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for Computational Fluid Dynamics Analysis
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ABSTRACT

Computational Fluid Dynamics (CFD) analysis had been generalized for indoor environmental
evaluation. Simplification of target model’s geographical information is crucial for numerical
simulation as it determines the accuracy and cost of the analysis. Previous studies on building
simplification are not suited for numerical simulation as they were aimed for visualization.
Geography simplification method was developed by excluding minor faces. The applicability of
the method on CFD analysis was evaluated considering number of meshes and air speed error.
The complexity and computational cost of the CFD model were reduced as simplified. The error
of airflow was controlled from 0.001 to 0.099 m/s by the threshold of simplification. Despite the
possibility of error on curved surface or non-convex region, the simplification algorithm was
expected to be effective in practical numerical simulation.

220]: 49 3 oW, a5,

HUSA A, Y Badt

Keywords: Building Information Modeling, Numerical Analysis, Computational Fluid
Dynamics, 3D Geography Simplification
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ABSTRACT

The average U-value of the building envelope is one of the main indicators of the energy
performance of buildings. According to Korean standards, documentation about the thermal
performance by materials and a planar figure of the envelope are required to verify the average
thermal transmittance. These two documents are prepared manually based on two-dimensional
drawings, which require much time to prepare and may contain errors. In this study, we propose
a method using BIM to prepare the thermal performance by materials and the planar figure of
the envelope. For this purpose, we proposed a BIM-based process to calculate the average
U-value. This study also proposed a new method for assigning type symbols and a method for
correcting the width of the outer. The proposed method was developed as a program, and we
performed pilot tests on two difference BIM cases to verify the program. The results showed
that the results obtained by manual work and the program were consistent, except for errors
caused by rounding. By reducing repetitive work through the method proposed in this study, we
expect to improve the credibility of the certification process while reducing the time required to
prepare documents for certification.

720): YUY RUY BT YRS, U2 91, oLy

Keywonds: Building Information Modeling, Average U-value, Building envelope, Energy
performance, Planar figure
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CFD 93 ®¥ dole FH IFC BB
2 (Fluid) 271 718 5, 25 | AT (Pa, m/s, K) _
A4 (Solid) Z7] % A (K)
IR A (kg/m®) (4 1.225 kg/m®)
i J
7 (Turbulence) =474 2= (Pa-s) (3% 1.789%10°° Pa-s)
A I A (J/ (kg K)) o o = N
7 =2Z9° 3 ]
(Heat transfer) ados N (W om-K) IfcMaterial A& o)L E3) w3
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I3 27. Wavefront obj] &2 A& &
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— 13 302
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shapes = []
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shape = .create_geometry (opening.RelatedOpeningElement)
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.file_path,
opening.RelatedOpeningElement,
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return shapes
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ssociatesMaterial, IfcMaterialLayerSetUsage 24| & A* A5 5 AH (IfcMaterialLay
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IfcSlab IfcMaterialLayerSet
#154149= IfcSlab( —h#154464=IfcMateriallayerSet(
"IfIVuvFffDIRV_SJESOtCZ',#52, —(#154333,#154449,#154463),
'Floor:Hollow Core Plank - Concrete Topping:1398e3' 'Floor:Hollow Core Plank - Concrete Topping')
$, 'Floor:Hollow Core Plank - Concrete Topping',
#154028,#154147, '139803", .FLOOR. ) ;

IfcMaterialLayer

—LH#154333=IfcMateriallayer(#154320,15.,%)
IfcRelAsscociatesMaterial

#1136487=IfcRelAssociatesMaterial(
'@$tNHyqs18UPHETBGF_Its',#52,$,$,/(#154149),#154466)

IfcMaterialLayer

> |#154449=IfcMateriallayer(#154334,50.,%)

IfcMaterialLayerSetUsage

IfcMaterialLayer
#154466=IfcMateriallLayerSetUsage(

154464 .AXIS3.,.POSITIVE.,@.) L p|[#154463=IfcMateriallayer(#154450,200.,%)
I

% 31,9, s2tE AAIg RS AA x84

— 9 319 IFC AETZE siAs] 93 S44R 5 JdugsS 17 323 25 i
MA 2] 'HasAssociations' 4 3 'RelatingMaterial' 42 =3l [fcMaterialLayerSetUs
age Ao Ll vpA] 2O 2 'ForLayerSet' =+ 'MateriallLayers' 542 £33 A 55
ARE 23 i AAE sk 78 ARl sl A=E] o5 (‘Material. Name' %
), ¢ 71 (LayerThickness) $4< F&38t1L 1 555 dud|5o] daz gteke (i
ne 20~21).

— 3 249 BIM Bdls tido s $A9E 55 duege e s 97t did Zo] 19
H 2E 9 (IfcWal) 7 &8tH (IfcSlab) A& o2 A5TY JRE FE330omH,
[FCell 715% A=T9 o5 vluste] 5 4¥ES F7HE.

-3 27 R 9 A £ R0 FE J¥ES B 434, Medical Clinic 293 Of

=
fice Building 229 ¢ &2td A& ¥ 381X 4ss. BE 2dyd ¥ &3H AAE
gdoz Agst AFES 99.10%2 Ao, ety Bxfd 2 23k 1% o3t 3
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3% 27. BIM ®

@staticmethod
def _ fo : IfcEntity):
association = [
X for x in entity.HasAssociations if x.is_a('IfcRelAssociatesMaterial')

]

assert len(association) < 2

if len(association) = @:
return None

try:

relating_material = association[8].RelatingMaterial
if hasattr(relating_material, 'Materiallayers'):

layer = relating_material.Materiallayers

else:

layer = relating_material.ForLayerSet.Materiallayers

except AttributeError:
return None

layers_info = [(x.Material.Name, x.lLayerThickness / 18

return layers_info

. .
W 5490 FE YTE

.8) for x in layer]

S83R F& 43 E

HelEHel = BIM =% % (fcWal) 278 (HcSlab)

Academic Advanced 100% 100%

DURAARK DDB Kingo 100% 100%

Haus30 94% 100%
Medical Clinic 100% -

NIBS Duplex Apartment 100% 95%
Office Building 100% -

OTC Conference Center 99% 100%

uA West Riverside Hospital Parking Garage 100% 92%
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Sd4% 3 | BIM 34 % £435 CFD i3 4x1ds /e
@94 3-3 | BIM % H dH°|§ CFD A3 <13F 7

_H)Il

O 3% dolg wi% AAAA7IEE [T 24] &)

—obj o BH o]F2 ¥ Qli okt #Ake 2O ® P E 7] wiie] BIM EEel A
e Wy &gr o o]Fo] AL BT F 5. olF Aste], & Aol A A
EY o] 5S AHs] Yt A S e e, e weh AgE wHy BIM 29 §
Aol E miAstr] fle ¢ i 2l

—CFD ZAAIZA A4S 918 3 29 ¥y 73S 1 287 o] 243 17 332 ¥H

T35 &3 BIMOZFE FE3 I Jre] %1 o5 ) wElo] By}
St A= CFD &4 222 ¥ (solid wall) AAIZHACRE a4 7Fsgh ol & a8 ste]
olF P29 HFolE ¥ TH 2R '‘Surface_'& A Q3 W 719 §E] AAZADE 4F
s JiEe) B 'Opening | AFAMES A4 e
¥ 28. CFD A< g3t a4 wwo gy 2
A FF NEEE e
1 ;
S ({eSla) | Sarfaos Pl S ey | 11007V 534 39w
7N - T {index}: ¢ <5, JEJJ \4%_7%421]94 s
(IfcOpeningElement) Opening_ findex} x, v, z #H3E 25AE)

oo 2

[

v @ AcademicAdvancedSpace123
M Surface F1IW3
M Surface F1S1
M Surface FIW2

Surface_F1W1

(F ) J/3 Sy )

™ Surface F1W1
M Surface_F251
M Surface FIWS
M Opening_0
M Opening_1
™ Opening_2
™ Opening_3
M Opening_4

Opening_1
(3 eHm 7H)

Surface_F1S1
(3 wimg /5 Hn &2tE)

79 33. CFD a4 s &4 x4 {9y oA
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I

(interior face)< + 7H¢] solid€]

o TS (1% 34). gl 23he

H = AAS A= solide] A7 F /RSl He Wi A (interior face) & (line 9~12),

(surface) w573 (line 14~17).

I9 340+ B4 34 5 A 29e BReta IFC JE.8 v st
IfcOpeningElement) & A4S B3] 7} A8 329 Akl Wbd | CF

D siA o] AAZAE el | (face) o 283 webd AAE AW 4 29 5 IfcOp

eningElement®] A3} 7P 7718 WS v A o= dugES A

rlr
(7
=
i)
m|N
1o
s

O

K3

2

o

:

)

=+ ot
4z

rlr

face_solid = defaultdict(list)

for solid in TopologyExplorer( ._compound) .solids() :
for face in TopologyExplorer(solid).faces():
face_solid[ face.HashCode(int( . _hash_upper))].append(solid)

de g ) =
for faces in ._op_faces:

dist = [shapes_distance(face, ._space, tol) for face in faces]
e = [ ._obj_opening.extend([f for f, d in zip(faces, dist) if d > tol])
i ._comp_faces, ._comp_ids)

n(face_solid[i]) > 1 X ) )
_, Op_norm, op_center, _ = face_info( ._obj_opening)

_, sur_norm, _, sur_center, _ = face_info( ._obj_surface)

._obj_surface = [
f for §, i in zip( ._comp_faces, ._comp_ids)

if len(face_solid[i]) = 1 surface_opening_mask = is_same_face( = ._obj_opening,

=op_norm,
=op_center,
=sur_norm,
=sur_center,
=tol)
def classify_walls(
center_gp = [center_of mass(x) for x in ._obj_surface] distsq = np.square(op_center.reshape([-1, 1, 3]) - sur_center)
center_vertex = [BRepBuilderAPI_MakeVertex(x).Vertex() for x in center_gp]
i srf_closest_opening = np.argmin(np.sum(distsq, =2),
hapes_distance(c, w, tol) for w in ._walls] for c in center_vertex srf_opening_idx = np.argwhere(np.any(surface_opening_mask,

cluse t = np.argmin(dist, =1)
._obj_opening = [(srf_closest_opening[i], f)
for i, f in ._obj_surface)

._wall_names
i in srf_opening_idx]

e:
int(np.max(closest))))

'.format(x, length) for x in closest] -_obj_surface

f for i, f in ¢ e( ._obj_surface) if i not in srf_opening_idx]

_vall_nanes[x] for x in closest]

= tuple((x, y) for x, y in zip(names, ._obj_surface))

() /W75 ==

(wall boundary conditio
Y52 19 34(b) &} o]
2t AglE AHdst &
A3 A7 71 7k IFC A5 w3 sk v e w2 iy 73 e whl obj 3+ 9
H o]Fo] AYH.

PR MR Ay AAEA 2 (23 35@@) % obj B4 A (749 35(M) = AR

— i o] oA iR EL—% Alel ek w1 E—Er

l:l:l =3
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B, 7 Aol # Aol Fgk i F e mE 29 o]F (e.g. "Surface_FO2W1") o] 7]
SHH, Az 27 sdeliz BIM Ze] gAIE 2t 8o o]Fo] @/ 7|9l (e.g. "Ba
sic Wall:Interior — Sound 7 3/4" Partition:129517").

F E G JEEE i 249 BIM RS r% o2 97lgh BIM ZdE=E 5719
e e E AAet, 299 U] I JRE A BIM 3o 23] A3 g v
sto] Wiy A s 71 AA A BRE AR Y B9 AAE olF& ¥H &g

4 Aug 4IHOE AT,

ol

Surface_F@2u1 g Surface_F82W1

{ usemtl None

' s off
f 169//18 178//18 171//18
f 172//18 169//18 171//18
f 173//18 174//18 178//18
f 169//18 173//18 178//18
f 171//18 175//18 176//18
f 171//18 178//18 175//18
f 174//18 177//18 175//18
f 178//18 174//18 175//18
o Surface_FB2W5
v 25.498188 55.422798 -2.413888
v 23.498180 55.422798 -4.495808
v 15.708370 55.422798 -4.495868
v 15.788378 55.422798 -2.415668
v 23.498188 55.422798 -2.857408
v 15.788378 55.422798 -2.857488
v 25.988861 55.422798 -2.413668
v 25.988881 55.422798 -4.495800
v 25.988881 55.422798 -2.857488
v 26.184851 55.422798 -2.413608
v 26.1084851 55.422798 -4.495808
v 26.184851 55.422798 -2.857488
v 29.827328 55.422798 -2.4156688
v 29.827328 55.422798 -4.495868
v 29.827328 55.422798 -2.857488
v 31.656128 55.422798 -2.413068

(b) K

A
7437211 o] ol E54
JZ

Aoz glafof afut, AE e SAYE
A A5 SR JAHEHA 2 AE 29 CFD B AAE »x37] 98, d5A=
o] AAs EURE oo AE &5
— ZAF i dolHE A S S A5 o], 4 AR Uik, v, ddEE, 1 229
7 2 A 9] @9l CFD dAe]e] Ao S 913 OpenFOAME] {18 Wol= Wighsh Ais
H EAA AgE QEAA golB g9l ht, fluidet FAlS s By B3 o7 RE A &
29, 30 153t dolgHo] 9] ¢dRq]
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® 29 AsE dAF golrye A

1273 o= L gd=s (W
ANE AES (W/mK)
(kg/m®) (J/kgK)
Metals, stainless steel 7900 460 17.0
Metals, iron, cast 7500 450 50.0
Plastics, polycarbonates 1200 1200 0.2
Rubber, natural 910 1100 0.13
¥ 30. A5d 2% goluyg dF
As Z= (m) Az ZE (m)
Brass 0.00000152 Wood stave 0.000183
Lead 0.00000152 Rough wood stave 0.000914
Glass 0.00000152 Concrete 0.000305

—AFARE o] 52 TAE (string) 0 & A, T4 1F FALSE F7Esh7] 9@ 2lwlaret
2l A2 (Levenshtein distance) & 28 gWlrelR]l Agl= 3t AL S v w42 %

Tl s8] gk HA AR (FA A, A, BA) B5E vk
-9 36 AR s SAMEE A st ¢S, dgd A5G ol B
7 A7t #2> M5 (nearest_na

EABE BE AEE L el AgE 2Hdsta,
me W) E 35 (line 20~22).

98 =5 Hrlelr] 98] % 249 BIM 228 th oz A5 dlojguo] A9} &
AR duglEs Ald 61:, ) BIM U%‘Oﬂ A7 1787Hﬂ 2e HE:L AR (IfcMaterial

3 3

2 2T JRE A, Alﬁ-ﬂ éﬁr 7Ht'a‘fz¥ %131%——8—
wEtA SAPRS WF A= 0%E B7HE.
0.489].

=
i
2
krtl
o0&,
1o
2
Y
k
)
=
(@)
oo
ﬂ
[®))
)
>.,
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def thermal_properties(

wrin

mrin

eng_name, score = .to_english_material(material_name)

nearest_name, score = extractOne( =eng_name,

._scorer)

if score < threshold:
res = None
else:

_names,

series = ._db. loc[ ._db[ 'Name'] = nearest_name, :].squeeze()

prop = {
'rho': series['Density {kg/m3}'],
'Cp': series['Specific Heat {J/kg-K}'],
'k': series['Conductivity {W/m-K}']

}

res = prop, eng_name, nearest_name

return res

E 31 SAAR i A oA
A ol &

BIM ¢ - b2 Bl oA

IFC 2 A Z1E DB
Academic Advanced Carpet (1) Carpet— 1/2 in. 1.00
Academic Advanced Concrete — Cast In Situ concrete cinder 0.70

. Concrete — Cast—in—Place Con .
Academic Advanced concrete cinder 0.70

crete

Medical Clinic Plasterboard Gypsum / Plaster Board 0.71
Medical Clinic Wood — Sheathing — plywood Plywood 1.00
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S %238ksla CFD AA e <darg
o]71¥ (Sequence diagram) .

]_
2 g EFE Aok vl A IFC

il
I
o
=
o
o
g
o
[
o,
X

y &5 Fal uy Fu A
rge_minor_face) & Txt2 0% 283

AAYE AR FEFR] i Lare]lE obj HA o A3 a4/ Al (ObjConverter
Z2). AR YeF | 5% (classify_compound), 7175 824 wl% (classify_op
ening), M FAF WA (classify_walls) &18]5S AA obj FLdS A3

obj L& st 49, CFD Alo]A 73U B/d3h= OpenFoamCase ZH;| A9 HA H K
£ 1|3 &= MaterialMatch 2242 AAE A7 A E. IfcConverter 25 CFD &4 9
37 (options) & {812 OpenFoamCase 184 i= MaterialMatch2 %€ AAZA 4
1 (thermal properties, friction) & Ag-& wmlxjuto 2 CFDY] AolA & A 43k 5

(foam_file.save) AAg] duglFo] 5%,

‘:Ichonverter‘ :simplify ‘ ‘:Ubjtonverter‘ ‘:DpenFoamCase :MateriaMatch

]

simplify_space

merge_inner_volume

merge_minor_face
return model

fix_shape

__init__, write_obj

v

classify_compound

classify_opening

classify_walls

return status

__init__

4 <ther‘mal properties

options

foam_file.save

return status

19 37. CFD dAg dagl5F9 +xF tholoj 13
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- 7¥¥ CFD AAE duelEs ddyshd 17 387 £ OpenFOAM AlE# oA Aol A

O 727 AR 0 FUe SAAE s Bl B 27 AT gds '

. 'geometry.obj' $A¥} 'geometry’ EH+= BIMOZRHE F= - )33 IAF Y. A
Z21 (‘constant' &FH) & A 2Fe] Fxoll whef 2pg A=, 4]

E0) = Ak Aol wet 2745,

CFD AAe] daelss G4 W SadFe] B7F e 43t 40709 332 thde=

% dlo rum

1%
{2V
o,
—
[0)]
<
[0)]
28
(@}
=

Hrkeh BE RS g oz CFD 29 % 4 dAe (19 39@)), AAF 24 (1§ 39
(b)), CFD ¥4+ (18 39(c)) S Al&3t9 S
AbF 7o) Aoz AdgElon A Ao QA7 §le FoE HUlE.

x7| A=Y

Turbulent thermal diffusivity
Turbulent kinetic energy dissipation rate
Turbulent kinetic energy
Kinetic viscosity
Pressure
Static pressure
Temperature
Velocity

e 22U
Z{x}
a5 23
& offM =2H
= o4 23

B Bu

_'_j;|3HJL1 AﬂH
HHEH SA] R AH
HE|TO HAF HH
7] ol AN (=4
S5 34 4 (4
741} Ad 71| )d::i

AH 0| A med

CHe S

9 38, AAE dugFS 53 CFD Ed G4 oA
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~Tun x 4

GL: Shading version <

GL: Texture max size <

GL: Texture max units <i2>

Window: auto add sd12 input provider
blender path:

Non-orthogonality check OK.

Face pyramids OK.

Max skewness = 2.2786 OK.

Coupled point location match (average @)

Mesh OK.

End

(b) A=A} A 21
o gy TESE X A gy@DESKTOP-P2500GS:

ExecutionTime = 18.24 s ClockTime = 11 s
Time = b

DILUPBiCGStab: : , Final residual = 8.88223661, No Iterations 2
DILUPBiCGStab: Solving for Uy, Initial residual = 8. 3, Final residual = B8.8819853, No Iterations
DILUPBiCGStab: Solving for Uz, Initial residual .7083 Fi 51 = 0.80449949, No Iteratiol
DILUPBiCGStab: Solving for h, Initial residual = 8.8382269, Fi = 0.8808255351, No Iterations 3
GAMG: Solving for p_rgh, Initial residual 37, Final residual = 8.88739513, No Iterations §

time step continuity errors : sum local = B.8328273, global = B.8808235822, cumulative = 8.8088353396

rho min/max : 1.12341 1.18678

DILUPBiCGStab: Solving for epsilon, Initial residual = B.B496111, Final residual = 9.54599e-B5, No Iterations 2
DILUPBiCGStab: Solving for k, Initial residual = 8.8396532, Final residual = B.888386515, No Iterations 2
ExecutionTime = 12.35 s ClockTime = 13 s

(c) CFD Al&# ol 34
9 39. CFD 24 dAg] 9 AxF A3}

76



O 23 0.35% %2 BIM 43R F& 7|& /T AFHA7EE 5 21]
—BIM 292 ZHA| ekl IFC #2102 A& n, A% Ao 53td 47 =
A5 AhatA] 5. 2 AFE F3) CFD AlEdHo| S 2]
AR F% 7|4 MEedS. 71F CAD AZEYOE 53 5 35 239 naile o
22k 0.35%9 AF=E 24

— N 7]%& CFD AlEdlold®ar obet ouix), F2a4 5 A% oo 3 g 519
N g A8 b Ao J)0g.

O doleHlo] A wF & 53 BIM 43R & e AL ARF471+

—BIMe] £ R 4SSl A1F Ame] 44 453 25 dlol"ulo]~E F538k1 BIM
AR} v s 7S NEE 15 CFD aldS 8 /8 A (3, d7, vk, A2,
)9 BA FBH} EAAE FEor dalor o 2k AAE g A w AL A ik
& A AStE ke Bk olygl Rt WIWEH B s Aol w &

-7 71€9] AE 23, BIM B9 AFE BE A5 HEE 2F glo] FE3aL Holy
Hlo] 29} w3k,

Fi:l
W
o0&
\]
w
)
=l

of
U
=

O AE CFD 2499 A7 AAE 2E ML BAARA7IEE [ 22, 26])

— ket YAAYR G - FF - wA, SR FF - i dugEs 589 A48 CFD
mdo) dAxg RES N

— CFD "A2 BE2 824 A4, AA A, 3A 23 & vhefst A 27119 43S A 3]
gt bR FAS A A3

- X442 CFD & A

A Al EHIAS AlYs A, 407 ZE RN 77 &
7]

O Holy w3 FI= 23 0% 248 BFAA7IEE 59 33D

—TTA ¥ ASAEE Za&f /ML 252 vo]H DH%JPJ AT Jes B7HE BIM 2E
A5 JR7F CFD Rdlef miH == s

—TTA &% A=A A3, ol miR e Jgdes 22t 0%% =59, (404 tiste] B7}
sholom, RE FAdAow wide). Bt 24 0%= HolE wiF o] HS =7}t BrhE.

—upebA], ol wiF e AEgE F5] FRAYFTAE FIEXQA 23t 5% °lskE 94T

77



2 4 Gedt Rle] dig = SslEd 1de g

2 = 2 & 20201204
JOA B MAEIF SN ER &SP E(INPINIR

10-2020-0168072 (HE =88 1.1-2020-1313450-92)
IDASE 2T S E2E6)

&0 9 Hoa BHREOISHD A8 E S EH2-2004-010265-4)

O 21 21 ol B 2 &b (9-2003-000251-1)

oo oMY HAUS WAR HRH RIE

e WA HE Y QWO ME WA S AAE W WY

ol S &

et QLY ==

In

2 BB =

m

| HBIS BEE e 0 SasEoR EeSUSl, He2 AM BENSE SRHAR B 408
A e UELICh

2EMH KE saFe SeueR EWNA BEE WRl B0 8, WRiE 8 0
Of I0bE R AR EE S0 WHE00 BILICH
LR RETRITRIE =S R-R LT

LB Fa, PIAR B2 HAAMUD USRS AR, RA [(RHDMHE FHEHHA), B IDM)E
Hl@sio: @ 0es 48 BALME SR B2 ¢ UGl

8] (parendgokn) Bl & = RIBMALCIESE > Mol AW G WX M2 M4

4 (MBI B )RME YN = E00 HH0 WRE AV, B®MUN OIS E= 22 HE
JEhOILHM SMAN 2EE SRE HMA EfE SN JIEE ABE BRI S - UL
Ch

S IR @EADA GE B T HE(SH-a@MeL DIERE HE(o )8 08 + ULl
Ch SUSAUE 2ID0A EROLEH: dRHE NS FE SN 22 WH U2 8N
500 PUAE PERE o AZLCH

w HE B hopwww kipogo ke-® 8 0HR-PCTDIE 2L E

WO AN A AEMPE 2N, SR RS G D

A OEEHAEES MRS NER Q2LIE N R AT A B OIEH OGN, S0 R RRE N8 0L
OO O [ KB A PTOSRAS M &S L RALIAIN SR SRAFE BS80S,
6 ERALAE D50l BAS DA Sl S0 ol T 200 B0 F0L 08 ReE 4 aey
B M2 HES WS 5+ UL

W B AIE R 10-2000-000000, & H S B E B 40-2010-00KHK

TEUH0 HPLHNHNM NEE WHE MEIIIE)I AHEN SHEAT U A2, SHY He2
E0 M2t &AEHHA SHHEZED N SHE BN 02 SKROI8H [ASSMFN E =
&L CL.

S DASEZZEE O SEHERS JER AT SHERS & 2% M2AZN M4EmNN0 OE 2R
FEHEEARE MATIAHAITY HIE B3 AU 2(DAS, Digiul Access Service)® S8 811 E =
SE MEE O RearCh

o JIEL M AL BEHH 28 MEE EER SHLIME EEEAD HIZLICH

78




%Ev‘f— 18 (BAFHA7IER X [F9 40D
=

-

7 #Esto] SCI(E) Agel =i AA 1ds 248

el SCiences Z

applied (MDPI

Article
Building Geometry Simplification for Improving
Mesh Quality of Numerical Analysis Model

Gwanyong Park ', Changmin Kim !, Minhyung Lee 'and Changho Choi >*

! Institution of Green Building and New Technology, Mirae Environment Plan, Seoul 01905, Korea;
beskepd2@gmail.com (G.P.); kem@mrplan.co.kr (C.K.); stardunion@gmail.com (M.L.)

* Department of Architectural Engineering, Kwangwoon University, Seoul 01897, Korea

* Correspondence: choil97@kw.ac.kr; Tel.: +82-2-972-5645

Received: 30 June 2020; Accepted: 1 August 2020; Published: 5 August 2020

Abstract: Numerical analysis, especially the finite volume method (FVM), is one of the primary
approaches employed when evaluating a building environment. A complicated geometry can
degrade the mesh quality, leading to numerical diffusions and errors. Thus, this study develops and
evaluates an automatic building geometry simplification method based on integrating similar
surfaces for the geometry of an indoor space. A regression model showed that the complexity of the
simplified geometry and its similarity to the original geometry decreased linearly with the threshold
of the method. The mesh quality was significantly improved by the simplification. In particular, the
maximum skewness decreased exponentially with the threshold of the method. It is expected that
the simplification method and regression model presented in this study can be used to
quantitatively control the mesh quality.

Keywords: automation; building model; geometry simplification; finite volume method; mesh
quality; model design

1. Introduction

The finite volume method (FVM) is commonly used to perform numerical analysis in many
fields, including fluid dynamics, owing to its advantages in flux calculations in terms of precision [1].
In the construction field, FVM is used for environmental analyses using computational fluid
dynamics (CFD), fire safety analysis [2], and some cases of heat, air, and moisture (HAM) analysis
[3,4]. In particular, CFD is widely used in the analysis of aerodynamic environments, e.g., indoor
ventilation and micro-environments around occupants [5].

FVM is a method that discretizes and analyzes partial differential equations in the form of
algebraic equations. For the computation of algebraic equations, there is a need to divide the target
model into finite volumes (“cells”), i.e, to design the mesh. During the mesh design process, a
discretization error can occur, and the size of the error is affected by the geometry of the finite volume.
Discretization errors not only reduce the accuracy of the simulation, but also cause numerical
diffusion, which interferes with the convergence of the simulation. The accuracy and stability of the
numerical analysis are quantitatively evaluated using a mesh quality that is calculated based on the
geometry of cells [6,7]. The mesh quality of an FVM model is typically evaluated according to the
non-orthogonality and skewness. Non-orthogonal cells and skewed cells that are generated near
complex surfaces are the main sources of numerical errors. Tn particular, analyses of buoyancy-driven
environments, such as those with natural ventilation, are significantly affected by the mesh quality
[8,9].

As the fine features and complexity of the geometry adversely affect the mesh design, a
geometry simplification is commonly used as a preprocessing step to improve the mesh quality of

Appl, Sci. 2020, 10, 5425; doi:10.3390/app10165425 www.mdpi.com/journal/applsci
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7. Conclusions

This study proposed an automatic simplification methodology of building geometries to
improve the accuracy and stability of the FVM model, and analyzed changes in geometry and mesh
quality by simplification. The geometry simplification method proposed in this study integrates
similar faces through angle and a distance threshold, and removes insignificant faces from the
surfaces composing the building model. To evaluate the applicability of the simplification method,
the geometries of the building models obtained from the public BIM library were simplified under
various conditions.

To evaluate the extent of the shape changes from the simplification method, the similarity
between the original and simplified geometry was evaluated using the D2 shape distribution and
Bhattacharyya coefficient. In addition, the complexity of the building model and hexahedron
meshing were evaluated using the TTC. As a result, the similarity of simplified geometry to the
original model and the complexity decreased in proportion to the distance threshold. Therefore, it
was determined that the degree of geometry changes could be controlled linearly using the threshold
of the simplification method. The mesh quality of the building model was evaluated using the
maximum non-orthogonality, skewness, and the hexahedron cell ratio as each affects the accuracy
and stability of FVM analysis. The mesh quality metrics showed a significant change based on the
distance threshold from the geometry simplification and the complexity of the original geometry. All
three mesh quality metrics improved with geometry simplification. In particular, the maximum
skewness showed an exponential decrease.

To evaluate the priority of the faces to be removed among the building surfaces, an index for
evaluating the similarity between the normal vector of a target face and other faces was proposed in
this study. The proposed algorithm guarantees identical results with the same input as the results
achieved by evaluating the priority order of entire faces with the index. Furthermore, the hexahedral
meshing complexity of the geometry is expected to be reduced as Cartesian angles are formed. The
experimental results showed that the mesh quality of an FVM model can be quantitatively controlled
using the geometry simplification method proposed in this study. In particular, through the linear
regression model, it is possible to estimate the mesh quality from the geometrical properties of the
original model and the size of the mesh to be designed, as well as to evaluate the required threshold
for simplification_ However, considering the low adjusted R2 of the regression model, it is believed
that there may be a cause of error that has not been considered in this study. In practice, it is expected
that the mesh quality can be further improved by applying mulﬁple simplification thresholds and/or
traditional preprocessing methods, such as the blocking of geometries.

This study evaluated the applicability of a geometry simplification method in terms of the
geometry changes and the improvement of the mesh quality. However, considering that differences
may occur in the analysis results as the geometry changes, further studies are needed to evaluate the
effects of geometry simplification methods on individual FVM analysis results, such as those for CFD,
fire dynamics simulations, and thermal simulations. Based on these studies, it is expected that an
appropriate geometry simplification threshold can be presented while considering the relationship
between the error caused by the geometry change and the effect of improving the mesh quality.
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ABSTRACT

In this study, a model for predicting the grid quality of a building CFD model was developed
using geometry characteristic index. Inverse topology count, surface area to volume ratio, and
shape complexity were used as geometry characteristic index for the prediction of grid quality.
Through the case study, geometry characteristic indices were calculated for a total of 37 shapes.
The grid quality of each model was extracted. In the case of the inverse topology count, there was
a high correlation with the maximum non-orthogonality. Multiple linear regression analysis was
performed using the case study results, and a grid quality prediction model was developed
through this. Two prediction models were derived for each grid quality, and both were evaluated
as statistically significant. In the case of shape complexity, it was not derived as a significant
factor in the grid quality prediction model. The adjusted R* of the prediction model for the
maximum non-orthogonality, and maximum skewness was derived as 0.738, and 0.806, respectively.
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Effects of Geometry Simplification on Mesh Quality Improvement
of Building Numerical Model
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Abstract

The finite volume method(FVM) is a numerical analysis method widely used in the construction area. As the complex geometry
causes a numerical error of the FVM model, automated building geometry simplification methods had been proposed. However,
the effect of simplification on mesh quality, which indicates the numerical accuracy of the model, has not been evaluated. This
study aimed to analyze the change in mesh quality of the building model according to the degree of simplification. The regression
model showed that the mesh quality of the models improved significantly with the degree of simplification.

F 2o A F4, 29 A, FAHA, 38 G
Keywords : Mesh quality, Model design, Numerical analysis, Geometry simplification

.M B
FA 84 7]
ofol] o] &5 31
o] F4E obsiA 7|
XilOPE ul 9l oL} (Piepereit et al., 2018;
AoME AE 4o T i 4

9l ct.

e
i

(|

sl Qg B4
Al

Fatel, ol B
o At

al

)
-+~

o
o ret

W,
o]

2 O
rgl_'_ ot
&

ox

'ulm

* o o
=
o)

H\.

o o
e

oZ
e 2 N Mo

19
—1-
2
B
32

EH
=

2 AHx EF ot “c',"
uhykg- €](2019)7F
(Ma]or face)ot A=F o)A xi"* (Mmor face)E'_

Rdo] FA T} (Figure 1). ©3ke] A=
‘—1‘1‘ "*TSEP 71& ’S"* A Az /lfﬁ
gk 40709 A&

=T

Ak

==
T

¥ A% B e

=

.ol
39 (Opening face)S &
A 71 ()& &3 Aejdr), mee]
(L)E EF3ste] A 88t 37 gho)
(£:9] 0.01, 0.05, 0.1, 0.5, 1.0, 5.04)
o] WA AztE AAEAT A2k
o non-orthogonality(0) 2} skewness(c) #| 3

= ojuatn, AAFH G AZES

741}—4 =

, €<4.0°] TH(Gullberg, 2017).

=

/go] 3T

Corresponding Author
A9 RS, Fegta ag,
A 3} +82-2-972-5645
E-mail : choil967@kw.ac kr

2-8uFAL

83



[ 200 si2nsnsz sy s sa LR

W Major face [ Minor face [l Opening face
(a) Classification of surfaces

(b) Simplified geometry

Figure 1. Simplification process of building geometry

3. Ax 2 HM &3 ®It 24

Figure 2= ®F3tsl J4 w&ste] Al At Az F4 A xe] w3l ’*°]°]E} Skewness #| 3£2] 7
nestel 21 WEE e EAAY F AA F
o] VElnith QB mdo] Hit g 67.0°, & 388 AAHACY, d=5L,. &{421 s}
SHAFE A 39

e rxs

85.1% #Aadtsch. AA 271(s,) % B 71E (/L)
Ao £98 AN 237 FRAJY (RE Y 4 A5

(a) Maximum non-orthogonality (°)

A%

p-value < 0.05).

(b) Log transformed maximum skewness

75
: 0 (e 10g(€) = 5.5 — 1.95,, — 0.85\/@/ L
LD % o R, = 0787
7 | o 08
s
65 * - s
o + 04
360 * *
£ 0z |&
4,
g
e o 00 *
* .
. 6=821- 1215, - 54/d/Lc 2
R2,; = 0829 04
45 |y 1 T L L  d
0 10 50 0 1.0 50

Simplification threshold (d/Lc)

Simplification threshold (d/L¢)

Figure 2. Mesh quality according to simplification threshold and mesh size

4.8 8

B ATE A% mde vedt Yo fEAE 94
o HARN A B4
AxE AFH0E gasg & AT AARLRY A
oz 7yt
% 7]

B ATE FENFY
S

mdeo] Az FA A EJ}%
cee3l Ao Altol whel ) non-orthogonality # = 4
AR v A4 whad) éi

< 9=

ast AR whel gadh: 7

Al Z47F 17.1%,

e LR

Mesh

size (m)
® 05
* 10
* 20

EnE#e7) &850 Yo 4859 S(20CTAP-C152000-02).

1. Gullberg, R. (2017). Computational Fluid Dynamics in OpenFOAM.

2. Piepereit, R., Deininger, M., Kada, M., Pries, M., & Vof, U. (2018). A Sweep-plane Algorithm For The Simplification Of
3D Building Models In The Application Scenario Of Wind Simulations. ISPRS - International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences, XLII-4/W10, 151 - 156.

3.9 ahg, A3, A23E, & Y. (2019). AW CFD 342 913 18 % des duds AL dx053087
A etg] =83, 13(5), 417 - 429.

236 (Ahemzistlegddists] - (heE g ggel|

84



(b A=A A

A A]

gt

O AF 24 4R &&

— CAD$} BIM

}1 CFD, oy X

S

-9 P AR AP =T

| =2 27

=3

o
=

0} S
==

7b =reke] dHlolE A Ve WHE3tEA

Y2
o

doleE RE3E 74

OpenFOAMEETE ol g} oy =A], -2, & -

= A& 7h

Ea
]

Rno=z 714,

-3
o2

24
=

z=27

oj

O CFD 49 J&x /A

— AlEdo]

N
ﬁo

o 74
X]P](j]

=
<]
—1

A g, Az 37t

3|

A o
Al

o] gl

floF .

9]

o
3y

2l

= 3k

1ol H7

3 22

Y2}

o
=

T

el
H

o

2]

;_HO
B

oy

A 7149

X
™
7
Q

ol B7H4. CFD

<

Eis

wie] gH7gel o

A
=

3)

Al A ZHg el CFD AlEdloldS &

=
S T

3
o

o] oo webd CFD &4

¢1-&3to] CFD A&

AR RE

S|
=

BIM3} CFD X =9

LR

A= <

s

TellA A

K

<

s
!

de A3t Jlow Y.

85



2—3—2. BIM 53 7l¥38 CFD #AAg #As3st 55 /i

(1) d5<rd e 8 2t

NN 4 BIM &% /I8 CFD dAd A&3 =& /i

98 4-1 | AL ¢ugE 5

O 71et AA84 By BAAFA7IER [FY 27] F2)
-8 N GuYE(Fd G
st 9 AlE o] el H2Ql A
1A £, SR s eyA
— (45752 4d) Reynolds Average Navier—Stokes Simulation (RANS) Y+ 59 < Standar
d k—e <= CFD ofell 3loiA 7Hd &8 =7F 3545 (Gao et al, 2017). B3 AF €74 ok
5 XS gekst 715 2400 9lejA] Standard k— e B2E ] FEAJo] AS5EH ¥ (Godde
ridge et al., 2006; Mishra et al., 2018). we}r & Ao = Standard k—
7 REE AE3h
) A4 B 2AE T 9 @ v jlom FEo] Agske A obgf
FOoFE FA2 EFo] WA AR 37 A Ukt ARE 7P le
FE WA =, devt g2 F A 86k Aol 589 o] A AEF (Kato

and Sano, 1971; Antonia and Chabers, 1980; Cornelis et al., 1992; Janssen, 1992; L

edr

dl

ongo and Losada et al, 2012). wgtx =838 A Aste] Hdlo|| whedsh
= 1A 71AI= 74 S5 559 dd vl&] vlst o wet v SEA 52 5t
7 & S ke el A9, vlst 7 0.3 o5k fEell disiA e vIgEA
= 3}

2 ket olw niat 7} 0.32 FAIY eEL o} 367 km/hrd). 715 Hope] g7

i r
Z @A solvers $AA o7 1838 o9 a7 2rtr &x(d

sto] A A o] 7153t solvers F718 HEAQ A9 solvere= 3%

86



solverel] of

32. By A

2

71%kel sol
(3)

=

t Standard k— ¢
o]

ha
=

q 2

3

ll
(4)

A
i

Al
&
/)

E=1.5(U,

22 Q)

oo
oF oF
oy o
T X
3 " 5
Ho Mo =
oE o 2
we % U ar
x© T YE
i . 7o
PR
jnt o
o X m
= K
& | Z
3
70 o
¥ow
0 L_H
g
IS
e
T
s T E
— oy = o
[0) ) =
= 2 E |5
(@] [ [0D)] m
5 g @
I
= NG
>
0
3
¥a)

oo

A
o

LI A]
q

=

=

o]

Ho

WE

o
\

T—

A71M, k

= (%)

}

No

Uk
-

7
N
JJ)

(4)

A71A, G WAES (0.09)

AN A (m?/s*)

Ve A=Y A48 )

Mo
o

e

J).
<

87



Falom, g

S

403} o] &=

=
=

ins e

of o

SRR

ol
=

Zof BIM 3942 ¢

g

o}
=

ol

Ha, HFHo=z dAe Hgo] ¢k5¥ CFD &

S

7]

=

shd A} 9+ (polyMesh) 3)

g+l (obj) 2) #HZ

A}

0

-

A4 34 4) CFD 24 A

BIM 2 &

CFD 2¢

T Hote AR 28
(polyMesh)
meshDict

1
_ R
r HE
ol IW
5 RO Al
> = 7 i
H
%0
70
UE ® 4
Ko <
ofu
1 ny
mﬂ" ==
= @
=
Tl
= [ =1
0 Klo N 2
i S— ) %0 A
K- R 5 OF E i Ko =<
™ Ko = ._A._o‘_m/._n._”muu ol M.
RO T o ®
e » T
o hel
%0 K
60 ~
¥
) 4
Ko EERL Sy Ko
o W E Ty
§ | dwg 5
Gl iR Bl
» »
<H i
[us| oy
20 B
160 Rr

ol

o
N

=

on

]

o
K-

TH

88



AN T 4 BIM 5% /%3 CFD AAa As3t 2E 7

b 0 = A<

@948 4-2 | BIM % /0¥ CFD A Ass 25 A

o)

O 71et 2AI84 23YE 75 AFJFA7IEE [ 29]
- AA e w3t RES NESH] HeiMs T2 s 9 A
of tist AFHEYF Q3% Vel A AT W B, T8, solver, ¥ =% AUA], o

ke gelagon ool b iaazg— i

- 71eF AAIQA iﬂ% T 285 E A U dRE ¥ 337 2.

% 33 718 e AAYE A% D 29 91K

5 75 29 AX
turbulenceProperties L sl - RS B B Case/constant
g T8 A4 Case/constant

k i s oy A el #e A4 Case/0

epsilon GF RS #3F AF Case/0
ControlDict A solver 7 2 AAF H o] #I AH Case/system
fvSchemes CFD o]Ats} ®of sk 474 Case/system
fvSolution 314 solvero] #3F AbA A Case/system

- (dFrd) 45 2dof tist AL Case ET 9 constant ET oA AAsH Ao tfst
I E = turbulenceProperties 2= 3telo] A4E, & Ao E= ) E i a2 Sta

ndard k— e EdZ A3 ugbA g G 2l tst A3 EE turbulencePropertie

sell 243

— (FY3) THol st A& 93l Case £H9] constant =1 Ul g el ATHEE 24
gk T8 dist A2 T8 /&S A7) 9k WEke] tid Aol AQsty, T8 759

719 A$ 9.81 m/s*Z 1 2

— (314 solver) Solverell &t 4742 Case EH Yl system ZH]o] A=, REANA ALE
Z}7F e 3k solver?] 77} YHEE=E 3k ALER7F XA H solver?] £FE system ET
Ul 9aF 243 e A3 EQ] controlDicte] YE o] CFD Rdle] 243

— o] 2l % solver?] 314 W, o]iksl Wel 5o A ATHESR] fvSchemes, 9} fvSoluti

89



on }AS I =3I

(&7 &% duA, 7 ) G
< Case U429 0 EHlA X4 &. 7t
3t, A & (inlet, outlet, wall)

A A-E3

D
AL ~AF

BIM—-CFD A2 #A53t 52 189
g g AFstE st HFH 0w
st /i CFD HA8] A3 R5e 1

O siv 2Y

0x
Ok
r~

P
a4 et oY
YU4x 7\E =8
MR Yy BE
HPg n| BE
Ui mel £ %

9%

&

o

4
T

wwma

By
=2

= CFD

CFD Solver

buoyantSimpleFoam 4

ua

1

7% 41. BIM £3% 7§38 CFD AAg A3 2E We

w

4. 25 A ¥ solvero] o3t Adr

[OR ==
T

-
LA

A

o A

o

o =] 9} i o £
(3) I} 2 (elA A8 3hs 27132
SRS ATAYHES 5

o
e
7_11- Al

ol

Tz X

AN

o

4
ghs Aol
2E A9 (ARAA7ZE (29 30] F2)

e 1F g)ee ggg}oq BIM 74} CFD A A ] A+

¥ BIM =4 tfste] CFD A&
CED &4 Aol AE &85 Vs
2 419 2 Qe o)l AR

|

307

% A%, CFD 47

= O

o
o

oA

BIM @<l 91 8l o

S|
=

4 ws

CFD 24 4 CFD =4 #3t A4

90



- RES

enFOAMPel A

Oemey

[w= o

1231

sgoenag

ELLRELE

Ap gy T

ARy R BE
[EELE]

AR FAFE

2

CFDSolver  buoyantSimpleFoam

i R ) o

(1) BIM 52 A=

© o0 rgrocesing d v 10 -
Cemesy

Di/Clinic_A_20110906_optimized.ifc

D

wyoesNg
FLERLT
AR Yy E

20

CFDSolver  buoyantSimpleFoam «

[ B = -

© 60 reracreng a0 10 - o x
E [men |
[— ” —
E3  [001] 1A01 (PATIENT ADMIN. RECEPT.)
T ysdes 3 (002] 1402 (RMO ANALYST)
"yoenag
2 (003 1A03 (TRICARE OFFICE)
ELLRER T &
0s
AR YN BE | 2 (004] 1A04 (TRICARE OFFICE)
AP wu BE Of [ (00] 105 (TRICARE OFFICE)
i 9 [3 [006] 1A06 (TRICARE OFFICE)
Apgess
2 (007) 1A07 (TRICARE OFFICE)
=
= [ [008] 1A08 (PHARM. OFFICE)
CFDSolver  buoyantsim)
I © e mousn -
(2) H o] ﬂ]}‘]‘ 3L7} X ER
© 6170 breprcesng Avpver 10 E——

Demey

Di/Clinic_A_20110906_optimized.ifc

o [eaem |

oy 32

[141] 1624 (RECENING / STORAGHJRNEIN]

01
Yo
05
AR Yy wE
NP P E e
O usEEsE g0 -
oo
CEDSolver  buoyantsimpleFoam 4

[ R 2 B

© V-0 reprocessing Aop v 1.0 ~ o

DemM

D/Clinic_A_20110906_optimized.ifc

o [ ]
oy 82 (161) 1628 (RECENING / STORAGEIN

sAng oy
Hop 01z ug e
wevsaze
Argenzs 00

PEELE] %0 i
BIETETE ® Iil
2 cF0
CFD Solver buoyantSimpleFoam 4

(4) B4 @3t A 54 A

© BM-CFD e rocesing Agp ver 10
[=ETEN
D:/Clinic_A_20110906 _optimized.ifc
0.

G4 32 [141] 1624 (RECEIVING / STORAGI

Eyyee

Y

g o m
LR
(G TEL
Py T BE

ETEE-LE %00
buoyantBousinessqsimpleFoam l
ETELE]
buoyantsimpleFoam
2 @ simpleFoam
CFDSolver  buoyantsimpleFoam -
e || e 2 s

2t

(5) & A A%

© 8M-CFD pr-prcessing App v 10

CFD IR 3

2RA Y CLEELT
20315 ¥ 9HER W/

©  AnsYE Y ELEREL]

(7) CFD

Az A4 P W AT 2%

(6) CFD &4 solver A%

© B-CrD reprocesing gp e 10
Demey

D:/Clinic_A_20110906_optimized.ifc

0 [maaa]
ayae (e 162 Recenine storace) [ERIN

wy ven Ny 01 )
yop oIz H8

AR UL HE

Ao 9I uE o

Uy BN FE s degree
2o
CRDSolver  buoyantsimpleFoam ®

N T 2 T

a9 42, BIM 5% /W4¥ CFD A 253t BE 2 A

91



® o<W SEC ey
B gy M Ao O ﬂ
Bl o QO GLERSK ——
L o @ — hooN
W O 5 N
Nr oz = N v
oy 2T A e fa
1 OME ’ . ) ﬂ o] P
,AL ~ ol M i~ N o C ~
ﬂm < g W myﬁ W )
woz _ 3 @ R ——
pORR = ~ g a3 - 2
RN o U o °oA o »
B o = B n K — [ L Z -
S S* 7F° < e
:.l W: OE ‘UTW - @) W_X ﬂmU ~
o g ok 2 a2 ®  HE=
<0 xo o Hp ~ X =R @ ©
= oL b n ) e
~0 = <0 b X 4 A
o XT N = _ -+ &=
ofp T <L - %o X © o
Faowk g ! 4 2o T B T .
S rE o o R TR AR 5 &
CUNNCY h Bo ™ ol ol e ) my 31 zﬂ
o EGS N i “t
Tzl A ©omoa BT F w
=0 e L ~ i
oF @ o ol NI jul i — S
— a0 iy =~ &E AR ny = -
B oL _ = 25 o2 po s
LN AR B B A S o
TS Y - ~ &
Ao Nﬁv ‘&l,._ Eé _ﬂ..vu ‘M_Tﬂ - T erﬂo fr, %o oﬂe WW Lf Ww 4
g o N B R A S R ) = I
X =4 _qu E.E @ e — oo Onﬂ
i T oo ol o = S ol = X %
N = oF = ol _Mﬁ Pﬁw an < o 4 WH ~ & -
oo BN O ST i S ) S
ﬂ_/:L 1__/l o < m_ol,._ & ot N 3 E..a ‘7|,._ o 3 o o« w 2 o
T 2o BT T ooy oo M g 8 8 8 &8 R
= ~ — T [ - L
® g o N o =2 g Mw () 2y ke
= —_ — ﬂ_nﬂ T —_ X
X w B R T T oW N
Nomo7oof o W o= % <] T o)
%maﬂ_N%ﬂ = © ® %™ B K
M s ZEE TN
W . B ™S WO T P A
= op R odo TN ~ o 6 B o o
| | | | |

% 44. Case 1 ZFIAIZF vl
92



3,500

3,000

2,300

2,000

1,500

HYUAZE (s)

1,000

00

ZHAAZF o] 7o, Case 29 7
71&E
A

2,600

T

= 1.500

&8

wr
1,060

500

3500
3,000
2,500

2,000

HUML (s

1,500

1,800

500

g

u 7|2 SW HLAIZH

e 2E 2AIZ

2 3 4 5 8 7 g

Erarh

19 45. Case 2 ZFAAIZF vl

o
)
_\|]_,
S
h
jr
I
©
N
>
I
)
B
ﬂ
=)
my
|
o
&
o)
—
1o
o
o
ﬂ
ol
]
1o

39 80.5%2 A ZF A7bo] 758G

A+8 CFD SW tiH] H# ¢k 77.7%2) YA 7F A7o] 7Vs

= EH 21 83

7EESW AZAR

= PA 24 23

o1 7)1 OiH] ZARX T 70% A0S =53] AT

= HA A w e AH

2k A|ZH
oF 75<y 27t

7ﬂ%

1% 46. Case 1 #HAIZF 235 H7 A3

Hi
Mﬂ
J};‘.
113
Z
i

u A A = EA

ZHO1 A|ZH
2% 80 5% EZ




Nlo
|
1
| R
= | ®
o | pho
|
o |
Mo | ke
X | X
™| W
R | R
% | "
ala
| =
O | O
L o L o
™ | T
SN
oL | fon
o | wo
==
m | M
T
<t
=
_.._Auo
,mﬂ
)

i
i

ol
ey

0

Njo

gx 3

%
to] 71% A& CFD SWel9 vlus 43

O 7]& 38§ SWE o] &% 24 439

CFD

-

T

. 71E 48 CFD SW

[oig
=

o|J

i

el

A=
open—source CFD AXE¢|o{Ql OpenFOAM

=i
=

}o] CFD =dg

{43

S|
S

7l BIM gto]Belg] & &

ki3
.

"I

Q.

=8

e}

=

12l

H &

3 3go] 2

<
LN

bol

°©

vﬂ

=

=

F7}

k)

Eix

of i

35. A1 Wi ¥71 BIM ko] B g

<. 371 BIM #}o]

hyA
ar

i

RN = go K] T+

A oF EEI B!

T o) 2 | X W) N

w g THE g

e

= o &

[0}

o NPk

Hr =

<

ISl

5 2 g8
mo .mmgnaCHomV
Wi Do =S8 g 8
HL<ZF 282520
Semz8C 8Ly
I.MBH.IXefe.m
mEe - 38 s
$° 2280EE
5 S - A

< A O »w

Te

olE

ey -

2 5

A S £

o= = 8=
5 S - < a ~
,]WADFOSHA (@)
Do Z 5 = .9
\OlUAZ ] 1%2

=0 < g S

5 £

) a8

-

[€)

27 473} 7]

=]
=~

o

7
ﬁo
it
=

;Qn_

o

~X

<
Hh

—_

ole} g AP Ag3 REe A

3} 7159
2] skewness2} non—ort

|
A

hyA¥e)
ar

5ol
A]

°©

T

7 8] 1l

).

<
=4

ANSYS A

L —

A o A% FAS
T

HAAOF CFD A oA &85

(Fabritius and Tabor, 2016).

A
37}

9

-
L.

ol
Ay A
ar

=4

A3
)

A3} ety

=

A EA A
=

A
hogonality
—AlEFolA



(a) A type
3 &
(c) C type
a9 48, A g A4
— A sl W& F AR} o AR FA0) N A= £ 363
o 24 Sk £ EE adh) WES Fo| 2%

A
= HAge og AN wi
~ A type®] A% AA5 A g

(b) B type

(d) D type

4 A3} el

8%

99k © ™ maximum non—orthogonality

o] w2} maximum non—orthogonality 7} 20.78% WA=, C typ

e TE3F maximum non—orthogonality 7} 6.52% 7H4o] Q2™ D type 1.78% 7A14E.

— Skewness?] 7

D type°llA 15.32% /A5 += Aoz e,

— g A 2EY 43 75

o] e AL AFAAL.

25 WA g7 A9 SR ko A%FS] maximum aspect ratios

< AAF #2 (maximum non—orthogonality) ¢l i3t 7§ A

36. HA st 7wl WE Ax F4 WA 2y
Reduction rate (%)
Total Maximum Maximum Maximum
grid number non—orthogonality skewness aspect ratio
A type 0.16 20.78 0.00 0.00
B type -0.18 0.00 0.00 0.00
C type -1.20 6.52 0.00 0.00
D type 0.00 1.78 0.00 15.32

95



ﬁo

ot

z}}i

4% ol 4ke] 2 AFo] LhER}Z)

| —
R

A

o
No

ofi

)A
o

T el UE Y eakE Ay A

ﬁo

2

Volume
average error

(%)

0.02

1.25

0.42

3.89

Surface average error at each height (%)

2.0m

0.82

0.73

3.15

2.78

1.5m

1.97

2.03

3.39

3.58

1.0m

1.79

0.73

3.63

3.15

0.5m

0.39

0.27

2.42

4.50

A type

B type

C type

D type

Q2 5% ©|

]|
=

3L O
ar

PEE
4

tolm, 712 248 SW tiu] AlE#elA 34 2

S

I L A B 5% ©]

ES o 2
_6__2_‘:"2 y T =1

A 4.5%, B 1.9%2 F7HE. Wb

o
LN

3 A&

g 98 A A

Volume
average error

(%)

2.62

1.25

1.28

2.12

Surface average error at each height (%)

2.0m

2.45

0.29

0.50

1.16

1.5m

2.51

3.02

0.51

1.79

1.0m

2.64

0.54

0.52

2.22

0.5m

3.06

4.01

0.51

2.73

A type

B type

C type

D type

ol 9 A= (Verification & Valid

3+
=

M7= 29

HE



O MNE 259 A& 34 s&ex BFHE A8 (AHPAVIER [BH
- ARAA7IEE [ 31]elA FFe & CFD S

= W7k SR 7k gAE 53 AR (14 Al =w~57: v R
-3 377 3 389 Al eakEe slgeAt® gofstglon, ol

7heh R HUEE flste] BAE 54 ARE 100782 W
— 1599 A5 T 999 Ayale 54, 59 AFKE 4R Frstglon, 199 Ay
Mo 7k W7k doks 1008 ez kel Haie ol A3 HEEE 88.35 2

2 =&3. uA 23 AHERE BFE 803S 24T

2

o
pu

w
o
N

o

97



O BIM 7|4t H& CFD E¥ A4 ZFAA 77.7% 27 BAFA7IEE [T 30D
— oA T} 4-2¢] BIM 3+ /18 CFD AA AHE3 2E QS Z3) BIM 22 H 3
CFD =2d® Wgtsle= A¢AIzhs o d7gh
— YA BIM 2204 CFD 22 At 245 st =AY ARbe S48 #A4A3t
A7 H7HE 98] 71€ A8 CFD SW=2 ANSYSE ARE-&l o 5Ad A& tatel o
sted ## CFD B A7l Qg At S4stals.
2

S 17 433 o] 2744 AEH= Bl

™ Case 29 A% 80.5%2] ZAAZF Hto] 7153832,
— A, B AT 2ES 53 7)|& A8 CFD SW tiy] B¢ ¢F 77.7%2 ZAA7 A7
]_

Ao vpehd Wb B A7e A% YIARE U FoASAE ZEAQ 7]

of thet Aol ex-&= F7H3

— 19 483 o] F A7 tdel ekl ASE s v A Y 24, At
=

Al oIS WS CFD #4 E<1 OpenFOAME &3l 413
= @A Hat §539 2ol disid AT F 47HA B FolE AbE ) A Hu)
of e ea&& AT 5 9 25 oS A Ade 47 & 373 % 389 Ee
—fr&ET 25 oA BF 5% oltE EEHIoH, AU 4.56%, Hd 1.9%8 LAEE 7}

9. webd Ad AISE 2 FoEAE A AE 5% olatE ST
O A ZE9 AEHIM 4 3823 WFE 887 2H WHFAZIZE [59 32)

98



2E) ABUCIA A4 HE07 HEL HES B AL 2EY 3

|
L
1o
oX,
i
W
|
w
1o
:\l:
(i

o] dig ReE Hrhst

- 25 7)€ 48 CFD SWet & idel tist AlEelold Ao e eakgo] o
L9%% Z=FH. olF s8xk= AAsta ojo theh Axl W= s Frhet

- SR 52 AT AERAE w8 3 YAE 53 HeE AEeto] s it
Rgkom ol 1003 #tste] HF HeE W

— 34 oA i MSEE B oF 88.3FHCE EFFo], ¥ AT AAEES] UFHE 80
HooldE 2

O CFD &4 A¥gE 24} 3.9% °l3t (AHAA7IEE [T 33D
—TTA & JAFA DS &3l /i 252 7] 48 CFD SW tiH] CFD 4 A8k de<
F7Heh 5 gl diste] 448 CFD SWE o] §3F AlE#o)d Aol 2 A7/ RES

o] g-g Al EH oA Ao eaES H7HE.
—TTA 32 AFAY A3} CFD ¥4 et A 3-8 1.1%, A 238 3.9%= =&
A Ao 22 3.9% ©l8t2 CFD ¥4 A& =7| H71E.

248 CFD SWell th3t CFD #4 Agx = FoAFAE BEEXQ o3

[
2 |
kD
>,
N
r

99



@ AT AAE

O =Y E3&¢ 14 371 24 ABAAAA7=
—BIM 714k HA CFD 24 A 2o osh

= & 2 I 2020.12.24

S Jl A E AMEF(S)SHAUE(R) EITE S(INP20194)

- 10-2020-0183412 (& 815 1-1-2020-1410975-47)

2 o

= £ 8 2 pAsEIIC 3B4Y)

=8 0 HE (F)D|HEZSUAHSFAARA(1-2012-066169-4)

CH el el &% &HE=2(9-2003-000251-1)

e R Ay SEY A0 LS B

4 yge HE BIMS0IE8 CFDR2E A AlAS L Y

= = b X
= 51 | +
<< O LY ==

1. 7ole SRS 2% 20 BAECE H4EACH, 0|F 2 AA MNBASHE ERHSE Sl =0lst
& == ASLICH
28200 e w2 L2 RH USENA SSE Y83 +-30 89, 22 A4S &2 JIMat
G 2= L= 20l 2=51H0F LIt

% HEUHE (013121 225)+ B4HS
3.HEHe F4, HEY 52 HAAMEO US Z2, SA [SHDHHUS FEHAZEE), BEMDAMIE
HEotH0F 2% 0|52 L4E SAMNE HAEHSZ 2z £ SLIT

# 56l Z(patent.gokr) 5 > A MALUESEE > Sold] ANBRE EX H5s A4
4 SOI(ASRUEE)EAS BHA L= S0 2H0| ERet 22, S5Z2H 018 L= 2F3AMH M=
JIZH OILHOl S| MU 222 B2 ZHAM = SHUH 21 HE AL2 e 82 oM E3E = s
Ch.
5.21=2% &0t A ol R PCT HE(Sol-Ag48ehlL 0t=2IE IS (4HE)E 088 &+ AsU
ChoUHERYE 2AD0UAM QEE DA ot E220 s SHSFL22H LEE J12 Wl 230 =2
SHOOF R4S QEE S £ ASLIT

# M= LY : http://www kipo.go kr-S 6 0t E-PCT/OLE 2| =
¥ 2P CIEDI2 S5 ABLO2 120E, AE-CIACI2 6HE 01
% [I2SoIMHEYHC HER/US JIEZ 22ILI2IH RPEATHEA AL ASR0| DISHAEN0IM, QEU22E 16HE 0|
Ofl DI=SHA TS0 (HAX DS ILA(PTO/SBANE HEStHL RelLictl R4 SHAFE HS5H00F LICH
6.2 ERAMAS 220 HEAlStDX ol ER0U = Ol2i2t 20| 5t010F oI0H, 0| 8 SIBtE HP 2§y
g0l met dgs g8 4+ ASLICH
#* SSEF 10-2010-0000000, 4 EES SR 40-2010-0000000
7. 50 AR UFM HLE 2EES AASII1)IF BEEHH S 6K S22 22, SalY He2
0l et AMSHUN SHAHEZE L S68 HI33EH et SS0150 SSHREAMRIHE =
AsLICH
8.DASEZZREE 0| SHHERE V=R 230 Sol&2s & 22 el 2 H4EDM0 [HE 243
FE ZHMRE MAXATHAD R MXE &2 MUl A(DAS, Digital Access Service)E Soll B A E &
ES MEE I EQELICHL
9. J1EF &AL B0 25 M2 SEE HHME EZSHAID BIZLICH

100



O
wm
Q
g
(i
M
—
A,
o
i)
olX
ok
s
=
X
ol
ok,
N
=

— 74 8

FE

Hindawi

71RE H A Az A 7= B-dste] SCIE) Adel == A 1= 24

Advances in Civil Engineering
Volume 2020, Article 1D 8827936, 11 pages
https://doi.org/10.1155/2020/8827936

Hindawi

Research Article

Improvement of Grid Independence Test for Computational Fluid
Dynamics Model of Building Based on Grid Resolution

Minhyung Lee, Gwanyong Park, Changyoung Park, and Changmin Kim
Institute of Green Building and New Technology, Mirae Environment Plan, Seoul 01905, Republic of Korea
Correspondence should be addressed to Changmin Kim; kem@mrplan.co kr

Received 8 July 2020; Revised 7 October 2020; Accepted 8 December 2020; Published 24 December 2020
Academic Editor: Weerachart Tangchirapat

Copyright © 2020 Minhyung Lee et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Computational fluid dynamics (CFD) is being used in various research fields on the building environment. Target space of the
CFD model is divided into a finite number of grids for numerical analysis. Therefore, an optimal grid design is required to obtain
accurate results. The grid independence test is generally performed to design an optimal grid. However, given that there is no
standardized procedure for gird independence test, most depend on the researcher’s experience and knowledge. In the con-
ventional method, the subjective judgment of the researcher affected the selection of the grid conditions and the criteria for the
optimal grid. It can lead to a decrease in the reliability of the simulation results by poor grid design. This study proposed a grid
independence test method that applies the grid resolution to improve the conventional method. The grid resolution was calculated
by applying the characteristic length. CV(RMSE) and R* were applied as the criteria for optimal grid. A case study was conducted
to evaluate the adequacy of the proposed method. As the characteristic length increased, the optimal grid resolution increased. In
particular, for a characteristic length of 0.7 or more, the optimal grid resolution was evaluated as 24. The grid convergence index
(GCI) was calculated to verify the suitability of the proposed method. As a result, all of the optimal grid resolution derived from

the proposed method was evaluated as the optimal condition.

1. Introduction

Computational fluid dynamics (CFD) is a fast, economic
method used to analyze the flow of fluids based on numerical
analysis. As a useful tool for complementing experiment and
theoretical methods, CFD has a higher productivity and
efficiency than conventional analysis methods and provides
more various and more accurate results [1]. Owing to these
advantages, CFD is being used in various research fields in
the building environment, including ventilation, thermal
environment, pollutant dispersion, and wind paths in cities
[2, 3]. To predict the actual phenomena using CFD, a grid
design that divides the target space into a finite number of
grids is needed first [4]. Given that CFD obtains the ap-
proximate solution of the Navier—Stokes equation based on
the divided grids, the accuracy of the approximate solution
depends on the grid quality. Furthermore, this also has a
prominent effect on the accuracy of the entire simulation
results because it is affected by the approximate solution of

each grid [5]. Therefore, the optimal grid design is indis-
pensable in the improvement of the accuracy of the CFD
analysis.

Optimal grid designing requires the consideration of the
shape type, quality, and number of grids. In particular, the
number of grids is a factor that influences the total com-
putational cost and accuracy of simulation analysis results.
Coarse grids create a significant spatial discretization error,
thereby reducing the accuracy of analysis results. In contrast,
too much fine grids may sharply increase the round-off error
beyond the truncation error, thereby reducing the accuracy
of analysis results [6]. Therefore, it is crucial to select an
optimal number of grids [7]. To find the optimal grid
number, many CFD studies conducted grid independence
test. The grid independence test is a process used to find the
optimal grid condition that has the smallest number of grids
without generating a difference in the numerical results
based on the evaluation of various grid conditions. The grid
independence test is being adopted in various studies using
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A case study was conducted based on the application of the
method proposed in this study. For this case study, five targets
of different characteristic lengths were selected, and the in-
dependence tests were conducted. As the characteristic length
increased, the optimal grid resolution also increased. In par-
ticular, the optimal grid resolution was evaluated to be equal to
24 in the cases of types C, D, and E, with a characteristic length
of 0.7 or higher. This confirmed that a resolution equal to 24
can be applied as the optimal grid resolution for targets with
characteristic lengths of 0.7 or higher. The optimal grid res-
olution derived from the case study was included in the ac-
ceptable resolution range of 4-25 based on the findings of a
previous study. This confirmed the suitability of the grid
resolution calculation method and the grid independence test
process. Furthermore, the GCI was calculated to verify the
suitability of the proposed method in comparison with the
conventional method.

The objectivity of the grid design is most important in CFD
analyses and can be improved using the proposed method in
this study. The CFD grid design depended on the researcher's
experience and knowledge; however, this could be improved
based on the proposed method. The conventional independence
test based on the number of grids could not attain the optimal
grid standard that is generally applicable to the CFD model. On
the contrary, it will be possible to improve this with the pro-
posed method using the optimal grid resolution. The case study
results showed different optimal resolutions according to the
characteristic length. Specifically, a resolution of 24 was eval-
uated as the optimal resolution condition for targets with 0.7 or
higher characteristic lengths. It is believed that if sufficient data
can be obtained in the future, the optimal grid resolution could
be presented based on the characteristic length.

The primary goal of this study was to verify the modified
grid independence test method, which is applicable to
building a CFD model via simulation. Therefore, field ex-
periment or scaled model experiment was not conducted in
this study. Field experiment will be performed in future
studies, along with simulations to enhance the accuracy of
the proposed method and the reliability of an optimal grid
resolution derived thereby. Additionally, the effect of
boundary layer mesh will be analyzed to improve the
proposed grid independence test method in future studies.
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Development of Automated CFD Modeling Technology based on BIM

Lee, Minhyung”  Kim, Changmin®  Park, Gwanyong'  Park, Changyoung”

*Institution of Green Building and New Technology, Mirac Environment Plan, Seoul, Korea

Abstract

This study propose a technology that automatically generates an optimized CFD model by coupling BIM and CFD. The CFD
model was automatically created using the geometry and attribute data included in the BIM. In addition, geometry simplification
and grid optimization techniques were applied to enable the creation of an optimized CFD model. The optimized shape, grid model,
and boundary condition file are output to the case folder of OpenFOAM. To evaluate the accuracy, validation was conducted by
comparing the analysis results of the proposed technology with the results using commercial CFD SW for the same target and
condition. As a result, all average relative error rates were derived to be less than 5%, and the accuracy was verified.
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Keywords : Computational fluid dynamics, Building information modeling, Geometry simplification, Grid optimization, Model design
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