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Mutagenesis induction of Moniliella sp. BCC25224 using combination of UV and
ethyl methanesulfonate (EMS) for erythritol production
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Abstract

Erythritol is a safe, non-caloric and non-insulinemic sweetener present in various foods. It can be produced from
glucose as substrate via fermentation with Moniliella pollinis (a safe and suitable food-grade osmophilic yeast).
This study aims to screen high erythritol producing Moniliella sp. strains via mutagenesis. The candidate producer,
Moniliella sp. BCC25224, was mutated sequentially by UV irradiation and immersion in ethyl methyl sulphonate (EMS)
for 15, 30, and 60 min. The mutant named Moniliella sp. BCC25224-M13 was selected based on the highest levels
of erythritol production at flask scale (44.2 gL™) which was 1.2-fold improved compared with its wild parent. In a 10-L
bioreactor, the erythritol production, erythritol yield and yield coefficients by BCC25224-M13 were 103.5 gL™, 56.9%
and 0.59 gg”', respectively. This study revealed that Moniliella sp. BCC25224 could be used as a parent to produce
mutants for superior erythritol production, such as Moniliella sp. BCC25224-M13.

Keywords: Erythritol, Moniliella sp., Fermentation, Mutagenesis
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Introduction

Erythritol is a unique member of the polyol family which
has sweetening organoleptic properties of 70% relative to
sucrose (Rzechonek et al., 2018). Erythritol can therefore
be used to produce no-sugar added, reduced-sugar,
or sugar-free alternatives in food, beverages and
pharmaceutical products. The ingestion of erythritol
has many benefits which include zero-calories,
non-insulinemic, non-cariogenic, non-acidogenic,
non-laxative, anti-oxidative properties and increases in
malabsorption of fructose (Jacqz-Aigrain et al., 2015,
den Hartog et al., 2010, Moon et al., 2010).

Industrial production of erythritol via fermentation
utilizes glucose or hydrolyzed wheat or corn starch as
substrate for microbial activity. Microbial strains such
as Aureobasidium sp. (Guo et al., 2016), Moniliella sp.
(Lin et al., 2010), Trichosporonoides sp. and Yarrowia
lipolytica (Xiaoyan et al., 2017) have been studied for
erythritol production (Rzechonek et al., 2018). Moniliella
sp. and Yarrowia sp. were proven to be safe for use in
food processing (Rzechonek et al., 2018). Nevertheless,
the search for strains of Moniliella sp. and Yarrowia sp. for
high erythritol yield and productivity are key for commercial
production, and process conditions (Rakicka-Pustutka
et al., 2020). In screening and isolating of novel erythritol
producing organisms, pollen, honey, beehives, preserved
fruits, dry fruit and sugarcane factory’s soil have served

as sources (Lin et al., 2001).

However, one sure way for screening and
isolating superior microbes for a metabolite of interest is
by genetic engineering and mutation via UV radiation or
chemical mutagenesis by using ethyl methanesulfonate
(EMS) (Park et al., 2019, Yan et al., 2021). The widely
used technique is mutagenesis followed by selection
because of lower cost and sophistication of processes
involved. Mutation selection is an efficient and rapid way
to obtain desirable traits in crop plants and microbes
(Yan et al., 2021) 2021.

UV mutagenesis technique has been applied
to isolate yeasts for specific products such as for
improved aroma production. Despite obtaining new
strains by UV mutagenesis, they are designated as

genetically modified organisms (GMO) by the European
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Union legislation (Article 2 of EU Directive 2001/18/
EC). Meanwhile, such organisms do not undergo strict
regulation relative to other altering genetic modification
techniques in producing GMO because of the long-
standing safety record (Dederer & Hamburger, 2022).
Random mutagenesis by UV emission revealed that
a mutant of Aureobasidium pullulans CGMCC3.0837
(ER 35) produced more erythritol than parent strains by
50.92% (Guo et al., 2016). In other instance, EMS was
used to obtain a Candida magnoliae mutant with minimum
by-product production (Ghezelbash et al., 2014). The
interaction of UV mutagenesis and chemical mutagenesis
to obtain high production of erythritol is still an ongoing

study.

Moniliella species are regarded as efficient
erythritol producers. However, mutagenesis techniques
are still applied to screen for superior desired traits among
living organism. In this study, a sequential mutagenesis
of UV radiation and EMS was applied on Moniliella sp.
BCC25224 strain to obtain mutants capable of high

erythritol production.

Materials and methods

Chemicals

Yeast extract was purchased from DIFCO
(Detroit, Ml, USA). Corn steep liquor was obtained from
Friendship Corn Starch Co., Ltd. (Thailand). Soy bean
flour was obtained from Win Change Industries Co., Ltd.
(Thailand). Ethyl methyl sulphonate (EMS) was purchased
from Sigma-Aldrich. All chemicals used were reagent

grade.

Experimental designs

The research design used was completely
randomized design (CRD). The strains was treatment
and each treatment was performed in triplicate. The
analyst data were dry cell weight, glucose consumption,

erythritol production and erythritol yield.

Moniliella sp. BCC25224 cultivation and
multiplication

Moniliella sp. BCC25224 used in this study
was obtained from the BIOTEC Culture Collection
(BCC), National Center for Genetic Engineering and
Biotechnology, Thailand. Moniliella sp. BCC25224 was
streaked on glucose yeast extract (GYE) agar (300 gL,
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glucose; 10 gL™, yeast extract, and 20 gL™ of agar) to
obtain single colonies. After, cell multiplication of Moniliella
sp. BCC25224 was carried out in a 100-mL of glucose
yeast extract broth in 500-mL flasks in a shaking
incubator at 200 rpm at 30°C for 5 days before use (Lin
et al., 2010, Burschaper et al., 2002).

Mutagenesis of Moniliella sp. BCC25224 via
UV and EMS

The mutagenesis protocol was modified from
Savergave et al. (2011). The culture broth was centrifuged
at 4,000 x g for 10 minutes and the cells were washed
twice with sterile saline. Five milliliter of cell suspension
(1 x 10° cell mL™") was irradiated by Philips 30W G30 T8
lamp at wavelength 254 nm for 3 minutes at a distance of
20 cm. The cell suspension was then treated with 20 pL
EMS at a final concentration of 4 yLmL™" and incubated
for three different periods (15, 30 and 60 minutes). The
EMS was inactivated by adding 0.5 mL of sterile sodium
thiosulfate (50 gL™). The treated cell suspension was
washed twice with sterile saline before spread plating on
the GYE agar medium. The plated media were incubated
at 30°C for 7 days (Guo et al., 2016).

Mutated colonies that survived were picked up
and cultivated in GYE broth medium for 2 days at 30°C
and 200 rpm for the erythritol production test. The inoculum
(20 gL™) was transferred into 100-mL GYE broth and
incubated at 30°C, at 200 rpm mechanical shaker for
5 days. The fermented broth was centrifuged at 4,000
x g for 10 min at 4°C, the supernatant was then filtered
through 0.45 pm nylon filter before erythritol analysis via
HPLC. The strain with the highest erythritol production
and highest glucose consumption were compared with the
parent strain and chosen (Ghezelbash et al., 2014, Lin

et al., 2010) for further investigation in a 10 L jar fermenter.

Production of erythritol in fermenters

Moniliella sp. BCC25224 and selected mutant
strains were grown in a 10 L B. E. Marubishi fermenter
containing 5 L broth (200 gL glucose and 13 gL
soybean flour, pH 5.3) with agitation speed of 350 rpm
and aeration rate of 0.7 vvm at 30°C. Broth samples were
harvested and analyzed every 11 or 12 hours for 9 days
to calculate the dry cell weight, erythritol concentration,
glucose consumption, erythritol yield, yield coefficients

and productivity.

Mutagenesis induction of Moniliella sp. BCC25224 using combination of UV
and ethyl methanesulfonate (EMS) for erythritol production

Physico-chemical analysis of fermented broth

High performance liquid chromatography
analytical methods (HPLC)

The filtrate supernatants were analyzed for
glucose and erythritol by HPLC under isocratic conditions
a refractive index detector (Waters 2414) at 30°C, using
an amino column APS-2 Hypersil column. The column
was kept at 30°C with a mobile phase constituting of water

and acetonitrile (25:75 v/v) at a flow rate of 1 mL min™.

Dry cell weight analytical methods

Culture broth were centrifuged at 5,000 x g for
15 minutes. The cultured cells were wash twice with
sterile distilled water and dried to constant weight in a
hot air oven at 105°C (Ghezelbash ef al., 2014). The dry
cell weight (DCW) was calculated using the following

equations.

Statistical analysis
All data were analysed for ANOVA using SPSS
program. The results are means + S.D. for triplicate

experiments and significantly different at 99% (p<0.01)

Results and discussion

Mutagenesis

The synergistic effect of UV irradiation and EMS
on Moniliella sp. BCC25224 in screening for superior
erythritol production was investigated. The sequential
treatment of Moniliella sp. BCC25224 by UV, and
immersion in EMS for 15, 30, and 60 min resulted in
3%, 1% and 0% survival of Moniliella sp. BCC25224,
respectively. Surviving colonies were inoculated in GYE
medium and then further analyzed by HPLC. Screening
of mutants via culturing in broth for erythritol production
and glucose utilization resulted in the selection of
three mutants that were Moniliella sp. BCC25224-M13,
BCC25224-M14 and BCC25224-M15 that produced
more erythritol than parent cells (Table 1). A total of 138
survivor mutant colonies were analyzed of which 97.8%
produced erythritol at lower amount than did the parent
strain (3.8 - 9.3 gL ™).

Mutant strains increased in cell mass because
of an increase in glucose consumption (Table 1) hence

greater metabolic activity increased cell multiplication led

to higher erythritol production. Statistically, Moniliella sp.

177
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BCC25224-M13 varied significantly (p < 0.01) relative
to the parent culture. The mutant BCC25224-M14 and
BCC25224-M15 produced less erythritol lower than
BCC25224-M13 with low glucose consumption (Table
1). Nevertheless, BCC25224-M14 and BCC25224-M15
had similar erythritol yields which were higher than that
of BCC25224-M13. The relatively low erythritol yield of
BCC25224-M13 was attributed to the high cell mass

production during fermentation.

Candida magnolia mutant were generated by
ultraviolet and EMS chemical mutagenesis (Ghezelbash
etal., 2014). The mutant named 12-2 gave a 2.4-fold and
2.2 fold increased in erythritol production (20.32 gL™") and
yield (10.99%) from 200 gL glucose compared to the
parent strain. The glucose consumption of parent and
mutant was 84.87% and 92.41%, respectively. PCR
product of the mutant revealed a minor change in the
sequence of genes involved in a production pathway which

can lead to a significant increase in protein translation.

Aureobasidium sp SN-124A successfully mutated
with UV irradiation and NTG treatment (Ishizuka et al.,
1989). The mutant produced erythritol with 47.6% yield
on a medium containing 22.5% glucose compared to

41.8% yield obtained from parent strain. The erythritol

J Sci Technol MSU

concentration produced reached 164.8 gL'1 with the

mutant while the parent was 110 gL™.

Chemical mutagenesis of Moniliella sp. 440
by N-methyl-N"-nitro-N-nitrosoguanidine (NTG) resulted
in N61188-12 mutant which produced two times more
erythritol (237.8 gL™”) than parent strain in fermentation
medium comprise of 400 gL glucose and 10 gL yeast
extract (Lin et al,, 2010). Although the mutant strain
consumed the glucose completely for efficient erythritol
production with 55.6% yield, the cell density (AGGO) was
lower than parent strain (26.1 and 56.8). The high erythritol
production and yield was attributed to the low by-product
production e.g. glycerol and ribitol. Glucose concentration
produces osmotic stress on biomass and erythritol

formation (Jeya et al., 2009).

Although, the improvement in erythritol production
of the Moniliella sp. BCC25224 in this study was achieved
by mutagenesis, the production performance of the mutant
was lower than the other erythritol-producing strains. The
low production efficiency probably resulted from the small
number of cells. Anyway, Moniliella sp. BCC25224-M13
was further examined for cell growth and erythritol
formation in batch fermentation and compared with the

parent strain to confirm the mutagenesis achievement.

Table 1 Erythritol production of wild type strain and derived mutant at flask scale (Volume of flask) after 5 days of
fermentation
Strain Dry cell weight (gL™) Glucose consumption (%) Erythritol production (gL™")  Erythritol yield (%)
Moniliella sp. BCC25224 (Parent) 132+ 1.0° 740+ 7.8 351+ 3.5 247 £3.7°
Moniliella sp. BCC25224-M13 18.0 + 2.0° 98.7 £ 2.3° 442 £ 0.1° 25.6+0.1°
Moniliella sp. BCC25224-M14 176 +1.3° 77.7+03° 39.1+0.1° 28.7+12°
Moniliella sp. BCC25224-M15 16.7 + 0.6° 782 +09° 38.8+0.1° 28.4+0.7°

Mean values with different letters in columns indicates a significant difference (p<0.01)

Results are means + S.D. for triplicate experiments.

Up-scale production of erythritol in 10 L fermenter

A batch fermentation was carried out for both
Moniliella sp. BCC25224 and Moniliella sp. BCC25224-
M13 mutant strain in a 10-L jar fermenter to observe
the cell growth, glucose utilization, erythritol production
pattern, and especially for erythritol production efficiency.
The cell growth, glucose consumption and erythritol
production rate should indicate the ideal conditions for

the further fed-batch operation. The parent Moniliella sp.

BCC25224 and Moniliella sp. BCC25224-M13 produced
erythritol during cell growth (Figure 1 and 2) and
fermentation which indicated that erythritol is a primary
metabolite (Sanchez & Demain, 2008). Erythritol is also
synthesised during the exponential phase of growth
and synthesis is an integral part of the normal growth
process. The cells showed continuous growth throughout
the cultivation period (216 hours) but during the

stationary phase growth could not be clearly determined.
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In the first 48 hours of the fermentation, dry cell weight
value was interfered with by the soy bean flour. Moniliella
sp. BCC25224 showed a higher growth rate than the
mutant strain after 143 hours (0.15 gL'h™ and 0.07
gL'h™). Erythritol formation of the parent and mutant
began at 23 hours with different production rates. Glucose
was completely consumed by parent and mutant strain
after fermentation for 216 and 204 hours respectively,
which reflected the lower dry cell weight of the mutant. The
pH of fermentation broth of both strains decreased from
5.4 to 4.0 after 48 hours and continued to decrease with
the lowest pH value of 3.5 at 95 hours. The rate of growth
and of substrate consumed reflected the cell’s ability to
respond to the environment (Figure 1 and 2). High glucose
concentration caused inhibition of cell growth and
synthesis of erythritol. Our results agreed with Kobayashi
et al. (2013) who reported erythritol production in response
to oxidative stress and altered redox balance by Moniliella

megachiliensis.

For the parent strain, the erythritol production,
erythritol yield, yield coefficients and volumetric production
rate were 86.6 gL', 46.7%, 0.47 gg” with 0.40 gL'h”,
respectively. While Moniliella sp. BCC25224-M13
produced 103.5 gL™ erythritol; 56.9%, erythritol yield;
0.59 gg”, yield coefficients, and 0.47gL'h™" volumetric
production rate. The effect of UV and EMS immersion
was maintained in Moniliella sp. BCC25224-M13 as a
1.2-fold increase in erythritol production and yield was
observed (Table 2).

and ethyl methanesulfonate (EMS) for erythritol production

The productivity of Moniliella sp. BCC25224-M13
were compared with that of other microorganisms which
have been reported previously to produced erythritol
(Table 2). Moniliella sp. BCC25224-M13 showed similar
higher values in terms of erythritol yield and yield
coefficients when compared to most other strains
cultivated in traditional batch culture. However, erythritol
production and productivity is lowest which was similar

to the results at flask scale.

Focusing on simple batch culture (Table 2),
Pseudozyma tsukubaensis gave the highest erythritol
production, erythritol yield, yield coefficients and
productivity. In addition, Jeya et al., (2009) reported the
dry cell weight after fermentation for 36 hours was 25.2
gL which was higher than with Moniliella sp. BCC25224-
M13 (13.9 gL™ at 216 hours). Thus, increasing the cell
formation during fermentation should result in higher

erythritol production.

In the case of fed-batch fermentation, the
erythritol productivity was higher than batch fermentation
because the batch culture at high glucose level
inhibited the maximum volumetric productivity (Rzechonek
et al., 2018, Jeya et al., 2009). Maintaining a glucose
concentration during fermentation can increase erythritol
production and dry cell weight (Jeya et al., 2009). Also,
Moniliella sp. BCC25224-M13 should maintain the
glucose content at 100 gL during the exponential phase

of growth (Figure 2).
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Figure 1 Biomass and erythritol production of Moniliella sp. BCC25224 parent strain in 10 L jar fermenter

(200 gL glucose with 13 gL' soybean flour)
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Figure 2 Biomass and erythritol production of Moniliella sp. BCC25224-M13 mutant strain in 10 L jar fermenter
(200 gL glucose with 13 gL™" soybean flour)
Table 2  Erythritol productivity comparison of producing strains in various reactor operation types using glucose as
substrate
Erythritol Erythritol Yield
) i ) i ) Productivity
Strain Operation type production yield coefficients (gLh") Reference
. ]
(gL”) (%) (99-")
Aureobasidium sp.
Batch 170.0 37.7 N.A* 1.82 Rzechonek et al. (2018)
(mutant SN-124A)
Candida magnoliae Fed-batch 200.0 43.0 N.A.* 1.2 Rzechonek et al. (2018)
Candida magnoliae Two-stage Fed-batch 187.0 41.0 N.A.* 2.8 Rzechonek et al. (2018)
Candida magnolia JH110
Fed-batch 200.0 43.0 N.A* 1.2 Rzechonek et al. (2018)
(mutant)
Torula sp. Fed-batch 192.0 48.0 N.A* 2.26 Rzechonek et al. (2018)
. . Park et al. (1998) ;
Trichosporon sp. Batch, Stirred tank 138.0 46.0 0.49 1.23
Jeya et al. (2009)
Trichosporon sp. Fed-batch, Stirred tank 316.8° 44.0 0.51 1.33 Park et al. (1998)
Moniliella megachilliensis sp.
440 mutant Batch, Stirred tank 152.4 43.6 N.A* 0.65 Rzechonek et al. (2018)
(mutant N53199-12)
Moniliella 618A-01 Fed-batch, Stirred tank 100.0 39.3 N.A.* 0.19° Hirata et al. (1999)
Moniliella 278-3
Batch, Stirred tank 111.0 37.0 0.37° 0.77° Lin et al. (2001)
(or Moniliella sp. 166-2)
Moniliella sp. N61188-12 . . . .
Batch, Stirred tank 142.0 40.5 N.A. 1.18 Lin et al. (2010)
(mutant)
Moniliella sp. N61188-12 . .
Fed-batch, Stirred tank 189.4 48.0 N.A* 0.80 Lin et al. (2010)

(mutant)
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Table 2

substrate (cont.)

Mutagenesis induction of Moniliella sp. BCC25224 using combination of UV
and ethyl methanesulfonate (EMS) for erythritol production

Erythritol productivity comparison of producing strains in various reactor operation types using glucose as

Erythritol Erythritol Yield
Productivity
Strain Operation type production yield coefficients (gL"h) Reference
. g
(L") (%) (9g-")
Moniliella tomentosa
. Batch, Stirred tank 90.0 36.1 0.35 0.59° Burschapers et al. (2002a)
var pollinis
Moniliella tomentosa .
o Fed-batch, Stirred tank 170.0 38.8 N.A* 1.62° Burschapers et al. (2002a)
var pollinis
Moniliella tomentosa Batch,
. o 105.0 62.0 0.40 N.A* Burschapers et al. (2002b)
var pollinis Airlift tower loop
Moniliella tomentosa Fed-batch, Airlift tower
o 175.0 54.0 0.39 N.A* Burschapers et al. (2002b)
var pollinis loop
Moniliella Mutant HAT 101 Batch,
o 150.0 65.0 0.57 N.A* Burschapers et al. (2002b)
Airlift tower loop
Moniliella Mutant HAT 101 Fed-batch, Airlift tower
| 175.0 70.0 0.58 N.A.* Burschapers et al. (2002b)
oop
. Batch,
Pseudozyma tsukubaensis . 243 61.0 N.A* 1.65 Jeya et al. (2009)
Stirred tank
Pseudozyma tsukubaensis .
KN75 Fed-batch, Stirred tank 245 61.0 N.A* 2.86 Jeya et al. (2009)
Batch,
Moniliella sp. BCC25224 86.6 46.7 0.47 0.40 this study
Stirred tank
Moniliella sp. BCC25224-M13 Batch,
103.5 56.9 0.59 0.47 this study
(mutant) Stirred tank
Moniliella, Trichosporonoides and Aureobasidium sp. were thought to be synonymous
* calculation estimation
" not available
Conclusions References

In this study, Moniliella sp. BCC25224 was
subjected to UV and EMS mutagenesis. The mutant
Moniliella sp. BCC25224-M13 produced a higher erythritol
concentration and erythritol yield during fermentation with
glucose as substrate than in Moniliella sp. BCC25224.
Sequential random mutagenesis through UV irradiation
and EMS treatments were achieved and obtained a
potential candidate mutant for erythritol production.
Attempts at further erythritol improvement should study
process operation to optimize biomass and erythritol
production. Erythritol production and productivity should
increase influence of osmotic pressure or the glucose

concentration regulation.
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Abstract

The pollen-staining efficiency of natural dyes has been tested only in plant tissues and chromosomes, but still has
not been investigated in pollen. The organic compounds of pollen are different from those of other plant structures.
Therefore, this research aims to select plants and solvents that are suitable for natural dye extraction for pollen staining.
The flowers of Clitoria ternatea L. and Delonix regia (Bojer ex Hook.) Raf. and pericarps of Hylocereus undatus (Haw.)
Britton & Rose, and Garcinia mangostana L. were extracted with distilled water or 95 percent ethyl alcohol at a ratio
of 1:10 (weight/volume) and soaking for 72 h. Then the samples were filtered, evaporated, and vacuum freeze-dried.
Pollen of Hibiscus rosa-sinensis L. was used to test the efficiency of natural dyes. The results showed that the natural
dye extracted with distilled water from flowers of D. regia and pericarps of H. undatus had efficiency similar to safranin
O for pollen staining, in regard to color of the stain and also transparency. In addition, the shape and size of exine
sculpturing, ornamentation, aperture, and pollen wall thickness were seen more clearly than in unstained pollen. On
the other hand, the natural dyes were extracted from these plants with 95 percent ethyl alcohol have low to moderate

efficiency in pollen staining. Thus, it is not suitable for use as a solvent for pigment extraction.

Keywords: natural dyes, pollen staining, pollen, pigment extraction
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laseadeans g laluszauwald (Figure 1.28-1.30)

(Table 1)

Color and efficiency of natural dyes from 4 plants by using 2 solvents for extraction

Plants & part for
extraction

Color of natural dyes by using 2

solvents for extraction

Color & appearance of stained pollen and efficiency of natural dyes

Pollen stain with natural dyes &

dissolve in distilled water

Pollen stain with natural dyes &

dissolve in 95% ethyl alcohol

Distilled water 95% ethyl Color of pollen Efficiency of Color of pollen Efficiency of
alcohol natural dyes natural dyes
Clitoria ternatea (flower)  light purple yellowish-green light purple, bad amber color, turbidity low
opaque color
Delonix regia (flower) deep red yellow pink, transparency high amber color, transpar-  moderate
ency

Hylocereus undatus purple-pink reddish brown pink, transparency high very light amber color  low-moderate
(pericarp)
Garcinia mangostana pinkish-purple reddish brown amber color, bad light amber color, moderate
(pericarp) turbidity transparency
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Figure 1 Pollens of Hibiscus rosa-sinensis: (1-3) unstained pollens, (4-6) stain with safranin O, (7-9) stain with natural dye
from flower of C. ternatea and dissolve in distilled water, (10-12) stain with natural dye from flower of C. ternatea and
dissolve in 95% ethyl alcohol, (13-15) stain with natural dye from flower of D. regia and dissolve in distilled water, (16-18)
stain with natural dye from flower of D. regia and dissolve in 95% ethyl alcohol, (19-21) stain with natural dye from pericarp
of H. undatus and dissolve in distilled water, (22-24) stain with natural dye from pericarp of H. undatus and dissolve in 95%
ethyl alcohol, (25-27) stain with natural dye from pericarp of G. mangostana and dissolve in distilled water, (28-30) stain with
natural dye from pericarp of G. mangostana and dissolve in 95% ethyl alcohol (magnification of figures 1, 2, 4, 5, 7, 8, 10,
11, 13, 14, 16, 17, 19, 20, 22, 23, 25, 26, 28 & 29 are 100 times, and figure 3, 6, 9, 12, 15, 18, 21, 24, 27
& 30 are 400 times).
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Abstract

Two types of controller, Raspberry Pi3 B and Arduino mega 2560, were used in a gas bubble counter equipped with
a photo sensor for indicating progress of a fermentation process. The optimum temperature and and switching on/off
of the light conditions of the gas bubble counter were studied and the counting performance of the gas bubble counter
controlled by these controllers at optimum conditions were compared. It was found that the optimum temperature was
20-25 °C with turning on the light. It was also found that at optimum conditions, the percentage error of this gas counting
device increased with increase of the rate of carbon dioxide gas bubbles produced in the fermentation process. The
maximum percentage error of Raspberry Pi3 B controller was 1.5%, while Arduino mega 2560 was 2.25% at bubble
rate of 135 bubbles/ minute. In addition, the change of rate of number of carbon dioxide bubbles corresponded to the
change that would happen in the fermentation process. Information of the number of gas bubbles counted by the gas
bubble counter can also be used to indicate the trend of the amount of ethyl alcohol produced by the fermentation

process, which corresponds to the progress of fermentation process and also to the yeast growth rate.

Keywords: Raspberry Pi, Arduino, Controller, Gas Bubble Monitoring, Fermentation Process
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Introduction

It is already known that ethyl alcohol can be produced by
a fermentation process using anaerobic microorganisms,
where yeast is wildly used. Yeast converts glucose or
fructose sugar to alcohol as a main product and carbon
dioxide as a by-product. Theoretically, ethyl alcohol will
be obtained at about 50% from the amount of sugar used.
One molecule of glucose is degraded into 2 molecules of
ethyl alcohol and 2 molecules of carbon dioxide gas. The
conversion of glucose to alcohol is shown in the following
reaction equation (Buchner, 1897) (Enger, et al.,1994)
(Hopkins,1999).

CH O — 2CHOH +2CO (1)
6 12 6 25 2

Glucose Ethyl alcohol ~ Carbon dioxide

Practically, as the fermentation produces many
kinds of by-products such as flavoring agents, so a lower
value of ethyl alcohol would be obtained. In general, this
process produces about 12-15 percent ethyl alcohol for
the complete process. In the fermentation process, the
number of gas bubbles relates to the number of carbon
dioxide molecules and is proportional to the amount of
ethyl alcohol. Therefore measuring of the number of carbon
dioxide gas bubbles produced in such a reaction can
demonstrate the amount of ethyl alcohol product obtained
and the trend of the efficiency of the fermentation process
(Stanbury, et al., 2016) (Streitwieser, et al., 1981).

In fermentation, the yeast grows rapidly during
the first 2-3 days, after that it will slow down until the
growth rate is equal to the death rate. However, the
amount of ethyl alcohol still increases, while the amount
of sugar will reduce, whereas the flavoring agents are
created as shown in figure 1. In this period, therefore, the
fermentation keeps going even if the yeast has stopped
increasing in number. The fermentation temperature
affects to the growth rate of yeast, which increases as
temperature increases from 10 to 25 °C, and fermentation
time (Surathai, 2010).

Comparison between Raspberry Pi and Arduino controller of

gas bubble monitoring for a fermentation process

250 125

Growth (cells x 10e6/ml); Sugar (g/1)
Ethanol (g/100 ml)

Time (hr)

Figure 1 Alcohol fermentation by yeast: yeast (round, solid),

alcohol (square solid), and sugar (round, transparent)

The pattern of the growth cycle of microorganisms
(Bacterial/Yeast) can be divided into 4 phases: Lag phase;
the first phase in which microorganisms begin to find new
food and adapt to their environment. Exponential or log
phase; a period in which the microbes have increased
to the grestest number and have a constant rate of cell
division. Stationary phase; a period in which the
microorganism has a fixed number, indicating that the
microorganism is not increasing in number, and a death
phase or decline phase; the last phase in which the
microorganisms die (Pornchalermpong, 2019). The pattern
of the growth cycle of microorganisms (Bacterial/Yeast)

is shown in figure 2.

A Lag  Exponential
phase phase

Log of numbers of bacteria

Time -

Figure 2 Microorganism: hypothetical Bacterial/Yeast
growth curve (Komorniczak, 2012)

The methods of fermentation can be classified in
to 2 main types, bottom yeast and top yeast fermentation.
The bottom yeast fermentation is a fermentation process
taking place at the bottom of the fermentation tank at a

temperature of 10-15°C. After fermentation, yeast strains
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such as Saccharomyces carlsbergensis will precipitate at
the bottom of the fermentation tank. While, the top yeast
fermentation is a fermentation process taking place at the
top of the fermentation tank at a temperature of 28-32°C,
but can also take place at a temperature of 15-21°C.
The yeast species used in this type of fermentation is
Saccharomyces cerevisiae (Pornchalermpong, 2019).
Yeast can grow at 2-40°C, but the production of
fermentation will decease if temperature is higher than
35°C (Phoonsiri, 1999).

Malbrough (2019) investigated the effect of
temperature on respiration of yeast at 20°C and 35°C by
observing the number of CO2 gas bubble released from
the tube as shown in figure 3. It was reported that total
number of CO2 bubble released from the tube at 35°C
was higher than at 20°C.

Water bath at 20°C

Gas bubble
Water
l— Glass lube
\ Yeast-glucose solution
Water bath at 35°C

\ Yeast-glucose solution
Data Table

Time Total Number of Bubbles Released
(minutes) 20°C 35°C
5 0 5
10 ] 15
15 15 30
20 30 50
25 45 I

Figure 3 Experimental set up and result of Malbrough’s
experiment (Malbrough, 2019).
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Mulier et al. (2009) used a diode laser emitting
at 2.68 m to measure CO2 concentration above a glass
poured with a sparking liquid using spectrometer to
measure CO2 concentrations above it such as above beer
or champagne as shown in figure 4. The results were
presented and compared to a model describing the flux
of CO2 discharging from glasses due to the contribution
of bubbles.

Figure 4 Experimental set up of CO2 concentrations by
infrared laser spectrometer. (Mulier et al., 2009)

Bowler et al. (2021) use an ultrasonic sensor to
predict alcohol concentration during beer fermentation
by using a low-cost ultrasonic sensor combined with
machine learning to predict the alcohol concentration during
beer fermentation as shown in figure 5. This research
demonstrated the potential for a non-invasive sensor to
monitor beer fermentation by using inline sensors. This
would remove the need for time-consuming manual
operation and provide real-time evaluation of the

fermenting media.

. .
Lid Air lock

Temperature st
sensor

Incident
reflection  signal

Couplant 2nd
reflection

Spring  US
sensor

Figure 5 Experimental apparatus and measured US wave
reflections (Bowler, et al., 2021)
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Conventionally, beer fermentation is typically
monitored by periodic sampling and off-line analysis. Since
CO2 produced from fermentation relates to the amount
of alcohol produced and also relates to the fermentation
process as shown in equation (1) ; if the amount of CO2
produced can be determined as a real-time measurement,
so the amount of alcohol produced could be traced and
progress of the fermentation reaction could be monitored.
The author has proposed a gas bubble counter to monitor
CO2 produced by using a photo sensor technique
integrated with a controller (Wannaprapa, 2018 ;
Wannaprapa, 2020). A further study on comparison of

two controllers was conducted in this work.

Design and Experiment

The experimental setup for a gas bubble counter
consisted of 4 important functional parts: 1) fermenter or
experiment glass with shielding to protect from outside
light 2) S-shaped glass tube with 2 spherical bulbs
3) photo sensor (photo transmitter (T) and photo receiver
(R) ), and 4) the processing cycle counts gas bubbles as

shown in figure 6.

Display

Controller

VPi3
B or Arduino O

mega 2560) Camera

i

Fermenter

Monitor

Power supply
-
28 N

e Qo
e\ 4

= N ﬂ;‘ i
_Raspberry Pi Ardui'n S . Display | |

Figure 6 The structure of the gas bubble counter for the
fermentation process (Wannaprapa, 2020)

Comparison between Raspberry Pi and Arduino controller of

gas bubble monitoring for a fermentation process

The photo sensor consisted of a photo transmitter
diode and a photo receiver diode. The photo transmitter
transmitted light at 940 nm. infrared wavelength and the
photo receiver received the light transmitted from the
transmitter. When there was a gas bubble obstructing this
light, the receiver could not detect the light. This criterion

was used as an indicator for counting the gas bubble.

The controllers used in this research were
Raspberry Pi3 B and Arduino mega 2560. Raspberry Pi
is a small single-board computer processor with speeds
ranging from 700 MHz to 1.4 GHz and for Pi3 model B
is called an “Embedded Computer”. The Arduino mega
2560 is a microcontroller having a speed of 16 MHz.
The schematic circuit of the Raspberry Pi 3 model B and

Arduino mega 2560 are shown in figure 7.

Figure 7 (a) Schematic circuit of Raspberry Pi 3 model B,
(b) Schematic circuit of Arduino mega 2560: (1) Raspberry
Pi 3 Model B / Arduino mega 2560, (2) KeyPad 4x3, (3)
Photo sensor: Opto-diode consists of Transmitter: T and
Receiver: R, (4) Display: Seven-segment 4 digits, (5)
Buzzer and (6) Camera (Roboplan Technologies Ltd., 2016)
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The operation of the gas bubble counter runs
as the following steps. First, the bubble number value
input from KeyPad is received. Then the Raspberry Pi3
B/Arduino mega 2560 computer processor controller will
wait for the signal to count the gas bubbles from the photo
sensor installed on the S-shaped glass tube. When each
gas bubble was detected, the photo sensor generated a
signal and then forward it to the Raspberry Pi3 B/Arduino
mega 2560. This signal was counted and compared to the
set count value which shows on the display. The result
of counting of the number of gas bubbles was shown on
a 4-digit 7-segment display. This process will rerun by
returning to check the status and waiting for new input
value as shown in figure 7. When finishing the task, the
controller turned on the buzzer to generate an alarm
sound. In addition, this gas bubble counter could also
store images during the passage of gas bubbles through
the camera, to bring the real time image to compare the
bubble count with the gas bubble counter and record
number of the gas bubble counted. The operating steps

of the bubble counter are shown in figure 8.

Figure 8 Operating steps of gas bubble counter program
(Blum, 2013).

J Sci Technol MSU

When fermentation takes place, the carbon
dioxide will be produced as gas bubbles and then flows
in to the S-shape glass tube equipped with the sensor at
the spherical glass bulb. The bubble will break up in the
first spherical glass bulb resulting in accumulation of ethyl
alcohol carried by the bubble’s wall as shown in figure 9
(1). As more carbon dioxide is produced and generates
high pressure, this gas can push through the ethyl alcohol
accumulated at the bottom of S-shape tube and reforms as
a gas bubble in the second spherical glass bulb where the
sensor is installed as shown in figure 9 (2). This reforming
gas bubble is nearly the same size as the second
spherical glass bulb and will attenuate the light received
by a light's receiver (R) ; this status is called “OFF” as
shown in figure 9 (3). A signal will be generated at this
criterion and this signal is called “the carbon dioxide
bubble count” as shown in figure 9 (3). When there is no
gas bubble present inside the spherical glass bulb, the
light of the photo sensor’s transmitter (T) is able to pass
through the spherical glass to the sensor’s receiver (R)
as shown in figure 9 (4). This status is called “ON” which
means the gas bubble does not occur as shown in figures
7 (1), 9 (2) and 9 (4). The bubble formation and bubble

detection are shown in figure 9.
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Fermenter

Fermenter

Fermenter

(4) ()

Figure 9 The process of gas bubbles forming inside the S-shaped glass tube and the gas bubble detection:
(A) first spherical glass bulb, (B) accumulation of gas and liquid at the bottom, (C) sensor of transmitter T and receiver R
installed at second spherical glass bulb (Wannaprapa, 2018)

Top fermentation was used in this research. Two mega 2560 and the other was connected to Raspberry
sets of transmitter and sensor were installed at the second Pi3 B as shown in figure 10.

spherical glass bulb. One set was connected to Arduino

First
spherical

glass bulb

Second
spherical
glass bulb

il

Figure 10 Installation of 2 sets of photo sensor (Opto-diode: T1, T2, R1 and R2 respectively)

and CO2 bubble foaming at spherical glass bulb
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A camera equipped with a video recorder was
installed at the second spherical glass bulb to record
bubble images for further counting by humans. The
human counting was conducted by counting the number
of gas bubbles obtained from a prerecorded video at 1/10
time of normal speed to achieve accuracy on counting
the bubble. The average rates of bubble gas counted by
gas bubble counter controlled by Raspberry Pi3 B and
controlled by Arduino mega 2560 (Lovine, 2000) were
compared to the human counting. The average rate of
bubble was calculated from counting the number of gas
bubble in every 1 minute for 20 times. This experiment
was conducted at temperature range of 15-35°C as the
temperature optimum for yeast growth is in the range
of 15-21°C (Pornchalermpong, 2019). The experimental
period was 15 days for yeasts that grow substantially in
the first 2-3 days of fermentation and good fermentation
should have a large number of yeast (Surathai, 2010).
The investigation of the effect of conditions of ambient
light on detection accuracy of gas bubble counting were
conducted by turning the light on and off. An experiment
to determine accuracy on counting the rate of carbon
dioxide bubble of the gas bubble counter compared to

human counting was also carried out.

Results and Discussions

The results of the average rate of carbon dioxide
bubble counted by the gas bubble counter controlled by
the Raspberry Pi3 B, Arduino mega 2560 and by human
counting at controller ambient temperature range of
15-35°C at Exponential or log phase are shown in

figure 11.

Effect of temperature on the rate of gas bubble counted

100
—e—Raspherry PI3 B \
bl

--#--Arduino mega 2560

Av. Number of Gas Buble /1min
g

==a== counting by the human from the camera

10 15 20 25 30
Temperature °C

Figure 11 The rate of carbon dioxide bubbles counted at
ambient temperature of controller at temperature range of
15-35°C at Exponential or log phase
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From figure 11, the average rate of carbon dioxide
bubble counted from gas counter controlled by the
Raspberry Pi3 B, mega Arduino 2560, and human counting
at exponential or log phase increased with increasing
temperature and then decreased with further incregse
of temperature. The maximum average rate of carbon
dioxide bubble counted was shown at temperature of
20-25°C for those three methods. However, temperature
range in this experiment (15-35°C) also affected to the
growth rate of yeast. Since the growth rate of yeast
increases with increase of temperature from 10 to 25°C
(Surathai, 2010), while it decreases as temperature higher
than 35 °C (Phoonsiri, 1999). Therefore, in this case, the
tendency of the rate of gas bubble formation was not due
to the counting performance of those two controllers alone,
but also corresponded to growth rate of the yeast. It can
be concluded that at the ambient temperature of 20-25°C
is the optimum temperature for these two controllers was

when the highest rate of gas bubbles was obtained.

The percentage errors of results of counting
the average rate of gas bubble of gas bubble counter
controlled by Arduino mega 2560 and controlled by
Raspberry Pi3 B at bubble rate of 0-140 bubbles/minute
with the ambient light turning on and turning off are
shown in figure 12 (a) and 12 (b) respectively (Pumphrey
& Julien, 1996).

Gas bubble counter controlled by Raspberry Pi3 B
2.95

—e— No light

-0~ -light

1.45

1 o
[ O
rT

-

Av. % Error of Count

025 e
i 01,7
eI

0 @ = = = BT

0 20 40 60 80 100 120 140
Av. Number of Gas bubble /1min
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; Gas bubble counter controlled by Arduino mega 2560
3.15
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—e—no light
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~
n

Av. % Error of Count
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Figure 12 Percentage errors on counting the average rate

of gas bubble of gas counter controlled by (a) Raspberry

Pi3 B and (b) Arduino mega 2560 at light turning on and
turning off

Xm -Xt
Xt

Percentage error = | X 100 (2)

Where Xrn the number is counted by the sensor

and Xt is actual count by human respectively.

Referce to figure 12 (a) and 12 (b) indicates
that with ambient light turning on, the percentage error
on counting of gas bubble counter controlled by both
Arduino mega 2560 and Raspberry Pi3 B did not present
problems at low bubble rate and then gradually increase
as increase of bubble rate, while with ambient light turning
off the percentage error of those two controllers showed at
even low bubble rate and gradually increase as increase
of bubble rate. This could be caused by when the light
was turned on, it enhanced contrast of the gas bubble
resulting in higher efficiency of the receiver corresponding
to Compomax’s article (Compomax, 2022). It can be
concluded that the optimum ambient light for these two

controllers is with the light turning on.

The comparison of the percentage error on
counting the average rate of gas bubble of the gas bubble
counter controlled by Arduino mega 2560 and controlled
by Raspberry Pi3 B at bubble rate of 0-140 bubbles/minute

with the ambient light turning on is shown in figure 13.

Light affects the number of gas bubbles

]
n

—&~Light (Arduino mega 2560)

=0~ Light (Raspberry Pi3 B)

H
w ]
=
9\{{

Av. % Error of count

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Av. Number of Gas Bubble/1min

Figure 13 Percentage errors on counting of the gas
bubbles controlled by Arduino mega 2560 and controlled by
Raspberry Pi3 B with ambient light turning on
(Pumphrey & Julien, 1996)

Referring to figure 13, at low bubble rate of
10-50 bubbles/minute; there was no percentage error on
counting bubble of the gas bubble counter controlled
by both Raspberry Pi3 B and Arduino mega 2560. The
percentage error of bubble counted by the gas bubble
counter is controlled by Arduino mega 2560 gradually
increased with increased bubble rate starting from a
bubble rate of 50 bubbles/ minute to the maximum value
of 2.25% at bubble rate of 135 bubbles/minute. While,
the percentage error of bubbles counted is controlled by
Raspberry Pi3 B gradually increased as increase of bubble
rate starting from bubble rate of 80 to the maximum value
of 1.45% at bubble rate of 135 bubbles/ minute. These
indicated that Raspberry Pi3 B controller provided lower
percentage error than the Arduino mega 2560 controller.
In other words, Raspberry Pi3 B controller provided higher

accuracy than Arduino mega 2560 controller.

The results of the average rate of carbon dioxide
bubbles generated from the fermentation process counted
by the gas bubble counter controlled by the Raspberry
Pi3 B, Arduino mega 2560 and by humans counting from
the image obtained by camera conducted during the

fermentation period of 1-15 days are shown in figure 14.
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Rate of gas bubble produced at various date of

fermentation
150
140
130
120
110
100
a0
30
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60
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—@—Raspberry PI3 B
---m-- Arduino Mega 2560

==8=- counting by human

Av. Number of Gas Bubble/1min

Av. Date/1min

Figure 14 The average rate of carbon dioxide bubble
generated from the fermentation process during the
average period of 1-15 days/1minute at 25°C counted by
the gas bubble counter controlled by Raspberry Pi3 B,
Arduino mega 2560, and by human counting
(Komorniczak, 2012)

Refering to figure 14, it was found that during
0-1 days of fermentation (A), the average rate of gas
bubble generated was 0 to 10 bubbles/minute. This is
the beginning of the fermentation reaction corresponding
to the first phase or “lag phase” in which microorganisms
begin to find new food and environment. During 1-3
days of fermentation (B), the average rate of gas bubble
generated significantly increased up to 130-135 bubbles/
minute.This indicated that the reaction took place rapidly
and was generating a number of gas bubbles, which
corresponded to the “exponential phase” or “log phase”.
During 3-6 days of fermentation (C), the average rate
of bubbles generated gradually decreased from 135 to
70 bubbles/minute. This would be the transition from
exponential or log phase to stationary phase. The reason
that there are still more gas bubbles produced than there
should be as in stationary phase (70 bubbles/minute)
might be due to the accumulation of a lot of gas in the
fermenter that could not be released; as a result, pressure
was developed inside the system. The other explanation
would be the exit of the gas was too small and unable
to allow gas flow through it (tube size diameter was 0.5
cm). After that, during 6-10 days of fermentation (D), the
average rate of gas bubbles generated remained steady
at 70 bubbles/minute, which corresponded to “stationary
phase” of fermentation. Finally, during 10-15 days
of fermentation (E), the average rate of gas bubbles
generated drastically decreased to 10 bubbles/ minute,

which corresponded to “death phase or decline phase”.
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A comparison of the percentage error on the
average rate of gas bubbles counted by the gas bubble
counter controlled by Raspberry Pi3 B and controlled by

Arduino mega 2560 is shown in figure 15.

% Error of Gas Bubble Counter
Raspberry Pi 3 B & Arduino Mega 2560

—s—Arduino mega 2560

2 ~®-Arduinom

—e—Raspberry Pi3 B

15

1

Av. % Error of Count

as5

1 | ¥
a -
50 50 70 E Bl 100 110 120 130 140
Av. Nmber of gas bubble/1min

Figure 15 Comparison of percentage error of the gas
bubble counter from fermentation process in the range
of 60-135 bubbles/minute of the gas bubble counter
controlled by Raspberry Pi3 B and controlled by
Arduino mega 2560

From figure 15, it is seen that the percentage
error on counting of the average rate of gas bubble
by the gas bubble counter controlled by two types of
controller; Raspberry Pi3 B and Arduino mega 2560,
can be divided in to 3 regions. In region “A”, where the
fermentation was starting with the average gas bubble
rate of 60-100 bubbles/minute, the percentage error of
gas bubble counter controlled by Arduino mega 2560
showed a bubble rate of 60 bubbles/minute at 0.1% and
increased as bubble rate increaseed up to 1% at bubble
rate of 100 bubbles/minute. However, the error of gas the
bubble counter controlled by Raspberry Pi3 B showed a
bubble rate of 80 bubbles/minute at 0.1% and increased
with increased bubble rate up to 0.25% at bubble rate of
100 bubbles/minute. In this region, the percentage error
of the Arduino mega 2560 was higher than Raspberry
Pi3 B throughout of the region. In region “B”, where the
fermentation was proceeding, the average gas bubble rate
was 100-130 bubbles/minute, the percentage error of gas
bubble counter controlled by Arduino mega 2560 was 1%
at bubble rate of 100 bubbles/minute and increased with
increase of the bubble rate up to 2.25% at bubble rate of
130 bubbles/minute. However, the percentage error of the
gas bubble counter controlled by Raspberry Pi3 B was
0.25% and increased as bubble rate increased up to 1.5%
at a bubble rate of 100 bubbles/minute and 130 bubbles/
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minute, respectively. In this region, the percentage
error of the Arduino mega 2560 was higher than the
Raspberry Pi3 B throughout of the region. In region “C”,
where the fermentation was at the highest rate with the
average gas bubble rate range of 130-135 bubbles/minute,
the percentage error of gas bubble counter controlled by
both Arduino mega 2560 and Raspberry Pi3 B remained
constant at 2.25% and 1.5%, respectively. This indicated
that Raspberry Pi3 B controller provided less percentage
error than did the Arduino mega 2560 controller.
Theoretically, the accuracy of these two controllers should
be not much different. However, the error on counting
of these controllers would be due to the performance
of the photo sensors (transmitters and receivers) used
in this work as, even though they are the same model,
they were produced in different lots. This leads to the
conclusion that the Raspberry Pi3 B controller is more
suitable to be used in gas bubble counter than Arduino

mega 2560 controller.

Conclusion

The optimum condition for both gas bubble
counter controlled by Raspberry Pi3 B controller and
by Arduino mega 2560 controller is at temperature of
20-25°C with ambient light turning on. The Raspberry
Pi3 B controller provides lower average percentage error
than Arduino mega 2560 controller at the working
conditions stated above. In conclusion, the gas bubble
counter controlled by Raspberry Pi3 B controller is
suitable for use in counting carbon dioxide gas produced
in order to monitor progress of fermentation. Moreover, the
method of counting the average rate of CO2 gas bubble
generated can be used to trace increases of alcohol
produced and the growth rate of yeast in the fermentation
process. In the future, the gas bubble counter can be
applied to detect gas generated by other reactions in
close system to monitor the reaction progress such as

chemical reactions that produces gas.
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Abstract

This research presents the design and fabrication of a semi-automatic paper petal compression machine with a
pneumatic system to crease paper petals for making artificial flowers. The description comprises the procedures of
defining operating characteristics for the machine, drawing its function diagram, designing the pneumatic circuit and the
electrical circuit, calculating and choosing the dimensions of pneumatic components, and studying optimum paper petal
compression conditions and appearances of creases on the paper petals. The machine can be used to compress the
paper petals in four positions at the same time. The experimental materials were the paper of 55 and 65 gsm which
was cut in the petal shape. The experiments were done by rolling 6, 8, 10, 12, 14, and 16 pieces of paper petals into
hollow cylinders of which four rolls of those with the same number of paper petals were compressed simultaneously
at the operating pressure of 0.6 MPa. The results showed that the machine could be used to compress the paper
petals of 55 gsm to provide quite noticeable and consistent creases in the range of 6 to 14 pieces per roll, while the

paper petals of 65 gsm were in the range of 6 to 12 pieces per roll.

Keywords: Design and Fabrication, Pneumatic, Paper Petal Compression Machine, Semi-Automatic
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Figure 5 The electrical circuit diagram
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Table 1
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Appearances of creases on the paper petals of 55 gsm at operating pressure of 0.6 MPa
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Effect of the length to inner diameter ratio of vapor tube on the performance of a vacuum
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Abstract

The effect of steam pipe size on the performance of closed loop thermosyphon under vacuum condition was studied
to determine the relationship of heat load to pipe size affecting the saturation temperature and overall performance
of the boiler. A closed loop thermosyphon was made of cylindrical copper pipes with a capacity of 3000 cc. Distilled
water was used as the working fluid at 10% (300 cc) of capacity volume. The water was boiled by electric heaters of
530, 1085, 1640, 2210, 2780 and 3350 W. The steam pipes for testing were made of type L copper pipes of 7 sizes
in accordance with ASTM B88 STD with a test section length of 400 mm. Length to the inside diameter (L/d) of pipe
was in the ratio of 82.82, 49.94, 36.63, 28.90, 23.65, 20.05 and 17.50. The boiler was under vacuum initial condition
in the experiment, the water cooled condenser had a constant temperature of 25°C and constant flow rate of 1 kg/min.
The results showed that the L/d value had an effect on the closed loop thermosyphon performance and when heated
at a constant volume, the saturation temperature increased with the L/d and was greater than 20. The total thermal
resistance was also decreased with a decrease in L/d. The lowest total thermal resistance of 0.0343°C/W was when
the heat load content was 2780 W with L/d of 17.50.

Keywords: steam, close loop thermosyphon, saturated temperature, vacuum condition, temperature controlling

! mmiﬁ, MU IAINTINATRING andmnsTumansuazanniasnssuemaas EJ‘VYIEJ‘V]FJ’]&IEJLﬂﬂIuIﬂﬁi’]’ﬂNdﬂﬂq’ﬁimﬂuﬁ FLARUAT

ﬁﬁmaWizuﬂSﬂ%aﬂqﬁﬂ’] %’aﬁi’ﬂwxumﬂ%awm 13000

" §iadia: ton0019@hotmail.com, thanaphol.s@rmutsb.ac.th

' Lecture, Department of Mechanical Engineering, Faculty of Engineering and Architecture, Rajamangala University of Technology Suvarnabhumi,
Tambon Hantra, Phranakhon Si Ayutthaya 13000 Thailand

" Corresponding author: e-mail: ton0019@hotmail.com, thanaphol.s@rmutsb.ac.th



218  Sarawut Sirikasemsuk, Thanaphol Sukchana

VNI

iiluansvieudisansaislasenaufewluldnwle
samadassanusdomisuanyfasaminlaii uas
sunrnnaaniildsanuduwlelaslidasldnasim
mauanlunsiuinaen dmivmedlulaneunisasia
ﬁ"avlﬂﬁﬂa%ﬁa%w,ﬁaLﬂuqﬂmtﬁs:ummw%w wINLE
irl,'nﬂua"]iﬁwmﬁag'myimzuu dnesvimiAsuuas
frelauanusaudign1TifeatsinauazAluuinlna
Gewduwisesegneluszuule amnmsfinsauidslu
sdanAsasiumadlylowausfinrsasildinuas
9% maﬂm"lf'ﬁwaumum‘f;'smwﬁamiﬂi:qnﬂ’ﬁmu
fviunwidoma sl laweuildi e vinens a9
(Aghel et al., 2017 ; Jafari et al., 2017 ; Lataoui & Jemni,
2017 ; Naresh & Balaji, 2017 ; Kim et al., 2018) NaN1Y
?im:rﬂ@ﬂﬁ;ﬂwudwﬂ%uﬁtmﬁﬁmﬁﬂﬁmmmuagflwﬁw
20 - 50% VIUSIaTEINIERe (Bnluisiaas) B9z
%‘uagﬁugﬂiwaé’ﬂwmﬂumiaanLn_l‘u lagRanTamnannen
mmﬁmmumwﬁamam‘iwq@ HANINMNAATINIILAY
infunzaund fanuinsesnuUUA AR Ta LU
1%a221 (Aghel et al., 2017) wazasunslunauianisas
(Kim et al., 2018) Troifiwanssausle 10-17% wonanit
(Kiseev & Sazhin, 2019) lanasauinaslulonensiiaiias
ﬁﬁdauﬁﬁi:mUgﬂmuﬂwﬁaﬁﬂ@ml‘ffm‘sﬁnmu%é?n
Hnsinnas %dgmmumaumaﬂw%ﬂam:uuﬂﬂﬁuﬁ
snwmlndidassiussiulaldinezaunsndiolounnu
Sowldgudormn lusuvesswddofioriumesly
Vl,ﬁn‘vxlamm:mﬂs:qn@ﬂ%\muluﬂi:mﬂ"lmtlﬁvfuwuh
(Dangton et al., 2018) laeanuuussndaduinaslulonan
Adaleizy swnsaldlunisnaaloinldsiainin
waslulawenuuusssuauazuuurialn laslfinadia
myvwih i ulasazessdausiaba (Cansee, 2020)
wuinnsnaaleindawiuisteawdetfiadoimnasly-
loWauiiviasuainufoudiudnsuaznosuainuion
vsnalsedlw fszansawluminaaloiuassenia
FauwasldunninuuulidvieSuanufanusnasadlu
Aountiil (Sa-adchom et al., 2013) ldszyndld
Vl,aﬁﬁauﬁdmﬂaqmmﬁ 120-140°C 1@auusiaitatanua
LLNW’?@WMWQM%Qﬁmaﬂaﬁwﬁmmé’uﬁuﬂ@sm@ﬁums
a@awaamm%u @831 (Nuthong & Uengkimbuan, 2014)
Vlﬁﬁﬂmmiauw%ﬂvlmﬁaﬂaﬁwﬁqquﬁ 120-160°C
B9leuaLtuiea iy (Sa-adchom et al,, 2013) 31NN
’i%’ﬂ’l,uaﬁm:Lﬁuvl,ﬁdwﬁmsﬂi:qn@ﬂ‘*ﬁ’laﬁﬂumiauuﬁd
Lﬂumﬂ‘*ﬁ’laﬁﬁauﬁ'dmﬂﬁﬁqmﬁgﬁgm’h 100°C laaiasd
Famslslatilasaseiudnnuduanedanududauly

J Sci Technol MSU

msmuqmwumsﬁ’muuazﬁmﬂﬁawﬁaLwadﬁmﬁ'j’]
AFNIID N UL TN RIN TN NABINRINLNAN

MIAnNENATaNanIzNUVasInaiasinle s e
Wi uidudasaaaniIuwiauad (Sukchana, 2020 ;
Jaiboonma and Sukchana, 2022) #ldasnuuuaiis
seuumlnaiounvaslesinfissinouszuesnarfiiia
nnminuuinsaaneslylowenluszuuanddinnms
szmodundady wiourlddnsmiUsunmnsidy
avnnuidy i tenues uazuedlnu Mnanzay
Waldiusnsvinan luﬂwsﬁﬁ'ﬂﬂ%afzﬁdﬁﬁf@qﬂizaaﬁ
Wednu nagoudiulsrwiavasvioinlassinefiozss
nanTznudaaNsIausradneslulowenisasta lu
gﬂLLuumaaqm%nﬁaluﬁaLLa:mmwﬁ’mmumm%’au
3994 UanNINNINAFBUMLUIIMIAVa TN laTsine
AnanzauLE EJ‘&ﬁi’mqﬁsmoﬂ‘lumiﬂi:qﬂeﬂfmmﬁa
MIBANUULIZUUMIOLLRILULFNAaNTIvialaoass uay
auuﬁaﬁwaﬁauqmﬁgﬁ@‘iﬂ@UmsLLamﬂﬁmmm%au
ﬁuvlaﬁﬂﬁqm%gﬁﬁwnh 100°C llFomwld ilasannszuy
duwonlaagmeldanzgyyima szdslidenia
wisouuaslFlamuunasndsowldnainnaiobodn
LT L%aLwawﬁmme] T annasnwuaiaaniiag
WAHNUANNTOUNINNNTZLIRIN TR AL T e

nI1INeaad
1. qﬂnm’imsnmam
aunsninansaneiluloneuisastlads Figure 1
yznaueas §awn13¥iN3zLne (Evaporator) ¥inglevia
NBILAINUT 3 mm TUIAAIINY 3,000 cc ATniaaT
Wi nszuaady 220 v & wsuldanusaulummaaas
Tnpfiviegmniusaalafielildudaiuiilanasouas
susniasuannaiissvesiniaaslaszainluns
nanoy Aadariasileszing (Vapor line) Lazyiauadlnan
Inandy (Liquid line) Liluvianasuasumaldurnguinas
Meuan 254 mm (1 i) lﬁaghumé\i (90°) lasdald
Huszuulle fdode (Fiting) dwiunsUsuasuwsmwa
vasviailossmeluminases fauen 400 mm @
viavlerzinelunimasasluranasuassiia L (Type
L) @uNAI3 1UVas ASTM B88 @9 Table 1 lag@aiin
muﬂﬂmauﬁumﬂuﬁﬂmdmﬂlu (Inner diameter, ID) 371N
IUIANINIFIU (Standard size) AUAILFDIYINVBIAINY
WINIaI3 MBI aNaInes Type L lunisviaiuwas
waslulaneursasDasziigunsalaruusiu (Condenser)
LﬂuLLUUﬁaﬁad%u (Double pipe heat exchanger) ﬁi:'ﬂ’m
mwi"auﬁmﬁnﬁuqmwgﬁmﬁ WalwAamIssmenss



Vol 41. No 4, July-August 2022

nsmuwiwdusasagmeldszuodafidugyyimea
lagdinbuazgnasnnaingariniiibu (Cold water unit)
sansaeuavamaniiliaed 0.2°C) ldanaammanas

Table1  The ratio of inner diameter to the length of
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19.05 16.91 23.65
22.23 19.95 20.05
25.40 22.86 17.50
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Table 2 The heater power test values
Power according (W) Power test (W)
500 530
1000 1085
1500 1640
2000 2210
2500 2780
3000 3350

Effect of the length to inner diameter ratio of vapor tube on
the performance of a vacuum closed loop thermosyphon

Table 3

measurements in the experiment

219

The uncertainty of the parameters from the

Parameters Maximum uncertainties
Temperature + 0.14°C
Cooling water mass flow rate + 0.166 g/s
Heat load + 4.02%
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Figure 1 (a) A vacuum closed loop thermosyphon for
tested (b) Experimental equipment diagram
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Effect of the length to inner diameter ratio of vapor tube on

the performance of a vacuum closed loop thermosyphon
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Figure 2 Thermal efficiency of experimental equipment
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Figure 7 Compare the saturation temperature from experimental results with mathematical model calculations
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