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Theoretical investigation of natural convection heat transfer in inclined and

fully divided COz enclosures on Mars
Yue Sur?, Guiping Lin? Yu Jia®*, Dongsheng We#®, Lizhan Bai®

al aboratory of Fundamental Science on Ergonomics and Environmental Control, School of Aeronautic
Science and Engineering, Beihang University, Beijing 100191, PR China
bSchool of Chemical and Process Engineering, University of Leeds, Leeds LS2 9JT, UK

Abstract: This work presented extensive numerical studies on fluid flow and heat transfer in inclined and
fully divided CQ enclosures with partitions on Mars. An atmospheric pressure of 10@JyRejtational
acceleration of 3.62 nflsanda Prandtl number of 0.77 were considered in the computation. The hot and cold
walls were maintained at uniform temperaturesnef Z40 K and T= 200 K, while the others were assumed
as adiabatic, and the boundary condition of partitions was ass@asebupled. The velocity fields,
temperature contours, and heat flux throG@gh enclosures were presented &Rayleigh number of 7270,
anaspect ratio of 7.14iJt angles from 0° to 903nd partition numbers of 0, 1, 2, and 3. It was observed that
three flow regimes formed successively when the tilt angle increased, namely thegiRBgleard
convection, transition convection, and single-cell convection. The transition regime was the nadwé unst
regime. The values of two critical tilt angles between the three flow regimesalger@btained. With
increasing angle, the heat flux slightly decreased in the first regime, signifidactigased in the second
regime, and initially increased and then slightly decreased in the third regime. The opjffesiteof
partitions on the first and the third regimes was explained by the field synergy riridigl partition
advanced the formation of the single-cell convection to a lower amglalso alleviated the fluctuation in
the heat flux for variouslt angles, which contributes to the future thermal desigviars rovers operating
on rugged Mars surface.
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1 Introduction

Enclosures are widely used in several industrial applications for heat conservation such as design of solar
collectors, multilayered walls, electronic equipment cooliagd double pane windows. Furthermore,
natural convection inside the vertical and horizontal enclosisresxtensively examined in different
operating environments. However, in addition to being influenced by the different conditionscm whi
enclosures are located, fluid floand heat transfer inside the enclosure also significantly differ when the
inclination of the enclosure changes or when the enclosure is divided by partitions. Therefore, several
studies focused on the effect of tile angle and partitions attached to the enclosure on heat transfer. In
typical applications, air-filled cavities on the Earth were mostly reviewed as discussed below.

The investigations of heat transfer in classical enclosures are presented in severgl-stlidiad
include the horizontal enclosure with heated bottom wall, cooled top wall, and two adiedsadal walls
or the vertical enclosure with heated left wall, cooled right wall, and two adiabatic horizontal walls.

After investigating the classical cases, a few studies indicated that the diveasglélbf the enclosure
also significantly impacted heat transfer through the enclosure. Soong et al. [8] examined natural
convection and hysteresis phenomena in an air rectangular enclosure for different Rayleigh numbers
ranging from 18to 2x10 andangles from 0fo 90°. They indicated that the flow pattern was related to the
initial state of the flow contours. Tzeng et al. [9] investigated the effect of theatich on fluid flow in a
two-dimensional tilted air rectangular enclosutie pointed out that natural convection in enclosures was
extremely sensitive to the inclination of the enclosure at a few critical conditions anthhsfgrtrate was
boundwith the cellular flow pattern. Girgis [10] conducted a similar study as Tzeng et alle/®ptained
the Nusselt number correlationdiroshnichenko and Sheremet [11] performesdinvestigation of the
turbulent natural convection in a square enclosure with a local heat source wiitnathgle increased
from 0°to 180°. They indicated that heat transfer rate reached the maximum when the tilt angle was 150°.

Several studies focused on heat transfer and fluid flow in the enclosure with differtidns. Most of
them studied partially divided enclosures and considered different locations of partitiofil2]edli al.
performed numerical investigation of natural convection in an air square enclosure with fiee baf
attached to the top and bottom walls. They found that when the top baffle got closecdtn thall and
bottom baffle got closer to the hot wall, the Nusselt number decreased. Ketikidatankafl13] and Sun
and Emery [14] proposed that the effect of the baffle on heat transfer was negligible wheigtiteof
baffle was shorter than the half of the enclosure height. Sankrenvé&hukla [15] numerically analyzed
fluid flow in partially divided horizontal air rectangular enclosures with partitions attatohtine vertical
walls. They pointed out that the convection dominated heat transfer for higher Rayleigh numbers, whi
conduction dominated heat transfer for lower Rayleigh numbersetlis [16] numerically investigated
natural convection heat transfer in an air square cavity with a ceiling-mounted barnefodr that the
influence of the barrier on heat transfer decreased with increasing Rayleigh number. Yucel and Ozdem [17]
Nardini et al. [18], and Baet al. [19] indicated that heat transfer increased with increasing Rayleigh
number in partially partitioned enclosures, and this was identical to that in classical cases.

A few studiedfocused on the fully divided enclosures. Bejan [20] numerically investigated the influence
of obstructions on natural convection in two-dimensional air layers. He proposed that igmnthbr
adiabatic partitions increased heat transfer rateconvection-dominated regime. TurkoglndYcel [21]
numerically analyzed heat transfer in divided air rectangular enclosures with conducting partitions. They
pointed out that the Nusselt number increased with increasing Rayleigh namibtre effect of aspect
ratio on heat transfer was limitéd the cases considered in the study. Kahveci [22] used polynomial



79  differential quadrature (PDQ) method to investigate the natural convection in an air rest@mgldsure

80  with a vertical partition. He found that a transition from the unicellular fmwalticellular flow occurred

81  when the aspect ratio increased, and this increased the convective heat transfer cosffi@emton and

82  Armfield [23] investigated fluid flow in a two-dimensional air rectangular cawityh a vertical partition

83 placed at the middle of the cavity. They observed that when the Rayleigh number increasedioaaladdit
84  regime existed between the convectively unstable regime and turbulent regime unlike that in ttaé classi
85  cavity. Khatamifar et al. [24] numerically studied the conjugate natural convectionrflaw air square

86  cavity divided by a partition with limited thickness. JhHadicated that the Nusselt number increased with

87 decreases in the partition thicknesglwas negligibly influenced by the partition position.

88 Reported studies that combine the effect of hitithangle and partition number on heat transfer inside

89 the enclosure are still very limited. Acharya and Tsang [25] numerically investiatedtural convection

90 in an inclined air rectangular enclosure with a complete partition attached to the middle ofdkareatl

91 tilt angles of 30° 45° 60° and 90°. They indicated that the temperature of partition increased
92  monotonically along its lengtland the influence of Rayleigh nhumber on the partition temperature was
93 limited when the tilt angle was 45°. Tsang and Acharya [26] perfoamadnerical study on the natural

94  convection in an inclined air rectangular enclosure with an off-center complete patttiibangles of 30°

95  45° 60° and 90°. Thepointed out that the effect of partition location on the partition temperature
96  distribution decreased with increasing Rayleigh number. Mamou et al.f¢2dsed on the natural

97  convective in a slanting air rectangular cavity consisting of multiple layers divided bgsbafhey

98  predicted the critical Rayleigh number for the transition from pure heat conduction to nature convection.
99 For the aim of exploring Mars, an increasing number of Mars rovers will work on the Mars surface in the
100 future. Given the fact that the atmosphere on Mars suidgmeedominantly composed of Carbon Dioxide

101 (COy) with low pressure (1000aPand low temperature (200 K), thermal insulation mateaatsCO, gas

102  enclosures are always adopted to insulate and protect the internal equipment. Hence, heat transfer
103  characteristics of Cfenclosurs are a key factor in the thermal design of Mars rover. Furthermore, when
104 the Mars Rover executes the task on Mars surface covered with various sags and cesstistines of

105 the Mars Rover tilt into different angles fromt@ 9¢°. Occasionally, in order to improve the strength of the
106  enclosure or divide the enclosure into different functional zones, full plates (the lengtiplatéiseequals

107  to the thickness of the enclosure) are attached to the isothermal surfaces inside the enclosure, Teerefor
108  combired effect of theilt angle and the partitions attached to the isothermal walls on heat transfer and fluid
109 flow inside the enclosure should be investghtind this can ba vital issue that influences the thermal

110 insulation configuration and internal equipment layout of a Mars rover.

111 As indicated in the aforementioned review, there is a paucity of studies on the heat inaitdethe

112 inclined and dividedCO;, enclosures on the surface of Marsalprevious study28], an investigation was

113  conducted to examine the effects of enclosure aspect ratio and Grashof number on the heantransfer i
114  classical CQenclosures (non-partitioned vertical and horizontal enclosures). However, in the present study
115 the influence of partition number and tilt angle on the heat transfer in fully divide@@®sures on Mars

116  surface was studied. Given the Earth surface condition, a few studi€&¥J26cused on familiar issues.

117  However,to the best of the author’ knowledge, only Bejan [20] and Kahveci [22] considered the boundary
118  conditions of the partition as the couplimmdonly Bejan [20] focused on the cases in which the partitions
119  were attached to the isothermal walls rather than the adiabatic ones. However, neither consideeet! the eff
120  of the partition numbeand enclosure angle, which was the focus of the present study. Additionally, the
121  aspect ratios in the cases of Ar = 2, 1.5, 0.25~4, 1~2, 1,a2d4, in Ref. [20-27], respectively, were not

122 high as Ar = 7.14asexamined in the present study. Furthermore, no aforementioned studies tféer
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123 conception of the transition regime between the Rayl&ghard regimendsingle-cell regime when the

124  tilt angle increased from 0° to 90°

125 This paper pays attention to numerical studies on fluid flow and heat transfer chaiectiesgiean

126  inclined and fully dividedCO, enclosure on Mars surface. The primary aspects of the study are as:follows
127 1) conducting numerical simulation of fluid flow and heat transfer ingidaclined and fully divided C®

128  enclosures to analyze the influence of tifteangle and partition number on fluid flow and heat transfer
129  mechanism; 2) obtaining the critical tilt angles that divide the evolution process dfdmsd¢r into three

130  successive regimes as followthe RayleighBénard convection, transition convecticamd single-cell

131 convection; 3 achieving the heat flux through the enclosure as the functidiit cingle for different

132 partition number, and further explaining the different function relationship features of theflthwee

133 regimes;and4) interpreting the opposite effect of the partitions on heat transfer between the firsténd thir
134  regime by the field synergy principle (FSP).

135

136 2  Problem description and method
137 2.1 Physical model

138 The schematic model an inclined enclosure filled with multiple parts separated by equally spaced
139 finite partitions (N= 2 as an exampjevas shown’n with lengthL = 1000 mm, thickness H = @4

140  mm, andpartition number N =1, 2, 3. Thi#t angled with respect to the horizontal plane ranged frérno0

141 90°. The long sidewalls were maintained at two different temperature240 K and 7= 200 K, while

142  the short sidewalls were adiabatic. The enclosure was Viilladcarbon dioxide witla pressure of 100Pa

143  The enclosure depth (the length in the perpendicular direction &y thlane) was sufficiently large (1000
144  mm) in comparison to the enclosure thickness (140 mm), so the effect of the adiabatic boundary condition
145 in the perpendicular direction of theg plane was negligible and a two-dimensional model was assumed,
146  and this was also confirmed in previous studies [2,29]. With respect to the condition in thettetud
147  Rayleigh number[30Ra equals to 7270 and was less thaf fitereby indicating that the flow was laminar
148 in the enclosure [31].

149
- o P 2
,9/\\\ & g=3.62m/s
¢ & \9%0
S 2 N —— —The top part
2
/ :
J — — ———The middle part
* s =>The bottom part
~ ~
R4
150
151 Fig. 1. Schematic model of theO, enclosure



152
153 2.2 Mathematical for mulation and solution method

154 The flow state of carbon dioxide in the enclosures was determined based on the Knudsenkrumber (
155  A/l). With respect to the mean free path ¢f carbon dioxide on Mars surface of approximately 5%a0

156  [32] andthe characteristic length (I) of the enclosupéd440x10° m, the Knudsen number of enclosures
157  was 3.6x16, and this was significantly lower than 0.001. Therefore, it was considered thafidluiin

158  the enclosures on Mars surface belonged to continuousdtmthe NavierStokes and energy equations
159  were available.

160 The steady numerical studyas solved by the finite volumes method and the fluid assimedas

161 incompressible. Furthermore, in the stuflys (T - To) « 1, and thus the Boussinesq approximation was
162  applied[33]. The variation in fluid density with temperature was negligible except in buoyan{34t&5h

163 The governing equations for the problem were based on the balance between mass, momentum, and
164  energy:
165 Mass balance:
ou oJv
a0 (1)
oxX oy
166
167 Momentum balance:
x-direction:
o u@ﬂ)@ =—@+£[,u@j+£ ,u@ +0,98(T—T,)sin6 (2)
oX oy ox ox\' ox) oy\l' oy
168
y-direction:
ov ov 0 0 ov 0 ov 3
o TR =——p+—[/¢—j+— 12 |- paB(T-T,)cos0 (3)
ox oy oy oOx\' ox) oy\' oy
169 Energy balance:

p{ua@pﬂ+08<%T>}§(kﬂ]+ﬁ[kﬂj “

oXx oy ox ) oy\ oy
170 Boundary conditions:
T=T, aty= 0
T=T aty=H
o Y ®)
—=0 ak= (G na=L
OX
171 A feature of the partitionss consideredThe partitionis sufficiently thin, and thus the temperature

172 difference between the two-sides of partitions is assuas@ggligible and the coupled thermal boundary
173 conditionis applied to both sides of the patrtitions.
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[aT j B (aT j (6)
oX /), oX ),

Commercially available FLUENT 14.0 software, is applied to solve the steady-statecalis@utions.
The equations (3{4) with corresponding boundary conditions of equation (5) and (6) are achieved via the
following solution methods: The pressure-based coupled algorithm is selected as the solution of the
governing equation. With respect to the discretization scheme, the least squares cell baseid osttiod
for the gradient discretization. The PRESTO! (pressure staggering option) scheme is appliecegstine pr
interpolation scheme while theesnd order upwind scheme is applied for energy and momentum
equations. The value of residual tolerance At = 10 is considered as the convergence criterion for the
calculation.

The physical property parameters of carbon dioxide used in Fluent are obtained from the National
Institute of Standards and Technology (NIST) database. The density offjuat(als to 0.024 kgfnand
thermal expansion coefficient)(equals to 0.0046 1/K. The dynamic viscosity, (hermal conductivity (k)
and specific heat of fluid (§ are fitted as a function of temperature as follows[36,37] and used in
polynomial profile of material properties:

,u(T)COZ =2x10"T?+ 6x10°T— % 10°  kg/(m ¢ @)
K(T)q, =5x10°T?+ 5¢ 10T~ 0,002  Wi/(m K ®)
Cp(T)COZ =-1x10°T?+ 0.001T+ 0.4401  J/(g (9)

2.3 Grid sensitivity

Grid independence of the solution scheme signifigaaftects the calculation results of heat transfer and
fluid flow. In order to verify the validity of the grid sensitivity, adjexperiment was conducted before the
calculations. Uniform mesh sizes in both x and y directions was used in the studyt@thie¢aminar flow
in the enclosure. The cases with tilt angle ranging from 0 to 90°, partition numbers of &d3 2gravity
acceleration of 3.62 n¥/sand pressure of 1000 Pa were calculated on the grids of three different meshes as
follows: Mesh a: grid of 501x71 points; Mesh b: grid of 1001x141 points, and 8epid of 1501x211
points. A few typical test results of heat flux were shown in Tabldéd definition of average heat flux (q)
is given as follows:

_Q
Lxd

where Q denotes the heat transéte through the enclosyiedenotes the enclosure lengamdd denotes
the enclosure deep, which equals to 1 m in the study.

q (10)

Table 1 Grid dependence test model and results
0=0° 6=20° 0 =90°
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215
216
217
218
219
220
221
222
223
224
225

case | N | Mesh qMW/m? |case | N | Mesh qW/m? | case| N Mesh gq(W/m?)
a 7.28 a 6.61 a 5.02
1 0 b 7.27 5 0 b 6.60 9 0 b 5.02
c 7.27 c 6.60 c 5.02
a 7.1 a 6.72 a 5.72
2 1 b 7.10 6 1 b 6.71 10 1 b 5.72
c 7.10 c 6.71 c 5.72
a 6.83 a 6.20 a 6.01
3 2 b 6.82 7 2 b 6.20 11 2 b 6.01
c 6.82 c 6.20 c 6.01
a 6.77 a 5.75 a 6.10
4 3 b 6.76 8 3 b 5.75 12 3 b 6.10
c 6.76 c 5.75 c 6.10

The results indicated that the mesh dependence decreased with increasét iandje: (3 When the
tilt angle of the enclosure was 0°, for all the cases, the test results of Mesh b andhe sareet albeit,
lower than Mesh a. (2) When tlikt angle of the enclosure was 20°, for case 5 and case 6, the test results of
Mesh b and ¢ were the same albeit lower than that of Mellowever, for case 7 and case 8, the test
results of Mesla, b and ¢ were the same. (3) When the tilt angle of the enclosure was 90°, for all the cases,
the test results of Mesh a, b, and c were the same. Hdash b was applied to Casel to Case6, and Mesh
a was applied to Case7 to Casel2, which achiewredptimum compromise between accuracy and
computational costs.

Similarly, grid sizes generated in MeahMesh b,andMesh ¢ were also selected for other cases with
different tilt angles and partition numbers to calculate heat flux through the enclosureshtéining the
grid independent results.

3  Model validation

As discussed in the introduction, there is a paucity of investigations on fluid floweatdransfer inside
CO; enclosures on Mars surface. The most similar research was conducted by Bhandari et al. [36] who
experimentdy investigated natural convection in e@lled cylindrical enclosures o& Mars rover to
obtain the optimal thickness for the minimum heat transfer through the enclosure. Thecaylemtriosure
was filled with carbon dioxide of 1066 and the gravitational acceleration was 9/82nThe top and
surrounding walls were maintained at 203 K, while the bottom wall was maintained a&. ZAige
cylindrical radius was 368.3 mm, and five enclosure thicknesses of 38.1 mm, 50.8 mm, 76.2 mm, 101.6
mm, and 127 mm were considered. The same horizontal cylindrical enclosures as those in [36] were
selected for comparison purposes, and the comparison between the results from the paperiarj@@hose
was showrin. With increasing enclosure thickness, the thermal conductance calculated in the present
study agreed well with those in [36].
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Fig. 2. Comparison of thermal conductance obtained by Bhandari et aarj@@resent study

Additionally, the accuracy of the present numerical procedure was further validated byingntipar
present CFD results with the experimental results obtained by Bairi [38] who conducteckiamenal
investigation of fluid flow and heat transfer in an air cavity on the Easitvface with two opposite
isothermal walls and four adiabatic walls. The tilt angle of the cavity could be varied from 0° to 360° by the
rotating framework. The cases with Rayleigh number of 2.64aa tilt angle of 0°, 45°, 90°, 180°, and
225° were selected for comparison purposes. The results sh Fig. 3 indicated thatldefavor
agreement existed between the results in this paper and those in [38]. Therefore, it washatideat
CFD calculation model and method could be reliably applied in the present study.

3.5 T T T
=—®
3.0 :ﬂ_i_ij:';’h \\
\\

L 25
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s 2.0 /
= L
= N
2 15
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1.0 - # — Expriment of Bairi : —
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0.0 : : : : . : :
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Tilt angle (degree)

Fig. 3. Comparison of the Nusselt numbers obtained by Bairi [38] with those in the present study
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4  Resultsand discussion
4.1 Velocity and thermal distributions

The analysis in the study indicated that the velocity and thermal distributions elatexi rto thetilt
angle and partition number. Thasparameter was fixed to investigate the influence of the other parameter
on fluid flow and heat transfém the enclosure.

4.1.1 Influence of tilt angle

showad the evolution of velocity contours, streamlines, and isotherms for the enclosutavavith
partitions when the tilt angle increased. The streamli@cﬂ\edthe flow direction of convections.
When the enclosure sled three different flow regimes successively occurred in the enclosure, and there
were two critical angles corresponding to the two turning points between the tiweedlmes. As shown
in Fig. 4, the flow appeared as a Rayleigénard convection & = 0°. RayleighBénard convectioiis a
type of multiple-cell convection, and this is also observed in a few other studies[39 &) theo
increased td.i1 = 12.9°, the pattern changed into a transition convection, and subsequently when the
increased td.i2 = 24.6°, the flow mode changed to a single-cell convection and persisted ar@id°.
Thus, theconplete mode changing process was divided into three regimes. The first, second, and third
regimes correspoed to the RayleighBénard convection, transition convection, and single-cell convection,
respectively. The analysis of our results indicated that the velocity fields, thegtidutions, and heat
transfer were closely correlated to the different regimes.

In the first regime, the flow in all parts of the enclosure were RaylBi@hard convection. At this
condition, as shown 4b(1), the isotherm contour was a type offsmeeture. With increasingilt
angle, the structure gradually transformed to a threka-half Q form although the isotherms density near
the hot and cold walls were almost maintained as unchanged as isb(2).

When the enclosure was titled sequentially, the buoyant shear flow along the hot walethctieaieby
leading toanincrease in the flow strength in x-direction andiecrease in the flow strength in y-direction in
all parts of the enclosure. Thus, the RayleBfnard convections began to gradually revert to unicellular
ones fromfgip = 12.9° tobeiz = 24.6°. The flow mode continuously evolved during the regime until the
multiple-cell pattern completely faded at the inclinatiordg$. During the second regime, as the example
of 8 = 15° shown ib(3) a 4a(3), the isotherm structu@egedo a two-anda-half-Q form,
andthe profiles in the top part was distorted and associated with the single-cell convedtidgimnally,
when the angle increased, the heated stream was pushed farther away from the cold wall, taad thus
isotherms density near the cold wall decreased. It implied th&rtiperature gradient of the stream close
to the cold wallwas lower than that of multiple-cell RayleigBénard pattern. Similarly, the temperature
gradient of the stream near the hot wall also exhibited the same tendency. Hetmseithtemperature
gradient resuétd in decreased heat transfer, and this was confirmed by verifying the heat flux asediscuss
in section 4.2.1.

When the tilt angle extended beyofid, the velocity in x-direction significantly exceeded that in
y-direction owingto the stronger buoyancy force along the hot wdénce, as shown |in Figl 4a(]4), F|ig.
(5), ana(6), the steady single-cell convection was promptly establishegantsallThe flow
circulating clockwise was caused by the position of the hot and cold surfaces while tbétbereegion
was relatively stagnant, and this was also confirmed by Ganguli et al. [6]. In the réigeé velocity of the
flow increased with increasingt angle when the flow mode pergidias single-cellandthis resukedin a

strengthening of the flow field. Simultaneously, as shOV\In in F|ig. 4b(4), Fig. 4b(U€G), the

9




282  isotherms transformed to a skew-symmetric distortion (hot fluid upwards in the dide lobt plate and
283  cold fluid downwards in the side of the cold plate) in all parts of the enclosure with idettserms near

284  the longitudinal walls.
285

Velocity (m/s)
0.151
0.121
0.091
0.061
0.031
0.001

The first regime (I) (Z)L - o

M

286 a

The third regime (11I)

........... y

The second regime (IT)

Temperature (K)
240
232
224

The first regime (I) :

287 b

288 Fig. 4. Velocity and temperature contounsenclosures dt = 1000 mmH = 140 mm, AT=40 K, N = 2:
289 (1) #=0° (2)0=5° (3) 0 = 15° (4) 6 = 25° (5) O = 60°, (6) 6 = 90°
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290
291  4.1.2 Influence of partition number

292 In this section, the effect of the partition number (N = 0, 1, 2 and 3) on natwnadction heat transfer

293  was discussed. The different critical values of the tilt angle for the enclosures fiétierdi partition

294  numbers are listed in Table 2 (the maximum error was 0.1°). It should be noted that flienrom

295 Rayleigh-Bénard convection to single-cell convection could be brought forward to atittwargle when

296 the partition number increased. This was interpreted that the more parts formed in the esrtbledass

297  room the flow could move, and this reduced the probability of the single cellsngpiitto the multiple

298  ones. In this case, less contribution of the buoyancy fwesedevoted to the splitting process (y-direction)

299  Therefore, the buoyancy force in the x-direction was boosted, and this make single-cell convection occur
300 more easily in the enclosure. In summary, the presence of the partiti@d plagle in advancing the

301 formation of single-cell convection.

302
303 Table 2 Values of the critical angle for the enclosungth different partition numbers
N Ocri1 (degree) | Ocriz (degree)
0 18.9 33.3
1 13.6 28.6
2 12.9 24.6
3 2 16.6
304
305 The influence of the partitions on the three different regimes was shpwn if|Fig. 8,andFig. 7. The

306 streamline and isotherm fields were showntfibrangles of 0°, 20°, and 90° corresponding to the first,
307 second, and third regimes, respectively.

308 In the first regime, there was no significant variation in the flow pattern when tHeenwithe partition
309 increased. As shown 5, the velocity field in each enclosure with different partitidrenwas the
310 eight-cell RayleighBénard corresponding to the same temperature distribution of th&fetmtcture.

311  Thiswas because the flow pattern in the condition was mainly determined by the stream circalasied
312 by the buoyancy force along the y-direction, however, the influence of the partition ftowtlsérength in
313  y-direction was negligible.

B T 7 .

Velocity (m/s): 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

B [ (T

Temperature (K): 200 204 208 212 216 220 224 228 232 236 240

LIRS IR RO RN

314
315 Fig. 5. Velocity and temperature contoursenclosures dt = 1000 mmH = 140 mm, AT =40 K, 4 = 0°:
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329
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332
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@N=0;(b)N=1(c)N=2(d)N=3

The effect of the partition was the most significant in the second regime when compéaréatvin
other two regimes. This was because the flow was unstable in the transition convection, baimehe
flow patternandisotherm contour were easy to destroy. As shoig. 6| 00, the flow pattern was
the two-small-cell-between-three-big-cell form. The isotherm contour wasanb@nd-a-half€ structure.
With respect toN = 1, the flow modechangedto two one-small-betweetwvo-big-cell patterns, and the
isotherm contours of thresmda-halfQ developed at the moment. With respect b= 2, the flow appeared
as one single-celh the middle part and two one-bégtdone-small cells in the side parts. For isotherm
contours, the Q structure was transformed to taoda-half form again, buan evident deformation in the
isotherms was observed. With respect to N = 3, the flow mode was completely @itdrednode of the
third regime. Atthis moment, both the character of the velocity and temperature fieldac part
conformed to the single-cell mode. In summavith increasing partitions introduced into the enclosure,
both the flow pattern and isotherm contour got closer to those of the third regime.

Velocity (m/s)
0.118
0.1062
0.0944
0.0826
0.0708
0.059
0.0472
0.0354
0.0236
0.0118
0

Temperature (K)
240
236
232
228
224
220
216
212
208
204
200

Fig. 6. Velocity and temperature contounsenclosures dt = 1000 mmH = 140 mm, AT =40 K,0 =
20 (@) N=0;(b)N=1;(c)N=2; (d)N=3
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346

347

348
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350
351
352

In the third regime, with the function of the partitions, the big single cell wadedivinto several small
single cells, which was equivalent to the multiple-cell convection. As shFig. Trethmlgtes and
isotherm contours in different partsarienclosure were approximately identical, and only a single cell was
indicated in each part. Additionally, it should be notedt th& partition hindexd the fluid flow in
x-direction, and this implied that the more parts formed in the enclosure, thevielaeity of the fluid in
x-direction was. However, as previously discussed, the influence of the partition dowth&réngth in
y-direction was limited. Hence, the isotherm contours in different enclosures became increasitogted
with an increase number of partitions.

() (b) (o)

Velocity (m/s)
0.199
0.1791
0.1592
0.1393
0.1194
0.0995
0.0796
0.0597
0.0398
0.0199
0

L

Temperature (K)
240
236
232
228
224
220
= 216
212
208
204
200

Fig. 7. Velocity and temperature contounsenclosures dt = 1000 mmH = 140 mm, AT =40 K, 6§ =
90°: (a)N=0;(b)N=1; (c)N=2; (d)N=3

4.2 Convection heat flux through the enclosure
4.2.1 Combined influence of tilt angle and partition number

In this section, the combined influence of two parameterg)n the heat flux through an enclosure
was examinedFigure 8 showed the heat flux as a function of the enclosure tilt andlthe partitions
number.

In the first regime, the effect of tilt angle on the heat flux was not evidkerause the temperature
gradient near the walls was maintained as almost unchanged with increasing inclination angle &s shown
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b(l) anb(2). The highest value of the heat flux corresponded to the original engitieuut
partitions. The introduction of the three partitions reduthe heat flux by 10.6%. This was because

increased partitions attached to the enclosure suppressed the velocity of fluid flow, attieulgw
pattern remained almost unchanged as shig. 5.

With respecto a higher tilt angle, over thyi1, convection flonchangednto the transition regime. A%
further increased, the heat flux decreased sharply. During the beginning and #tagesdof the regime,
with a certain increase in th#t angle, there was a significant decrease on thewyve, and this was
caused by the changes in the flow medediscussed in 4.1.1. However, the decrease in the heat flux
through the enclosure with partitions was lower than that of non-partitioned enclosstawisn Fig. 8,
the heat flux completely decreased by 38.0% in the empty enclosure, while the transition iprdoess
enclosure with three partitions just causet4. 26 decrease in the overall heat flux. In other words, the
raising partition number suppressed the reduction in the heat flux. Additionally, significargs in the
heat flux occurring at different tilt angl@lso suggested that the transitisith the ever-changing was
brought forward when the partition number increased.

When the inclination passed tHgi, the single-cell convection immediately contributed, and the heat
flux tended to increase when ttié angle increased frodiz to a certain degred € 80°, 75°, 70°, 60° for
N =0, 1, 2, 3) and then decreased slowlygtil 90°. However, the discrepancy between the heat fluxes of
the four curves decreased with increadiitgangle. Thiswas because when th#dt angle increased, the
difference in the isotherm contour near the hot and cold walls between the enclosures with different number
of partitions became less evident. Additionally, in the third regime, the highest valbhe beat flux
referred to the enclosure with three partitions, and this was reversed to the lowest tradu@st regime
This was validated by isotherms close to the longitudinal walls as sh Fig. 7 where the isotherms were
sparset at N = 0, thereby demonstrating a perdneat transfer in the enclosuhen N increased, the
isotherm densityin the neighborhood of the longitudinal walls increased, indicating an enhancement in
overall heat transfer through the enclosure. This explained the augmentation in the heat flux with increasing
partition number. Nevertheless, the discrepancy between the heat fluxes of the four curves deitheased
an increase in the partition number. This was because that the more partitionsaghestatthe wall, the
less variation of the isotherms would appear as shoig. 7. In summary, the influgvecpantition
number on heat flux became less evident when the partition numberttitir dingle increased.

It should also be noted that when the partitions were attached to the isothermal surfaceusttiltari
angles, the maximum heat flux through the enclosure decreased, while the minimum liretdased as
shownin Table 3. The results indicated that the influence oftitheingle on the heat flux through the
partitioned enclosuresas less significant than that in the non-partitioned enclosure because the partitions
exhibiteda relaxative impact on the variation in heat flux. Therefore, the partitions playedial ¢ole in
alleviating the fluctuation of heat transfer withangs in the tilt angle as faced byars Rover operating
on rugged Mars surface.
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Fig. 8. Heat flux as a function dilt angle for different partition numbers (1, 11, and Il refer to the first,
second, and third regimes, respectively, in the non-partitioned enclosure as an example)

Table 3 Values of the minimunandmaximum heat flux through the enclosures for different partition
numberswith changes in thdilt angle

N Omin (W/M?) | Omax (W/m?)
0 4.43 7.27
1 5.19 7.10
2 5.62 6.82
3 5.67 6.76

4.2.2 Opposite effect of partitionson thefirst and third regime

Based on the concept of field synergy principle [41], the synergy angle, namely the iivieraegte
between the velocity vector of fluid flow and the temperature gradient vector, can reflect the amount of heat
transfer. When the synergy angléy{) approaches 0° and 180° heat transéestrengthened. It is
physically shown that when velocity vector of fluid flow and temperature gradient veetpaeallel to
each other, the contribution of fluid to the heat transfer estble maximum. Conversely, when velocity
vector is perpendicular to temperature gradient vector, heat transfer cannot be enhanced dwy. fllire: fl
synergy angle is defined as follows:

u uw

V xVT

0,,, = arccos
‘ X ‘VT

where VV denotes the velocity vectand VT denotes the temperature gradient vector.

(11)
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In order to illustrate the opposite effects of partitions on the heat transfer betedeatdmdthe third
regime, the synergy angle fields for enclosures with different partition numbers are Wm@iﬁ
The enclosures at the angles of 0° and 90° were selected to denote khe .f@ta(ﬁdgthird regimes
), respectively, in this section.

In the first regime, the original flow pattern had already been multiple-cell conveictiche
non-partitioned enclosure. When the partitions were placed in the enclosure, they oyyisijgditedthe
synergy angle fields as show. 9. Thus, synergy angle fields were extremely isitthie enclosures
with different partition numbers in the first regime. However, as shown in Fithe8heat flux slightly
decreased with increasing partition number, and this was mainly caused by the decredde/afodity
due to the impact of the partitions as shown in Fig. 5.

With respect to the third regime, synergy angle field significactigngedwhen the partitions were
attached to the enclosure as shown in Fig. 10. As discussed in 4.1.2, the big single cell wasthvided i
small single cells by the partitions, and the flow structure in the complete enclosusgjuirzaent to
multiple-cell convection. In this case, the stream along the hot wall was deflected pathleltaxis by
the partitions at the relative positions corresponding to x/L = 1/2 for N = 1; x/L = 1/3 and 3lfer ! = 2;
x/IL = 1/4, x/L = 2/4,andx/L = 3/4 for N = 3. Therefore, the velocity vector of the flow near the jwausit
was paralleled to the temperature gradient vector, and heat transfer was thus enhanced. A i
the more patrtitions in the enclosure, the more regions in which the synergy angle wate €osed 180°,
and this lead to higher heat transfer through the enclosure as shown in Fig. 8.

M B0 Y
Angle (°): 0 15 30 45 60 75 90 105120 135 150 165 180 x

Fig. 9. Synergy angle fields of horizontal enclosures (the first regime¥Fdt000 mm, H = 140 mpAT
=40K @) N=0;(b)N=1;(c)N=2;(d)N=3
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Fig. 10. Synergy angle fields of vertical enclosures (the third regime)}at000 mm, H = 140 mmT =
A0K @ N=0;b)N=1;(c)N=2;(d)N=3

5 Conclusions

In the study, fluid flow and heat transfer in inclined and fully divided €alosuresvith partitions on
Mars surface were numerically investigated. The ranges of parameter in the study wHI8(pRa, g
3.62 m/8 AT=40K, AR=7.14,Ra=727QN =0, 1, 2, and 3, and 8°0 < 90°. The primary conclusions
were summarized as follows:

1) With increasingtilt angle, three different flow regimes successively occurred in the enclosure as
follows: the RayleighBénard convection, transition convection, and single-cell convection.

2) Two critical angles existlandcorresponddto the two turning points between the three flow regimes:
Ocria = 18.9° andbeiz = 33.3° for the non-partitioned enclosugjin = 13.6° andéfqiz = 28.6° for the
enclosure with a partitiorflerin = 12.9° aneriz = 24.6° for enclosure with two partitiongeir = 2° andberiz
= 16.6° for the enclosure with three partitions.

3) The transition from RayleigiBénard convections to single-cell convection could be brought forward
to a lowertilt angle by increased partition number. The transition regime was the most unstableardime,
both the flow pattern and isotherm contour would be closer to those of the third regime wpartitiba
was attached to the enclosure.

4) During the beginning and the end stage of the second regime, there were two significaredecreas
the heat flux, and the rate of the overall decrease in the heat flux reduced withnigcpaasiion number
as follows: 38.0% for the non-partitioned enclosure and 14.2% for the enclosure with three partitions. In the
third regime, the influence of the partition number on heat flux became less evident wipantitioen

17



454
455
456
457
458
459

460

461

462

463
464
465

466

467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

number or the tilt angle increased.

5) The partitions moderated the fluctuation in heat flux through the enclosure for vatiarsylds.
When the tilt angle changed, the heat flux fluctuated from 4.43°\t&//.27 W/m for the non-partitioned
enclosure and from 5.67 W#nto 6.76 W/m for the enclosure with three partitions. The maximum heat
flux through the enclosure decreased, while the minimum heat flux increased.
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574  Nomenclature

AR enclosure aspect ratio Greek symbols

Cp specific heatapacity (J/g'K) S thermal expansion coefficient (1/K)

d enclosure deep (mm or m) A mean free path (m)

g gravitational acceleration (nd)s u dynamic viscosity (kg/m-s)

H thickness of enclosure (mm) p density of fluid (kg/m)

Kn Knudsen number o constant density of the flow (kgAn
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J~es Apeos z

thermal conductivityW/m-K)
length of the layer (mm or m)
characteristic length (m)
partition number

pressure (Pa)

Heat transfer rate(W)

heat flux (W/nd)

Rayleigh number
temperature (K)

operating temperature (K)

velocity components in x direction (m/s)
velocity vector

temperature gradient vector

velocity components ig direction (m/s)

X coordinate location (mm)

y coordinate location (mm)

AT differencein temperatures AT = Tp-T¢ (KD

At residual tolerance

o tilt angle (degree)

O i critical angle between the first and secq
regimes (degree)

O ciz critical angle between the second and th
regimes (degree)

O oyn synergy angle (degree)

Subscripts

c cold

h hot

max maximum

min minimum

p partition
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