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ABSTRACT

The convective heat transfer to a window below which is mounted a natural convective heater has been numerically studied. The flow has been
assumed to be three-dimensional and steady and to involve regions of laminar and turbulent flow. Fluid properties have been assumed constant
except for the density change with temperature which leads to the buoyancy forces. The solution has been obtained using a commercial cfd code.
Results have been obtained for a Prandtl number of 0.7. The effects of changes in the flow variables on the window Nusselt number and on the flow

and temperature distributions have been examined.
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1. INTRODUCTION

For various reasons, such as increasing thermal comfort, convective
heaters are often mounted below a cold window in buildings in cold
climates. The presence of the heater alters the flow and temperature
distributions in the room near the window and the rate of convective
heat transfer to the window. The nature of these changes has been
numerically studied here. When the heater output is low the cold
downward flow from the window reaches the floor leading to a cold air
layer forming near the floor. At higher heater outputs the hot upward
flow from the heater is strong enough to divert the cold flow from the
window away from the floor. The basic situation considered in the
present study is shown in Figs. 1 and 2 and is, as can be seen from these
figures, a very approximate model of most real situations. Here, the
heater and the window are both represented by plane isothermal
sections, the window section being colder and the heater section being
hotter than the room air far from the wall containing the window and
the heater. The isothermal section representing the heater is in the plane
of the wall containing the window while the isothermal section
representing the window is recessed into the wall as shown in Fig. 1. As
indicated in Fig. 2 the heater width has been assumed to be greater than
the window width which leads to a complex three-dimensional flow
near the vertical edges of the window. The main reasons for
undertaking the present study were to determine the conditions required
to ensure that the cold downward flow from the window is diverted
away from the floor by the hot upward flow from the heater, to
determine whether the conditions under which the upward diversion of
the cold window flow occurs are different in laminar and turbulent
flows, and to determine the effect that the upward diversion of the cold
window flow has on the window heat transfer.
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Fig. 1 Side view of situation considered.
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Fig. 2 Front view of situation considered.

There have been a number of studies of flow near window-wall
heater systems typical of these being those undertaken by Turkoglu and
Yucel (1995), Savin (1991), Shia-hui and Peterson (1995), Lankhorst
and Hoogendoorn (1990), and Spolek (1986). Studies of thermal
comfort near heaters and windows have been undertaken by, for
example, Larson and Moshfegh (2002), Jurelionis and Edmundas
(2008) and Kruger (1996). There have also been a number of basic
studies of flow in enclosures with heated and cooled wall sections,
typical of these being studies undertaken by Kulkarni and Cooper
(1995), Mohamad et al. (2006), and Sigey et al. (2004). The results
obtained in these studies have some relevance to the present work.
Many numerical studies of the convective heat transfer between a
window system and a room have been undertaken these also having
relevance to the present work. The majority of these studies are based
on the assumption that the flow remains laminar and steady, examples
being those of Collins et al. (2002a; 2002b), Oosthuizen et al. (2005),
Oosthuizen (2005; 2006a; 2006b) and Ye et al. (1999) although there
are some studies in which transition from laminar to turbulent flow over
the window system has been considered, e.g., see Oosthuizen (2009).

Both laminar and turbulent flow are considered in the present
study. The numerical approach used here to determine when turbulence
develops, i.e., solving the Reynolds averaged governing equations
together with a turbulence model and then monitoring the solutions
obtained with increasing Rayleigh numbers to determine when
significant turbulence effects develop has been used quite extensively
used for forced convective flows, e.g., see the early studies by Savill
(1993), Schmidt and Patankar (1991), Plumb and Kennedy (1977), and
Zheng et al. (1998). The results obtained in these studies indicate that
while k-epsilon turbulence models do not give good predictions of
transition in all cases they do appear to give acceptable results for the
type of situation being considered here. Some work on the use of this
approach in natural convective flows has also been undertaken, e.g., see
Albets-Chico et al. (2008). Studies of window related transitional and
turbulent flows are described by Coussirat et al. (2008), Manz (2003),
Oosthuizen and Naylor (2009) and Xaman et al. (2005). More general
numerical studies of turbulent flows in buildings are described for
example by Rohdin et al. (2007), Zhang et al. (2007), Kuynik et al.
(2007), Stamou and Katsiris (2006) and Posner et al. (2003).

Although there have been a number of studies of flow near
window-wall heater systems there still appears to be the need for more
basic work in this area to more clearly define how the geometric
arrangement involved affects the flow and heat transfer rate. It was for
this reason that the present study was undertaken. The present study, as
is the case in many of the previous studies, considers only the
convective heat transfer. In window heat transfer situations, the radiant
heat transfer can, of course, be very important and can interact with the
convective flow.
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2. SOLUTION PROCEDURE

The flow has been assumed to be steady and, in general, to involve
regions of laminar and turbulent flow. The fluid properties have been
assumed constant except for the density change with temperature that
gives rise to the buoyancy forces, this being dealt with using the
Boussinesq approach. The mean flow has been assumed to be steady.
The solution has been obtained using the Reynolds averaged Navier-
Stokes equations in conjunction with the Standard k-epsilon turbulence
model including full buoyancy force effects. The governing equations
have solved using the commercial CFD code FLUENT. The
temperature of the fluid far from the plate has been assumed to be
constant and specified. Radiant heat transfer effects have been
neglected. The boundary conditions assumed were basically that the
velocity was zero on all solid surfaces, that the temperature was
specified on the surface of the “window” and on the surface of the
heater, that the temperature gradient was zero normal to all other solid
surfaces, that the pressure was equal to the ambient pressure on the
outer surface of the solution domain and that any fluid entering through
this outer surface was at ambient temperature and crossed the outer
surface at right angles to the surface, and that the flow was symmetrical
about the vertical center-plane through the window and heater.
Extensive grid- and convergence criterion independence testing was
undertaken. This indicated that the heat transfer results presented here
are to within 1% independent of the number of grid points and of the
convergence-criterion used. An indication of the adequacy of the
numerical model is also given by comparing the results obtained in the
present study for the natural convective heat transfer rate to the window
for the case where there is no heater with mean lines through existing
experimental results for laminar and turbulent natural convective flow
over a vertical isothermal flat plate. Such a comparison is shown in Fig.
3, which is discussed further below, and good agreement between the
present numerical results and the mean line through existing
experimental results will be seen to be obtained.

3000 T T T T T |
/
2500 - ® Numerical - No Heater 7/ -
/
2000 | Laminar Flat Plate / .
Nu,, ———=— Turbulent Flat Plate /
1500 |- / ]
/
1000 |- A 1
/
/e
500 - ]
0 | | | | |

1le+7 1e+8 1e+9 1e+10 1e+11 1e+12 1e+13 1e+14

Ra
w
Fig. 3 Variation of window Nusselt number with Rayleigh number for
the case where there is no heater. The lines show the variations
for a vertical isothermal flat plate deduced from experimental
measurements for the cases where the flow is laminar and where
it is turbulent.

3. RESULTS

The solution has the following parameters, the window height H
having been used as the length scale and the absolute value of the
difference between the window and air temperatures as the temperature
scale:
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Fig. 4 Velocity contours on vertical center-plane for Ra,, = 10% (left)
and for Ra, = 3x10' (right) for the case where there is no
heater.

1. The Rayleigh number, Ra,, , based on the “window” height
and the window-air temperature difference, i.e.:

Be(T, -T,)H’
W= ()
vo
2. The Prandtl number, Pr.
The dimensionless width of the “window”, W =w/H.
4. The dimensionless width and height of the heater, i.e.
Wh=w,,/Hand Hh :hh/H.
5. The dimensionless height of the bottom of the window from
the floor and the dimensionless height of the ceiling from the
top of the window, i.e., B, = b,,/Hand C,, = ¢,,/ H.

6. The dimensionless recess depth of the window D, = d, / H
The ratio of the heater to room temperature difference to the
room to window temperature difference € = (T), — Te)/(Tr —
T,).

Because of the application being considered results have only been
obtained for Pr = 0.7, i.e., the approximate value for air. Results have
also only been obtained for the case where the “window” surface is at a
lower temperature than the room air. Results will only be given here for
the case where W =2, W,=25,H,=0.3,B,=1,C,=0.5, and D, =
0.1. Results obtained with other values of these parameters show the
same basic characteristics as those presented here. Therefore, the

solution parameters are Ray, and 6. The range of Rayleigh numbers
covered in the present work is such that laminar flow exists at the lower
values of Rayleigh number considered and turbulent flow exists at the
higher values of Rayleigh number considered.

The mean heat transfer rates to the window and from the heater
have been expressed in terms of the mean Nusselt numbers, Nu,, and
Nuy, based on H and 4, respectively, i.e., in terms of:

Ra

bl

__4q\.H

7' h
_ Nu, = qd .
k(TF _Tw)

- . 2
k(Th_TF) @

w

where ¢ "and q, "are the mean heat transfer rates from the window

surface and the heater surface. In addition to the ‘window’ Rayleigh
number, Ra,, and ‘heater’ Rayleigh number, Ray, , will also be used, this
being defined as:
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Fig. 5 Variation of window and heater Nusselt numbers with Rayleigh
number for 8= 1.
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Fig. 6 Variation of window and heater Nusselt numbers with Rayleigh
number for 6="2.
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Results for the case where there is no heater below the recessed window
will first be considered. The variation of the mean window Nusselt
number with window Rayleigh number for this case are shown in Fig.
3. As discussed above, the mean line through available experimental
results for the variation of the mean Nusselt number with Rayleigh
number for laminar and for turbulent natural convective heat transfer
from an isothermal vertical flat plate are also shown in this figure and it
will be seen that there is good agreement between the two sets of
results. This indicates that recessing of the flat plate does not have a
very significant effect on the heat transfer rate. Figure 4 shows typical
velocity distributions on the vertical centre-plane normal to the window
for this case. Because there is no heater present in this case the flow is
all downward from the cold window. Typical variations of window and
heater Nusselt numbers with Rayleigh number for dimensionless heater
temperatures of 1, 2, 3, and 4 are shown in Fig. 5, 6, 7, and 8.
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Fig. 7 Variation of window and heater Nusselt numbers with Rayleigh
number for 8 = 3.
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Fig. 8 Variation of window and heater Nusselt numbers with Rayleigh
number for € =4.

It will be seen from these results that in all cases the Nusselt numbers
for the heater are lower than for those for the window and that, as is
further illustrated in Fig. 9, at the two lowest values of @ considered the
window Nusselt number variations are essentially identical and the
same as that would exist with natural convective flow over a plane
vertical isothermal surface. However at the two higher values of & the
window Nusselt numbers are higher than those for the lower & values as
a result of the flow of the hot air from the heater near the window.
These changes are thus associated with the changes that occur in the
flow pattern with increasing € at low values of 6 the downward flow
from the window dominates whereas at the higher values of & the
upward flow from the heater predominates. This is illustrated by the
typical vertical centre-plane velocity contours for various values of 8
that are shown in Figs. 10 and 11. The profiles given in Fig. 10 are for a
Rayleigh number of 10° whereas those in Fig. 11 are for a Rayleigh
number of 10'2.
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Fig. 9 Variation of window Nusselt number with Rayleigh number for
four values of the dimensionless heater temperature, 6.

Now the characteristic velocity associated with a natural convective
flow over a vertical plane surface is:

o
u, =—4/RaPr 4)
L

where Pr is the Prandtl number and Ra is the Rayleigh number based on
the height of the surface, L. The change in flow pattern and the rise in
the Nusselt number with that occur with the system being considered
here can be expected to occur when the characteristic velocity
associated with the upward heater flow becomes comparable to the
characteristic downward velocity associated with the window flow, i.e.
when:

%«/RaPr = %‘/Rah Pr

i.e., since:
% \JRaPr = %w/Rah Pr
i.e., since:
Ra; = Ra %
(/)

the change can be expected to occur when:

H 0 . 0
JRa = — Ra ——— i.e.,when: =1
h \/ (/1) (1 /)

Results are being presented here for the case where H/h =1/0.3 so the
change can be expected to occur when:

0 =333 5)
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Fig. 10 Variation of window Nusselt number with Rayleigh number for
four values of the dimensionless heater temperature, 6.
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Fig. 13 Variation of window Nusselt number with dimensionless
heater temperature, 6, for Ra,, = 10,

This result indicates that for a given system the change in flow pattern
will occur at a particular value of @ irrespective of the value of the
Rayleigh number. For the system here being considered it indicates that
the change will occur at = 3.33. While this result can only be expected
to give a relatively rough description of when the change will occur in
the system here being considered because the window is recessed and
thus not in the same plane as the heater and because the flow in the
system is three-dimensional it should give an indication of when the
change from a dominantly downward flow to a dominantly upward
occurs and considering the velocity contours shown in Fig. 10 and 11 it
will be seen to basically give quite a good description of the conditions
when the flow change and hence the significant rise in the window
Nusselt number occurs. This is further illustrated by the results given in
Figs. 12, 13, and 14. These figures show the variation of window
Nusselt number with dimensionless heater temperature, 6, for three
values of Rayleigh number. It will be seen that at all Rayleigh numbers
considered the window Nusselt number remains essentially constant
with increasing Hup to a & value of approximately 1.7 and then
increases with increasing 6. Thus for the system here considered the
flow pattern change from a dominantly downward flow to a dominantly
upward flow occurs at a @value of approximately 1.7. The variations
of window Nusselt number ratio Nu,,/ Nu,,,, where Nu,,,is the constant
window Nusselt number for @ values below 1.7, with dimensionless
heater temperature, 6, for six values of the window Rayleigh number is
shown in Fig. 15. The mean line through the results for all Rayleigh
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Fig. 15 Variation of window Nusselt number with dimensionless
heater temperature, 6, for various values of Ra. Solid line is
mean line through results for & greater than 1.7.

numbers for Avalues of 1.7 and higher is also shown in this figure.
While an effect of Rayleigh number will be seen to exist in these results
this effect is relatively small and the results given in this figure indicate
that the Nusselt number ratio variation is the basically the same in
laminar and turbulent flows.

3. CONCLUSIONS

The results of the present study indicate that:

1. At the lower values of the dimensionless heater temperature, &,
considered the downward flow from the window dominates the
flow pattern and the variation of the window Nusselt number with
Rayleigh number is essentially independent of the value of § and
approximately the same as for flow over a vertical plane
isothermal surface.

2. At the higher values of the dimensionless heater temperature, &,
considered the upward flow from the heater dominates the flow
pattern and the variation of the window Nusselt number with
Rayleigh number is dependent of the value of &the Nusselt
number at a particular value of the Rayleigh number increasing as
@ increases.

3. An approximate analysis indicates that the change from a flow
pattern dominated by the downward flow from the window to a
flow pattern that is dominated by the upward flow from the heater
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occurs at a fixed value of #and the numerical results indicate that
the change occurs approximately when:

0 >17

4. The basic form of the variation of the ratio of the window Nusselt
number to the window Nusselt number at very low values of &
with @ is effectively independent of Rayleigh number and thus
approximately the same in laminar and turbulent flows, the form
of this variation being given in Fig. 15.
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NOMENCLATURE
g Gravitational acceleration (m/s”)
B b/H
B Distance from bottom of window to floor (m)
C c/H
c Distance from top of window to ceiling (m)
d, Window recess depth (m)
D, Dimensionless window recess depth, d,/H
H Height of the window (m)
hy, Height of heater (m)
H, Dimensionless height of heater, 4,/H
K Thermal conductivity of air (W/m-K)
L Height of plane vertical surface (m)
Nuy, Mean heater Nusselt number based on £, and on (77, — Tp),
i.e., 6' h hh/ k (Th - TF)
Nu,, Mean window Nusselt number based on A and on
(wa TF)7 i'e's ‘7’ w H/ k(TFf Tw)
Pr Prandtl number
q' Mean heat transfer rate from window (W/m?)
q'. Mean heat transfer rate from window (W/m?)
Ra,, Rayleigh number based on H and on (Tr—T,,)
Ray, Rayleigh number based on %, and on (7}, — Ty)
T Temperature (K)
Tr Temperature of air to which window is exposed (K)
7, Temperature of surface of the heater (K)
T, Temperature of surface of the window (K)
u, Reference velocity
w w/H
/4 h wy /H
w Width of window (m)
wy, Width of heater (m)
Greek Symbols
o Thermal diffusivity (m%/s)
1) Bulk expansion coefficient (1/K)
0 (Ti—T9)/ (T,—Tp)
v Kinematic viscosity (m?/s)
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