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Thermal Behavior of a U-Shaped Channel Subject to a
Convective Air Jet and Immersed in an Isothermal Medium

Meryem NAOUM® and Mustapha EL ALAMI?

Abstract: A numerical study of mixed convection from a U-shaped channel is carried out.
The flow is considered two dimensionnel. The inlet opening is adjusted in the right
vertical part of the channel, while the outlet one is placed on the left vertical part. Navier-
Stokes equations are solved using a control volume method and the SIMPLEC algorithm
is considered for the treatment of pressure-velocity coupling. Special emphasis is given to
detail the effect of the Reynolds and Rayleigh numbers on the heat transfer generated by
mixed convection. The results are given for the parameters of control as, Rayleigh
number (5.10%< Ra <107), Prandtl number (Pr=0.72), the hight of the vertical walls (h=5)
and Reynolds number (100<Re<700). The results show that the flow structure and the
heat transfer depend significantly on the inlet opening boundary conditions. Two principal
kinds of the problem solution have emerged. Significant correlations are proposed related to
the Nusselt number variation with Re or with Ra.

Keywords: Mixed convection, U-shaped channel, rayleigh number, prandtl number,
nusselt number

Nomenclature

diameter of the channel (m)
D dimensionless diameter of the channel (D=1)
h height of the vertical part of the channel
H dimensionless height of the vertical part
L dimensionless length of the channel
n normal coordinate
Nu mean and normalized Nusselt number

Er Prandtl number (Pr=v/a=0.72)

RZ Rayleigh number (Ra=gBATH%/(av)
T Reynolds number (Re= V,.d/v)

To temperature of fluid (K)

t reference temperature (outside air (K))

time (s)
dimensionless time (= t. d?/a)
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Casablanca, Morocco.
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0 dimensionless temperature of fluid (= (T-T¢)/(T¢-To)
u, v velocities in x and y directions
U,V dimensionless velocities in x and y directions [=(u, v)/V,]
Vo average jet velocity at entrance (m/s)
X,y dimensionless Cartesian coordinates
o thermal diffusivity
B volumetric coefficient of thermal expansion (K™)
by thermal conductivity of fluid (W/m.K)
v kinematic viscosity of fluid (m?/s)
0 fluid density (kg/m®)
v stream function (m#/s)
N dimensionless stream function(=y/c)
Subscripts
C
f hot
0 cold
moy reference
average

1 Introduction

High performance thermal systems are of interest in several engineering applications and
therefore, this leads to developing techniques for heat transfer enhancement in order to reduce
overall heat exchanger dimensions and to increase their efficiency. Study of convective flows
in a channel shaped “U” is of practical interest in various fields, such as air conditioning to its
pre-cooling, the so-called underground heat exchanger. This latter has often been the subject
of several experimental and numerical studies in recent years. It helped to establish rules and
reliable design tools for different configurations [Hollmuller (2002)]. Geometry
improvements have also helped to optimize energy efficiency.

Significant work has been done in this subject. In particular, the work of Dehina [Dehina
and Mokhtari (2012)] which proposed a numerical simulation of air-ground exchanger to
improve energy efficiency; the author incorporated a coaxial tube of smaller section
carrying water to irrigation at constant temperature. Naili et al. (2010) have studied the
opportunity to exploit the thermal inertia of the ground for heating: An analytical study
validated by experimental another was used to assess the thermal performance and
optimize the heat exchanger operating parameters. Mebarki et al. (2012) studied a
underground heat exchanger air conditioning system in arid areas. They studied the
influence of geometrical parameters on the temperature inside the heat exchanger.
KHABBAZ et al. (2014)conducted an experimental study of thermal performance of an air-
ground heat exchanger (EAHX), “Canadian Well” paired with a house on the outskirts of
Marrakech (Morocco). The exchanger consists of 3 PVC pipes length 77 m each buried at
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a depth of 2 m to 3 m in the garden of the house. The results show that the Canadian
system is well suited for the cooling of air in buildings in Marrakech, as it provides an
almost constant air temperature of about 24°C when the outside temperature is between
22°C and 40°C.

In this work, we study mixed convection flows in a U-shaped channel simulating a
Canadian well immersed in an isotherm soil warmer than the ambient air. The originality
of this work is the introduction of several control parameters influencing the flow and
heat transfer in the channel. On the other hand the different types of boundary conditions
that we will study later, in same configuration, will value more our approach. First, we
present results in terms of flow structure (streamlines and isotherms) for different values
of the control parameters. Average temperature and velocity at the exit of the channel as
well as the Nusselt number are also determined and analyzed according to the main
parameters of our study. Our approach will be based on the finite volume technique.

2 Studied configuration and mathematical formulation

The studied configuration is shown in Figure 1. This is a U-shaped channel ventilated by
outdoor air in the inlet (right opening) at a cold temperature (Tf, 6=0). The channel is
immersed in an isotherm medium, hotter than air at the entrance. So it walls are
maintained at a hot temperature (TC, 6=1).

We assume that the flow and heat transfer are two-dimensional and that the physical
properties of the air are constant. The study is conducted under the Boussinesq
approximation whose validity is checked for this type of system for which the maximum
difference of temperature varies from few degrees Celsius to about 20 to 30°C depending
on the region, the period and depth.
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Figure 1: Studied configuration
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Referring to Figure 1, the non dimensional variables are defined as follows:
| = L h H _t u v P T-Tf

a’ a’ Ao’ Vo’ Vo’ pVo2’ Tc-Tf

With:
d: Characteristic diameter, d/Vo: Characteristic time: pVo?® Feature Pressure, Vo:

Characteristic velocity (imposed on the channel inlet).

So the non dimensional equations in terms of temperature 0, driving pressure P and
velocities U and V, are written in the form:

T+ Z=0 1)
TPy, 120,20 @)
%+UZ_;+V%=__+1(Z;Z+%)+%9 (3)
TSV = (Gt ) @

The boundary conditions associated with these equations are defined as:
e At the inlet opening of the channel 9 0 V=-1,U=0
e At the channel outlet: U= O ayz =0, ayz =016,7]
e  On the walls: U=V=0, 0=1

3 Numerical method

The results presented in this work, have been obtained by using numerical procedure
based on a finite volume technique [Patankar (1980)]. The governing equations were
solved considering the boussinesq approximation. Two dimensional flows are considered
in this study and the velocity-pressure coupling is solved by using SIMPLEC algorithm
[Van Doormaal and Raithby (1984)].

As a result of a grid independence study, a grid size of 80x160 was found to model accurately
the flow fields described in the corresponding results. Time steps considered are ranging
between 10 and 107,

The accuracy of the numerical model was verified by comparing our results with those
obtained by De Val Devis (1983) and Le Queré, Alziary De Roquefort (1985) for natural
convection in differential heated cavity, Table 1, and then with the results obtained by
Kalache et al. (1985) in a trapezoidal cavity (Table 2).

Finally, we have confronted our results to those proposed by Derayaud and Fichera
[Desrayaud and Fichera (2002)] in a vertical channel with two ribs symmetrically placed
on the channel walls (Table 3). Good agreement was obtained in W.x and Nu terms.
When a steady-state is reached, all the energy furnished by the hot wall to the fluid must
leave the channel through the outlet opening. This energy balance was verified by less
than 3% in all cases considered here.



Thermal Behavior of a U-Shaped Channel Subject 59

Table 1: Comparison of our results and those of De Val Devis et al. (1983), Le Queré et
al. (1985).

Ra De Val Devisetal. [De LeQueréetal[Le Presentstudy Maximum

Vahl Davis (1983)] Queré et al. (1985)] deviation
10;‘ Y= 5008 0 ¥ 1e=5.035 1.2%
10 Yo=9.667 - P,1ax=9.725 0.6%
10 Wan=17.113 16.8110 Yo=17.152  0.2%
0" 30.170 w_=30077 03%
Table 2: Comparison of our results and those of Kalache et al. (1985)
Gr Present study Kalache et al. Maximum deviation
2.5x10° W nax=5.42 W nax =5.37 2.4 %
5x10° W ax =9.74 W ax =9.77 4.1%
10* W oax =15.43 W oax =15.41 0.2%
Table 3: Comparison of our results and those of Derayaud and Fichera (2002).
Ra=10° : . -
(A=5) Derayaud and Fichera. Present study Maximum deviation
Prax 151.51 152.85 0.9%
M 148.27 151.72 2.2%

4 Results and discussion

In this paper, the analysis is focused on heat transfer rate across the hot walls, flow and
thermal fields for range of Rayleigh number: 5x10°< Ra <10, Reynolds number:
100<Re<700 and other parameters of the problem (L=10, D=1, H=5 and Pr=0.72).
Rayleigh number values and Reynolds number ranges are chosen in favour of mixed
convection role.

The particularity of this problem is the appearance of different solutions when varying
the parameters Re and Ra. The flow structure is, essentially, composed of the open lines,
which represent the forced flow, and closed cells which are due to the recirculating
movement up of the jet or to natural convection phenomena. In this later case, the cells
are dawn of the forced flow, localised substantially in the right column of the channel.

In this section, we present the effect of the control paramter variations on the flow
structure and the thermal field. These will be presented as streamlines and isotherms for
the following values:

- Reynolds number variation: 100 <Re <700, R=10°, Pr=0.72, d=0.2m, L=10, H=5

- Rayleigh number variation : 10° <Ra <10’, Re=500, Pr=0.72, d=0.2m, L=10, H=5
4.1 Qualitative study
4.1.1 Reynolds number variation

In this paragraph, we discuss the Reynolds number effect on the flow structure and heat
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transfer. We have identified two main areas of the Reynolds number in the range 100< Re
< 700: An area of low values of Re (100<Re<500) for which Nu increases with Re. A
second zone of large values of Re (500<Re<700) in which Nu decreases when Re
increases.

Only typical representative figures of the flow structure will be presented in this paper.

For low values of Reynolds, the streamlines are almost parallel to each other and to the
walls of the channel, Figure 2, for Re=300. The boundary lines prokatyvajut walls except
in the lower corners of the channel, where these is flow separation. So, we get a simple
structure. The thermal field (left) shows that the heat exchange between the walls and the
ventilation jet of fresh air is mainly performed in the vertical column on the right. Indeed,
the velocity of ventilation at the inlet is still weak (and therefore low mass flow rate) and
favors a limited heat transfer in a vertical air intake column. We note that in the rest of
the channel, there is practically no heat exchange between the active walls and the inside
air. Increasing Re, a flow contraction zone appears at the corners, Figure 3 and 4, for
Re=400 and 500, respectively. The one on the right corner is stronger than the left. This
may be due to the reversal of the flow direction (opposite to gravity in the right corner
and the contrary, in the left corner). Note also that the two modes of natural convection
and forced convection operate in the opposite direction (right column) and in the same
direction (left). Narrowing zones are increasing progressively, as Re increases, until
appearance of the recirculating cells at the two corners, Figure 5, Re=600. The structure
of the flow becomes relatively complex.
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Figure 3: Isotherms and Streamlines for Re=400, Ra=10°
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Fiaure 5: Isotherms and Streamlines for Re=600. Ra=105

4.1.2 Rayleigh number variation

We set the Reynolds number around its optimal value Re=500 (obtained in the
exploration of the preceding paragraph) and we varied Rayleigh number in the following
range related to the laminar flows: 10°<Ra<10’.

For Low Rayleigh number (10°<Ra<10*), the flow structure is identical to that shown in
Figure 6, for Ra=10". Streamlines are almost parallel to each other and parallel to the
channel walls. By cons, they have small deviations at the corners and the left vertical
column and then laminated with the walls of the left vertical column. We also note a
slight gap between the streamlines and channel walls. It is probably due to the flow
separation at the levels of the two corners thereof. The thermal field (left) shows a very
marked isothermal tightening along the walls of the vertical inlet column and on the right
side of the horizontal walls. Heat Exchange between the hot medium and the air is
getting, mainly, at the first half of the channel. For Ra=10° (case treated in the previous
paragraph, Figure 4) the structure of the flow is substantially identical to the case of
Ra=10*, with a slight increase of the recirculating cells into the corners of the channel.
Above Ra=10°, the air flow has significant changes in thermal and dynamic fields. Indeed,
for Ra=10°, Figure 7, the streamlines lose their simple structure, in particular, we note the
intensification of the two training cells located above the air jet and the emergence of a
second cell down of the fresh air jet and in the right corner of the channel. The latter
causes a substantial separation of the forced jet of fresh air, along the entire vertical wall
of the right vertical channel part. This separation occurs in a negative way on the heat
transfer between the wall and the fresh air: the isothermal lines are distorted and
relatively dispersed in this area, by comparison to the previous cases.

For Ra=10’, Figure 8, and in comparison to thermal and dynamic fields in the previous
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paragraph, two important points should be emphasized:

The multicellular structure becomes strong in heat exchange zone (right column)
where there is the appearance of convective cells in just a few areas, especially
near the hot walls. We also note the increase in high heat exchange areas that
stretch up to the beginning of the horizontal portion. A return flow is also observed
at the exit of the channel, confirming the strong competition between forced and
natural convection.

The second point concerns the distortion of the streamlines in the horizontal part
of the channel because of the thermal gradient that intensifies with increasing Ra.
Heat transfer in this horizontal part becomes very important in the first half of the
channel. This importance is explained by the opposition of the two convection
modes, against the second part of the channel both modes operate in the same
direction.
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7: Isotherms and Streamlines for Re=500, Ra=10°
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Figure 8: Isotherms and Streamlines for Re=500, Ra=10’

4.2 Quantitative Study

We present, in this section, the effect of the Reynolds number variation on the channel outlet
temperature and velocity for the value selected Rayleigh (Ra=10°).
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Knowing the velocity and temperature profiles at the exit of the channel, we gave information
ons the amount of energy gained by air from entering the channel until it leaves. It is,
therefore, important to examine their evolutions at this zone of channel. In Figure 5 and 6,
we present the profiles 0(x) and V(x), respectively for Re=100 and Re=700. We find that
along the major part of the outlet opening, air exits at a temperature close to that of
thechannel walls. The outlet velocity profile, in turn, is symetric and does not exceed the
value 1.4 (dimensionless velocity). When Re increases, the thermal profile becomes
symmetrical for Reynolds number up to Re=300 (figure not shown) and then 6(x) is a
parabola centered in the middle of the opening.

We note in these figures that the air exits cooler as Re increases and the outlet velocity
becomes important. It should be noted that the study of profiles 6(x) and V(x) according
to the Rayleigh number variation (Figures not shown), was performed by setting the
value of the Reynolds number Re=500. These profiles are virtually identical to those of
Figure 9 and 10.
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Figure 9: Temperature and velocity variation at the channel outlet for Re=100,
Ra=10°
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Figure 10: Temperature and velocity variation at the channel outlet for Re=700,
Ra=10°
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The average values of the temperature 60y and velocity Vi, at the exit of the channel,
are also studied by variing the principle control parameters of this work (Re and Ra).

By setting Ra=10°, we find that the average temperature at the channel output remains,
practically, constant around the value of 6,,,=0.88 in the range of Reynolds number
200<Re<500 and then falls rapidly at Re=600 (6,,=0.75) and increases again at Re=700,
Figure 11.

For against, as regards the average velocity V,y, at the outlet of the channel, it constantly
decreases from Re=100 to 600 and then increases in the range 600<Re<700. This leads to
the conclusion that in this type of configuration, you must ventilate at low flow rates to
achieve good air cooling (Figure 12).

These quantities are then studied according to the Rayleigh number as shown in Figure
13 and 14. Figure 13 and 14 are the expressings for 6,0, and Ve, respectively. Note that
the average temperature slightly varies with Rayleigh, contrary to the average velocity
which remains constant in the region of low Rayleigh number, and then increases
exponentially when the number of Rayleigh exceeds the value of Ra=10°. This finding
confirms that the air jet is energetically more powerful and therefore more cost-effective
for high values of Ra. This is a trivial result since more and more thermal gap between
the ground and the outside air is large, more and more heat is recovered in the pipe
system.
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4.3 Heat transfer

Heat exchange between the channel walls and fresh air (convective jet) is evaluated in
terms of average Nusselt number. Its variation with Reynolds number is shown in Figure
11. We see that Nu increases with a logarithmic trend between Re=100 and Re=500, a
value for which reaches a maximum and then fall slightly between Re=500 and 700. The
value of Re=500 is presented as an optimal value in this type of configuration.

We correlated Nu vs. Re in the range 100<Re<500 by the relationship: Nu~2.95xIn (Re)-4, 9,
for Ra=10".

This result is similar to those provided by available correlations in the literature, Abid et al.
(2012) and Meskini et al. (2011). We can also note that there has been a fall in the Nusselt
number curve for the high values of Re, which is also found in these two references with less
intensity than the one shown in this figure (Figure 15).
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Figure 15: Nusselt number variation with Re number, Ra=10°
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In the same manner, the variation of the Nusselt number with Rayleigh number is
presented in Figure 16. We note that Nu decreases slightly between Ra=10° and 10° and
then it increases rapidly (Nu=23.18) between 2x10° and 5 x 10°. Maximum of Nu is
sensed around the latter value of Ra. Above Ra= 5x10° Nu slowly falls from 23.18 to
19.62.
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Figure 16: Nusselt number variation with Ra, Re=500
5 Conclusions

We have numerically studied mixed convection flows in a U-shaped channel which can
represent a Canadian well for air cooling. We have presented in this article, the first
results in terms of flow structures and heat transfer through the channel. The results show
that:

e At low Re, the heat exchange is limited to the right vertical column of the channel.
The major part of the channel is nearly isotherm,

e When Re increases, there is significant improvement of heat exchange along all
the walls of the channel,

e If one continues to increase Re, drive cells appear and cause a flow separation at
the corners of the channel, which destroyed the transfer of heat from hot isotherm
medium to fresh air,

e  The Nusselt number has a maximum around the value Re=500 in the case where
the Rayleigh number is set equal to Ra=10°,

e At low values of Ra, the drive cells appear in the corners and at the outlet of the
channel and continue to increase in size to occupy all parts of the channel for high Ra.

As a result significant in engineering, we have proposed a correlation of Nusselt number

versus Re. By cons, we could not correlate the variation of Nu according to Ra, since the
latter has an oscillatory appearance.
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