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A B S T R A C T   

We report direct numerical simulations of the fully developed turbulent natural convection flow of a Boussinesq 
fluid (Pr = 0.71) in a vertical channel. One wall is heated with a constant heat flux and the other is assumed to be 
perfectly insulated. Simulations were performed at three different Rayleigh numbers (Ra = 5 × 105, 106 and 5 ×
106). Predictions of the time averaged velocities, temperatures and intensities of the fluctuations agree with 
experiments reported in the literature. Under the fully developed flow conditions considered in this study the 
shear stress is greater on thermally active wall than that on the adiabatic wall, but the turbulent intensities and 
the turbulent shear stress are greater near the insulated wall. Conversely, the intensities of the temperature 
fluctuations and turbulent heat fluxes are higher near the thermally active wall than those near the adiabatic 
wall. Contrary to the vertical channel with constant but different wall temperatures, where buoyancy and tur
bulent shear dominate the generation of turbulent kinetic energy, in the asymmetrically heated channel the 
turbulent shear stress is the principal mechanism of turbulent kinetic energy production as in a forced convection 
channel flow.   

1. Introduction 

Turbulent free convection in vertical channels has implications in a 
large number of engineering situations, including air cooling of elec
tronic equipment [1], transformers, power supplies or components 
mounted on vertically arranged circuit boards [2], cooling of nuclear 
reactor fuel elements [3] and photovoltaic cells [4] or the passive 
heating and ventilation of buildings using Trombe walls [5] and solar 
chimneys [6,7]. 

A vertical differentially heated plane channel with two infinite 
isothermal walls at different temperatures achieves statistically steady 
and fully developed state with anti-symmetric velocity and temperature 
profiles. It is a configuration that has received considerable interest to 
analyze the characteristics of turbulent vertical natural convection flows 
because of its simplicity [8–13]. In numerical simulations periodic 
boundary conditions can be applied directly in the streamwise and 
spanwise directions of the domain to simulate fully developed flow 
conditions. The turbulent statistics, flow structures and proper scalings 
for the mean and turbulent flow variables have been reported for this 
flow configuration up to Ra = 109 and the effect of the Prandtl number 
(for 1≤ Pr ≤100) has been recently analyzed in Ref. [14]. 

The effect of asymmetrical heating of a vertical channel also has been 
analyzed because of its application in many passive cooling systems with 
a vertical heated surface cooled by the buoyancy-driven flow in an open- 
ended channel. The developing laminar flow in this configuration was 
numerically and experimentally analyzed in Ref. [15] and experimen
tally in Ref. [16], and an analytical solution for the laminar fully 
developed flow conditions was given in Ref. [17]. In this case the flow 
exhibits an asymmetrical velocity profile with the velocity maximum 
displaced close to the wall with the larger heat flux. The effect of the 
interplate spacing on the laminar water flow between one wall held at a 
constant temperature and an adiabatic wall was analyzed in Ref. [18] 
using experiments and numerical simulations. The turbulent flow for 
this set of thermal boundary conditions was considered in Ref. [19]. 
These authors compared numerical simulations, based on the Reynolds 
Averaged Navier-Stokes (RANS) equations, with their experiments in a 
developing air flow in a 3 m high and 1 m wide channel with a 0.1 m 
separation between the vertical walls. Thermal stratification and radi
ation heat transfer effects on the laminar flow with a wall heated at a 
constant heat flux were numerically simulated in Ref. [20], and 
important variations of the flow characteristics and extension of flow 
reversal were observed near the exit of the channel. 
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The measurements of the turbulent air flow in a vertical channel (l =
5-m high and 1-m wide) with one wall heated with a constant heat flux 
were reported in Refs. [21,22]. The separation of the walls (h) was 
varied between 40 and 200 mm and these authors reported detailed 
measurements of the developing velocity and temperature profiles, 
turbulence quantities and averaged heat transfer and mean flow rates 
over a wide range of Rayleigh numbers based on the constant wall heat 
flux and the separation of the walls (103 < Ra (h/l) < 108). Simulations 
of the flow using a RANS model [23] were found in agreement with the 
measurements [21] by tuning the turbulence intensity at the inlet of the 
channel. Large-Eddy Simulations of the experiments [21] were reported 
in Ref. [24] where the numerical predictions of the developing flow are 
compared with the measurements in terms of mean velocity and tem
perature profiles and Nusselt numbers. The flow reversals observed near 
the bottom inlet and the top outlet of the channel have been also 
examined and analyzed in Refs. [25,26]. 

To our knowledge the turbulent flow in an asymmetrically heated 
vertical channel has not been investigated using Direct Numerical 
Simulations (DNS). In this study we report DNS of the turbulent flow at 
relatively low Rayleigh numbers with an identical configuration of wall 
boundary conditions as those in the experiments [21,22] and the RANS 
simulations [23]. 

2. Physical and mathematical models 

The channel under consideration has two large parallel vertical walls 
separated by a distance h. One wall is heated uniformly with a constant 
heat flux (q′′

w) and the other is perfectly insulated (see Fig. 1). We 
consider a Newtonian fluid (Pr = 0.71) with constant physical proper
ties. The variation of the density with temperature is assumed to be 
linear following the Boussinesq approximation. For air at ambient 
temperature and pressure (Pr = 0.71) the validity of this approximation 

is limited to temperature differences up to about 30 ◦C [27]. Radiation 
heat transfer and viscous dissipation are neglected. We assume that the 
channel has a vertical dimension (l), large enough to reach fully devel
oped hydrodynamic and thermal flow conditions. The vertical 
(streamwise) coordinate y′ has its origin at the bottom of the channel 
where the temperature is uniform and constant, T0. The x’ coordinate is 
in the wall-normal direction, and the z′ coordinate is in the spanwise 
direction. 

For uniform and constant heat flux on the thermally active wall and 
under the steady state approximation, the linear evolution of the fluid 
bulk temperature (Tb) along the vertical axial (y’) direction is given by 
the following equation 

dTb

dy′ =
q′′

w

Cpρ0Vbh
=

Tb(y
′

= l) − T0

l
(1)  

where ρ0 is the reference density, Cp is the heat capacity and Vb and Tb 

are, respectively, the bulk velocity and the bulk temperature. Equation 
(1) assumes that the bulk velocity is constant. These averaged quantities 
are defined as 

Vb =
1
A

∫

A
v dA (2)  

Tb =
1

AVb

∫

A
Tv dA (3)  

where A is the cross-stream area (i.e., the flow area in the x’ − z′ plane). 
At a distance sufficiently far from the channel inlet, we define a periodic 
computational domain of dimensions h × Ly × Lz at z’ = 0, as shown in 
Fig. 1, to consider the statistically fully developed flow and the thermal 
field. The system of coordinates attached to the computational domain is 
constituted by the x (normal to the wall), y (axial or streamwise) and z 
(spanwise) directions (see Fig. 1). To apply the periodic boundary con
ditions along the axial direction the vertical force per unit volume 
defined as 

f = −
∂p
∂y

− ρg (4) 

needs to be periodic. Pressure is divided into a periodic part p̃ and a 
function, r(y), that depends exclusively on y. 

p(x, y, z, t)= p̃(x, y, z, t) + r(y) (5) 

Similarly, temperature is divided into a periodic part (T̃ − T̃b,i) and 
the linear evolution of the average temperature along y. 

T(x, y, z, t)=
(
T̃(x, y, z, t) − T̃b,i

)
+

q′′
w

Cpρ0Vbh
y + T0 (6)  

where T̃b,i is the bulk value of T̃ at the inlet of the computational domain 
located at y = 0 (see Fig. 1). Using the linear dependence of density on 
temperature, with β, the thermal expansion coefficient 

ρ= ρ0[1 − β(T − T0)] (7) 

and using Eqs. (4), (5) and (7), the force per unit volume is 

f = −
∂p̃
∂y

−
dr(y)

dy
+ ρ0g

[

1 − β
(
T̃ − T̃b,i

)
− β

dTb

dy
y
]

(8) 

Defining the periodic force per unit volume as 

f̃ = −
∂p̃
∂y

+ ρ0gβT̃ (9) 

Equation (8) can be rewritten as 

f = f̃ −
dr(y)

dy
+ ρ0gβ

dTb

dy
y − ρ0gβT̃b,i (10) 

Imposing periodicity on f and integrating the right-hand side of Eq. 

Fig. 1. Physical model and schematic of the computational domain.  
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(10), r(y) can be obtained as 

r(y)= ρ0gβ
dTb

dy
y2

2
− ρ0gβT̃b,iy − ρ0gy + C (11) 

Imposing the hydrostatic pressures at the inlet and outlet of the 
channel to be r(y′

= 0) = p0 and r(y′

= l) = p0 − ρ0gl, respectively, the 
externally imposed pressure head can be used to determine r(y) and T̃b,i. 

r(y)= ρ0gβ
dTb

dy
y2

2
− ρ0gβT̃b,iy − ρ0gy + p0 (12)  

T̃b,i =
dTb

dy
l
2
=

q′′
w l

2 Cpρ0Vbh
(13) 

The governing equations have been non-dimensionalized with the 
separation of the walls (h) and (α

̅̅̅̅̅̅
Ra

√
/h) as length and velocity scales, 

respectively. That is, 

x∗i =
xi

h
, u∗

i =
ui

(α/h)
̅̅̅̅̅̅
Ra

√ , p∗ =
p

ρ0(α/h)2Ra
(14) 

The non-dimensional temperature is 

θ∗ =
T̃

q′′
w h

/
k

(15) 

and the non-dimensional bulk temperature at the inlet of the 
computational domain, obtained from Eq. (13), is 

θ∗
b,i =

l/h
2V∗

b

̅̅̅̅̅̅
Ra

√ (16) 

Note that the non-dimensional bulk temperature depends on the 
ratio of the length of the channel (l) and the separation of the walls (h). 
This ratio has been set to 100, which corresponds to channels with a 
length of several meters and with a separation of the walls of several 
centimeters. 

Applying these normalisations to the dimensional governing equa
tions, we obtain the following non-dimensional equations as 

∂u∗
i

∂x∗i
= 0 (17)  

∂u∗
i

∂t∗
+

∂u∗
j u∗

i

∂x∗j
= −

∂p∗

∂x∗i
+

Pr
̅̅̅̅̅̅
Ra

√
∂2u∗

i

∂x∗j ∂x∗j
+ Pr θ∗ (18) 

and 

∂θ∗

∂t∗
+

∂u∗
i θ∗

∂x∗i
= −

u∗
i

V∗
b

̅̅̅̅̅̅
Ra

√ δi2 +
1̅̅
̅̅̅̅

Ra
√

∂2θ∗

∂x∗i ∂x∗i
(19)  

where Ra = gβ(q′′
wh /k)h3/να and Pr = ν/α are the Rayleigh and Prandtl 

numbers, respectively, and δi2 is the Kronecker’s delta. The decompo
sition of the temperature field into a periodic part and the averaged 
linear variation along the vertical direction (see Eq. (6)) generates the 
first term on the right of the non-dimensional thermal energy balance 
(Eq. (19)). To satisfy the macroscopic thermal energy within the 
computational domain, at each time step we numerically computed the 
non-dimensional bulk temperature at the inlet of the computational 
domain as: 

θ∗
b,i,c =

1
Lz V∗

b

∫1

0

∫Lz/2

− Lz/2

θ∗(x∗, i, z∗, t∗)v∗(x∗, i, z∗, t∗) dz∗dx∗ (20) 

To enforce the theoretical value of the bulk temperature at the inlet 
of the computational domain, θb,i, given in Eq. (16), the entire thermal 
field was corrected, to satisfy the value of the bulk temperature at the 
inlet of the computational domain using the computed value θb,i,c, that is, 

θ∗
corrected(x

∗, y∗, z∗, t∗)= θ∗(x∗, y∗, z∗, t∗) −
(

θ∗
b,i,c − θ∗

b,i

)
(21) 

Non-slip boundary conditions are imposed on the walls. On the 
adiabatic wall, the zero gradient of temperature is assumed (∂θ∗/∂x∗ =

0) and on the thermally active wall a constant gradient is set (∂θ∗/∂x∗ =

− 1). Periodic boundary conditions for u∗
i , p∗ and θ∗ are used on the 

remaining boundaries of the computational domain. 
The solver 3DINAMICS has been used to solve the governing equa

tions (Eq. 17 to 19) with their respective boundary conditions. Diffusive 
and convective terms are both spatially discretized using a second-order 
central differencing scheme and temporally integrated using second- 
order Crank-Nicolson and Adams-Bashforth schemes respectively. The 
pressure and velocity fields are decoupled by solving the Poisson 
equation using an efficient multigrid solver. The code has been adopted 
successfully for direct numerical simulations of turbulent forced [28] 
and natural [10,29] convection flows in channels. 

The mesh adopted in the simulations has 100 × 141 × 121 grid nodes 
distributed in a computational box with dimensions h x12.5 h x6.28 h 
along the wall-normal, streamwise and spanwise directions, respec
tively. Uniform mesh spacings are used along the streamwise (Δy∗ =

0.089) and spanwise (Δz∗ = 0.053) directions and the grid is stretched 
near the walls (0.0017 ≤ Δx∗ ≤ 0.023). These grid spacings give similar 
resolutions in terms of the Kolmogorov scale (η) as other direct nu
merical simulations reported in the literature for the differentially 
heated vertical channel [13]. For example at Ra = 5 × 105, Δx,y,z < 4.3η 
near the center of the channel and Δx < 6.0η and Δz,y < 3.6η near the 
adiabatic wall. To check the influence of the grid resolution on the re
sults, a simulation at the highest Rayleigh number Ra = 5 × 106 has been 
conducted with a coarser grid (91 × 121 × 100). It is found that the 
differences in predicted bulk quantities and wall shear stresses 
compared to those obtained with the finer grid (100 × 141 × 121) are 
smaller than 3%. The time-step for the simulations is set to Δt∗ = 0.01 
and turbulent statistics are computed once the flow is statistically fully 
developed over approximately 210 nondimensional time units. This 
time duration corresponds to about 25 throughflows along the stream
wise length of the channel (Ly = 12.5h). 

To confirm that the code and the boundary conditions were correctly 
implemented we simulated the steady laminar flow (Ra = 104, Pr =
0.71 and l/h = 36.57) using the above computational domain and grid 
resolution. Fig. 2 shows the numerically predicted velocity and tem
perature profiles and the corresponding analytical solutions given in 
Ref. [17] along the wall-normal direction (x). The velocity profile is 

Fig. 2. Non-dimensional velocity and temperature profiles for a laminar flow.  
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asymmetric with respect to the channel centre and exhibits a maximum 
displaced towards the heated wall. Note that the agreement between the 
simulated (symbols) and the theoretical profiles (lines) is excellent. 

3. Results and discussion 

3.1. Mean velocities, temperature and fluctuation intensities 

Table 1 summarizes the relevant dimensionless numbers for the three 
simulations of the turbulent flow at three different Rayleigh numbers 
carried out in this study. The values of the spatial and time averaged 
temperatures at the adiabatic wall (θ∗aw) and at the heated wall (θ∗hw), the 
Reynolds numbers based on the local friction velocity (Reτ(aw) = huτ(aw)/

2ν and Reτ(hw) = huτ(hw)/2ν), and the Reynolds number (Re) based on the 

bulk velocity are also given in Table 1. Fig. 3 shows the time averaged 
velocity and temperature profiles. The measurements reported in 
Ref. [21] (h = 50 mm, q′′

w = 208 W/m2, y′

= 3865 mm and l/h = 100, 
Ra ∼ 4.5 × 106) and [22] (h = 50 mm, q′′

w = 202 W/m2, y′

= 3840 mm 
and l/h = 100, Ra ∼ 4.6 × 106) at the highest Rayleigh number (Ra = 5 
× 106) are also plotted for comparison. The asymmetry of the velocity 
profile increases, as the Rayleigh number is increased, and the maximum 
velocity is progressively displaced towards the heated wall. According to 
the data shown in Table 1, the wall shear stresses on both walls increase 
at a similar rate (Reτ(aw) ∼ Ra0.35 and Reτ(hw) ∼ Ra0.29) with the Rayleigh 
number. The non-dimensional temperatures (Fig. 3b) at both walls 
decrease as the Rayleigh number is increased according to the adopted 

temperature scaling θ∗ = T̃
q′′

w h/k =
T̃gβh3

Ra να. The temperature of the adiabatic 
wall, located at x∗ = -0.5, progressively decreases reaching a tempera
ture similar to the inlet temperature (θ∗ ∼ θ∗b,i) and the non-dimensional 
temperature at the heated wall, located at x∗ = 0.5, also decreases as the 
Rayleigh number is increased at a higher rate (θ∗hw ∼ Ra− 0.24). 

The velocity profiles are shown in wall coordinates in Fig. 4. Note 
that according to the adopted coordinate system (refer to Fig. 1) 
x+ = (0.5 − |x∗|)huτ/ν is the wall-normal direction in wall coordinates. 
The profiles corresponding to the adiabatic and heated walls are plotted 
in Fig. 4a and b, respectively. The Reynolds numbers based on the local 
friction velocities indicated in Table 1 have been used for the scalings. 

Table 1 
Parameters of the simulations.  

Ra V∗
b θ∗b θ∗aw θ∗hw Reτ(aw) Reτ(hw) Re =

h Vb/ν 

5 ×
105 

1.53 0.0456 0.0105 0.225 57.2 74.1 1520 

106 1.42 0.0349 0.00804 0.193 73.0 90.5 1995 
5 ×

106 
1.17 0.0190 0.00523 0.130 128 143 3680  

Fig. 3. Time averaged (a) velocity and (b) temperature profiles.  

Fig. 4. Time averaged velocity profiles in wall coordinates (a) near the adiabatic wall and (b) near the heated wall.  
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For comparison purposes the profiles from DNS of a pressure-driven 
isothermal turbulent channel flow at low Reynolds number [30] have 
been included in the plots. In general, the profiles at the three Rayleigh 
numbers considered exhibit a viscous sublayer for x+ < 5. The profiles 
near the adiabatic wall show a logarithmic region with a slope of 2.5 
corresponding to a von Kármán constant of κ = 0.4 in agreement with 
the relatively low Reynolds number (see Table 1). The extent of this 
region close to the adiabatic wall increases as the Rayleigh number is 
increased while the profiles near the heated wall do not exhibit a fully 
logarithmic region. 

To illustrate the transient flow structures Fig. 5 shows examples of 
the instantaneous velocity and temperature fields in a cross stream plane 
at the minimum and maximum Rayleigh numbers respectively. Fig. 5a1 
and 5b1 show the vectors of the cross stream velocity components (u and 
w) superimposed onto the contours of the streamwise velocity compo
nent (v). The contours of the instantaneous temperature, at the same 
time instant, are plotted in Fig. 5a2 and 5b2. To make the plots at the 
two different Rayleigh numbers more comparable, velocities and tem
peratures have been scaled with the corresponding bulk values, 

indicated in Table 1. Fig. 5 shows spots of high streamwise velocity 
closer to the heated wall than to the adiabatic wall distributed along the 
spanwise (z) direction. Note that at the highest Rayleigh number (Fig. 5 
b1) these spots are closer to the heated wall than those at the lowest 
Rayleigh number (Fig. 5 a1) in agreement with the time-averaged ve
locity profiles shown in Fig. 3a. These high streamwise momentum spots 
are positively correlated with relatively large values of instantaneous 
temperature. The comparison of the contours and the cross stream 
vector fields of Fig. 5a (Ra = 5 × 105) and 5b (Ra = 5 × 106) reveals a 
distinct increase of fine scale flow structures and of the cross stream 
velocity intensities, especially near the adiabatic wall, at the highest 
Rayleigh number compared to the lowest Rayleigh number. 

The normal and shear stresses are plotted in Fig. 6a and b, respec
tively. In general, the turbulence intensities are larger near the adiabatic 
wall than those near the heated wall, which is in agreement with mea
surements [22]. As in a differentially heated channel, the axial turbulent 
Reynolds stress is the largest normal turbulent stress followed by the 
spanwise and the normal to the wall components (Fig. 6a). The weak and 
positive turbulent shear stress near the heated wall indicates that 

Fig. 5. Instantaneous velocity (a1 and b1) and thermal (a2 and b2) fields scaled with the corresponding bulk quantities indicated in Table 1 at Ra = 5× 105 (a1 and 
a2) and Ra = 5 × 106 (b1 and b2). Note that the spanwise dimension of the plots is smaller than the spanwise dimension of the computational domain (Lz = 6.28h). 
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positive fluctuations are correlated with wall-normal velocities away 
from the wall. Both the present numerical simulations and measure
ments [22] suggest that the streamwise fluctuations (v’) are mostly 
negatively correlated with the wall-normal velocity component (u) 
across the channel section in agreement with the time averaged velocity 
profile shown in Fig. 3a. For example, near the adiabatic wall, a 
(negative) fluctuation of the wall-normal velocity component towards 
the adiabatic wall implies a (positive) fluctuation of the streamwise 
velocity component. 

The intensities of the fluctuations of temperature and the turbulent 
heat fluxes are shown in Fig. 7. The intensities of the fluctuations of 

temperature peak near the heated wall, located at x∗ = 0.5, and vanish 
near the insulated wall, located at x∗ = − 0.5. The normal to the wall 
turbulent heat flux (u’θ’), which is significantly smaller than the 
streamwise turbulent heat flux, is negative in the whole cross section of 
the channel according to the monotonic increase of the time averaged 
temperature with the normal to the wall direction (x) shown in Fig. 3b. 
In this case a positive fluctuation of the wall-normal velocity component 
produces a negative fluctuation of the temperature. At the highest 
Rayleigh number (Ra = 5 × 106) the streamwise turbulent heat flux, 
v’θ’, plotted in Fig. 7, as the turbulent shear stress, plotted in Fig. 6b 
changes the sign approximately at the position where the maximum of 
the time averaged velocity occurs (at x∗ ≈0.32). This behavior was also 
observed in measurements [22] although the reported values near the 
wall were significantly smaller. 

3.2. Momentum and turbulence kinetic energy budgets 

The time averaged vertical momentum budget for fully developed 
flow conditions can be written as 

0= −
du∗

′ v∗′

dx∗
+

Pr
̅̅̅̅̅̅
Ra

√
d2V∗

dx∗2 + Pr Θ∗ (22) 

The different terms are the turbulent transport, viscous diffusion and 
the buoyancy term. Fig. 8a shows the horizontal profiles of these terms 
at Ra = 5 × 105. The relative distribution of the terms at Ra = 106 and 
Ra = 5 × 106 is the same as that at Ra = 5 × 105 and consequently the 
budgets at these higher Rayleigh numbers have been omitted for brevity. 
For comparison purposes, the corresponding profiles for the fully 
developed flow in a differentially heated vertical channel with a cooled 
isothermal wall at x∗ = -0.5 and a heated isothermal wall at x∗ = 0.5 at 
Ra = 5.4 × 105 reported in Ref. [8] are plotted in Fig. 8b. Note that for 
the differentially heated channel the time averaged flow is ascending for 
x∗ >0 (i.e. positive buoyancy) and descending for x∗ <0 (i.e. negative 
buoyancy). It can be seen that for both flows viscous diffusion opposes 
buoyancy. For the asymmetric heating (Fig. 8a) buoyancy balances the 
viscous diffusion near the heated wall (x∗ ≈0.5). Near the adiabatic wall 
(x∗ ≈-0.5), the turbulent transport balances viscous diffusion as in the 
case of the isothermal pressure-driven plane turbulent channel flow [31] 
and this explains the logarithmic region of the time-averaged velocity 
profiles, shown in Fig. 4a, near this wall. In the central part of the 
channel (x∗ ≈0), the viscous diffusion reaches small values and the 
turbulent transport is a sink of momentum to balance buoyancy. This is 
also the case for the differentially heated channel where the turbulent 
transport is a sink even near the isothermal walls. 

The turbulent kinetic energy budget for a vertical fully developed 
natural convection flow is 

0=−
du∗

′ p∗
′

dx∗
−

1
2

d
dx∗

(
u∗

′ 3+v∗′ 2u∗
′

+w∗
′ 2u∗

′ )
+

Pr
̅̅̅̅̅̅
Ra

√
d2K∗

dx∗2 − u∗
′ v∗′

dV∗

dx∗
+Prθ∗

′

v∗′

−
Pr
̅̅̅̅̅̅
Ra

√
∂u∗

′

i u∗
′

i

∂x∗j x∗j
(23) 

The different terms of Eq. (23) from left to right are the pressure 
transport, the turbulent transport by turbulent velocity fluctuations or 
turbulent convection, the viscous diffusion, the shear production, the 
buoyancy production and the turbulent kinetic energy dissipation. The 
horizontal profiles of these terms are plotted in Fig. 9a for Ra = 5 × 105. 
As in Fig. 8, the corresponding profiles for the differentially heated 
channel at Ra = 5.4 × 105 are shown in Fig. 9b [8]. In the flow with 
asymmetric heating the production of turbulent kinetic energy is 
dominated by the shear stress production term. Near the walls the tur
bulent transport terms and the viscous diffusion, together with the shear 
production term balance the dissipation. The relative contribution of 
these terms is very similar to that in a fully developed forced convection 

Fig. 6. (a) Normal Reynolds stresses. (b) Turbulent shear stress.  

Fig. 7. Turbulent heat fluxes and temperature fluctuations.  
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Fig. 8. Time averaged vertical momentum budget. (a) Asymmetrically heated channel at Ra = 5 × 105. (b) Differentially heated channel at Ra = 5.4 × 105 

(Versteegh and Nieuwstadt, 1998). 

Fig. 9. Turbulent kinetic energy budget. (a) Asymmetrically heated channel at Ra = 5 × 105. (b) Differentially heated channel at Ra = 5.4 × 105 (Versteegh and 
Nieuwstadt, 1998). 

Fig. 10. Nondimensional (a) flow rate and (b) Nusselt number as a function of the modified Rayleigh number (Ra∗ = Gr Prh/l).  
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plane channel flow [31]. The other terms (i.e. the pressure transport and 
buoyancy production) have a minor contribution to the budget. The 
scenario is completely different for the differentially heated channel 
with important contributions to the production of turbulent kinetic en
ergy from both the buoyancy production and shear production terms in 
the central part of the channel and from the turbulent transport terms 
(pressure and turbulent convection) near both heated and cooled walls. 

3.3. Mean flow and heat transfer rates 

Fig. 10a and b shows, respectively, the non-dimensional flow rate 
(Re/Gr) and Nusselt number as a function of the modified Rayleigh 
number (Ra∗ = Gr Prh/l) for the three simulations performed. The non- 
dimensional flow rate is usually expressed in the literature as the ratio 
between the Reynolds number (Re = Vbh/ν) and the Grashof number 
(Gr = gβ(q′′

wh /k)h3/ν2). The experimental measurements [21] for h/ l =
0.01, 0.02 and 0.04, the numerical results based on the solution of the 
RANS equations reported in Ref. [23] (h/l = 0.025, 0.05 and 0.1) are 
also included in Fig. 10a. It can be seen that the present predictions are 
in excellent agreement with the correlation proposed in Refs. [21,23]. 
The averaged Nusselt number (Nu = hc 2h

k =
2h q′′w

k(Tw − Tb)
is plotted in Fig. 10b. 

Again, the present predictions agree well with the correlation proposed 
in Ref. [23]. 

4. Conclusions 

Direct numerical simulations of the fully developed buoyancy-driven 
turbulent air flow (Pr = 0.71) in a vertical channel are reported. One of 
the walls of the channel is heated with a constant heat flux while the 
other is considered perfectly adiabatic. The fully developed flow con
ditions have been modelled by applying periodic boundary conditions in 
a computational box and by adjusting the inlet temperature at the inlet 
of the computational domain to enforce the theoretical value predicted 
by macroscopic thermal energy balance. The asymmetric time averaged 
velocity profile generates larger wall shear stresses on the heated wall 
than those on the adiabatic wall. Further, temperature fluctuations and 
turbulent heat fluxes are higher near the heated wall. However, turbu
lence intensities and turbulent shear stress are larger near the adiabatic 
wall than those near the heated wall. The larger turbulence intensities 
and turbulent shear stresses lead to a logarithmic region near the adia
batic wall in the time averaged velocity profiles scaled with the local 
friction velocity and plotted in wall coordinates. Contrary to the tur
bulent flow in a differentially heated channel, the turbulent kinetic en
ergy in the asymmetrically heated channel is predominantly produced 
by shear, which attains, together with the dissipation, large values near 
the adiabatic wall. The predictions of the flow rate generated by buoy
ancy and the heat transfer rate on the heated wall are in excellent 
agreements with those reported in the literature. 
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