. Analysis is 
carried out to evaluate the ability of these models to predict the tem-
perature decay along the chimney height. The analytical and numerical 
simulation results are validated by comparing them with the empirical 
data from an industrial glass furnace chimney. The temperature and 
velocity distribution along the chimney height are determined using 
Wilcox’s k-ω turbulence model. The temperature distribution results 
from both the analytical and numerical models are compared with the 
empirical data. Moreover, convective and radiative heat transfer are 
considered for both the k-ω turbulence model and analytical models, and 
the internal Nusselt number results of the analytical and simulation 
models are compared. 

2. The industrial chimney investigation models 

The main function of a chimney, or ‘stack’, is to disperse flue gases 
from a boiler, stove, or industrial furnace. The outlet flue gases have a 
much higher temperature than the outside air, so they move up and out 
of the chimney through natural convection. The most important design 
parameter for industrial chimneys is the minimum height required to 
obtain an adequate dispersion of pollutants. The height and structure of 
the stack are used to determine the exit temperature of the flue gases and 
subsequently the available static draft and the required fan 

Nomenclature 

Ai inner cross-sectional area of the duct 
cp,i specific heat of combustion gases 
D chimney diameter 
De outside diameter 
Di inside diameter 
g acceleration due to gravity 
Gre,L external Grashof number based on L, gβe(Tw,e − T∞)L3/ ν2

e 
he external convective coefficient 
hi internal convective coefficient 
ke air thermal conductivity 
ki flue gas thermal conductivity 
kw thermal conductivity of the chimney wall 
L chimney height 
ṁ flue gas mass flow rate 
Nue external Nusselt number, heDe/ke 

Nue streamwise mean of Nue 

Nue,L streamwise mean Nusselt number based on height L, 
(L /De) Nue 

Nueq equivalent Nusselt number, UD/ki 

Nueq streamwise mean of Nueq 

Nui internal Nusselt number, hiDi/ki 

Nui streamwise mean of Nui 

Pre Prandtl number of the ambient air 
Pri Prandtl number of the internal flue gas 
qr radiative heat flux 
R chimney radius 
Ri inner radius 
Ree external Reynolds number based on wind velocity, u∞De/

νe 

Rei internal Reynolds number, 4ṁ/μiπDi 

T(r, z) temperature of combustion gases 
Tb bulk temperature of combustion gases 
To flue gas inlet temperature 
Tr effective radiating temperature of the surroundings 

Tw wall temperature 
Tw,e outer surface temperature 
Tw,i inner surface temperature 
T∞ ambient air temperature 
U overall heat transfer coefficient 
u instantaneous velocity in vector notation 
u∞ wind velocity component normal to the chimney axis 
z axial coordinate 

Greek symbols 
αe air thermal diffusivity 
αi thermal diffusivity of combustion gases 
βe thermal expansion coefficient of air 
β, β0, β*

0 closure coefficients 
γ correction factor for curvature effects 
γi dynamic viscosity of the combustion gases 
εw outside wall emissivity 
ke thermal entrance factor 
kp temperature profile factor 
kt transition regime factor 
μ Molecular viscosity 
μT eddy viscosity 
νe air kinematic viscosity 
νi kinematic viscosity of the combustion gases 
ρi flue gas density 
σ Stephan–Boltzmann constant 
σω, σ*

k closure coefficients 
ω specific dissipation rate; vorticity vector magnitude 

Subscripts 
e ambient air; outer side 
i combustion gases; inner side 
L based on length L 
w wall 
free natural convection 
rad thermal radiation  
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specifications. Condensation of water, which occurs at temperatures 
around 40 ◦C, should be prevented – condensed water can entrain dis-
solved sulfur compounds, leading to corrosion. A good chimney design 
should therefore have an insulation wall to avoid cold spots. Moreover, 
in the glass industry, materials deposited on the chimney surface can 
affect its thermal properties and should be taken into account. 

Due to the high Reynolds number of the combustion process in in-
dustrial furnaces, there is often highly turbulent flow, resulting in 
random fluctuations in the flow velocity, temperature and species con-
centrations. The level of mixing of momentum, heat and mass is 
increased in turbulent flows compared to laminar flows. The chemical 
reactions in glass melting furnaces require high temperatures. The 
operation of a glass melting furnace is illustrated in supplementary 
materials Fig. S1, in which natural gas fuel is used to raise the temper-
ature to 1450 ◦C. In this study we simulated the flue gas drafting process 
in the chimney of a glass melting furnace located at El-Araby Group Co., 
Quesna, Egypt. The natural convection of the industrial chimney was 
modelled using the COMSOL Multiphysics™ package. The simulation 
results are compared with the analytic Cortés and modified lumped 
models. The temperatures and velocities inside the chimney are deter-
mined. The chimney design is evaluated by comparing the empirical 
measurements, analytical calculations and simulation results. The 
calculation of the temperature profile can be accomplished by esti-
mating the heat transfer rate from the flue gases to the surroundings 
through the chimney wall. Usually, the given data include gas flow rates 
and inlet temperatures, ambient conditions, and selected height and 
diameter. The chimney is insulated with aluminium silicate material. A 
gas analyzer was used to measure flue gas composition. At first, a dry gas 
analysis was performed to determine the concentration of gas compo-
nents, flow rate, and thermodynamic properties. 

2.1. Analytical models 

The heat transfer processes for combustion gases inside a chimney 
involve internal forced convection and external heat transfer to the 
surroundings. There are various methods of simulating these processes 
and calculating the temperature decay and distribution along the 
chimney length. A 1D lumped model has been proposed by Cortés [1] to 
estimate the mean bulk temperature at the exit of the chimney. Campo 
[2] has proposed a 2D lumped model, consisting of a partial differential 
energy equation subjected to a non-linear convective boundary condi-
tion via a simple solution for a uniform. It has been suggested that a 
modified lumped model can more accurately predict the temperature 
distribution along the chimney [3]. 

2.1.1. Cortés model 
In the Cortés model, the external and internal heat transfer co-

efficients are calculated using a dimensionless group. The internal 
Nusselt number is determined as a function of Reynolds number Rei and 
Prandtl number Pri [1], 

Nui = ktkpke
0.023Pr0.9

i Re0.8
i

(
1 +

8 Pr1.7
i

Re0.3
i

)1 /

3
(1)  

where kt, kp and ke are the transition regime factor, the temperature 
profile factor and the thermal profile factor, respectively. 

It is necessary to calculate the outside convective heat transfer, since 
the chimney’s outside walls are exposed to the low-temperature ambient 
conditions. The most common approximation for the free convection is 
the one proposed by Churchill and Chu [19], 

Nue,L =

[

0.825 +
0.387Ra1.6

e,L

∅(Pre)

]2

, (2)  

where 

∅(Pre)=
[
1 + (0.492∕Pre)

9
16

]8 /

27

(3)  

For an isothermal wall, Rae,L is the Rayleigh number based on the height 
L: 

Rae,L =
gBe

(
Tw,e − Tw,∞

)
L3

νeαe
(4) 

The external Nusselt number for forced turbulent flow convection, 
using the classical correlations of Zukauskas et al. [20] for an isothermal 
cylinder in cross flow, 

Nue = 0.023Re0.8
e Pr0.4

e , (5) 

It can be used in the range 2× 105 < Ree < 2× 106, where Ree =

u∞ De/νe is the Reynolds number based on the outside diameter and u∞ is 
the wind velocity. The wind velocity is assumed perpendicular to the 
chimney axis. The local equivalent Nusselt number Nueq is used to 
describe the mixed convection across the chimney as follows [1]: 

1
Nueq

=
1

Nui
+

1
ke/ki

1
Nue

+
1
2

ki

kw
ln
(

De

Di

)

(6)  

2.1.2. Modified lumped model 
In the modified lump model, the chimney is considered as a heat 

exchanger and the bulk temperature relation can be used, which de-
pends on the overall heat transfer coefficient, the mass flow rate of flue 
gases, the heat capacity of flue gases and the area, but the variation in 
results is too high. For that by the comparison between the two corre-
lations to determine the bulk temperature the 1D lumped model which 
used the non-dimensional form is more useful. The change of gas tem-
perature can be expressed by the first order differential equation [2]; 

dTbz

dz
= −

UπD
ṁ cp,i

(Tb − T∞), (7)  

where the mass flow rate is ṁ, the velocity profile is v, the surrounding 
air temperature is T∞, and the gas temperature is Tg. The heat transfer 
resistances can be expressed as a series thermal circuit, involving the 
inside and outside convection coefficients, hi and he, respectively, and 
thermal conductivity resistance of the wall. The overall heat transfer 
coefficient U can then be defined as; 

1
U
=

1
hi
+

1
he

, (8)  

where the bulk temperature at the chimney inlet at zero position (Tb =

To) 

Tb(z) =

∫
ρi V cp,i T dA

ṁcp,i
=

∫
V T dA
VdA

(9) 

The modified lumped model assumes low velocity and incompress-
ible flow, and it neglects the change in density and heat capacity due to 
the temperature decay along the chimney duct. 

It has been shown that in the modified lumped model, the internal 
heat transfer coefficient can be determined using the Graetz correlation 
[21]. The buoyancy force has also been studied: it can be defined as the 
rate of change of gas density with respect to temperature along the 
chimney height. The buoyancy force depends on the roughness of pipe, 
which can be defined in terms of a friction factor f [22]. In the case of 
laminar flow (Re i < 2300), the inner Nusselt number can be calculated 
by using the Graetz correlation [2]; 

Nui = 3.657 +
0.0668 G

1 /

3
z

0.04 + G− 2

/

3
z

(10)  

where the Graetz number can be written as 
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Gz =
Re i PriDi

Xi
(11) 

The first step to calculate the heat transfer coefficient inside the duct 
is to calculate the Reynolds number based on the chimney inner diam-
eter. Equation (10) is used to calculate the Nusselt number for laminar 
flow as a function of Graetz number. But in the case of turbulent flow, 
the Nusselt number is determined as a function of Prandtl number, 
Reynolds number and friction factor. The Reynolds number for turbulent 
flow (2300 ≤ Rei < 5× 106) is [23] 

Nui =

(
f /8

)
(Rei − 1000)Pri

1 + 12.7
̅̅̅̅̅̅
f /8

√
.
(

Pr
2 /

3

i
− 1

) . (12) 

The radiation heat transfer coefficient is of a comparable order of 
magnitude, depending on the effective radiating temperature of the 
surroundings and the wall emissivity. The radiation heat transfer anal-
ysis was determined according to equation (14). Moreover, the two- 
dimensional simulation model concluded heat transfer losses by radia-
tion. The model physics considered the heat transfer in solids and fluids, 
the emissivity input value was 0.9. The chimney loses heat through 
thermal radiation due to the interaction with ambient radiation. 
Although the ambient air is essentially a nonparticipating gas, the 
coupling with convection is an interesting heat transfer problem. Then 
the total external Nusselt number can be formulated as [24]. 

Nue =(Nue)free + (Nue)rad (13) 

The second term of radiation is 

qr = εwσ
(

T4
w,e − T4

r

)
(14)  

where εw is the wall emissivity, σ is the Stephan–Boltzmann constant 
5.67 × 10− 8 W/m2 K4 and Tr is the effective radiating temperature of 
the surroundings and can be considered equal to the surrounding tem-
perature (Tr ≈ T∞). 

The calculation which only considers natural convection leads to 
inaccurate temperature profiles. Adding thermal radiation to the 
external heat transfer coefficient yields profiles close to the real tem-
perature distribution along the chimney walls. The modified analytical 
model has been described in detailed in our previous study [2]. The most 
significant difference between both analytical models is the internal Nu 
number calculation formula. In the modified model we used the Graetz 
equation to determine the Nusselt number as a function of the friction 
factor. In the present study, we compare both analytical models with the 
turbulence k-ω model, specifically focusing on the temperature distri-
bution and the temperature decay along the chimney length. 

These models are used in the design of chimneys to calculate the exit 
temperature to prevent flue gas condensation. The main difference be-
tween the Cortés model and the modified lumped model is that in the 
Cortés model, the internal Nusselt number is a function on the internal 
Reynolds number and the internal Prandtl number, while in the modi-
fied lumped model, the internal Nusselt number is a function of the in-
ternal Reynolds number, the internal Prandtl number and the friction 
factor. That is, in the modified model, losses due to friction are 
considered to improve predictions of the temperature decay along the 
chimney length. The modified lumped model also takes into account the 
impact of the fouling layer thickness on the conduction process. 

For outside walls forced convection caused by the high-speed wind. 
The overall heat transfer coefficient is given by 

U =
1

Ainside

[
1

(hA)inside
+ Rtwall +

1
(hA)outside

]− 1

(15) 

Both analytical models can effectively predict the temperature decay 
along industrial chimneys. 

2.2. Governing equations of the numerical CFD k-ω model 

Wilcox’s k-ω model is used for the numerical simulations in this 
study – it was chosen because of its popularity and high performance 
[25]. Generally, the two model equations have a turbulent kinetic en-
ergy equation term, k, and a destruction or specific dissipation term ω. 
The 2D-axisymmetric model was simulated using the k-ω model which 
can be expressed by the following two equations, 

ρ(u.∇)u=∇.[− PI +K] +F + ρg, (16)  

ρ∇.u= 0, (17)  

K =(μ+ μT)
(
∇u+(∇u)T)

, (18)  

ρ(u.∇)k=∇.
[(

μ+ μT σ*
k

)
∇k

]
+Pk − β*

0ρωk, (19)  

ρ(u.∇)ω=∇.[(μ+ μT σω)∇ω]+α ω
k

Pk − β0ρω2. (20)  

where μT = ρ k
ω and Pk = μT[∇u.(∇u + (∇u)T

)]. 
This numerical simulation study uses the following values for the 

Wilcox constants: β0 = 9
125 , β = 5.2, β*

0 = 9
100, α = 13

25, σ*
k = 1/2, and 

σω = 1/2. 

3. 2D geometry and boundary conditions 

The natural convection of exhaust gas flow inside a glass furnace 
chimney was analytically modelled using both the Cortés model and the 
modified lumped model. The results from the analytical models were 
compared with the results from COMSOL CFD analysis, in which the 
temperature decay along the chimney duct was simulated using the k-ω 
model. Both of the analytical models and the k-ω turbulence model were 
used to evaluate and predict the gas temperature and velocity distri-
butions. The analysis was carried out for the glass melting furnace 
chimney, for which a schematic diagram of the chimney parameters and 
the 2D geometry are shown in Fig. 1. The heat transfer calculation took 
into account the fouling layer deposited on the chimney internal wall. 
The deposit layer thickness was assumed to be fixed along the chimney 
wall at 1.5 cm. The glass melting furnace chimney parameters were used 
as input data for the analytical and simulated models. 

The simulation results were compared with empirical measurements 
taken from the El-Araby glass factory in Quesna, Egypt, in which natural 
gas is used as a fuel to melt soda lime glass materials. The outlet flue gas 
temperature was registered at the chimney inlet. The flue gases are 
removed from the glass furnace by natural convection [16]. The outlet 
exhaust gas flow rate was determined based on a chemical composition 
analysis of the exhaust gas components (CO2, CO, NOx, SOx) measured 
by a gas analyzer, which has previously been discussed in detail [3]. A 
2D axisymmetric domain was used in the numerical turbulence model-
ling and the analytical calculations. The boundary conditions are pre-
sented in details in Table 1 . The 2D-axisymmetric model is simulated, 
the flow gradient is set to be zero in the normal direction to the 
axisymmetric boundary conditions. Furthermore, the velocity is settled 
to be zero on the chimney walls by means no slip wall [26]. 

The inlet exhaust gas temperature was 316 ◦C, which was measured 
using a K-type ceramic thermocouple with an accuracy of ±2.2 ◦C. The 
calculated feeding input gases value was 0.8642 kg/s, determined as a 
function of the properties of hot flue gas components (COx, NOx, O2, and 
H2O). 

3.1. 2D-geometry mesh parameters 

A 2D grid model was chosen to examine the simulation parameters. . 
The 2D numerical simulation model can provide a fair match with the 
actual industrial measurement data. Therefore, the 2D numerical model 
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is sufficient for describing the temperature decay along the industrial 
chimneys. Two mesh types “coarse”, and “normal” are investigated in 
the current 2D simulation model. We select the normal mesh because the 
velocity and temperature profiles show a deviation lower than 1.12% 
with respect to the coarse mesh results. Moreover, the normal mesh type 
can give more accurate results for the current simulation. The high- 
resolution mesh can be found in supplementary materials Fig. S2, the 
generated mesh is close to the deposit layer and thermal boundary layer. 
‘Normal’ mesh type was tested and consists of 116,468 elements with 
minimum quality of 0.1722. 

The k-ω turbulence model was used to study the exhaust gas 
behaviour along the chimney duct. The turbulence model equations 
were solved for incompressible and non-isothermal flow. The natural 
convection flow was calculated using the Boussinesq approximation 
[27]. The momentum equation included the buoyancy force Fz which 
can be determined as [28]. 

Fz = − g
(
ρ − ρref

)
= gρref β

(
T − Tref

)
, (21)  

where the acceleration due to gravity is g in m/s2, ρ is the gas density in 
kg/m3, ρref is the reference density in kg/m3, β is the thermal expansion 
coefficient in K− 1, the exhaust gas temperature at a given position is T, 

measured in K, and Tref is the reference or ambient temperature in K. The 
thermal expansion coefficient is taken at a value of 3.47 × 10− 3 K− 1. 

The convection, conduction and radiation heat transfer are calcu-
lated to predict the outlet temperature. Both analytical models results 
are compared with the k-ω turbulence model simulated by COMSOL 
program. The bulk or average temperature of the exhaust gases on a 
chimney duct cross section were estimated according to [29]. 

Tb =
1

ρmAcum

∫

ρu.TdAc (22)  

where ρm is the average density in kg/m3, u is the mean velocity vector 
in m/s, the radial direction temperature profile is T, and the average 
velocity um is determined as 

um =

∫
ρu.dAc

ρmAc
(23)  

3.2. k-ω turbulence modelling and solver convergence 

The El-Araby chimney, with outside diameter of 150 cm and inside 
diameter of 130 cm, was simulated using the k-ω turbulence model, 
solved by the COMSOL Multiphysics™ package using a finite element 
method [30]. The thermodynamic properties of exhaust gases were 
determined and used as input data to the simulation program. The 
following properties of inlet exhaust gases were used: the thermal con-
ductivity kg = 0.06313 W/m.K, the molecular viscosity μg = 3.076 ×
10− 5 Pa.s, the density ρg = 0.496 kg/m3, and the heat capacity Cp =

1.1523 kJ/kg.K. Thus, the chimney’s dimensionless group parameters 
are Pr = 0.561, Re = 21473.21 and Ra = 8.8 × 1010. Because Pr < 1 and 
Reynolds number is 2300<Re ≤ 5 × 106, the thermal boundary layer is 
out of the viscous boundary layer. The Wilcox k-ω turbulence model was 
applied to study the eddy viscosity models [25]. The temperature decay 
and distribution inside and along the chimney wall were simulated, 

Fig. 1. Schematic diagram of 2D-geometry and boundary conditions of the chimney.  

Table 1 
Chimney boundary condition.  

Boundary condition Variable Value 

Inlet and outlet Static pressure (P) 0 Pa 
Chimney walls No slip (Vwall) 0 
Ambient temperature Tamb, Tref 298 K 
Feeding mass flow rate ṁ 0.8642 kg/s 
Inlet gas temperature Tin 589 K 
Insulation material Aluminium silicate k = 0.9 W/m.K 
Deposit or fouling layer Thermal conductivity k = 0.45 W/m.K 
Surface emissivity ε 0.9  
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taking into account heat transfer processes in solids and fluids. The flow 
of exhaust gases through the chimney was solved as a natural convection 
problem including the body force and gravity effect. The natural con-
vection of exhaust gases includes the buoyancy force, which depends on 
the density variation and acceleration due to gravity. The Kays–-
Crawford model was used to evaluate the thermal conductivity and 
determine the turbulence Prandtl number Pr [31]. The viscous heat 
dissipation and pressure effects were neglected in the CFD simulation 
modelling. The initial temperature values of the fluid and solid zones 
were set to 25 ◦C. The radiation and convective heat transfer from 
outside walls were modelled; a second-order discretization was used for 
all variables. The internal Nusselt number was determined for the 
modified lumped model and the Cortés model correlations, and the 
simulated value was compared with both the analytical models. The 
modified lumped model Nusselt number is a function of the friction 
factor f, the inner Reynolds number Re and the Prandtl number Pr. 

4. Results and discussion 

We used the analytical Cortés and modified lumped models to 
determine the temperature distribution along the chimney duct, and 
exhaust gas parameters such as mass flow rate and Reynolds number 
were calculated based on chemical composition analysis. These models 
were used to predict the bulk temperature, the pressure drop and the 
natural convection behaviour of flue gases inside the chimney. The 
convection, conduction and radiative heat transfer were calculated to 
predict the outlet temperature. Both analytical model’s results are 
compared with the k-ω turbulence model simulated by COMSOL pro-
gram. A CFD simulation analysis was performed to investigate the per-
formance of the chimney. The Wilcox k-ω turbulence model was solved 
to predict the temperature and velocity distribution along the industrial 
chimney duct. Moreover, the numerical simulation results were exper-
imentally validated. 

4.1. Numerical simulation results 

In this section the results of the simulations performed using the k-ω 
turbulence model for the glass furnace industrial chimney are presented. 
Fig. 2a shows a plot of the 2D-geometry velocity distribution. The ve-
locity distribution takes its maximum value at the chimney centre, and 
reaches zero at the chimney wall. A plot of the temperature distribution 
of hot gases inside the chimney duct and the chimney walls is shown in 
Fig. 2b). The temperature gradient reaches the maximum value at the 
centre. The temperature gradient decreases from the chimney plume 
centre to the outside wall; the cooling effect results from the heat 

transfer between the outside walls and the ambient air. It can be seen 
that the highest temperature is in the centre of the chimney duct and the 
lowest temperature is at the outside wall, as expected. 

The cross-sectional temperature distributions from the numerical 
simulation results at different positions are shown in Fig. 3a. It can be 
seen that the temperature decreased as the chimney height increased. 
Also, the temperature gradient decreased from the chimney duct centre 
to the outside wall, due to the heat transfer loss to the outside air. 
Furthermore, the temperature gradient decreased as the chimney height 
increased. Fig. 3b shows the temperature decay along the chimney 
height for different chimney radii. The ratio of the simulated tempera-
ture to the inlet gas temperature decreased with the chimney height. 
Also, it was found that the temperature ratio increased as the chimney 
simulated radius increased from r/Ri = 0.25 to r/Ri = 1 because of the 
effect of heat exchange with the outside air. These simulation results are 
presented for the radial direction from z = 0 m to z = 34 m; the tem-
perature at the chimney inlet was relatively high to facilitate natural 
convection of the flue gases. 

Fig. 4 shows the cross-sectional velocity profile inside the chimney 
duct at different heights. The velocity profile gradient typically 
decreased from the centre to the chimney wall: the velocity was high at 
the chimney centre and reached zero at the chimney wall. Also, the 
velocity gradient at the chimney inlet was lower than at the chimney 
exit. It was found that the velocity distribution increased in the r-di-
rection or inside the chimney duct with the chimney height. 

4.2. Comparison between analytical, numerical, and experimental results 

The comparison between the analytical and numerical turbulence 
models was validated with empirical measurements from an industrial 
chimney. The dimensionless variables were determined for both 
analytical models; it was found that the Reynolds number result was 
relatively high, implying that the flow inside the chimney duct was 
turbulent. The dependence of the density ratio parameter and the 
dimensionless group parameters Re and Pr on the chimney duct inlet 
temperature is presented in supplementary materials Fig. S3. These 
analytical results were calculated to investigate the effect of inlet tem-
perature on the natural convection behaviour. It was clear that the inlet 
flue gas temperature had a great effect on the dimensionless parameters. 
It was found that the density ratio, Reynolds and Prandtl numbers 
decreased as the inlet flue gas temperature increased. The Prandtl 
number is considered the most important heat transfer parameter, and 
controls the thermal boundary layer thickness of the momentum equa-
tion. The finding that Pr < 1 means that heat was quickly diffused 
compared with the velocity of the gas, and that the thickness of the 

Fig. 2. Velocity plot and temperature distribution along the chimney duct.  
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thermal boundary layer was much larger than that of the momentum 
boundary layer. The Prandtl number can be defined as the ratio of 
momentum diffusivity to thermal diffusivity. Exhaust gases with low 
Prandtl numbers have high thermal conductivities, leading to faster heat 
diffusion than at higher values of Pr. Furthermore, the Reynolds number 
increased with temperature ratio, corresponding to higher heat transfer 
rates. 

The outlet temperature of exhaust gases from the chimney is shown 
in Fig. 5. It was measured at two points at the inlet and outlet of the real 
chimney, using thermocouples. The comparison between both analytical 
and simulation models with the measured industrial chimney data il-
lustrates that the modified lumped model is closer to the empirical data 

than the k-ω and Cortés models. It is clear that the k-ω turbulence model 
can be used to predict the outlet temperature from industrial chimneys. 
The results demonstrate that the modified lumped model is better able to 
predict the temperature distribution because it takes into account the 
friction factor and the fouling resistance resulting from deposits formed 
by the outlet exhaust gases. 

Fig. 6a shows the inner wall temperature distribution along the 
chimney height. The inner wall temperature was measured at two 
points. Furthermore, the inner wall temperature was determined by 
both analytical models. While the turbulence model was simulated and 
considered all of the heat transfer types. It can be concluded that the 
modified lumped model is able to give a good analytical prediction of 

Fig. 3. The temperature distribution profiles: (a) a cross-sectional plot at 
different heights, and (b) along the height of the chimney. 

Fig. 4. Cross-sectional plot showing the velocity distribution at 
different heights. 

Fig. 5. Comparison between measured bulk temperature results with the 
analytical and turbulence models versus chimney height. 
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the temperature distribution results. Moreover, the k-ω turbulence 
model showed simulation results close to the empirical data. An optical 
laser pyrometer was used to measure the inside wall temperature at the 
chimney exit with an accuracy of ±2 ◦C. The temperature distribution 
on the inner wall is influenced by the flue gas thermodynamic properties 
as well as the heat transfer modes (conduction, convection, and radia-
tion) along the chimney inner wall and outside air. 

Fig. 6b shows the simulated results of the chimney outer wall tem-
perature. The outside chimney wall is exposed to natural/forced con-
vection heat loss. The outer wall temperature is an indicator of the 
performance of chimney wall insulation, the excellent performance of 

the chimney insulation can be defined by the larger temperature dif-
ference between inner gases temperature and outer wall temperature. 
These results indicate that the k-ω turbulence model and modified 
lumped model more accurately predicted the measured outside wall 
temperatures. The measured outside wall temperatures were taken at 
equal distances at the chimney outside wall and at the opposite side of 
the wind direction. The results show that the k-ω turbulence model can 
be adequately used to simulate and predict the temperature decay along 
the industrial chimney height. The temperature distribution inside and 
outside the chimney walls was investigated to evaluate the chimney 
design parameters. The simulated flue gases of the industrial chimney 
were modelled as a natural convection draft system depending on the 
buoyancy effect to remove gases to the outside air. 

To clarify the differences between the analytical and turbulence 
models, the internal Nusselt number results were used as the main point 
of comparison. Fig. 7 shows the simulated results of internal Nusselt 
number for the k-ω turbulence model and modified lumped analytical 
models. The internal Nusselt number was estimated according to the 
modified lumped model. The Nusselt number was determined at various 
chimney vertical positions for the turbulence model and compared with 
the analytical model results. It was found that both the internal Nusselt 
number and the flue gas temperature decreased as the chimney height 
increased. The heat transfer rate increased from the chimney wall to 
reach the maximum value at the chimney centre. The Nu number results 
of the current simulation showed a good agreement with the natural 
convection finite element analysis of a uniform square cavity [32]. 
Furthermore, the simulated results of the k-ω turbulence model at 
different positions inside the chimney’s 2D geometry showed that the 
Nusselt number increased with distance from the chimney wall. 

The Nusselt number is an important dimensionless parameter that 
can provide key information about heat exchange as it is the ratio be-
tween the convective and conductive heat transfer. Also, the internal 
Nusselt number is expressed about the temperature gradient inside the 
chimney duct. The analytical models results showed a good agreement 
with the k-ω turbulence model. It can be concluded that the k-ω turbu-
lence model can be also used to predict and evaluate the chimney design 
parameters, in addition to the analytical models. It will support in-
dustry/further research and to which direction. 

Fig. 6. Comparison between measured wall temperatures with the analytical 
and turbulence models: (a) inner wall temperature, and (b) outer wall 
temperature. 

Fig. 7. Comparison between analytical and simulated Nusselt number results at 
different vertical chimney positions. 
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5. Conclusion 

Chimney design is an important consideration in the operation of 
industrial furnaces. The design procedure requires the prediction of 
temperature decay along the chimney height. Two different analytical 
models were developed to obtain heat transfer distributions. Moreover, 
the chimney natural convection design was simulated using the CFD k-ω 
turbulence model. The analytical and numerical model results were 
validated with empirical measurements from a glass furnace chimney. 
Because it takes into account additional parameters such as the friction 
factor and fouling resistance calculations, the analytical results pro-
duced by the modified lumped model have better agreement with the 
empirical measurements than the Cortés model [1]. Furthermore, both 
analytical models were compared with the simulation results obtained 
from the k-ω turbulence model. The cross-sectional temperature and 
velocity profile distributions at different chimney height positions were 
investigated. The outlet temperature from the chimney exit was 
compared with the empirical data; it was found that the modified lum-
ped model results were more accurate than those from the other 
analytical and computational models. The inner and outer wall tem-
perature distributions were also compared with the empirically 
measured values. The inner and outer wall temperature decreased with 
the chimney height. It was found that the modified lumped model and 
the k-ω turbulence model were much near to the actual measurement 
data. The outer wall temperature of the industrial chimney can express 
the chimney wall insulation performance. It can be concluded that the 
modified lumped model can be used as an analytical model and the k-ω 
turbulence model as a numerical simulation model for efficient design of 
industrial chimneys, because they both showed good agreement with 
the empirical data. The main roles of a good simulation prediction of the 
temperature distribution along the industrial chimneys will participate 
in better environmental impact and reduction of energy consumption. 
Moreover, the simulation analysis of chimney or draft systems is the 
most significant issue to determine appropriate insulation materials and 
manage energy consumption that will achieve great cost savings and 
climate protection. Finally, it can be concluded that the k-ω turbulence 
model and the modified lumped model are both suitable for use by de-
signers for the quick prediction and simulation of the heat transfer 
characteristics of chimneys. 
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