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ABSTRACT

Development of flat panel photobioreactor case for

cultivation of microalgae

Cho, Chang-Gyu
Advisor : Prof. Ahn Dong-Gyu, Ph. D
Dept. of Mechanical Engineering

Graduate School of Chosun University

In recent, the development of renewable energy in needed, due to main energy
depletion has been more serious about the demending for oil, coal, natural gas.
Also, the study of the alternative energy that is eco-friendly products by
convention on climate change has been carried out. Especially, the man cause of
greenhouse gas including carbon dioxide that is available renewable energy
production is increasing. The study about photobioreactor development that is
cultivated microalgae mass production and the method using biomass is lively
performing for a photosynthetic microorganism can fix carbon dioxide.

Therefore, this study carried out research on cultivation efficiency, product
quality and characteristics that are cultivated microalgae for photobioreactor using
design, manufacturing of photobioreactor case for microalgae cultivation. Plastic
materials combining superior optical characteristic that is suit with flat panel
photobioreactor case manufacturing by performing light transmittance test using
light transmittance measurement system are selected. With the result of the
selected plastics showed that can draw high temperature fluid model constansts in
performing high temperature tensile property tests according to temperature and
crosshead velocity. For this study, we examed flat panel photobioreactor forming
analysis through thickness distribution of photobioreactor designed the three

dimensional flat panel photobioreactor in 10-liter grade with finite element analysis



program, PAM-FORM applied by PC, PMMA and forecasting pattern change. From
the result of the finite element analysis showed that a superior optimal
thermoforming process condition and the design plan demending manufacture of flat
panel photobioreactor. From the design plan, photobioreactor characteristic was
constructed through cultivation tests that is made three dimensional product using
rapid prototyping process. Through this 10-liter grade design plan, we analyzed the
influence about quality, formability of mould shape, process variable and material
thickness from thermoforming analysis of flat panel photobioreactor case based on
designed three dimensional 180-liter grade flat panel photobioreactor.

From the result of the analysis, the superior optimal design plan of microalgae

for mass production 180-liter grade flat panel photobioreactor case.
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Table 1 Transmissivity for different plastic material

Material PMMA PC ABS PS PVC Glass
Transmissivity
92-93 85-91 88-90 =&9 =84 90-92
(%)
HaE BA=E 7] Aol AR T ¢ FTELSE B PC 2 PMMA A&

¢ 10 L & H9% F8= w87 A&l AHE-¥ = RP(Rapid prototyping) #14 A &

9l #7345 (Accura-60) o WF 7% BEHAE AL WAL L3 RP A
1%

2z FAH% S7Fg 3749 Polishing % Spray-coating Z3e] W3t 54 B4 $H7
Al gttt Spray—coating & A& @] AR S A Ajme] BA 5L
FoFE 9L dvh A5 FFH/E AP AH dF P FHE, g FaHE
=
=

At
2 Az RhAREe] e 54 AEE A Hdstth Table 2 & F534&
23t PC, PMMA, Accura-60 A&l F7 2 Polishing & Spray-coating < t st
g g Al A A HAdE HoFal dTth

M o

Table 2 The shape of PC, PMMA, Accura-60 specimen

Material Accura | Accura | Accura | Accura
PC PC PMMA
& -60 -60 -60 -60
) 1mm 2mm 2mm
Thickness 2mm 2mm 2mm 2mm

Specimen

Polishing X X X X O X O

Spray-—

coating




Fig. 2 © Hd FFo4e SHAGA A8d A Eas ved Aot 54 &
A= F AR F-20 Al971718 AbSsksl e

sy
=
B7bsd Fok M= 380 ~ 1050 nm otk FA B FSAdFE 1 xSl 54

>
&
=
o
o
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I
>
)
N
=
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o
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r o]
w
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O
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-3
oo
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c)

Model F-20
Thickness 15 nm- 100 pm
Range
Wavelength

' 380- 1050 nm
Measurement product Range

Fig. 2 The equipment for vertical light transmittance

Fig. 3 & At FFIE 3 wats SAHAG Abgd A9 Eas vERd Aol
o SA A= ] AR V-670 Spectrophotometer A 3771 & AR&st o 54 £
+ 10 ~ 8000 nm/min, SA7Fe® F34 W= 190 ~ 2700 nm ot AW
By FFIGE AN 22 Mg FE FHAA JPAFAAGEAG0 ~ 780 nm) 9
P92 SAck o] I9 T Hugte deEds @ FFEge R eSS SAE
=

V-670
Model Spectrophotometer
Wavelength 190 ~ 2700 nm
Range
Measurement ., | 4600 nm/min
Measurement product velocity

Fig. 3 The equipment for Diffuse light transmittance and reflectance



Fig. 4 & PC, PMMA, Accura-60 A=l dist 4 FFH4& 54 ZA34E e
Zolty. PC ¥ PMMA Z228 =T RP A2 A& Accura-60 ¢ A& KT}
A FFIge]l Hdl °F 60 % ol FFEE & Ao, RP AR $UhE T4
Polishing &4 2 Accura-60 #= 9] FFIAEE oF 10 % ol AFAHE & 7 AU

A

¥ FF o] dsstd e, Polishing
1}

0

t}. X3t Spray-coating &8 oF 2
Spray-coating 2 #&% 4% °F 2 | &%
t}. Polishing 3} Spray-coating 532 A&7 #HEAHL -

ATt

Transmittance (%)

PC1mm PC2mm PMMA2mm  Accura-60 2mm  Accura-602mm  Accura-60 2mm  Accura-60 2mm
{Polishing) {Spraycoating)  (Polishing.Spray
coating)
Materials

Fig. 4 Vertical light transmittance for plastic material



Fig. 5 ¥+ PC, PMMA, Accura-60 A& tist 24t A 538 2L JA &S =
A2 vepdzlieltt. PC 2 PMMA Z242¥ A8+ Accura-60 AR ETE g4F &5
o] Hu oF 43 % o] e 4 4 2o, Polishing ¥ Spray-coating <]
F3 I AR St BFEHRESE S G & F AJrh BRAEY SAH AR
E AHEY PC 2 PMMA A&E Accura-60 AERTF ¢F 1 ~ 2 % HL WEALS 9|
A SAEJT PC 2 PMMA Alms 4t 35383 ghARE ] ol A9 100 %
2 & F ded ole AErt Y s u_)l:% 78] opA gl WhAL BT
= PC ¥ PMMA A& 5% FFEHES HolE Asolm

BE e Aols A=l 7 AdE Al %1% el & 5 ATk

r
o

oft

o

(e
=)
o
i
X

= Reflectance = Diffuse transmittance

PC 1mm PC2mm PMMA 2mm Accura-60 2mm  Accura-60 2mm  Accura-60 2mm  Accura-60 2mm
(Polishing) (Spray coating)  (Polishing.Spray
coating)
Materials

Fig. 5 Diffuse light transmittance and reflectance for plastic material
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Table 3 The shape of specimen

Material &
Thickness

Specimen

PC 2mm

PC 3mm

PMMA 2mm

PMMA 3mm

Heating time

Holding time Running time

Temperature(C)

S5min
Time(min)

Fig. 7 Time chart of test



Talbe 4 & 212 @S0 A FA 4 AdxdE e Aot AdARe
PC, PMMA & %7 2mm, 3mm % 3t o™ Ag%+= PC (20T, 60T, 100T, 12
0C), PMMA (20T, 50T, 80T, 100T) & sl Ad2 dysldnt. 7+ Az el F74 9
e exdg 3 2%94 Az = FE £7A (10 mm/min, 50 mm/min, 250
mm/min) & Fo] 242 AFAIEH 3 Y

Table 4 Conditions of the high temperature uniaxial tensile tests

PC PMMA '
(Polycarbonate) (Polymethy Methacrylate) Heating/
Holding
Thic- Velocity of Velocity of .
¢ Temperature o Temperature aw time
kness C) the crosshead () the crosshead (minutes)
(mm) (mm/min) (mm/min)
20 10, 50, 250 20 10, 50, 250
60 10, 50, 250 50 10, 50, 250
2 mm
100 10, 50, 250 30 10, 50, 250
120 10, 50, 250 100 10, 50, 250
5
20 10, 50, 250 20 10, 50, 250
60 10, 50, 250 50 10, 50, 250
3 mm
100 10, 50, 250 30 10, 50, 250
120 10, 50, 250 100 10, 50, 250
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Fig. 8 The equipment for tensile tests
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150 r —10mm/min
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| —250mm/min

True stress(g) [MPa]

50

0 A A A 1 A 1 A 't A J
o 0.01 0.02 0.03 0.04 0.05

True strain(g)

Fig.9 The results of tensile tests at various crosshead velocities (20TC)



True stress (o) [MPa]

PC - 2mm (60°C)

250

200
®
-8
E 150
)
g —10mm,/min
o 100 —50mm/min
2 —250mm,/min
-

50

0
0 0.01 0.02 0.03 0.04 0.05

True strain (&)

Fig.10 The results of tensile tests at various crosshead velocities (60T)

PC - 2mm (100°C)

100
75
50 —10mm,/min
—50mm,/min
——250mm/min

25

0 0.01 0.02 0.03 0.04 0.05
True strain (&)

Fig.11 The results of tensile tests at various crosshead velocities (1007C)



100

75

50

True stress(o) [MPa]

25

PC - 2mm (120°C)

—10mm,/min
——50mm,/min
—250mm/min

0 0.01 0.02 0.03 0.04 0.05 0.06

True strain(g)

Fig.12 The results of tensile tests at various crosshead velocities (1207C)

150

125

=
[=)
(=]

True stress(o) [MPa]
a

50

25

PC-3mm (20°C)

—10mm,/min
50mm,/min
—250mm,/min

o 0.01 0.02 0.03 0.04 0.05

True strain (g)

Fig.13 The results of tensile tests at various crosshead velocities (20TC)



True stress(o) [MPa]

PC - 3mm (60°C)

100

75
®
o
2
g
g 50 —10mm/min
;m: ——50mm,/min
2 —250mm/min
'

25

0

0 0.01 0.02 0.03 0.04 0.05

True strain(g)

Fig.14 The results of tensile tests at various crosshead velocities (60T)

PC - 3mm (100°C)
75 r

——10mm/min
50mm,/min
—250mm/min

o 0.01 0.02 0.03 0.04 0.05

True strain (g)

Fig.15 The results of tensile tests at various crosshead velocities (1007C)



True stress(o) [MPa]

True stress (o) [MPa]

PC - 3mm (120°C)

5 r

——10mm,/min
50mm,/min
—250mm/min

o 0.01 0.02 0.03 0.04 0.05

True strain (g)

Fig.16 The results of tensile tests at various crosshead velocities (1207C)

PMMA - 2mm (20°C)

100
75 F
50 r —10mm,/min
—50mm,/min
4 250mm/min
#f’
25 | irﬁy
;5"55
]
=
0 ="
1] 0.005 0.01 0.015 0.02 0.025

True strain (g)

Fig.17 The results of tensile tests at various crosshead velocities (20TC)



True stress (o) [MPa]
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PMMA - 2mm (50°C)

5 r

—10mm/min
——50mm,/min
—250mm,/min

o 0.005 0.01 0.015 0.02 0.025

True strain(g)

Fig.18 The results of tensile tests at various crosshead velocities (50T)

PMMA - 2mm (80°C)
75

—10mm,/min
—50mm,/min
—250mm/min

(1] 0.005 0.01 0.015 0.02 0.025
True strain(g)

Fig.19 The results of tensile tests at various crosshead velocities (80C)
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PMMA - 2mm (100°C)

25

—210mm/min
—50mmy/min
—250mmy/min

o 0.01 0.02 0.03 0.04 0.05 0.06

True strain (g)

Fig.20 The results of tensile tests at various crosshead velocities (1007C)

PMMA - 3mm (20°C)

100

75

50 —10mm,/min

S50mm,/min

—250mm/min
25
0
0 0.005 0.01 0.015 0.02 0.025

True strain (g)

Fig.21 The results of tensile tests at various crosshead velocities (20TC)
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True stress(o) [MPa]

PMMA - 3mm (50°C)

100
75
50 —10mm,/min
——50mm,/min
—250mm/min
25
0

0 0.005 0.01 0.015 0.02 0.025

True strain (g)

Fig.22 The results of tensile tests at various crosshead velocities (50T)

PMMA - 3mm (80°C)
75

——10mm,/min
——50mm,/min
—250mm,/min

o 0.005 0.01 0.015 0.02 0.025 0.03

True strain (g)

Fig.23 The results of tensile tests at various crosshead velocities (80C)
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Fig.24 The results of tensile tests at various crosshead velocities (1007C)

)

= e AEoA Al

Fig. 25 ~ Fig. 32

olt}. A& PC, PMMA ¢ +7 2 mm, 3 mm £

o

ATt

4
il
o
o

Al 3 mm Bt 2 mm ¢ 8o A JEh}E=

O

Aol ERtA

T
R

EASEA] ot &

o] 79

3

o o5 F5A



True stress (o) [MPa]

True stress (o) [MPa]

PC-20°C

300
250
200
= = 10mm/min{2mm)
150 - = 50mm/min{2mm)
= = 250mm/min{2mm)
——10mm/min{3mm)
100 | 50mm,/min(3mm)
~——— 250mm/min(3mm)
50 |
0 k=== i . , ,

0 0.01 0.02 0.03 0.04 0.05
True strain (g)

Fig.25 The results of tensile tests at various crosshead velocities (20TC)

PC-60°C
250
200 | /
(J

150 = = 10mm,/min(2t)
= = 50mm/min(2t)
= = 250mm/min(2t)

100 ——10mm/min(3t)
~——— 50mm,/min(3t)
—— 250mm/min(3t)

50 |
U - i~ i i < =
0 0.01 0.02 0.03 0.04 0.05
True strain (g)

Fig.26 The results of tensile tests at various crosshead velocities (60T)
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True stress (o) [MPa]

100

75

50

25

PC-100°C

= = 10mm/min(2t)
= = 50mm/min(2t)
= = 250mm/min(2t)
——10mm,/min(3t)
50mm,/min(3t)
—— 250mm/min(3t)

0.01 0.02 0.03 0.04 0.05
True strain (g)

Fig.27 The results of tensile tests at various crosshead velocities (1007C)

100

75

50

25

PC-120°C

= = 10mm/min{2mm)
= = 50mm/min{2mm)
= = 250mm/min(2mm)
——10mm,/min{3mm)
50mm,/min(3mm)
——250mm/min{3mm)

0.01 0.02 0.03 0.04 0.05 0.06
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Fig.28 The results of tensile tests at various crosshead velocities (1207C)
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0 il L L L L J
0 0.005 0.01 0.015 0.02 0.025
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Fig.29 The results of tensile tests at various crosshead velocities (20TC)
PMMA - 50°C
100
75 F
= = 10mm/min(2t)
50 - = 50mm/min(2t)
= = 250mm/min(2t)
——10mm,/min(3t)
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25 —— 250mm/min(3t)
0 i il 1 L 1 L J
0 0.005 0.01 0.015 0.02 0.025

True strain ()

Fig.30 The results of tensile tests at various crosshead velocities (50T)
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Fig.31 The results of tensile tests at various crosshead velocities (80C)
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True strain(g)

Fig.32 The results of tensile tests at various crosshead velocities (1007C)
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GSELL PARAMETERS OPTIMIZATION

» Yersion 2.8 Deve loped by ESI=
LR R R RN R R RN RN R RN E RS

Elapsed time

B.188 1.868 1629 .693

8.878 4.831 1333.62
B.631 18.499 2 1219.951
B.831 7.565 5 787.614
8.137? 6.443 . 867.834
B.351 7.873 15 3 736.8008
2.579 1 690.874
326 .755
324 K

8.895 5 .85 A 293.7
10.8729 B.185 3.478 1.781 264.844
4.579 B.881 4.243 7 248 .917
11.225 A.116 2.95 1.928 2192.873

Fid-

[
[Sa - - TN -

B

Fig. 33 Estimated G’sell parameters

olegt HAL Folel PC X PMMA s o 732t FAe W& k, w, m, h 9| H gk
& Tables 5 ~ 8 ¢} o] =& sttt =Ed ey A= PAM-FORM 4

A Al Amel wE FAE =4 dolgol Frbste] si4e F3 & 5 A s

Table 5 Estimated material constants of G~ Sell model

(material : PC, thickness = 2 mm)

Temperature . . 0 5
20C 60°C 100°C 120°C
Parameters
k 95.006 76.602 33.817 26.028
m 0.002 0.014 0.031 0.004
W 37.214 40.242 41.308 34.959
h 0.309 0.284 0.192 0.270




Table 6 Estimated material constants of G~ Sell model

(material : PC, thickness = 3 mm)

Temperature . . . .
20C 60°C 100°C 120C
Parameters
k 59.248 47.681 30.903 27.053
m 0.018 0.025 0.020 0.022
W 32.353 31.014 28945 28.794
0.205 0.049 0.216 0.215
Table 7 Estimated material constants of G~ Sell model
(material : PMMA, thickness = 2 mm)
Temperature . . 0 5
20C 50C 30TC 100°C
Parameters
k 132.680 100.845 222.234 8.129
m 0.059 0.068 0.001 0.016
W 23.001 23.819 6.203 52.483
18.935 4.345 32.002 0.035
Table 8 Estimated material constants of G~ Sell model
(material : PMMA, thickness = 3 mm)
Temperature . . 0 5
20C 50C 30TC 100°C
Parameters
k 166.732 68.212 123.147 11.970
m 0.024 0.007 0.043 0.063
W 13.291 30.766 11.948 72.153
h 15.579 9.801 3.082 0.062
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Fig. 34 Surface to volume ratio of the flat panel photobioreactor with a polygon
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Fig. 35 Design of the 10 L class flat panel photobioreactor case — Airlift type
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Fig. 37 FE model of thermoforming analysis for the flat panel photobioreactor case



Table. 9 Conditions of thermoforming analysis for the flat panel photobioreactor

case
No. Object Specification
No. of elements 15,686
No. of nodes 13,922
1. Die .
Type Rigid surface
Temperature 30T
Initial no. of elements 648
Initial no. of nodes 700
Refinement Level 2
2. Blank
Type Shell element
Material PC, PMMA
Initial temperature PC(100C), PMMA(80C)
No. of elements 294
3. Holder No. of nodes 392
Type Rigid surface
Table 10 Process parameters and Boundary condition
No. Process Objects Specification Details
Translation :
Die Lock XY.Z
Rotation: X,Y,Z
1 Vaccuming Translation :
Holder Lock XY.Z
Rotation: X,Y,Z
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Fig. 38 The results of thermoforming analysis according to the thickness of the
PC material (Thickness distribution)
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Fig. 39 The results of thermoforming analysis according to the thickness of the
PMMA material (Thickness distribution)
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Fig. 40 The results of thermoforming analysis according to the thickness of the
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Fig. 41 The results of thermoforming analysis according to the thickness of the
PMMA material (Distance between die and blank)
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Table 11 Conditions of thermoforming analysis for the flat panel photobioreactor

case
No. Object Specification
No. of elements 29,965
No. of nodes 13,922
1. Die .
Type Rigid surface
Temperature 30T
Initial no. of elements 1054
Initial no. of nodes 700
Refinement Level 8
2. Blank
Type Shell element
Material PC, PMMA
Initial temperature PC(100C), PMMA(R0T)
No. of elements 294
3. Holder No. of nodes 392
Type Rigid surface
Table 12 Process parameters and Boundary condition
No. Process Objects Specification Details
Translation : X,Y,Z
Die Lock
Rotation: X)Y,Z
1 Vaccuming
Translation : X,Y,Z
Holder Lock
Rotation: X)Y,Z
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Fig. 43 The results of thermoforming analysis according to the thickness of the
PC material (Thickness distribution)
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Fig. 44 The results of thermoforming analysis according to the thickness of the
PMMA material (Thickness distribution)
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Fig. 46 The results of thermoforming analysis according to the thickness of the
PMMA material (Distance between die and blank)
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Fig. 48 & & 7]s/)de] Ab8HE SLA HEHxgddAolrh & 7ol = iPro 9000
2d 5 RDM 750F FulE Abgetalrh o A& 7Es Aoz 650 x 750 x 550 mm
ojun] #ZFol 7bsdk Hol FA= 015 mm o & Aol AFAYE= 01 mm & AHES)H
Ak ARl AFEE AEe B FAS Accura—60 EFAE otk Table 13 &
Accura—60 EetaE o] =24 AEE UE Ae2A VA Ak 9 Tl T

Azge HAT F gk

iPro 9000
Model (RDM 750F)
Maximum Size 650 x 750 x 550 (XYZ)mm
Scanspeed 3.5 m/sec

Layer thickness 0.05mm, 0.1mm, 0.15mm

Materials Accura 60

Fig. 48 Rapid prototyping apparatus

Table 13 Properties of the Accura-60 materials

Measurement Condition Metric
Tensile Strength ASTM D 638 56 ~ 68 MPa
Tensile Modulus ASTM D 638 2,690 ~ 3,100 MPa

Elongatin at Break(%) ASTM D 638 5~ 13 %
Flexural Strength ASTM D 790 87 ~ 101 MPa
Flexural Modulus ASTM D 790 2,700 ~ 3,000 MPa

Impact Strength

(Notched Izod) ASTM D 256 15 ~ 25 J/m
Hardness, shore D 36




Table 14 = £ 71%A8os B89 BA% wer] Aelx A% AsE A5z
gzazolth way STL 9 % Slicing 9 wlo|E2 RP 2l AFE0l 42¢ &
A R AR Aol At el Platorm & §7159 AAFA EWORIE @

-

He & o] & Aolth Fig. 49 + RP ] <tollA SLA 7lz=e] 9&) vhEolzxl A&
W37 Aol 2o AES UE Zlom AFAEL FAE WHE7] Aol sl

Table 14 Manufacturing conditions for the flat panel photobioreactor

Case Case
(Airlift type) (Unit structure type)

Model iPro 9000 (RDM 750F)

Size 500 x 600 x 50 (XYZ) mm | 550 x 510 x &8 (XYZ) mm
Scan speed 3.5 m/sec

L

] aver 0.1 mm
thickness
Materials Accura—-60

Time 58 h 60 h




Photobioreactor case (Unit structure type) - RP

Fig. 49 Manufactured photobioreactors from the SLA apparatus
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Fig. 52 Finally fabricated flat panel photobioreactor case
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Table 15 Microalgae cultivation conditions (Unit structure type)
. L Cultivation
Microalgae Gas pH | Hlumination
Temperature
Dunaliella | CO2 5 % + N2 95 % | pH 8| 6000 Lux 28 T
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Section Gas flow control

2.5 L Section - A 0 cc/min
2.5 L Section- B (Aeration) 250 cc/min
2.5 L Section- C (Aeration) 120 cc/min
2.5 L Section- D (Aeration) 50 cc/min

Temperature Gas flow
control control valve

Gas Outlet

Photobioreactor

Fig. 55 Microalgae cultivation system (Unit structure type)
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Fig. 56 Results of the microalgae cultivation (Unit structure type)
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Fig. 58 Results of the OD value measurement (Unit structure type)
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Fig. 59 Microalgae cultivation system (Airlift type)
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Fig. 60 Results of the OD value measurement (Airlift type)
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Table 16 Microalgae cultivation conditions (Flask type)

. L Cultivation
Microalgae | pH | Illumination
Temperature

Dunaliella | pH 8 | 6000 Lux 28 C
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Fig. 61 Results of the OD value measurement (Flask type)
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Fig. 63 Results of the microalgae cultivation (Chlorella sp.)
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Fig. 64 Results of the OD value according to the microalgae cultivation type
(Algae : Chlorella sp.)
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Table. 18 Conditions of thermoforming analysis for the flat panel photobioreactor

case
No. Object Specification
No. of elements 28,686
No. of nodes 26,922
1. Die .
Type Rigid surface
Temperature 30T
Initial no. of elements 648
Initial no. of nodes 700
Refinement Level 2
2. Blank
Type Shell element
Material PC, PMMA
Initial temperature PC(100C), PMMA(80C)
No. of elements 294
3. Holder No. of nodes 392
Type Rigid surface
Table 19 Process parameters and Boundary condition
No. Process Objects Specification Details
Translation :
. XY, 2
Die Lock Rotation
) X,Y,Z
1 Vaccuming Translation :
XY, 2
Holder Lock Rotation -
X, Y.Z
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Fig. 76 The results of thermoforming analysis according to the thickness

distribution (Thickness : 3 mm)
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Fig. 77 The results of thermoforming analysis according to the Distance between
die and blank (Thickness @ 3 mm)
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