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Abstract. The aim of the paper is Computational Fluid Dynamics (CFD) analysis of Wall Heat 
Transfer Coefficient (WHTC) of pressurized pipe as a part of super-heater of the OP210 boiler. The 
object of the investigation is convection from saturated steam to the wall of the pipe, which works 
under high pressure and high temperature. The analysis is an approach to obtain exact solutions of 
WHTC according to the third type boundary condition compared to direct results from CFD 
analysis. The paper consists of three-step approach typical for CFD analysis: (i) Pre-Processing, the 
most elaborated part of the analysis where knowledge about super-heaters, turbulence, velocity 
profile is important to 3D model, mesh and boundary condition definition. (ii) Simulation of steady 
state turbulent flow until convergence criteria are met. (iii) Post-Processing where different 
approaches to the WHTC are shown in comparison. Also, the investigation includes two different 
types of meshes (where a different number of inflation layers are used) and comparison between k-
epsilon and Solid Shear Stress (SST) turbulence model. 

1 Introduction  
Super-heaters are significant accessories of steam boilers 
in terms of Rankine’s cycle efficiency [1, 2]. To improve 
it, as high as possible parameters of steam should be 
used. Also, dehumidification of the vapour is very 
important due to the erosion of turbine blades [2]. In all 
of these cases, super-heaters are used. They are built 
from coils of seamless, bare tubes and headers. The first 
ones usually have 25 to 44 mm outside diameter, while 
the second ones 100 to 350 mm respectively [3]. There 
are two different types of super-heaters dependent on the 
mode of heat transfer. Convection and radiant super-
heaters, where heat transfer is almost dependent on the 
parameters of the gas flow in the first case and highly 
dependent on the flue gas temperature in consequence of 
combustion in the second one.  Dimensions are related to 
the operating pressure and total capacity.  

 
Fig. 1. Roof mounted design of super-heater. 

Typical small power boilers, working under pressure 
from 10-12 MPa, where preheating and evaporation are 
most important in the heat absorption process, the 
surface of super-heater is respectively smaller [2]. 
Located on the roof, small, radiant furnace super-heater 
can be used (Fig.1)[3]. Higher operating pressure 
requires greater super-heaters, which are divided in 
stages (Fig.2), where steam is mixed in headers to avoid 
uneven temperature distribution (Fig. 3). Also, quench 
coolers can be used as a temperature regulator. As 
materials of super-heater work under high pressure and 
temperature, allowable stress and economic factors are 
most crucial during the engineering process. Moreover, 
wall temperature calculations should be prepared, so that 
the most appropriate material should be used. Under 420 
C carbon steel can be applied.  Above it, till 540 C, 
low-alloy ferritic steels should be used. From 500 C till 
600 C ferritic-martensitic steel alloy is considered. 

 
Fig. 2. Three-stage design of super-heater. 
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Furthermore, austenitic stainless steel can work even up 
to 650 C but this kind of material is very expensive and 
difficult to weld as well [4]. 

Fig. 3. Design of platen super-heater divided in stages. 

2 Turbulence  

2.1 General information 
The flows occurring in nature can be divided into 
laminar, transitory and turbulent. The main and the most 
important criterion which describes every kind of flow is 
a dimensionless parameter called the Reynolds number 
(Re), that can be expressed by the relation of inertia 
forces to viscous forces: 

                                  Re=ρUL/μ,  (1) 

where ρ is density, U is the mean speed of the flow, L is 
a characteristic dimension which is an internal diameter 
in case of cylindrical pipes and μ stands for dynamic 
viscosity respectively. Laminar flows, also called 
stratified are characterized by the fact that subsequent 
layers of the fluid slide on each other. The movement of 
the fluid elements is stable, and streamlines of the flow 
do not intersect. Unfortunately, most of the flows 
observed in nature are turbulent, where Re≥2300. A 
feature of such a flow is a chaotic movement of the fluid 
elements in a perpendicular direction to the general 
direction of the fluid motion, where the exchange of the 
fluid elements occurs between particular streamlines, 
and thus is characterized by the exchange of mass, 
momentum and energy. According to the Reynolds 
hypothesis, all parameters characterizing turbulent flow, 
such as speed, pressure and temperature, change over 
time around their time-averaged values [5, 6, 7]. Any 
flow value ݂(ݔ, ,ݕ ,ݖ  can be expressed by the sum of (ݐ
the mean value ݂̅(ݔ, ,ݕ ,ݖ  and the fluctuation value (ݐ
,ݔ)′݂ ,ݕ ,ݖ  :as below ,(ݐ

,ݔ)݂              ,ݕ ,ݖ (ݐ = ,ݔ)݂̅ ,ݕ ,ݖ (ݐ + ,ݔ)′݂ ,ݕ ,ݖ  (2)         (ݐ

where the mean value is a time-averaged value: 
 

,ݔ)݂̅ ,ݕ ,ݖ (ݐ = ଵ
୼௧

∫ ,ݔ)݂ ,ݕ ,ݖ ௧ା୼௧(ݐ
௧  (3)   ݐ݀

 
Moreover, it should be noted, that the time interval must 
be chosen properly where the time-averaged value 

cannot change significantly. Further re-averaging of the 
time-averaged function value can be expressed as below:  
 

݂′ഥ ,ݔ) ,ݕ ,ݖ (ݐ = ଵ
୼௧

∫ ,ݔ)′݂ ,ݕ ,ݖ ௧ା୼௧(ݐ
௧ ݐ݀ = 0          (4)  

 
Fig. 4. Distribution of the flow value over time. 

 
2.2 Turbulence simulation 

2.2.1 Direct Numerical Simulation 

Simulations of the turbulent flows can be carried out in 
terms of Direct Numerical Simulation method (DNS), 
which consists of direct solution of the Navier-Stokes 
equations, that enables accurate modelling of the 
phenomenon of turbulence. In this method, a mesh with   
elements smaller than individual swirls should be used. 
Also, the time step must be small enough to prevent 
crossing the mesh boundary by the analysed fluid 
element [8, 9]. These requirements are related to the 
substantial amount of computing resources and the long-
time of problem solving. It translates into the enormous 
cost of this type of analysis. 

2.2.2 Large Eddy Simulation 

Large Eddy Simulation (LES) method is based on the 
simulation of large-scale turbulent movements with 
determined kinetic energy, and modelling of smaller 
swirls where viscosity forces are considerable [10]. This 
method does not require such a large amount of 
computing resources and is very accurate in reflecting 
the actual turbulent flow, so that it is more and more 
willingly used as a tool in the CFD simulations [10]. 

2.2.3 Reynolds Averaged Navier-Stokes 
Equations 

Most engineering simulations of turbulent flows are 
based on the Reynolds Averaged Navier-Stokes (RANS) 
equations where any instantaneous value can be 
decomposed as described before.  This method is not as 
time consuming as the previous ones and can be used for 
practical purposes. The RANS equations are non-linear, 
where each component of fluctuation generates the 
unknown and an additional equation must be solved. In 
this particular situation turbulence models are provided, 
and the problem can be solved. Turbulence models can 
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be divided into two groups in terms of the used 
hypothesis. The first group is based on the Bossinesq 
theory, where the Reynolds stress tensor is related to the 
strain-rate tensor expressed by the dynamic eddy-
viscosity [11, 12]. This group, which is referred to as the 
Eddy-Viscosity Models, contains single-equation, two-
equation and multi-equation models. The most frequent 
used in industry are the two-equation models: k-ε, k-ω, 
SST k-ω.  

The k-ε is the one of the most commercialized 
turbulence model, where turbulent kinetic energy k and 
turbulent dissipation rate ε are defined. The assumption 
of this model was its application to fully-developed 
turbulent flows with the high-Reynolds number [9, 11], 
so the k-ε model should be avoided in modelling of the 
low-Reynolds number flows with a sophisticated path, 
where high-pressure gradients occur. 

Another popular turbulence model in CFD 
simulations is proposed by D.C. Wilcox. That is the k-ω 
model, where turbulent kinetic energy k and specific 
dissipation rate ω are employed. In this particular case, ω 
is the degree of turbulence dissipation related to the 
energy unit. On the basis of numerous investigations of 
flows along rough surfaces, obstacles with an adverse 
pressure gradient, this model is much more accurate in 
comparison to the others. However, with an increasing 
distance from the wall, a strong dependency on non-
disturbed mean flow is observed, and the results of the 
simulation are not reliable [11]. 

The SST model is a hybrid of both k-ε and k-ω 
models, which is a smooth transition from the first one, 
used for limited flows, whose purpose is the reflection of 
turbulence near the boundary layer, to the second one, 
which has its advantages in modelling of fully-developed 
flows. A number of challenging researches, 
investigations on aerospace profiles, flows with an 
adverse pressure gradient, and obstacle flows have 
shown much better results compared to other models 
[11]. 

2.3 Velocity profile in turbulent flow 

The theory about the velocity profile in laminar pipe 
flow is well-developed, but when it comes to turbulent 
flow, the velocity profile expressions are still based on 
experimental data. The velocity profile of turbulent flow 
is also axisymmetric, nevertheless it is almost flat with a 
sharp drop close to the wall. Taking into consideration 
the velocity profile from the wall to the axis, four 
regions can be described [13]. At first, the very thin, near 
to the wall, viscous layer with nearly linear velocity 
distribution can be specified. Flow in this sub-layer is 
almost identical to laminar flow. Next is buffer layer 
where turbulent effects are important but not as 
important as viscous effects. After the buffer layer, 
overlap layer can be defined. Viscous effects are still 
dominant. Last, turbulent layer where viscous effects no 
longer matter, fills up the rest part of the flow. The 
variety of flow characteristics shows difficulties in an 
analytical description of the velocity profile. However, 
taking into account the viscous layer, it can be said that 

the shear stress is directly proportional to the viscosity of 
the fluid [5, 6, 13]: 

߬ = ߤ ௗ௨
ௗ௬

     (5) 

where ߬ is the shear stress, ߤ is the dynamic viscosity, 
 .is the distance from the wall ݕ is the axial velocity and ݑ
Considering that velocity distribution, where speed takes 
values from zero on the wall to a certain value and 
velocity gradient is constant, the previous equation can 
be simplified, as given: 

߬ = ߤ ௗ௨
ௗ௬

= ߤ ௨
௬

= ߥߩ ௨
௬

⟹ ఛ
ఘ

= ఔ௨
௬

.   (6) 
 

Introducing friction velocity as u∗ = ඥτ/ρ, replacing it 
in the previous equation, velocity profile in viscous sub-
layer can be described by dimensionless parameters uା 
and yା : 

∗ݑ
ଶ = ఔ௨

௬
           (7) 

 
ାݑ = ௨

௨∗
  and  ݕା = ௬௨∗

ఔ
   (8) 

 
The name of this equation is the law of the wall [13], and 
linear velocity profile for the smooth wall, where the 
influence of the turbulent effect is insignificant is valid 
for  yା ≤ 5 (Fig 3). According to the experimental data 
velocity profile for the turbulent layer was also described 
by power or logarithmic equations as given: 
 

ାݑ = ଵ
఑

ln(ݕା) +  (9)   ܤ
 

௨
௨೘ೌೣ

= ቀ௬
ோ

ቁ
ଵ/௡

 or  ௨
௨೘ೌೣ

= ቀ1 − ௥
ோ

ቁ
ଵ/௡

      (10) 
 

௨
௨೘ೌೣ

= ଶ௡మ

(௡ାଵ)(ଶ௡ାଵ)
         (11) 

 
where ߢ, B or n are experimental defined constants. Also 
n, is Reynolds dependent constant: 
 

݊ = ݊(ܴ݁) ≈ ଵ
√ఒ

       (12) 
 

where ߣ is the Darcy friction factor. Both, power and 
logarithmic distribution are appropriate for the turbulent 
layer at range of 30 < yା < 350, while the buffer layer 
cannot be described by mathematic equations. 

Fig. 5. Dimensionless velocity profile of turbulent flow [13]. 
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3 CFD simulations 
The subject of the analysis is the part of super-heater, 
that belongs to the furnace with a total capacity of 210 
tons of steam per hour. The super-heater consists of 148, 
38x4 mm 15HM steel pipes where a saturated steam 
flows under pressure of 10.5 MPa. The inlet temperature 
is 400 °C, and heat flux is set at 50000 W/m^2. The 
analysis is performed in Ansys CFX Academic 
environment to supply inner wall temperature and wall 
heat transfer coefficient through the pipe. The influence 
of the Earth's gravity is neglected. 

 
Fig. 6. Analysed problem. 

In addition, due to consideration of fully developed flow, 
the length of 200 internal diameters is taken into account 
[7, 13]. To simplify the problem, the quad pipe model is 
created and consequently symmetry boundary condition 
is applied. Two different meshes are generated (Table 1, 
Fig. 7, Fig. 8). Properties of 15HM steel were provided 
and entered in the CFD-tool (Table 2) [14]. 

  
Fig. 7. Discrete model “Lite” 

 
Fig. 8. Discrete model “Fine” 

Table 1. Parameters of defined discrete models. 

Discrete model “Lite” “Fine” 
Number of Nodes 296k 576k 
Number of Elements 256k 514k 
Number of Inflation Layers 10 14 

 

Table 2. Properties of 15HM steel. 

Steel 
15HM 

13CrMo44 
 [ ଷ݉/݃݇] ߩ

݇ [ܹ
 [ (ܭ݉)/

ܿ௣[(ܭ݃݇)/ܬ] 

Te
m

pe
ra

tu
re

 [℃
] 

20 7849 44,1 464 
100 7825 44,6 480 
200 7793 44,0 511 
300 7759 42,2 555 
400 7724 39,8 612 
500 7687 37,0 681 
600 7648 34,1 762 

The CFD simulation is carried out on both discrete and 
turbulence (k-epsilon, SST) until the convergence 
criteria are met (10e-12).  

4 Results 

Determining the phenomenon of convection in the CFD 
analysis is much more complicated than it is assumed, as 
CFD-tools often accept inappropriate reference 
temperature during convection analysis. In order to 
examine the value of the wall heat transfer coefficient 
determined by the CFD-Post, the definition of the wall 
heat transfer coefficient (WHTC) according to the third 
type boundary condition should be referred to [5, 7, 15]: 

ܥܶܪܹ = ௤̇೔೙
்೔೙ି்್

    (13) 

where ̇ݍ௜௡ is a heat flux provided to the inner wall, ௜ܶ௡  is 
the temperature of the inner wall and most important 
value ௕ܶ is the bulk temperature. The bulk temperature 
reflects the average temperature of moving fluid in a 
particular cross section. To obtain real WHTC values, 
measurements at eleven equal-spaced cross section of 
inner wall temperature and   bulk temperatures were 
gathered. The bulk temperature should have been 
measured as in the given equation: 

௕ܶ =
∫ ௨்ௗ஺ಲೢ

∫ ௨ௗ஺ಲೢ

=
ଶగ ∫ ௨்௥ௗ௥ೝೢ

బ
ଶగ ∫ ௨௥ௗ௥ೝೢ

బ
   (14) 

 
and specific expression in CFD-Post was formulated: 
 

lengthInt(Velocity u*Temperature*Y)@radius / 
lengthInt(Velocity u*Y)@radius 

 
All data was gathered and presented in line charts (Fig. 
9-16) to make comparison and conclusions. 
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Fig. 9. Wall and bulk temperature in case of “Lite”  
and k-epsilon turbulence model. 

 
Fig. 11. Wall and bulk temperature in case of “Fine”  

and k-epsilon turbulence model. 

 
Fig. 13. WHTC comparison in case of “Lite”  

and k-epsilon turbulence model. 

 
Fig. 15. WHTC comparison in case of “Fine”  

and k-epsilon turbulence model. 

 
Fig. 10. Wall and bulk temperature in case of “Lite”  

and SST turbulence model. 

 
Fig. 12. Wall and bulk temperature in case of “Fine”  

and SST turbulence model. 

 
Fig. 14. WHTC comparison in case of “Lite”  

and SST turbulence model. 

 
Fig. 16. WHTC comparison in case of “Fine”  

and SST turbulence model. 
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5 Discussion and conclusions 

The distribution of the inner wall and the appropriate 
bulk temperature are presented in Fig. 9-12. Differences 
between these temperatures in every section, in terms of 
Eq. (13), have an influence on the Wall Heat Transfer 
Coefficient. Distribution of both, the exact and obtained 
directly from CFD-tool Wall Heat Transfer Coefficients 
are compared in Fig. 13-16. Moreover, the comparison 
between the k-epsilon and the SST is shown on the left 
(Fig. 9, 11, 13, 15) and the right (Fig. 10, 12, 14, 16) 
column respectively. Hardly any differences between the 
discrete models in case of the k-epsilon turbulence 
model can be observed. There are no significant 
discrepancies in temperature distribution that translates 
to nearly identical results of the WHTC. According to 
the SST turbulence model, the density of the mesh is a 
significant factor as far as the accuracy is concerned. 
Even the WHTC obtained by the shortest way is far 
away from the other values. Furthermore, the 
distribution of each value is much more chaotic due to 
the applied turbulence model. The k-epsilon turbulence 
model is the most appropriate in case of the fully 
developed flow of steam under high pressure and 
temperature. Solutions are obtained with right accuracy 
and without huge computational effort. What is more, a 
slight difference between approaches to the WHTC is 
noticeable because CFD-tools consider wall adjacent 
temperature as a reference temperature.  

Widespread CFD-tools are a quite reliable source of 
information, although experience as well as adequate 
knowledge in the CFD analysis are needed. 
Unfortunately, the Wall Heat Transfer Coefficient in the 
CFX-Pre is simplified in relation to its definition that is 
directly proportional to the heat flux and inversely 
proportional to the difference of the wall and the bulk 
temperatures. As we know, the wall temperature is 
uncomplicated to define even during the investigation, 
but the bulk temperature is a much more complex 
problem. Values received by CFD-tools consider wall 
adjacent temperature, which is the temperature of the 
first node next to the wall, so Wall Heat Transfer 
Coefficient is fully mesh dependent, so if density tends 
to infinity, the WHTC tends too. Therefore, during 
discretization, appropriate y+ parameter should be taken 
into account. Moreover, there is no reason to use the SST 
turbulence model when the flow of steam under high 
pressure and temperature is under investigation. Based 
on the carried out analysis, it can be concluded that the 
value of the Wall Heat Transfer Coefficient is more or 
less 10,000 W/(m2K). Furthermore, the roughness of the 
pipe is also worth attention as it has a huge influence on 
convection.  In this particular case, the pipe was smooth, 
that means roughness was neglected and additional 
investigation in terms of this parameter should be carried 
out.  
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