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  Abstract: This work presented extensive numerical studies on fluid flow and heat transfer in inclined and 9 

fully divided CO2 enclosures with partitions on Mars. An atmospheric pressure of 1000 Pa, a gravitational 10 

acceleration of 3.62 m/s2, and a Prandtl number of 0.77 were considered in the computation. The hot and cold 11 

walls were maintained at uniform temperatures of Th = 240 K and Tc = 200 K, while the others were assumed 12 

as adiabatic, and the boundary condition of partitions was assumed as coupled. The velocity fields, 13 

temperature contours, and heat flux through CO2 enclosures were presented for a Rayleigh number of 7270, 14 

an aspect ratio of 7.14, tilt angles from 0° to 90°, and partition numbers of 0, 1, 2, and 3. It was observed that 15 

three flow regimes formed successively when the tilt angle increased, namely the Rayleigh–Bénard 16 

convection, transition convection, and single-cell convection. The transition regime was the most unstable 17 

regime. The values of two critical tilt angles between the three flow regimes were also obtained. With 18 

increasing angle, the heat flux slightly decreased in the first regime, significantly decreased in the second 19 

regime, and initially increased and then slightly decreased in the third regime. The opposite effect of 20 

partitions on the first and the third regimes was explained by the field synergy principle. The partition 21 

advanced the formation of the single-cell convection to a lower angle and also alleviated the fluctuation in 22 

the heat flux for various tilt  angles, which contributes to the future thermal design of Mars rovers operating 23 

on rugged Mars surface. 24 
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1 Introduction 36 

Enclosures are widely used in several industrial applications for heat conservation such as design of solar 37 

collectors, multilayered walls, electronic equipment cooling, and double pane windows. Furthermore, 38 

natural convection inside the vertical and horizontal enclosures is extensively examined in different 39 

operating environments. However, in addition to being influenced by the different conditions in which 40 

enclosures are located, fluid flow and heat transfer inside the enclosure also significantly differ when the 41 

inclination of the enclosure changes or when the enclosure is divided by partitions. Therefore, several 42 

studies focused on the effect of the tilt  angle and partitions attached to the enclosure on heat transfer. In 43 

typical applications, air-filled cavities on the Earth were mostly reviewed as discussed below. 44 

The investigations of heat transfer in classical enclosures are presented in several studies[1–7] and 45 

include the horizontal enclosure with heated bottom wall, cooled top wall, and two adiabatic vertical walls 46 

or the vertical enclosure with heated left wall, cooled right wall, and two adiabatic horizontal walls.  47 

After investigating the classical cases, a few studies indicated that the diverse tilt angle of the enclosure 48 

also significantly impacted heat transfer through the enclosure. Soong et al. [8] examined natural 49 

convection and hysteresis phenomena in an air rectangular enclosure for different Rayleigh numbers 50 

ranging from 103 to 2×104 and angles from 0° to 90°. They indicated that the flow pattern was related to the 51 

initial state of the flow contours. Tzeng et al. [9] investigated the effect of the inclination on fluid flow in a 52 

two-dimensional tilted air rectangular enclosure. He pointed out that natural convection in enclosures was 53 

extremely sensitive to the inclination of the enclosure at a few critical conditions and heat transfer rate was 54 

bound with the cellular flow pattern. Girgis [10] conducted a similar study as Tzeng et al. [9]. He obtained 55 

the Nusselt number correlations. Miroshnichenko and Sheremet [11] performed an investigation of the 56 

turbulent natural convection in a square enclosure with a local heat source when the tilt  angle increased 57 

from 0° to 180°. They indicated that heat transfer rate reached the maximum when the tilt angle was 150°.  58 

Several studies focused on heat transfer and fluid flow in the enclosure with different partitions. Most of 59 

them studied partially divided enclosures and considered different locations of partition. Jetli [12] et al. 60 

performed numerical investigation of natural convection in an air square enclosure with two baffles 61 

attached to the top and bottom walls. They found that when the top baffle got closer to the cold wall and 62 

bottom baffle got closer to the hot wall, the Nusselt number decreased. Kelkar and Patankar [13] and Sun 63 

and Emery [14] proposed that the effect of the baffle on heat transfer was negligible when the height of 64 

baffle was shorter than the half of the enclosure height. Sankhavara and Shukla [15] numerically analyzed 65 

fluid flow in partially divided horizontal air rectangular enclosures with partitions attached to the vertical 66 

walls. They pointed out that the convection dominated heat transfer for higher Rayleigh numbers, while 67 

conduction dominated heat transfer for lower Rayleigh numbers. Ilis et al. [16] numerically investigated 68 

natural convection heat transfer in an air square cavity with a ceiling-mounted barrier. They found that the 69 

influence of the barrier on heat transfer decreased with increasing Rayleigh number. Yucel and Ozdem [17], 70 

Nardini et al. [18], and Bae et al. [19] indicated that heat transfer increased with increasing Rayleigh 71 

number in partially partitioned enclosures, and this was identical to that in classical cases. 72 

A few studies focused on the fully divided enclosures. Bejan [20] numerically investigated the influence 73 

of obstructions on natural convection in two-dimensional air layers. He proposed that the horizontal 74 

adiabatic partitions increased heat transfer rate in a convection-dominated regime. Turkoglu and Yücel [21] 75 

numerically analyzed heat transfer in divided air rectangular enclosures with conducting partitions. They 76 

pointed out that the Nusselt number increased with increasing Rayleigh number, and the effect of aspect 77 

ratio on heat transfer was limited in the cases considered in the study. Kahveci [22] used polynomial 78 
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differential quadrature (PDQ) method to investigate the natural convection in an air rectangular enclosure 79 

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

when the aspect ratio increased, and this increased the convective heat transfer coefficient. Williamson and 81 

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

placed at the middle of the cavity. They observed that when the Rayleigh number increased, an additional 83 

regime existed between the convectively unstable regime and turbulent regime unlike that in the classical 84 

cavity. Khatamifar et al. [24] numerically studied the conjugate natural convection flow in an air square 85 

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

decreases in the partition thickness and was negligibly influenced by the partition position. 87 

Reported studies that combine the effect of both tilt  angle and partition number on heat transfer inside 88 

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

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

tilt  angles of 30°, 45°, 60°, and 90°. They indicated that the temperature of partition increased 91 

monotonically along its length, and the influence of Rayleigh number on the partition temperature was 92 

limited when the tilt angle was 45°. Tsang and Acharya [26] performed a numerical study on the natural 93 

convection in an inclined air rectangular enclosure with an off-center complete partition at tilt  angles of 30°, 94 

45°, 60°, and 90°. They pointed out that the effect of partition location on the partition temperature 95 

distribution decreased with increasing Rayleigh number. Mamou et al. [27] focused on the natural 96 

convective in a slanting air rectangular cavity consisting of multiple layers divided by baffles. They 97 

predicted the critical Rayleigh number for the transition from pure heat conduction to nature convection. 98 

For the aim of exploring Mars, an increasing number of Mars rovers will work on the Mars surface in the 99 

future. Given the fact that the atmosphere on Mars surface is predominantly composed of Carbon Dioxide 100 

(CO2) with low pressure (1000 Pa) and low temperature (200 K), thermal insulation materials and CO2 gas 101 

enclosures are always adopted to insulate and protect the internal equipment. Hence, heat transfer 102 

characteristics of CO2 enclosures are a key factor in the thermal design of Mars rover. Furthermore, when 103 

the Mars Rover executes the task on Mars surface covered with various sags and crests, the enclosures of 104 

the Mars Rover tilt into different angles from 0o to 90o. Occasionally, in order to improve the strength of the 105 

enclosure or divide the enclosure into different functional zones, full plates (the length of the plates equals 106 

to the thickness of the enclosure) are attached to the isothermal surfaces inside the enclosure. Therefore, the 107 

combined effect of the tilt  angle and the partitions attached to the isothermal walls on heat transfer and fluid 108 

flow inside the enclosure should be investigated, and this can be a vital issue that influences the thermal 109 

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

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

inclined and divided CO2 enclosures on the surface of Mars. In a previous study [28], an investigation was 112 

conducted to examine the effects of enclosure aspect ratio and Grashof number on the heat transfer in 113 

classical CO2 enclosures (non-partitioned vertical and horizontal enclosures). However, in the present study, 114 

the influence of partition number and tilt angle on the heat transfer in fully divided CO2 enclosures on Mars 115 

surface was studied. Given the Earth surface condition, a few studies [20–27] focused on familiar issues. 116 

However, to the best of the author’ knowledge, only Bejan [20] and Kahveci [22] considered the boundary 117 

conditions of the partition as the coupling, and only Bejan [20] focused on the cases in which the partitions 118 

were attached to the isothermal walls rather than the adiabatic ones. However, neither considered the effect 119 

of the partition number and enclosure angle, which was the focus of the present study. Additionally, the 120 

aspect ratios in the cases of Ar = 2, 1.5, 0.25~4, 1~2, 1, 2, 4, and 1 in Ref. [20–27], respectively, were not 121 

high as Ar = 7.14 as examined in the present study. Furthermore, no aforementioned studies offered the 122 
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conception of the transition regime between the Rayleigh–Bénard regime and single-cell regime when the 123 

tilt  angle increased from 0º to 90º. 124 

This paper pays attention to numerical studies on fluid flow and heat transfer characteristics inside an 125 

inclined and fully divided CO2 enclosure on Mars surface. The primary aspects of the study are as follows: 126 

1) conducting numerical simulation of fluid flow and heat transfer inside an inclined and fully divided CO2 127 

enclosures to analyze the influence of the tilt  angle and partition number on fluid flow and heat transfer 128 

mechanism; 2) obtaining the critical tilt angles that divide the evolution process of heat transfer into three 129 

successive regimes as follows: the Rayleigh–Bénard convection, transition convection, and single-cell 130 

convection; 3) achieving the heat flux through the enclosure as the function of tilt  angle for different 131 

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

regimes; and 4) interpreting the opposite effect of the partitions on heat transfer between the first and third 133 

regime by the field synergy principle (FSP). 134 

 135 

2 Problem description and method 136 

2.1  Physical model 137 

The schematic model of an inclined enclosure filled with multiple parts separated by equally spaced 138 

finite partitions (N = 2 as an example) was shown in Fig. 1 with length L = 1000 mm, thickness H = 140 139 

mm, and partition number N = 1, 2, 3. The tilt  angle ș with respect to the horizontal plane ranged from 0° to 140 

90°. The long sidewalls were maintained at two different temperatures Th = 240 K and Tc = 200 K, while 141 

the short sidewalls were adiabatic. The enclosure was filled with carbon dioxide with a pressure of 1000 Pa. 142 

The enclosure depth (the length in the perpendicular direction of the xy plane) was sufficiently large (1000 143 

mm) in comparison to the enclosure thickness (140 mm), so the effect of the adiabatic boundary condition 144 

in the perpendicular direction of the xy plane was negligible and a two-dimensional model was assumed, 145 

and this was also confirmed in previous studies [2,29]. With respect to the condition in the study, the 146 

Rayleigh number[30] Ra equals to 7270 and was less than 106, thereby indicating that the flow was laminar 147 

in the enclosure [31]. 148 

 149 

 150 
Fig. 1. Schematic model of the CO2 enclosure 151 



 

5 

 152 

2.2  Mathematical formulation and solution method 153 

The flow state of carbon dioxide in the enclosures was determined based on the Knudsen number (Kn = 154 

Ȝ/l). With respect to the mean free path (Ȝ) of carbon dioxide on Mars surface of approximately 5×10-6 m 155 

[32] and the characteristic length (l) of the enclosures of 140×10-3 m, the Knudsen number of enclosures 156 

was 3.6×10-6, and this was significantly lower than 0.001. Therefore, it was considered that fluid flow in 157 

the enclosures on Mars surface belonged to continuous flow, and the Navier–Stokes and energy equations 158 

were available.  159 

The steady numerical study was solved by the finite volumes method and the fluid was assumed as 160 

incompressible. Furthermore, in the study, ȕ × (T - T0) 1 ا, and thus the Boussinesq approximation was 161 

applied[33]. The variation in fluid density with temperature was negligible except in buoyancy term[34,35]. 162 

The governing equations for the problem were based on the balance between mass, momentum, and 163 

energy: 164 

Mass balance:  165 

 0
u

x y

 
 

 
 (1) 

 166 

Momentum balance: 167 

x-direction: 

 0 0 0 sin
u u p u u

u g T T
x y x x x y y

                                    
 

(2) 

 168 

y-direction:

 0 0 0 cos
p

u g T T
x y y x x y y

                                       
 

(3) 

Energy balance: 169 

   p p

0

c T c T T T
u k k

x y x x y y
 
                        

 (4) 

Boundary conditions: 170 

              at 0

              at

0            at 0 nd 

 

 a

h

c

T

T T y

x x L

T T y H

x





    










 

(5) 

A feature of the partitions is considered. The partition is sufficiently thin, and thus the temperature 171 

difference between the two-sides of partitions is assumed as negligible and the coupled thermal boundary 172 

condition is applied to both sides of the partitions. 173 
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

 

 

             



 (6) 

Commercially available FLUENT 14.0 software, is applied to solve the steady-state numerical solutions. 174 

The equations (1)–(4) with corresponding boundary conditions of equation (5) and (6) are achieved via the 175 

following solution methods: The pressure-based coupled algorithm is selected as the solution of the 176 

governing equation. With respect to the discretization scheme, the least squares cell based method is used 177 

for the gradient discretization. The PRESTO! (pressure staggering option) scheme is applied to the pressure 178 

interpolation scheme while the second order upwind scheme is applied for energy and momentum 179 

equations. The value of residual tolerance ∆Ĳ = 10-6 is considered as the convergence criterion for the 180 

calculation. 181 

The physical property parameters of carbon dioxide used in Fluent are obtained from the National 182 

Institute of Standards and Technology (NIST) database. The density of fluid (ȡ0) equals to 0.024 kg/m3, and 183 

thermal expansion coefficient (ȕ) equals to 0.0046 1/K. The dynamic viscosity (ȝ), thermal conductivity (k) 184 

and specific heat of fluid (cp) are fitted as a function of temperature as follows[36,37] and used in 185 

polynomial profile of material properties: 186 

 
2

11 2 8 6

CO
2 10 6 10 1 10 kg/(m s)T T T           (7) 

 
2

8 2 5

CO
5 10 5 10 0.002 W/(m K)k T T T        (8) 

 
2

6 2
p CO

1 10 0.0017 0.4401 J/(g K)c T T T       (9) 

 187 

2.3  Grid sensitivity 188 

Grid independence of the solution scheme significantly affects the calculation results of heat transfer and 189 

fluid flow. In order to verify the validity of the grid sensitivity, a grid experiment was conducted before the 190 

calculations. Uniform mesh sizes in both x and y directions was used in the study owing to the laminar flow 191 

in the enclosure. The cases with tilt angle ranging from 0 to 90°, partition numbers of 0, 1, 2, and 3, gravity 192 

acceleration of 3.62 m/s2, and pressure of 1000 Pa were calculated on the grids of three different meshes as 193 

follows: Mesh a: grid of 501×71 points; Mesh b: grid of 1001×141 points, and Mesh c: grid of 1501×211 194 

points. A few typical test results of heat flux were shown in Table 1. The definition of average heat flux (q) 195 

is given as follows: 196 

  
Q

q
L d




 (10) 

where Q denotes the heat transfer rate through the enclosure; L denotes the enclosure length; and d denotes 197 

the enclosure deep, which equals to 1 m in the study. 198 

 199 

Table 1 Grid dependence test model and results 200 

ș = 0° ș = 20° ș = 90° 
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case N Mesh q (W/m2) case N Mesh q (W/m2) case N Mesh q (W/m2) 

1 0 

a 7.28 

5 0 

a 6.61 

9 0 

a 5.02 

b 7.27 b 6.60 b 5.02 

c 7.27 c 6.60 c 5.02 

2 1 

a 7.11 

6 1 

a 6.72 

10 1 

a 5.72 

b 7.10 b 6.71 b 5.72 

c 7.10 c 6.71 c 5.72 

3 2 

a 6.83 

7 2 

a 6.20 

11 2 

a 6.01 

b 6.82 b 6.20 b 6.01 

c 6.82 c 6.20 c 6.01 

4 3 

a 6.77 

8 3 

a 5.75 

12 3 

a 6.10 

b 6.76 b 5.75 b 6.10 

c 6.76 c 5.75 c 6.10 

 201 

The results indicated that the mesh dependence decreased with increases in the tilt  angle: (1) When the 202 

tilt  angle of the enclosure was 0°, for all the cases, the test results of Mesh b and c were the same albeit, 203 

lower than Mesh a. (2) When the tilt  angle of the enclosure was 20°, for case 5 and case 6, the test results of 204 

Mesh b and c were the same albeit lower than that of Mesh a. However, for case 7 and case 8, the test 205 

results of Mesh a, b, and c were the same. (3) When the tilt angle of the enclosure was 90°, for all the cases, 206 

the test results of Mesh a, b, and c were the same. Hence, Mesh b was applied to Case1 to Case6, and Mesh 207 

a was applied to Case7 to Case12, which achieved an optimum compromise between accuracy and 208 

computational costs. 209 

Similarly, grid sizes generated in Mesh a, Mesh b, and Mesh c were also selected for other cases with 210 

different tilt angles and partition numbers to calculate heat flux through the enclosures, thus obtaining the 211 

grid independent results. 212 

 213 

3 Model validation 214 

As discussed in the introduction, there is a paucity of investigations on fluid flow and heat transfer inside 215 

CO2 enclosures on Mars surface. The most similar research was conducted by Bhandari et al. [36] who 216 

experimentally investigated natural convection in CO2 filled cylindrical enclosures of a Mars rover to 217 

obtain the optimal thickness for the minimum heat transfer through the enclosure. The cylindrical enclosure 218 

was filled with carbon dioxide of 1066.6 Pa, and the gravitational acceleration was 9.8 m/s2. The top and 219 

surrounding walls were maintained at 203 K, while the bottom wall was maintained at 243 K. The 220 

cylindrical radius was 368.3 mm, and five enclosure thicknesses of 38.1 mm, 50.8 mm, 76.2 mm, 101.6 221 

mm, and 127 mm were considered. The same horizontal cylindrical enclosures as those in [36] were 222 

selected for comparison purposes, and the comparison between the results from the paper and those in [36] 223 

was shown in Fig. 2. With increasing enclosure thickness, the thermal conductance calculated in the present 224 

study agreed well with those in [36]. 225 
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 226 

Fig. 2. Comparison of thermal conductance obtained by Bhandari et al. [36] and present study 227 

 228 

Additionally, the accuracy of the present numerical procedure was further validated by comparing the 229 

present CFD results with the experimental results obtained by Baïri [38] who conducted an experimental 230 

investigation of fluid flow and heat transfer in an air cavity on the Earth’s surface with two opposite 231 

isothermal walls and four adiabatic walls. The tilt angle of the cavity could be varied from 0° to 360° by the 232 

rotating framework. The cases with Rayleigh number of 2.64×104 and tilt angle of 0°, 45°, 90°, 180°, and 233 

225° were selected for comparison purposes. The results shown in Fig. 3 indicated that a favorable 234 

agreement existed between the results in this paper and those in [38]. Therefore, it was evident that the 235 

CFD calculation model and method could be reliably applied in the present study. 236 

 237 

 238 
Fig. 3. Comparison of the Nusselt numbers obtained by Baïri [38] with those in the present study 239 
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4 Results and discussion 240 

4.1  Velocity and thermal distributions 241 

The analysis in the study indicated that the velocity and thermal distributions were related to the tilt 242 

angle and partition number. Thus, a parameter was fixed to investigate the influence of the other parameter 243 

on fluid flow and heat transfer in the enclosure. 244 

4.1.1 Influence of tilt angle 245 

Fig. 4 showed the evolution of velocity contours, streamlines, and isotherms for the enclosure with two 246 

partitions when the tilt angle increased. The streamlines in Fig. 4a showed the flow direction of convections. 247 

When the enclosure sloped, three different flow regimes successively occurred in the enclosure, and there 248 

were two critical angles corresponding to the two turning points between the three flow regimes. As shown 249 

in Fig. 4, the flow appeared as a Rayleigh–Bénard convection at ș = 0°. Rayleigh–Bénard convection is a 250 

type of multiple-cell convection, and this is also observed in a few other studies[39,40]. When the ș 251 

increased to șcri1 = 12.9°, the pattern changed into a transition convection, and subsequently when the ș 252 

increased to șcri2 = 24.6°, the flow mode changed to a single-cell convection and persisted until ș = 90°. 253 

Thus, the complete mode changing process was divided into three regimes. The first, second, and third 254 

regimes corresponded to the Rayleigh–Bénard convection, transition convection, and single-cell convection, 255 

respectively. The analysis of our results indicated that the velocity fields, thermal distributions, and heat 256 

transfer were closely correlated to the different regimes. 257 

In the first regime, the flow in all parts of the enclosure were Rayleigh–Bénard convection. At this 258 

condition, as shown in Fig. 4b(1), the isotherm contour was a type of four-ȍ structure. With increasing tilt  259 

angle, the structure gradually transformed to a three-and-a-half ȍ form although the isotherms density near 260 

the hot and cold walls were almost maintained as unchanged as shown in Fig. 4b(2). 261 

When the enclosure was titled sequentially, the buoyant shear flow along the hot wall increased, thereby 262 

leading to an increase in the flow strength in x-direction and a decrease in the flow strength in y-direction in 263 

all parts of the enclosure. Thus, the Rayleigh–Bénard convections began to gradually revert to unicellular 264 

ones from șcri1 = 12.9º to șcri2 = 24.6º. The flow mode continuously evolved during the regime until the 265 

multiple-cell pattern completely faded at the inclination of șcri2. During the second regime, as the example 266 

of ș = 15° shown in Fig. 4b(3) and Fig. 4a(3), the isotherm structure changed to a two-and-a-half-ȍ form, 267 

and the profiles in the top part was distorted and associated with the single-cell convection. Additionally, 268 

when the angle increased, the heated stream was pushed farther away from the cold wall, and thus the 269 

isotherms density near the cold wall decreased. It implied that the temperature gradient of the stream close 270 

to the cold wall was lower than that of multiple-cell Rayleigh–Bénard pattern. Similarly, the temperature 271 

gradient of the stream near the hot wall also exhibited the same tendency. Hence, the lower temperature 272 

gradient resulted in decreased heat transfer, and this was confirmed by verifying the heat flux as discussed 273 

in section 4.2.1. 274 

When the tilt angle extended beyond șcri2, the velocity in x-direction significantly exceeded that in 275 

y-direction owing to the stronger buoyancy force along the hot wall. Hence, as shown in Fig. 4a(4), Fig. 276 

4a(5), and Fig. 4a(6), the steady single-cell convection was promptly established in all parts. The flow 277 

circulating clockwise was caused by the position of the hot and cold surfaces while the core of the region 278 

was relatively stagnant, and this was also confirmed by Ganguli et al. [6]. In the regime, the velocity of the 279 

flow increased with increasing tilt angle when the flow mode persisted as single-cell, and this resulted in a 280 

strengthening of the flow field. Simultaneously, as shown in Fig. 4b(4), Fig. 4b(5), and Fig. 4b(6), the 281 



 

10 

isotherms transformed to a skew-symmetric distortion (hot fluid upwards in the side of the hot plate and 282 

cold fluid downwards in the side of the cold plate) in all parts of the enclosure with dense isotherms near 283 

the longitudinal walls.  284 
  285 

 286 

 287 
Fig. 4. Velocity and temperature contours in enclosures at L = 1000 mm, H = 140 mm, ǻT = 40 K̍ N = 2: 288 

(1) ș = 0°; (2) ș = 5°; (3) ș = 15°; (4) ș = 25°; (5) ș = 60°; (6) ș = 90°  289 
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 290 

4.1.2 Influence of partition number 291 

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

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

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

Rayleigh–Bénard convection to single-cell convection could be brought forward to a lower tilt  angle when 295 

the partition number increased. This was interpreted that the more parts formed in the enclosure, the less 296 

room the flow could move, and this reduced the probability of the single cells splitting into the multiple 297 

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

Therefore, the buoyancy force in the x-direction was boosted, and this make single-cell convection occur 299 

more easily in the enclosure. In summary, the presence of the partition played a role in advancing the 300 

formation of single-cell convection. 301 

 302 

Table 2 Values of the critical angle for the enclosures with different partition numbers 303 

N șcri1 (degree) șcri2 (degree) 

0 18.9 33.3 

1 13.6 28.6 

2 12.9 24.6 

3 2 16.6 

 304 

The influence of the partitions on the three different regimes was shown in Fig. 5, Fig. 6, and Fig. 7. The 305 

streamline and isotherm fields were shown for tilt  angles of 0°, 20°, and 90° corresponding to the first, 306 

second, and third regimes, respectively. 307 

In the first regime, there was no significant variation in the flow pattern when the number of the partition 308 

increased. As shown in Fig. 5, the velocity field in each enclosure with different partition number was the 309 

eight-cell Rayleigh–Bénard corresponding to the same temperature distribution of the four-ȍ structure. 310 

This was because the flow pattern in the condition was mainly determined by the stream circulation caused 311 

by the buoyancy force along the y-direction, however, the influence of the partition on the flow strength in 312 

y-direction was negligible.  313 

 314 

Fig. 5. Velocity and temperature contours in enclosures at L = 1000 mm, H = 140 mm, ǻT = 40 K, ș = 0°: 315 
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(a) N = 0; (b) N = 1; (c) N = 2; (d) N = 3  316 

 317 

The effect of the partition was the most significant in the second regime when compared with that in 318 

other two regimes. This was because the flow was unstable in the transition convection, namely, both the 319 

flow pattern and isotherm contour were easy to destroy. As shown in Fig. 6, for N = 0, the flow pattern was 320 

the two-small-cell-between-three-big-cell form. The isotherm contour was the two-and-a-half-ȍ structure. 321 

With respect to N = 1, the flow mode changed to two one-small-between-two-big-cell patterns, and the 322 

isotherm contours of three-and-a-half-ȍ developed at the moment. With respect to N = 2, the flow appeared 323 

as one single-cell in the middle part and two one-big-and-one-small cells in the side parts. For isotherm 324 

contours, the ȍ structure was transformed to two-and-a-half form again, but an evident deformation in the 325 

isotherms was observed. With respect to N = 3, the flow mode was completely altered to the mode of the 326 

third regime. At this moment, both the character of the velocity and temperature fields in each part 327 

conformed to the single-cell mode. In summary, with increasing partitions introduced into the enclosure, 328 

both the flow pattern and isotherm contour got closer to those of the third regime.  329 

 330 

 331 

Fig. 6. Velocity and temperature contours in enclosures at L = 1000 mm, H = 140 mm, ǻT = 40 K, ș = 332 

20°: (a) N = 0; (b) N = 1; (c) N = 2; (d) N = 3  333 

 334 
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In the third regime, with the function of the partitions, the big single cell was divided into several small 335 

single cells, which was equivalent to the multiple-cell convection. As shown in Fig. 7, the streamlines and 336 

isotherm contours in different parts of an enclosure were approximately identical, and only a single cell was 337 

indicated in each part. Additionally, it should be noted that the partition hindered the fluid flow in 338 

x-direction, and this implied that the more parts formed in the enclosure, the lower velocity of the fluid in 339 

x-direction was. However, as previously discussed, the influence of the partition on the flow strength in 340 

y-direction was limited. Hence, the isotherm contours in different enclosures became increasingly contorted 341 

with an increase number of partitions. 342 

 343 
Fig. 7. Velocity and temperature contours in enclosures at L = 1000 mm, H = 140 mm, ǻT = 40 K, ș = 344 

90°: (a) N = 0; (b) N = 1; (c) N = 2; (d) N = 3  345 

4.2 Convection heat flux through the enclosure 346 

4.2.1 Combined influence of tilt angle and partition number 347 

In this section, the combined influence of two parameters (N, ș) on the heat flux through an enclosure 348 

was examined. Figure 8 showed the heat flux as a function of the enclosure tilt angle and the partitions 349 

number.  350 

In the first regime, the effect of tilt angle on the heat flux was not evident because the temperature 351 

gradient near the walls was maintained as almost unchanged with increasing inclination angle as shown in 352 
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Fig. 4b(1) and Fig. 4b(2). The highest value of the heat flux corresponded to the original enclosure without 353 

partitions. The introduction of the three partitions reduced the heat flux by 10.6%. This was because 354 

increased partitions attached to the enclosure suppressed the velocity of fluid flow, although the flow 355 

pattern remained almost unchanged as shown in Fig. 5. 356 

With respect to a higher tilt angle, over the șcri1, convection flow changed into the transition regime. As ș 357 

further increased, the heat flux decreased sharply. During the beginning and the end stages of the regime, 358 

with a certain increase in the tilt  angle, there was a significant decrease on the q-ș-curve, and this was 359 

caused by the changes in the flow mode as discussed in 4.1.1. However, the decrease in the heat flux 360 

through the enclosure with partitions was lower than that of non-partitioned enclosure. As shown in Fig. 8, 361 

the heat flux completely decreased by 38.0% in the empty enclosure, while the transition process in the 362 

enclosure with three partitions just caused a 14.2% decrease in the overall heat flux. In other words, the 363 

raising partition number suppressed the reduction in the heat flux. Additionally, significant changes in the 364 

heat flux occurring at different tilt angles also suggested that the transition with the ever-changing ș was 365 

brought forward when the partition number increased. 366 

When the inclination passed the șcri2, the single-cell convection immediately contributed, and the heat 367 

flux tended to increase when the tilt  angle increased from șcri2 to a certain degree (ș = 80°, 75°, 70°, 60° for 368 

N = 0, 1, 2, 3) and then decreased slowly till ș = 90°. However, the discrepancy between the heat fluxes of 369 

the four curves decreased with increasing tilt  angle. This was because when the tilt  angle increased, the 370 

difference in the isotherm contour near the hot and cold walls between the enclosures with different number 371 

of partitions became less evident. Additionally, in the third regime, the highest value of the heat flux 372 

referred to the enclosure with three partitions, and this was reversed to the lowest value in the first regime. 373 

This was validated by isotherms close to the longitudinal walls as shown in Fig. 7 where the isotherms were 374 

sparsest at N = 0, thereby demonstrating a poorer heat transfer in the enclosure. When N increased, the 375 

isotherm density in the neighborhood of the longitudinal walls increased, indicating an enhancement in 376 

overall heat transfer through the enclosure. This explained the augmentation in the heat flux with increasing 377 

partition number. Nevertheless, the discrepancy between the heat fluxes of the four curves decreased with 378 

an increase in the partition number. This was because that the more partitions were attached to the wall, the 379 

less variation of the isotherms would appear as shown in Fig. 7. In summary, the influence of the partition 380 

number on heat flux became less evident when the partition number or the tilt  angle increased. 381 

It should also be noted that when the partitions were attached to the isothermal surface, for various tilt 382 

angles, the maximum heat flux through the enclosure decreased, while the minimum heat flux increased as 383 

shown in Table 3. The results indicated that the influence of the tilt  angle on the heat flux through the 384 

partitioned enclosures was less significant than that in the non-partitioned enclosure because the partitions 385 

exhibited a relaxative impact on the variation in heat flux. Therefore, the partitions played a crucial role in 386 

alleviating the fluctuation of heat transfer with changes in the tilt angle as faced by a Mars Rover operating 387 

on rugged Mars surface. 388 
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 389 

Fig. 8. Heat flux as a function of tilt  angle for different partition numbers (I, II, and III refer to the first, 390 

second, and third regimes, respectively, in the non-partitioned enclosure as an example) 391 

 392 

Table 3 Values of the minimum and maximum heat flux through the enclosures for different partition 393 

numbers with changes in the tilt  angle 394 

N qmin (W/m2) qmax (W/m2) 

0 4.43 7.27 

1 5.19 7.10 

2 5.62 6.82 

3 5.67 6.76 

 395 

4.2.2 Opposite effect of partitions on the first and third regime 396 

Based on the concept of field synergy principle [41], the synergy angle, namely the intersection angle 397 

between the velocity vector of fluid flow and the temperature gradient vector, can reflect the amount of heat 398 

transfer. When the synergy angle (șsyn) approaches 0° and 180°, heat transfer is strengthened. It is 399 

physically shown that when velocity vector of fluid flow and temperature gradient vector are parallel to 400 

each other, the contribution of fluid to the heat transfer reaches the maximum. Conversely, when velocity 401 

vector is perpendicular to temperature gradient vector, heat transfer cannot be enhanced by fluid flow. The 402 

synergy angle is defined as follows: 403 

 404 

arccos( )syn

V T

V T
 


 

ur uuur

ur uuur  

(11) 

 405 

where ܸሬԦ denotes the velocity vector and ܶ׏ሬሬሬሬሬԦ denotes the temperature gradient vector. 406 
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In order to illustrate the opposite effects of partitions on the heat transfer between the first and the third 407 

regime, the synergy angle fields for enclosures with different partition numbers are shown in Fig. 9 and Fig. 408 

10. The enclosures at the angles of 0° and 90° were selected to denote the first (Fig. 9) and third regimes 409 

(Fig. 10), respectively, in this section. 410 

In the first regime, the original flow pattern had already been multiple-cell convection in the 411 

non-partitioned enclosure. When the partitions were placed in the enclosure, they only slightly impacted the 412 

synergy angle fields as shown in Fig. 9. Thus, synergy angle fields were extremely similar in the enclosures 413 

with different partition numbers in the first regime. However, as shown in Fig. 8, the heat flux slightly 414 

decreased with increasing partition number, and this was mainly caused by the decrease in fluid velocity 415 

due to the impact of the partitions as shown in Fig. 5. 416 

With respect to the third regime, synergy angle field significantly changed when the partitions were 417 

attached to the enclosure as shown in Fig. 10. As discussed in 4.1.2, the big single cell was divided into 418 

small single cells by the partitions, and the flow structure in the complete enclosure was equivalent to 419 

multiple-cell convection. In this case, the stream along the hot wall was deflected parallel to the y-axis by 420 

the partitions at the relative positions corresponding to x/L = 1/2 for N = 1; x/L = 1/3 and x/L = 2/3 for N = 2; 421 

x/L = 1/4, x/L = 2/4, and x/L = 3/4 for N = 3. Therefore, the velocity vector of the flow near the partitions 422 

was paralleled to the temperature gradient vector, and heat transfer was thus enhanced. As shown in Fig. 10, 423 

the more partitions in the enclosure, the more regions in which the synergy angle was closer to 0° and 180°, 424 

and this lead to higher heat transfer through the enclosure as shown in Fig. 8. 425 

 426 

 427 

Fig. 9. Synergy angle fields of horizontal enclosures (the first regime) at L = 1000 mm, H = 140 mm, ǻT 428 

= 40 K: (a) N = 0; (b) N = 1; (c) N = 2; (d) N = 3 429 

 430 
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 431 

Fig. 10. Synergy angle fields of vertical enclosures (the third regime) at L = 1000 mm, H = 140 mm, ǻT = 432 

40 K: (a) N = 0; (b) N = 1; (c) N = 2; (d) N = 3 433 

 434 

5 Conclusions 435 

In the study, fluid flow and heat transfer in inclined and fully divided CO2 enclosures with partitions on 436 

Mars surface were numerically investigated. The ranges of parameter in the study were p = 1000 Pa, g = 437 

3.62 m/s2, ǻT = 40 K, AR = 7.14, Ra = 7270, N = 0, 1, 2, and 3, and 0° ≤ ș ≤ 90°. The primary conclusions 438 

were summarized as follows: 439 

1) With increasing tilt angle, three different flow regimes successively occurred in the enclosure as 440 

follows: the Rayleigh–Bénard convection, transition convection, and single-cell convection. 441 

2) Two critical angles existed and corresponded to the two turning points between the three flow regimes: 442 

șcri1 = 18.9° and șcri2 = 33.3° for the non-partitioned enclosure; șcri1 = 13.6° and șcri2 = 28.6° for the 443 

enclosure with a partition; șcri1 = 12.9° and șcri2 = 24.6° for enclosure with two partitions; șcri1 = 2° and șcri2 444 

= 16.6° for the enclosure with three partitions. 445 

3) The transition from Rayleigh–Bénard convections to single-cell convection could be brought forward 446 

to a lower tilt  angle by increased partition number. The transition regime was the most unstable regime, and 447 

both the flow pattern and isotherm contour would be closer to those of the third regime when the partition 448 

was attached to the enclosure. 449 

4) During the beginning and the end stage of the second regime, there were two significant decreases in 450 

the heat flux, and the rate of the overall decrease in the heat flux reduced with increasing partition number 451 

as follows: 38.0% for the non-partitioned enclosure and 14.2% for the enclosure with three partitions. In the 452 

third regime, the influence of the partition number on heat flux became less evident when the partition 453 
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number or the tilt angle increased. 454 

5) The partitions moderated the fluctuation in heat flux through the enclosure for various tilt angles. 455 

When the tilt angle changed, the heat flux fluctuated from 4.43 W/m2 to 7.27 W/m2 for the non-partitioned 456 

enclosure and from 5.67 W/m2 to 6.76 W/m2 for the enclosure with three partitions. The maximum heat 457 

flux through the enclosure decreased, while the minimum heat flux increased. 458 

 459 
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 573 

Nomenclature 574 

AR enclosure aspect ratio Greek symbols 

cp specific heat capacity (J/g∙K) ȕ thermal expansion coefficient (1/K) 

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

g gravitational acceleration (m/s2) ȝ dynamic viscosity (kg/m∙s) 
H thickness of enclosure (mm) ȡ density of fluid (kg/m3) 

Kn Knudsen number ȡ0 constant density of the flow (kg/m3) 
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k thermal conductivity (W/m∙K) ǻT difference in temperatures ǻT = Th-Tc˄K˅ 

L length of the layer (mm or m) ǻɒ residual tolerance 

l characteristic length (m)   tilt angle (degree) 

N partition number  crit1 critical angle between the first and second 

regimes (degree) p pressure (Pa) 

Q Heat transfer rate(W)  crit2 critical angle between the second and third 

regimes (degree) q heat flux (W/m2) 

Ra Rayleigh number  syn synergy angle (degree) 

T temperature (K)   

T0 operating temperature (K) Subscripts 

u velocity components in x direction (m/s) c cold ሬܸԦ velocity vector h hot ܶ׏ሬሬሬሬሬԦ temperature gradient vector max maximum 

v velocity components in y direction (m/s) min minimum 

x x coordinate location (mm) p partition 

y y coordinate location (mm)   

 575 


