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Abstract

Several methods and procedures for the determimafiparticle density of pellets and briquettesevested
and evaluated. Round robin trials were organizedluing five European laboratories, which measuted
particle densities of 15 pellet and five briqueytges. The test included stereometric methods, edstbased on
liquid displacement (hydrostatic and buoyancy) wimgl different procedures and one method basedlich s
displacement.

From the results for both pellets and briquettelsecame clear that the application of a methoedbas either
liquid or solid displacement (only tested on pedi@mples) leads to an improved reproducibility cared to a
stereometric method. For both, pellets and briggethe variability of measurements strongly dependthe
fuel type itself.

For briquettes, the three methods tested baseiduid Hisplacement lead to similar results. A cogtbf the
samples with paraffin did not improve the repeadiigtand the reproducibility.

Determinations with pellets proved to be most #avhen the buoyancy method was applied usingtinge
agent to reduce surface tensions without sampléngpd his method gave the best values for repdayadnd
reproducibility, thus less replications are reqdite reach a given accuracy level. For wood pelteées method
based on solid displacement gave better valuespafatability, however, this instrument was testazhyy one
laboratory.
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1. Introduction

Several national standards [1-3] describe theqartiensity of pellets and briquettes as a qualiticator of
densified fuels. It is also defined as quality paeter for briquettes in the technical specificatipnCEN/TC
14961 [9].

Moreover, this property has an influence on bulksity and on combustion properties of pellets angulettes
(heat conductivity, burning time and rate of defieation) [4,5,11]. The determination of this pasetar, which
is defined as ratio of the mass and the volumesaiaple including pore volume, faces several diffies.
While mass measurements are easy to realise, themealetermination is connected with several uadslies.
Irregular particle shapes and surface roughnessase the result variability, particularly for stlemetric
methods. Moreover, the hygroscopic properties affp@ssed wood fuels, which seem to depend on fieedfy
raw material [6] introduce incertainties for thdwme estimation by liquid displacement methods.sEhare
mostly due to the liquid penetration into the coegsed fuel, the bonding forces and the dissolvirigeofuel's
shape. Finally, the hygroscopic properties of pelad briquettes not only act on the mass ofdhapte but
also influence its volume [5].

This paper aims at comparing different methodsHerestimation of the particle density of pellatd a
briquettes. It focuses on stereometric methodsdaterminations applying liquid and solid displacem&@hese
methods have been tested in an international rooinid by five different European laboratories usifigpellet
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and five briquette types.

2. Material and methods

2.1. Pellets sample selection

The 15 selected pellet types (Table 1) were pradiicéive different European countries and were all
commercially available. The selection includes wpetlets with different diameter and pellets mauberf
agricultural residues. The moisture contents ofoiléets were between 6% and 10% (w.b.).

2.2. Briquettes sample selection

The five briquettes selected were produced in ftiffierent European countries and were all comméycia

available. Their origin, production process, shape raw material are listed in Table 2. As for gtsll the
moisture content was measured before testing. Tdistune contents of all briquettes were below 108 ).

Table 1 Description of the different pellet types seledtwdesting

Pellets code  Diameter (mm) Raw material
P1 6 Mixed wood
P2 6 Softwood
P3 6 Hardwood
P4 6 Hardwood
P5 8 Mixed wood
P6 8 Mixed wood
P7 8 Mixed wood
P8 6 Mixed wood
P9 6 Mixed wood
P10 9 Straw

P11 6 Miscanthus
P12 6 Softwood
P13 6 Softwood
P14 8 Hay

P15 9 Straw

Table 2 Description of the different briquette types seadddbr testing

Briquette code Production Cross section Shape Raw material

(Origin) press

B1 (France) Extruder Hexagonal (5= Mixed wood

B2 (Germany)  Extruder Square &\\ Hardwood
\@

B3 (Germany) Chamber  Rectangular @ Mixed wood

B4 (Spain) Piston Circular @ Mixed wood
B5 (Austria) Piston Circular % Softwood
O
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2.3. Tested methods

Particle density is calculated as the ratio ofrtfeess to the sample volume including pore volumenBtough
the moisture content seems to have an influendbeparticle density [7], in this study, the ingeaf the
volume, depending on the moisture content, is mégte The particle density is thus expressed fastue
contents as "as received". All participating lalborias followed the same guidelines, which hadt|gibeen
elaborated in order to exclude effects caused tyrisistent handling procedures.

Table 3 shows the tested methods and the numb@bafatories involved in the round robin trialscEa
participating laboratory performed 15 replicatidmseach tested fuel and each tested method.

Table 3 Particle density: tested methods and number ofriaiovies involved fobriquettes and pellets

Tested methods Number of laboratories Number of laboratories
involved in briquette testing involved in pellet testing

Stereometry 4 5 4

Stereometry 2 3 Not tested

Hydrostatic and paraffin coating 4 4

Hydrostatic and wetting agent Not tested 3

Buoyancy without paraffin coating 2 Not tested

Buoyancy and paraffin coating 4 4

Buoyancy and wetting agent Not tested 3

Solid displacement method Not tested 1

aStereometrical cross-section calculation.
®Cross-section calculation by cut out paper.

2.3.1. Liquid displacement methods

Liquid displacement methods are based on the Arettés principle. The volume of a sample is estimbtethe
mass of the volume that is displaced while the danspubmerged in liquid. However, those methagsehwo
major disadvantages. First, due to hygroscopicgugberties, liquid may be absorbed. Second, dblms may
build up on the sample surface while submergedtaserface tension. In order to avoid the impadhete
disadvantages, samples may be coated, e.g. widlffipamvhile the addition of wetting agents is usededuce
surface tension.

The tests on liquid displacement methods were pedd in pure water, (on paraffin-coated or non-edat
samples) and in a mix of water and wetting agemtrfbn-coated samples). The applied paraffin hagiting
point between 52 and 54 °C. The added wetting agastt-Octylphenoxypolyethoxyethanol; polyethylene
glycol tert-octylphenyl ether (CAS number: 9002-B3rade mark Triton X-100), at a concentrationvater of
1.59/.

The pellet sample, between 4 and 8 g, was weigh#tetnearest 0.0001 g while the briquette sangalel
single briquette) was weighed to the nearest 0.1 g.

For the volume calculation, the density changesefiquid caused by different temperatures, wkenanto
account.

2.3.1.1. The hydrostatic methdd.the hydrostatic method, the mass of the liquiidciv is displaced by the
sample was determined. A glass beaker filled vidgghidl (water or mix of water and wetting agent) vadesced
on the weighing platform of a balance. The sampéenial was placed in a cage that was fixed atrticedly
moving arm of a tripod.

The liftable arm realised the submergence of thepéa filled cage, which should have no physicaltaonwith
the beaker glass when under water (Fig. 1). Thes mifference between the empty system and theraystth
a sample placed in the cage allows the volume ah@tation of the sample and the calculation of tagiple
density p,) according to Eq (1)
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mu
p,u = Pws (])
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wherep,, is the density of liquid at a given temperatumgis the weight of the test sample in air anglys is the
weight of liquid displaced by the test sample.

Fig. 1. Volume determination with the hydrostatic methdd [4
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Fig. 2. Volume determination with the buoyancy method gmesment by the bottom of a balance).
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2.3.1.2. The buoyancy methda the buoyancy method, the apparent weight ostiraple during submergence
is determined, the buoyancy is the difference betwbe sample's weight in air and its apparent hteig

liquid. In contrast to the hydrostatic method, Wwighing platform is not loaded with a liquid contr. For
briquette volume determination, the liquid contaimas positioned underneath a balance, which waipeed
with a below-balance weighing hanger (Fig. 2). &dksting was conducted by the use of a partietesity
determination kit provided for the balance by trenofacturer (Fig. 3). The kit provides a bridge tfoe
weighing plate where the beaker glass was placdteohridge in order to prevent any direct loadten
weighing plate. The sample volume was determinethéyifference between the mass of a sample ianair
the mass of the same sample submerged in the lifjb& particle density() of the sample is calculated
according to Eqg. (2).

mu

= , 2
Pu = o P (2

wherep,, is the density of liquid at a given temperatumgjs the weight of the test sample in air ands the
weight of the sample in liquid.

2.3.1.3. Paraffin coatinglhe paraffin coatings were been performed by immgrhe sample in a bath of liquid

paraffin (temperature: 100 °C). Samples were weldiefore and after the paraffin coating, in oraecdlculate
the mass of the applied paraffin. The paraffin dgngas 900 g/l.

Fig. 3. Volume determination with the buoyancy method it
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2.3.2. Stereometric methods

Stereometric methods are based on the measureffitbetdimensions (e.g. diameter, length, widthghtiof a
single regularly shaped particle using length-meagunstruments (e.g. calliper gauge, rule). Thiume of the
sample is then determined by calculating the volofrthe nearest regular geometrical shape (cylintldroid,
cube).

2.3.2.1. Stereometric measurements on pelesingle pellet sample was weighed to the near@§dl g. All
size measurements were made at a precision of @.1Imthe calculation the pellet was considereldaee the
shape of a cylinder.

The convex or concave endings of each pellet wvear®ved perpendicularly to the axis of the pelléte T
extremities were cut and sanded in order to olsiiooth sides. The length of the pellet was thersorea
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twice (measures were taken at the right angle cfi ether). The diameter was measured six timesgtai each
end and twice in the middle of the pellet; betwiken successive measurements the pellet was alwtated by
90°.

2.3.2.2. Stereometric measurements on briqueitegigle briquette sample was weighted to the retdrd. g.
All the measures were made at a precision of 0.1 Tima irregular sides of each single briquette wensoved,
the extremities were cut by a blade or a band saright angle to the axis of the briquette.

The length of each briquette was determined twica balliper gauge (precision 0.1 mm). Where theuatte
had a central hole, the diameter if this hole waasured (twice, perpendicular, at each ending}fantiole
volume was subtracted from the total volume.

For the calculation of the briquette's cross-sedtieo different approaches were applied. As dong@éets, the
first approach was based on measuring the threergiions of the briquette and to estimate its volbgnasing
geometric formulaes. The second approach aimestiatating the surface of the briquette's crossizedty the
use of a paper sheet of known dimensions. The steetveighed (to the nearest 0.0001 g), afterwidnels
briquette was placed on the paper in such a waythbkacontour of the briquette could be drawn anghper.
Finally, the briquette's cross-section was pregisat by a pair of scissors and weighed. The melasion
between the cut piece of paper and the originatsimass enabled the calculation of the cross-seatiea of the
briquette. This cross-section was then multipligdhe length of the sample in order to estimatedlsme.

Fig. 4. Volume determination of pellet samples with tlepldicement of solid method (pycnometer [4]).
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2.3.3. Solid displacement method

A commercially available powder pycnometer (GeoP$60 by Micromeritics, USA Fig. 4) was used. Irsthi
method the apparent volume is determined by thgatisment of a powder ("DryFlo"). At first an empty
measurement is made without any sample in orderei@sure the initial volume of the powder. A pluniger
moved step by step until a predefined consoliddtioce is reached; here the position of the plumgéne
cylinder is recorded. Then the actual measuremastperformed by adding the sample into the cylitaoher
repeating the same procedure as for the blankis&sg the same consolidation force. The volume cadsulated
from the difference of the two plunger positionsfdre and after sample addition. Only one partestet this
equipment and as it is a non-destructive metha# also used to determine the penetration coefiti @f
paraffin for pellets (see Section 2.4).

2.4. Analysed parameters

In order to evaluate the influence of each testethod and each selected fuel on the particle derestilts,
individual and global mean values and standardatievis were calculated for the 15 replicationsazthe
laboratory and for all participating laboratori&oreover, the relative and absolute repeatability a
reproducibility limits were calculated followinggHSO 5725.2 [8]. For pellets, repeatability angroglucibility
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were calculated for three distinct groups of psllét first group consisted of all 15 pellet typestéd in the
project, a second group consisted of agricultiesidue pellets only and a third group consistedadd pellets
only.

The number of replications which are required teuea several accuracy level of 0.5%, 1; 2% or 5% wa
determined following a common statistical calculatprocedure according to Dagnelie [10], the carsid first
and second kind errors are, respectivety 0.05 ands = 0.5. To compare the mean values of particle density
obtained by the different methods, analysis ofarares (ANOVA) were conducted with a significanoeeleof
5%.

The comparison of the repeatability and reprodliidimits was made with &-test (test of variance equality
of variances wittx = 5%) [10].

Concerning the paraffin coating different calculag were made in order to evaluate different cticrenodes
for the added volume of the coating. Knowing thessnaf applied paraffin and the density of paratftire,
applied volume of paraffin on the sample was deireethby calculation.

In the first approach, it was assumed that thd tptantity of paraffin remains outside the sampleerefore, a 4
corrected density (Corrl density) was calculategudytracting the calculated volume of paraffin friva
measured volume. This calculation was done foruatigs and pellets.

In a second approach (for pellets only), the ush®pycnometer makes it possible to determinatesage
amount of paraffin which penetrates the samplendupreparation (coating). Three of the 15 pellpetywere
chosen for the measurements (a 6 mm diameter weltet, g 8 mm diameter wood pellet and a pelleterafid
agricultural residues). The three samples were oneddwice with and without paraffin coating (1@lieations
each). The comparison between both volumes anduéetity of applied paraffin allowed the share afgifin
penetration for each of the three pellet typesatadtermined.

These paraffin penetration shares were appliedldasted pellets (according to the raw material Hre
diameter) to calculate a second corrected derSityr2 density) by regarding only the paraffin vokinvhich
remains on the pellet's surface. The correcteditilengCorrl and Corr2) were compared to the namexbed
density (Nc density).

Fig. 5. Particle density of 15 pellet types estimated lofjfferent methods (mean value and standard denaif
involved laboratories). HP, hydrostatic with paiaftoating, BP, buoyancy with paraffin coating, StB
stereometric measurements, HWA, buoyancy withngedtijents, BWA, buoyancy with wetting agents.
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3. Resultsand discussion for pellet trials
3.1. Mean values and standard deviation

Fig. 5 shows the results and standard deviatiotiseofested particle density determination metfod45 pellet
types (mean values for all laboratories). Concertiive variability of the results, a tendency depegdn the
single pellet types is observed. This was confirimedn ANOVA (two-way ANOVA method and pellet types
fixed model) which shows that the single pelletetyyas a significant influence and the method Haglady
significant influence on the variances.

In fact, the variability is influenced by the valagthe particle density itself. Variations are gt for low-
density pellets, while they are lowest for high-signpellets. This was confirmed by a ANOVA anaty@iwo-
way analysis: diameter and raw material) on théawaes with the density as a co-variable.

For agricultural residues pellets and low-densitiesd pellets (density < 1.2g/énstereometric determinations
lead to a higher variability (variance of 0.062c(g?)?) compared to the liquid displacement methods,
particularly when the buoyancy method with additidrwetting agent is used (variance of 0.019 (dJm

Concerning wood pellets with higher particle deasitas test of variance equality has showed tegtads
using wetting agent give equivalent variances ® @g2cni)?) which are significantly lower to the ones obtaine
with the three other methods.

Due to the paraffin coating, densities obtainedhwiethods using paraffin (hydrostatic and buoyaacg)lower
than for the other methods.

The comparison between hydrostatic and buoyanciiodstwith paraffin and wetting agent was made with
ANOVA (a two-way variance analysis, methods andrgas, fixed model). This analysis has shown that
buoyancy and hydrostatic methods—no matter whetheaffin coatings or wetting agents are applied—+st&e
produce similar results and can therefore be reghad compatible. It was also found that the imftgeof the
laboratory on the result is highly significant. Atitghally an interaction between the laboratory #mel method
factors was observed which means that for somedadiies the mean values of particle density olethiwith
both methods can be different.

As the solid displacement method was only testedrigylaboratory the results shown in Fig. 6 ars¢ho
obtained for this laboratory only. For low-dengiilets, the variability of the results obtainedhathe method
based on solid displacement is comparable to theobtained with the liquid displacement methods.the
wood pellets with higher densities, the variatians smaller.

Fig. 6. Particle density of 15 pellet types estimated loljfferent methods (mean value and standard deriadf
one laboratory). HP, hydrostatic with paraffin coag, BP, buoyancy with paraffin coating, PYC, solid
displacement method, HWA, buoyancy with wettingsg&WA, buoyancy with wetting agents.
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Table 4 Particle density determination of pellets: relatifré¥o) and absolute (r) repeatability (mean value
through laboratories), relative (R %) and absol(f) reproducibility limits and the required number of
replications (n) to reach a certain accuracy level

Pellets Method r(g/cn?) r (%) R(glent) R (%) n
05% 1% 2% 5%
Wood pellets St 0.09 766 0.12 9.36 1137 284 71 11
HP 0.08 6.52 0.11 9.59 315 79 20 3
HWA 0.04 3.52 0.05 413 240 60 15 2
BP 0.07 5.60 0.08 6.75 124 31 8 1
BWA 0.04 291 0.04 347 127 32 8 1
Agricultural residues pellets St 0.13 11.55 0.16 13.85 644 161 40 6
HP 0.10 8.89 0.12 11.44 417 104 26 4
HWA 0.09 751 0.16 13.59 391 98 24 4
BP 0.09 9.00 0.12 11.64 367 92 23 4
BWA 0.05 456 0.07 6.33 79 20 5 1
All pellets St 0.11 8.73 0.13 10.63 1137 284 71 11
HP 0.08 712 0.12 10.04 417 104 26 4
HWA 0.06 490 0.10 7.80 391 98 24 4
BP 0.07 6.10 0.09 7.75 367 92 23 4
BWA 0.04 3.46 0.05 440 127 32 8 1

HP hydrostatic with paraffin coating, BP buoyandthvwparaffin coating, StB stereometric measuremet§A buoyancy with wetting
agents, BWA buoyancy with wetting agents.

3.2. Repeatability, reproducibility limits and nuentof replications

Table 4 shows the relative and absolute repeatahitid reproducibility limits of the tested paréicensity
determination methods.

Additionally, the required minimum number of repliions which are necessary to obtain a given acguexel
(0.5%, 1%, 2% and 5%) are given.

The parameters are given for three different grafgellets: wood pellets, agricultural pellets aichellets
together.

Regarding evaluations of all pellets it is obvidliat repeatability limits are higher for stereorwetr
determinations (8.7%) and displacement methods péthffin coatings (7.1% for hydrostatic and 6.10% f
buoyancy) compared to immersion methods where nggttgents are added (4.9% for hydrostatic and 305%
buoyancy).

The advantages of the wetting agents method wasalgirmed when the laboratory influence is coastd
(reproducibility limitsR), at least this applied for wood pellets. However dgricultural pellets only the
buoyancy method applying wetting agents seemstalsesult in better reproducibility.

It has to be added that the pellet raw materishénfces the repeatability and the reproducibiftgllets from
agricultural residues show worse results than wmalkkts. The group made of agricultural pelletsigdr %
ranging from 4.56 to 11.55% depending on the mettuile repeatabilities were between 2.19% and %.6&r
wood pellets.

The buoyancy method applying wetting agents reguhie least replications to achieve a given acgumael.
For example, to secure an accuracy level of 2%y, 8meplications are needed for wood pellets, while
replications are necessary for the stereometritooket

It also appears that it is difficult to achieve a@xry below 1% for the whole range of materialdaltt, even
when applying the buoyancy method with wetting 4g82 replications would be required to meet tfé 1
accuracy demand considering all the pellet types.

However the data presented here are calculatedtidanost variable pellet types, when variabilitjoiwer, e.g.
for pellet type P1, the minimum number of replioas can be much lower. Then, for example, only two
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replications would be enough to obtain a precisib®.5% when using buoyancy with wetting agent rodtbn
pellet type P1.

Concerning the method based on solid displaceriabie 5 shows the relative %) and absolute
repeatability limits obtained by the single laborgtwhere the tests were made. These results anpared to
the buoyancy with wetting agent method.

The method using the powder pycnometer shows artrefpeatability for the wood pellets than the army
with wetting agent method (2.34% and 3.88%, re$palg), which results in a lower required number of
replication. To reach 1% accuracy only nine repiice are needed instead of 32 using the buoyamtiiod
with addition of wetting agent.

Table 5 Particle density determination of pellets: relatifréo) and absolute (r) repeatability (mean value
through laboratories) and the required number gdligations (n) to reach a certain accuracy level
Pellets Method r (g/cn?) r (%) n
05% 1% 2% 5%
Wood pellets PYC 0.03 234 38 9 2
BWA 0.05 3.88 127 32 8
Agricultural residues pellett PYC 0.07 6.70 186 47 12
BWA 006 538 73 18 5
All pellets PYC 0.05 366 186 47 12

BWA 0.05 429 127 32 8
PYC solid displacement, BWA buoyancy with wettirgeats.

PNRNPR R

Fig. 7. Non-corrected density (Nc density) and correcteusidies (Corrl and Corr2 densities), mean value and
standard deviation, depending on the pellet tyg®ained with the hydrostatic with paraffin coatingethod.
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3.3. Caorrection of coating volume

The global mean value of the applied paraffin sligreelation to the total sample weight) is 8. 9%@average
(through laboratories and pellet types). The sbéthe applied paraffin on the different pelletégpvary from
4% to 22%. The variability between the participgtiaboratories is important with calculated coedfits of
variation ranging between 14% and 37%.

The calculated shares of paraffin penetrationtier3 pellets type was: 68% for pellets made froncatjural
residues, 36% for 6 mm wood pellets, and 26% fom8 wood pellets. Those penetration shares, whieh ar
particularly high for agricultural pellets, showvattit is not acceptable to assume that the appbedffin does
not penetrate the sample. Penetration probablyndispen the particle density of the fuel itself hus difficult
to extrapolate as the calculation was only donghiae pellet types. As explained in Section 2o5¢h
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penetration shares were used to calculate the Cemngity.

Fig. 7 shows the three densities for the hydrastatthod with paraffin coating, similar tendenciese
observed for the buoyancy method. Particle demségisurements where the volume of the paraffin mgagi
subtracted from the measured volume (Corrl and2Tare higher than Nc densities. The reason isonisvas
the measured volume is reduced, consequently |gadimsity increases. Corrl density is always saptr
Corr2 density because, for Corr2, a lower paraffilume is subtracted from the total volume sin@eghbantity
of paraffin that penetrates the pellet is not coesad.

The statistical analysis (one-way analysis of vargg factor: correction) confirms that the threagdilges differ
highly significantly from each other. Additionallthe coefficient of variations of the Corrl dengitg also
higher than the ones calculated for the two otleesidies {-test,a = 0.05%).

The introduction of a correction for the volumeapiplied paraffin does not have a significant infice on
repeatability and on reproducibility when the tdsteod pellets and the full range of pellets agarded. In
contrast, pellets made from agricultural residuesassignificantly higher values of reproducibilityr Corrl
density compare to the Nc (Table 6).

The results show that the correction has an impbitdluence either on the value of particle dgnaitd, for
Corrl, also on the variability of the results ob&a amongst laboratories. This is due to the fadtthe volume
of applied paraffin can be important compare toitfitéal sample volume and varies from one pelgietto
another and also between laboratories.

Table 6 Absolute (R) and relative (R %) reproducibility tisnof non-corrected density (Nc) and corrected
density (Corrl) for hydrostatic and buoyancy measiam pellets made from agricultural residues

Methods R (g/cnt) R (%)
Hydrostatic Buoyancy Hydrostatic Buoyancy
Nc Corrl Nc Corrl Nc Corrl Nc Corrl
Agricultural 0.123 0.221 0.130 0.210 11.44 17.66 11.64 16.95

residues pellets

Fig. 8. Particle density of five briquette types estimdigdive different methods (mean value and standard
deviation of participating laboratories). St1, St#ereometry 1 and 2, HP, hydrostatic with paraéfoating, BP,
buoyancy with paraffin coating, BW, buoyancy withparaffin coating.
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4. Resultsand discussion for briquettetrials
4.1. Mean values and standard deviation

The results of the particle density determinationtfie five briquettes tested during the roundmdbst are
shown in Fig. 8 (mean values for all laboratoried atandard deviations). It seems that the singtpsbtte type
influences the variability of the results. For exden briquettes B5 show higher variability comptrd3 or B4.
Briquettes B1 show a higher variability especidédiythe stereometric methods. This could be duattmsic
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physical properties of the fuel such as the surfanghness and the presence of a central holanlalso be
noticed that stereometric methods lead to moreklairesults compared to immersion methods.

A two-way ANOVA (methods and laboratories), whichsadone for each briquette types separately, stiwts
the two stereometric methods give results whichstatstically different for briquettes B1, B3 aBd and that
the influence of the laboratory leads to differefarebriquettes B2, B4, B5. No interaction was alied
between both parameters. The two-stereometric rdetb@annot be regarded as equivalent.

The ANOVA also reveals that except for one briquéB5), methods using samples with paraffin coating
(buoyancy and hydrostatic) do not differ signifitgnThe influence of the laboratory is significdat four of
the tested briquettes (except briquette B3). Apé@ilets an interaction between both parametersolvasrved,
oneway ANOVA were made (factor: method, fixed mypdet each laboratory and the results have shoah th
for the briquette B5 all labs have given resultsohidiffer significantly between HP and BP methods.

For briquettes B1, B3 and B4 only one lab of ther fimvolved in the tests gave different resultsn@aning the
briquette type B2, no influence of the method wasfl. Except for briquette type B5, for practigapkcation it
is therefore not relevant which of the methods Baseliquid displacement is used.

4.2. Repeatability, reproducibility and number@plications

Table 7 shows the relative %) and absolute’) repeatability (mean value through all laborate)i¢he relative
and absolute reproducibilityR(% andR) of the tested particle density determination meshddiditionally the
required minimum number of replications which aeeessary to achieve a given accuracy level (0.5%6,2%
and 5%) is given. It is obvious that determinatibgsmmersion methods lead to better repeatalsiligd
reproducibilities than stereometric measuremeng. Vdlues of repeatability and reproducibility limyére almost
twice as high as for hydrostatic or buoyancy deteations.

It should be mentioned that the reproducibility aedeatability limits calculated for each methoebely depend
on the briquette type itself. A test of variance@idy (« = 0.05) showed that repeatability and reproducibility
differ significantly from one briquette to another.

According to Table 7, an accuracy demand of 1%azdy be met by a large number of replications (leetw?26
and 41 for immersion methods). Compared to othéhaaks the buoyancy method without paraffin coating
(BW) is associated with the lowest required nundfeeplications. For example, to guarantee an amgulevel
of 2%, seven replications are needed, while 1%acessary for the stereometry 2 method. Howevegnwh
variability is lower, e.g. for briquette type BBgetrequired number of replications can be much towe

Then, for example, only four replications woulddr@®ugh to obtain a precision of 0.5%, when usingybocy
pure water method on briquette type B3.

4.3. Correction of coating volume

In average the mass share of the paraffin coatamgyamly 1.8% of the total sample weight. Compaoepktlets,
the variations between briquette types and labdest@re relatively small with values ranging fr@r@% to
2.7%.

As already explained for pellets, the correctedsdies are always higher than Nc densities (Tahl&®8r each
type of briquette, the mean values of correctedmdensities were statistically different (ANOVA@&way
analysis, factor: correction). tAtest(a = 0.05%) showed that the measuring deviations areldguboth
methods of calculation (similar coefficients of iaion).

Concerning the values of repeatability and reprdality calculated for Nc and corrected densitiésppears
that the introduction of a correction for the vokiaf applied paraffin does not have a significafiuence. This
is due to the relatively small volume of the paraffompared to the total briquette volume.
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Table 7 Particle density determinations of briquettes: t&la (r %) and absolute (r) repeatability (meanuwel
through laboratories) and relative (R %) aabtisolute (R) reproducibility

Methods R(glcn?) r (%) R(glent) R (%) n

05% 1% 2% 5%
Stereometric measurements 1 0.08 6.75 0.11 10.17 257 64 16 3
Stereometric measurements 2 0.08 7.46 0.11 9.56 300 75 19 3
Hydrostatic with paraffin coating 0.05 3.92 0.063 539 165 41 10 1
Buoyancy with paraffin coating 0.05 3.99 0.069 591 141 35 9 1
Buoyancy without paraffin coating 0.05 4.37 0.061 524 105 26 7 1

The required numbers of replicatiom3 &re given for certain accuracy levels.

Table 8 Mean values, standard deviation (Std) and coeffiadé variation (CV %) for the non-corrected (Nc)
density and corrected density (Corrl) for hydrostaind buoyancy methods for the particle densityrimfuettes

Briquette code Hydrostatic method (g/cth Buoyancy method (g/cth
Nc Corrl Nc Corrl
B5 Mean 1.165 1.193 1.180 1.205
Std 0.033 0.032 0.042 0.040
CV % 2.8 2.7 3.5 3.3
B4 Mean 1.108 1.129 1.110 1.128
Std 0.018 0.017 0.017 0.018
CV % 1.6 15 15 1.6
Bl Mean 1.198 1.237 1.196 1.235
Std 0.019 0.021 0.015 0.014
CV % 1.6 1.7 1.3 1.1
B2 Mean 1.235 1.263 1.239 1.267
Std 0.022 0.020 0.023 0.021
CV % 1.8 1.6 1.8 1.6
B3 Mean 1.009 1.027 1.008 1.026
Std 0.011 0.012 0.009 0.011
CV % 1.1 1.2 0.9 1.1

5. Conclusions
5.1. Particle density determination of pellets

For all methods tested, it appears that the piitet, linked to the level of particle density, irghces the
variability of the results.

Generally, the stereometric method is less favdardbe to higher variability compared to the liquid
displacement methods.

Buoyancy and hydrostatic methods (no matter whgiheaffin coatings or wetting agents are appliedyipce
similar results. For practical application, boththoels can be regarded as compatible. Within thepgod the
liquid displacement methods, considering all peifpes, the buoyancy method using non-coated sanapie
wetting agent mixed with water performed betteteirms of repeatability and reproducibility. Thisthned also
needs fewer replications to fulfil a given accuréeyel.

The tested solid displacement method also perfonveddin terms of repeatability particularly for wd pellets,
but as this method was applied by only one of éhetatories, further confirmation is required.

If coating of pellets by paraffin is applied bef@#bmersion in liquid, a correction for paraffimpérating the
sample is required. A simple assumption of all fiaraemaining outside of the pellet is unacceptafilhe use
of differentiated correction factors derived froreasurements with the solid displacement method dpow
pycnometer) is possible. However, due to the irsedafforts for the paraffin treatment without amproved
precision compared to the uncoated samples, thisepgure seems less favourable.
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5.2. Particle density determination of briquettes

Similar to the observations with pellets, the aacyrand precision of the measurements for brigsieiépend on
the briquette type too, and the stereomettric nibib@gain less favourable compared to the ligisgldcement
methods. Both stereometric methods lead to higaeability, higher values of repeatability and regucibility
and need more replications to reach a given acgurac

For both, accuracy and practical reasons, thedidisplacement methods seem suitable to beconamdast
laboratory. For the buoyancy method a balancegsired which allows weighing by the use of a bottaitch to
connect the hanging sample material. If no paraifiating is applied the sample preparation tirmevisbut the
water has to be changed often due to briquettatdigiation (sometimes after each replication). Heeweas the
coating of the sample surface does not reduceahability of the results, the efforts of paraffinating can be
abandoned.

For both, pellets and briquettes, it can be stdtatlan accuracy level better than 1% can hardigdhéeved, for
the methods tested. Indeed, over this limit, thelmer of repetitions needed is far too high fordiel
measurement.
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