Arslan K.: Three-Dimensional Numerical Investigation of Turbulent Flow and ...
THERMAL SCIENCE: Year 2014, Vol. 18, No. 4, pp. 1145-1158 1145

THREE-DIMENSIONAL NUMERICAL INVESTIGATION OF
TURBULENT FLOW AND HEAT TRANSFER INSIDE A HORIZONTAL
SEMI-CIRCULAR CROSS-SECTIONED DUCT

by

Kamil ARSLAN
Faculty of Engineering, Karabuk University, Karabuk, Turkey

Original scientific paper
DOI: 10.2298/TSCI110724065A

In this study, steady-state turbulent forced flow and heat transfer in a horizontal
smooth semi-circular cross-sectioned duct was numerically investigated. The study
was carried out in the turbulent flow condition where Reynolds numbers range from
110" to 5.5-10". Flow is hydrodynamically and thermally developing (simulta-
neously developing flow) under uniform surface heat flux with uniform peripheral
wall heat flux (H2) boundary condition on the duct's wall. A commercial CFD pro-
gram, ANSYS Fluent 12.1, with different turbulent models was used to carry out the
numerical study. Different suitable turbulence models for fully turbulent flow (k-
Standard, k-¢ Realizable, k-¢ RNG, k-w Standard, and k-o SST) were used in this
study. The results have shown that as the Reynolds number increases Nusselt num-
ber increases but Darcy friction factor decreases. Based on the present numerical
solutions, new engineering correlations were presented for the average Nusselt
number and average Darcy friction factor. The numerical results for different tur-
bulence models were compared with each other and similar experimental investi-
gations carried out in the literature. It is obtained that, k- Standard, k- Realiz-
able, and k-¢ RNG turbulence models are the most suitable turbulence models for
this investigation. Isovel contours of velocity magnitude and temperature distribu-
tion for different Reynolds numbers, turbulence models and axial stations in the
duct were presented graphically. Also, local heat transfer coefficient and local
Darcy friction factor as function of dimensionless position along the duct were ob-
tained in this investigation.

Key words: simultaneously developing flow, forced convection, friction factor,
semi-circular cross-sectioned duct, heat transfer coefficient,
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Introduction

Predicting the pressure drop and forced convective heat transfer under developing
flow conditions is quite important in many applications. Turbulent flow and heat transfer in
semi-circular channels have received considerable attention due to their practical importance.
Especially, turbulent forced convection inside ducts is of interest in the design of solar energy
systems, cooling of electronic devices, compact heat exchangers, and cooling cores of nuclear
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reactors. Full understanding of the prevailing velocity and temperature fields, as well as the
pressure drop and heat transfer characteristics, is necessary for the proper design of such sys-
tems. Compared to circular cross-sectioned ducts, heat transfer and fluid flow in semi-circular
cross-sectioned ducts are complicated [1-5].

Several studies of flow in straight semi-circular cross-sectioned ducts have been pre-
sented in the past. An excellent comprehensive review of forced convection flow in circular and
various non-circular duct cross-sections were presented by Shah and London [1], Kakac et al.
[2], and Kakac and Liu [3]. The thermally and hydrodynamically fully developed flow in
semi-circular cross-sectioned duct was first investigated by Eckert et al. [4]. Berbish et al. [5]
carried out an experimental study for turbulent forced convection heat transfer and pressure
drop characteristics of air flow inside a horizontal semi-circular cross-sectioned duct. The varia-
tions of surface and mean temperatures, local heat transfer coefficient, local Nusselt number,
and local friction factor with the axial dimensionless distance along the duct were presented in
this study. Empirical correlations for the average Nusselt number and average Darcy friction
factor as a function of the Reynolds number were obtained. Hong and Bergles [6] studied the
thermally developing process in the entrance region of semi-circular cross-sectioned ducts with
uniform heat flux. Manglik and Bergles [7] analyzed numerically constant property, laminar
flow heat transfer in a semi-circular tube with uniform wall temperature. Zhang and Ebadian [8]
analyzed numerically the steady laminar forced convection and radiation heat transfer for the
flow of an absorbing, emitting, gray, non-scattering gas in the entrance region of an internally
finned semi-circular cross-sectioned duct. Uniform temperature boundary condition was im-
posed on the duct's wall. Zhang and Ebadian [9] investigated numerically the fluid flow and heat
transfer of steady laminar forced convection in the entrance region of semi-circular cross-sec-
tioned ducts with longitudinal internal fins subjected to a constant wall temperature. The hydro-
dynamically fully developed flow and developing temperature were solved in this study. The
developing temperature field in the semi-circular duct with longitudinal fins was obtained ana-
lytically/numerically by solving the energy equation employing the method of line (MOL).
Yang and Ebadian [10] numerically analyzed the interaction of radiation and forced convection
heat tranfer in simultaneously developing laminar flow through semi-circular and right triangu-
lar ducts with isothermal non-black wall. The numerical results of the mean Nusselt number in-
dicate that the thermal radiation not only enhances the heat transfer rate, but also changes the
characteristics of the convective heat transfer. Etemad [11] and Etemad ez al. [12] carried out ex-
perimental and numerical studies on the simultaneously developing forced flow and heat trans-
fer to Newtonian and non-Newtonian fluids flowing in semi-circular cross-sectioned ducts.
Dong and Ebadian [13] conducted a numerical analysis of combined natural and forced convec-
tion for the fully developed laminar flow and heat transfer in a vertical semi-circular duct with
radial, internal longitudinal fins. It was found that both the friction factor and the Nusselt num-
ber in the finned tube increase as the Rayleigh number increases. By comparing the results of
finless ducts with those of finned ducts, it was concluded that heat transfer in combined natural
and forced convection in the semi-circular duct was dramatically enhanced by using radial inter-
nal fins. Busedra and Soliman [14, 15] numerically analyzed laminar mixed convection in the
fully developed region of an inclined semi-circular cross-sectioned duct. A numerical finite con-
trol volume approach was adopted in solving the governing equations under the boundary con-
dition of a uniform heat input axially. It was obtained that the Nusselt number increases with in-
creasing the Grashof number. Hakan and Oztop [16] conducted an anaytical study of entropy
generation in laminar flow through semi-circular cross-sectioned ducts subjected to constant
wall heat flux boundary conditions. It was obtained that the cross-sectional area of the semi-cir-
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cular cross-sectioned ducts and the wall heat flux have considerable effect on entropy genera-
tion. Geyer et al. [17] numerically studied fully developed laminar flow and heat transfer behav-
iour in periodic trapezoidal channels with a semi-circular cross-section. In periodic trapezoidal
channels with a semi-circular cross-section, higher rates of heat transfer with relatively small
pressure loss penalty were found relative to fully developed flow in a straight pipe, with heat
transfer enhancements of up to four at the highest Reynolds number. Lei and Trupp [18] con-
ducted an experimental investigation for laminar mixed convection in the entrance region of a
horizontal semi-circular duct under uniform heat flux wall boundary condition. Local and fully
developed Nusselt numbers showed substantial circumferential variations and increased with
increasing heat flux level. Correlations were provided which disclose some key features of the
laminar mixed convection regime. Hasadi et a/. [19] investigated the laminar mixed convection
fluid flow and heat transfer in the entrance region of horizontal semi-circular cross-sectioned
duct. Study was carried out under uniform heat input axially with uniform wall temperature cir-
cumferentially at any cross-section (H1 boundary condition). Air was used in the study as heat
transfer medium. It was found in the study that as the Grashof number increases the Nusselt
number and the average wall friction factor increase in both developing and fully developed re-
gions in the duct.

Heat and momentum transfer processes in the simultaneously developing flow of
semi-circular cross-sectioned channels are very complex. Basic knowledge on the flow and heat
transfer of the three-dimensional turbulent forced convection in semi-circular cross-sectioned
duct is needed for the design of thermal equipment. However, it is seen from literature survey
that in spite of being commonly used in engineering applications, the semi-circular geometry
under turbulent flow condition has not been adequately studied in depth despite its importance.

The present study concerns three-dimensional flow in an isothermally heated horizon-
tal straight semi-circular cross-sectioned duct under hydrodynamically and thermally develop-
ing flow conditions. The study was carried out in the turbulent flow region. Air (Pr 0.7) was used
as the heat transfer medium. The momentum, continuity, energy, and turbulence equations for
three-dimensional flow in the hydrodynamic and thermal entrance region of semi-circular
cross-sectioned duct were solved using finite volume based commercial software ANSYS Flu-
ent 12.1. Different suitable turbulence models for turbulent flow (k-¢ Standard, k- Realizable,
k-& RNG, k-o Standard, and k-o SST) were used in this study. Practical engineering correlations
for the average Nusselt number and average Darcy friction factor were determined. Local heat
transfer coefficient and local Darcy friction factor for different Reynolds numbers along the
flow direction were obtained. The results of the numerical investigation with different turbu-
lence models were also compared with each other and the experimental investigations carried
out in the literature.

Theoretical description

A schematic diagram depicting the cross-section of the duct and computational do-
main of the semi-circular cross-sectioned duct along with the co-ordinate system and dimen-
sions of the flow geometry were presented in fig. 1a and b. Semi-circular cross-sectioned duct
was mathematically modeled for numerical computations. The principle flow is in the x-direc-
tion. Turbulent flow enters the duct with a uniform velocity and temperature profile. The
three-dimensional Navier-Stokes energy and turbulence equations are used to describe the flow
and heat transfer in the computational domains. The three-dimensional incompressible Newto-
nian flow with negligible buoyancy effects and viscous dissipation has been regarded as turbu-
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lent and steady. The physical properties of fluid, taken at the bulk temperature, have been con-
sidered to be constant in the duct.

The continuity, momentum, and energy equations in cylindrical coordinate system are
given as:
— continuity equation
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— axial momentum equation
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The continuity, momentum, energy, and turbulence equations were solved by using
ANSYS Fluent 12.1. The fluid enters the duct with uniform velocity and temperature profile.
Turbulence intensity levels used at the inlet of the duct varied from 4 to 5% depending on the

Figure 1. (a) Cross-section of the semi-circular duct; (b) computational domain of the semi-circular
cross-sectioned duct with boundary conditions
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Reynolds number. Hydraulic diameter of the duct was used as appropriate length scale at the in-
let. No slip boundary conditions were employed on the duct walls. A uniform heat flux with uni-
form peripheral wall heat flux was applied on the surface of the duct. At the outlet of the duct,
pressure outlet boundary condition of ANSYS Fluent 12.1 was used. Also, all the boundary con-
ditions applied on the duct were depicted in fig. 1(b).

Data reduction

The objectives of the data reduction were to calculate the average Nusselt number and
Reynolds number along with average Darcy friction factor. The hydraulic diameter is chosen as
the characteristic dimension.
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For the semi-circular cross-sectioned duct, hydraulic diameter, D, is obtained from
the equation [9]:
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Average convective heat transfer coefficient of the air flow in duct is obtained [20] as:

h=—d" 10
T T, (10)
Also, all fluid properties in the duct is evaluated at the bulk temperature 7, =
= (T,i+T,,)/2. The air flow properties are taken from Incropera and DeWitt [21].

Nurnerical solution procedure

In this study, a general purpose finite-volume based commercial CFD software pack-
age ANSYS Fluent 12.1 has been used to carry out the numerical study. The code provides mesh
flexibility by structured and unstructured meshes. Also, ANSYS Fluent 12.1 includes several
turbulence models.

Computations were performed under turbulent flow conditions. The energy equation
was solved neglecting radiation effects. Five different turbulence models (k-¢ Standard, k-¢ Re-
alizable, k-¢ RNG, k- Standard, and k-0 SST) were used in this study for solving the turbulent
flow region. The Reynolds averaged Navier-Stokes equations were solved numerically in con-
junction with transport equations for turbulent flow. Near wall regions were fully resolved for
average y* values between 0.7 and 1.5 in all the calculations, sufficiently resolving the laminar
sub-layer (i. e. y* < 4-5). In the present study, tetrahedron cells were created with a fine mesh
near the plate walls. Boundary layer mesh was used near the surfaces of the duct for obtaining
fine mesh distribution. A non-uniform grid distribution was employed in the plane perpendicu-
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lar to the main flow direction as shown in fig. 2.
Close to each wall, the number of grid points or
control volumes was increased to enhance the
resolution and accuracy.

Steady segregated solver was used with sec-
ond order upwind scheme for convective terms
in the mass, momentum, energy, and turbulence
equations. For pressure discretization, the stan-
Figure 2. Mesh distribution in y-z plane dard scheme has been employed while the SIM-
PLE-algorithm [22] has been used for pres-
sure-velocity coupling discretization.
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2010° 6.010° 10 1.2-1é:fid si;és-mﬁ bulence model. It is observed that a further re-

finement of grids from 6.6-10° to 1.6-10° did not
Figure 3. Grid size effect for average Nusselt ~have a significant effect on the results in terms
number and average Darcy friction factor for  of average Nusselt number and average Darcy
k-¢ Standard turbulence model friction factor as depicted in fig. 3. Based on

this observation, grid size of 6.6-10° points was
used for all of the calculations. No convergence problems were observed. This grid size was also
used for other Reynolds numbers for k-¢ Standard turbulence model. Same procedure was used
for other turbulence models and optimum grid size was obtained for different turbulence model
calculations. To obtain convergence, each equation for mass, momentum, and turbulence has
been iterated until the residual falls below 1-10~° while energy equation has been iterated until
the residual falls below 1-10°°.

Results and discussion

In the study reported here, the convective heat transfer and fluid friction in an
air-cooled semi-circular cross-sectioned duct under uniform surface heat flux with uniform pe-
ripheral wall heat flux was numerically investigated. The investigation was carried out under
hydrodynamically and thermally developing turbulent flow conditions. The results were pre-
sented in non-dimensional Nusselt number and Darcy friction factor. After the determination of
temperature fields in the fluid, the average Nusselt numbers were calculated. In addition, aver-
age Darcy friction factors were estimated with the determination of pressure drop in the duct.
Numerical results obtained under steady-state conditions were presented in figs. 4 to 16 and tab.
1. Plotted in these figures were the best-fit lines. The flow velocity and temperature distribu-
tions, average Nusselt numbers and average Darcy friction factors were presented in this study
to highlight the influence of duct geometry and wall boundary conditions on thermal perfor-
mance of semi-circular channel and provide additional useful design data.
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Figure 4. Isovel contours of velocity magnitude at the outlet of the duct for different Reynolds numbers

Air at the ambient temperature entered the duct with uniform velocity profile. The sur-
face of the duct was kept at constant heat flux condition. It is useful to start with the discussion of
global features of the air flow in the duct. Figure 4 shows that the velocity contours at the outlet
of the duct for k-¢ RNG turbulence model and different Reynolds numbers. It is seen in this fig-
ure that velocity profile does not change greatly with changing Reynolds numbers and maxi-
mum velocity is at the center of the duct.

Temperature contours at the outlet of the duct for k- RNG turbulence model and dif-
ferent Reynolds numbers are shown in fig. 5. Temperature contours have almost same profile for
different Reynolds numbers. Also, temperature decreases gradually towards to center of the duct
from the surface. Minimum temperature is at the center of the duct.
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Figure 5. Temperature contours at the outlet of the duct for different Reynolds numbers

Velocity and temperature contours at the outlet of the duct for Re = 5.5-10* and differ-
ent turbulence models were presented in figs. 6 and 7, respectively. It is obtained in the figures
that there are no big differences in the velocity and temperature profiles for different turbulence
models.

Figure 6. Isovel contours of
velocity magnitude at the
outlet of the duct for
different turbulence models
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Figure 7. Temperature
contours at the outlet of
the duct for different
turbulence models
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Figures 8 and 9 shows that the velocity and temperature distributions for different ax-
ial stations in the duct at Re =5.5-10%. The figures represent the hydrodynamically and thermally
developing flow in the semi-circular cross-sectioned duct. Also, it is seen that the velocity and
temperature distributions don't change nearly after x = 0.75 m.

x=025m x=050m x=0.75m

Figure 9. Temperature contours for different axial stations
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The velocity and temperature distributions at x = 0.5 m for different Reynolds number
were given in figs. 10 and 11, respectively. Figures represent the variation of the velocity and
temperature distributions in the entrance region of the duct with Reynolds number; however, it
is seen in figs. 4 and 5, velocity and temperature profiles do not change greatly with changing
Reynolds numbers at the outlet of the duct. This case shows that the profiles of velocity and tem-
perature are not influenced with changing Reynolds number in the hydrodynamically and ther-
mally fully developed region, but are influenced with changing Reynolds numbers in the en-
trance region.
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Figure 10. Isovel contours of velocity magnitude for different Reynolds numbers
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Figure 11. Temperature contours for different Reynolds numbers

Figures 12 and 13 give the velocity and temperature distributions atx = 0.5 m and
Re = 5.5-10* for different turbulence models. It is seen in these figures that the profiles of veloc-
ity and temperature change with variation of turbulence models; however, it can be seen in fig. 6
and fig. 7, there are no big differences in the velocity and temperature profiles for different tur-
bulence models at the outlet of the duct. This case indicates that the profiles of velocity and tem-
perature change with changing turbulence models in the entrance region of the duct, but don't
change in the hydrodynamically and thermally fully developed region.
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Figure 12. Isovel contours
of velocity magnitude for

different turbulence J \
models | 1 | \
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Figure 13. Temperature
contours for different
turbulence models

In order to show that whether the flow is hydrodynamically fully developed in the duct,
typical velocity profiles on the plane at =0 m for different location of the duct are shown in fig.
14(a) for Re = 5.5-10* and k-¢ RNG turbulence model. As can be seen from fig. 14(a), the veloc-
ity magnitude profile at different location along x-direction in the semi-circular cross-sectioned
duct was plotted as a function of the dimensionless height (#/7;) of the duct. In the fully devel-
oped region, the velocity profile repeated itself at various positions along the duct. As it can be
seen from fig. 14(a), velocity distribution reaches hydrodynamically fully developed flow con-
dition nearly at x = 0.75 m.
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Figure 14. (a) Velocity and (b) dimensionless temperature distributions for different location along
the duct

The temperature distribution continuously changes along the duct and one can think of
that a thermally fully developed condition could never be reached. This situation is reconciled
by working with the dimensionless form of the temperature [2]. Dimensionless temperature pro-
file is defined as @ = [T(x, y, z) — T;]/(q" D,/k) for uniform surface heat flux. Dimensionless tem-
perature distribution was plotted as function of the dimensionless height (7/r;) of the duct for
various positions along the duct on the plane at » = 0 m in fig. 14(b) for Re = 5.5-10* and k-¢
RNG turbulence model. It is clearly obtained that dimensionless temperature distribution
reaches thermally fully developed condition nearly at x = 0.75 m.
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One of the key parameters of interest in the hydrodynamic and thermal entrance region
is the variation of local Darcy friction factor and local heat transfer coefficient using k- RNG
turbulence model along the axial position. Figure 15(a) and 15(b) show these variations as func-
tion of dimensionless position (x/D,)) for the channel. Figure 15(a) shows the local Darcy fric-
tion factor as a function of dimensionless position (x/D,)) for different Reynolds number. It is ob-
tained in this figure that local Darcy friction factor in the entrance is larger than the outlet of the
duct for all Reynolds number. It is critical important key parameter of interest in the duct for the
pressure drop in the main flow direction. An inspection of fig. 15(b) reveals that the values of lo-
cal heat transfer coefficient in the inlet of the duct is much larger than those at the outlet section
of the duct for various Reynolds number. This explains the critical importance of the thermal en-
trance region. Also it is obtained that, the local Darcy friction factor and the local heat transfer
coefficient results repeated themselves along the duct, respectively. Hence, it is obtained that
flow reaches hydrodynamically and thermally fully developed condition nearly at x/D,= 30.
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Figure 15. (a) Local Darcy friction factor and (b) local heat transfer coefficient, as function of
dimensionless position (x/Dy)

Numerically obtained average Nusselt numbers and average Darcy friction factors are
expressed as a power law variation with Reynolds number. In other words, results are presented
in the forms of Nu = aRe” and = cRe?. The average Nusselt number, average Darcy friction fac-
tor, and Reynolds number for flow in this duct are based on the hydraulic diameter D;. The equa-
tions were obtained with least-square method for average Nusselt number and average Darcy
friction factor. The values of a, b, c, and d for Nu = aRe’ and f= cRe? are given in tab. 1.

Table 1. Values of a, b, ¢ and d for Nu = aRe? and f'= cRe“

k-¢ Standard | k- Realizable| k-¢ RNG k- Standard k-0 SST
a 0.0190 0.0185 0.0204 0.0171 0.0151
N b 0.8 0.8 0.8 0.8 0.8
c 0.3799 0.3764 0.3776 0.3360 0.3163
4 d -0.26 -0.26 -0.26 -0.26 —-0.26

Figure 16(a) and 16(b) display the present numerical values of the average Nusselt
number and average Darcy friction factor with the experimental data obtained in the literature
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for turbulent flow condition where Re = 1:10* < Re < 5.5-10%. The k-& Standard, k-¢ Realizable,
k- RNG, k-0 Standard and k-0 SST turbulence models were used in numerical studies. The re-
sults have shown that as the Reynolds number increases, heat transfer coefficient increases. In
addition, Darcy friction factor decreases with increasing the Reynolds number. The numerical
results for k- Standard, k-¢ Realizable, and k- RNG turbulence models are almost closer to
each other and larger than numerical results of the k-» Standard and - SST turbulence models.
Also it is seen that, k-¢ Standard, k-¢ Realizable, and k- RNG turbulence models represent the
literature results very well for average Nusselt number and average Darcy friction factor.
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Figure 16. The changing of (a) average Nusselt number and (b) average Darcy friction factor with
Reynolds number

Conclusions

Heat transfer and fluid friction for hydrodynamically and thermally developing
three-dimensional steady turbulent flow in a horizontal semi-circular cross-sectioned duct was
numerically investigated with the Reynolds number ranging from 1-10* to 5.5-10* for Pr 0.7.
The turbulence models used in numerical simulations are k-¢ Standard, k- Realizable, k- RNG,
k- Standard, and k-o SST. Results were given in tab. 1, and in figs. 4 to 16. It is observed that
the numerical results for different turbulence models are harmonious with each other and the lit-
erature. The results of numerical computations are presented in terms of average Nusselt num-
bers and average Darcy friction factors. It is shown that increasing the Reynolds number in-
creases the average Nusselt number. On the other hand, average Darcy friction factor decreases
with increasing Reynolds number. Based on the present numerical solutions of full 3-D govern-
ing equations of turbulent flow in the hydrodynamic and thermal entrance region, new engineer-
ing correlations are presented for the average Nusselt number and average Darcy friction factor
in the form of Nu = aRe? and /= cRe, respectively. For turbulent flow condition in hydrody-
namic and thermal entrance region, the friction and heat transfer coefficients depend on the duct
geometry and Reynolds number. Isovel contours of velocity magnitude and temperature distri-
bution for different Reynolds numbers, turbulence models and axial stations in the duct were
presented graphically. Also, local heat transfer coefficient and local Darcy friction factor as
function of dimensionless position along the duct were obtained and given graphically in this in-
vestigation. It is observed that, flow reaches hydrodynamically and thermally fully developed
condition nearly at x/D,=30. The numerical results for different turbulence models were com-
pared with each other and similar experimental investigations carried out in the literature. Fi-
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nally it is obtained that, k-¢ Standard, k-¢ Realizable, and k-6 RNG turbulence models are the
most suitable turbulence models for this investigation.

Nomenclature
a, b, ¢, d — constant coefficients, [-] Re — hydraulic diameter based Reynolds
¢y — specific heat, [Jkg 'K '] number of the air flow, [-]
Dy — hydraulic diameter of the passageway 7 — inner radius of the duct, [m]
through the considered semi-circular T — fluid temperature, [K]
cross- sectioned duct, [m] Ty — mean bulk temperature of the air flow in
D; — inner diameter of the duct, [m] — the duct, [K]
ya — average Darcy friction factor, [—] Ty Tpo — mean bulk temperature of the air flow
I — local Darcy friction factor, [—] at the inlet and outlet of the duct,
G, — energy generation rate per unit volume, respectively, [K]
[Wm ] T, — surface temperature of the duct, [K]
h — average heat transfer coefficient in the T; — inlet air temperature, [K]
duct, [Wm K] U — mean velocity of the air flow in the
hy — local heat transfer coefficient, [Wm 2K '] semi-circular cross-sectioned duct, [ms ']
k — thermal conductivity of air, [Wm 'K™'] U; — inlet air velocity, [ms™']
L — axial length of the duct, [m] u, v, w — velocity vectors in cylindrical
Nu — average Nusselt number for the co-ordinates, [ms ']
steady-state heat transfer in the duct, [—] x, r, 0 — cylindrical co-ordinates, [—]
P — pressure, [Pa]
Ap — pressure drop along the duct, [Pa] Greek symbols
Pr — Prandt]l number for the air flowing (] — dimensionless temperature profile, []
through the duct, [-] u — dynamic viscosity of air, [Nsm ]
q" — steady-state rate of convective heat flux, v — kinematic viscosity of air, [m?s ']
[(Wm ] P — density of the air, [kgm ]
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