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Abstract

A porosity measuring apparatus based on comparisons of pressure decay rates was developed. The
porosity of a granular sample was determinated by conducting two pressurization tests. The apparatus could
perform these pressurization tests automatically. In the first and second tests, the sample chamber was empty
and filled with the sample, respectively. The air pressure inside the chamber was increased to a specified level
and then the inside air was released from the chamber. The pressure in the empty chamber decreased slower
than that in the chamber filled with the sample. These different pressure decay rates were used in the calculation
of the solid volume and then the porosity of the sample. The four different types of samples were used in this

study, three sizes of spherical samples with diameters of 2.35 (:0.01), 5.94 (:0.01) and 37.86 (+0.19) mm and
one size of cylindrical samples with a diameter of 21.91 (£1.43) mm and a height of 134.02 (£0.24) mm. The

26



Thai Society of Agricultural Engineering Journal Vol. 23 No. 2 (2017), 26-35

numbers of the sample pieces were ~123,400, 9,435 and 24, and 17, respectively. The porosity measurements

from the apparatus were compared against the reference porosities measured based on either the dimensional

measurement method or a gas pycnometer. The measurement accuracy was expressed in terms of absolute

percentage error and was analyzed using analysis of variance (ANOVA). The main factors were the pressure half-

life of the empty sample chamber, initial pressure and type of the sample. The maximum absolute percentage

error was 4.44%. In addition, the statistical analysis showed that the PHLempty (i.€., main factors) have significant

effects in experimental comparing with the gas pycnometer and the initial pressure have significant effects in

both experiment which the interaction of those factors have significant on the measurement accuracy (Sig. <

0.05). However, the sample factor did not have significant effects on the measurement accuracy (Sig. > 0.05). As

a result, the porosity measuring apparatus developed in the present study yielded satisfying accuracy.

Keywords: Porosity, Measuring apparatus, Pressurization test, Pressure half-life
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Tusuised m%ﬁmmquu (porosity measuring
apparatus) Pldndnnisves (Chayaprasert et al.,, 2014)
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fruauIuNeadgiuAITNsou (foil-bubble insulation),
\WWulwesInnueu (pressure sensor) (PSE-550, SMC Co.,
Ltd., Tokyo, Japan), Uaa1182tW#1 (CWX-15Q, Tianjin
Tianfei High-Tech Valve Co., Ltd., Tianjin, China) 97u42u
26 Gﬁdlﬂ’fﬁjuméammuﬁﬂmqmﬂwamvﬁwLLaxmaaﬂ,
MasusnsINstua (flow control valve) (AS 1200, SMC
(Thailand) Ltd., Pathum Thani, Thailand), veay PU
(polyurethane) Ldun 1 ugudnalslu 4.76 mm (3/16” x
20M, qmamnismiaﬁﬂm 311A, NFUNNUNIUAS, tny)

wazdosio 3 e szuuAUAITITTinUANTuREUNTS
vauvealaiesinanumgy, Ussnanauazudin uaz
wanananisin dausznevdie lulasneulnsaiaes
(microcontroller) (Mega 2560, Arduino LLC, Ivrea, Italy),
31ad (relay) (SRD-05VDC-SL-C, Ningbo Songle Relay Co.,
Ltd., Zhejiang, China) waghnasdnsusanuluii (power
supply) 24 VDC (KV-U2, Keyence Corp., Osaka, Japan)
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Figure 1 Porosity measuring apparatus.
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funglunvuzussyinegadarminndianuiuiFudud
Avuald Wy 3,000 Pa) Léntee %ué’mmmqumw
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(resolution) 0.05 mm (Mitutoyo Corp., Kawasaki, Japan)
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(Mitutoyo Corp., Kawasaki, Japan)

N1INAaBIgNa BN wuutdu split-split plot design
(Gardner, 2004; Bradley and Nachtsheim, 2009) lned
Jadundn (main plot) A8 PHLempy (A1 PHL 99308013
NAABUAUAUVUEAYULUTITINNUED), Uadeses (sub
plot) #o AuFwSuRY (nitial pressure) wazdadesos
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Feulvuazdriunismaassgnagulilu Table 1 PHLempy
vousaydoulunsmaasaunsausudeanlalnausude
N&WSuEnsINsinaaunsztarn PHLemy aglurae £10 s
vesAdoulufitmunnnususuduansaseaiuivsunsy
fifAtedoutu (hie 2.2) nanisininiedesinnamy
gniFguiiguiurnanisinmigisnisinvuialagnsuay
LEDE gas pycnometer (Accupyc 1330, Micromeritics
Instrument Corp., Norcross, USA) luignsinauinlagnss
YSumsvesisgiusvindingnauialadanvuiaduriy
gméﬂmﬂLLaummmwmﬁaaﬁm

muﬂsmauwumu‘ummsm gas pycnometer gnuans
T Figure 2 1A309 gas pycnometeriwaﬂmswumwaa
ﬂgsuawaaa (Boyle’s Law) (Dickerson et al., 1979) lag/ld
AvEITUS SIS IR suaz A LR Uiy Sl
nM53seEldRe helium lutunsunisnagouseinios gas
pycnometer ﬁaasiw%gﬂ%’mfmﬂ’ﬂ (Waample) WR¥YNUTTY
atlun1vuzuTTIIeg1e (sample chamber lu Figure 2)
FaUFUNDU Venamper HlB1AT0U3UMUA helium 92
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gnusesninlulumuuzussaiiesaaunsyisnuiunely
Aruzdiainedl AUszuaa 137 kPa (Micromeritics
Instrument Corp., 2001) LLazmﬂ’;mé’uﬁwgﬂﬂ’uﬁﬂvﬁ (P1)
dreusionn wiesanlinidginielu (3-way valve Tu Figure
2) iel¥Ane helium ﬁEJsﬂumﬁnuvmiaﬁaasJ’msumeé’aL%’w
amsuu.,mqm (reference chamber) muﬂﬁmmmu Vref
LLamﬂwm'}mumﬁLummu Uﬁamaa’maﬂmaqammw
Al (P,) ndsannifu Usinmsdiegis Vaample 81019090
ﬁwmmiﬁmaaumsﬁ 7 AnuAuIRLuYessag A Tale
INLA30T gas pycnometer (Ppyd) 1¢ 9NAMINAINYTUAS
way ‘LJ’]‘M‘L!ﬂ‘UENG]’JE]EJ’NV!EWﬂUiiR)E]EJﬂ’]?JIUﬂW‘Uu ¥UTIY
Fre89 (@un1si 8) el iwauLaamm{memsaﬂ gas
pycnometer annsofnwifiadinldann Hintz et al. (2008)

V
Vsample = Vchamber - P o )
L]
PZ
w
Poye= __sample (8)
Vsample

Sample chgmber

Pressure gage 3-way \\/alve Outl\et valve
\

Y \ \
\ \
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—» D>
/
/
/
/ - /
Inlet valve Material Reference chamber

Figure 2 Basic component of a gas pycnometer.
Source: Modified from Hintz et al. (2008)

Tunis@nwiadedl g3desinsvnasudisinies gas
pycnometer fusegnafias 2 ¥linfe NTINANVUIALEN
LAZYLIANAY 1T18991NN1TULUTIIHIDE19UDAATES gas
pycnometer HYuAldURNIUALINATE 19 mm x 817 39.8
mm FadniAunitazannsoussaiiogiamsanasuualg
uaznsanszuenliegalsinmu ilesanawuzussgiiodig
Y044A383 gas pycnometer SuunaLfies 100 ml Faiaay
uansafuATUEUTTIRIE19YBATesTaRImUTignld
1umﬁﬁﬂwm%”’qﬁum (ie, 1,772 mD) edanaliinaany
ﬂamﬂaauﬁummammamsmmmwwmmmamaﬂau
yiensenszueniignussgeglunvugnienszuenasiuey
AUAMNLUUYBINITUTTY, USHIR5IAETINYDIY09714
sgninedagiundasiudig (radial direction) waynila
f1uUU-a19 (axial direction), bardNEIUVDILAUNIY
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AUONA1INIYULUTIAIBE 1A U UAUdna1aTng
(Zhang et al., 2006; Burtseva et al., 2015) ijammuwi‘iﬁ;
fegafivuaan ddiseninUinnslagsineseding
iw’jwi’aamqﬂauﬁ‘umﬁaﬁ’uﬂ%mmawdw%ﬁamzﬁm
a9 dlunsdiinanistamnunguiilfagaarmadounined
AunguBsRansanzUIins st uTanivindy
ey annansynuresUinaTterissswie Tanfumily
ANTUT AIAIIUNTUDINLATO gas pycnometer 9L QN
Frun IneldUsinsvesdeosesnadaiitminmiify
dwiinvessegnaismausrensosianumu (Figure 1)
aun3ausIIAAL (W) USasienan (Vpy) gnaiuam
Feaunsi 9.
W'
Vope=— )

p pyc

INUL AIUNFUVBIFIDENANUTOAIINNAIN Vo pye UaE
USNnTv8an19UL U (e, 1,772 ml) dsaun1si 10
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Vo -Vope
v, (10)

A1UYNABIVOINITIAAIIUNTUYNUTELTUAIBAN
Waesludnuaainindsuauysal (Absolute Percentage
Error - APE) fauansluaunisi 11 dauansisniugnies
YBINANITIAAIIUNTU (Makridakis and Hibon, 1995;
Hyndman and Koehler, 2006)

e mea

€

APE=|—<—"%x100 (11)

ref

1087l €t Fin AIUNTU (%) HinlAaNIENTTRvwInlnenss
%39910 gas pycnometer WAy Emea AB AIUNTU (%) NI
lanniesesinanunguy

Table 1 Experimental conditions for evaluating the accuracy of the porosity measuring apparatus.

Initial Initial Initial
PHLempty PHLempty PHLempty
pressure Sample pressure Sample pressure Sample
(s) (s) (s)
(Pa) (Pa) (Pa)
L sphere S sphere S sphere
S sphere L sphere M sphere
3,000 3,000 2,000
Cylinder Cylinder L sphere
o M sphere o M sphere o Cylinder
S S ©
Cylinder L sphere Cylinder
M sphere M sphere S sphere
2,000 2000 @—————— 3000 @——————
L sphere S sphere M sphere
S sphere Cylinder L sphere

3 Wawazdvnsal

Table 2 uwansnanisanumuvesiedugunanae,
Adinta 4mumwlmmmﬁmmamiammmmwauw
fwunudIsuifisufunistaruialagnss uag Table 3
LAAINANITIAAUNTUVBIAIDENNTINANVUIALEN LA
yuranasiildannisindeiaiosinanumsuisuiien
ﬁ’umﬁmé’wm?‘lm gas pycnometer mmmwsumﬂmﬁm
IWIALABATY, 1A394 gas pycnometer uaz 1A3eainAy
wyufiiautu vosogwis 4 vinoglurasysan 40 -
60% FeoglutiaferiunisAnyiues Zhang et al. (2006)
Lag Burtseva et al. (2015) Fanuinfnagnsenaunie

n3anszuenihlufignussgeglunivuznsinszuenazdan
ANUNgUBglUYIT 25.9 - 67%
ﬁfﬂ%’wmaﬂfjmlé'ﬁwmLﬂéaqfﬂﬂ%uwmi, AYIUAUIUY
vieenumgu Tagliudnmaiuguusndsiusaznaeury
Tanuaieyila Leclaire et al. (2003) simunzuuuun1sin
Fendnnisveaa3ed gas pycnometer tnenadeufiunsg,
VinRuY LLasﬂauﬂ%'mmu (Iraguen et al,, 2006) Walun
in3eatauuuliviians (non-destructive) sfiannmidmsy
T inUTunsvesnasequuusiu ngldinadansunuiionna
nsdnwia 2 LuFeuiitsunanisiaiunisunuiidaei
Yenaing (Chayaprasert et al., 2014) Tdndannas
Wisuiisudnsnisanasvesnnufuliiofnnunsuves
Tanzunsuaviade lnewSeuieuiunisiaauialagnse
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lﬁ' 1 a v éj = 5 é}d o v
Aanwndiouliiiy +5% mewail nsAinwasilifainunli
goUTUNANITNAADULATOIIAAUNTUNYINIUAIEAIS
WguiigudnsIn1sanaswaeninunisin Airn APE laiu
5% dunndn Tu Table 2 uay 3 Mynaulunisnaass A1

2 (2017), 26-35

APE fA16n71 5% n15naaeafiiiouly PHLampy ~180 s,

AMUAULSUAY 3,000 Pa La¥Aa9819059nsEUBN A1 APE
gagnegn 4.44% fetu JITeeaiarsanlvinanisinves

wsssinanunsuniautuegluseaunumelawaziiaiy

Y00 aluTEAULREINUINUITEAY

Table 2 Porosity measurements from the porosity measuring apparatus (€mea) compared with those from the

dimensional measurement method (€ef).

PHLempty () Initial pressure (Pa) Sample €mea (%) [SD] Eref (%) [SD] APE (%)

S sphere 51.78 [0.34] 52.66 [0.67] 1.67

2000 M sphere 41.20 [0.11] 41.57 [0.21] 0.90

L sphere 61.56 [0.21] 61.52 [0.93] 0.07

. Cylinder 55.41[0.27] 55.14 [5.09] 0.49
S sphere 50.57 [0.15] 52.66 [0.67] 3.98

M sphere 41.12 [0.17] 41.57 [0.21] 1.08

2,000 L sphere 63.05 [0.28] 61.52 [0.93] 2.50

Cylinder 56.74 [0.20] 55.14 [5.09] 2.89

S sphere 50.80 [0.31] 52.66 [0.67] 3.54

2,000 M sphere 41.98 [0.35] 41.57 [0.21] 0.99

L sphere 62.11 [0.31] 61.52 [0.93] 0.96

Cylinder 55.20 [0.20] 55.14 [5.09] 0.11

120 S sphere 51.20 [0.21] 52.66 [0.67] 2.78
3,000 M sphere 41.38 [0.30] 41.57[0.21] 0.45

L sphere 60.85 [0.51] 51.52[0.93] 1.08

Cylinder 55.16 [0.29] 55.14 [5.09] 0.03

S sphere 51.61 [0.21] 52.66 [0.67] 2.00

2000 M sphere 41.59 [0.30] 41.57 [0.21] 0.04

L sphere 61.81 [0.51] 61.52[0.93] 0.48

180 Cylinder 56.29 [0.20] 55.14 [5.09] 2.09
S sphere 52.81 [0.21] 52.66 [0.67] 0.27

M sphere 42.84 [0.15] 41.57 [0.21] 3.05

2,000 L sphere 62.35 [0.26] 61.52 [0.93] 1.36

Cylinder 57.59 [0.30] 55.14 [5.09] 4.44
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Table 3 Porosity measurements from the porosity measuring apparatus (Emea) compared with those from the gas

pycnometer (Eef).

PHLempty (S) Initial pressure (Pa) Sample €mea (%) [SD] Eref (%) [SD] APE (%)

2000 S sphere 51.78 [0.34] 51.23 [0.04] 1.09

60 M sphere 41.20 [0.11] 41.65 [0.04] 1.10
3000 S sphere 50.57 [0.15] 51.23 [0.04] 1.28

M sphere 41.12[0.17] 41.65 [0.04] 1.28

2000 S sphere 50.80 [0.31] 51.23[0.04] 0.83

120 M sphere 41.98 [0.35] 41.65 [0.04] 0.79
3,000 S sphere 51.20 [0.21] 51.23[0.04] 0.05

M sphere 41.38 [0.30] 41.65 [0.04] 0.65

2000 S sphere 51.61[0.21] 51.23[0.04] 0.76

180 M sphere 41.59 [0.30] 41.65 [0.04] 0.15
3,000 S sphere 52.81[0.21] 51.23 [0.04] 3.08

M sphere 42.84 [0.15] 41.65 [0.04] 2.85

F9F09&N PHLempy, AI1UFULSUAY (initial Pressure)
wazyiinveaeiieg1s (sample) gnItATIEYALLUTUTIU
(ANOVA) Taefiauyfign (null hypothesis) #o Tademdnii
sgauuana1siulivinlian APE uansnsiueg1sdtednnsy
(ie., mmgﬂﬁawamamﬁmﬁwm%aﬁmmmwi‘uﬁ
ﬂ’@umsﬁulﬁua&ujﬁum PHLermpty %50 AI1MSWBSHEY M50
wiiadhegne Mldlunistn)  Bnite UFEuTLS (interaction)
vosiladevdnits 3 e Fausenoudeiadosed PHLo,
fuauFuS Uy (PHLempty x initial pressure), ¥inva4
Frogefuarudusudiu (sample x initial pressure) waz
YUAUDIAIDYNINY PHLernpty (sample x PHLempry) ba
Uﬁé’uﬁuﬁﬁy’d 3 U999 (i.e., PHLempy X Initial pressure x
Sample) gnusziiu lnedauyfgiume Ufduiusvocusdaze
Yadelaiinansznunean APE egnsiidedidg (e, n1g
Wasuwlaswessziudadevndngfiaulalivinliaugnsios
maqmamﬁm’hEJLvﬁ'aﬁmmquuﬁﬂ’@uu’vﬁumﬁlwuﬂm
)

NaNTIATIEsiALUTURIUAld N TUTsUiB UG
nsiavesaiesinaunsuiiiaudufunisiaguis
Tnonssgnuansly Table 4 &snadn Adoyavesdady
PHLempty 3177 Sig. (p-value) asﬁi 0.067 %ﬂﬁﬂﬁﬂﬁﬂﬁmﬁuaﬂ
Hutfedr fldenueiosinanumsuaninsaidenldan PHL
¥93n1vurUssRUaTlag Turas 60 - 180 s lalaedlaivinld
A1 APE (i.e., A31UQNABIYOIHANTITIA) WANAIAUBEI]
HudAg (Sie. > 0.05) Tuvinussifeiiu Jadesiinves
#1081951A1 Sig. g7 0.211 Fenanldirdadeviaves
fegreia 4 vinfio nananwuIAEn, nane uarlvg) way
nsanszuenliiilinugndosweanan1TIauANF1a Lo
fifudfey (Sig. > 0.05) Yaduarnudududuliian Sig. =

0.000 F9UN1BAIUIT AUFUSUFUTATEAU 2,000 way
3,000 Pa diAuuana19iueg19iidedAgy (Sig. < 0.05)
dunadman1siasizianuLlsUTveIUfdunussEning
PHLermpry flUAMMG WS UALIIAT Sig. = 0.000 (Table 4) &4
wanliiuIn151@enTgA1 PHLempy 109 Tugae 60 - 180 s
wavaudusudulag lugas 2,000 - 3,000 Pa f5v3nads
ﬁ’uuazﬁ’uﬁdﬂNﬁiﬁmmgmﬁawamamﬁml,l,mﬂm'wﬁ’uaeha
fitfodndity (Sig. < 0.05) Fatu ANadeveadtade PHLampy
fuarudududuluusazszdugnlfifudusdirsedule
winganlun1sIatufetady PHLempy Ai58AU 60 s uaz
AuSUSLSUTISYSU 2,000 Pa FaiAAnuAaIRLAAeLLRAY
0.828% og13bsinu Ufduusseniadnvesdiogiaiu
PHLempty Waeszmningviinvasiiagnafuanususudu fien
Sig. 987 0.161 waz 0.55¢ pudrfu Favirlvlaianunsa
Ufjiasauygiunantd (Sig. > 0.05) nanfie dladeviiaves
MegratuaufuLaraUaderiinreafie819iU PHLempry
LifivEwadetunaziuiidenaliniugniesvenanisin
unnssfuedneiited Ay niaufduiusvests 3 Jade
wandliiuinliisvinadstuuas fueehefitedday (Sig. >
0.05)
nsiUTeuLiisunanisinveaiadesinaatungud
r;:ﬁ%’ﬂﬁ’wm“ﬁuﬁ’mﬂ%ﬂ gas pycnometer 9n3tATIENAIY
wusUsludnwauzifsiuiunsiussusuiunsinuue
Tnenss Fawan1sinsgsignuandeglu Table 5 danad
93698 PHLampry warAINAUSHEUTAINUANFA Y
oaiifoddy (Sig. < 0.05) Bnviadaiiufduiussenineg
Y998 PHLermpry flUAMNS LS8 0e13lsAnudadviin
Guaw'f’aaﬁmuax@;ﬂﬂ%’aﬁu (ie., sample x PHLempty, sample

x initial pressure W& ¥ PHLempy x Initial pressure x
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Sample) ldau1saufiasauyfigiundnld (Sig. > 0.05)  mm lalagildvinlinnugndesveinanisinuansiaiy
fedu Reulvfiwmunzaud msuldnuasosinanungufe
PHLempty M1526U 120 s, AMUAUISHAUTSZAU 3,000 Pa wag

AregansenaunivuiatduiiuaudnalsUseui 2 - 6

agaildeddny wazdUadeynaliddvinadadunaziun
dealvianugniesamanisinuwanaeiueg ity Aty

Table 4 Analysis of variance for the porosity measurements from the porosity measuring apparatus as compared

with those from the dimensional measurement method.

Source DF Type Il sum of Mean square F Sig.
squares
Main plot:
PHLempty 2 5.413 2.707 3.420 0.067
Main plot error 12 9.507 0.792
Sub plot:
Initial pressure 1 19.722 19.722 125.410 0.000
PHLempty x Initial pressure 2 19.348 9.674 61.520 0.000
Sub plot error 12 1.887 0.157
Sub-sub plot:
Sample 3 28.149 9.383 2.030 0.211
Sample x PHLempty 6 65.253 10.876 2.350 0.161
Sample x Initial pressure 3 10.591 3.530 0.760 0.554
PHLempty x Initial pressure x 6
27.713 4.619 1.000 0.500
Sample
Sub-sub plot error 72 335.295 4.656
Total 119 522.878

Table 5 Analysis of variance for the porosity measurements from the porosity measuring apparatus as compared

with those from the gas pycnometer.

Source DF Type Il sum of Mean square F Sig.
squares
Main plot:
PHLempty 2 13.799 6.899 12.950 0.001
Main plot error 12
Sub plot:
Initial pressure 1 7.288 7.288 48.350 0.000
PHLempty x Initial pressure 2 18.804 9.402 62.380 0.000
Sub plot error 12
Sub-sub plot:
Sample 1 0.008 0.008 0.040 0.845
PHLempty x Sample 2 0.428 0.214 1.040 0.369
Initial pressure x Sample 1 0.063 0.063 0.310 0.585
PHLempty x Initial pressure x 2 0.327 0.163 0.790 0.464
Sample
Sub-sub plot error 24 4.939 0.206
Total 59 53.859
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