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Abstract: Adding thin compartmental plates near the internal walls of enclosures has been numerically modeled using the lattice
Boltzmann method. This practice was found to be an effective way to further suppress the disadvantageous effects of heat leak,
along with the application of insulation materials on the external surfaces. A modified extrapolation scheme for handling the
thermal boundary of the thin plate was proposed and verified by comparison with the conventional coupled boundary scheme. The
simulation of the natural convection during the cooling down processes and at steady states in the enclosure indicates that the
existence of the plates leads to a higher cooling rate and a more favorable temperature uniformity. For a typical case, the one with
plates takes 6% less time to reach the halfway point of the steady state and has 26% less temperature variance. Effects by the
plates’ positions and sizes were parametrically investigated, in order to find an optimal geometrical configuration. In addition, the
fluid’s intrinsic characteristics and the relative heat leak by using the Rayleigh number and Nusselt number, respectively, have

been discussed in detail through hydrodynamic and convective heat transfer analyses.
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1 Introduction

Undesired heat exchange with the environment
is a common problem in almost any kind of thermal
system. For instance, heat leak is one of the major
sources of thermal load for building design. In cryo-
genic applications, such as liquid hydrogen storage
tanks, heat leak via radiation and structure conduction
are the dominant causes for mass loss. To minimize
the negative effects, wrapping insulating materials
like polyurethane foam and installing a vacuum jacket
on the external side of the objective body work as the
most direct and effective approaches. It is certain that
the effect of heat leak cannot be eliminated com-
pletely, as long as the temperature difference exists.
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Nonetheless, it is possible to further reduce it by in-
terrupting the heat transfer from the heat-leaking
walls to the closed chamber’s center area. In this study,
we try to implement this idea by using a plate to alter
the flow field near the walls, without introducing any
additional heat source or sink. More specifically, such
thin plates are mounted near but not contacting the
heat-leaking walls, and not necessarily sealing off the
near-wall space. It was found that such a setup pro-
vides a potential measure to further suppress heat leak
in addition to the conventional insulations.

Natural convection driven by buoyancy in en-
closures or cavities with plates has been extensively
studied due to its wide thermal applications, such as
the cooling of electronic components, heating and
ventilation of building, and solar energy collectors. A
large number of those studies treated the plate as
either a heating or cooling source. Yang and Tao
(1995) experimentally and numerically studied the
natural convection in cubic enclosures with isolated
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heated or cooled plate suspended inside, where all the
walls were maintained at a lower constant tempera-
ture. A following study with similar physical condi-
tions on the transient process given by Ling et al.
(1999) described a cubic enclosure with an internal
vertical heating plate powered by a periodically var-
ying input. Bilgen (2005) numerically studied the
differentially heated cavity with a conductive fin
(another form of plate) attached to the hot wall. The
fin mainly serves as an extension of the hot wall;
however, the effect on the heat transfer rate was
mostly disadvantageous because of its greater influ-
ence on the flow field. Subsequently, Ben-Nakhi and
Chamkha (2007) further considered an inclined thin
fin with perfect conductivity, and presented discus-
sions on parametric conditions. Alta¢ and Kurtul
(2007) also investigated the effect of geometrical
parameters on similar problems, but with an isolated
hot plate, and proposed a correlation for the Nusselt
number. Frederick (2007) studied a 3D cubical en-
closure with a thick partition attached to the hot wall.
Flow restrictions by the partition were found to be
significant only at low Rayleigh numbers. Corvaro
and Paroncini (2009) conducted experiments in the
case where a heated strip was placed at the bottom
center of an enclosure with colder walls. The “plate”
mentioned under this context is generally referred to
as one with certain considerable thickness compared
with the dimensions of the enclosure.

Despite the relative richness of studies on the
natural convection of enclosure with a plate inside,
only a few of them considered the plate simply as a
barrier to the flow field without bringing additional
heat source and heat capacity. Jami et al. (2006) nu-
merically calculated an inclined enclosure with a
partition attached to one of the walls. The partition
was a very thin plate and thermally penetrable. Costa
(2012) numerically studied the natural convection in
an enclosure with two partitions of finite thickness,
regarding the influence by position, length, and
thermal conductivity of the plates. Although both of
them implied the feasibility of altering the heat
transfer rate by tweaking the flow field, their work
focused on the perspective of general convection
problems. Furthermore, all the above numerical
studies were based on the computational fluid dy-
namics (CFD) method with the Navier-Stokes equa-
tion. In the last two decades, the lattice Boltzmann

method (LBM) has shown some advantages in solving
hydrodynamic problems over the traditional CFD
method (Qian et al., 1992; He and Luo, 1997; Succi,
2001) due to its mesoscopic nature, intrinsic parallel-
ism, and intuitive boundary treatment. It has been
proved to be especially suitable for cases with complex
or special boundaries, and cases considering tempera-
ture change and multiphase flow phenomenon (Shan
and Chen, 1993; He et al., 1998; Guo et al., 2002a).
This paper presents a 2D model and its LBM
solutions of the natural convection behavior of the
fluid field in enclosures containing a non-heat-source
thin plate. A modified extrapolation scheme for han-
dling the thermal boundary of the thin plate has been
proposed and verified, which greatly simplifies the
computation without losing key information. We
focus more on the contributions by the thin plate to
the cooling rate of the fluid contained in the enclosure
as well as the overall heat leak reduction through the
walls. Affecting factors, such as the compartmental
plate position, plate size, and Rayleigh and Nusselt
numbers, are analyzed for the coupled flow and
temperature fields of the internal convection.

2 Model and numerical method
2.1 Object description

The geometry and boundary conditions of a
representative case model for illustrating the influ-
ence of compartmental plate on heat leak are sche-
matically shown in Fig. 1. The 2D computational
region is a rectangular space filled with air, cold walls
on the top and bottom, and hot walls on the sides. The
temperature of the cold wall is fixed at T,, which in
practical systems is usually created by coolant, such
as water or even liquid nitrogen. The thermal bound-
aries of the hot walls are in the convective condition,
which brings a heat flux at any position y, described
by g,=h*(T,—T.), into the enclosure. The parameter /
is the convective heat transfer coefficient. The fluid in
the enclosure has an initial temperature of 7, and an
initial velocity of zero.

The compartmental plates are assumed to be in-
finitely thin. This assumption not only simplifies the
boundary condition of the plate, which will be further
elaborated in the next section, but also meets the
practical application requirement to keep the intro-
duced heat capacity as low as possible.
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Fig. 1 Schematic diagram of the physical model and
boundary conditions

T, is the temperature of the cold wall; Q;, is the heat leak
through the hot walls; A is the height of the enclosure; L is the
length of the enclosure; dx is the distance of plate to the hot
wall; dy is the distance of plate edge to the cold wall

To provide a general discussion without making
the results restricted to this special case, all physical
quantities are converted to dimensionless forms.
Specifically, the length/coordinate [/, time ¢, and
temperature 7T are converted as follows:

l,=1/H, 6]
t, =t/ (10003¢), 2)
I,=(T-T)/ (T, -T), A3)

where H is the height of the enclosure, o is the time
increment of a single iteration in the LBM model, T,
is the ambient temperature, and T is the temperature
of the cold wall. The geometry of the enclosure is
considered fixed with an aspect ratio L/H of 2.

The plates are placed parallel to the Y axis with a
dimensionless distance 0.1 to each of the closest side
walls. In application, the region of interest, or the
operating space, is the “central region” marked by the
dashed rectangle in Fig. 1, instead of the complete
computational area. The boundary of the central re-
gion is defined as 15% of the total boundary length
from one side wall to the other, which means the
dimensionless distances to the left and the top walls
are 0.3 and 0.15, respectively. In the following dis-
cussion, all the mentioned temperature fields focus
only on this central region.

The physical properties of the fluid are assumed
to satisfy the Boussinesq approximation, which states
that all properties are constant except the buoyancy
force caused by small variations of density. The
buoyancy force is treated as proportional to the tem-

perature difference, F=pga,(T-T,), where p is the
fluid density, g is the acceleration due to gravity, and
oy 1s the volumetric expansion coefficient. The
Prandtl number for air at room temperature equals
0.71, which is adopted by many previous studies. The
Rayleigh number (Ra=ga.H AT/, where v is the
kinematic viscosity) and the Nusselt number
(Nu=hH/k, where k is the thermal conductivity) are
supposed to be fixed at 2.62x10° and 15.4, respec-
tively, assuming A7=20 K and 7=8.0 W/(m*-K).
Cooling rate and temperature uniformity inside the
central region were chosen as the two primary criteria
to evaluate the influence of the addition of the com-
partmental plate.

2.2 Numerical method

Thermal LBM was adopted to predict the natural
convection behavior in the present model. LBM has
been found to be an efficient tool for solving natural
convection (Bararnia et al., 2011; Kefayati, 2016;
Ren and Chan, 2016) and mixed convection (Kefayati
et al., 2012; Bettaibi et al., 2015). Unlike conven-
tional numerical methods based upon the Navier-
Stokes equation, the LBM uses pseudo particles that
represent information of the distribution function to
simulate the flow field.

To apply this method to our case, the computa-
tional regime is meshed with uniform grid. On each
grid point, two sets of distribution functions are used
to describe the flow and temperature field, respec-
tively (Guo et al., 2002a). The temporal evolution of
the convection process is represented by a series of
time-marching iterations, in which the distribution
functions of the pseudo particles undergo a collision
process and propagation process, described as the
following evolution equations:

F(x+edti4dn = £ -(f ~ fN4E, @)
T

gl.(x+c[8t,t+8t)=g[(x,t)—l(gl. -g"), ®)]
T

where ¢; is the discrete velocity in LBM, f; is the dis-
tribution function for flow field, f* is the local
equilibrium f;, F; is the force term in LBM, g; is the
distribution function for temperature field, and g/ is

the local equilibrium g;.
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The temperature field affects the flow field
through buoyancy force, which is implemented by the
force term F; in Eq. (4). The equilibrium distribution
functions and the force term are related to the mac-
roscopic properties, defined as

—§p+si(u), i=0,
3
1
fr=igpenm, i=123.4 ©
L s, i=567.38
12p i ) s Uy 15Oy
. T
giq :Z[1+2(Ci ‘u)]; (7)

s, (u) = o,[3(c, - u)+4.5(c, ‘u) —1.5u-u), (8)

—%aV(T—TO), i=2, 4,

F = ©)

0, i=1, 3,

where s, (u) is the intermediate function in LBM, p is

the pressure, u is the velocity vector, and w; is the
weight coefficient.

After the collide-propagation step, the macro-
scopic properties can be obtained through the mo-
ments of distribution functions,

u=3%cf, pz%{Zf, +s0(u)} =Yg (10)

Through a multi-scaling expansion, it was
proved that the thermal LBM model using the above
evolution steps is numerically equivalent to the in-
compressible Navier-Stokes equation and energy
equation with second-order accuracy (Guo et al.,
2002a). Our LBM algorithm is implemented in Py-
thon code.

2.3 Thermal boundary treatment for the thin
plate

As stated earlier, the compartmental plate should
be as thin as possible to avoid bringing in additional
thermal load due to its own heat capacity. In other
words, the plate only serves as a fluid flow blocker
and the thermal resistance in the normal direction of
the plane is approximately zero. This assumption
works well for thin metal plates or foil materials. The

interface between the plate and the fluid is conven-
tionally treated as thermally coupled, which means
the heat flux through the interface on each side should
be identical. It becomes a tricky problem when the
plate is very thin, as the mesh size near the plate is
limited by the thickness of the plate, which usually
leads to a very large mesh and also brings unneces-
sary computational costs.

The lattice Boltzmann evolution Egs. (4) and (5)
depicts the iterative solution of the distribution func-
tions for internal nodes, but some f; on the boundaries
cannot be obtained through collide-propagation, for
example, f3, fs, and f; for node B1 in Fig. 2. In (Guo et
al., 2002b), the unknown distribution functions of
boundary nodes are decomposed into equilibrium and
non-equilibrium parts, and the unknown macroscopic
properties are inherited from the neighboring nodes.
Thus, the unknown distribution functions are given by

fi =+ () —(f)an> where the subscript

“NN” means neighboring node. Normally, the given
boundary condition such as velocity or temperature is

applied in the £ term. However, for our case, as

shown in Fig. 2, the two sides of the plate are ther-
mally coupled, which means the temperatures of the
boundary nodes B1 and B2 cannot be directly copied
from the corresponding nodes. Taking advantage of
the “thin plate” assumption, a modified non-
equilibrium extrapolation scheme is proposed here.
The key point is how to handle the unknown temper-
ature of the plate nodes. For the case shown in Fig. 2,
the temperatures of Bl and B2 can be interpolated
from those of F1 and F2, as T =(37F;+71F;)/4 and
To=(Tr11t3TE2)/4, respectively. In this way, the heat
flux would naturally be conserved, and therefore the
thermal coupling condition is satisfied. Mesh densi-
fication is no longer required after implementing this
modification.

Y Plate
6 2 5
3 1
— |- o o
F 1 B2 F2
7 4 8

Fig. 2 Modified extrapolation scheme used for the thermal
boundary of the thin plate
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3 Results and discussion

The LBM algorithm is firstly verified upon
comparison with reference data from literature, and
also with results generated from a traditional
Navier-Stokes solver for the same specified condi-
tions. The overall influence of the plate is then eval-
uated from perspectives of both a transient process
and a thermally steady state by optimizing the plate
position, size, etc. The Rayleigh and Nusselt numbers
are examined to analyze the effects from intrinsic
system properties and from the surrounding envi-
ronment, respectively.

3.1 Model verification
3.1.1 Verification of the LBM algorithm

The coupled fields of flow and temperature were
numerically computed by the thermal lattice Boltz-
mann model with the above boundary treatment
scheme. To verify the Python code, we have repro-
duced the case of a differentially heated cavity
(Hortmann et al., 1990; Guo et al., 2002a). The
square-shaped cavity is full of air, with its left wall
kept at a higher temperature, the right wall kept at a
lower temperature, and the top and bottom walls ad-
iabatic. Comparison of the results by this implemen-
tation with those in literature is listed in Table 1. The
numbers of this work are directly extracted from
nodal values without any interpolation. Even so, they
match the reference values well.

Further, both a Navier-Stokes solver and the
LBM code were applied on the model in Fig. 1 but
without a plate inside. The simulation results con-
firmed that these two methods agree well with each
other by inspecting the temperature profiles along
several representative characteristic lines, which
cover the near boundary region as well as the central
region.

The grid size used here is 201x101 (nodes). To
check the mesh sensitivity, a case four times larger
with a grid size of 401x201 was also computed. The

average temperature in the central region 7, and the
total heat flux from the side walls were calculated,
resulting in a difference of 0.53% and 1.3%, respec-
tively. It can be concluded that 201x101 is a reason-
able configuration in a compromise between accuracy
and computational cost.

3.1.2 Verification of the plate boundary treatment

Verifying the modified non-equilibrium extrap-
olation scheme is necessary for cases with thin plates
added in. To check whether the scheme is equivalent
to the coupled conduction-convection method with
plate thickness approaching zero or not, we compared
the results by the LBM zero-thickness scheme to
some traditional coupled schemes with finite
thickness.

First, a group of cases with the exact same ge-
ometric dimensions, except the plate width, were
created and computed using a Navier-Stokes solver.
The thermal boundary for the interface between plate
(solid) and air (fluid) was set to be coupled, which
guarantees the total heat flux through the boundary to
be zero. By holding all other parameters steady and
adjusting the thickness of the plate, a varying pattern
of the temperature field can be obtained. Temperature
profiles on the typical characteristic line (x=0.2) for
the six sets of testing cases with different plate
thickness are demonstrated in Fig. 3. A characteristic
line is defined as one close enough to the plate but not
too close to be influenced by numerical errors. The
plate thickness ranges from 0.05 to 0.005 (dimen-
sionless value) in the cases based on Navier-Stokes
equation. The LBM results implementing the modi-
fied extrapolation scheme are plotted as well, which
represents the infinitely small thickness. Fig. 3 shows
that at any position in the region of y=0.2—0.8, the
temperature gets lower as Jyiae decreases, while a
reverse trend is observed at y>0.9. However, in both
segments the Navier-Stokes curves are getting closer
to the LBM curve when the thickness Jpae 1S ap-
proaching zero. These results indicate the validity of

Table 1 Verification of the thermal LBM algorithm with a differentially heated cavity case (Ra=1x10")

Reference Urnax Yimax Vinax KXinax Nttax VNu Nityye
Guo et al. (2002a) 34.6401 0.8547 68.3811 0.0664 7.8229 0.9258 4.5411
Hortmann et al. (1990) 34.7399 0.8558 68.6396 0.0657 7.7201 0.9180 4.5216
Present work 34.8373 0.8550 68.5231 0.0650 7.7570 0.9200 4.5056

Note: variable definitions can be found in (Guo et al., 2002a)
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the modified non-equilibrium extrapolation scheme
for the treatment of a thermally coupled thin plate
with zero thickness.

0.45

& ate =0, LBM
° 0.40f ------- & piate =0.005
5 | — — Spae=0.010
© 0.35[ .. & iate =0.015
"é&o.so-—"'gpwam:g-ggg _
""""" plate = 0. T
20250 — —- 5,0, =0.050 _ _ =S5 -
$ 0.20f P
= b=
S 0.15f
(%2}
8 0.10
go.
0 0.05f
0.00
0.0 0.2 0.4 0.6 0.8 1.0
Y position

Fig. 3 Proposed thermal boundary scheme versus CFD
results for different plate thickness, all lines correspond to
the temperature profile along line x=0.2

3.2 Overall influence with addition of the plate

With the help of the efficient LBM code, a
comparative study on the overall influence by the
compartmental plate at both transient and steady
states is presented. To simplify the language, “case N”
and “case P” are used in the following part to repre-
sent the cases without plates and with plates added,
respectively.

3.2.1 Transient performance

The initial state of the system is assumed to be in
equilibrium with the environment at a uniform tem-
perature of T,.. As cooling power is delivered through
the cold wall, the temperature difference creates
density imbalance, and then natural convection of air.
During the early stage of the cooling down process,
cold waves are generated periodically from the top
wall. The magnitude of the wave decays with time
when the cold and hot fluids are mixed. Due to this
thermal fluctuation, monitoring the transient variance
at a single location point is of little value because it
may contain much irrelevant random noise. Therefore,
a statistical routine is needed for the variables in the
central region.

A lumped parameter model using Tyo(f) was
adopted to describe the temporal variance of the sys-
tem. The mathematical expression of T,.,(f) can be
written as 7, avg=alefazt+a3, where a;, a», and a3 are
positive constants. For comparison, the average

temperature of the central region of the transient
cooling process was calculated and shown in Fig. 4.
Apart from some minor fluctuations due to the con-
vection waves, the temperature curves well fit the
exponential decay, which indicates the validity of the
lumped parameter model for this application. In ad-
dition, the figure shows that at any time during the
cooling down process, the average temperature of
case P is always slightly lower. Since the cooling rate
is defined as the temperature drop divided by the time
before reaching the target temperature, case P has a
larger cooling rate. Defined as the time to reach half
of the temperature drop, #5 is used to quantify this
statement. For the cases N and P, 755 is 56 and 53 in
dimensionless time units, respectively. That is, case P
took 6% less time to reach A7/2, which is not signif-
icant, but indeed noticeable. In addition, it should also
be mentioned that case P evolves to an obviously
lower equilibrium temperature.

— Case N
—— Case P
— - Exponential decay

\*

0.2 e —— ]

0 50 100 150 200 250 300
Time

Fig. 4 Comparison of the transient process for the average
temperature of the central region

Another factor of interest is the heat leak through
the hot walls, which reflects the varying thermal load
of the system. A comparative graph of the heat flux
between cases P and N is given as Fig. 5. The two
cases are initially fairly close because the thermal
influence of the plate has not spread to the hot wall yet.
Subsequently, case N shows a much higher average
heat flux, since the convective flow is bringing the
cold air closer to the hot walls, resulting in a larger
temperature difference. As the convective flow de-
velops into steady state, the difference of heat flux
between these two cases diminishes to a trivial value
(0.795%). Obviously, the curve of case P is much
smoother than that of case N, suggesting that the
fluctuation caused by convection is effectively
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suppressed by the plate installed near the side walls in
case P.
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Fig. 5 Comparison of heat flux curve from the hot walls

3.2.2 Thermally equilibrium state

The magnitudes of the fluctuation of the velocity
and temperature fields decay along time, and tend to
reach thermal equilibrium states. In terms of the
temperature, as shown in Fig. 6 (plate marked by the
blue bar), the addition of the plate leads to an overall
lower temperature in the central field, although it also
causes a slightly higher temperature near the upper
part of the hot walls. Nevertheless, the overall tem-
perature fields of the two cases are alike but with a
few isotherm lines shifted in the flow direction. The
patterns of temperature field can be better shown, as
in Fig. 7, by plotting the temperature curves along
characteristic lines. Observations can be character-
ized in three ways for case P: (a) a slightly higher
temperature of the upper region near the side walls, (b)
a smaller temperature variation in the central region,
and (c) a lower average temperature of the central
region.

The behavior of the coupled velocity field
should also be taken into account for assessing the
contribution by the plate to the cooling rate and
temperature uniformity. As shown in Fig. 8, the flow
patterns of cases N and P are similar to each other: air
is heated near the hot walls, driven up to the top by
buoyancy, cooled down by the cold wall, and finally
flows back to the bottom. The major difference is that
the existence of the plate causes the hot air to con-
centrate at the top of the gap between the plate and the
hot wall, corresponding to the 0—0.1 part of the blue
lines in Fig. 7.

Fig. 6 Comparative view of the temperature field in
equilibrium state: (a) case P; (b) case N

Note: for interpretation of the references to color in this figure,
the reader is referred to the web version of this article

0.9
0.8 ——=y=0.2,case N
— y=0.2, case P
07 —---y=0.5, case N
y=0.5, case P
06 — — y=0.8, case N
—— y=0.8, case P

o o !
w »

Dimensionless temperature
o
(&

X position

Fig. 7 Comparison of temperature profiles, with plate vs.
no plate

Note: for interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article
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Fig. 8 Comparison of velocity field with thin plate shield
(the vector lengths correspond to velocity magnitude):
(a) case P; (b) case N

The next question is why the average tempera-
ture is lower in case P. It should be noticed that the
compartmental plate raises the average temperature
near the side walls, therefore leading to a lower con-
vection rate with the surroundings. However, as it has
already been shown in Fig. 5, the heat fluxes of the
two cases at the final steady states are very close,
which is insufficient to cause the temperature differ-
ence in the central region.

The lower T in case P could be explained by
the effect of “pre-cooling”. Firstly, the heated air is
forced to flow through the narrow gap between the
plate and the top wall, which is pre-cooled by the cold
wall before entering the central region. Secondly, in
the bottom part, before the air flows back to the hot
walls, the air again has to go through the other gap
near the bottom wall, releasing additional thermal
energy before being heated once again. This effect
also causes a lower temperature at the bottom of the
gap between plate and hot wall, which is shown by the
blue lines in Fig. 7. The plate has little influence on
the total flux through the hot walls at steady state,
because the bottom part is already “sub-cooled”,
although the upper part of the gap is “over-heated”.

The standard deviation of temperature is used to
quantify the temperature variation or uniformity,

2
DINCES
TN N

where N is the total number of lattice nodes in the

(11

central region. o7 were calculated to be 7.059x107
and 5.218x107% (26% smaller) for cases N and P,
respectively. The considerably better temperature

uniformity of case P is mainly due to the convective
flow partially blocked by the plate. The total heat
transfer flux comes from the heat conduction across
the temperature gradient and thermal dissipation with
mass transfer. The temperature profiles as shown in
Fig. 6 are almost identical for both cases, which
means the heat flux through conduction is relatively
small. However, heat dissipation through the fluid
flow is significantly changed by the existence of
plates. A major difference in the heat flux by dissipa-
tion is indicated by the noticeably smaller overall
velocity magnitude in Fig. 8a compared with that of
Fig. 8b. With the addition of a compartmental plate, a
weaker heat interaction takes place at the border of
the central region, breaking the thermal equilibrium,
and resulting in a more uniform temperature field.

3.3 Plate position and size
3.3.1 Plate position

The position of the compartmental plate (more
specifically the distance to the heat-leaking wall) has
a substantial influence on the temperature and flow
distribution. Fig. 9 shows the average temperature of
the central region vs. the distance of the plate to the
side wall 6x. An interesting behavior is observed that
as ox increases, the positive effect of the plate (indi-
cated here by the steady state average temperature)
diminishes at first, but starts to enhance after passing
a certain position.

0.23

0.22p — Tayg for different plate positions
= Tavg With different definitions

0.21} —-No plate

Dimensionless temperature
o
N
o

0.17 - - s : A
000 005 010 015 020 025 0.30

Plate position

Fig. 9 Role of plate position (distance to the heat-leaking
wall) on the average temperature of the central region

Analysis of the temperature field near the
heat-leaking boundary in Fig. 10 helps to give an
intuitive explanation for this behavior. In this figure,
for both cases (a) and (b), small dx confines the heat
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within the narrow gap between the plate and the wall,
and raises the temperature of this region. As dx in-
creases, the flow resistance decreases and takes away
more heat from the gas, which lowers the average
wall temperature. As a result, a larger amount of heat
passing through the wall enters the central region. On
the other hand, if the position of the plate is far
enough away from the wall, as shown in Figs. 10c and
10d, the convective flow near the wall will be fully
developed and less affected by the plate. For this
instance, the heat leakage from the side walls is rela-
tively constant. However, as the gap distance in-
creases, the covering area of the cold walls (bottom
and top walls) also increases, and provides a stronger
pre-cooling effect before the heated air enters the
central region.

(a)

Fig. 10 Temperature and flow field for different plate
positions: (a) 0x=0.004; (b) 6x=0.008; (c¢) ox=0.016; (d)
6x=0.030

Although it is favorable to have the compart-
mental plate positioned close to the center, practical
applications would not normally allow such a design
due to the requirement of adequate operation space.
Therefore, a more rational and effective choice is to
place the compartmental plate as close to the wall as
possible, while avoiding contact with the wall.

3.3.2 Plate size

Size of the plates is another important aspect that
should be considered. As shown by the flow field
(Fig. 8a) and temperature field (Fig. 6a), the com-
partmental plate mainly serves as a blocker to the flow,
allowing only a small stream of heated air to get into
the central region. Thus, one would naturally expect
that a larger plate size is probably helpful in
strengthening the positive effect. The results in
Fig. 11 confirm this conjecture. The best case takes
place when the plate completely covers the side wall.

On the other hand, the contribution of the plate is
almost negligible when the relative plate size is
smaller than 0.7, because it provides little blockage to
the flow through that area (Fig. 8b).
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Fig. 11 Role of plate size on the average temperature of the
central region

Fig. 11 also shows that if a relative size of only
0.88 is covered by the plate, an optimal performance
improvement (in terms of T,,,) of 50% can be
achieved with much less effort, in comparison to the
case with a plate size of 1.0. In general, this suggests
that adding a compartmental plate with moderate
coverage is a low cost, but effective way to suppress
the heat leak.

3.4 Effects of Ra and Nu

All the above results are calculated with the
specified parameters given in Table 1. Further con-
sideration of varying heat leak rate and fluid property
are also investigated. The Rayleigh number Ra and
Nusselt number Nu were chosen as the control varia-
bles. Nu is a measure of the relative heat leak rate. Ra
is a measure of the intrinsic natural property of the
system, excluding the heat leak. Therefore, Ra and Nu
together represent the interior and exterior conditions
of the considered problem.

Fig. 12 reveals the relationship between 7,,, and
the Rayleigh number, as well as the Nusselt number.
The value of T,y varies from 0.178 to 0.197, with Ra
in the range of 9.5x10*-1.89x10°. Higher Rayleigh
number simulations were also conducted. It was
found that at Ra=3.78x10°, the fluctuation develops
into periodic flow instead of diminishing. At Ra=
7.56><106, the fluctuation is further reinforced, and
turns into turbulent flow. Such a behavior was pre-
viously observed (Janssen et al., 1993). In Fig. 12a, as
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Nu increases, the temperature difference between
cases P and N also increases. It suggests that the ad-
dition of the compartmental plate is more beneficial
for cases with a larger heat leak rate. On the other
hand, Fig. 12b indicates that the effect of the plate is
more significant in a low Ra range.

Fig. 13 presents a comparative view of the
steady flow field with different Nusselt and Rayleigh
numbers, where all vectors are scaled with the same
factor. Figs. 13a—13c show that the Nusselt number
has little effect on the distribution of streamlines. It
mainly affects the flow intensity, where a larger
Nusselt number corresponds to a stronger convective
flow. Meanwhile, the Rayleigh number has a stronger
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effect on the distribution of the mass flow, despite its
relatively weak impact on the temperature field as
shown in Fig. 12. For a larger Rayleigh number, the
flow tends to merge into a “main stream”, forming
clearer macro vortexes, while for a smaller Rayleigh
number, the flow is more uniformly distributed, and
only two vortexes are formed (no third one at the
bottom left).

4 Conclusions

Numerical modeling confirms that adding thin
compartmental plates close to the heat-leaking walls
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Fig. 13 Variation of flow field with different Nusselt numbers (a)—(c) and Rayleigh numbers (d)—(f). All vectors are

zoomed to the same scale

(a) Nu=3.85; (b) Nu=15.79; (c) Nu=38.48; (d) Ra=9.45x10"; (¢) Ra=4.72x10%; (f) Ra=1.42x10°
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is an assistive measure to diminish the negative ef-
fects of heat leak. Comparative cases with and with-
out plates installed were investigated for both tran-
sient processes and steady state performances. The
analysis on the transient process showed that the cool
down process followed an exponential decay behav-
ior by the lumped model. The insertion of thin plates
leads to a higher average cool down rate. It saves 6%
of the time to reach the halfway point of the cooling
process to the steady state. At the steady state, posi-
tive effects of the plate are also observed, such as a
lower thermally equilibrium temperature and better
temperature uniformity. The thin plate has little neg-
ative effect on the total thermal load; however, it
alters the flow field, and thus helps reducing the
amount of heat entering the central region.

The geometrical factors, including the plate’s
position and size, are considered. For all the consid-
ered cases, with plates positioned at around 0.09, the
equilibrium temperature was significantly lowered.
From a practical perspective, the suggested placement
of the plate is as close to the heat-leaking wall as
possible, but not contacting. A larger plate generates a
more favorable performance, which means ideally,
the plate should completely cover the heat-leaking
wall. However, 90% coverage by the plate will still
keep 50% of the benefit.

Analyses from the perspective of the Rayleigh
number and the Nusselt number were carried out as
indicators of the intrinsic property of the system and
of the environmental influence, respectively. Nu af-
fects the near-wall flow, but barely changes the over-
all flow pattern, while Ra is closely related to the bulk
convection. The beneficial effects of adding the
compartmental plate is found to be enhanced at larger
Nu or smaller Ra.
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