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Abstract. The article deals with the numerical solution of the load of a 

heated chimney from wind effects. The paper examines flow around a heated 

cylinder with the rough surface in high Reynolds number regime. The results 

of drag coefficient, pressure coefficient and other related flow properties are 

compared with the calculations of the flow around the unheated cylinder. 

1 Introduction  

One of the important topics in civil engineering is determining the load from the effect of the 

wind. It can be caused by the flow around obstacle, which can be a circular cylinder 

(smokestack) [1], square cylinder, and other types of objects for example [2-4]. Since the last 

century, it has been largely experiments that have made a significant contribution to the 

elucidation of the effect of flow past the circular cylinder [1, 5, 6]. In recent years, numerical 

modeling has become increasingly important, which is related to the ever-improving 

computer technology and results of different simulations can be found for example in 

publications [7-9].  

A significant role in the loading of structures from the wind have not only the Reynolds 

number but also the roughness of the obstacle surface. Experimental study about the effects 

of surface roughness on the flow past circular cylinders is solved in [10].  Measurements of 

mean-pressure distributions and boundary-layer development on rough-walled circular 

cylinders describes [11]. The influence of surface roughness on the flow field of the cylinder 

can also be found in [12] for various type of roughness and values of Re numbers. Another 

broad issue is the study of the effect of a heated circular cylinder on the flow field at different 

Reynolds numbers, which is solved in [13] or [14]. The wake behind a heated cylinder was 

experimentally studied in [15]. Not many authors have been concerned with the influence of 

roughness on flow field characteristics of a heated cylinder [16] and [17]. 

The authors of this article have been focused on numerical simulations of the problem of 

the wind effect to a cylinder (chimney) with a rough sheathing [18] and [19]. They pointed 

out the sensitivity to small variations of affecting parameters in the critical regime. The 

objective of this comparative study is to use the results of the flow field of the cylinder with 

a rough surface at 15 °C (288.15 K) obtained in [19] for comparison with the selected flow 

field quantities of the identical cylinder heated by T = 150 K (150 °C). 
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2 Description of the task 

The task is focused on modeling of flow around the heated chimney with a corrugated sheet 

casing. This is a comparative study of flowing past a cylinder with a rough surface, where 

the first task is solved without the influence of temperature [19] and in the second task the 

cylinder is warmed by T = 150 K. The study is performed in 2D solved by ANSYS Fluent 

software using SST k- (Shear Stress Transport) turbulence model. Flow parameters in the 

atmospheric boundary layer correspond to highly turbulent flow. In the study, wind velocity 

is considered ux = 10 m/s and turbulence intensity iu = 10 %. Reynolds number Re = 2.1·106. 

Diameter of the chimney is 3.6 m and the height of the waves is 18 mm. Further parameters 

are listed in Table 1. 

Table 1. Parameters of the computational area and boundary conditions. 

Geometric dimensions Values 
 Parameters 

of calculations 
Values 

Length of the area L = 140 m  Air velocity ux = 10 m/s 

Width of the area B = 50 m  Turbulence intensity iu = 10 % 

Inner chimney diameter D = 3.6 m  Kinematic viscosity  = 1.7·10-5 kg/(m·s) 

Height of the waves h = 18 mm  Reynolds number Re = 2.1·106 [-] 

Considered surface 

roughness 
h/D = 5·10-3 [-] 

 Air density at the 

entrance (for 15°C) 
=1.225 kg/m3 

Distance of the chimney 

axis from inlet 
l = 25 m 

 Temperature increase  T = 150 K 

Time step s 

3 Description of numerical simulation 

In addition to the Continuity equation (1) and the Navier-Stokes equation (2), the Energy 

equation (3) is solved in this task [20]. The equation (3) represents the energy transfer due to 

conduction and viscous dissipation. Results are the following variables: flow velocity 

𝑢⃗  [m/s], pressure p [Pa] and temperature T [K].  

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑢⃗ ) = 0       (1) 

𝜕

𝜕𝑡
(𝜌𝑢⃗ ) + ∇ ∙ (𝜌𝑢⃗ 𝑢⃗ ) = −∇𝑝 + ∇ ∙ (𝜏̿) + 𝜌𝑔 + 𝐹      (2) 

𝜕

𝜕𝑡
(𝜌𝐸) + ∇ ∙ [𝑢⃗ (𝜌E + 𝑝)] = ∇ ∙ (𝜆∇T) − ∇ ∙ (𝜏̿ ∙ 𝑢⃗ )    (3) 

In the equations (1)-(3) 𝜏̿ represents stress tensor expressing friction forces (4), 𝑔  

gravitational and 𝐹  other external volume forces,  [kg/m3] air density, T [K] air temperature, 

 [W/(m·K)] thermal conductivity.  

𝜏̿ = 𝜇 [(∇𝑢⃗ + ∇𝑢⃗ 𝑇) −
2

3
∇ ∙ 𝑢⃗ ∙ 𝐼]      (4) 

In the equation (4)  [Pa·s] is dynamic viscosity and I is the unit tensor. 

Fluid properties may vary significantly with temperature.  The air density is constant in 

isothermal flow,  = 1.225 kg/m3 for temperature 288.15 K (15 °C).  for incompressible 

non-isothermal flow is calculated automatically from the gas state equation at constant 
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operating pressure  p0 = 100 kPa. The parameters entering into the numerical solution in the 

equations depended upon the actual air temperature T [K] are thermal conductivity 

 [W/(m·K)], specific heat capacity of the air cp [J/(kg·K)], dynamic viscosity  [Pa·s].  

The RANS model SST k-ω is chosen for the numerical solution as the most suitable model 

for the task where the aim of the investigation is the influence of surface roughness on the 

turbulent quantities [19].  

Mesh consists of 120,000 elements, the boundary layer is from quadrilateral elements in 

6 prismatic layers, the rest of the mesh is formed by triangular cells.  Detail of thickened 

mesh in the domain and around the waves on the cylinder surface is displayed in Fig. 1 [19]. 

 

 

 

 

Fig. 1. Meshing – thickened mesh in the domain (left) and detail of thickened mesh around the waves 

on the cylinder surface (right).  

4 Results from numerical solution 

Comparison of the numerical results of both heated (“Therm”) and unheated (“No therm”) 

cylinder is performed for these variables: pressure coeficient cp around the circumference of 

the cylinder, fluctuation of cp around the circumference of the cylinder, difference in 

frequency of vortex shedding and the value of drag coeficient cd.  

The positions of the points in which the pressure load is monitored in more detail are 

indicated in Fig. 2. The individual points on the circumference of the cylinder are divided 

into several categories: internal points, external points, points in the center of the waves, 

which are also divided into "uphill" and "downhill", the points of all categories were defined 

in each wave of the surface roughness.  

 

Fig. 2. Monitored points on the surface of the cylinder [19]. 

The division of midpoints into two categories "uphill" and "downhill" is due to their 

different microclimate in the immediate vicinity of the cylinder. They differ from one another 

in the direction of the wave slope with respect to the air flow (one forms a windward micro 

side and the other a leeward side). This is also shown by the swirling flow field in the 
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immediate vicinity of the cylinder in Fig. 3, which is due to the significant roughness of its 

surface. 

NO THERM

 

THERM

 

  

  

 Fig. 3. Swirling flow field in the immediate vicinity of the unheated (left) and heated cylinder (right). 

4.1 Mean pressure coefficient  

The pressure load at the circumference of the surface roughness cylinder is evaluated by a 

dimensionless mean pressure coefficient 𝑐𝑝̅, for the constant air density  is defined: 

𝑐𝑝̅ =
𝑝̅𝑖

𝑝̅𝑑𝑦𝑛
=

𝑝̅𝑐𝑖−𝑝̅𝑟𝑒𝑓

1 2⁄ ∙𝜌∙𝑢𝑟𝑒𝑓
2          (5) 

The reference point is determined at the horizontal axis of the cylinder at a distance of 

20 m, that is, about 5.55 D in front of its vertical axis. In the equation (5) the 𝑝̅𝑟𝑒𝑓  [Pa] is 

mean static pressure at the reference point, 𝑝̅𝑐𝑖  [Pa] is the mean resulting static pressure on 

the cylinder surface at the i-point, 𝑢̅𝑟𝑒𝑓 [m/s] is mean stream wise velocity at the reference 

point.  

The 𝑐𝑝̅ records of midpoints uphill and downhill separately for unheated and heated task 

are in Fig. 4. It can be seen from the record that heating of the cylinder at a given wind 

velocity almost does not affect the load. The position of the point with the minimum load is 

the same for uphill points, for the downhill the minimum slightly shifted to the left. On the 

back of the cylinder, from an angle of  = 120 °, the load due to heating slightly increased. 

  

Fig. 4. cp comparison in points uphill (left) and downhill (right) for unheated and heated cylinder.  

In Fig. 5 there is a record of 𝑐𝑝̅ at midpoints „uphill“ and „downhill“ separately for „No 

therm“ and „Therm“ task which proves the findings mentioned above. 
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Fig. 5. cp comparison in downhill and uphill points for unheated (left) and heated (right) cylinder.  

4.2 Fluctuation of pressure coefficient around the circumference  

In the presented work, fluctuation of the pressure coefficient cp is defined by the 

dimensionless mean pressure fluctuations coefficient cp,rms, which is given by (6). The 

courses cp,rms around the circumference of the heated and unheated cylinder calculated at all 

monitored points are displayed in Fig. 6 and Fig. 7. 

𝑐𝑝,𝑟𝑚𝑠 =
𝑝𝑟𝑚𝑠

𝑝𝑑𝑦𝑛
=

(𝑝𝑐𝑖
2 𝑝̅𝑐𝑖⁄ −𝑝𝑟𝑒𝑓

2 𝑝̅𝑟𝑒𝑓⁄ )

1 2⁄ ∙𝜌∙𝑢𝑟𝑒𝑓
2       (6) 

In the equation (6) prms is mean static pressure fluctuations [Pa]. 

 

  

Fig. 6. cp,rms of heated and unheated cylinder in inner (left) and outer (right) points.  
 

 

  

Fig. 7. cp,rms of the heated and unheated cylinder in uphill (left) and downhill midpoints (right).  

Higher fluctuation of instantaneous pressure loads is evident at all points. This is 

consistent with the velocity vectors in Fig. 3, which show (insignificantly) a denser swirling 
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flow field around the heated cylinder. In both cases (“Therm” and “No therm”) and in all 

“downhill” and “uphill” points the fluctuations of extreme values are reached in the vertical 

axis of the cylinder where there is also the biggest difference.  

4.3 The frequency of vortex shedding: Strouhal number 

Vortex shedding in the wake of the cylinder is dictated by the Strouhal number St (7). 

St =  
𝑓∙𝐷

𝑢𝑥
         (7) 

In the equation (7) f is frequency of vortex shedding [s-1], circular diameter D = 3.6 m 

(inner diameter), air velocity ux = 10 m/s.  

St number is difficult to define for presented Re = 2.1·106. Conclusions of experiments 

for cylinders with surface roughness are not yet available in a comprehensive form [19]. The 

Strouhal number for described task was determined based on the lift coefficient cl and the 

subsequent recalculation of the frequency of vortex shedding f. The values obtained from the 

numerical simulations are displayed in Table 2. 

Table 2. Strouhal number.  

 NO THERM THERM 

Average time of one period of vortex shedding [s] 1.499  1.513  

Frequency of one period of vortex shedding  f  [1/s] 0.667  0.662  

Calculated Strouhal number St   [-] 0.240 0.238 

Fig. 8 is a 10-second record of lift coefficient. The record shows a slight shortening of the 

frequency for one period of the vortex shedding f and thus a decrease in the value of St 

number, and also a small asymmetry in the oscillation of the heated cylinder. The value of 

lift coefficient varies for unheated cylinder in the interval ⟨1;-1⟩, and for the heated cylinder 

in the interval ⟨1.05;-1.11⟩.  

 

Fig. 8. Time record – lift coefficient cl. 

4.4 Drag coefficient - comparison with standard calculation 

The standard solution of chimney load is based on the drag coefficient cd (the force coefficient 

cf,0). Its determination according to the valid standard EN 1991-1-4 takes into account only 

the air flow around the cylinder with a rough surface, which represents only a small height 

of unevenness and does not take into account their shape. Table 3 shows cd values from 

numerical simulations determined according to the EN 1991-1-4 for described process of an 

unheated cylinder. Drag coefficient values obtained from numerical simulations for unheated 

cylinder are less than 1.0 [19], on the contrary, the value for a heated cylinder is cd =1.04.  
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Table 3. Value of drag coefficient cd. 

 Standard calculation Unheated cylinder Heated cylinder 

cd coefficient   [-] 1.01 0.99 1.04 

5 Conclusions  

The work presents the role of numerical modeling of flow around a circular cylinder with 

a rough surface (smokestack). The 2D task simulates a highly turbulent flow corresponding 

to the real atmosphere. The calculations are carried out in the ANSYS Fluent software using 

the SST k- model, which allows a better mathematical description near the wall compared 

to other RANS models. The study is focused on the calculation of the pressure load of the 

heated and unheated cylinder from the effect of the wind, which is represented here by the 

dimensionless coefficient cp.  

Since it is cylinder with a very rough surface, attention is also paid to the influence of the 

point location in surface roughness. From the structural load calculation point of view, the 

results show higher fluctuation of instantaneous pressure loads at all examined points of the 

surface of the cylinder heated by T = 150 K. Record of the lift coefficient cl shows a slight 

shortening of the frequency of one period of the vortex shedding f and thus a decrease in the 

value of St number, and also a small asymmetry in the oscillation of the heated cylinder. 

The cd coefficient time record is compared to the standard calculation, for the unheated 

cylinder the value of cd from numerical simulations is less than 1.0, for the heated cylinder, 

on the contrary, the result of cd value is bigger.  

Since the rate of heat transfer is strongly dependent on fluid velocity and it is possible to 

assume more significant differences in the resulting pressure on the cylinder surface for lower 

velocities, the authors will focus on a detailed analysis of the flow field of this task in 3D and 

also on calculations for other Re numbers (resp. velocities). The findings contribute to extend 

the study to modified surface roughness shapes and its influence on the flow field 

characteristics of the heated cylinder.  
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