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Abstract 
 
Thermal and dynamic phenomena that occur in the immediate vicinity of electronic 
components during operation generate viscous shear stresses due to velocity gradients. When 
thermocouples used for thermal regulation of these assemblies are installed in this 
environment, temperature measurements may be erroneous. It is therefore essential to take 
into account viscous effects in the boundary layer when dealing with thermal control of 
electronics subjected to natural convection. These phenomena are particularly pronounced and 
complex when generation of heat at the active wall is not uniform. That is the case for the real 
device treated in this work. The natural convective flow is generated by a vertical wall 
composed by alternated adiabatic and heated bands under constant heat flux, representing a 
working electronic equipment. The 2D transient boundary layer near the vertical active hot 
wall of parallelogram-shaped enclosures is treated in order to determine the viscous shear 
stress. Results are obtained by numerical approach using the finite volume method. Many 
geometrical configurations are treated while varying the inclination angle of the top and 
bottom passive adiabatic walls. The very different local distributions of viscous shear stresses 
and vertical thermal gradients confirm the necessity to take them into account to properly 
install the sensors used for thermoregulation. 
 
Keywords  
 
Heat transfer, thermal shear viscous stresses, electronic equipment, transient natural 
convection, diode cavities 
 
Nomenclature 
 
a  thermal diffusivity of the air (m2s-1) 
C specific heat (J kg-1K-1) 
D dissipation number based on the height of the band 'H (-) 

Fo Fourier number (-) 
g acceleration of the gravity (m s-2) 
H height of the cavity; distance between the hot and cold walls (m) 
H’ height of the hot band; H’= H/5 (m) 

*n  dimensionless local normal to the top and bottom passive walls (-) 

p  pressure (Pa) 
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*p  dimensionless pressure (-) 

Pr Prandtl number (-) 
Ra Rayleigh number  (-) 
t time (s) 

*t  dimensionless time  (-) 

T local temperature (K) 
*T  dimensionless temperature (-) 

0T  initial uniform temperature of the whole system (K) 

cT  temperature of the cold wall (K) 

hT  local instantaneous temperature at the hot active band (K) 

v,u  flow velocity components in x and y directions respectively (m s-1) 
** v,u  dimensionless flow velocity components in x and y directions respectively (-) 

W depth of the hot and cold active walls (m) 
z,y,'x,x  Cartesian coordinates (m) 
*** z,y,x  dimensionless Cartesian coordinates (-) 

Greek symbols  

α inclination angle of the cavity (°) 
β  expansion coefficient of the air (K-1) 

2∇
 

Laplacian operator 

ϕ  heat flux at hot band (Wm-2)  
λ thermal conductivity of the air (Wm-1K-1) 
µ   dynamic viscosity of the air (Pa s)  
ρ  density of the air (kg m-3)  
τ  viscous shear stress at the hot wall (Pa) 

*τ  dimensionless viscous shear stress at the hot wall (-) 

*
iτ  

average dimensionless viscous shear stress at the ith hot band (-) 

*τ  
average dimensionless viscous shear stress at the hot wall (-) 

 
1. Introduction 

 
Thermal cases in electronic engineering are widely treated in the literature due to their 

industrial importance. Modern equipments are often based on a high miniaturization, are 
installed in more and more small volumes and dissipate a power density increasingly 
important. This leads to thermal states which may be incompatible with normal operation if 
their sizing is not correctly devised and if the design does not take into account all the thermal 
effects. Studies in this domain are nowadays most often done by thermal simulation, using 
codes that take into account the dynamic and thermal aspects of the flow, associated with 
space requirements and the power of the assembly. Joshi et al. [1] point out the challenges 
facing the thermal community when designing and optimizing electronic packages. 
Moghaddam et al. [2] evaluate some analytical heat transfer models for thermal design of 
electronic equipments and present a model for calculation of the heat flux and junction 
temperatures in a multi-chip module. Zhu et al. [3] take into account the effects of the fluid 
flow on the sensors for the development of a micromachined inertial gas sensor based on heat 
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convection. Besides that, several geometric configurations of the active hot wall are 
considered in the literature associated to different enclosure configurations as the octogonal 
one treated by Saha et al. [4] and several others devoted to natural convection as [5-8] among 
the latest. In electronic engineering, thermal control equipment often requires the use of 
thermocouples near the active hot wall. Measurement errors can be made if the effects of the 
local flow on the junctions of these sensors are not taken into account. It is then necessary to 
examine the dynamic and thermal boundary layers. Phenomena due to natural convection can 
be more or less pronounced, complex and diverse. Several physical parameters affect the 
nature of the flow. Among the most important are the heat power, the geometry and 
dimensions of the enclosure in which the equipment is located, the thermal boundary 
conditions and the arrangement of active walls relative to the gravity field. Convective 
exchanges are quantitatively and qualitatively different depending on the time elapsed since 
the power-on of the equipment. Temperature measured by the sensor at a specific time is thus 
very important for the thermal control system to take into account the real phenomena that 
occur. The present study is carried out in transient state to determine the instantaneous values 
of the main characteristics of the flow and their evolution up to the steady state.  

The treated cavity has a particular shape. Two, hot and cold, active walls are opposite and 
remain vertical. They are separated by a distance equal to their height. The cold wall is 
isothermal while the hot one, representing the electronic equipment, is composed of three 
parallel bands generating a constant heat flux, separated by adiabatic bands. The channel of 
the cavity is considered as adiabatic. Its top and bottom walls are inclined at a given angle 
with respect to the horizontal, so lateral sections have a parallelogrammic shape. Values of 
inclination angles considered in the present work are 0º (square cavity), ±30° and ±60°, 
representative of the typical convective phenomena occurring in these particular cavities. 
Several geometric and thermal parameters have influence on the inner convection. These 
include the inclination angle of the passive walls, the temperature levels, the temperature 
difference between the active walls, the distance between them and their height. The thermal 
characteristics of the channel like thermal conductivity and  emissivity and the 
thermophysical properties of the fluid obviously have a major influence on the flow and on 
the associated heat exchange. The natural flow is enhanced when the hot wall is lower than 
the cold one and diminished in the opposite situation, what confers this arrangement the 
quality of diode cavity in the convective sense of the term. 

Natural convection for this type of cavity has been treated recently in some studies and 
applied to diverse engineering sectors. In solar thermal energy are used to limit the convective 
losses between the absorber and the cover of a flat plate solar collector [9]. Baïri [10] applies 
it to the field of building for the same geometrical configuration of the hot wall but with bands 
maintained isothermal. He presents the temperature fields and streamlines at some 
representative Fourier numbers with inclination angles varying between –60° to +60° in 15º-
steps. The temporal evolution of the local and average Nusselt number at each band of the hot 
wall are also presented for all the treated configurations and can help to better understand the 
results of the present paper. The case of isothermal hot wall has been applied to on-board 
electronics by Baïri et al. [11,14]. It is also the case of the present study applied to the 
regulation of electronic assemblies. Some details concerning the transient convective heat 
transfer are provided in the numerical and experimental study [11]. Correlations of the Nu-Ra 
type for these configurations have been recently proposed by García de María et al. [12], 
while correlations for the case of the hot wall entirely isothermal are proposed by Baïri et al. 
[13]. Details on convective heat transfer for the case of imposed constant heat flux to the hot 
wall have been treated by Baïri et al [14]. The transient regime studied here completes these 
studies by examining the thermal and dynamic boundary layers near the hot wall. This allows 
to determine the viscous shear stresses and the vertical thermal gradients. The situations of 
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walls maintained either isothermal or subject to a constant flux density over the entire surface 
have been  treated in steady state both theoretically and experimentally. Ostrach [15] and 
Gebhart [16,17] are among the first researches to solve these classical problems with the well-
known similarity method taking into account the viscous dissipation. Nadim et al. [18] used 
the homotopy analysis method to solve the nonlinear differential equations of the free 
convection boundary layer on a vertical plate. Sillapää and Heinonen [19] examine the 
magnitude and effect of the variable shear stress on cylindrical surfaces. Based on the theory 
of similarity variables, the authors examine the evolution of the shear stress with time. Their 
interesting experimental study based on dynamic gravimetric gas mass flow shows that the 
variations of the shear stress can be seen as a change in the indication of a balance. Local 
distributions and average values of both the shear stress and the vertical temperature gradients 
are presented here at two representative Fourier numbers and different inclination angles. 
They show a significant difference depending on position and time. This confirms the 
importance of taking into account local phenomena to set up a correct arrangement of sensors 
used for the thermal regulation of electronic devices. 
 
2. Physical model. Governing equations and calculation procedure 

 
The parallelogram-shape air-filled cavity is represented in Fig. 1(a). Both hot and cold 

active walls (x=0; x=H) are vertical. The cold one is maintained isothermal at Tc while the hot 
one, represented in Fig. 1(b), consists of five superimposed discrete bands of the same height 
H’=H/5. Three bands (designed by 1, 2 and 3) are submitted to constant heat flux ϕ  and they 
are separated by two adiabatic bands. Resulting local instantaneous temperature on this wall is 
denoted by )t,y(Th . The channel of the cavity is considered as adiabatic. Flow inside the 

cavity, considered as 2D, is examined on the median plane ( 50.W/zz* == ). Previous 

numerical studies and experimental measurements confirm that 3D effects are very limited, 
given the treated thermal boundary conditions and the depth W of the cavity. Governing 
equations of the considered problem are  
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(1) 

In this system, a is the thermal diffusivity, 2∇  the Laplacian operator, while *x , *y , *u , *v , *p  

and *T  are the dimensionless Cartesian coordinates, dimensionless velocity components, 

dimensionless pressure and dimensionless temperature respectively, defined as 
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The Rayleigh, Prandtl and Fourier numbers are defined as 

ϕ
µλ

ρβ
a

'Hg
Ra

4

= ; 
λ

µC
Pr = ; Fo

'H

at
t* == 2  

 
(3) 

The viscous dissipation term 
Ra

D
 that appears in the energy equation represents the viscous 

heat generation and contains the dissipation number D  based on the height of the band 'H  

C

Hg
D

'β
=  

 
(4) 

 
The boundary conditions (Fig. 1(c)) associated with the governing equations system (1) are: 
the no-slip condition applied to all walls of the cavity, adiabatic top and bottom passive walls, 
isothermal cold wall at temperature cT , hot wall formed by three discrete bands under constant 
heat flux and two intermediate adiabatic ones  
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(5) 

Local viscous shear stress is calculated all along the hot wall 
y,x 0=

= ττ  by using the absolute 

viscosity of the air µ and the local vertical velocity gradient 
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whose dimensionless form is 
 

2'

*

H

aµ
ττ =  

 
(7) 

 
Details concerning the numerical calculations and procedure are provided in [11,12]. They 

are carried out by means of the finite volume method presented in Patankar [20]. The cavity 
domain is discretised with a regular quadrangular mesh following x’- and y-direction. The 
mesh is finer near the hot wall in order to better reproduce the viscous effects and the thermal 
heat transfer in the boundary layer, which is the main objective of the present work. Particular 
attention was paid also to fluid zones between the hot wall bands to appreciate the details of 
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the local phenomena. The mesh near the top and bottom passive walls is finer than in the 
interior of the cavity in order to avoid computational difficulties due to deformation of the 
mesh. This optimization work is important because for some combinations involving large 
values of α and Ra, the computing time is very long but the precision is not necessarily better. 
The difficulties increase when studying the transient regime as in the present work. Moreover, 
to simplify the calculation procedure of the many treated cases, the number of meshes is 
chosen equal in both x’- and y- direction. The Nusselt number, which is representative of 
natural convection problems, is chosen as the main indicator for the accuracy of calculations. 
The maximum deviation allowed for Nu is of ±5% in transient regime and ±3% in steady 
state. The number of cells finally chosen is equal to 131x131 for α=0°, 173x173 for ±30° and 
229x229 for ±60°. The time step taken for the simulation is 10 ms. Convergence is considered 
attained when the difference between two successive iterations is less than 10-6 for the 
temperature, energy and velocity components. Heat radiation is not considered (overall IR 
emissivity of all walls is set to zero). At the beginning of the calculation procedure, the entire 
cavity is supposed isothermal at 0T  and the velocity is zero everywhere. The air is assumed to 
be isotropic and all its properties are evaluated at the average temperature of each control 
volume. The 2D convective flow is assumed to be incompressible.  

 
3. Results 

 
Distributions of dimensionless viscous shear stress at hot wall *τ  are depicted in Fig. 2 for 

α=0, ± 30° and ± 60°, at Ra=1.48 x 106. Local values on the wall, denoted by a and b, are 
presented at two Fourier numbers Fo1=0.048 and Fo2=1.2. The first one is representative of 
the transient regime while the second one concerns the steady state. Average values on each 

band *
iτ  (i=1-5) are indicated with vertical lines labelled as 1 and 2. Average values 

concerning the entire wall *τ  are represented by vertical lines on the horizontal axis, labelled 

with A and B respectively for the two considered Fo numbers. For the right cavity (α=0) there 
is a regular increase in *τ near the two lower active bands (1 and 2) and near the bottom of the 

upper active band 3. In these zones, the convective flow can be considered to be little 
influenced by the upper and lower walls of the enclosure. The shear stress decreases in the 
upper part of the active band 3 and becomes zero at the top of the wall, as expected. Adiabatic 
intermediate bands significantly affect the distribution of the wall shear stress. The lack of 
thermal activity on these bands reduces the local values of *τ  in transient and steady state 

regimes. The same trend is observed for “conducting” cavities (α>0). Convection, favored by 
these geometries, increases the local velocity gradient both on the active and adiabatic bands. 
Local values of *τ  are therefore higher than those concerning the right cavity. The adiabatic 

bands have less influence on the wall shear stress, having a smaller attenuation in the passive 
zones. Distributions of *τ  have a similar aspect for the two treated Fourier numbers. In the 

case of insulating cavities (α<0), the distribution is significantly different. For these 
geometries, the channel of the cavity is very narrow and the flow is reduced, the more the 
larger inclination angles. For α=-60°, *τ  is low and almost zero in the vicinity of the passive 

parts of the hot wall. Nonzero average values of viscous shear stress *
iτ  in these areas are 

simply due to connections with upper and lower active zones. For α=-30°, the flow is more 
intense than for α=-60°, but it affects only the upper half of the plate in which there is an 
increase of the local and mean values of the viscous shear stress, including the adiabatic zone. 
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Average values of viscous shear stress *
iτ  for the three active bands have the same trend as 

that of the Nusselt number, (see [12,14]). The increase of *
iτ  is regular between α=-60° and 

+30° and decreases beyond this inclination angle, following the same pattern of the 
convective heat transfer within this type of cavities. The same goes for the average value over 
the entire hot wall, showing a good correlation between the flow dynamics and the thermal 
phenomena. For both Fourier numbers considered, the gap between the respective curves is 
substantial for insulating cavities, it is reduced for the right cavity and becomes very small for 
conducting ones. This is a valuable piece of information on the time required for establishing 
the steady state in diode cavities.  

The analysis of the dynamic aspect is completed with the thermal one. Fig. 3 represents 

the dimensionless vertical temperature gradient at the hot wall 
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for the same 

angles, Fo and Ra numbers mentioned above, with the same indications. The gradients are 
systematically higher at the junctions between active and adiabatic bands, due to juxtaposition 
of two different thermal conditions. The interpretation of the results is therefore done leaving 
these intersection areas aside. Distributions are significantly different from one configuration 
to another, depending on the local flow. For α≤0, the gradients are systematically positive 
near the active zones. It is the same for both bands 1 and 2 for α=+30° and +60°. The gradient 
in the upper band is however characterized by different distributions for conducting cavities. 
Values are positive only in the lower part for α=+30°, being negative in the upper part. The 
gradient is always negative over the entire higher active band for α=+60°. This is due to the 
strong effect of the geometry on the features of the flow, especially for large inclinations. At 
α=+60° for example, only the upper part of the band 3 is affected by convective heat transfer 
due to the air flow coming from the cold wall. The gradients are mostly negative over the 
adiabatic bands of the hot wall for all the inclination angles. Absolute values tend to increase 
from the bottom to the top of these areas for α≥0. On the contrary, they tend to decrease for 
insulating cavities. Finally, as observed previously for the viscous shear stress, the 
distributions of local temperature gradient at both Fourier numbers are clearly shifted for the 
insulating cavities and almost merge for α≥0. The same applies to mean values for each band 

and for the entire wall. Dimensionless temperature *T
 
on the four walls of the cavity is of 

great interest for understanding the convective phenomena occurring in these parallelogram-
shape cavities. This has been determined for all the studied configurations and is presented in 
Fig. 4 for the Fo and Ra numbers mentioned above. The figure provides useful information 
for the thermal design of  cases containing electronic equipments. The wide variety of thermal 

states highlights the convective diode quality of these cavities and the values of *T
 
indicate 

the features of the flow. The observed superposition of transient and steady-state distributions 
for α=-60° for example, confirms the quasi stagnation of the flow and the thermal 
stratification of the fluid. Temperature and streamlines fields at Fo1=0.048 and Fo2=1.2 for 
α=±60° and Ra=1.48 x 106 are represented in Fig. 5. They provide additional information on 
the thermal and dynamic phenomena that occur in these cavities, as well as on the generated 
shear stress depending on the treated configuration. 

A comparison has been done with measurements taken at steady state on a particular 
experimental setup whose details are given in [11] and  summarized below. The cold wall is a 
copper plate maintained isothermal between -50°C and +10°C with an accuracy of ±0.1°C by 
means of an internal coolant fluid flow controled by a PID regulator. Its temperature Tc is 
measured in 3 points. The channel of the cavity is made of plates of extruded polyurethane 
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whose average thermal conductivity λch is 0.041±0.007 Wm-1K-1 and of 60±2 mm in 
thickness. Surface temperatures are measured on both the internal and external sides of the 
channel. Given the considered 2D flow, measurements are taken on the centerlines of the top, 
bottom and one of the lateral walls. Four, eight and twelve thermocouples are installed for the 
three considered inclination angles α=0, ±30 and ±60° respectively. The hot wall shown in 
Fig. 6 (a) is made of a double sided PCB. The active part submitted to the fluid flow 
(H=191±2 mm; W=510±2 mm), consists on 5 superimposed horizontal bands. The top, 
bottom and intermediate bands represent the 3 active bands of the treated case while the two 
others represent the adiabatic ones. Each horizontal active band is formed by 5 juxtaposed 
electrical resistors connected in series. Each active band on one side is connected in series 
with its symmetrical one on the other side. Electrical resistances of the 3 active bands are 
equal, with a maximum deviation of about 0.2%. They are supplied in parallel with a 
stabilized power supply in order to accomplish the constant heat flux condition. Temperature 
Th is measured at steady state in the central plane ( 50.z* = ) on the entire height H. Four 

measurements are done on every band on both faces what allows a proper determination of 
the vertical temperature gradient distribution. A guard resistor is laid out all around the active 
area in order to avoid lateral heat exchanges and also to ensure the 2D flow in the median plan 
of the cavity. Its thermal regulation is carried out at ±0.1°C by means of a PID regulator. The 
inner walls of the cavity (channel, hot and cold plates) are coated with a thin adhesive 
aluminum film whose total measured infrared emissivity ε=0.085±0.012 strongly reduces the 
radiative heat transfer. To eliminate the problem of the heat losses at the back of the hot wall, 
a symmetrical assembly consisting on two identical channels is placed at both sides of the 
same hot plate. Two cold walls are then used to close both cavities. The experimental 
assembly sketched in Fig. 6(b) is laid on a frame that allows to study successively the 
“conducting” configuration (α>0) and the “isolating” one (α<0) by a simple rotation around 
its y-axis.  

The whole setup is installed in a room which temperature is controled at the average 
temperature of the flow inside the considered cavity. That strongly reduces the conductive 
losses through the walls of the channel. All surface temperatures are measured in steady state 
with an accuracy of ±0.1°C by means of 0.1mm K-type thermocouples. The electrical data 
(resistances and intensity of the current) providing the supplied heat flux are measured by 
means of a multimeter of 2 x 106 points. The maximum relative uncertainty is of 0.1% for 
resistances and the maximum absolute uncertainty is of 0.6 mA for the current. Electrical and 
thermal data are collected by a fast data acquisition system controlled by a computer. The 
sampling time is 50 ms in  transient regime and 100 ms in steady-state (variation of all surface 
temperatures less than 0.3%). 

A comparison between the measured and calculated temperature values at the inner 
surface of the wall  has been done. An example is presented in Fig. 7 for the dimensionlesses 

wall temperature *T
 
of the cavity at steady state (Fo2=1.2) for α=+30° and Ra=1.48 x 106. 

The deviation of about 3% on average is acceptable, confirming the validity of the adopted 
numerical model.  
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Local distribution and evolution of viscous shear stress and vertical temperature gradients on 
the hot wall of diode cavities have been investigated. Different configurations have been 
presented in transient regime for a better understanding of the transient phenomena 
concerning natural convection occurring in 2D air filled parallelogramm-shape enclosures. 
The influence of the angle of inclination on these two parameters has been established. Effects 
due to the adiabatic bands that separate the active bands under constant heat flux have also 
been shown. The information offered is necessary for thermoregulation of electronic 
equipments when it is acquired through the junctions of thermocouples disposed in the fluid 
layer adjacent to the active hot wall. The numerical results, which are confirmed by surface 
thermal measurements, show the need of using regulation thermocouples of high sensitivity 
and suitably arranged. 
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Highlights 
 
 
This work examine the 2D transient natural convection generated by a working vertical 
electronic equipment vertical composed by alternated adiabatic and heated bands under 
constant heat flux. This equipment is contained in a parallelogram shaped air-filled cavity. 
Viscous shear stress that could affect thermocouples used for thermal regulation of these 
assemblies are determined by numerical approach and some measurements. 
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Fig. 1. The studied enclosure:  (a) parallelogram-shaped cavity; (b) active hot wall; (c) the boundary 

conditions 
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Fig. 2. Dimensionless viscous shear stress at the hot wall. Local distribution: curve a 
(Fo1=0.048)  and curve b ( Fo2=1.2). Average values on each band: vertical lines 1 and 2 for 

Fo1 and Fo2 respectively. Average values on the entire hot wall: lines A and B on the 
horizontal axis, for Fo1 and Fo2 respectively. Ra=1.48 x 106; α=0º, ± 30° and ± 60°. 
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Fig. 3. Dimensionless vertical temperature gradient at the hot wall. Local distribution: curve a 

(Fo1=0.048) and curve b (Fo2=1.2). Average values on each band: vertical lines 1 and 2 for Fo1 

and Fo2 respectively. Average values on the entire hot wall: lines A and B on horizontal axis, 
for Fo1 and Fo2 respectively. Ra=1.48 x 106; α=0º, ± 30° and ± 60°. 
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Fig. 4. Dimensionless temperature on the cavity walls for Fo1=0.048 (upper row) and Fo2=1.2 
(lower row). Ra=1.48 x 106; α=0º, ± 30° and ± 60°. Cold wall (blue), hot wall (red), upper wall 

(green) and lower wall (black)  
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Fig. 5. Dimensionless temperature and streamlines fields at Fo1=0.048 and Fo2=1.2. 
α=±60° ; Ra=1.48 x 106. 
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Fig. 6: Schematics of the hot wall (a) and the experimental setup (b) 
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Fig. 7. Dimensionless temperature *T of the inner wall at steady state (Fo2=1.2) for α=+30° 

and Ra=1.48 x 106. Comparison between calculated (solid line) and measured (discrete points) 
values  

 
 
 
 
 
 

0.10 0.150.050.00

*y

1.2

0.6

1.8

*T

αααα=+30°
Ra=1.48 x 106

Fo2=1.2

0.0


