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Evaluating Proper CO, Concentrations in CA Storage of Fuji Apple using CFD Analysis
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Abstract

CO, concentration has a significant effect on quality of cold-stored apples. High indoor CO, concentrations above 10,000 ppm cause the browning of
apples and result in economic loss for farmers. The purpose of this study is to evaluate CO, concentrations and their distribution in a controlled
atmosphere (CA) storage and provide better structural designs to improve the CO, environment using computational fluid dynamics (CFD) simulations.
The CFD model was developed for a real CA storage for apples and applied to investigate the effect of changing the inlet and outlet locations and
the aspect ratio of the floor of the CA storage on the spatial distributions of CO, concentration and the browning of the apples. The lowest CO,
concentrations in existing CA storage with a high aspect ratio of the floor were achieved from the combination of the inlet located at the top of the
right side and the outlet located at the bottom of the left side. In modified CA storage with a low aspect ratio, the combination of the inlet and outlet
located at top and bottom of left side respectively achieved the lowest CO, concentrations. The proposed case enhanced the storage performance by
reducing total browned apples by 3.6% in storage duration of 210 days. This study is expected to reduce the browning damages of apples in CA storage,
and thus greatly prevent economic losses.
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Fig. 1 Schematic view of the CA storage containing stacks and
inlet/exhaust pipes
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Table 1 Physical properties of internal gases used in CFD simulations

Gases Molecular weight (kDger.\smit_ys) (W?iu_?t.ivl(itl/) 1 ?igic.it:zq) (k;/i.s;?f i.tiq)
Ny 28 1,138 0.0242 1,040.67 166X10"°
(o7} 32 1.299 0.0246 919,31 192x10"°
COq 44 1,788 0.0145 840,37 137x10"°
Air 29 1.225 0.0242 1,006.43 179x10"°

Mixture— Incompressible ideal .
template - i gas 0.0250 1,035.98 17510 "

Table 2 Physical and thermal properties of wall materials used in CA storage (PHIKO, 2010)

Section Material (kDger.ms;‘iqt_ya) (C\;me:ft.i\'/itj/) Capacity (J * kg™ - K™
Floor Concrete 2,200 1.6 1,000
Roof, Wall Urethane form 45 0.023 1,400
©} CFD 4% SiT- Ul Sof, Lander e a (979)  Eplo] 2 04 454 299 15 0134 293
2 Stndad ke o] 71A19] SNl U] AGE £ 719 H8ach S/} thEH BAS Fak o) Lol}
S)= welole} ANSHF0H, Tanaka et al. QOI2)e] 8] 4 = ek Darey-Forchheimer 4] (o] Sfs] A4kt
el Standard ke RS AL AT CFD HHA THE
o g vastel el AEE £ 5 U 2 oyt pplula "
231 1) Q7)o E Lo A% Standard k-e @S 2-8-51% K
t}. 341 Pressure-based solverS A}8-51o] AAMAIE R A
steich 271 Fluent Yol BR71A1= st 24 4 1_KO-ep K- ®
2, oAbk, 37] (A9 Y] 71A] 7]A|&= FHdsteith & a degse’ Aoy’

3t 71719] BAAE Table 19] AT E3H Antx oz
CA AL vjeke Zas|e s, ual AR 488 $X/5)7]
og) Qs 2 Algely] ujEo] o) kelsled AAzTIC
2 AA3H5c) (Table 2).

T 9] AlHS CFD Aboll A A% melglsto] AlAkst
& ARE SN vlEE 2 0)7] wiZol, ARHE Bt 2
0.07 me] v Yo 2 sk, A Solgl
IH—‘:H 371 & theAd (Porous) 254 Wo| -5

a3to] a433}+5 ) Moureh et al. (2009)= CFD Et”
:[L-aﬂ_q EA7F ohAl 2lewA] Yo 9= mdla) B
SHAA ol 9l o] HlnE 1 ol 34 o}
Eli*é ZElRo] tisf 1 Aol AEge vlas] A

5k, Delele et al. (2008)= thaA &4 UHo
70] 0.065-0.075 m H2Jol SLo] thokst Ay HhAle]| Tl
%g mdgo] 7.25%9] WS 93} £35S HYSS A s)
oAr.

olof whe} mell Ake] Held, BA, LAk v AL

o714, p= A1 AAAS (ke -m! T, ki TFEA

B B (1 - mY), uts 74 £ (m -5, p= 7419
(kg - m”), 5= Forchheimer A4 (1 - m?), &, K= ¢
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T3 Ao i3t Darcy-Forchheimer 4] T ulj 7}
o} pE FH3R= 7HY Uub 2l B Ergun (1952)9] th
o= A (22 Hi‘r (Delele et al., 2008). Z} wj7iH=2] 2AA
4291 K, K,9] 3F AR ule- ExlalAgl i QA wj
3 FPoR AT A4S APHoR 747 180, 1.89] G
A8 4= 9t} (McDonald et al., 1979). Afke] F5aF ghe

Kang et al. (2002) =22 Zz510] AlAIR} W59 CO, =
7hego 7 7hEstal, o] T AT & A=K (Source Terms)
o2 Ae3lct A= AR} ol o] FHEZ 71 o]AFA
o= wiREofqlttal 7Pgsh ofuf ARbgAre] F=Hl=
02601t} (Gauss, 1831). 3-4|<] % xg;:uTng Qe 747k ) C
of| A FZ F7)9 7kl 179107 kg - m™! - 57, 1.225 kg - m?
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Table 3 Specifications of Fuiji apple (Kang et al., 2002)

Density Conductivity Capacity Respiration rate
(kg - m™) (W-m™-K7) (J kg™ - K™) (mgCO, kg™ - h™)
535.19 0.51 3,770 1,609

Table 4 Parameters for porous media of apple box in Fluent

Table 5 Boundary conditions of internal devices

Section Value
Viscous resistance _7
(1 . m—2) 874><1O
Porous Inertial resistance
Zone 1 1,082.6
(1-m™)
Solid material Apple
Source CO; Variant _7
Term (kg m3-s™ 1.94<10

Factor Ny Generator Air valve
Model WH N-300s -
Flow rate 9923 m® - hr™’ -
Surface area 0.16 m? 0.16 m?
Type Velocity—inlet Pressure—outlet
Velocity 1723 m+ s -
Temperature 288.16 K 273.16 K

AL i Wi}EP F=7} 10, 000 ppm= 44491‘19— 75‘%
=57} 212 980,000 ppm, AkZ 20,000 ppm, ©]AFFERA 300
ppm 2 2HE 7|AE WA A Aa FUFE FTT
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(b) Top view

Fig. 2 Front view (a) and top view (b) of Case B
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Fig. 3 Case distribution according to position of Ny generator and air exhaust

w7127} Al e} 7h7ke o] AR Elo] QI Case A
9} Case B Z1zbol| 3] Case 15E] Case 82 #8310 & 167}
A z20] tal CFD 842 Als¥alalet (Table 6).

3. At ZHH mls 244

CA AA7|7¢ Eot o|AsebAs Lo w2 x| Al
ZHH]8-2- Table 73} 0] LreRdT} (Hong, 2015). A47]7k
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Table 6 Analysis cases

Zlgo] 15%0] TTHA 20,000 ppmO 2 48 B 2
¥l o] 42 5P F75HIT webd 2 elas
ottEA: I 10000 ppm FASER Alol L
E7} o)B AP A9 Ak WIS HFAES S0
o 1 Wl offt i el 7ok ot
357} 10000 ppm 013k A5 ot 282
ok E3F A3 ] BE 2eje] ojsleba i
sto] o2 Bl 2k 29h8 A7kl W ZnleS

=y

Case A Case B Position
(7X20<5.5 m%) (101455 m%) Inlet Outlet
Case A—1 Case B-1 Middle of left side Middle of left side
Case A-2 Case B-2 Top of left side Bottom of left side
Case A-3 Case B-3 Bottom of left side Top of left side
Case A—4 Case B-4 Middle of left side Middle of right side
Case A-5 Case B-5 Middle of right side Middle of left side
Case A-6 Case B-6 Top of left side Bottom of right side
Case A—7 Case B-7 Bottom of right side Top of left side
Case A-8 Case B-8 Top of right side Bottom of left side
Table 7 Apple browning ratio by CA storage duration depending on CO, concentration during storage
Apple browning ration by storage duration (%)
CO; concentration
(ppm) 30 60 90 120 150 180 210
days days days days days days days
Control (300) - - - - 6 1 16

10,000 - - - 5 8 14 15
20,000 - 16 21 27 36 42
30,000 - 37 48 54 61 75
40,000 23 51 76 92 100

50,000 31 53 65 88 100

S2E3e3) =23 A60d Al3E, 2018 ¢ 75
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T 20 Pt 9 FFHARS Table 99} 7 LOl 74] Aksteich
ESP CA AAL U Aelof|A| 2] ojAlaletd & HEE Fig,
49} Fig. 5olA] s]AET8 o2 Yehfigle). 7] Adar §4
2l Case AolAl, 7]&8] A4 FUF 9 vi7]E 914 3
Case A-1& 1719] ~"Ho] SHA| ‘s & ZI}5}9It) Case A-
oA 967H94 7V ‘Eéﬁ 28 ATt AT EE 25 o
ol F 312719] 28 F 9F 31%7t Al EE 2t A0]
o} 3 o] BL- FaEEr) 11,761 ppm o2

A-30) A% 78719] W Ao A =S 26T He
28lo] Al ofste 2EH sf4 Case A-63} Case
A-80]%101, E3] Case A-89] = B3r9] HF2 7236 ppm
o2 71AF Akl 1,415 ppme] FEHAE YERHT] Case
A-89] HiEE+ 9,983 ppm, ZAEE= 4,456 ppmo] ATt
Case A-6-2 769 ppm2] & HFHAE Vel k= B39
dA/go] Eoken Bt FEw 7,765 ppmo] 3t

AL dolE ©HAI7|IL £ 5 FYR7L AT 3
/&4l Case BOlA], 7H W2 A8 A7t SAl 5= +46J
AL Case B-70]901 I 7= 236700tk & 312709
A8 F OF 76%9] =2 HEE AlsEE 2Rl L
13,475 ppm7}A| o]AksletA Hxrt =28}t TSt Case
B-60 A% 11270] W& 757} Al s =g 2Hskqich 2
= 2"o] A FE o]gtE 2-H -2 Case B-29} Case B-8
o]t} E3| Case B29] 5% £330 Ht2 7,285 ppm o=
Case B 5 7 29fon Hiss 9,523 ppm, A 5T
5,149 ppmo|At}. Case B-82 Hat 57} 7,785 ppmo| .o
FEZHAE= 657 ppml &2 7P o} B o] FuXido| =9ith

Case A2} Case Bof| &l Z+zF Case 49} Case 52] H]nlof| A
L Pado]| whe} v Hao] Felio] TR slolst 4= 919
Az #9079} H)7170) 71217} 1 Case AS] B Case
A-42} Case A-59] 2|AF =8} 2|al5wo] Zfol7} A1, vl
4 2 BEAA} UepAn, A ek iyle) Azl

%rlor

7YLF

Table 8 Number of stacks exceeding the CO, limit concentration of 10,000 ppm

Case
Case A

A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8

Number of stacks 1 13 78 96 23 0 40 0

Ratio (%) 0.32 417 25.00 30.77 7.37 - 12.82 -

Case
Case B

B—1 B-2 B-3 B-4 B-5 B-6 B-7 B-8

Number of stacks 7 0 4 11 18 12 236 0

Ratio (%) 2,24 - 1,28 3.53 5.77 35.90 75.64 -

Table 9 Mean and standard deviation of CO, concentration distribution
Case
CO; concentration distribution
A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8
Mean (ppm) 7,960 7,723 9,244 9,102 8,272 7,765 8,937 7,236
Standard deviation (ppm) 934 1,367 972 1,328 1,201 769 947 1,415
Case
CO, concentration distribution

B—1 B-2 B-3 B-4 B-5 B-6 B-7 B-8
Mean (ppm) 8,628 7,285 8,325 8,990 8,822 9,317 10,880 7,785
Standard deviation (ppm) 967 1,070 849 700 784 1,200 1,081 657

76 ¢ Journal of the Korean Society of Agricultural Engineers, 60(3), 2018. 5
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Fig. 6 Contour of simulated CO, concentrations in isometric view (a) Case A—1 (b) Case A—4 (c) Case A-8 (d) Case
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Table 10 Apple browning ratio according to simulations cases and storage duration

Apple browning ratio (%)
Storage duration 90 days 120 days 150 days 180 days 210 days
Case A-1 0.00 3.58 7.52 12.35 14,53
Case A-2 0.02 3.44 7.42 12.21 14.46
Case A-3 0.24 4.68 8.53 13.85 15.95
Case A—4 0.41 4.59 8.46 13.75 15.88
Case A
Case A-5 0.06 3.86 7.78 12.74 14,91
Case A-6 0.00 3.41 7.37 12.12 14,31
Case A-7 0.07 4.40 8.27 13.46 15.57
Case A-8 0.00 3.08 7.1 11,78 1410
Case B-1 0.01 413 8.02 13.10 15,22
Case B-2 0.00 3.08 7.09 1,73 14,01
Case B-3 0.00 3.87 7.77 12,73 14,86
Case B—4 0.00 4.43 8.28 13.49 15,58
Case B
Case B-5 0.02 4,29 8.15 13.29 15.39
Case B-6 0.28 477 8.62 13.99 16.11
Case B-7 1.7 6.31 10.13 16,22 18.39
Case B-8 0.00 3.42 7.37 1213 14,31
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