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ABSTRACT 

Direct Numerical Simulation (DNS) of the fully developed velocity and temperature 
fields in the two-dimensional turbulent channel flow was performed for friction Reynolds 
number Reτ = 150 and Prandtl number Pr = 0.71. Two thermal boundary conditions (BCs), 
isothermal and isoflux, were carried out. The main difference between two ideal types of 
boundary conditions is in temperature fluctuations, which retain a nonzero value on the wall 
for isoflux BC, and zero for isothermal BC. 

Very interesting effect is seen in streamwise temperature auto-correlation functions. 
While the auto-correlation function for isothermal BC decreases close to zero in the observed 
computational domain, the decrease of the auto-correlation function for the isoflux BC is 
slower and remains well above zero. Therefore, another DNS at two times longer 
computational domain was performed, but results did not show any differences larger than the 
statistical uncertainty.  

1 INTRODUCTION 

Fully developed channel or flume flow is of great importance from the scientific and 
engineering point of view. Several experimental and numerical studies have been carried out 
to increase the understanding of the mechanics of the near-wall turbulent flows. Among them, 
the Direct Numerical Simulation (DNS) became an important research tool of the turbulent 
heat transfer in the last 15 years. DNS means precise solving of Navier-Stoke�s equations 
without any extra turbulent models. It is capable to describe all relevant scales in the velocity 
and thermal fields (Kolmogorov micro scales [1]). Some reviews of DNS results are presented 
by Kim&Moin [2] and Kasagi et al. [3] at moderate Reynolds number and Prandtl numbers of 
about one or less. Later Kawamura, et al. [4], Na and Hanratty [5] performed the DNS of the 
turbulent channel at Prandtl numbers up to ten. All DNSs mentioned above were performed at 
isothermal wall boundary condition for dimensionless temperature. 
 Fig. 1 shows fluid section bounded by bottom and top walls. Walls are heated by a 
constant heat source and cooled by a flow, which is assumed to be incompressible. In this 
paper two different thermal boundary conditions on the walls, isothermal and isoflux BCs, are 
considered. If a flow of air (low density, low heat capacity and low thermal conductivity) is 
heated by a thick metal wall, the influence of the turbulence on the wall is practically 
negligible due to the high density, high heat capacity and high conductivity of the wall [6]. In 
such case the first ideal boundary condition (isothermal BC) is approached. If water flow is 
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heated by a tiny metal foil, the influence of the turbulence on the wall is strong because of the 
small wall thickness and relatively high density, high heat capacity and high thermal 
conductivity of water in comparison with density, thermal conductivity and heat capacity of 
the foil. The second boundary condition (isoflux BC) is almost reached in such case. 

2 EQUATIONS AND NUMERICAL PROCEDURE 

The flow in the channel is assumed to be fully developed. Both walls of the channel are 
heated by constant heat source, while the fluid flows between them, as shown in Fig. 1.  
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Figure 1. Computational domain. 

The dimensionless equations normalized with flume width h, friction velocity τu  
kinematic viscosity ν, and friction temperature ( )pffw cuqT ρττ =  can be found in the papers 
of Kasagi [3] or Kawamura [4]: 
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νττ /Re hu=  is the friction Reynolds number and Pr is Prandtl number. Terms xl

v
 (unit 

vector in streamwise direction) and ++
Bx uu  appear in the equations (4) and (5) due to the 

numerical scheme that requires boundary conditions in streamwise and spanwise directions. 
uB is bulk mean velocity averaged over the time and entire volume. Therefore, the Reynolds 
number Re can be calculated as τReRe Bu= . Dimensionless wall temperature difference is 
defined as 
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As can be seen from Eqs. (1-3) temperature is assumed to be a passive scalar. This 

assumption introduces two approximations: 1) neglected buoyancy, 2) neglected temperature 
dependence of the material properties - especially viscosity and heat conductivity. Results of 



0206.3 

Proceedings of the International Conference Nuclear Energy for New Europe, Kranjska Gora, Slovenia, Sept. 9-12, 2002 

the present study are thus very accurate only for the systems, where the temperature 
differences are not too large, while some caution is required for the systems, where the 
temperature differences are not negligible. 

The outer sides of the walls are adiabatic, which mean that heat released in the walls is 
entirely transferred to the fluid. As mentioned before, two ideal boundary conditions are 
considered. The isothermal boundary condition at the wall is  

 
0=+θ ,            (5) 

 
while the isoflux boundary condition is imposed with the mean dimensionless temperature at 
heated wall fixed to zero 

 
( ) 01 =±=+ yθ           (6) 

 
and the 
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It is evident that velocity at the interface wall-fluid is zero. 

The equations are solved with pseudo-spectral scheme using Fourier series in x and z 
directions and Chebyshev polynomials in the wall-normal y direction. Numerical procedure 
and the code of Gavrilakis [7] modified by Lam and Banerjee [8], and Lam [9] is used to 
solve the continuity and momentum equations. Equations (1-3) are periodic in streamwise (x) 
and spanwise (z) directions. 

All our DNS simulations were performed at Re = 4580 (Reτ = 150) and Pr = 0.71 in two 
different size of computational domains, shorter and longer domains (see table 1). Fig. 6 
shows that the length of the shorter domain might not be long enough. Therefore another DNS 
with two times longer domain but with the same grid spacing in all three directions was 
performed to check the differences. It should be stressed that resolution that was chosen, is 
capable to describe all velocity and thermal structures according to the Kolmogorov theory 
[1]. Distances in wall units instead of IS units, are useful because turbulent flows with 
different Reynolds numbers can be easily compared in the near wall region. In wall units the 
height of the channel is equal to the two times friction Reynolds number. In our case the 
height is 300 wall units, which is according to the Fig. 1 equal to 2 units of the computational 
box (units that are used in the computer code). The averaging was performed over time 
interval t+=3600 respectively t+=9000 after the fully developed flow was achieved (60000 
respectively 100000 time steps). 
 

Table 1: Summary of DNS calculations. 

 
simulation comp. size resolution 

Pr=0.71 Reτ=150 
grid 

(x+, z+, y+) ∆x+ ∆y+ ∆z+
time 
step 

averaging 
time 

shorter domain 128x97x64 5π x 2 x π  18.4 0.08-4.9 7.4 0.09 3600 
longer domain 256x97x64 10π x 2 x π 18.4 0.08-4.9 7.4 0.09 9000 
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RESULTS AND DISCUSSION 

The mean temperature profiles are given in Fig. 2. As can be seen, the type of thermal 
boundary condition does not affect the mean temperature profiles. Comparison of shorter and 
longer domain shows that two times longer length of the computational size does not give us 
different results. 
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Figure 2: Profiles of mean temperature (Q - isoflux BC, T - isothermal BC). 

The differences between isothermal and isoflux boundary conditions can be clearly seen 
in Fig. 3. The thermal boundary condition affects only the temperature fluctuations, so the 
velocity fluctuations are not shown in this paper. In the case of isoflux thermal boundary 
condition the +

RMSθ  remains constant across the viscous sublayer. In both cases there are no 
differences due to the different computational domain. Differences, which are not larger than 
2%  can be treated as statistical uncertainties. 
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Figure 3: Profiles of RMS temperature fluctuations. 

Fig. 4 shows the turbulent axial heat flux versus the dimensionless distance from the 
wall. The location of the peak turbulent axial heat flux values is approximately at 15 wall 
units. The minor differences between thermal BCs appear near the wall (see Tiselj et. al. [10] 
for details). The location of a peak is at the same distance from wall, the only visible 
difference is the height of heat flux peak. The peak in the case of isoflux BC is about 5% 
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higher than in the case of isothermal BC. If we compare heat flux for shorter and longer 
computational domain, one can see that there are no significant differences between the DNSs 
of different streamwise lengths. 
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boundary conditions on the DNS are avoided, when the periodicity length ensures that auto-
correlation functions of all fields fall to zero in the directions in which the periodic boundary 
conditions are imposed. 

An important difference is seen between two different boundary conditions (Fig. 6). The 
auto-correlation function for isothermal BC decreases close to zero in the observed 
computational domain, while the auto-correlation function for the isoflux BC decreases 
slower and remains well above zero. Therefore, the goal of the present study is to verify if the 
length of the computational domain for the isoflux BC should be longer to satisfy the 
generally accepted criteria for DNS about the sufficient length of the computational domain. 
For this reason auto-correlation function of isoflux BC at two times longer computational 
domain is added. In this concrete example (longRtt_Q in Fig. 6) function decreases to zero 
and satisfies the sufficient length of the computational domain. 

The physical background of the differences between the auto-correlation functions (Fig. 
6) at different thermal boundary conditions is not completely clear yet. We attempted to get a 
clearer physical picture with a new DNS study, which has been performed at Pr=0.71 and 
with two times longer computational domain (2359 vs. 4712 wall units) but with the same 
grid resolution. Besides thermal BC comparison, also DNSs at "standard" and two times 
longer domain was performed (see Figs. 1-5). These results lead to next conclusions: 

1) The differences between the DNS in the "standard" length computational domain and 
the DNS in the extended computational domain did not show any differences larger 
than the statistical uncertainty for first-order statistics and also for the power spectra. 

2) The periodicity length, which is long enough for the velocity field as an origin of the 
turbulence (Fig. 6), is long enough also for the passive scalar fields, despite the 
behavior of the streamwise two-point correlation at isoflux BC shown in Fig. 6. 
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Figure 6: Two-point  auto-correlation in streamwise direction at y+=5.1: temperature 

(isothermal, isoflux) and streamwise velocity. 
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3 CONCLUSIONS 
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NOMENCLATURE 

h     channel half height 
k     wave number  
L1,L3     streamwise and spanwise l
p     pressure 
Pr     Prandtl number  
qw     wall-to-fluid heat flux  
Reτ    friction Reynolds number 
Rtt      auto-correlation function f
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Ruu      auto-correlation function for streamwise velocity 
t     time 

τT  = )/( pffw cuq ρτ   friction temperature  
u,v,w    velocity components in x, y and z directions 

τu = ρτ /w    friction velocity 
Bu     bulk mean velocity  

x    streamwise distance 
y     distance from the wall 
z     spanwise distance 
Greek 
α = pcρλ /      thermal diffusivity 
ϑ = τTTTw /)( −      dimensionless temperature difference  
λ     thermal conductivity 
ν     kinematic viscosity 
ρ      density 

x1
r

    unit vector in x direction (1,0,0) 
Subscripts and superscripts 
( )f    fluid 
( )+      normalized by τu , τT , ν  
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