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ABSTRACT

Investigation into the development of thermoforming
mould of the flat panel photobioreactor case for the

cultivation of microalgae

Ahn, Yeong-Su
Advisor : Prof. Ahn Dong-Gyu, Ph. D
Dept. of Mechanical Engineering

Graduate School of Chosun University

Renewable and sustainable energy has paid attention to cope with global warming
and resource depletion. The bio-fuel, including bio-diesel and bio—ethanol, has
proposed as one of a renewable and sustainable energy sources. Recently,
microalgae have widely used as the biomass to produce bio-diesel. An amount of
the bio—diesel is proportional to the quantity of the microalgae. Hence, the
development of mass cultivation system for the microalgae is one of hot issues in
the research field related on bio—fuels.

The objective of this thesis 1s to investigate into the development of
thermoforming mould of the flat panel photobioreactor case for the mass cultivation
of the microalgae. Basic formability, structure and rigidity analyses have been
performed to obtain a proper design of the flat panel photobioreactor case. Using
the proper design of the flat panel photobioreactor case, the thermoforming mould
has been designed. In order to examine the formability of the designed flat panel
photobioreactor case and thermoforming mould, three-dimensional thermoforming
analysis has been performed. Thermoforming material has been chosen as
polycabornate (PC) with thickness of 45 mm. High temperature tensile tests have
been carried out to obtain constants of temperature dependent material modeling.

From the result of the thermoforming analysis, proper thermoforming conditions, in

- viii -



which the desired flat panel photobioreactor case can be manufacture, have been
estimated.

The thermoforming mould with several vacuum holes has been manufactured
from CNC machining process. The material of thermoforming mould has been
chosen as poly vinyl chloride. Using the fabricated thermoforming mould, the
thermoforming experiments have been carried out. The results of the
thermoforming experiments have been shown that the desired plastic flat panel
photobioreactor cases are successfully manufactured when the proposed designs of
the flat panel photobioreactor cases and thermoforming mould.

Through welding and bonding experiments, proper bonding and welding processes
of fair of flat panel photobioreactor case have been chosen. The flat panel
photobioreactor has been fabricated using thermal welding and bonding. Using the
fabricated flat panel photobioreactor, the cultivation experiments have been
performed. The results of the culture experiments have been shown that the

fabricated flat panel photobioreactor can effectively cultivate the microalage.
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Table 1 Design alternatives of the flat panel photo-bioreactor cases

DL (1’1’11’1’1) DR (1’1’11’1’1)
Without stiffeners Design 1 X X
Design 2 4 5
Design 3 5 6
Trapezoid type Design 4 6 7
Design 5 7 8
Design 6 8 9
Design 7 4 5
Design 8 5 6
Circle type Design 9 6 7
Design 10 7 8
Design 11 8 9

A AAE Fay AAE ST Aol AFAHES dSstr] st A (1), (2) 2
(3) & o]&3dte] WMAH ==ZE (Aerial draw ratio : ADR), 43 =294 (Linear

draw ratio : LDR) % #Hit 574 74 $E (Average reduction rate of thickness :
ART) & o284t ADR #9 4% WA2 o] &ato] HFFA oSt Wyow
A4 Y A5 WHS ol&dte WHoR AY F IAE FRY 2WAE AEY
AFE FAst=d AEete W WAHORE s #oF o] gt A1

UERATE S LDR @2 3 @438 AFe] ddHS ol &3t AFe] A48 F
HstE dFets WHez A4F Fo A (Line) 205 A¥ A9 Line Zol2 tir
grolth. ART #2 1 2 A =

o ARE-gH

M
o fs

ADR = A (1)
)\fs

LDR= I (2)
1

ART——ZBE- (3)
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Fig. 16 ADRs, ARTs and LDRs for different stiffener designs
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Fig. 17 Analysis model of flat panel photo—bioreactor cases condition
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Table 2 Material properties of polycarbonate

Young's modulus (MPa) Poisson’ ratio Density (kg/m’)

2,000 0.38 1.25 X10°
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Fig. 20 Variation of the deformed shape of flat panel photobioreactor case according

to stiffener design
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Fig. 21 Variation of maximum deflection of flat panel photobioreactor case

according to stiffener design
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Fig. 25 True strain-true stress curves for different cross head speed and furnace

temperatures
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Table. 3 Estimated material constants of G'sell model

Temperature

Parameters ko (MPa) " " "
20 C 85.997 0.005 46.735 1.981
60 C 85.902 0.009 47.720 1.800
100 C 64.637 0.004 54.097 1.210
130 C 27.290 0.023 85.402 1.750
160 C 14.016 0.474 3.206 0.551
175 C 0.659 0.392 40.751 0.013
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Fig. 26 True strain—true stress curves for different G'sell models
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Fig. 28 Thickness distribution of the deformed PC sheet after the gravity step
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Fig. 32 Temperature distribution in the deformed sheets for vacuuming process
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TFig. 33 Estimated depth of stiffener for vacuuming process (Left side)
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(c) Depths of stiffener for different vacuuming times (Location—b)
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(d) Depths of stiffener for different vacuuming times (Location—c)

Fig. 34 Estimated depth of stiffener for vacuuming process (Right side)
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(a) PVC board (b) CNC machining (c) Hole machining
Fig. 36 Manufacturing process of vacuum forming mould for the flat panel

photobioreactor case

Fig. 37 & CNC 7}&< &3to] 94 dag 42 w&7] 7loj=9
Wl HF Fd0] AztEder, 2eAt2 F 7 A3 S S5t

stieh.

(a) Left side (b) Right side

Fig. 37 Fabricated mould set for the flat panel photobioreactor case
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Table. 5 Conditions of thermoforming experiments

) Vacuum Vacuum o
Blank Forming ) ) Heater Ejecting
) forming forming
thickness | temperature ) temperature | temperature
time pressure
. 290 C .
45 mm 175 C 30 sec 0.1 MPa . 110 C
~310 C
g 4 Ado AFEst ¥ EA4F7]= MJ-2012 2 Fig. 39 9 £tk ¥
P71E ol&ste] A Al 7tE FFE vg T8 Ao, APEY 4E ¥ E
of wj-%- Fasith AAY 7HEL SHE o] &3 HAlel| o AA LS AFEgho

Fig. 39 Thermoforming machine
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(a) Welding temperature = 155 C (b) Welding temperature = 165 C (c) Welding temperature = 175 C

Fig. 49 Result of thermal welding experiment
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Fig. 51 Set-up of preliminary pressure resistant experiment

Table 7 Results of preliminary pressure resistant experiment

Pressure Location of crack
Joining technology | Water resistance S
(MPa) initition
DP 460 Good 0.05 Joined region
MC 100 Good 0.47 Specimen
Mighty putty Bad 0.09 Joined region
Ultrasonic welding Good 0.01 Joined region
Thermal welding Good 0.36 Specimen
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(a) DP-460 (b) Might putty (c) MC 100
Fig. 52 Morphology in the vicinity of the joined region

(a) Ultrasonic welding (b) Thermal welding
(Welding temperature = 155C)

(c) Thermal welding (d) Thermal welding
(Welding temperature = 165C) (Welding temperature = 175C)

Fig. 53 Morphology in the vicinity of the welded region
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(b) Finally fabricated heater

(a) Original heater

Fig. 55 Fabricated thermal welding heater
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Fig. 56 Thermal welding system
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Table. 8 Conditions of thermal welding experiment

Ejection
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Fig. 57 Unified flat panel photobioreactor case via thermal welding process
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Fig. 59 Set-up full-scale durability experiments of the finally fabricated flat panel

photobioreactor case
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Components Amount (g/L) Components Amount (g/L)
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FeCls 0.000550 NaHCOs3 2.100000

EDTA 0.002450
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(a) 0 day (b) 1 day (c) 3 day (d) 6 day
Fig. 60 Results of the microalgae cultivation using the fabricated flat panel

photobioreactor case
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Fig. 61 Measurement devices of optical density
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