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Abstract. Non-stationary flow of fluid, whose material properties change as influenced by heating, is the

subject of this study. Model of coupled Navier-Stokes-Fourier system with temperature dependent material

properties is introduced together with construction of appropriate numerical scheme. Spectral/hp element

method is used as the discrete approximation of the functions in the spatial coordinates. Performance of the

code implemented using Nektar++ library [1] is presented on problems of forced and natural convection

around the heated cylinder.

1 Introduction

Numerical simulations of fluid flows advecting a quantity,

which influences the flow field itself, are demanded across

various areas of research and applications. Temperature

is considered as the advected quantity in presented study,

however, resulting system of equations coincides also with

a wide fields of turbulent models.

We introduce results from simulations using original

solver of evolutionary Navier-Stokes-Fourier system with

temperature dependent material properties based on spec-

tral/hp element approximation in space together with re-

sults from simulations of heat exchange-influenced in-

compressible fluid flow. Convergence in sense of temporal

discretisation was verified on system which includes vari-

able viscosity, thermal conductivity and density together

with buoyancy and viscous heating. Unless we constrain

to situations where compressibility can be neglected, we

consider non-homogeneous divergence of velocity field as

a consequence to thermal expansion, which is included

naturally due to temperature dependent density. Density

variation has impact not only due to the buoyancy, but

also in other structural changes of the flow field, what

we observe in change of measurable quantities as is the

Strouhal number in the case of forced convection around

the heated/cooled cylinder. Due to non-constant density,

model of buoyancy is not of Boussinesque type and the so-

lution includes hydrostatic pressure, what has to be taken

into account in setting the Dirichlet BC for pressure on

outflow. In contrast to variable viscosity and density, ef-

fect of viscous heating do not influence studied regimes

significantly, but shows the accuracy of spectral/hp ele-
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ment approximation. Comparison with experimental data

demonstrates influence of particular terms in the model

using measurable quantities, e.g. Strouhal number or Nus-

selt number.

2 Navier-Stokes-Fourier system

Dimensionless system of equations representing flow of a

heated fluid, which is supposed to be Newtonian, calori-

cally perfect and obeying Fourier law, is often called the

Navier-Stokes-Fourier system. In 2D, the unknowns are

velocity v = (u, v)T, pressure p and temperature T

ρ

(

∂v

∂t
+ v · ∇v

)

= −∇p +
1

Re
∇ · (2µS) +

1

Fr2
ρg (1a)

∂ρ

∂t
+ ∇ · (ρv) = 0 (1b)

ρ

(

∂T

∂t
+ v · ∇T

)

=
1

Re Pr
∇ · (κ∇T )

+
Ec

Re
2µS : S , (1c)

where

S = D −
1

3
(∇ · v) I (2)

is related to the deviatoric part of the stress tensor (pure

shear stress) and D =
1

2

[

∇v + (∇v)T
]

. Term

S : S = D : D −
1

3
(∇ · v)2 (3)

is related to the effect of viscous heating. We do not

impose any a priori restrictions to form of the tempera-

ture dependencies µ(T ), κ(T ) and ρ(T ). Note, that this
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Table 1. Definitions of nondimensional numbers used in system

(1). Note, that the Eckert number in this form belongs to

temperature normalised by value T+∞ instead of widely used

characteristic temperature difference ∆T+. L+ is a characteristic

length, c+p specific heat at constant pressure.

Name Symbol Definition

Eckert Ec
|v+∞|

2

cp
+
∞

T+∞

Froude Fr
|v+∞|

√

g+∞L+

Prandtl Pr
c+p∞µ

+
∞

κ+∞

Reynolds Re
L+ |v+∞|ρ

+

µ+∞

Richardson Ri
∆ρ+g+L+

ρ+∞|v
+
∞|

2

formulation avoids the Boussinesque approximation of

buoyancy, since the gravitational action (g is a unit vec-

tor oposite to gravitational force) to momentum balance

comes purely from density variation. This approach is ad-

vantageous, because it avoids specification of the thermal

expansion coefficient, what is the case of Boussinesque’s

model. The volumetric term ρg/Fr2 in this form brings

two effects to the solution. Beside of buoyancy it includes

model of hydrostatic pressure gradient. It might be ad-

vantageous to leave only the buoyancy what follows by

subtraction of some, e.g. farfield1, state from (1a). The

volumetric term in (1a) then takes form

1

Fr2
(ρ − 1)g (4)

and allow comparison with the results achieved with

Boussinesque approximation through general form of the

Richardson number since (ρ − 1) = (ρ+ − ρ+∞)/ρ+∞ ≈ β∆T

(c.f. table 1, where dimensionless numbers are summa-

rized).

Unless we consider only flow of air in this work, en-

ergy equation (1c) has the same structure for both the

gases and liquids with the minor change, that specific heat

at constant pressure c+p is replaced by c+
V

(specific heat at

constant volume), c.f. redefinition of Pr by substituting

cp → cV .

3 Numerical method

3.1 Spectral/hp element method

The spectral/hp element method was chosen for approxi-

mation of functions in spatial coordinates. It combines de-

composition of the computational domain Ω to elements

Ωe,Ω = ∪E
e=1
Ωe, with high degree approximation on every

element. Consequently, it provides high-order accuracy

1We denote farfield/reference values by subscript ∞ and quantities

with physical units are denoted by ’+’ in superscript.
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Fig. 1. Example of decaying spectra on a single triangular ele-

ment for 2D polynomial expansion of degree N = 14. Spectral

coefficients f̂pq are only those with index p+q <= N in the graph.

Green ellipses show the maximal degree coefficients whose sum

provides heuristical error estimate. For this case, one can con-

clude, that the spatial approximation is not better than 10−8.

together with geometrical flexibility. It can be viewed as a

generalisation of global, E = 1, spectral methods, which

follows C0 continuity among elements and finally coin-

cides with hp-finite elements. The reason for choosing

this method is in efficient achievement of high-order ap-

proximation, which significantly suppress numerical dif-

fusion and dispersion, so the influence of particular terms

of the equation system may be compared in the simula-

tions. Other advantages of the method are in lowering

the number of degrees of freedom in the algebraic system

or providing an instant insight to estimates of error ([2]).

Mentioned estimate of discretisation error comes from in-

sight to a single-element spectra of expansion coefficients

f̂pq, representing a function f

f (x, y) =

N
∑

p,q=0

f̂pqφp(x)φpq(y) (5)

as expanded over a basis BN = {φpq}
N
p,q=0

, which is in

our case of polynomial type and has hierarchical struc-

ture, BN ⊂ BN+1(notation in (5) is for tensor-product type

basis over triangles, for details see e.g. [3]). Exponen-

tially converging spectra for a single triangular element is

shown in Figure 1. An open source library Nektar++ [1]

of version 3.3.0 with own substantial changes was used as

a basis for implementation of the solver.

3.2 Discretisation in time

Computational scheme for system (1) combines multiple

techniques. It is basically derived from solver for strictly

incompressible, ∇ · v = 0, flow model [4]. It may be seen

as a velocity-correction semi-implicit (IMEX) scheme
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Q γ α0 α1 α2 β0 β1 β2

1 1 1 - - 1 - -

2 3/2 2 −1/2 - 2 −1 -

3 11/6 3 −3/2 1/3 3 −3 1

with a high-order approximation of Neumann type pres-

sure boundary condition (HOPBC). However, multiple ex-

tensions of the scheme had to be performed.

The variable viscosity was implemented following ap-

proach mentioned in [5]. It is based on splitting the vari-

able parameter, e.g. µ(T ) = µ̄ +µs, to constant-in-time part 
µ̄ and part variable both in time and space, µs = µs(x, t). 
This splitting impose a limit to amplitude of µs to ensure 
stability (see [5]), but it preserves structure of equations 
solved in the scheme. Similar approach was used for 
splitting the variable thermal conductivity in the energy 
balance, as described in [6]. Temperature-dependent den-

sity ρ(T ) in both the momentum and energy balance was 
implemented following approach proposed in [7], where 
this variable property was only in momentum equation. 
The most significant feature of proposed scheme lies in 
non-trivial velocity divergence, which emerges as a con-

sequence of thermal expansion of the heated material. 
The detail description of discretisation to the full system, 
which is beyond scope of this paper, is prepared to be pub-

lished. Here, we will only sketch the key points of the 
method.

The scheme is based on approximation of the time 
derivatives by Backward Difference Formula of order Q

∂ f

∂t
≈
γ fn+1 −

∑Q−1

q=0
αq fn−q

∆t
, (6)

where f represents u, v, T or ρ. ∆t denotes discrete time

step, γ and {αq}
Q−1

q=0
are coefficients of the BDF formula

(see table 2) and fn = f (tn) is the function value at time

tn = t0 + n∆t.

We denote

[ f ]∗ =

Q−1
∑

q=0

βq fn−q (7)

the Q-th order extrapolation consistent to chosen BDF for-

mula. The scheme follows these steps:

1. solve Pressure-Poisson equation, which is derived

from application of divergence operator to (1a)

∇2 p =
γ

∆t

([

∂ρ

∂t

]∗∗)

+ ∇ ·

{

γ

∆t
[ρ]∗v̂

+
1

Re

[

∇µ ·
(

∇v + (∇v)T
)

− ∇µ · (∇ × ∇ × v)
]∗

+
1

Re

(

−
2

3
[∇µ]∗〈∇ · v〉 +

4

3
[µ]∗∇〈∇ · v〉

)

+
1

Fr2
[ρ]∗g

}

,

(8)

where v̂ =
∑Q

q=0
αqvn−q − ∆t [v · ∇v]∗, [·]∗∗ denotes

extrapolation of time derivative approximated from

BDF formula (6) and we used ∇ · (ρv) = −∂ρ/∂t

from (1b). Forward estimate of divergence follows

from extrapolation of (1b), since ρn = ρ(Tn)

〈∇ · v〉 =
1

ρ∗

{

−
[

v · ∇ρ
]∗
−

[

∂ρ

∂t

]∗∗}

(9)

Equation (8) is subject to the Dirichlet boundary

condition or natural Neumann pressure boundary

condition with high order extrapolation (HOPBC),

which follows from projection of (1a) to boundary

normal n

∂p

∂n
= n ·

{[

− ρ
∂v

∂t
− ρv · ∇v

+
1

Re

(

−µ∇ × ∇ × v + ∇µ ·
[

∇v + (∇v)T
])

]∗

+
1

Re

(

−
2

3
[∇µ]∗〈∇ · v〉 +

4

3
[µ]∗∇〈∇ · v〉

)

+
1

Fr2
[ρ]∗g

}

(10)

2. The velocity-correction step then consists of solu-

tion to an elliptic problem

∇2vn+1 −
γ

∆t
Revn+1 =

{

− Re
γ

∆t
v̂

+
1

[ρ]∗

[

Re(∇pn+1 − fn+1)

−
[

∇µ · [∇v + (∇v)T]
]∗

+
2

3
[∇µ]∗〈∇ · v〉

−
1

3
[µ]∗∇〈∇ · v〉

] }

− (∇〈∇ · v〉 − [∇ × ∇ × v]∗)
[(

1

[ρ]∗

)

s

[µ]∗ + [µ]∗s

]

. (11)

Above equation has many terms on right-hand side,

since the technique of splitting to constant and

Table 2. Coefficients of IMEX schemes up to order 3.
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variable-in-time part was done both to viscosity and

density, c.f. [7].

3. Elliptic equation in similar form (∇2 − λ)Tn+1 = . . .

is solved for temperature. Similarly to step 2), we

split both κ(T ) and ρ(T ).

Unless the constant-in-time properties may be variable in

space, the formulation is much more complicated and we

set µ̄ = κ̄ = ρ̄ = 1 for simplicity.

Convergence of the scheme was already verified on

manufactured solutions, what is behind the scope of this

contribution and is to be published together with more de-

tail description of the scheme.

The buoyancy term in momentum equation (1a) is

relatively easy to implement, but has substantial conse-

quence in inclusion of complete model for natural convec-

tion. We consider g to be constant, and the buoyancy term

is evaluated from extrapolated density in form including

model of hydrostatic pressure gradient

1

Fr2
[ρ]∗g . (12)

or without hydrostatics

1

Fr2
([ρ]∗ − 1)g (13)

accordingly to (4) as discussed in sec. 2.

The viscous heating, (3), in energy balance was in-

cluded rather for completeness and testing. It is also eval-

uated as a pure extrapolation of data from previous time

levels, while 〈∇ · v〉 comes from (9).

4 Results

All computations presented concern air as the flowing

medium. We use a power-law approximation for temper-

ature dependencies of material properties µ, ρ and κ

f (T ) =
f +
re f

f +∞















T+

T+
re f















ω f

(14)

(subscript "re f " denotes any virtual reference state fol-

lowing from the data-curve fit). Particular constants for

T+
re f
= 285K are as follows

µ+re f = 1.78 × 10−5 , ωµ = 0.72

κ+re f = 0.025 , ωκ = 0.84

ρ+re f = 1.239 , ωρ = −1.0013 , (15)

derived from power-law regressions to data [8]. With the

complete model (1) we study two cases, forced and natural

convection.

4.1 Impact of variable material properties to vortex

shedding frequency behind a heated cylinder

Flow around a cylinder is a widely used case for code test-

ing and deep insight to flow physics for its simple geom-

etry and sufficient available data. In this section, we com-

pare our results from 2D simulations with experiments

presented in [9] and also theoretically investigated in [10].

FARFIELD

CYLINDER

O
U
T
F
L
O
W

Fig. 2. Computational mesh with 2360 elements and domain

boundary designation. Lines inside the domain connect quadra-

ture points for degree 6 approximation inside triangular ele-

ments.

Data in [6] were computed with model including vari-

able viscosity and thermal conductivity, while density was

assumed constant and the velocity field was divergence

free. Using the same computational mesh, boundary con-

ditions and degree of polynomials N = 6 and other set-

tings (∆t = 0.001), we recalculated the same situations.

The boundary conditions are following (c.f. Figure 2):

• Farfield: u = 1, v = 0, T = 1, HOPBC

• Cylinder: u = 0, v = 0, T = T+
W
/T+∞, HOPBC

• Outflow: ∂u/∂n = 0, ∂v/∂n = 0, ∂T/∂n = 0, p =

−g+∞L+y/|v+∞|
2

Pressure gradient set on the outflow boundary is consis-

tent with used model of buoyancy, which includes the hy-

drostatic contribution. If buoyancy is modelled with (13),

p = 0 on outflow is corresponding boundary condition.

Constant fields with values (u, v, T )T = (1, 0, 1)T were

used as initial conditions.

High order approximation, polynomial of degree 15,

was used also for representation of the deformed domain

boundaries, the cylinder and upstream/inlet boundary, in

the mesh. The second order scheme in time, Q = 2, was

used as default.

Results from the new model and scheme are directly

compared with experiment, [9], and previous numerical

results in Figure 3. Reynolds numbers from [9] were

recomputed for consistency with the relations describ-

ing material properties (15) (in [9] temperature depen-

dence of kinematic viscosity was used in definition of

Re, what is inconsistent with our model). It is worthy

to emphasize, that model with constant density used in

[6] strongly reflects the influence of temperature variation

through variable viscosity and thermal conductivity, but is

still insufficient as the results for highest temperature ra-

tio (T̃ = T+
W
/T+∞ = 1.8) coincide rather with different level

of heating considered in experiment, compare coincidence

of "emp. T̃ = 1.5" and "cmp. [6] ρ = const.". Finally,

the current results coincide with experimental data more
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0.12
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0.16
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St

Re

emp. T̃=1.0
emp. T̃=1.5
emp. T̃=1.8

cmp. [6] ρ = const.
cmp. ρ = ρ(T )
experiment [9]

Fig. 3. Direct comparison of data from model proposed in [6]

with current data (same setting of discretisation) and empirical

formulas [10]. All computations "cmp." and experimental "exp."

data belong to temperature ratio T̃ = T+W/T
+
∞ = 1.8.

0.15

0.16

0.17

0.18

1 1.2 1.4 1.6 1.8

St

T+
W
/T+∞

ρ = const.
ρ = ρ(T )
exp. [9]

Fig. 4. Comparison of model with ρ = const. ([6]) and the

current one with ρ = ρ(T ). The difference in dimensionless fre-

quency of vortex shedding, St, is substantial. Computations fol-

lowed Re from experiment, all being close to an average value

Re ≈ 121.4.

accurately than empirically derived formula proposed in

[10].

The difference between the models is even better vis-

ible in plot St(T+
W
/T+∞) for fixed value of Re, see figure 4.

From this comparison of current data and result from [6],

we can separately discern influence of variable viscosity

and variable density to the flow. Note, that only the value

from experiment at T+
W
/T+∞ ≈ 1.8, used in Fig. 4, exhibit

stronger deviation than other data also in Fig. 3.

Fig. 5. Distribution of spatial error over the computational mesh.

Values obtained as a sum of spectral coefficients belonging to

highest degree boundary modes. Max value ≈ 5 × 10−2.

The estimate of error in spatial discretisation as men-

tioned in sec. 3.1 is one of natural outputs from simula-

tions in spectral/hp elements. Distribution of the error

over the computational mesh, may be analysed at every

timestep. Its evaluation is computationally cheap, since it

is summation of only a few coefficients from the spectra of

every element, c.f. figure 1. Figure 5 shows an example of

this approach for a particular tn on function representing

temperature distribution in flow around heated cylinder.

The error distribution changes as the function develops in

time.

4.2 Natural convection

Flow motion induced by heating was investigated for val-

idation of buoyancy model in presented scheme. Simple

geometry of heated cylinder was chosen for comparison

with previous data from literature. In [11], tabulated data

are available. However, numerical method used in [11]

differs substantially from the scheme proposed in sec. 3.2.

Due to lack of data for this particular case in literature, we

will compare results of model for steady incompressible

constant-property flow with Boussinesque approximation

for buoyancy with our model for evolutionary problem al-

lowing non-homogeneous divergence, variable properties

and without the Boussinesque’s approximation.

Present simulation was performed with ∆t = 0.005,

polynomial degree N = 24 on mesh consisting of only

289 quadrilateral elements while the domain extent was

Ω = [−500 : 500] × [−500 : 500] for cylinder of diameter

1. Curve representing the cylinder was approximated by

polynomial of degree 17. Domain dimensions were so

large, that the buoyant disturbances travelling through the

volume did not reach ∂Ω during whole time interval, t ∈

[0 : 350]. Therefore, the physical meaning of the solution

was not strongly influenced by inaccuracy following from

boundary conditions, which were as follows

• Inlet: ∂u/∂n = 0, ∂u/∂n = 0, T = 1, p = 0

• Sides: u = 0, v = 0, T = 1, HOPBC

• Cylinder: u = 0, v = 0, T = T+
W
/T+∞ = 1.05, HOPBC
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• Outflow: ∂u/∂n = 0, ∂v/∂n = 0, ∂T/∂n = 0, p = 0

Shape of the computational domain was similar to Fig. 2

with half-circle arc on inlet. Gravity action was in direc-

tion of domains axis of symmetry. Initial conditions were

(u, v, T )T = (0, 0, 1)T. Used model of buoyancy was with-

out the hydrostatic pressure gradient, (13).

Simulation was performed for three values of

Rayleigh number, Ra = Ri Pr Re2, Ra ∈ {102, 103, 104}.

Material parameters for air were used, the same as in

the case of forced convection over heated cylinder as dis-

cussed in sec. 4.1. Some value of Re has to be defined

to the solver, however it is unknown a priori. It follows

from binding of Re and Fr through L+ and |v+∞| (see Ta-

ble 1), that lower influence of viscous term implies lower

influence of buoyant term for fixed Ra. Instability of the

scheme occured for values 1/Fr2 of order 10 if Re < 50.

All simulations run with T ∈ [1 : 1.05] and their inputs

were

• Ra = 102: Re = 100, L+ = 0.00475, |v+∞| = 0.3 ⇒
1

Fr2
= 0.51

• Ra = 103: Re = 100, L+ = 0.01, |v+∞| = 0.14⇒
1

Fr2
=

5.1

• Ra = 104: Re = 300, L+ = 0.02, |v+∞| = 0.196 ⇒
1

Fr2
= 5.6

Note, that above values of Re are parameters chosen only

for proper definition of the solved problem and stability

of computation and have to be recalculated using some

well defined values from solution fields for full compari-

son with experiment.

Comparison of local Nusselt number, Nu = n · ∇T ,

over the cylinder surface is in figure 6 and difference be-

tween the results is well observable. Similar difference,

especially in vicinity to cylinder surface can be seen also

in comparison of experimental and numerical isotherms

already in [11], fig. 7. Similar difference to Kuehn’s data

in local Nusselt number was reported in [12], where a

fourth order approximation in space was used in compu-

tation of steady model. Work [12] does not contain tabu-

lated data and we have to conclude with only this qualita-

tive comment to comparison with our data.

To emphasize the novelty of our scheme, we show

distribution of velocity divergence, result of thermal ex-

pansion of the heated air, see figure 7. The same figure

contains detail of computational mesh in vicinity of the

cylinder and presents also the spatial resolution of vari-

able u. For this field, in vicinity of the cylinder, worst

element spectrum is converged to values around 10−6 and

in elements on cylinder boundary we observe even bet-

ter resolution up to 10−12, what coincides with round-off

tolerance in the Nektar++ library.

In contrast to cited stationary models we observe flow

instability in present results as shown in Fig. 4.2 for Ra =

103 and 104. These figures belong to the same time-step

(tn = 250). Wake in Fig. 4.2-A shows a pair of strong vor-

tices, which travel from the cylinder while the wake be-

comes unstable, what can be seen from variation of mean

1

2

3

4

5

6

7

0 20 40 60 80 100 120 140 160 180

Nu

φ[deg]

102 Kuehn
102 new
103 Kuehn
103 new
104 Kuehn
104 new

Fig. 6. Nusselt number distribution over cylinder in natural con-

vection, comparison of data from [11] and the new scheme for

Ra ∈ {102, 103, 104}. Angle φ is measured from the lowest point

of the cylinder.

Fig. 7. Field of velocity divergence "Div" in natural convection

problem with Ra = 1000. Spatial error estimate "spectr_T" for

temperature field is projected onto the divergence field together

with mesh grid, which belongs to approximation by polynomial

of degree 24.

Nusselt number in Fig. 9. For Ra = 104 we early observe

development of instability and complicated vortex struc-

tures.

Obtained mean (integral) values of Nusselt numbers

are

• Ra = 102: Numean ≈2.1

• Ra = 103: Numean ≈3.3

• Ra = 104: Numean ≈5.3
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C

A B D

Fig. 8. Comparison of temperature fields for Ra = 103, (A and

C), and Ra = 104, (B and D). 8 contours visible in the cylinder

area (C, D) have regular spacing and cover range of temperature

T ∈ (1 : 1.05).
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m
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3.28

50 100 150 200 250

Ra = 102 Ra = 103 Ra = 104

Fig. 9. Temporal evolution of mean Nusselt number Numean for

various values of Ra. Rescaled detail for Ra = 103.

We emphasize that above values are approximative, since

the non-stationary nature of the flow is reflected in this

data evaluated from the boundary layer on the cylinder.

Mentioned instability is shown in a detail view inside

Fig. 9.

4.3 Viscous heating

Effect of viscous heating is negligible in both studied

cases, but running the simulation of forced convection

case with the full model and T+
W
= T+∞ returns the tem-

perature field shown in figure 10. Negligible variation be-

Fig. 10. Temperature field induced purely by viscous heating

term (Re = 121.8, T+W = T+∞). Maximal variation of this normal-

ized temperature is 3.8 × 10−6.

ing under resolution of less accurate numerical approxi-

mations is here well recognized, for more, the resulting

field is smooth, unless the viscous heating term is evalu-

ated through spatial derivatives of the velocity field and

includes also the square of 〈∇ · v〉, which is purely extrap-

olated and may accumulate numerical error.

5 Conclusion

Problem of cross-influence of heat and velocity field was

studied in this work. Model for heated flow consisting

of coupled system of momentum, mass and energy bal-

ance was formulated and appropriate numerical scheme

was proposed. The system of equations is very general

and similarities may be found also with turbulence mod-

els. Up to the authors knowledge, this is first implementa-

tion of this kind of models to spectral/hp methods. Field of

numerical simulations of heated flows with variable mate-

rial properties is not very wide and results found in lit-

erature seem to be mostly restrictions of the model and

scheme presented in this contribution. Testing the conver-

gence and rigorous description of the scheme is demand-

ing and was left to specialized paper.

Performance of the scheme was tested on 2D simu-

lations of evolutionary problems, forced convection over

heated cylinder and natural convection induced by heat-

ing of the fluid on cylinder wall. Very good coincidence

with experimental data [9] was achieved. Improvement

of achieved Strouhal-Reynolds relationship for various

temperatures of cylinder was recognized as substantial in

comparison with previous model proposed in [6]. Cur-

rent data very well coincide with experiments and uncover

strong impact of both thermal expansion and change of

viscosity to heated flow in regime of forced convection.

Numerical result achieving resolution to computer

precision in cylinder area and boundary layer was

achieved in problem of natural convection. It is observable

from these results (e.g. figure 7), that the divergence of

velocity induced by thermal expansion of the fluid reaches

its maxima in certain distance from the heated surface. Di-

https://doi.org/10.1051/epjconf/202226901045EPJ Web of Conferences 26
EFM 2019

, 01045 (2022)9
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vergence distribution in the boundary layer will be one of

the subject for future detail investigations, since its model

inclusion represents one of the novelties of introduced nu-

merical scheme. In comparison with previous data from

literature, difference in distribution of local Nusselt num-

ber over cylinder surface was observed and should be

confirmed by further detail comparison with experimen-

tal data.

In studied cases, good performance of spectral/hp el-

ement method was shown, both in sense of accuracy of

spatial approximation and effectivity of the algorithm for

evolutionary problems. Original strategy of error estimate

in spatial approximation, following from insight to coeffi-

cient spectra, was outlined.
Acknowledgements. The author wishes to acknowl-
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