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In this paper an investigation of mixed convection from vertical heated channel is
undertaken. The aim is to explore the heat transfer enhancement obtained by add-
ing a forced flow, issued from a flat nozzle located in the entry section of a channel,
to the up-going fluid along its walls. Combined forced and free convection are stud-
ied in order to increase the cooling requirements. The study is conceded for two
Rayleigh number. The first case corresponds to two separate boundary layers so
the channel acts as two independent plates. For the second case the two boundary
layers are attached. Calculations are carried out with air as the working fluid by
changing the jet velocity in order to optimize the system to give the maximum heat
[flow rate over the chimney. The system of governing equations is solved with a finite
volumes method and an implicit scheme. The results obtained show that the jet-wall
activates the heat transfer, as does the drive of ambient air by the jet.
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Introduction

Natural convection is an energy transport process that takes place as a result of buoy-
ancy induced fluid motion occurring in the presence of a body force field (gravity). The density
of gases and liquids depends on their temperature, generally decreasing with increasing temper-
ature (fluid expansion). In such a way, it is possible that a convection current exist even when
there is no additional forced convection flow.

In mechanical and environmental engineering, mixed convection is a frequently en-
countered thermal fluid phenomenon, which exists in atmospheric environment, urban canopy
flows, ocean currents, gas turbines, heat exchangers, and computer chip cooling systems, ezc. In
the early development of convective heat transfer studies, forced and natural convections were
considered separately and the interaction between these two physical processes was ignored.
Modern research combining forced and natural convection was initiated in the 1960’s and
mainly based on experimental approaches [1].
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Two-dimensional channel formed by parallel plates is the most frequently used con-
figuration in convection air cooling of electronic equipment. The passive character of cooling
by natural convection makes it attractive for applications in electronic devices. However, in or-
der to increase the cooling requirements, researches for methods to improve the heat transfer are
crucial [2-5].

Heat transfer by natural convection from vertical plates with uniform wall temperature
or heat flux has received considerable attention, and extensive discussions about this subject are
available in the literature. Hugot [6] undertook an experimental study of the interaction of the
boundary layers developing along two large parallel vertical plates. This study enabled him to
measure the local heat transfer coefficients for various spacing and temperatures corresponding to
Grashof numbers ranging from 5-10° to 2-10'!. The boundary layers interaction was defined by
comparison with the single plate results. Moreover, information provided by the velocity, temper-
atures profiles and their fluctuations lead to a better knowledge of the turbulence of the flow.

Myamoto et al. [7] and Auletta et al. [8] studied experimentally natural convection flow
and heat transfer in a heated vertical channel. From a theoretical point of view, the literature gives
extensive results for both turbulent and laminar flows. Turbulent heat transfer resulting in a chan-
nel have been reported in references [4, 9-12]; Fedorov [10] proposed scaling correlations for in-
duced flow rate and heat characteristics in an asymmetrically heated channel. Later Versteegh et
al. [11, 12] also studied an asymmetrically heated channel in order to find wall functions from the
scaling behaviour of the flow. Other authors treated this problem for laminar flows [13]. The de-
velopment of laminar buoyancy-driven convection between two vertical plane plates asymmetri-
cally heated by a constant heat flux was studied by Dalbert ez al. [14, 15]. Desrayaud et al. [16] un-
dertook a numerical study of the laminar natural convection in an isothermal vertical channel in
which rectangular ribs are symmetrically located on each wall. Kheireddine [17] studied the influ-
ence of the pressure loss on the induced mass flux for a buoyancy-driven flow. The calculation do-
main was extended far from the channel, and they showed that the free pressure boundary location
is negligible if placed at a distance greater than 4 times the channel width. However theory [18]
and experiments show that both laminar and turbulent flows can occur at the same time if the
length of the plate is rather significant. For the sake of completeness, a few studies concerned the
mixed convection regime: we can cite Penot et a/. [15] who proposed useful correlations to deter-
mine the flow rate, the fluid temperature, and the Nusselt number. More recently, Najam et al. [19]
studied numerically the mixed convection in a “T” form cavity heated with a constant heat flux
and subjected to an air blast entering by the bottom. They showed the competition between natural
and forced convection. The heat transfer was found maximal in the zone where the role of natural
convection is more significant.

The present theoretical study is concerned with mixed convection in a heated vertical
channel submitted to a vertical jet of fresh air entering by the bottom. The channel is long
enough that the flow becomes turbulent before the exit. The influence of this forced additional
jet is analyzed by using the low Reynolds number k- turbulence model in order to simulate the
turbulent flow. Numerical results are reported for dry air as coolant, and for two Rayleigh num-
bers corresponding: (1) to two attached boundary layers, and (2) to two separated ones.

Assumptions and governing equations

The geometry of the problem investigated herein is described in fig.1. We consider a
vertical channel which simulates a chimney. A gas jet is issued from a flat nozzle located at the
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Figure 1. Physical domain and coordinates system

bottom of the channel. The chimney walls are subject to a constant heat flux. The flow is as-
sumed steady and incompressible. Both natural and mixed convection cases are considered by
using the Boussinesq approximation in which the density varies linearly with temperature.
Other thermo-physical quantities are assumed to be constant.

Let us introduce the dimensionless variables defined by:

2 _ 2 4
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The dimensionless governing equations for two-dimensional buoyancy-driven flows,
with no viscous dissipation, can be written as:

Continuity equation:
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Turbulent kinetic energy equation:

P 2 2
v 2K oK [ P K K g6 4G, (6)
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Rate of dissipation of turbulent kinetic energy equation:
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E stands for the turbulent kinetic energy production due to shear, while Gy is the turbulent ki-
netic energy production due to the mean velocity gradients, and Gy is the turbulent kinetic en-
ergy production due to the buoyancy.

The standard k-¢ model is used, so that constants are those given by Jones et al. [20]:
C,=144,C,=192,(,=0.7,C,=0.09,0, = 1.0, 0 = 1.30, and Pr, = 1.0.

The boundary conditions are:
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e/2H —b/2H bI2H i . .
where O, = [UdY = [UdY and Q, = [UdY. I,is the turbulence intensity.
bI2H —ei2H ~bi2H
The governing equations reported above are discretized on a staggered, non-uniform
Cartesian grid using a finite volumes procedure. In this method, for stability considerations, sca-
lar quantities P, 0, K, and E are calculated at the centre (i, j) of the cells where as the velocity
components (U and V) are computed on the faces of the cells (7, j + 1/2), (i £ 1/2, ).
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Results and discussion

In the following sections, heat transfer along the hot wall, flow and temperature fields
are examined for two Rayleigh number (Ra = 9-10*; Ra =2-107) and various Reynolds numbers
based on the velocity of the jet at the nozzle exit, ranging between Re = 0 (natural convection
flow) and Re = 5-10%.

Based on the velocity and the temperature results, mass flow rate and heat transfer co-
efficient are analyzed.

Case 1 - attached boundary layers

First, he problem was simulated with H/e = 12.5 and a constant heat flux ¢ = 100 W/m?,
which corresponds to a Rayleigh number equal to Ra=9-10*. The Prandtl number is 0.71 (air). For
low values of imposed heat flux —i. e. low Rayleigh numbers — the thickness of boundary layers
growing up along each plate is large enough so that layers merge on the axis, before reaching the
exit section of the channel.

The development of the flow with different velocities is compared. Figure 2(a) shows
the natural convection drawing developed along the channel because of the thermal gradient
which exists between the fluid and the hot walls. This thermal drawing will cause a vertical aspi-
ration of air with a non-negligible mass flow rate. For this reason, we considered Re values up to
3-103, for forced convection cases. The flow structure for mixed convection cases are presented
in figs. 2(b)-(c). Generally, the flow structures induced in this case are different from those ob-
served in the last one. The difference is mainly due to the presence of the jet (forced flow). In-
creasing the jet Reynolds number, the flow impact the channel walls at ascending X values. Be-
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Figure 2. Velocity development in the channel [ms™']; Ra = 9-10*
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Figure 3. Mass flow rate in both sides of the nozzle at
the channel entry section

hind this impact zone the natural
convection flow is decelerated and we
notice the presence of recirculation
cells.

Keeping Ra = 9-10%; the develop-
ment of the convection flow on both
sides of the nozzle for different jet
Reynolds number are compared. The
larger Re is, the stronger the flow is.
This can be seen in fig. 3. In fact for the
same Rayleigh number (same imposed
heat flux) the flow increases according
to the Reynolds number. We notice that
the dimensionless mass flow rate is well
correlated according the relationships:

20, = 10246 + 12.8 Re 9)

This flow happens in large majority due to the drive caused by the ambient air blast in
the vicinity of the entry. Although the flow becomes more significant in the vicinity of the entry
for important Reynolds numbers. Indeed the impacts of the jet on the walls stop the adjacent
flow, which causes the apparition of hot points on the walls (fig. 4).
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Figure 4. Temperature development in the channel [K]; Ra = 9-10*
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Figure 4 shows the evolution of the channel temperature for different Reynolds num-
ber. There is no big difference in the temperature evolution especially in the centre of the chan-
nel. The major difference is seen at the vicinity of the wall, we notice that all along the walls the
temperature decreases for ascending Reynolds number (fig. 5), because the drive of ambient air
by the jet is more and more significant, which also explains why the cooling is observed as of the
entry of the channel. The jet interacts with the walls more and more far from the nozzle as the
Reynolds number increases. This impact causes the formation of a swirl with weak intensity be-
cause it opposes to buoyancy forces, particularly close to the heated walls. When the Reynolds
number increases, the maximum cooling region — in which wall temperatures are lower — moves
towards the exit section of the channel.

Figure 6 presents the corresponding local Nusselt numbers. We notice that an increase
ofthe inlet Reynolds number generates a more intense heat exchange. This is a predictable result
since a high Reynolds number implies a more significant drive of the surrounding fluid and,
consequently, a higher wall to fluid temperature gradient. We also observe that the Nusselt num-
ber decreases with the X distance for all the inlet conditions tested.
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Figure 5. Dimensionless wall temperature for Figure 6. Local Nusselt number of the wall for
various Reynolds number; Ra = 9-10* various Reynolds number; Ra = 9-10*

Case 2 - separated boundary layers

Last flow behaviour for the case of separated boundary layers is compared to the case
of attached one. For the second case the problem was simulated with H/e = 12.5 and a constant
heat flux ¢ = 2-10* W/m?, which corresponds to a Rayleigh number equal to Ra ~2-107. The
Prandtl number is 0.71 (air).

For high Rayleigh numbers the thickness of boundary layers decreases symmetrically
with an increasing value of the x-component velocity. This result can be seen in fig. 7(a).

The evolution of the mass flow rate in both side of the jet nozzle is showed also in
fig. 3. For highest Rayleigh number the evacuated flow is almost the same of the previous
case (Ra=9-10%) the flow increases according to the relation (9). These results confirm that
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Figure 7. Velocity development in the channel [ms™']; Ra = 2-107

this flow don’t result from the natural convection flow but in a large majority from the drive
caused by the surrounding fluid in the vicinity of the entry.

The channel temperature for different Reynolds numbers is depicted in fig. 8 for Re=0.
The corresponding temperature is too high near the wall. When Re increases, a small cell appears
down of the jet, fig. 8(b)-(c). Its size increases with increasing Re and cause the formation of hot
zones. These zones coordinate increases for ascending Reynolds number values.

We represent on fig. 9 the dimensionless wall temperature for various Reynolds num-
bers ranging from 0 — free convection (dotted line) — to 5-10. The influence of the jet on the wall
temperature is noticeable especially for high Rayleigh numbers, because a higher wall heat flux
yields to a more significant variation of the wall temperatures, especially in the region where the
jetinteracts with the wall. Just in the lower part of this zone, the recirculation flow minimizes the
heat exchange.

Figure 10 presents the corresponding local Nusselt numbers. We notice that an in-
crease of the inlet Reynolds number generates a more intense heat exchange. This is a predict-
able result since a high Reynolds number implies a more significant drive of the surrounding
fluid and, consequently, a higher wall temperature gradient. We also observe that the Nusselt
number decreases with the X distance for all the inlet conditions tested.

Increasing the Reynolds number enhances the Nusselt number. This effect is more sig-
nificant at Ra=2-107, for which the effect of the jet is more important on the temperature profile.
As soon as the jet operates, the local Nusselt number increases according to the Reynolds num-
ber; which can be explained by the fact that the thickness of the boundary layer, which acts as a
heat insulator, decreases when the Reynolds number increases. It follows that the convective ex-
change between the flow and the heated plate increases (fig.10).
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Figure 10. Local wall Nusselt number for various

We notice for the two Rayleigh number treated the presence of hot point for which the
heat transfer is minimal. These zones are due to the recirculation flow behind the jet impact
zone. The maximum heat exchange located at the jet impact zone increases according to the

Reynolds number.
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Conclusions

A numerical study of both natural and mixed convection in a 2-D-channel submitted to
a constant wall heat flux was performed. The mixed flow is obtained by using an ascending jet
located at the entry section of the channel. Special attention has been carried to the thermal be-
haviour of the flow, especially in the jet-wall interaction zone. Moreover, competition between
natural and forced convection are focused; for the two studied cases separated and attached
boundary layers. For Reynolds number Re <3000 competition between forced and natural con-
vection flows is noticeable; for Re > 3000 natural convection flow is overwhelmed by the forced
convection flow. The drive of ambient air by the jet enhances the heat transfer: the vertical jet at
the entrance allows a good ventilation of the high part of the cavity and then it’s favourable to
heat exchange from the cavity towards the exterior.

Nomenclature
b — width of the nozzle, [m] U, V — dimensionless velocity components along X
E - dimensionless rate of dissipation of and Y, respectively, [—]
turbulent kinetic energy, [] u, v — velocity components along x-and y-axis,
e  — width of the channel, [m] respectively, [ms ']
Fr - Froude number [ug/ 2B(Ty — T..)b), [-] X,y — co-ordinates, [m]
Gr — Grashof number (= gB(pH“/vzﬂ,), -] X, Y — dimensionless co-ordinates, []
g - gravitational acceleration, [ms™]
H  — length of the channel, [m] Greek symbols
h  — local heat transfer coefficient, [Wm K] a — thermal diffusivity, [m%s ]
K — dimensionless turbulent kinetic energy, [-] &  — turbulent kinetic energy dissipation, [m’s~]
k  — turbulent kinetic energy, [mzsfz] @ — wall heat flux, [Wm ]
M — dimensionless mass flow rate at the inlet A — thermal conductivity, [Wm 'K ']
section of the channel (=2m, /(e - b)ap), [-] 1 — dynamic viscosity, [kgm’ls’l]
Nu — Nusselt number (= ix/2), [-] v — kinematic viscosity, [m’s™']
P — dimensionless pressure, [—] p — fluid density, [kgm’3]
p — pressure, [Pa] 0 — dimensionless temperature, [—]
Pr - Prandtl number (= uc,/A), [-] .
0O, - dimensionless mass flow rate at the inlet Subscripts
section of the channel (= m/(e — b)ap, [-] m - average
0, - dimensionless mass flow rate at the exit p  — wall value
section of the nozzle, [] t _ turbulent
Ra - Rayleigh number (= gBH'p/Aav), [-] < — local value
Re  — Reynolds number (= buo/v), [-] o — external (ambient conditions value)
T - temperature, [K]
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