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ABSTRACT

Spirulina is a cyanobacteria with therapeutic benefits, filted with nutrients and
casily digested. Commercially. Spirulina is available as a powder, tablet and capsule that can be
added to foods and health tonics. Spirulina can be dried several ways. This research studied. the
drying of Spirulina is thin layer (2-4 mm) by direct forced convection {impingement). The studied
was divided two steps, the first step to study the eftect of the thickness of Spirulina film layer and
the temperature ~f impinge air on the drying time required in order to decreasce the maisture
content to less than 7.5% dry basis or 7% wct hasis. In this study, a cylindrical drying chamber
with length 1.2 m and a diameter of 0.5 m was used and injected with impinged hot air that tlows
vertically over the Spirulina surface. Conditions investigated were air temperatures from 40-60°C,
air velocity was 1 m/s and the thickness of Spirulina were 2 and 4 mm. Preliminary results
showed that higher air temperatures dried faster due to increasing the heat and mass transfer.
while the 4 mm layer film took only 2 times longer than the 2 mm layer film. Morcover the
drying time for a 2 mm film layer and air velocity of | m/s, at 40, 50, and 60°C werce 12, 7. and 5
hours, respectively. All conditions can reduced the moisture content of the Spirulina from 90%
w.b. to 6% w.b. In the sccond step, a pilot scale was designed and constructed. The dimensions of
the chamber were height 1.2 m. length 1.2 m, and width 1 m of the dryer consists of 3 levels with
2 trays on cach level. This pilot dryer has the drying capacity of about 2.7-2.8 kg of fresh
Spirulina per batch when the thickness of Spirulina film was 2 mm. Distribution of impinged air
was determined by measuring the difference of temperature and moisture content of the Spirulina
on each tray. The effectiveness of the pilot dryer was investigated and showed that the higher
temperaturcs have higher standard deviation. However, the final moisture content of Spirulina
was not significantly difference. A higher air velocity resulted in a higher drying rate because the
higher air velocity the moisture can remove casier than the lower air velocity. The higher drying
temperature resulted in decreasing preenncss of the product due to increasing chlorophyll
degradation. When the higher drying temperature {514+4-57+5°C) were reduced total bacteria and
Enterobacteria but can’t destroy Staphylococcus aurcus and Enterobacteria to acceptance for 1SO
9002. It was found the drying temperature were 80°C for 15 min. after that reduce to 60°C for 3 hr

45 min. can destroy for all I-nicrobiologic‘.ally but it was found Clostridium perfringens and have
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amount of chlorophyll more than 51x4-57+5"C. For the higher air drying and air velocity resulted

in high SMER.

KEYWORDS: Drying/ Spirulina/ Forced Convection
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amsgnou 7 Conveyer oven with improved air return and method
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L- black 1976
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52AUVDIA L, a, b awsnrauesy1ugd AE (total color change parameter;

#1159 10) (Shi et al., 2007)
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AE —VAL? + Aa® + Ab? (10)

Where

AE = total color change parameter

AL=L~L,; Aa=a-a,; Ab=b-b

subscrip 0 represent initial values of the lightness, redness and

vellowness of the sample prior to drying, respectively.

‘:i [ c: = ] ci =
AN G ﬂ1ﬂ’]§lﬂﬁﬂﬁllﬂﬁ~1ﬁﬂi'€lﬁﬁ1ﬁ5101’]@&”1{]13%'10 “

) Asa, Abm, AE

Drying Temperature (C) AL,

4242 0.78 -0.58 -0.37 12.37
5144 0.73 -0.51 -0.45 11.98
5745 0.72 -0.49 -0.50 12.07
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12.60 S |
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Temperature
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a13190 7 mavesguupiiuu semalfouutasgusios

gUHALDOUA

Nutrient 4242°C 51£4°C 57+5°C
Protein,% 61.41 54.28 57.32
Crude fat,% 0.42 0.14 0.14

Moisture,% 8.95 10.71 8.5

Ash,% 5.22 4.25 4.02

Total Carbohydrate,% 24.00* 30.62* 30.02*
Chlorophyll 533, g/100g 1.82 1.51 1.42
Chlorophyll A, g/100g 1.44 1.18 1.38
Chlorophyll B, g/100g 0.37 0.33 0.04

*3731 Crude fiber
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| m42(+-)2degC1.3mis
| §51(+-)4 deg C1.3 ms
| @57(+-)5 deg C,1.3 m's
| B61(+-)6degC26m's |
045  ®80deg C15min 60 deg C 3 hr 45 min 1.0 m's

{Specific moisture evaporation rate (kg/kWh)

Drying air condition
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viable aerobic bacteria count, TVC), Enterobacteria, Staphylococcus aureus, Streptococcus D,

Salmonella sp., Pseudomonas, sulphite-reducing Clostridia and Escherichia coli ANWUINITIIN

ISO 9002 (the International Organization for Standardization (ISO 9002))( Morist et al., 2001)



Q151971 8 (NUNAUAHAYATIING1 BUH 4242 - 5725°C

an 4242°C | 51£4°C | 5745°C | ISO9002 | w2
Total bacteria count | 3.4x10° | 5.0x10° | 1.7x10" | 1.7x10° | <1.0x10" | CFU/g
Staphylococcus Not
aureus <3 <3 <3 <3 detected | MPN/g
Not Not Not Not Not | luems
Salmonella sp. detected | detected | detected | detected | detected | 253U
Escherichia coli <3 <3 <3 <3 <3 MPN/g
Enterobacteriaceae
count plate 2.0x10° | <10 <10 <10 <3 CFU/g
Not
Streptococcus D - - - - detected | MPN/g
Nat
Pseudomonas sp - - - - detected | MPN/g
Clostridium Not | luems
perfringens - - - - detected | 0.01 NIY

*Jin31EHaIamatin FDA 2001 Bacteriological Analytical Manual U.S. Food and Drug

Administration.
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4 4 d = o o
ﬂTTN‘ﬁ 10 INUNAUATWNNIAFIINYT 0UN 80 C

80°C 15 min 1S09002

60°C 3 hr 45 min MY
Total bacterta count 5.5x10° <1.0x10° CFU/g
Staphylococcus aureus Not detected Not detected MPN/g
Salmonella sp. Not detected Not detected | 11915 25 g
Escherichia coli <3 <3 MPN/g
Enterobacteriaceae count plate <3 <3 CFU/g
Streptococcus D Not detected Not detected MPN/g
Pseudomonas sp Not detected Not detected MPN/g
Clostridium perfringens 3.6 Not detected MPN/g
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*IN31EHA0MAYA FDA 2001 Bacteriological Analytical Manual 1).S. Food and Drug

Administration.
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Nutrient Usuesens, %
Protein 64.17
Crude fat 0.47
Moisture 791
Ash 4.36
Carbohydrate 23.09
Crude fiber 1.84
Chlorophyll 37344 1.68
Chlorophyll A 1.40
Chlorophyit B 0.28
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TIN5 F1mu FINTUW) 5 (1)

1wsnIRes EAS3B 3P 40A FUI 1 960 960
ADMNAABS SC-5-1 220V/380V FUJI 32A 1 640 640
aIndaninuguvnll TEH48-93301 (0-399) | 1,600 1,600
gmﬁmszn‘fm (30A-2) 2 ¥94 3 20 60
Fadnszuen 16A 10X38 iia RO15 OEZ 6 12 72
gnifddenifin 10X38 RT18-32/1P circon 3 45 135
ASAUNBTBS-1110YT 2P 10A National i 95 95
mevudeou 3.5 ia 2 40 80
witlawmndu 25 v 100 0.67 67
ALVT2 ! 733 735
mefiiupamoiiinseu 8P 1naj 12808 1 70 70
winmesliueametiniou 1 20 20
suunudnSed 1 40 40
VCT 4x2.5 PVC/PVC 750 V 10 78 780
TIBAILALBMNIT CA-N-3M 5 250 1,250
Heater 1000 Watt 6 1,000 6,000
High pressure blower 20,000 H 20,000
Inverter 14,980 1 14,980
A3 udeuuds 70,000 1 70,000
s ldelumsaiianisteuni 117,584
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1NA3 1T 12 asesuaudeus i ldenaumsh 11 1awdy 11,758.40 v/l wie
979.87 1NN/AADU
mlfoenlsei dizneud s

a. AhEesnnt 1,500 vmadeu izmaninnmiseeumuengegeuitgeluninin
Fenssudsnssunail
v, amdanu Al luns et

mnaanu IWihaeniie = 1.89 1M/AWh
f1. AT IMTUMSBUUNIAINT 0

sSmualfldussnu 1 au AsasiArdiausany 8,000 vwisdeu Tudiuvessiedud
Rnnaseuuis amsenaih hlvedusdasusiasuenns malinssaeTuaz 8 310
Wavifiwan 5.16 kg (AANAHIIWER 430 g/ 01A $IUIU 6 DIA/NITOUUNY 1 ﬂgil) 379

A L e
1,000 1/ kg Favg laenmswtadszana 516 ¢ 1WA 11 kWh vionsuaz 3.50 um
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Andousm 979.87 NHAINI WA 54.180.00
f1i1395n11 1,500.00 (3,500.00 V1N/kg)

dmdsan Wi g 623.70
AT INY %,000.00
MAMT IR 15,480.00

5T 26,583.57
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A151991 14 715811 I8A1 Internal Rate Of Return (IRR)

ECONOMIC ANALYSIS
Investment Cost 117,758.40 U
Monthly Revenue 46,440.00 UMARDY
Monthly Operation Cost 26,583.57 VINARDY
IRR Calculations Cash Flow IRR
Initial Investment -117,758.40 -
Month 1 19,856.43 #NUM!
Month 2 19,856.43 #NUM!
Month 3 19,856.43 -28%
Month 4 19,856.43 -14%
Month 5 19,856.43 -5%
Month 6 19,856.43 0%
Month 7 19,856.43 4%
Month 8 19,856.43 7%
Month 9 19,856.432 9%
Month 10 19.856.43 11%
Month 11 19,856.43 12%
Month 12 19,856.43 3%
IRR after 12 months 13%
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] ¥ ]
L1 sasinmauudwazmstfountfasnnuduinaidie g exmesuuigungi 60°C anw

¥
FUIVOIFUEINI Y 4 mm

] ] k4 .
M3 1 daTIseuudatazmsnlaaumlanmnuruineme 9 mmﬁauu?’faqmwnﬂn 60°C

¥
AMUMUIVOITUNINI G 4 mm

Drying Drying rate(g water/{kg dm min) Moisture content, d.b.
time (hr) 1 2 average 1 2 average
0 16.46 20.00 18.23 7.05 6.87 6.96
1 17.19 18.83 18.01 5.29 6.43 5.86
2 22 16.68 19.34 4.38 5.18 478
3 13.45 1545 14.45 3.14 4.10 3.62
4 15.93 13.61 14.77 1.68 3.84 2.76
5 11.72 11.92 11.82 2.21 1.53 1.87
6 R3] 0.62 9.75 1.26 1.06 i.ie
7 4.15 431 4.23 0.66 0.48 0.57
8 3.75 3.55 3.65 0.36 0.28 0.32
9 1.1t 1.05 1.08 0.11 0.09 0.10
10 0.03 0.07 0.05 0.06 0.02 0.04
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1.2 dasnouuiaasnandsuulamnuduiing s g omseuuisgungil 60°C ANy

¥
HUIVOINUAINS W 2 mm

1 1 4 ]
a131af 2 Sasimssuudaazmsaldoumlasauduiinman 9 inmdevuigungi 60°C

¥
ANUHUINDIFUAINIW 2 mm

Drying Moisture content d.b. rate(g water/kg dm min)

time(hr) 1 2 average 1 2 average
0 8.59 6.87 7.73 50.94 3247 41.70
1 5.53 4.92 5.23 39.86 32.08 35.97
2 3.14 3.00 LRIz 32.18 24.30 28.24
3 1.21 i.54 1.37 15.25 16.61 15.93
4 0.29 0.54 0.42 4.04 7.27 5.66
5 0.05 0.1 0.08 0.85 1.11 0.98

o " - A A ' o a o
1.3 fmﬂmﬁammasmxmiLﬂaﬂuuﬂmmmwﬂnmma B ?J'Iﬂ'lﬁﬂ‘lle‘YNQﬂMQij 50 C a1y

»
HUMDIFUAIHT I8 2 mm

) [ > 1
M319A 3 Seninseuutaemifoundannuiuinmes q emnireuu tgavgll 50°C

W
ATUHUIVOIFUATHS 18 2 mm

Drying Moisture content, d.b. - Drying rate(g water/(kg dm min}

time {hr} 1 2 3 average 1 2 3 average
0 7.38 7.28 7.20 7.28 36.84 20.97 15.00 2427
1 5.17 6.02 6.30 5.83 29.64 21.81 22.31 24.59
2 3.39 4.71 4.96 4.35 23.94 31.38 19.99 2510
3 1.95 2.83 3.76 2.85 17.91 2318 16.68 19.26
4 0.88 1.44 2.76 1.69 5.00 13.21 16.60 11.60
5 0.46 0.64 1.76 0.95 524 7.53 13.06 8.61
6 0.26 0.19 0.98 0.48 2.74 0.1¢ 8.60 381
7 0.10 0.18 0.46 0.25 0.24 0.86 5.02 2.04
8 i 0.00 0.12 | 016 E 0.13 0.21 0.83 1.36 0.80
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v ¥ ]
1.4 anmssuuraazmaanunlasnnuiuinainis 9 emaouudgavgil 40°C AN

»
HUIYOIFUEIYIY 2 mm

] 1 |4 ]
A1919A 4 SanmseruiaasmanRounlasnnuduinnane g exmseusdgamall 40°C

¥
AN IVOIFUAINI W 2 mm

Drying Moisture content, d.b. Drying rate (g water/kg dm min)
time (hr) 1 2 average 1 2 average
0 7.11 7.54 7.25 15.28 16.62 1595
I 6.95 6.98 6.38 15.66 15.85 15.76
2 6.57 5.62 5.14 16.16 15.27 15.72
3 5.68 4.77 425 15.70 15.47 15.58
4 4.80 3.83 3.32 14.24 14.51 14.37
5 3.63 2.98 2.52 13.17 13.14 13.16
6 2.78 2.19 1.76 1093 10.23 10.58
7 1.54 1.35 1.03 10.51 6.84 B.67
8 1.27 0.72 0.51 7.57 2.69 5.13
9 1.09 0.27 0.20 342 0.71 2.07
10 0.51 0.06 0.08 0.87 0.13 0.50
i1 0.24 0.01 0.03 0.i3 0.50 .31




2. HEN13NIADBIVINIATOIBUUNITZAUGANIMNTINYVINAIAN

= T 9 é‘! le :/, ¥ ot ar o
2.1 nsnsznepavpiinAazyaludeudiogunginas ey 40°C, 1.3 mss

] r v ¥
MmN 5 MInsznvgunpinaasye ludoudisgamgings 13y 40°C, 1.3 mss

air temperature in dryer
temperature
time(hr) out tray 1 tray 2 tray 3 tray 4 tray 5 tray 6
0 38 40 39 38 33 38 36
1 51 42 43 42 38 4] 40
2 51 43 43 43 42 42 40
3 52 42 42 42 4} 43 40
4 62 43 44 44 42 40 39
5 53 42 44 44 43 42 39
6 53 43 44 44 44 42 39
7 49 43 43 42 43 51 39
8 45 43 44 44 45 42 40
9 45 44 44 44 45 42 40
16 43 44 44 44 43 37 40
11 45 46 46 47 46 ‘ 43 43
12 46 46 46 46 47 43 42
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r ¥ [
2.2 dasimseuniauazmutiasuuanuFunnaiais 9 mmﬁﬂnuﬁqqmwgu 4242°C,1.3

Vv
m's ATTUYHIVOIHFUAIHI Y 2 mm

[3 " ¥ 1
ms1ai 6 Msi)avulasmnusuiingme q emseundIguvil 4242°C, 1.3 mis AN

¥
HUTUBIFUATHI 1Y 2 mm

Drying Moisture content d.b. Tuuanza1a

time, 1 2 3 4 5 6 Standard
hr average | deviation
0 16.68 | 10.68 | 10.70 | 10.71 | 10.65 | 10.65 10.68 0.02
1 953 953 912 903 | 903 | 9.05 9.21 0.24
2 850 | 820 759 | 741 | 754 7.52 7.81 0.46
3 749 738 6.25| 6231 599 6.17 6.59 0.66
4 650 | 633 529 | 517 473 | 4.88 5.48 0.75
5 518 | 523% 397 409 | 3601 377 431 0.72
6 400 | 380 3.06, 3.12| 267! 276 3.23 0.55
7 2717 2551 234 231 1821 196 2.28 0.34
8 152+ 138 177 160 109 1.29 1.44 0.24
S 0.637 050 1.27) 1.00] 058: 0.75 (.80 (.28
10 0241 022 091 | 061 022] 041 0.44 0.28
11 007 008 045 031 0.12| 0.17 0.20 0.13
12 006 | 0.05 | 0.06 | 0.06 | 0.07 | 0.06 0.06 0.01




M3190 7 5a3 11U NN 9 DIMABLNRIQUNYE 4242°C, 1.3 m/s ATUNUTYDY

¥
FUTIHIW 2 mm

Drying Drying Rate{g water/(kg dm min) Tuurazma

time, i 2 3 4 5 6 Standard
hr average | deviation
1 19.20 5 19.13 | 26.37 12792 | 27.02 | 26.62 | 24.38 407
2 19.65 § 20.59 | 25.48 1 27.03 | 24.81 | 25.50 | 23.84 2.99
3 19.75 1 20.26 | 22.29 | 19.66 | 25.84 | 2247 | 21.71 2.37
4 20.56 { 21.42 { 19.05 1 17.62 | 20.98 | 21.52 { 20.19 1.54
5 21.88 {2036 1942|1795 | 1881 | 1850 | 1949 1.43
6 21.78 { 2091 { 15.31 { 16.31 | 1552 | 16.94 | 17.80 2.82
7 2143 | 2080 | 11.97 1 1343 | 1422 | 13.25 | 15.85 4.15
8 1991 ] 1944 | 952 1 1L.78 | 12.14 [ 11.25 | 14.01 4.48
9 14.80 ;| 13.70 | 8.23 {1009 ] 8.45 | 9.02 10.72 2.83
10 6.54 | 564 | 595 ¢ 639 | 6.00 | 555 6.01 0.40
It 279 | 236 | 421 ] 5.01 1.67 | 4.03 3.34 1.27
12 015 | 055 | 052 | 422 | 0.84 | 1.85 1.36 1.52

2.3 Specific Moisture Evaporation Rate (SMER) (qmﬁqﬁ 42+2°C, 1.3 m/s)

@1374M 8 Specific Moisture Evaporation Rate (SMER) (AR 4242°C, 1.3 m/s)

85

Ed ] W
Hinszmenanue (kg)

WosUn Y «wh

SMER
i 2 3 average i 2 average 1 2 3 average
216 | 234 | 2.34 2.28 7.50 | 7.00 | 7.00 7.17 029 | 0.33 7 0.33 0.32




Ed ] ¥
2.4 i dudemdsnuiumanlaoumasn i (gungll 4242°C, 1.3 ms)

d'. ar .:? = ar g = dy = o
MTan 9 ﬂﬂi'IﬂﬁZTNl‘lJﬁEN‘ﬂi;N\'l'luﬂﬂﬂ't'illlﬂﬂull.ﬂﬁﬁﬂ’nuﬁu (Qﬂlﬂgll 4242°C, 1.3 m/s)

energy consumption (kWh) Moisture content d.b.
1 2 average i 2 average
0 0 0 10.68 10.67 10.68
1 0.5 0.75 9.26 9.17 9.22
L5 L5 1.5 8.03 7.59 7.81
2 2 2 6.71 6.47 6.59
3 2.5 2.75 5.49 5.49 5.49
35 5 3.5 4.32 432 4.32
4 4 4 3.35 3.12 3.24
4.5 4.5 45 248 2.09 2.28
5 5 5 1.66 1.23 1.44
55 6 5.75 0.98 0.62 0.80
6 6.5 6.25 0.59 0.29 0.44
6.5 6.5 6.5 0.27 0.14 0.20
7 7.5 7.25 0.05 0.07 0.06




2.5 nanszogamgiiudnzya ludomilegaun

¥
ar

MU LEL

QU

Y
A

AU 50°C, 1. 3 m/s

] ] y ¥
193197 10 Mrnszwgamgiusazyaludoudlegumgings iy s0°c, 1. 3 mss

air

temperature in dryer

temperature
time(hr) out tray 1 tray 2 tray 3 tray 4 tray 5 tray 6
0 52 53 52 46 49 49 44
1 66 51 52 49 49 52 52
2 67 52 52 49 50 51 51
3 65 54 54 53 53 52 52
4 59 50 51 49 51 49 47
5 61 54 54 56 55 52 50
6 59 54 54 54 54 54 53
7 47 49 49 48 51 52 52

87
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T ¥ T
2.6 dasmmiseundanasnisidasunasnnusufivatdig g mmﬁﬂuuﬁ'ﬁqquﬁ 5144°C,

¥
1.3 m/s ANURUIVOITUATHIIW 2 mm

n'l = A;’ = N L4 & o
M15191 11 ;s aouudasanuiunnainig 19 mmﬁﬂmmqqquu 5154 °C, 1.3 m/s AU

b 4
HUIVDIHUAIHIIY 2 mm

Drying Moisture content d.b. udazos

time, 1 2 3 4 5 6 Standard
hr average | deviation
0 10.79 1 10.79 | 10.79 | 10.79 | 10.79 | 10.79 | 10.79 0.00
1 909 t 901 | 903 §{ 89 | 8.09 | 7.79 8.66 0.57
2 7.04 | 672 | 7.10 ;1 694 | 5.63 | 5.17 6.43 0.82
3 486 | 431 | 521 | 505 | 3.85 ] 3.09 439 0.82
4 259 | 227 | 331 | 3.21 | 246 | 1.80 2.61 0.57
5 091 } 079 | 1.63 | 164 | 1.27 | 0.69 1.16 0.42
6 025 1 022 | 057 | 0.60 | 049 | 033 0.41 0.17
7 003 1 006 | 0.11 { 0.05 | 0.04 | 0.03 0.05 .03

MmN 12 HATIeUNAIINAIRIE  9INAOUNRIgUNAH 51x4°C, 1.3 m/s ANUHLIYBS

¥
FUAIHT 18 2 mm

Drying Drying Rate(g water/(kg dm min) Tuusnzen

time, 1 2 3 4 5 6 Standard
hr average | deviation
1 28.28 | 29.61 | 42.43 | 40.16 | 76.91 | 79.09 | 4941 22.85
2 3420 | 38.21 | 36.37 | 3642 | 5550 | 56.09 } 42.80 10.15
3 36.36 | 40.24 { 2893 | 31.61 [ 2997 | 27.24 1 32.39 4.95
4 3793 134001 17.72 | 1856 ; 12.03 | 10.00 1 21.71 11.58
5 27.87 | 24.63 | 1474 | 1532} 3.83 | 4.57 15.16 9.92
6 11.02 ] 942 | 1259 | 950 | 0.66 | 1.69 7.48 5.03
7 264 | 275 | 760 | 6.80 | 031 | 0.62 3.62 3.05




2.7 Specific Moisture Evaporation Rate (SMER) (Qquﬁ 51+4°C, 1.3 m/s)

A15197 13 Specific Moisture Evaporation Rate (SMER) (il 5124°C, 1.3 m/s)

Wssinoanua (kg) WASNUA 1Y kWh SMER
I 2 3 | average 1 2 3 average i 2 3 average
23812261236 2.33 7.00 | 7.50 | 7.50 7.33 0.34 1 0.30 | 0.31 0.32

2.8 SannAu)doandsamsumanlasunlannuiu (@uvgll 51:4°C, 1.3 m/s)

c; qr -ny -1 o ar :; As.‘ =y a
MM 14 Or3 s dunldsamdsnufumsudounlasnnudu (unnil 51x4°C, 1.3 m/s)

energy consumption (kWh) Moisture content d.b.
1 2 average 1 2 average
0 0 0 9.96 11.62 10.79
1 i 1 7.28 8.84 8.06
2 2 2 5.32 5.80 5.56
3 3 3 3.57 3.61 3.59
4 35 3.75 2.20 1.86 2.03
4.5 4.5 4.5 L.16 0.59 0.87
B 5 5 5 0.51 0.08 0.30
6 6 6 0.08 0.03 0.05




2.9 Manszaoguuiinaazyeludouiiogun

H =y 1 A
MAaM 15 MInszaegungiuaazyaiudeudiogam

Cnc'.i :/‘ Yo @ o
guna 1Amin 60°C, 1.3 mis

LTl

[
o/

ainne iy 60°C, 1.3 m/s

air temperature in dryer
time(hr) | temperature

out tray tray 2 tray 3 tray 4 tray 5 tray 6
0 53 54 54 48 43 45 49
1 86 59 61 64 64 58 57
2 85 61 61 60 56 60 62
3 92 61 61 64 63 60 60
4 69 61 61 59 57 60 60
5 66 60 59 50 48 56 57
6 67 58 58 60 60 58 58

90

H » .
2.10 SanmseuuiaasmanlGoundasnnuduiinainie g emeeuuigangi s745°C,

3
1.3 m/s ANNHUIYITUNINGIY 2 mm

[ [l ¥ »
A1319R 16 MsufAsuudasanuduiivas o mmﬁanuﬁaqmﬂqn 57+5°C, 1.3 m/s AN

HUUBIFUA NI 0 2 mm

Drying Moisture content d.b. 1uiAAZNIA

time, 1 2 3 4 5 6 Standard
hr average | deviation
0 10.60 | 10.59 | 10.59 | 10.59 { 10.61 | 10.59 | 10.60 0.0t
1 741 | 7.61 | 645 | 745 | 558 | 5.63 6.69 0.93
2 4.65 | 459 { 3.87 | 4.81 | 245 | 2.27 3.78 1.14
3 1.94 | 1.76 | 1.78 | 2.35 | 1.00 | O.87 1.61 0.57
4 027 | 0.30 | 045 | 0.68 | 045 | 0.28 (.41 0.16
5 0.08 | 0.10 | 0.08 | 0.14 | 008 | 0.06 0.09 0.03
6 } 006 | ¢O6 | 0.06 | 0.06 | 0.05 | 0.05 0.06 0.01




M1319% 17 HATINTOUURINNATIAI  BINABULAIUHURI 57+5°C, 1.3 m/s ANUMUNYBY

¥
FUAIMI W 2 mm

Drying Drying Rate(g water/(kg dm min) Tuuanzon

time, 1 2 3 5 6 Standard
hr average | deviation

1 53.14 | 49.66 | 69.06 | 5240 { 83.03 | 82.81 65.02 1545

2 46.07 | 50.38 | 42.94 | 43.94 | 51.64 | 55.87 48.47 5.00

3 45.13 ¢ 47.21 | 3492 | 41.07 | 23.91 | 23.47 35.95 10.38

4 27.80 | 2430 2208} 2779 879 | 973 20108 8.67

5 3.16 | 3357 6.15{ 905| 6.09| 3.61 5.24 2.31

6 040] 062] 039 L3o! 048%F 0.17 0.56 0.39

2.11 Specific Moisture Evaporation Rate (SMER) (gmuuigil 57+5°C, 1.3 m/s)

mﬂﬁ; 18 Specific Moisture Evaporation Rate (SMER) (gl 57+5°C, 1.3 mvs)

91

¥y Ed
HNsetvsnIvue (kg)

WE N 19 kWh

SMER
i 2 3 | average 1 2 3 | average 1 2 3 average
2.34 | 230 | 2.37 2.34 6.00 | 6.50 ) 6.00 6.17 0.39 ) 035 | 039 0.38
2.1z Sanosdunlfemdinutumn/feuutannudu (Qungl 5745°C, 1.3 avs)

ﬂi Qs A: - o @ g; -ﬁ’ = a
A1T1aM 19 sanmsdufeandsadumsalasuuslasarnau (@mul 57+5°C, 1.3 nvs)

energy consumption (kWh) Moisture content d.b.

1 2 3 average 1 2 3 average
0.0 0 0 0.0 10.46 922 12.15 10.61
1.5 1.5 1.5 1.5 5.98 5.72 7.88 6.53
25 3 2.5 27 3.22 2.87 4.76 3.62
35 4 35 37 1.50 1.03 2.54 1.69
435 5 4.5 4.7 0.52 0.1t 0.51 0.38
5.5 6 55 57 0.12 0.03 0.10 0.08
6.0 6.5 6 6.2 009 | 0.02 0.06 0.06




r 1 ¥
2.13 manszvgamgiuaazyaludomilegumgiinas ity 60°C, 2.6 nvs

]
- 3

] . b d
i 20 mansznwaampiusasealudeudiogavaiings vty 60°C, 2.6 mis

air temperature in dryer
temperature
time(hr) out tray 1 tray 2 tray 3 tray 4 tray 5 tray 6
0 63 60 60 58 58 62 61
0.5 74 64 65 57 60 65 58
I 81 65 66 54 53 64 63
1.5 81 60 61 52 49 61 62
2 80 61 62 53 56 60 60
2.5 66 60 61 52 57 61 61
3 57 60 62 57 56 64 63
3.5 59 61 61 58 59 62 62

92

2.14 Sanimsenudauazmaldsunaamuduiinenie q emeevudsganil 61+6°C,

¥
2.6 m/s ANUHIIYRITUA TN 2 mm

&

a1ef 21 nralBeunlasmuduinads 0 emApULTIRMYi 6146°C, 2.6 m/s A

E
HUINOIFUANI Y 2 mm

Drying Moisture content d.b. TuuaazIn
fime, 1 2 3 4 5 6 Standard
hr average | deviation

0 11.27 | 11.27 § 11.27 | 11.27 | 11.27 | 11.27 11.27 0.00

i 563 | 648 | 550 | 5.84 3.29 3.76 5.08 1.26

2 0.75 | 1.38 | 098 | 097 0.17 0.i6 0.73 0.49

3 007 | 0.10 | 009 | 0.06 0.02 0.00 0.06 0.04




@13197 22 BRI IMIDUURINNAIAI 9 MINABLURIGUNYN 6116°C, 1.3 m/s ANUVUINOY

FUTINTI 2 mm

Drying Drying Rate(g water/(kg dm min) Tutaazma
time, 2 3 4 5 6 Standard
hr average | deviation
1 03.99 | 79.90 1 96.25 | 90.48 | 132.99 | 125.17 | 103.13 21.01
2 81.44 | 8496 | 7530 | 81.23 | 5197 60.07 72.50 13.38
3 11.19 | 21.35 { 14.90 | 15.17 2.60 2.55 11.30 7.49

2.15 Specific Moisture Evaporation Rate (SMER) (Qamgﬁ 61£6°C, 2.6 m/s)

A1519A 23 Specific Moisture Evaporation Rate (SMER) (Qmﬁqﬁ 61+6°C, 2.6 m/s)

¥y

ssneianyg (kg) Wasui g kwh SMER
1 2 3 | average 1 2 3 average 1 2 3 average
234 1230|237 | 234 6.00 | 6.50 { 6.00 6.17 039 | 0.35 ] 039 0.38

td [ w
2.16 sanmsusandsnuiunsasuamnusu (Quvgil 6146°C, 2.6 m/s)

AI 4 qy P b G lﬂ. ﬁy b hl ,
13190 24 Sammatudsandenuiumsaiaouilan)udu (QuUnall 6126°C, 2.6 m/s)

energy consumption (kWh) Moisture content d.b.
1 2 average 1 2 average
0 0 0 11.03 11.51 11.27
1 1 1 6.43 9.49 7.96
2 2 2 394 6.22 5.08
3.5 35 35 2.86 2.28 2.57
4.5 4.5 45 1.26 0.20 0.73
5.5 5.5 5.5 0.19 0.13 0.16
6 6 6 0.08 0.04 0.06
6 6 6 0.04 0.04 0.04
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-:;. ci 4:!A=i @t
M131an 25 Mmanlasulasdngamgiini o

Drying Temperature ('C) L a b
R FREE L 13.12 9.13 12.18
4242 23.34 -3.84 7.64
5114 22.69 -4.48 6.67
5745 22.55 -4.66 6.11
80°C 15 min, 60°C 3 hr 45 min 21.11 33 5.91
Spirumate 25,94 -12.80 493

3. sdmamdnlseAnsmsas Touanudou

SnsimsszmoveniezunnIudemduilse Andnswianudoudugn
u Falumalfiaannsai i laemsiuaudsaulasitiwitianuwmnvesdu
mmaiisfiagsey o riagiinanag

msmimdutlszaninsdisTouanudeulunseuadam luadouunsn
miamnsomidenaums (10) (y15%ad, 2546)

h= 1.17G™" (10)
i h= dnlszAninisaieTouanwdau e wm’ K
G=anuE 1T WIav090108 1M120 kg/hr m’

aumai1F 1 emadouiiuomedeundsuitnminduiuiouuds Tao
Madeuiigrennus uFunaihi 3900-19500 kg/hr m” M3p%39R S 00Ty 0.9-4.6 m/s
1 mamsdutlseAnimadisTounmdoudeannzmsoumtailuded

1. asiaumiy 1.3 mss

2. gaNQINIIDUNAY 4242°C

3. guugiinszinhzilen 25°C

mﬂamugﬁmmﬂé’u (@uyA, 2540) 01UYSHIATTUNIZVRININIA (humid
volume) ﬁtﬂ]ijtﬂéﬂﬂﬁ 0.908 msfkg dry air é’ﬁﬂdaumm%’u 0.013 kg/kg dry air

fUIUANUNULUTDIBINIAUAS 1 ke + ATIAL 0.013 kg 14

140013 . Lo k8
, 0.908 m’

al o a W ¥ )
JUHGATIVDS ﬂ'l“b’ﬂk‘lﬂqtﬂiﬂﬁlﬂu

it

Je,
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G=pv= (1116 )(13—)(3600—) 5221208
hr m’

ﬁ’uﬂszﬁﬂ%midwiaummsauﬁ‘lu

h=1.17G"" =1.17(5221.20)"7 = u

=

¥
2. mymmaulseans msnwTaum'msaumaﬁmnwmsemmqﬁ‘]umu
1. anuSaumio 1.3 mis

2. gEnlmIpUNAI 51:4°C

~

3. pawnpinszaheilen 25°C

L a

a
PINUHLNTIDINATL (AUFA, 2540) HIUATUIATIUNIZYBIDINIA (humid
t 1 »
volume) AdNgAT0914 0.930 m’/kg dry air 8ASIFIMANUTY 0.0097 ke/kg dry air

AR MU TUUYBIDINIAIAS 1 kg + AT 0.0097 kg 19
1500097 oo ke
0.930 m’

o n’/‘ o o - |
muuamWaaﬂwmmmﬂsmﬁ‘lu

G=pv=(l ()86 2)13Z% )(3600——) 5082.48—&

rm

o’ = A T 9
mnhmmﬂﬁmﬂ‘lﬂummsﬂmﬂu

h=1.17G"" =1.17(5082.48)"" = il

3. mimmﬁuﬂizz"’m%’dﬂﬁdw‘laumm%’amﬁaﬁnnzmsanuﬁ’uﬂuﬁmf

1. anudmmiiny 1.3 m/s

2. pampiimsenuls 575°C

3. gamginszuheilen 25°C

mmmuqﬁmmﬂ?;u (BU¥1A, 2540) BuANFIATINNIZYDIDINA (humid
volume) ﬁui’htjmém'lﬁ’ 0.940 m’/kg dry air SasdIUR Y 0.007 ke/kg dry air

} 4
S ML LB B I RITe | kg + AT 0.007 kg 1A

p= 140007 _, o7 k_g3
0.940 m

Qs n’/’ % o A g 1 A
muuamwmmmmmmﬂsaaﬁ‘lu

G=pv= (1071 )(13—)(3600—) 5012.28—8

rm

ﬁuﬂszﬁﬂﬁmsdw'{aummﬁamﬂu
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h=1.17G"Y =1.17(5012.28)" " =

1 o o ' 4 ] Ly ﬂ ar dy
4. ﬂﬁ‘H“I‘ﬂ1ﬁnﬂizf¥ﬂﬁﬂ1iﬂ1ﬂiﬂuﬂ’ﬂij‘iBulﬂﬁlﬁﬂnzﬂﬁﬂﬂlmﬁl HANU

1. Aanudrauniny 2.6 mis
2. guuglinsounia 616°C
3. gamgpinszihzilen 25°C

¥
VINHHUNIBINATY (AUFIA, 2540) BIMUTNIATIUNIZUBIDINA (humid

volume) Aitdgin3oe1d 0.950 m'kg dry air SaT16 AN 0.004 kg/kg dry air

AMUIUANUAL IUUVBIDIMAURS 1 kg + AT 0.007 kg 14
. k;
0.950 m
ﬁaﬁué’mwmﬁwﬁh’hdm%’mﬁju
G=pv=( 057 250. 6—)(3600—) 9892.04. &

rm

ﬁ'nﬂ'szé‘m%’msmﬂiﬂumm%mﬂu

h=1.17G" =1.17(9892.04)"" =

4
7

Poa o e U 3t o e
mﬂmﬁu‘1J5:ﬁ‘nﬁmimﬂiﬂummmummiﬂﬂm’amaﬁlﬂms ﬂ‘lJLLﬁ’ﬂ'i'HJ

Tusadasinait 1denaunish 10 qls5ad, 2546)

T -T. )4
R(TT = R(:A = ( . ) (10}
’ ‘ ;"w

R, = 8R310150UNHI3W, kg H,O/hr

R, = Sasimanuudened, kg HOMr m’
h = dankzAnimsswlounnuiou, Wim’ K
T =guuglinssnhzuds, K
T,, = samgiinsziheden, K
& o 2
A =tufeumia, m

A, = anufouudsreamanaodiule, Ikg
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Abstract: Spirulina is a cyanobacteria with therapeutic
and nutritional property. This experiment studied the
drying of Spirulina in thin layer (2-4 mm) by direct
forced convection (impingement). The objective was to
study the influence of air temperature and velocity.
Conditions investigated were air temperatures from 40-
60°C and air velocity of 1 m/s. The preliminary results
showed that higher temperature dried faster as expected,
while the 4 mm layer film took only 50% longer than the
2 mm layer film. The drying time for 40, 50, and 60 °C
being 12, 7, and 5 hours respectively. The preliminary
drying test indicated that drying process with 60°C at air
velocity 1 m/s for 5 hours reduced the moisture content
of the Spirulina from 90% to 6% (wet basis). Then the
pilot impingement dryer designed which is suitable for
spirulina and the other crop. The effectiveness of the

- pilot dryer was investigated result is the average
temperature inner the pilot dryer is 58.6°C with standard
deviation is 5.7°C when air impingement drying is 60°C.
How ever the final moisture content of spirulina not
difference significant. This pilot dryer has the drying
capacity about 2.7-2.8 kg per batch.

Keywords: Drying/ impingement/ Impingement
Drying/ Spirulina/ Forced Convection

1. INTRODUCTION

Spirulina is a cyanobacteria with therapeutic and
nutritional property [6]. It contains 71% protein by
weight which the highest amount of protein ever known
to man is. The protein content in spirulina is three times
that of soybean which contains only 37%, five times that
of meat, and the protein quality is among the best with a
good degree of aminogram [4]. In addition, Spirulina
also contains a higher percentage of Gamma-Linolenic
Acid (GLA) than any other plants. GLA has contributing
properties of reducing blood cholesterol, blood pressure,
joint-aches, menstrual cramps, skin inflammation, acne
and pimples. Moreover, this unique seaweed also
contains high amounts of vitamins and minerals, such as
vitamin A (including Beta-Carotene), B6, B12, E.
Niacin, and Potassium, Magnesium [2].

Typically, Spirulina is grown in ponds, harvested,
and processed into capsules and Jelly drinks (see, Fig.1).

Figure 1 Spirulina products.

In a typical capsule production process, the Spirulina
is drained of water, sun-dried, and dried in a convective
oven. After most of the moisture content has been
removed, the product is crushed and oven-dried again to
remove the remaining moisture. The powdered Spirulina
is then packed in capsule and sold as a diet
supplementary containing high protein, vitamins, and
minerals. Yet, the traditional drying oven is slow and
energy consuming. A typical oven can take 18-24 hours
to dry a 2 mm thick film of Spirulina at 40°C [2].
Therefore, this experiment investigated the effectiveness
of drying Spirulina in thin layer (~ 2 mm) by direct
forced convection (air-impingement). The impingement
can be successfully employed in drying or dehydration of
food by forced air convection, a most energy-intensive
process, which is commonly used in food engineering to
extend food shelf -life. Here, the unbound water
normally present in a food is removed by applying heat
under controlled conditions. In the other hand, drying
may cause deterioration of both eating quality and
nutritional value of the food [2]. There for, the design
and operation of drying equipment aim to minimize these
changes by selection of suitable conditions.

Dehydration involves a rather complex combination
of application of heat and removal of moisture from a
food medium [1]. In addition to air temperature and the
rate of moisture removal is controlled by the air velocity.
When hot air is locally blown over a moist food, water
vapor diffuses through the boundary layer and is carried
away shown in Figure 2.

Direct air-impingement not only provides a higher
rate of heat transfer, but also minimizes the suiface
liquid film of evaporating water causing a higher rate of
mass diffusion and convection.
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Figure 2. A drying air jet onto a food slab: flow of
moisture during process [2].

2. EXPERIMENTAL METHOD
2.1 Materials

Fresh Spirulina is obtained from Herb Spirulina Co.,
Ltd. Songkhla, Thailand.

Figure 3 Fresh Spirulina in the drying tray.

The impingement dryer (laboratory scale) with tray
size 37x79x2.5 cm and have one impinge pipe as shown
in figure 4.

Figure 4 Air-impingement dryer used for the drying of
Spirulina [5].

2.2 Impingement drying

Fresh Spirulina is filtered to drain the water entrained
in the product. The initial moisture content can vary from
84-90 « wet basis after filtration. The moisture content of

product can compute from equation 1 and 2

. (’}_Vii*.r)
x, =25 (1) 105
v 2L
5 ]‘\

When
X, = moisture content in dry basis

W = total mass (g)
L_ = bone dry solid (g)

= moisture content in wet basis

500-600 g of the Spirulina is then dried in thin layer
in an impingement dryer as shown in Figure 4. The air
temperatures were 40, 50, and 60°C and the air velocity
was fixed at 1 m/s. The thickness of the Spirulina film
layer was 2 and 4 mm. The drying rate of the Spirulina
was determined by weighing the sample every hour. A
drying temperature above 60°C was not studied due to
degradation of phycocyanin and the effect of Maillard
Browning [2].

2.3 Design the impingement dryer

Design the pilot impingement dryer to drying a larger
batch of product and test of the effective of it. For the
design impingement dryer as shown in Figure 5.

Waste drain

valve

Main
| impingement
pipe

Sub-impingement pipe

Figure 6 The impingement pipes in the impingement
dryer.

This model contained 6 trays and 6 main
impingement pipes were over the tray (see, Fig. 5). Each
main pipe contains 4 sub-pipes and each sub-pipe
contains 4 nozzles (see, Fig.7). Tray size 50x50
centimicters can dry 450-470 grams of the Spirulina per
tray. Inner the pilot impingement dryer can see in Figure
7.



Figure 7 Inner the pilot impingement dryer.
3. RESULTS AND DISCUSSIONS

In the industrial standards, the dried Spirulina should
not have a moisture content more than 7+ wet basis or
7.5%dry basis [2]. Therefore, the drying process was
continued until the moisture content reached the required
value. Figure 8 illustrates the effect of air temperature on
the drying rate of Spirulina. The curves are similar in
form. The maximal drying rate values are strongly
dependant on the air temperature. As expected, the
highest temperature resulted in the fastest drying time
with the total time for a 2 mm film layer at 40, 50, and
60°C being 12, 7, and 5 hours respectively. Results are
shown in Table 1. In Figure 9, the effect of Spirulina
thickness is shown. Again, it took longer to dry the 4 mm
thick layer. While the thicker film was twice as thick as
the thinner film, its drying time was 50% longer (10
hours compared to 5 hours). Dry Spirulina can see in
Figure 8.

Therefore, it may be reasonable to dry twice as much
material in only 50% longer period of time. Finally, for
all the drying conditions investigated, the final Spirulina
product did not undergo significant color change. This is
extremely important because it is more appealing to
customers. Nonetheless, the nutritional values of the
product will have to be examined in order to ensure the
value of the drying process. More work will also have to
be completed in drying a larger batch of product.

As the measurement of air temperature distribution
which out of the impingement pipes can see in Figure 10.

The temperature distribution testing obtained by
moisture  content  calculation and temperature
measurement over the drying tray [Fig.5 and Fig.7.].
Figure 11  shown the temperature difference on each
part were about 5-6 °C. Temperature of bottom tray
higher than top and middle tray respectively [Fig.7] due
to the bottom tray were near 2 heaters cause its obtained
heat higher than the other tray. In the other hand, the top
tray obtained the influence of the hot air from the
impingement pipes more than the other tray. Average
temperature in the dryer is 58.6°C with standard
deviation is 5.7°C.

Moisture content of Spirulina in each tray illustrated in
Figure 12 which indicated all the curve have same
trends. The moisture content of bottom tray was faster
decrease due to obtained higher heat but the moisture
content differences wcrc not significant.

106

Moisture content (% w.b.)

Drying time (hr)

Figure 9 Effect of drying temperature on the drying rate
of a 2 mm film layer of Spirulina using impinging air
velocity of 1 m/s.
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Figure 10 Effect of film thickness of the drying rate of
Spirulina using impinging air velocity of 1 m/s at 60°C.
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Figure 11 Temperature distribution in the impingement
dryer at 60°C, 2.6 m/s.
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Table 1: Drying time for 2 mm film of Spirulina using
impinging air velocity of 1 m/s.

40 T 8780 | 609 | 12

50 86.21 6.04 7
60 87.42 6.42 5

This pilot dryer has the drying capacity about 2.7-2.8
kg per batch and obtained dry Spirulina is 280-290
grams. The initial and final weigh of fresh Spirulina and
dry Spirulina shown in Table 2.

Table2: The initial and final weigh of  fresh Spirulina
and dry Spirulina.

Tray Initial Final Final moisture
no. | weigh (g) | weigh(g) | content (%w.b.)
1 453.64 47.63 6.13
2 456.98 47.88 6.64
3 468.51 47.63 6.13 N
4 461.24 46.75 4.37
5 457.20 48.26 7.37
6 488.55 46.92 4.73
Total
weigh | 2786.12 285.07

4. CONCLUSIONS

Air-impingement drying of Spirulina can decrease the
overall drying time of the product while maintaining its
natural coloration. Higher temperatures result in lower
drying time, while a 4 mm film takes only 50% longer to
dry than the 2 mm film. A temperature higher than 60°C
is not recommended because of the influence of Maillard
Browning.
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Hot Air Drying of Spirulina
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