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This investigation evaluated the impact of three mesh types (hexahedral, tetrahedral, and hybrid 12 
cells) and five grid numbers (3, 6, 12, 24, and >38 million cells) on the accuracy and computing 13 
costs of air distribution simulations in a first-class cabin. This study performed numerical error 14 
analysis and compared the computed distributions of airflow and temperature. The study found that 15 
hexahedral meshes were the most accurate, but the computing costs were also the highest. 12-16 
million-cell hexahedral meshes would produce acceptable numerical results for the first-class cabin. 17 
Different mesh types would require different grid numbers in order to generate accurate results.  18 
 19 

1. INTRODUCTION 20 

NOMENCLATURE 
    

αp,αnb coefficient of the variable at the xi spatial coordinates 
 present cell and neighboring cells, Гϕ,eff effective diffusion coefficient 
 respectively ρ density of fluid 

b source term or boundary conditions   average general variable 

Ero maximal round-off error ,  exact solution, approximated 

Err total numerical error  solution 

N grid number p , nb  variable of the present and 

ri distance from the center point of cell i  neighboring cells, respectively 

 (center of gravity) to the interfacial center round-off error 

 f  

Rϕ normalized residuals Subscripts and Superscripts 

Sϕ source term c center point of cell 

t time f interfacial center point 
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TE truncation error i index of coordinate 

iu  average velocity nb neighboring cells 

V flow domain size p present cell 
 21 

In the past decade, the number of air travelers worldwide increased to 11.3 billion [1]. Air 22 
distribution in airliner cabins is important for the thermal comfort and well-being of travelers and 23 
crew members [2]. However, many recent studies [3, 4] found that thermal comfort in airliner cabins 24 
was not satisfactory. The spatial air temperature distributions in airliner cabins were not uniform, and 25 
many passengers found that their upper bodies were too warm and lower bodies too cold. 26 
Measurements in a large number of commercial airliner cabins by Guan et al. [5] identified many 27 
pollutants that are potentially harmful to passengers and crew members and should therefore be 28 
removed effectively from the cabins by ventilation. Adjustment of air distribution in cabins in order to 29 
improve thermal comfort and reduce pollutant levels is an important subject for airplane cabin 30 
designers and researchers.  31 

Experimental measurements and computer simulations are two of the primary methods of 32 
investigating air distribution in an airliner cabin [6]. For example, Zhang et al. [7] used a CFD 33 
program to study the air distribution in an airliner cabin mock-up. Li et al. [8] measured contaminant 34 
distribution experimentally in an airplane cabin. Liu et al. used both experimental measurements [9] 35 
and computer simulations [10] to obtain the air distribution in a first-class cabin. These studies 36 
showed that, while experimental measurements in an airliner cabin were reliable, it was difficult to 37 
conduct the measurements on board with sufficient fine spatial resolution because of regulations 38 
imposed by aviation authorities and the high costs associated with the experiments. Most of the 39 
measurements were conducted on the ground in airplanes or cabin mock-ups [8, 11, 12]. CFD 40 
simulation, on the other hand, is less expensive and more efficient [6]. Thus, recent studies of thermal 41 
comfort and air quality in airliner cabins have been conducted primarily by CFD [13-15]. Because the 42 
geometry of an airliner cabin is very complex and the airflow appears unstable [10], the experience 43 
obtained in simulating airflow in other enclosed spaces, such as buildings, cannot be applied to 44 
airliner cabins. Therefore, it is important to investigate the use of CFD for this application. 45 

Significant effort has been made in recent years in studying air distributions in airline cabins by 46 
CFD. For example, Liu et al. [10] evaluated different turbulence models for predicting air 47 
distributions, and Zhang and Chen [16] assessed various particle models for predicting contaminant 48 
dispersions. However, few studies have evaluated the mesh type and number used in CFD. Because 49 
CFD solves discretize transport equations for flow (Navier-Stokes equations), the flow domain in an 50 
airliner cabin should be divided into a large number of cells. The mesh type and size can be very 51 
important factors in the cost of computation and the accuracy of the numerical results. 52 

Since an airliner cabin is three dimensional, the commonly applied mesh types are hexahedral 53 
[17], tetrahedral [18], and hybrid meshes [19]. The hexahedron, a structured mesh, was first developed 54 
[20] in the 1970s. Compared with tetrahedral and hybrid meshes, hexahedral meshes can be aligned 55 
with the predominant direction of a flow, thereby decreasing numerical diffusion [21]. However, it is 56 
difficult to generate hexahedral elements for airliner cabins with complicated boundaries [6], although 57 
there are examples of this application [17]. Developments in meshing techniques in the 1980s made 58 
the tetrahedron a popular alternative [22]. Tetrahedral cells are more adaptive to a flow domain with a 59 
complicated boundary [23]. Today, because commercial CFD software can generate tetrahedral 60 
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meshes automatically, such meshes are favored by inexperienced users. Many researchers [24, 25] 61 
have applied these meshes to air cabins. However, a tetrahedron is not as accurate as a hexahedron 62 
with the same grid number [26, 27]. The grid number of a tetrahedral mesh is larger than that of a 63 
hexahedral mesh with the same cell dimensions. Therefore, hybrid meshes [28, 29] have been 64 
developed that use tetrahedral meshes in the flow field with a complicated boundary and hexahedral 65 
meshes in the other fluid domain. Several studies [10, 15] have applied hybrid meshes to the 66 
investigation of air distributions in cabins. Unfortunately, hybrid meshes cannot be automatically 67 
generated, and intensive labor is required to build such a mesh manually. 68 

The above review illustrates the pros and cons of different mesh types. It is important to identify 69 
the type mesh that is most suitable for use in airliner cabins.  70 

 Another important factor in the computing cost and accuracy of CFD simulations is the number 71 
of cells. Many CFD studies have performed grid independence tests. For example, Liu et al. [10] 72 
compared three grid quantities for a first-class cabin, but the maximum grid number was only 13 73 
million, which was not sufficiently fine to obtain grid independency. A coarse mesh could lead to a 74 
larger spatial discretization error, and refining the mesh could reduce the numerical dissipation. 75 
However, if the grid number were very large, round-off error could increase rapidly and would exceed 76 
truncation errors, and thus the accuracy could also become poor [30]. Therefore, a cell number that is 77 
either too small or too large could lead to poor results. It is necessary to determine the most suitable 78 
grid number.  79 

On the basis of state-of-the-art CFD simulations of air distribution in airliner cabins, this 80 
investigation conducted a systematic evaluation of mesh type and number. The goal was to identify a 81 
suitable mesh type and number for studying air distribution in an airliner cabin in order to improve the 82 
thermal comfort and well-being of passengers and crew members. 83 
 84 

2. RESEARCH METHOD 85 

 86 

2.1. Selection of Grid Type and Number 87 

Our study used the first-class cabin of a single-aisle aircraft (an MD-82 airplane) to study the 88 
impact of grid type and number on the computing costs and accuracy of numerical simulations of air 89 
distributions in the cabin. Figure 1(a) is a schematic of the fully-occupied, first-class cabin. The role 90 
of grid type was investigated by using hexahedral, tetrahedral, and hybrid meshes, as shown in Figure 91 
1. For evaluating grid number, a mesh of at least 3 million cells is necessary in order to describe cabin 92 
details that are crucial for simulating air distribution, such as diffusers. We progressively doubled the 93 
grid number in order to study its impact on accuracy. Because of limitations on our computing 94 
resources, the maximum grid number used was about 48 million. Since it took a long time to generate 95 
the finer grids and it was not easy to control the grid number, the largest grid numbers for the 96 
hexahedral, tetrahedral, and hybrid meshes were 59, 50, and 38 million, respectively. Table 1 shows 97 
the grid numbers used in this investigation. 98 
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 99 

(a)                                                                               (b) 100 

                     101 

(c)                                                                               (d) 102 
Figure 1. (a) Schematic of the fully-occupied, first-class cabin; and mesh distribution at the back 103 

section for different mesh grid types: (b) hexahedral mesh, (c) tetrahedral mesh, and (d) hybrid mesh 104 
with 24 million cells. 105 

 106 
Table 1. Grid numbers, dimensions, and Y+ values used in this study 107 

Mesh type Abbreviation
Cell number 

(millions) 
Global mesh 

size (mm) 
Surface-average 

Y+ 

Hybrid 

HY3 3 64 5.02 

HY6 6 48 3.84 

HY12 12 32 3.32 

HY24 24 24 2.86 

HY38 38 24 2.21 

Tetrahedral 

T3 3 80 4.38 
T6 6 64 3.33 

T12 12 48 2.45 
T24 24 32 2.04 
T50 50 24 1.67 

Hexahedral 

H12 12 24 2.11 
H24 24 24 1.89 

H59 59 24 1.54 

 108 
 109 
 110 
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Figure 1 shows the grid distributions of the three mesh types. Different mesh types had similar 111 
mesh distributions. For example, the mesh was very fine in the regions close to the walls, manikins, 112 
and air diffusers because of large gradients in the variables, while coarse meshes were used in the 113 
main flow region. This investigation defined the large mesh dimension used in the main flow region 114 
as the global mesh dimension. For the hexahedral mesh, as depicted in Figure 1(b), the distribution of 115 
the meshes was uniform in most of the main flow region.  Because the diffuser size was only 3 mm 116 
and the global mesh dimension was much larger than that, we gradually increased the mesh dimension 117 
for the diffusers to the main flow to ensure grid quality. Figure 1(c) shows the tetrahedral mesh 118 
distribution and Figure 1(d) the hybrid mesh distribution, under the same strategy as that used for the 119 
hexahedral meshes. The hybrid mesh was divided into three flow regions: the region with regular 120 
geometry close to the aisle and floor, where hexahedral meshes were used; the region with irregular 121 
geometry close to the diffusers, walls, ceiling, seats, and manikins, where tetrahedral meshes were 122 
used; and the transition regions, where pyramidal meshes were used.  123 
 124 

2.2. Turbulence models and numerical scheme 125 

 126 
CFD simulations of air distributions in airliner cabins would need to use turbulence models, as 127 

current computer capacity and speed are insufficient to simulate the details of turbulence flow in 128 
airliner cabin. Among various turbulence models, Liu et al. [10] recommended large-eddy-simulations 129 
(LES) and detached-eddy-simulations (DES) for airflow simulations in airliner cabins. However, these 130 
models require long a computing time and high mesh density. Zhang et al. [31] concluded that the 131 
LES model provided the most detailed flow features, while the v2f and re-normalization (RNG) k-ε 132 
models could produce acceptable results with greatly reduced computing time. Since the RNG k-ε 133 
model is one of the most popular turbulence models used in design practice, the current study used 134 
this model to simulate cabin flows. Because the airflow in an airliner cabin can be transitional, this 135 
study also simulated the flow as transient or unsteady.  136 

The governing equations for the RNG k-ε model for both steady and transient flows can be 137 
written in a general form: 138 
 139 

,[ ]i eff
i i

u S
t t x x 
      
   

   
                                               (1) 140 

 141 
where ϕ represents the flow variables (air velocity, energy, and turbulence parameters), Гϕ,eff is the 142 
effective diffusion coefficient, and Sϕ is the source term. When ϕ = 1, then equation (1) becomes the 143 
continuity equation. 144 

This study used commercial CFD software FLUENT [32] for all numerical simulations. The 145 
Navier-Stokes equation was discretized by the finite-volume method [33, 34, 35]. We employed the 146 
SIMPLE algorithm to couple the pressure and velocity calculations. The PRESTO! scheme was 147 
adopted for pressure discretization, and the first-order upwind scheme was used for all the other 148 
variables. We tested the second-order scheme, but the calculation did not lead to a converged solution 149 
[10]; this result was unfortunate, and the scheme should be further investigated in the future. This 150 
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investigation started an unsteady-state simulation that was based on the results of a steady-state 151 
simulation. We estimated that the unsteady-state simulation took one time constant of 50 s to reach a 152 
stable flow field. The computation then continued for another 100 s, after which time-averaged 153 
simulation results could be obtained.  154 

For the regions near the walls, our study used the enhanced wall function [32], which required 155 
that the Y+ value be less than 30. Table 1 shows the surface-averaged wall Y+ values, which were all 156 
smaller than 5; thus, the wall function could be used. 157 

The study considered the solutions to be converged when the sum of the normalized residuals for 158 
all the cells satisfied the conditions shown in Table 2. The normalized residuals were defined as: 159 
 160 

                                                   (2) 161 

 162 

where P  and nb  are the given variable at the present and neighboring cells, respectively; Pa  is the 163 

coefficient of the variable at the present cell; nba  are the correlation coefficients of the variable at the 164 

neighboring cells; and b is the source term or boundary conditions. 165 
 166 

 167 
Table 2. Residual values below which solutions are considered to be converged, for the three different 168 

mesh grid types 169 

Residuals Hexahedral Tetrahedral Hybrid 

continuity 10-4 10-4 10-4 

velocity 10-3 10-3 10-3 

energy 10-6 10-6 10-6 

k 10-3 10-3 10-3 

ε 10-4 10-4 10-4 

 170 
  171 
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2.3. Numerical errors 172 

 173 
Discretizing the partial differential governing equation (Eq. 1) gives rise to three types of errors: 174 

truncation errors, errors introduced by the numerical definitions of boundary conditions, and round-off 175 
errors [36]. The following two sub-sections present the method we used to estimate the truncation 176 
errors and round-off errors because they are related to grid type and number. 177 
 178 

2.3.1. Truncation errors 179 

 180 
Figure 2 shows parameters of two adjacent cells and the truncation error between typical 181 

neighboring cells for different mesh types. The variable ϕ was chosen as a general variable to account 182 
for the truncation error. The variables f and c are the indices of the interfacial and cell center points, 183 
respectively. CFD simulations are used to obtain ϕf, the ϕ value at f in the interface of two adjacent 184 
cells, through interpolation by using the ϕ values at the two cell centers: 185 
 186 

1 , , 1
,

1

i c i i c i
f i

i i

r r

r r

 
  







                                                             (3) 187 

 188 
where ri is the distance from the center of cell i (center of gravity) to the interfacial center point f, and 189 
ri+1 is the distance from the center of cell i2 (center of gravity) to the interfacial center point f. 190 

 191 

 192 
(a)                                                  (b)                                                        (c) 193 

Figure 2. Typical neighboring cells and parameters of two adjacent cells for different mesh grid types: 194 
(a) hexahedral mesh (b) tetrahedral mesh and (c) hybrid mesh. 195 

 196 
By using a Tailor series, we can express the term on the right-hand side of Eq. (3) as: 197 

 198 
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                                                             (5) 201 

 202 
Therefore, the truncation error of Eq. (3) is: 203 

 204 

2 2
1 11 , , 1 , ,

1 1

( ) ( )1
...

2

i i i ii f i i f i i f i i f i

i i i i

r r r r r r r r
TE

r r r r

     

 

       
  

 

   
                     (6) 205 

 206 
Let us now study four different grid-type scenarios: 207 
Scenario 1: Neighboring cells have the same geometrical shape and edge length (such as the 208 

cubical and equilateral-triangular shaped cells shown in Figures 2(a) and (b), respectively). The 209 
directions of ri and ri+1 are opposite one another, and ri+1 is thus:  210 

 211 

1i ir r  
 

                                                                       (7) 212 

 213 
The first term of the truncation error in Eq. (6) becomes zero, so the truncation error is second-214 

order as follows: 215 
 216 
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                                             (8) 217 

 218 
Scenario 2: Neighboring cells have different geometrical shapes, but each cell has equal edge 219 

lengths, such as those shown in Figure 2(c). When hexahedral and pyramidal cells are adjacent to each 220 
other, then ri+1 can be written as 221 
 222 

1
1

i
i i

i

r
r r

r


  
 

                                                                   (9) 223 

 224 
The first term of the truncation error in Eq. (6) again becomes zero, and the truncation error is 225 

also of second order. When tetrahedral and pyramidal cells are adjacent to each other, ri+2 and ri+3 are 226 
not parallel. The first term of the truncation error cannot cancel out, and the truncation error will be of 227 
first order. 228 

In hybrid meshes with transitions between tetrahedral and pyramidal cells, the truncation error is 229 
of first order, while in meshes of a single type such as hexahedral and tetrahedral meshes, the leading 230 
term is of second order. Therefore, the truncation error for hybrid meshes will be higher than that for 231 
the other two grid types. 232 
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Scenario 3: Neighboring cells have the same geometrical shape, but each cell has different edge 233 
lengths (such as a rectangular parallelepiped and scalene-triangular shaped cell). The first term of the 234 
errors arising on opposite hexahedral cell faces cancels out completely on the basis of Eq. (9), since 235 
the cell faces are parallel. However, because the cell faces are not parallel for tetrahedral meshes, the 236 
truncation error is still of first order. Hence, hexahedral meshes are superior to tetrahedral meshes 237 
with a similar resolution [21].  238 

Scenario 4: Neighboring cells have different geometrical shapes, and each cell has different edge 239 
lengths. The truncation error is always of first order. 240 
 241 

Refining the meshes would reduce the truncation error. When the mesh is sufficiently fine, mesh 242 
type has little influence on the accuracy of simulation results because 243 
 244 

0lim ( ) ( ) 0
ir iTE O r                                                              (10) 245 

 246 

2.3.2. Round-off errors 247 

 248 

Round-off error,  n
i , is the difference between the exact solution 

n
i and the approximated 249 

solution 
n

i of the governing equation, as shown in Eq. (11). Limited computer word length would 250 

lead to the round-off error. As the time step size and cell dimension decrease, the round-off error 251 
increases while the truncation error decreases. Decreasing the cell dimension and time step size does 252 
ensure more accurate results. When the time step size and cell dimension are very small, the accuracy 253 
is compromised because the round-off error may overtake the truncation error. Therefore, the grid 254 
number should be small enough to prevent round-off error. 255 
 256 

nn n
ii i                                                                     (11) 257 

 258 
It is necessary to identify the relationship between numerical errors (including round-off and 259 

truncation errors) and grid number. Since the cell dimension may not be constant over an entire 260 
computational domain because of the uneven mesh distribution, let us use an average cell dimension 261 
to estimate the average truncation error. In the case in which ri and ri+1 have the same direction and the 262 
second and higher order terms in Eq. (6) can be neglected, the averaged truncation error in the 263 
computational domain will be maximal: 264 
 265 

3   f

V
TE

N
                                                             (12) 266 

 267 
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where N is the grid number and V is the flow domain size (15.5 m3 for the first-class cabin). In the 268 
case in which ri and ri+1 have the opposite direction and the second and higher order terms in Eq. (6) 269 
can be neglected, the averaged truncation error will be zero. 270 
 271 

For a CFD program with double precision parameters, the storage accuracy of a computer can be 272 
as high as 10-15. If we iterate 20,000 time steps for a 150 s unsteady-state simulation in the first-class 273 
cabin, the maximal round-off error is: 274 

1520,000 /10 roE N                                                        (13) 275 

 276 
The total numerical error is then: 277 

11 32 10      f

V
Err N

N
                                     (14) 278 

 279 
A suitable grid number for achieving the minimal numerical error can be determined by equating 280 

the derivative of the right-hand term of Eq. (14) to zero. By using V = 15.5 m3, we obtain 281 
 282 

7 34=9.2 10 fN                                                               (15) 283 

 284 
Eq. (15) shows that a suitable grid number is a function of ϕ for the air cabin.  285 

 286 

3. RESULTS  287 

 288 
This section first compares the simulated results from the steady- and unsteady-state RNG k-ε 289 

models with the measured data, and then discusses the impact of mesh type and number on the 290 
simulated results. 291 

 292 

3.1. Steady- and unsteady-state turbulent flow modeling 293 

 294 
The steady-state RNG k-ε model (RANS) and unsteady-state RNG k-ε model (URANS) should 295 

yield the same results for stable flow. However, as shown in Figure 3, different air velocity profiles 296 
were obtained in the three selected vertical positions in the cabin with hexahedral meshes of 24 297 
million cells. Because the URANS results were obtained by averaging them over 100 s (two time 298 
constants), the differences in the two simulated results suggest that the flow in the cabin was unstable. 299 
Kumar and Dewan [37] found that thermal plumes can be intermittent and give rise to time-dependent 300 
fluctuated flow fields around human bodies. Figure 3 also shows that the prediction by URANS is 301 
better than that by RANS when the simulated results are compared with the experimental data. 302 
However, it is important to note that the experimental data contained some uncertainties resulting 303 
from the complex boundary conditions, as reported by Liu et al. [6]. The experimental data should be 304 
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used only as a reference, rather than a criterion. Because of the unstable flow features, this 305 
investigation used URANS to study the impact of grid type and number on the prediction of air 306 
distributions in the airliner cabin. 307 
 308 

 309 

 310 

   311 

Figure 3. Comparison of the simulated air velocity profiles obtained by the RNG k-ε and unsteady-312 
state RNG k-ε models with those measured in the occupied first-class cabin. 313 

 314 

3.2. Impact of grid number on the simulated results 315 

 316 
Figure 4 compares the simulated velocity profiles at five vertical sampling lines with tetrahedral 317 

meshes of different grid number. As the grid number increased, the truncation error decreased. 318 
However, mesh density was high in the regions close to the walls and air diffusers, such as at P1 and 319 
P5, and local truncation errors in these regions were smaller. Hence, a further increase in grid number 320 
had little influence on the simulated velocity profiles at P1 and P5.  321 

However, in the regions with large cell dimensions, such as at P2, P3, and P4, the corresponding 322 
truncation errors were large. The different grid numbers led to different simulated results. The results 323 
were very different from those with finer grids, especially when the grid numbers were low (3 and 6 324 
million cells). The simulated air velocity profiles were similar with meshes of 12, 24, and 50 million 325 
cells, which meant that the truncation errors were similar. 326 

P1 P2 P5 
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Figure 4 also shows the measured air velocity profiles at the five vertical positions. The 327 
simulated and measured results show similar trends. The differences between the two results can be 328 
attributed to numerical errors and experimental uncertainties. 329 

 330 

 331 

                   332 
Figure 4. Comparison of the vertical air velocity profiles computed using different tetrahedral meshes 333 

with the experimental data at the five locations in the occupied cabin. 334 
 335 

Figure 5 compares the simulated temperature profiles at the five vertical lines with tetrahedral 336 
meshes of different grid number. The simulated temperature was less affected by truncation errors 337 
than was velocity, as a result of the small temperature gradient in the cabin. The temperature profiles 338 
for grid numbers of 3 and 6 million cells differed from those for finer grids, although the difference 339 
was not as evident for temperature as for velocity.  340 
 341 
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 342 

 343 

Figure 5. Comparison of the vertical air temperature profiles computed using different tetrahedral 344 
meshes with the experimental data at the five locations in the occupied cabin. 345 

 346 
Although not discussed in this paper, the results for the hexahedral and hybrid meshes exhibited 347 

patterns that were similar to those of the tetrahedral meshes. Because of the complicated geometrical 348 
boundary, we found that hexahedral meshes with three million cells were insufficient for generating a 349 
reasonable mesh distribution. The corresponding simulations did not lead to converged solutions. A 350 
mesh size of at least 12 million cells was required for a hexahedral mesh in the first-class cabin. 351 
 352 

3.3. Impact of mesh type on the simulated results 353 

 354 
Figure 6 compares the simulated and measured airflow distributions with coarse (3 million cells), 355 

medium (12 million cells) and fine (more than 38 million cells) meshes at a cross section in the first-356 
class cabin. (The location of the cross section is shown in Figure 1(a).) Figure 6(a) presents only the 357 
results for 3-million-cell tetrahedral and hybrid meshes, because the simulation with 3 million 358 
hexahedral cells did not lead to a converged result. Since hybrid meshes have many transitional 359 

0.0 

0.4 

0.8 

1.2 

1.6 

19 21 23 25 27

Z
 (

m
)

T(℃)

0.0 

0.4 

0.8 

1.2 

1.6 

2.0 

19 20 21 22 23 24
Z

 (
m

)
T (℃)

0.0 

0.4 

0.8 

1.2 

1.6 

2.0 

20 22 24

Z
 (

m
)

T (℃)

0.0 

0.4 

0.8 

1.2 

1.6 

2.0 

20 22 24

Z
 (

m
)

T (℃)

0.0 

0.4 

0.8 

1.2 

1.6 

20 22 24 26

Z
 (

m
)

T (℃)

P1 P2 P3 

P4 P5 



14 
 

regions between mesh types, where the truncation errors are large according to Eq. (5), the two 360 
airflow patterns obtained with the tetrahedral and hybrid meshes are very different, and one of the 361 
hybrid meshes appears to be wrong when compared with the experimental data shown in Figure 6(d).   362 

                     363 

                                 364 
(a) 3 million cells 365 

                                             366 

(b) 12 million cells  367 

  368 

(c) More than 38 million cells 369 
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                     370 

(d) Experimental data 371 
Figure 6. Comparison of the airflow patterns simulated using different grid types and numbers with 372 

the experimental data at a cross section in the cabin. 373 
 374 

Because of the large cell dimension for T3 (Please see abbreviations for T3, H12, T12, HY3, 375 
HY12, etc. in Table 1.), the truncation error was large. The grid resolution and numerical diffusion 376 
were insufficient for correctly describing the circulation flow driven by the thermal plumes from the 377 
human bodies and the jets from the diffusers on the right side of the cabin. Figure 6(b) shows that H12 378 
and T12 led to reasonable solutions, but HY12 could not predict the circulation on the right side of the 379 
cabin. Only when the grid number was sufficiently high did the three mesh types lead to similar 380 
results, as shown in Figure 6(c). 381 

Figure 7 compares the simulated and measured temperature fields with different grid types and 382 
numbers. Because HY3 did not accurately simulate the jet flow from the diffusers on the right side of 383 
the cabin, the air temperature in the region was high. When the grid number was increased, the 384 
predicted air temperature distributions agreed well with the measured distribution, as shown in Figure 385 
7(i). Prediction accuracy with the hybrid meshes was poorer than with the other two mesh types, but 386 
the differences between simulated and experimental results were not as evident as those for air 387 
velocity. 388 
 389 
  390 
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(a) Hybrid - 3 million 

 
(b) Hybrid - 12 million 

 
(c) Hybrid - 38 million 

 
(d) Tetrahedral - 3 million 

 
(e) Tetrahedral - 12 million 

 
(f) Tetrahedral - 50 million 

 
(g) Hexahedral -12million 

 
(h) Hexahedral -59 million 

 
(i) Experimental data 

 391 

Figure 7. Comparison of the air temperature distributions simulated using different grid types and 392 
numbers with the experimental data at a cross section in the cabin.  393 

 394 
A comparison of air velocity and temperature distributions showed that, because of truncation 395 

errors, different mesh types produced simulation results of varying accuracy. Among the three mesh 396 
types, the hexahedral grid had the highest accuracy, while the hybrid grid had the lowest. As the grid 397 
number increased, the truncation error decreased. At sufficiently high grid numbers, the effect of mesh 398 
type on the simulation results was small. 399 
 400 

3.4. Impact of mesh type and grid number on the numerical errors and computing costs 401 

 402 
Table 3 shows the numerical errors with the finest hexahedral meshes (H59), which were 403 

calculated by Eq. (12, 13). The maximal round-off error was determined by assuming a double 404 
precision simulation with a storage accuracy of 10-15 and a grid number of 59 million. The truncation 405 
error was determined from the gradient distribution of ϕ and cell dimension. When the largest gradient 406 
of parameter ϕ in the aisle region with the largest cell dimension was used in this calculation, the 407 

maximal truncation error was found to be 0.012
if

 . Table 3 provides the truncation errors for 408 

different ϕ. The round-off errors were comparable to the truncation errors with the finest grid.  409 
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 410 
 411 

Table 3. Analysis of numerical errors 412 

Error Parameters Maximum Medium Minimum 

Truncation error 
Velocity 10-3 10-4 0 

Temperature 10-2 10-3 0 
Round-off error All parameters 10-3 n/a 10-15 

                         n/a = not available. 413 
 414 

The accuracy of the simulation results for different grids is compared further in Table 5. This 415 
study used the relative error between the key predicted and measured results as a criterion and ranked 416 
the error in the range of Grade A to Grade D. Grades A, B, C, and D represent relative errors of 0-417 
10%, 10-20%, 20-30%, and greater than 30%, respectively. Table 4 shows that simulations with the 418 
hexahedral meshes most closely match the experimental data for both air velocity and temperature. A 419 
grid number of at least 12 million cells were necessary for convergence with the hexahedral meshes. 420 
When the grid number was increased to more than 38 million, all three grid types had similar results.  421 
 422 

Table 4. Accuracy of the simulations with different grid types and numbers 423 

Mesh type Parameter 
Grid number (millions of cells) 

3 6 12 24 >38 

Hybrid 
Temperature (oC) C B B B B 

Velocity (m/s) D D D D B 

Tetrahedral 
Temperature (oC) C B B B B 

Velocity (m/s) D D C C B 

Hexahedral 
Temperature (oC)

n/c 
B B B 

Velocity (m/s) B B B 

A = good (≤10%), B = acceptable (10%, 20%), C = marginal (20%, 30%), D = poor 424 
(>30%), n/c = not converged. 425 

 426 
Table 5 summarizes the computing time required. All the simulations were performed on a stand-427 

alone computer with 32 cores and 128G memory. It is clear that the larger the grid number, the longer 428 
the computing time. The time was nearly proportional to the grid number. The computing time was 429 
also related to the node numbers of the cells. The hexahedral meshes had more cells than the 430 
tetrahedral meshes, which led to a longer computing time. In addition, the high aspect ratio for the 431 
tetrahedral meshes may have influenced computing time. In summary, the hexahedral meshes required 432 
the longest computing time, and the hybrid meshes the shortest. The computing time and the accuracy 433 
of the simulated results with 24-million-cell hybrid meshes were similar to the time and accuracy, 434 
respectively, with 12-million-cell hexahedral meshes. We can apparently conclude that, regardless of 435 
the grid type used, similar computing times are required to achieve a given level of accuracy. 436 
 437 

Table 5. Computing time for different grid types and numbers 438 

Grid type Grid number (millions of cells) 
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3 6 12 24 >38 

Hybrid 10.2h 24.8h 47.0h 92.4h 197.6h

Tetrahedral 15.4h 37.6h 72.8h 141.7h 374.7h

Hexahedral n/c 81.2h 188.2h 565.5h

                                     n/c = not converged 439 
 440 

4. CONCLUSION 441 

 442 
This study evaluated the performance of three mesh types and five grid numbers for predicting 443 

airflow and temperature distributions in the first-class cabin of an MD-82 airplane. The investigation 444 
led to the following conclusions: 445 

The hexahedral meshes were the most accurate, while also being the most time-consuming. The 446 
hybrid meshes were the least accurate but used the least computing time. By increasing the grid 447 
number of the hybrid mesh to obtain the same accuracy as that with the hexahedral meshes, a similar 448 
computing time is achieved. The results suggest that in simulations with 12-million-cell hexahedral 449 
meshes, 24-million-cell hybrid meshes, and tetrahedral meshes of approximately 15 million cells, the 450 
accuracy would be the same. Furthermore, the computing time for each of these simulations would be 451 
about 80-90 hours on the computer cluster used for this investigation. 452 

For the first-class cabin, this study found that a grid number of at least 12 million cells were 453 
needed to produce acceptable results. When the grid was sufficiently fine (>38 million cells), all the 454 
three mesh types produced similar results. 455 

The truncation errors were typically larger than the round-off errors. When the grid number was 456 
sufficiently large (>38 million), the round-off errors were comparable to the truncation errors. 457 
 458 
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