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ABSTRACT

Precise measurement of volume, true density andifgperavity of small grains and food particles as
challenging task in the laboratories without sofiteéed equipment. Therefore, a low-cost gas pyatemwas designed
and evaluated for true volume measurement of gaiticles as an alternative for expensive air catapa pycnometers.
The theoretical principle is based on the Boylaw bf volume pressure relationship. The instrunvest designed with
three main components: a sample cup, two 20 mmet@miiner pneumatic cylinders and a differentisdgsure gauge.
Two identical pneumatic cylinders were used to eshthe liner displacement of the piston to thepprtional volume
change in both cylinders. The reading accuracyiggldcement was increased by using a 0.01 mm wiiftator gauge.
As the reading of the instrument is the liner motiof the piston shaft, the volume is calculatechgsin equation
developed through calibration using some known wals. In the calibration process, seven known votumere used
with three replications. The co-efficient of detémation value for the calibration data set was 01B&o known volumes
of 4.49 cni and 17.21 crhwere used to evaluate the optimum volume to besored and the standard deviations (SD) of
linear measurements were calculated as 0.2658 dn®.2163 cm, respectively. Volume errors were dated based on
the SD values and the error percentages were atdcubs 3.7% and 0.78% for 4.49 and 17.21abjects, respectively.
Results revealed that the percentage error fofatfyer volume object was less than 1%. The accuohdlge instrument
can be enhanced further using gases like heliuargon which, are more closed to ideal gases. Taatyrerinfluence on
the reading has to be minimized by conducting ¢iséin a temperature controlled chamber. Unlike mencially available
instruments this can be fabricated at very low-ass$hg readily available components in the locatket The device is

portable and no need of external power supplytferaperation.
KEYWORDS: Air Pycnometer, Boyle’s Law, Particle Volume, SgiecGravity, True Density
INTRODUCTION

Physical properties of agricultural materials isyvignportant for designing and operating agricutusrocessing
systems. Volume, true density and specific graeftfood materials are important parameters in deisig, operating and
quality evaluation in food processing systems.Vauran be defined as the amount of three dimensap@de occupied
by an object, usually expressed in units of cubekmgth units(Sahin & Sumnu, 2006). Volume is arfethe most
frequently used measurement carried out in anyytioal experiment (Prichard, 2003). Volume measuaets for liquids
or gases are made using a graduated containensfance; a graduated cylinder. For solids, theiwel can be obtained

either from the measurement of dimensions of thid so by displacement of either liquid or air(Rvérd, 2003).

Density is another physical attribute that distinadentifies any type of material; solid, liquid gas. Density is
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2 F.H.C.A. Silva & D.A.N. Ddrmasena

merely calculated as the ratio of mass to volumassnbeing invariably measured on a discrete deuseally by
weighing(Simbun, 2010). But in volume measuremestdids have some distinctive attributescomparedigoids.
Solids may have void spaces in-between particleisdbcupy the space and while measuring the ‘tolienve’ those void
spaces have to be distracted from the reading.iffégular patterns on solid surfaces may also linpgrthe accurate
measurements. Volume measurements of particuldigs sand materials with irregular shape can be rddted by
displacement of gas or air in a pycnometer (ASTRU4). Pycnometry word was derived from a Greek wuylnos,

which means ‘dense’ (Instruments, 2016).

The theory of gas displacement instruments is baseBoyle-Mariotte’s law of volume pressure relasbip.
By this method volume of substances that react @@y or physicochemically with water can be detered by this
method. Further, the problem of air entrapping, clthis common in a liquid pycnometer does not existthis

measurement(Tamari & Aguilar-Chavez, 2004).
To obtain air volume readings, the pycnometer &snde’s ideal gas law as shown below.
PV =nRT
Where; P = pressure, V = volume, n = number of siofegas, R = gas constant, T = temperature (iniKgel

In gas pycnometry, the volume of solids are nduariced or interrupted by the open pores or interasities,
thus leads to have precise true volume measure(fienari & Aguilar-Chavez, 2004). The method is lthee the fact
that the used gas is displaced by the solid objebelium is used as the media, the gas particégspenetrate in to open
pores larger than 0.1 nm (Tsotsas & Mujumdar, 2088)it can be assured that all most all the paresietected and the

final reading has a much higher accuracy.

TYPES OF PYCNOMETERS

« Constant Volume Gas Pycnometer

Constant volume Gas Pycnometer (Figure 1) is ctngif a sample chamber, a reference chamber and an
absolute pressure transducer (P) (Tamari & Aguhévez, 2005). Reference chamber and sample chanaser

pneumatically connected by a tube with a couplialye 01.

Gas or air can be supplied to the system throutgive connected to the reference chamber with a omipling
valve 02. Here thevolume of the reference chambeuld be defined by the fixed volume (via caliboa)i or internal

volume andsample chamber volume depend on his sasig@d and mass.

Valve 02 ﬂ—‘ Valve 01

Gas Supply =® 8

or Vacuum

Y

Reference chamber ~ Sample chamber

Figure 1: Diagram of Constant Volume Pycnometer

Impact Factor (JCC): 2.8395 NAAS Rating.07



Design and Evaluation of a Novel Air Pycnometer foifrue Volume Measurement of Solid Particles 3

»  Variable-Volume Pycnometer

The variable-volume gas pycnometer (Figure 2.)amposed ofa sample chamber, a piston chamber, and a
pressure sensor. These three components are pmealtpanterconnected. Thepycnometer can also bmeoted to a gas
supply through a tubewith a coupling valve(Parreagl., 2016).

E]
Valve
Gas Supply @ 8 I
or Vacuum |

Two-position piston chamber

A

Sample Chamber
Source: (Tamari & Aguilar-Chavez, 2005)

Figure 2: Diagram of Variable-Volume Pycnometer

« Comparative Pycnometer

Basically, a comparative gas pychometer is compaseé samplechamber with a screw cap, a tank, a
two-position piston chamber, avolume controllee.(ia piston chamber whose internal volume isknéarany piston
position), a differential pressure transducer,andabve(Tamari & Aguilar-Chavez, 2005). The presstm@nsducer
measuresthe difference between gas pressures gathgle chamberand in the tank (Figure 3). Botlstlraple chamber
and the tank canbe connected at the same timgas supply through a tube witha coupling valve.

Gas Supply
or Vacuum

\":ll\'cl

()
H— Q

Two-position Defferential
piston chamber Pressure Guage

| Lo

Tank Sample Chamber
Source: (Tamari & Aguilar-Chavez, 2005)

=

R I

Figure 3: Diagram of a Comparative Pycnometer
General Drawbacks
Most of the commercially available gas comparisgonpmeters can typically measure volumes with au@cy
of £ 0.1 cc(Philip, et al., 1978). However, higlpeecision is desirable since volume uncertainthéslimiting factor in the

determination of density and specific gravity. Tehmaajor criticisms of known commercially availalgas comparison

pycnometers can be made. First, some devices ecthat the ideal gas law be precisely obeyed. Agyyadure from
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ideality of the gas being used results directhamuncertainty in the inferred volume. Secondlynydevices are not
stable against thermal variations. Changes in ré@mperature due to ambient variations can influethee pressure
measured in the sample chamber. This in turn caseca spurious variation in measured volume. Thiidlthe balanced
or zero condition, the number of moles of gas #edint from that in the pycnometer when a sampgleiriesent.

Thus, volumes are not calculated from measurenmeatie under identical conditions(Philip, et al., 897

One of the main drawbacks of existing commercialpgcnometers is the cost. Therefore, they are vamny in
most of the laboratories in poor countries. In &ddj air used in commercially available instrungeare not normal
atmospheric air and the manufactures recommengdoate such equipment with helium or argon, whiehaves similar

to ideal gases, but cost of operation is high arsbime cases difficult to find them as well.

Therefore, the objective of this research was sgteand evaluate a low-cost air comparison pyctenfer true

volume measurement of small grains and food pesicl
METHODOLOGY

Boyle's law states that at constant temperaturefiixed mass, the absolute pressure and the votiiragyas is
inversely proportional(Majumdar, 1995). The law @dso be stated as the product of absolute presswtesolume is a

constant.

PressurexVolume

Temperature

Many gases behave like ideal gases at moderatsypessand temperatures. Boyle and Mariotte dertivedaw
solely on experimental grounds. Based on this #mepigas pycnometer was designed.The device is cedpaof three

main parts; the piston and cylinder, sample charahdrthe differential pressure gauge.
In the design four fundamental assumptions wereemad
» Normal air behaves ideally; it does not absortot@s and its compressibility is negligible.
* The pycnometer is air tight and expanding gas dyiicaches a static equilibrium.
* The pycnometer’'s components are rigid and doesxmdnd at the operating low pressures.
e Gas temperature is uniform and remains constarniewieasurements are performed.

Piston Cylinders

Peumatic Cylinder —— Shaft— /’ r Serew shafl
\ " —
\ § /Y N\ r
f 5 I /= - / [
‘ } l kﬂ — =il W { . !: |
\‘ L gV \ Y A

Coupling
TOP VIEW

. j'—n Ay

SIDE VIEW

Figure 4: Top and Side Views of the Sample Cup Comated Cylinder and Fittings

Impact Factor (JCC): 2.8395 NAAS Rating.07



Design and Evaluation of a Novel Air Pycnometer foifrue Volume Measurement of Solid Particles 5

Commercially available two pneumatic cylinders waesedas the variable volume chambers.Pneumatemgisf
different sizes of cylinders are available in tharket and the necessary fittings are also readifylable for making
connections. Pneumatic cylinderis amechanical @ewigich is usedto compress gas to produce a fareeréciprocating
linear motion(Majumdar, 1995).For the design, twypmatic cylinders were used, one is coupled tsdmeple chamber
and the other is the reference cylinder. The bafréde cylinder is made of aluminum alloy and bogtinders had 20 mm
bore and 125 mm stoke. Due to the uniform innemeéizr, the volume change is proportional to therlimotion of the
piston. The shaft of one of the cylinders was cedpb a screw shaft, which canfacilitate the umifdiner motion of the
piston (Figure. 4). A dial indicator gagewas fixau the shaft in a way that the liner motion carcbeveniently measured
with a precision of 0.01 mm as shown in Figure 4.

The shaft of the other piston (reference pistond w@upled to a rigid plate in such a way it camimeed10-15
mm linearly (Figure 5& Figure 6) to increase themessure in that side.Then the two cylinders iméeeconnected by a 4

mm diameter pneumatic tube with a valve in-between.

Rigid plate

Pncumatic Cylinder- \ Shaft——
\
\ \
F A T
i ‘ [

TOP VIEW

—R@iap.,“c‘\
ﬂ e [_”

SIDE VIEW

Figure 5: Top and Side View of the Secon Cylinder

Crvlind=r Shaft

Figure 6: Top Veiw of the Two Cylinders

The Sample Chamber

Lid
/ ﬁ5crews

80 mm

33 mm
52 mm

Figure 7: Sample Chamber

The sample chamber was made of aluminum. It haairatight lid and a cup inwhich a sample can be@ta
(Figure 6). The internal volume of the sample chamias 41.91 ciFour screws were used to close the cup and te mak
it airtight, a small ‘O’ ring was used. The sampleamber was pneumatically connected toone cylingarg a rigid
pneumatic tube.
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A commercially available digital differential press gauge (model: HT-1890) was used and it can unedhe

differential pressure conveniently (Figure 7). Thievice has an accuracy af0.3%at 25 °C, and measures

gauge/differential pressure in the range of+0.1g/@f with a resolution of 0.001 kg/émThe device isoperated by a 9 V

battery.The pressure gauge measures the press$igente between two pneumatic cylinders; cylindeupled to the

sample chamber and the reference cylinder.

Device Setup

Pneumatic cylinders and other components were foedh wooden base plate as shown in the figurewbelo

(Figure 9). All the components were connected pragigally using 4 mmdiameter pneumatic tubes.

1. Cylinder shaft

2. Liner dial gauge

3. Screw shaft

4. Screw turning knob

5. Differential pressure

o

Sample chamber
7. Valve

8. Pneumatic tubes

Impact Factor (JCC): 2.8395
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Figure 8: Differential Pressure Gauge HT-1890
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Figure 9: Design Setup of the Components
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Measurement of the Sample Volume
e The following steps were followed in the volume s@@ment of a sample using the instrument.
* The lid of the empty sample chamber should beeigid and the valve (7) should be kept open.
* The differential pressure gauge and the liner natiial gauge should be set to their zero mark.

» Then the valve (7) should be closed and the sHatieocylinder 01 should be moved few millimeteosward
(preferably 6-8 mm) and then the piston rod shdaddightened. At this moment the differential pteesgauge

indicates a +/- pressure value corresponding t@tessure developed inside the cylinder 01.

* While keeping the valve closed, the shaft of thindgr 02 should also be moved forward using threwdnob
to compress the air in that side until it reachesgame pressure as in cylinder 01. At this montkatdifferential

pressure gauge should indicate zero.

* Then the liner movement of the second cylinder tskhbuld be read from the liner motion dial gaube).(

After that pull back the shaft to its original ptisn.
» Open the lid of the sample cup and place the saimgpige the sample chamber and close it tightly.

e Turn the screw knob again and move the cylindeft gifathe second piston and read the liner movenfes)t

when the differential pressure gauge indicatezéne pressure difference.

 (L-Ly) gives the liner distance which is proportionalttee sample volume placed in the sample chamber.

Using the calibration equation, the true voluméhef sample can be calculated.
Calibration of the Device

Seven different known volumes were used to obtaénliner relationship between the two variabledure and
linear motion (l1-L,). Three replicates were done for each known volamethe respective;iL , values were measured.

The means of three trials were used to plot theessipn curve.

Standard glass beads were used as the known volasngm®ey are perfect spheres and the thermal erypaiss
also negligible. Average of five diameter readingsre measured using a micrometer with an accur&dy®1 mm

(Moore & Wright: 965) for the volume calculation giass beads.
Accuracy of Measurement with Sample Volume

The device was tested toinvestigate the volumehefsample to be used in measurementsfor takingratecu
readings using two different known volumes. Eigfdal$ were carried out for each volume and thedsesh deviation of
the sample was measured. Using the standard deviatid the inner diameter of the pneumatic cylinthex error of the

volume was calculated, which deviates from the medine.
RESULTS

A summary of the data obtained in the calibratioocpss is given in the following table (Table 1).
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Table 1: Mean Values of the Measured Data for Califation

Volume | L;(avg) | Lo (avg) | Li-L,
(cm’) (mm) (mm) | (mm)
0.000 9.11 6.29 2.82
2.348 8.86 4.96 3.90
4.491 8.59 4.44 4.15
8.011 8.69 4.48 4.21
10.924 9.26 3.67 5.59
13.865 9.54 4.07 5.47
17.211 9.56 3.94 5.63

Using above data, a linerregression was done tabkstt the relationship between volume and therline
displacement difference (iL,)(Figure 10).

7.00
R*=0.8688

6.00
. .
5.00 //
[ B—

4.00 %1‘/ .

3.00 o
2.00
1.00
0.00

(L,-L,) mm

0 2 4 6 12 14 16 18

ohume e
Figure 10: Calibration Curve of the Air Pycnometer

The equation for the calibration graph is as foow

y = 0.1581x + 3.2524

The equation can be modified as;

Liner displacement dif ference (L1—L3)—3.2524
0.1581

Volume (cm?) =
Where, (L-L,) is in mm.
Minimum Theoretical Volume

The instrument can be used to measure a minimuomebf 0.00314 chtheoretically, since the cross sectional
area of the pneumatic cylinder is 3.141°@nd the minimum liner displacement that can besweal is 0.01 cm. But this
value could be achieved from the developed instninitbus a volume measurement range has to beiaptinfor a higher
accuracy of a particular measurement. Howeveratlogiracy of the measurement will be influencedhgysample volume

under practical conditions. Therefore, the accusdmuld be tested with increasing sample volume.
Effect of Smaple Volume on Measurement Error

The volume of the sample chamber is 41.92% cRollowing table (Table 2) shows the summary oé th
measurement data for two different test volumese $tandard deviations (SD) of the two samples vealeulated
separately using sample data and the error voluasalso calculated. The inner diameter of the padicroylinder two

was 20 mm. Then the cross sectional area is 3.441 ¢
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Table 2: Summary of the Data Used for SD

: L, L, L-L,

Trial no (mm) | (mm) ((mm))

1 727 | 284 | 443

2 9.72 | 535| 437

3 888 | 513| 3.75

4 8.89 | 486 | 403

4.491 cri 5 985 | 540 | 445
6 998 | 6.03| 395

7 8.90 | 495| 395

8 981 | 551| 430

1 845 | 3.00| 545

2 857 | 3.02| 555

3 8.68 | 3.07| 561

4 8.73 | 291| 582

17.212 e |— 871 | 322| 549
6 887 | 359| 528

7 9.08 | 397 | 511

8 8.64 | 3.30| 534

Calculated SD value for the 4.49 tend 17.212 cfiwere 0.2658 cm and 0.2163 cm,respectively. Thezefbe
respective volumes were calculated as 0.083% amd 0.0679 cfhusing the cross sectional area and the SD values.
This can be simplify as while measuring a volumd®212 crii the reading of the device can be in-between 57cod

and 17.379 crhwith 95% accuracy#2 SD). Therefore, larger the sample size, the nepidi more accurate.
DISCUSSIONS

Since the available instruments for true volume sueaments of small food grains and particles apeesive,
the measuring device is important for laboratorfscording to the literature, gas comparison pycewynis one of the
most reliable techniques for true volume measurésngince it does not interfere with the materiaparties or any other
conditions except the ambient temperature. Accgrdinthe Boyle's law for a fixed mass, the absolutessure and the

volume of a gas are inversely proportional. Gaspyetry is one of the applied technology of thisqpdmena.

Even though there are various types of gas pycrersatailable, this study focused on a novel teciigf

taking measurements which applies the same theoBogle's law.

A separate sample chamber was designed and inrddoc convenient loading of the sample to be meaku
Two identical pneumatic cylinders were used as theyreadily available and the necessary fittings also be found
locally. Pneumatic fittings are designed in a wagttthey are hermetically sealed when connectetyustandard tubes
and very much convenient to make the connectionsenMhe fittings were properly fixed, the air leg&s could be

detected from the pressure gauge and correct them.
Operation Principle

Initially two of the cylinders and the sample cha&mlopens to the normal atmospheric air, thus tlessure in
both sidesare identical {P By closing the valve (7), two cylinders are sgped by each other pneumatically.
Sample chamber is always connected with the cytidd@hen while the piston shaft of the cylindemaves forward and
the pressure will increase inside the cylinder dbe{R) and the difference (HP;) will be indicated by the differential

pressure gauge. To compensate that pressure diffgsréhe shaft of the piston 2 should also be mofeediard
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10 F.H.C.A. Silva & D.A.N. Dirmasena

(to the same direction) until the pressure gaudecates zero pressure difference. The liner movémethe cylinder 2

can be measured within the range of 0-10 mm witiramum reading of 0.01 mm. The liner displacenisrmiroportional

to the initial pressure increment of the cylindearid the value should be recorded. Then the shas20 be pulledback to
its original position. When the sample chambergered, that side of the device will open to theosipheric pressure
again and with the sample placement, the totalifresnal space will be reduced. The lid has tdiggetened next and the
shaft of the cylinder 2 should be moved again uhgl pressure gauge indicates zero value. Butahtnibment, the liner
displacement is a lesser value than earlier beaafube sample taking some space from the initidime. Therefore, the
pressure will develop with a lesser displacementhef cylinder shaft. The reduced volume (due terlidisplacement

reduction) is proportional to the sample true vaduamd the sample volume could becorrelatedto tiee tisplacement.

Accuracy and the Reliability

Results of the study reveal that the instrumentamesceptable accuracy. The standard deviation2df €m for
the linear displacement for 17.21 twolume measurement result®8.0679 crof volume error. This error is within the
acceptable range with respect to other availablécds (Philip, et al., 1978). As a percentage, ithi3.789%. According to
the data obtained, with the increasing of the vaubeing measured, the error percentage could hécedd For a
measurement of 4.491 érthe error percentage was calculated as 3.719%hwhia higher value. With these data it is
recommendedto use a larger sample size to get @anase measurement; ideally more than 17oéreample volume.
The instrument can be identified as a reliable émst measuring device for true volumes of partigulagricultural
materials as it generates readings with an accleptaicuracy. The reliability of the used componénthe design also at

an acceptable level and all the components ardlyeadilable in the market at reasonable prices.

Cost Analysis

The device can be fabricated for a cost of arouh@@ Sri Lankan Rupees ($ 137) and that wouldbthgest
advantage of this design. Cost of main componamstiisied in the table given below (Table 3).As coencially available
air pycnometers are relatively expensive and diffito be purchased with limited funding, this v a viable option for

many such laboratories.

Table 3: Cost of Main Components

Item Unit Cost (LKR) | Quantity | Cost (LKR) | Cost (USD)
Pneumatic cylinder (20x1285) 3,800.00 02 7,200.90 .087
Differential pressure gauge 4,500.00 01 4,500.00 AP9
Dial indicator 1,050.00 01 1,000.00 6.53
Pneumatic valve 600.00 01 600.00 3.92
Sample chamber 1,800.00 01 1,800.00 11.7¢
6mm tubes 200.00/m 02m 400.00 2.61
Pneumatic fittings - - 2,000.00 13.07
Machine works - - 1,500.00 9.80
Other - - 2,000.00 13.07

Total 21,000.00 137.25

(Note: prices of sri Lankan Rupees were conveetED with a conversion rate of SLR 153)

In the design process, itis importantto consider fibllowing error sources as well. The Boyle's l@&vonly
applicable for ideal gasses and this device opessitdh normal atmospheric air.However, if the instent can be operated
with a gas like helium or argon, this issue cannfiaimized and the accuracy of the device can alsanfproved.

During the calibration process, the temperaturectfivas neglected and assumed that there is ncetatupe variation

Impact Factor (JCC): 2.8395 NAAS Rating.07
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while the measurements were taken. However, thedemture directly influencesthe accuracy of thedireg thus a
calibration for temperature variation should alsoibcorporated or test should be done inside a d¢eatyre controlled

chamber.

The re-designed pycnometer is light in weight, glolé and no need of external power supply for {heration.

Thus it can be used even as a field testing ingntrapart from the laboratory measurements.
CONCLUSIONS

The air pycnometer designedis a cost effective adehuately precise for measuring true volumes dfqudate
materials when the sample volume is relativelydafgolumes larger than 17 émives more accurate readings with an
error of +0.06 crh or less than 1%. The separate sample chamber &ffisient design and the method of taking
measurements is a novel concept in gas pycnomstmgplicity and time saving of measurements are sonagor
advantages of the instrument.
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