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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

depcribed in the ISO/IEC Directives, Part 1. In particular the different approval criterianeeded for the
diffferent types of ISO documents should be noted. This document was drafted in accordance with the
ed|torial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Ti:t procedures used to develop this document and those intended for its further maintepance are

Atfention is drawn to the possibility that some of the elements of this document'may be the|subject of
pagent rights. ISO shall not be held responsible for identifying any or all such patent rights.|Details of
any patent rights identified during the development of the document will’be'in the Introduction and/or
onfthe ISO list of patent declarations received (see www.iso.org/patents))

Anly trade name used in this document is information given for the convenience of users and does not
copstitute an endorsement.

For an explanation on the voluntary nature of standards, the meaning of ISO specific terms and
expressions related to conformity assessment, as wellias information about ISO's adherence to the
World Trade Organization (WTO) principles in the Techiical Barriers to Trade (TBT) see the|following
URL: www.iso.org/iso/foreword.html.

Thlis document was prepared by ISO/TC 28, Petroleum and related products, fuels and lubrigants from
natural or synthetic sources.

© ISO 2018 - All rights reserved v


http://www.iso.org/directives
http://www.iso.org/patents
http://www.iso.org/iso/foreword.html
https://standardsiso.com/api/?name=b3f02749bebfd74c23236b8c33383a2c

ISO/TR 19441:2018(E)

Introduction

The density of hydrocarbon fuels at a standard condition of temperature and pressure is used

to

define the quantity (standard volume) of the product during trade and fiscal transactions. To ensure
standardization in the calculation of standard volume and density from actual conditions the thermal
and pressure expansion factors are calculated through the application of standardized methods and

algorithms.

In the advent of new fuel composmons llke HVO ( Hydrogenated Vegetable 011") as well as blends w

to transfogrm the density or volume of a petroleum product are a temperature measured at transp
time or a {reduced” density or volume value at a standard temperature (15°C and in some areas 60 °}

In order t¢ identify potential differences for these new products, the German petroleum standardizat
committep (DIN-FAM) started as early as 2003 to make extensive density/temperature-measureme
starting With FAME. Examination of additional products followed, and other assatiations like AFN
and the Efergy Institute (EI) also shared their results of similar investigations.

This docyment also recommends procedural steps to obtain data which will determine the thern
expansio1n} of new or alternative fuels and blends hence allowing a ¢omparison to accepted 4
standardifzed correction factors (e.g. Petroleum Measurement Tables’; ISO 91, IP 200 and API MP
chapters 11.1, 11.2.4 and 11.5).

This docujment collates the executed measurements, modelling procedures and results in order to ke
measured data available for later reference, including some recommendations for further work an
list of pospibly unresolved questions.

For a nunjber of reasons the work has been restricted-to fuels, bio fuel components, and their bler
and to sorme burner fuels and components. The majority of these examined products followed Europe
Fuel Specifications such as EN 228, EN 590, EN, 14214, EN 15376, and the reference temperature W
kept at 13 °C. The work only covers the thermal éxpansion of the products at a standard condition
pressure and has not been extended to compressibility.

This document also recommends procedural steps to obtain data which allows a decision to be made
whether gny completely new fuel coniposition can or cannot use the published internationally accepf
API Petrdleum Measurement Tables’ (“PMT”) which are also the basis of several international 4
national getroleum measurement.standards.

In additio
informatipn about this eomplex and interesting petroleum measurement topic.
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Petroleum products — Density versus temperature
relationships of current fuels, biofuels and biofuel
components
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is document lists and describes recent density measurements at different temperaturesf
mponents and biofuel blends such as gasoline E5, E10, E85 and biodiesel B100, B7, as'well a5
hting oils and paraffinic diesel fuels.

fan be used to calculate <alphal5>, the thermal expansion coefficient from‘@)given temp

check for compliance with and limitations in relation to existing calibration requireme
p in the determination of specific necessities for the grouping of fugls\into common prod
sses, also suggesting ways to treat fuels or components with an uhusual behaviour. In add
cument proposes possible steps for an internationally harmonized handling of new co
ming into the market.

Normative references

Thlere are no normative references in this document.

No
I1S(
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Terms and definitions

terms and definitions are listed in thissdocument.

[SO Online browsing platfotm? available at https://www.iso.org/obp

IEC Electropedia: availabte at http://www.electropedia.org/

Summary

Feral extensive-sample sets comprising artificial blends as well as market fuels were anall
pect to their temperature-dependent densities. The purpose of these analyses was to find
hsity, asswell as the volume, at a certain temperature can be predicted using the consta
nstants-and regression models of the internationally used API Petroleum Measurement Tal
blished in 1960 and revised in 1980[13].

or biofuel
domestic

brature to

°C. This document can also serve to compare several aspects of density/temperature modelling and

hts. It can
uct family
ition, this
mponents

and IEC maintain terminological'databases for use in standardization at the following addiresses:

ysed with
out if the
hts, group
les (PMT)

pu

Th
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e examined products were:

diesel fuels (BO, B5, B7) according to the European standard fuel specification EN 590[28],

supplemented by some additional blends with FAME;

fatty acid methyl esters (biodiesel) of different compositions and origins which are in the market

todayl31];

petrol (EO, E5, E10) according to the European standard fuel specification EN 228(27], supplemented

by some additional blends with ethanol up to E100;

domestic heating fuels according to DIN 51603-1[29], also as low sulfur grade;
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— severalsamples of paraffinicdiesel fuels (GTL, XTL) for which an European standard fuel specification
is established as EN 15940[30].

The main intention of this study was to find out if individually calculated thermal expansion coefficients
a1s and their corresponding densities (or volumes) at 15 °C are close enough to the values predicted by
the published PMT values, taking into consideration the precision requirements of the EC Measuring
Instruments Directive. This directive is of particular importance e.g. for the calibration of volume
metering equipment.

The executed studies 1nd1cate that although some small biases were found in most cases, the predictions
describedd o ay-still be usec 3

— MD/djeesel blends with more than about 50 %(V/V) of coconut methyl ester (CME);

— autonpotive E85 fuels with more than about 40 %(V/V) ethanol content;

— some(new products like paraffinic diesel fuel.

Since it ot possible to extrapolate such findings to any other kind of new-product types| a
recommendation is given to investigate such temperature versus density/volume behaviour when npw
fuel specifications are under development.

In any cage it is strongly recommended to decide before any such investigation if the resulting mofel
should befjust good enough to fulfil the requirement or if best possible precision is wanted. This decisjon
can have Jome influence about the choice of the best suited regression’model.

As a long|term perspective, a full revision of the PMT modelsrand constants should be considerted
especially] if it is expected that there will be much more variation in fuel composition as compared| to
the last, say 50 years.

5 BacKground and motivation

It is comrmon knowledge that the density of ajproduct in its liquid phase depends mainly on prodfict
compositipn; temperature, due to extra- andintermolecular motion.

In additidn, pressure can also affect density, but this effect was not investigated here because the
changes chused by pressure are ordersof magnitude smaller than those from temperature changes.

For tradirjg and transport, the.density-temperature function of a product is a very important prodyict
property for the determination-of the product amount because the temperature of a liquid fuel can(be
as high as|50 °C, whereas, €.g for tax reasons, almost all regulatory requirements demand that prodfict
densities fire reported ata)standard temperature of 15 °C (or, like in the US, also at 60 °F) as a predictjon
using thege density-temiperature procedures.

The interpationallyvaccepted procedures for the determination and application of density and volume
transformation from one temperature to another or to a standard temperature have been develoged
and standardized by the API and ASTM and are commonly referred to as the Petroleum Measurem bnt
Tables (PM¥¥- re-beer s HSO-HSO-9 by-OHVHbY , 0

The tables and the procedures within them have been have been applied successfully and with
satisfactory precision for more than 60 to 70 years and provide a standardized and accepted basis for
tradel11[2][3][4].

NOTE1 This report refers to the three latest version of the API tables, published in 1960, 1980 and 2000. The
version from 2000 is a computer adoption of the 1980 version, including pressure correction.

It is evident that this success is mainly based on the existence of comparatively small compositional
changes across a specific product family. The advent of biofuels and biofuel components like FAME
(Fatty Acid Methyl Esters) in the market raised the question of whether the PMT tables could still be
applied with acceptable precision for the predicted density at reference temperature. This question

2 © ISO 2018 - All rights reserved
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led to several series of FAME density measurements at different institutions in Germany, the UK and
France, and probably also in many other countries.

Later this campaign was extended to ethanol, petrol blends (EO, E5, E10, ... E85, E100) and to several
other products like Hydrogenated Vegetable Oil (HVO), paraffinic Diesel fuels (GTL, XTL).

NOTE 2  Most of the mentioned calculations and procedures and their background are documented at least in
partin the available standards, publications and regulatory documents, so a large portion of the described detail
is supposed to be common knowledge for the experts working with petroleum measurement regularly. It is the
intention of this document to describe everything to such a degree of detail that also people new to this field of
expertise have a chance to follow and understand all of the contained reasoning.

Although the latest version of the PMT and ISO 91 are recommended, older versions are somefimes still
enployed as defined in local regulation, practice or commercial agreements.

4

Thiese facts might be able to explain some differences which could not be explained otherwisg.

6 | Basic analytical considerations

6.1 Intentions of this document

In prder to fully comprehend the discussions and arguments preséented in this document, the|following
clauses set out the relevant definitions, procedures, facts, caleulations and consequences.

It is not the intention of this document to copy already existing content from other existing publications
or tandards, but it was found essential to compile all relevant facts in one place. For further information,
se¢ the Bibliography.

6.2 Physical property density

Thie physical property density is defined as the ratio of mass over volume as shown in Forymulae (1)
anfl (2). It is important to note that the(density depends to a large extent on the product tempperature
su¢h that with increasing temperature-density decreases (volume increase e.g. due to more molecular
mqtion) while mass remains constant. As this document only deals with (liquid) fuels, phase tfansitions
to [the gaseous or solid state are ‘not discussed. Such transitions can become a problem af extreme
preduct temperatures.

~

NOTE1  While density isnormally represented by the Greek letter p, this document uses a capital D for density
forleasier and more clearwriting. Further information is often added as an index or given in brackets. This means
thgte.g. D15 and D(15)'will mean the same thing:

py=m/V (B)p, =m*V, (W
D(ty=m/V(t) (2)

p, D isthe sample density; usually in g/ml or kg/m3;

m is the sample mass (NOT the weight); usually in g or kg;

%4 is the sample volume; usually in ml or m3;

t is the sample’s temperature; usually in °C.
The numerator of the density definition is mass and not, as sometimes wrongly stated, weight, which is the
property when gravity acts on the mass of a product. Therefore, constructs like density in air or density in

vacuum simply do not exist. For cases where weight is required, a correction for the air buoyancy mass can be
applied.

© ISO 2018 - All rights reserved 3
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NOTE 2  There are several incarnations of a reported density value, depending on the fact if this value was
obtained by direct measurement at the required temperature; or if it was predicted from measurement at a
different temperature using PMT procedures for appropriate conversion to standard temperature. In cases
where this can become relevant, corresponding mention is made in this document.

NOTE 3  There are several test methods, all using different physical principles for the determination of the

density of petroleum products/fuels (see experimental section). Only the quartz oscillator test method has been
used in this report as prescribed in [SO 12185. This is currently the most used density test method for liquid fuels.

6.3 Density for (defined) product blends/mixtures

12}

For many| product blends density follows a linear regime, i.e. the density/volume of the blend hap a
linear relationship with the volumes and densities of the components when measured at the ‘same
temperatyre.

However ¢xceptions to this rule are known from literature and recent work which show that for blends
of some cgmponents the relationship can be far from linear. Examples include:

— temp¢rature of mixture changes during blending;
— moleqular and compositional structures of blend components are significantly different;

— other[physical effects occur such as modified molecular solvent cagese:g. for alcohols (OH bonding).

6.4 The volume correction factor (VCF)

The definition for the volume correction factor (VCF) is given iinFormulae (3) and (4). The VCF is simply
the ratio pf density at the temperature t of interest over,_density at standard temperature (normdglly
15 °C). It |s therefore the basic proportionality function fer the calculation (prediction) of density [or
volume) af standard temperature from a density (or voltime) measured at another temperature t or vjice
versa. Elaporate models like the PMT and several others have been developed for construction of this
VCF functjon for single products as well as for commonly used product families. The following sectigns
of this dofument will give more detail about these models and their modelling strategies. But first pe
should haye a look at the basic definitions.

VCF(d,ref -t)=D(t)/D(ref-t) 3)
VCF(f,ref-t)=V (ref-t)/V () (4)
where

VCF [being volume/volume or density/density ratios (dimensionless);
D,V |beingdensity and volume as explained in Formula (1);

ref-t |being the sample’s reference temperature; usually 15 °C;

t being the sample’s temperature; usually in °C.

It is evident that the VCF has the value 1,000 0 at the reference temperature (usually 15 °C). Also,
individual VCF(t) functions for different products will by default always intersect at the reference
temperature. It is also important to note that each single VCF function has been derived for a specific
sample of a product family for limited temperature or density ranges which should not be extrapolated.

The form of the VCF function can range from nonlinear/exponential, linear, and even constant (like for
some products with little variation in composition and density/temperature range). The models used
for petroleum metering should reflect such different functional behaviours.

For products of similar/comparable density, temperature and composition, the PMT allow some
grouping into product families. Here, a hopefully large and representative number of product family
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members is investigated. This investigation results in a set of constants Ky, K1, K2, from which
the thermal expansion coefficient aref can be calculated with inclusion of the density at reference
temperature (see modelling section for more detail).

6.5 Graphical representations of the density/temperature behaviour

Figure 1 shows a commonly used and typical graphical representation of the D(t) behaviour for a
selection of six gas oils.

860
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Figure 1 — Density/temperature function
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Figure 2 — KoE/temperature function

The graphs display a number of issues to remember.
— Densities for members of one product family can stretch over a large range.

— The slopes for members of a product family are often very similar (but not necessarily identical
(depending on the required prediction quality).

— From a superficial viewpoint, the D(t) curves seem to be (almost) linear. However, this can be quite
different for other product families. Therefore, a nonlinear (exponential) modelling approach has
been (and still is) used traditionally in the international PMT community.
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Figure 2 indicates that the temperature range for the D(t) modelling can also be quite important. The
displayed case for six gas oils suggests that irregular behaviour can occur at lower temperatures where
there is a good chance of crystal formation or even solidification. A model has to consider these phase
transition effects when a reliable and most precise prediction is wanted (same is true for extreme high
temperatures (bubbles, evaporation, boiling).

Current experience from field transport experts suggest that for the petrol, diesel and biofuels
investigated in this document, a temperature range of about -5 °C to about 50 °C is usually sufficient.

Figure 3 dlsplays the VCF(t) plot for the same six gas 01ls AtX 0 (1 e.at standard temperature of 15 °C)

all curve

product f3 mlly members become more Vlslble the farther the temperature is away from the standc
temperatyre.

NOTE
reference I
a specific |

The VCF(t) curve shown in Figure 3 is simply constructed by division of each D(t) value hy the samp
D(15) value. These curves do not represent the results from the PMT procedures, for Wwilich the usg
MT regression model is assumed. Nevertheless, the plot shows nicely the similaritiesiand differen

between similar samples of one gasoil family.
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Y VCF(t

in °C
15)

Figure 3 — VCF(t,15) plot for the same six gasoil samples

7 Applicable VCF models

7.1 General

Several models have been developed over the years for petroleum measurement of diverse petroleum
products. For an in-depth sight and some important history, see the Bibliography. Since the focus of
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this document is on fuels, bio fuels and their components (i.e. Tables B of the petroleum measurement
tables), the list of useful and common models is reduced to the following:

— exponential model — the mainly used model in the PMT for fuels of group B;
— linear models — a simplified model derived from the exponential model;
— constant value model — promoted by some government chemist associations.

Other sometimes proposed models like third order parabolic regression do not, at least in Europe, play
any important role in the trading of conventional and bio-based fuels and their components.

7.2 Exponential model (for a single sample)

Uspd and published in the PMT, it represents clearly the most often applied and internationally accepted
VCF model. The definition is given in Formula (5). The two constants a15 andpK describe|the slope
anfl curvature of the VCF function. For all fuel related products of mineral oil group B, a figed valued
of K = 0,8 has emerged over the years and is still used in the PMT. The deyvelopment of grdup family
constants for a1s is explained in the next clause.

VCF =exp(-ays *dt*(1-K * a5 *dt)) (5)

where

a1s is the thermal expansion coefficient at referencetemperature (normally 15 °C, but sgme coun-
tries also use 60F as ref. temperature, in which‘case « is given as agor);

K isaconstant describing the curvature. Normally this value is always fixed at K = 0,8;

dt is the difference between measured_ and reference temperature (normally 15 °C).

Thie a5 is calculated and used for only“the specific sample for which at minimum 10 dg¢nsities at
diffferent temperatures have been measured. This temperature range should include the temjperatures
of finterest used during transport{but some care should be taken at extreme temperaturep to avoid
solidification or bubbling in the sample. These measured data pairs D(t) and ¢t are then subnpitted to a
regression procedure specifiédin APl MPMS Chapter 11.1. Annex A contains a script using fhe public
domain statistical scripting language R, which may be used for the determination of a1s.

IPORTANT — It should be noticed that the 60 °F reference temperature equals to 15,666 67 °C
.e. 15 °C = 59 °F and’'not 60 °F), and that in the PMT, given a5 values are in reality values for
15,666 67 °C. Itdis,an obvious international agreement to ignore this difference for “af because
the slopes at 45-°C and 15,666 67 °C should be quite similar. To avoid any doubts, this TR will
give D(15),~-D(60 °F), a15 and agp °r wherever possible. The difference between D(15 °C) and
°F) canvamount to more than 0,5 kg/m3. This should be considered when precisipn issues

NO DIN 17] has a section for pure petrochemical prod demon ated Y-Table), for which also
different values for K have been developed which to minimize the residuals between measured and predicted
values. More information, including some example data, about this Y-table is given in Annex B.

7.3 The linear VCF model

The linear VCF model can best be described as a derivative/simplification of the exponential model via
a Taylor series as described in Formula (6) - simplification 1) and Formula (7) - simplification 2). It
may be used when curvature of the VCF function is minimal and when differences between linear and
exponential model are tolerably small.

VCF=1—0,f *dt —0,3* a2 *dt (6)

© ISO 2018 - All rights reserved 7
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VCF=1—-q, *dt (7)

Introducing the densities from the VCF definition then leads to:

D(t)=D(15)*(1-ay5 *dt) (8a)
or V(15)=V(t)*(1-ay5 *dt) (8b)
where

VCF | isthe volume correction factor for temperature ¢;

D(t) | isthe density at temperature ¢;

D(15)| isthe density at the reference temperature (15 °C);

aref | isthe thermal expansion factor at reference temperature (15 °C);

dt is the temperature difference (t - 15) in °C.

The lineajf model produces a straight line, forfeiting the chance to detect and incorporate any nonling¢ar
behaviouy of the VCF-function. One well-noticed advantage is that‘the needed regression for the
detectionfof @15 from minimal 10 density/temperature pairs can ‘be done with any regular regressjon
function ljke those provided by Excel or other off the shelf statistical software.

As will b¢ shown in the experimental section, this linear-thodel can be applied to FAME, where the
thermal gxpansion coefficients do not vary so very much over the FAMES’ density ranges, but i is
strongly fecommended to check the residuals and ¢gmpare them with those from the exponential
models bgfore decisions to use the linear model are-made.

It is impofftant to notice that, just like for the exponhential model, the regression result a15 is in principle
only valid|for the examined sample. There is;noet much procedural documentation about how to arrive at
a (possibly D(15) independent) “a15” group_product family value like they can be found in the literatyre
and publighed standards for petrol.

A variatidn of the Linear Model js ‘also applied in the European FAME specification, EN 14214,[31]|as
specified |n Formula (9). The slepe’of 0,723, and a mean density of D(15) = 886,3 kg/m3, averaged oyer
seven different FAME samples-has been developed in a research project lead by J. Rathbauer[2].

D(15pC)=D(t)+0,723*(t-15) (9)

7.4 The constant value model for a specific product family

This mode¢lis best explained by Formula (10). It is mainly promoted by the metrology institutes, sych
aSPTB( cehriseh Feesatrtsta ."“;‘““;;:. "-' iy yyw '33‘2 .Of
volume meters, taking into consideration the allowable prediction tolerance of max. +0,2 % as specified
in the EC machine directive.

Other than using a still density/sample dependent thermal expansion coefficient a15 like in the
exponential and linear model, a mean slope kg is used obtained from the slopes of a number of samples
from the product family under examination. Values for kog are generally prescribed in regulations for
volume meter calibrations. For more details about this model see [10]. Figure 4 shows some kog values
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suggested by the PTB (German government chemist) for commonly traded products. It should be noted
that these averaged kog values do no longer depend on the sample’s density.

ﬁ:%:%ﬂ—kw*(t—w) (10)

The maximum temperature difference of 35 °C and the precision requirement of maximum *0,2 % then
leads to a permissible tolerance band of |Ak| < 5 * 10-5. Individual slopes k from which the mean kog
is calculated have to fall inside the range (k + Ak), otherwise the average value model cannot use the
prescribed ko for that particular product or sample.

ThIis is also reflected by the fact that e.g. in Germany, the kog values have been updatedii} different
ed|tions of the volume meter calibration regulations (see e.g. Figure 4) along with-severdl product
composition changes over the years. It is also important to note that this mean kof is not inflpenced by
th¢ product reference density as will be shown is the case to the PMT exponential model.

Table 1 — kog-values for the constant value model as promoted by the PTB

Date of PTB +Ak (in 1/
Product group publication koe (1/K) for At =350 Remarks
Grloup B,1 2004 1,21 %10-3 5¢~10-5 E%BE&?OO'
Grioup B,3 and B,4 2004 0,84 * 103 5105 |G e ek ot (e
Grioup B,3 and B,4 2011 0,84 * 10-3 5% 10-5 ?roorn?ifgilo g]i]a' PME
Grjoup B,1 - petrol 2011 1,27 *10-3 5*10-5 For EO .. E40
Grjoup B,1 - ethanol 2011 144 10-3 5%10-5 For E60..E100

Some additional aspects concerning the conistant volume model should get some special attertion:
—| the major use is for the calibration of volume meters as prescribed by (e.g. national) regulators;

—| use of a specific ko value can only cover a small variety of samples inside just one prodtict family,
and when there is too much variation in product composition or slopes of the D(t) cyirves, the
constant value model could no longer comply to the pre-set precision requirements;

—| the constant value.model is, of course, easy to use, but also using up most of the p¢rmissible
measurement uncertainty, leaving little to no room for other measurement uncertainties|like those
coming from-the determination of density and temperature. In the analytical communjty, this is
sometimes/Seen as a contrast to the wish for best possible precision in the modelling of r¢sults.

NOTE Sin¢e this document does not intend to interfere with any regulated issues, the constant vplue model
is ot discussed any further here.

8 —Developing the proup constants Ko, K1, K s (see
Table 1)

In the previous clauses we have described the development a15 and D(15) for just one product. Much
effort has been put into the measurement of these values for the different product families over the
past decades to determine some sort of common model for a complete product family. ASTM and IP, for
example, explain such measurements and additional regression work from several hundred product
family members in their standards, and indeed, a useable and rather robust regression model for the
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group B product family has been established, as described in Formula (11). This regression model is
still in use today and has been the reference PMT routine for many decades.

2
015=Ko /Di5s+Kq1 /D15 +K;

(11

Table 2 presents the corresponding values for a15, D(15) and the regression constants Kjy, K1, K7 for the
individual members of the PMT Group B Products.

NOTE 1
naphtha instead of Kp and K. Constant K7 could then be deleted which was qultesl\ rtant in earlier times when
computer jnemory was sparse.

This so-cplled a15/D(15) data space is in use for more than 5 %rs now. It also constitutes

Table 2 — Group constants for PMT Group B product family

Petrol Naphtha Jet/Kerosene Fuel 0Oil (b
Const. Ko 346,422 80 | Ko 2 680,320 6 Ko | 594,54180 | Ky 186,969 60nQ)
Const, K1 0,438 80 K1 0,000 00 K1 0,000 00 K1 0,486 28\ v
Copst, K> 0,000 00 Kz | -0,00336312 | K> 0,000 00 K> 0,9\({9‘\6‘
pd5) | Lo 600,0 Lo 770,5 Lo 787,6 Lo | 8386
D(15) Hi 770,4 Hi 787,5 Hi 838,8 Hi ,(%‘1 200,0

In some older publications and regulations, regression constants A andléae been used in the cas

b of

an

internatignal reference for the Petroleum Measurement of fuel e graph in Figure 4 shows cleafrly

four adjagent different sections, and Table 3 explains that, @ ample, EC fuel specifications coj
only part$ of the whole density/a15 range. It is also easy to-rec

are not identical with the limits from the EC fuel specifi ‘@)ons as e.g. Diesel fuel spans over partg
jet/kerosé¢ne and fuel oil.

10

05 * 1000

ognize that PMT product D(15) lim
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Figure 4 — Graphical display of the a15 <> D(15) PMT model for Group B products
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Table 3 — density ranges from EC Fuel specifications

Petrol Diesel FAME

(EN 228) (EN 590) (EN 14214)
D(15) Lo 720,0 Lo 820,0 Lo 860,0
D(15) Hi 775,0 Hi 845,0 Hi 900,0

NOTE 2  The graphical representation is simply the regression function for several hundred “conventional”
fuel samples (dissected into four groups, see Figure 4), where the individual points [D(15),a15] will lie a bit above
or below the regressmn funct10n Since the orlgmal data pomt from whlch the models have been developed were
no 3 = —ASTMamdAPhpapers are
avs 1lable for ]udgmg how well the 1nd1v1dual group famlly members f1t mto the models.

Although the original data points used for setting up the regression are quite old, ASTM D[1250 and
AHI both explain some more detail about the quality of this regression which is working sufrprisingly
wdll considering all the changes to product compositions over the last, say 30 years (sulfur, aromatics,
bojling range, etc.).

The general task for the experimental work executed in this documént was to find out if these
conventional group constants would also be applicable to more and(more appearing new| products
anfl components like paraffinic fractions, bio fuels and components-thereof, ethanol HVO, FAME and
others. In order to allow such a judgement, one more regulatory requirement from the EC Measuring
Ingtruments Directivell6] should be considered, which is described in the next clause.

IMPORTANT — From a closer inspection of Formula (113.t’is easy to conclude that the cdlculation
is straight forward when the density at 15 °C is known,i.e. when the final target of the exercise is
the prediction of density or volume at some higher or'lower temperature.

For the reverse case, i.e. when the starting temperature t is not 15 °C, the calculation is iterative and a
bitfmore laborious:

—| first, select and assume a starting density at 15 °C, D(15,test);

—| then calculate the corresponding @15, test plus the corresponding VCFest(t,15);

—| then calculate the resulting D(t;test) and compare this with D(t,measured);

—| if there is a match, the needed D(15) for the final calculation of a15 has been found;

—| in case of a missing'match, iterate with a somewhat altered starting density D(15,test).

9 | European{recision requirements for volume meters revisited

Thie Europeaty Measurement Instrument Directivell6] - Annex MI - requires that the predicfion error
mdde durihg’petroleum metering should satisfy Formulae (12a) to (12d), meaning that the modelling
i ly. A very

/D (15 °C
measured) falls into the range (0 998 < R < 1 002) If this cond1t10n is met, there is a very good chance
that the conventional PMT may be used without problems. This approach, however, incorporates the
measurement uncertainty for the density measurement in combination with the modelling error.
Therefore, a more reliable procedure uses the VCF to make some judgement for the applicability as
follows:
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The precision questions about the applicability of the PMT model transforms into the question if the
individual thermal expansion coefficient a1s; for product (i) and, also considering dt, it is sufficiently
close to the “predicted” value from the conventional model. Some algebra then leads to the set of

Formulae (13a) to (13d).
VCF(a; dt) = exp(-a; *dt—0,8af *dt? ) (12a)
VCF @y ;dt) = exp(~a, *dt 0,8+ *dt? (12b)
1+ >VCF(ay,dt)/VCF (o ,dt)2 1--% ) withx=02 (1po)
1p0 100
Solving Fgrmula (12)c) for ap then gives (12d) which allows to calculate the max./min. allowable a to
give the Itaximum difference to the model-derived a1 without violating the precision-limit X. For this
type of copsideration, a dt of max. 35 °C is most often used.
In(1+X/100
oy 2| a2+ 21— (1£x/100) 1 | 1 (12d)
0,8-dT 0,8-dT 1,62.4T7% | 1,6-dT
As Formulla (12)d) indicates, the maximum allowable prediction corridor for the thermal expansjon
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Reference a,s; range for all APl product families for VCF
tolerances of 0,1%, 0,2%, 0,3% -- MPMS CH.11, ASTM D 1250
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Figure 5 — Allowable precision corridors for individual a15 values

10 Experimental details'concerning the density measurement

10.1 Choice of density determination method

Seyeral internationdlly well-known test methods are in use for the density determination for petroleum
anfl related produets. The most often used ones for the fuels of PMT Group B are:

a) | 150 3675)
b)| 150'2185.

O L IJCNA 192100 Lo b " o 1 Barinaaintal wled wila dadlaic d Rt L
Ty TO0 ITZTUJ ras Tt aSCUTIT it AP CTTIIICTITICAT vw OT Iy OCSTTTO T T Crt S OO COTITCITC,  STITTPTY U ecause we

could find more volunteers using the Quartz U-tube than we could for the hydrometer method.

The U-tube oscillator test equipment is well described in many standards and publications, so the
measurement principles do not need further elaboration. Suffice to say that several test equipment
generations are in use, allowing a read-out from 1 to 3 decimal places (units given in kg/m3). PTB,
where a larger number of samples have been measured, claims a measurement uncertainty for their
instrument of less than 0,005 kg/m3.

It is important to notice that basically all test equipment also with lesser decimal digits allow to execute
the calculations and routines as specified in the petroleum measurement standards, considering the
fact that most data points and product family group constants which have been developed decades ago
with somewhat less performing test equipment are still used today.
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It is also worth mentioning that almost all today’s test equipment has built-in PMT routines, such that
it is seldom known if a reported value is a real measured one or if it is the result of a PMT calculation.

ISO 12185 is also bit sparse about precision information for repeatability, r, and reproducibility, R, for
different product types and, more important, for different measurement temperatures. Some results
especially for FAME from earlier round robin exercises at DIN-FAM are given in Annex C.

NOTE1 Because the original precision statements in ISO 12185 were based on models of meter that are
generally no longer in use, a Round Robin is being organized by ISO TC 28/SC 2, under the auspices of the UK
Energy Institute.

NOTE 2 [A possibly important issue which was observed, can be the readout of the density before fhe
temperatufe in the measurement cell has reached a stable state. Newer instruments with more advanced conttjols
can help ayoiding these “hasty” measurements. However, it is still important to take care as this safetyfunctjon
can be ovefridden in many cases.

NOTE 3 [In contrast to many other publications it was found necessary to list all measured\data points [for

potential later reference in Annex D, together with the results. Some other papers just reference documentg in
the interndt, but many of these links are by now broken so that data are no longer easily available.

10.2 Participating laboratories

A large niimber of industry laboratories from the petroleum and automobile industry, independént
laboratories, laboratories from the German customs offices and from{the German government chemfist
(PTB) haye made significant contributions. Some of the PTB measurements were uploaded to the
internet (Jook for PTB petroleum measurement).

Almost al] of these laboratories are accredited for petroleum test methods, participate in petrolefim
standardifzation activities of DIN-FAM and CEN/TC 19%and participate in round robin tests for
petroleunp products. All laboratories have a long term experience with density/volume measurement
and metetfing procedures.

10.3 Samples
The testedl samples set comprised:

— FAMHS, mainly RME, SME (Soy);*PME (Palm), CME (coconut) and some others with differgnt
comppsitions taken from filling-stations (B100 qualities) or from main production lines, fulfilling
the EC specification EN 14214;

— diese] fuels taken from.filling stations and from different main production lines fulfilling EN 590;
— petro] from fillingstations and from different main production lines fulfilling EN 228;
— domestic heating'oil (HEL) and low sulfur domestic heating oil fulfilling DIN 51504;

— etharjol sargples from main production lines fulfilling EN 15376;

bl st o vz o ok e oo oo Ao o linma oo £l iacal (CTIY Ao
SeVerJl ULIICIT TICVV Pl \VAv v awy wre ) \.rUllllJUll\.rllL;J I1I1Ire l.lul AIllIIIIC Uit ovl L\J X l_lj’ “itly)

— several volumetric blends have been prepared from these samples in order to fill a few gaps in the
data space.

10.4 Measurement ranges

Density measurements were conducted at a minimum of 10 or more different equidistant temperatures
if possible (e.g. each 5K apart) for an overall product related range as depicted in the diverse tables
of measurement results. The difference between two adjacent temperatures then can give a first
indication about how monotonic curvature of the D(t) = F(t) function is.
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In this context it has been observed that for mostly middle distillate products, some irregular behaviour
can occur at lower temperatures about 0 °C and below. This seems to indicate beginning solidification,
start of crystal formation or other effects of phase transitions. It such cases, the calculation of a15 was
done using only the monotonous part of the D(t) curve.

NOTE Most D(t) curves with some degree of curvature can produce slightly different values for a15 and
D(15), depending on the lowest temperature used in the PMT regression. So the start and end point of the applied
temperature range can indeed make a difference to the resulting @15 and D(15) values. See some of them tables
for more detail.

FAME experts have soon found out that curvature of the @15 and D(15) function is rather linear. For
this reason instead of using a temperature range of =30 °C to 50 °C a much smaller range jising only

foyr different temperatures (10 °C, 15 °C, 25 °C, 40 °C) can be sufficient to apply the lin¢ar model
calculation as described in Formulae (7) and (8). Problems with e.g. solidification of the“sanpple in the
teqt equipment can be avoided using this approach.

10.5 First impressions on necessary precision for the D(f) measurement

Thle possible errors occurring during the application of petroleum measurement procedureg can have
seyeral different sources.

—| Errors from the test method itself in form of repeatability, p‘and reproducibility, R. The current
standard ISO 12185, for example, specifies a reproducibility R = 0,5 kg/m3 for one product group
and an R = 1,5 kg/m3 for a second product family. Precision values valid for other temperatures are
so far also not reflected in the available standards.

—| Errors from rounding (i.e. different decimal digits:in the density measurement equipnient). This
error can be regarded as sufficiently small (assuinning no systematic bias):

— 3 decimal digits = 800,001/800,000 ;0,000 1 %;
— 2 decimal digits - 800,01/800,00~ 0,001 3 %;
— 1 decimal digit - 800,1/800,077 0,012 5 %.

This short overview explains that reporting decimal places will not have gross imp4ct on the
precision of results.

—| Temperature control:(this was found to be a potential problem if readings could be mdde before
the temperature had reached a stable level. Today, newer instruments usually allow for the readout
only when the desired temperature has been reached, however, in many cases this safety measure
can be overrjdden so that still care has to be taken. PTB reports their measurement temjperatures
to the nearest0,001 °C, and for practical purposes, the temperature values used in the (?;hculations
of this TRthave been rounded to the nearest 0,01 °C.

—| Modélling errors from the “lack of fit” when samples of differing compositions are combined into
only'one model; this error is hard to assess, because the old measured data points which have finally
le€ad to the group constants in the published PMT seem to be no longer available.

— Difficulties with unnoticed effects like solidification, crystal formation, or build-up of bubbles. This
seems to be a somewhat new observation not extensively discussed in former times.

In the discussions around this project it became soon clear that combined measurement errors do
occur and that the largest deviation from the prediction function for ai5 and D(15) will originate
predominantly from the compositional variances in the samples which have been collated into one
singular model for a specific product family. This then leads to the conclusion that the most important
factors for the construction of stable and reliable models are dominated by the fact of how complete
and representative the selected samples used for model building have been.
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10.6 Further experimental steps

For each sample, the individual thermal expansion coefficient ai5 and the related D(15 °C) was
calculated according to the regression procedure (Method C) of APl MPMS Chapter 11 (see R-script in
Annex A).

The individual data points [ D(15 °C); @15 | were then compared against the for a15 and D(15 °C) results
obtained by using the conventional published PMT product group constants, including their fit to
the +0,2 % prediction error band as required by the EC Measuring Instruments Directive. For more
detail see the diverse tables, graphs and explanations in the following sections.

A compar|son of the positions of these individual data points in the plot can be the basis for conclad|ng
whether ¢r not the conventional PMT model and constants can be used for the D(t) conversions or if
some new| procedure would have to be established.

11 Density measurement and interpretation of results

11.1 Middle distillates

Usually dlesel fuels, kerosene type fuels and domestic heating oil are considered as middle distillate
fuels. For|many years, however, new fuels from renewable sources (biofuels) and/or synthetic fuels
(paraffinic diesel fuels) from various processes appeared on the market, either as pure fuels or as blgnd
componeijts, showing in some cases significantly different physicalsand chemical properties.

The density/temperature relationships concerning middle distillates also cover FAME, paraffinic diejsel
fuels and yegetable oils being used as blend component for diesel fuels and domestic heating oil and)or
as a substjtute for those.

11.2 Studies on FAME and FAME blends

11.2.1 General

Already from the first EC FAME fuel specification standard (EN 14214), a linear D(t)/D(15) prediction
model had been specified which was based on some FAME research work presented at the International
Conferende on standardization and@analytics of biodiesel in Viennal9l.

For a firs{ overview about the B(t) behaviour of different FAMES, several experts especially from the
FAME and petroleum industries as well as from central customs services in Germany started [(t)
measurements at 10 °C, 152G, 20 °C and 40 °C, using the linear regression Formulae (7) and (8) for the
prediction model. Similar experiments also were conducted at the UK Energy Institutel21], France gnd
Canada. Tjhe US based American Petroleum Institute (API) was also contacted asking for sharing their
experiences with the new fuels; future collaboration will probably enhance the studies.

During the course of experimental work, more D(f) measurements have been made to allow some
comparispmwith the more general exponential model.

In addition, the German petroleum standardization committee (DIN-FAM) also conducted a precision
study for the application of the quartz U-tube oscillator method application to FAME samples. See
Annex C for more detail concerning these precision results.

11.2.2 Using the linear model variant

As described earlier in this document, the D(t) behaviour for the FAMES normally used in the EC market
can also be described by a linear model as given by Formula 13 [a repeat from Formulae (7) and (8)].

With the precautions to not use the abnormal low temperature D(t) regions and as well also with the
selection of an appropriate temperature series, such linear models can work quite well. The selection of
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10 °C, 15 °C, 25 °C and 40 °C tested was found to work well several times. The following tables report a
set of measurements using this linear approach:

D(t)=D(15°C)*(1—or5 *At) (13)
where
D(t) and D(15°C) are the densities at temperature t or 15 °C;
ais is the thermal expansion coefficient (unit: 1/°C):
At is (t-15°C) in °C.
Using regular off-the shelf linear regression procedures on a series of [D(t); @15] data points then gives
the¢ Y-intercept as D(15 °C) and a slope equalling -D(15 °C) * a15.
1112.3 Pure FAMEs
1112.3.1 FAME campaign 1 in laboratory A
Folir different FAMEs were tested in laboratory A at temperatures-between 10 °C and 40 °C (Table D.1),
regulting in the a-values listed in Table 4.
Table 4 — D(t) at 10 different temperatures.en‘four FAMES from laboratory A
PMT exponent Model Linear Model
a(60 °F) D(60°F) a(15%C) D(15 °C) a(15 °C) D(15 °C)
*1000 (kg/m3)  |* 1000 (kg/m3)  |*1000 (kg/m3)
1,RME 0,454 94 882,584 0,818 89 882,985 0,822 33 882,986
2,50Y 0,455 59 884,695 0,820 06 885,098 0,823 49 885,099
3,RME 0,455 19 882,351 0,819 34 882,753 0,822 77 882,753
4,RME 0,454 96 882)806 0,818 93 883,208 0,822 36 883,208
Thie mean “1 000* a15” for this 'sample set equals 0,822 74, so that the linear model obtajned from
lahoratory A results is:
D(t)=D(15 °C) *£1--0,822 74 * 10-3 * (t-15)) (14)
1112.3.2 FAME/€ampaign 2 in laboratory B
NOTE The FAME samples in campaigns 1 and 2 are not identical.
Fopr.different FAMEs were tested in laboratory A at temperatures between 10 °C and 40 °C (Table D.2),
regulting in the a-values listed in Table 5.
Table 5 — Results from D(t) measurement in laboratory B for 4 FAMES (duplicate
determinations)
D15 PMT LIN
PMT exponent Model lin. Model measured model | model
Diffin % | Diff in %
1000*a15 |D(60F) |1000*al5 |D(15C) [1000*al5 |D(15C)
RME,1a 0,45132 | 882,81 | 081237 | 883,21 | 0,81570 | 883,21 883,12 0,010 0,010
RME,1b 0,45131 | 882,81 | 081235 | 883,20 | 0,81569 | 883,20 883,12 0,009 0,010
S0Y,1a 0,452 15 | 884,89 | 0,81387 | 88529 | 0,817 24 | 885,29 885,23 0,006 0,007
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Table 5 (continued)

D15 PMT LIN
PMT exponent Model lin. Model measured model | model
Diffin % | Diff in %
1000*a15 |D(60F) |1000*a15 [D(15C) |1000*al5 |D(15C)
SOY,1b 0,452 15 | 884,89 | 0,81387 | 885,29 | 0,817 24 | 885,29 885,23 0,006 0,007
RME,3a 0,45195 | 882,43 | 0,81350 | 882,83 | 0,81684 | 882,83 882,78 0,005 0,005
RME,3b 0,452 20 | 882,43 | 0,81395 | 882,83 | 0,81730 | 882,83 882,78 0,006 0,006
RME,4a 64528829t 0;81385—7T883;3+ 76,817 20—1883;3% 883527 6,005 6,663
RME,4b 045218 | 88291 | 081392 | 883,31 | 0,817 27 | 883,31 883,27 0,005 0,003
The differences between the PMT model C and linear model calculation to the measured D(15) valjes
are very small, and the differences between the exponential and linear model can be ignored at least for

these sample sets.

11.2.3.3

Ten differ

FAME campaign 3 in laboratory C

ent FAMEs, one B20 and one B30 were tested in Laboratory C at temperatures between 10|°C

and 40 °C|(Table D.3), resulting in the a-values listed in Table 6.

The results shown in Table 6 are compatible with those obtained from-the data from laboratories A and B.
Table 6/— D(t) duplicate measurements for 10 FAMES and-2'diesel fuels for a set of 4 selected
temperatures (10 °C, 15 °C, 25 °C, 40 °€) in laboratory 3

LinearModel from
PMT Exponential Model from 4-femperatures (D(15,meas)
o o o - D(15:pr9d))
measurements only at 4 temperatures |10 °C, 15 °C, 25 °C,
o /D(15,meas)
40 °C)
measured Diff zu Diff zu
1000 * 1000 * 1000* PMT LIN
D(15°C) Modelin Model ip
Sample |[a(60°F) D(60°F) a(15°C). ‘D(15°C) |a(15°C) D(15°C) % %
FAME,1a || 0,45434 881,78 | 0,817)81 882,18 | 0,82146 882,17 882,17 | 5.67E-04 -1.29E-14
FAME.1b || 0,45434 881,78 }-0,81781 882,18 | 0,82146 882,17 882,17 | 5.67E-04 -1.29E-14
FAME.2a || 0,454 33 882,072-70,81780 882,47 | 0,82146 882,46 882,46 | 1.13E-03 4.86E-(4
FAME.2b || 0,454 18 882;08 | 0,81753 882,48 | 0,82118 882,47 882,47 | 5.67E-04 0.00E+0(0
FAME.3a || 0,45438 <880,83 | 0,81788 881,23 | 0,82153 881,22 881,22 | 794E-04 2.43E-(4
FAME.3b || 0,454 58~ 880,84 | 0,81825 881,24 | 0,82190 881,23 881,23 | 794E-04 2.43E-(4
FAME.4a (| 0,45506 881,06 | 0,81911 881,46 | 0,82277 881,45 881,45 | 1.13E-03 4.86E-(4
FAME.4b || 045506 881,07 | 0,81910 881,47 | 0,82277 881,46 881,46 | 1.13E-03 4.86E-(4
FAME.5a 4-645444—388516—1-0818-00—88556—10.82+66—88555 385 55—750E-64—242E-04
FAME.5b | 0,45430 885,15 | 0,81774 885,55 | 0,82139 885,55 885,55 | 3.39E-04 -2.42E-04
FAME.6a | 045413 883,34 | 0,81743 883,74 | 0,82108 883,73 883,73 | 792E-04 2.42E-04
FAME.6b | 0,454 10 883,34 | 0,81738 883,74 | 0,82103 883,73 883,73 | 1.13E-03 4.85E-04
FAME.7a | 0,49245 874,21 | 0,88641 874,64 | 0,89066 874,63 874,63 | 6.86E-04 -1.30E-14
FAME.7b | 0,49245 874,21 | 0,88641 874,64 | 0,89066 874,63 874,63 | 6.86E-04 -1.30E-14
FAME.8a | 0,45803 881,87 | 0,82446 882,28 | 0,82817 882,27 882,27 | 5.67E-04 0.00E+00
FAME.8b | 0,45818 881,88 | 0,82472 882,28 | 0,82843 882,27 882,27 | 1.13E-03 4.86E-04
FAMEO9a | 0,45444 882,68 | 0,81799 883,08 | 0,82164 883,07 883,07 | 1.13E-03 4.85E-04
FAMEOSb | 0,45447 882,68 | 0,81804 883,08 | 0,82170 883,07 883,07 | 793E-04 2.43E-04
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Table 6 (continued)
Linear Model from
PMT Exponential Model from 4 temperatures (D(15,meas)
o o o - D(lslpred))
measurements only at 4 temperatures | (10 °C, 15 °C, 25 °C,
o /D(15,meas)
40°C)
FAME.10a| 0,454 21 882,72 | 0,81758 883,12 | 0,82123 883,11 883,11 | 1.13E-03 4.85E-04
FAME.10b| 0,454 20 882,73 | 0,81757 883,13 | 0,82122 883,12 883,12 | 1.13E-03 4.85E-04
B.20a 0,46731 840,25 | 0,84115 840,65 | 0,84499 840,64 840,64 | 5.95E-04 0.00E+00
BH0E5 3 57E0] So0r
B.p0ODb 0,467 33 840,26 | 0,84120 840,65 | 0,84504 840,65 ’ ) 04
B.B0 a 0,46580 844,51 | 0,83844 84491 | 0,84225 84490 84490 | 9.47E~04 (2.54E-04
B.B0Db 0,466 04 844,53 | 0,83886 84493 | 0,84268 844,92 84492 | 5,92E-04 [0.00E+00
1112.4 FAME blends with low sulfur domestic heating oils
Blgnds with low sulfur domestic heating oil containing different shares of EAME were tested (Table D.4).
A fwo variable linear model can also be used for these types of fuels~as described by the|following
eqpation:

D)=A+B*(T-15) +C*X (X =FAME Contentin %(V/V)) (15)
where A, B, C are regression constants from the two variable regression, using the input fata from
Taple D.4. The regression constants for this data set are:

A=842,3082; B=-0,70381; C=0,39244

D() = A+ B*dT + C* X (FAME) A 842,308 2
B -0{703 81
C 0,392 44
D(t) in kg/m3
Tdmp FAME3,0 FAME50 FAME70 ' AME FAME 20,1
’ T 0, ) ’ ’ )
et (T-15) | FAMEO,05%(V/V)  “oicp i) ourun)  ouuv) ) 10,2 oA/
%(V/V)
10,0 -5,0 845,90 847,00 847,80 848,60 849,80 8p3,80
10,0 -5,0 845,90 847,00 847,80 848,60 849,80 8p3,70
15,0 050 842,30 843,50 844,20 845,00 846,30 8p0,20
15,0 0,0 842,30 843,50 844,30 845,00 846,30 8p0,20
P5,0 10,0 835,30 836,50 837,20 838,00 839,20 843,20
P 5,0 10,0 835,30 836,50 837,20 838,00 839,20 8@3,20
40,0 25,0 824,70 825,90 826,70 827,50 828,70 832,60
40,0 25,0 824,80 825,90 826,70 827,40 828,70 832,60
For the isolated single blends:
Slope -0,704 05 -0,70333 -0,70310 -0,70405 -0,70381 -0,704 52
y-intercept 842,343 843,500 844,261 845,043 846,279 850,221
1000 *ass 0,835 82 0,833 83 0,832 79 0,833 15 0,831 65 0,828 64
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D(t) = A+ B*dT + C * X (FAME) A 842,308 2

B -0,703 81

For the combined two-variable linear model:

D(t) =842,3082 - 0,703 81 * (T-15) + 0,392 44 *X
where
X = FAME Content in %(V/V)

The applicability of this model depends to a large part on the fact that a sufficient number of

represent

tive samples and a suitable range of FAME contents (which may not be extrapolated

00

much) ha
these pre-
interest ir

e been included in the modelling process. The structural uncertainty about having)n
requirements or not is probably the reason why such models have not found highestpossi
the testing community.

11.2.5 Market diesel fuels

For the e
possible y
collected

constitutg
EN 590 di

The temp
and, as dis
mentione

kamination of diesel fuels with and without FAME contents, a larger sample set with b
ariation in composition was collected by DGMK and measured by PTB:These samples wt¢
‘rom almost all German tank farms and refineries. It is therefore assumed that these samp,
a very representative sample set (one for the summer and one for the winter quality) for {
bsel fuel specification at least as it can be found in Germany.

brature range applied for both the summer and winter qualities was from -25 °C up to 50
cussed earlier, the data reported in Tables D.5 and D.6 and Figures 6 and 7 display the alred
| abnormal D(t) slopes/curvatures.
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Figure 6 — Slopes (cux@hnre) of the D(t) function for 18 diesel fuels (winter qualijity)
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Figure 7 — Slopes (curvature) of the %Ej\glnction for 20 diesel fuels (summer quality)
’\\C)

This slopg behaviour is probably due to solid forming/crystal build-up or similar effects, and because it

en

using only

became clear that it does can have gﬁat’ive effect on later regression routines, the decision was tak

For the so

temperatire range would i ence the calculated @15 and D(15) values. This information is includ
ed results as gg:b s in Figures 8 and 9. These figures indicate that the chosen temperatyre

in the tab
range for

r a well-behaving temper range (t = 0 °C - see the tables).

e sample sets, both@nperature ranges were used in order to find out how much the reduc

Calculation and D(15) for a product family can have a very visible effect.
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Figure 10 — 1 000 * a15 vs. D(15) for some diesel fuels DK/FAME blends

1112.7 Domestic heating.oils (DIN 51603-1)

A yepresentative set of domestic heating oil samples from summer and winter (according to DIN 51603)

wds studied (Table D.8), also showing the “abnormal” low temperature behaviour like the otH
didtillate samples~(sée Figure 11). Although D(t) measurements had been executed in a ter
range from -252Cto 50 °C, only the results for 0 °C .. 50 °C were used to calculate the need¢
D(IL5) values,

er middle
hperature
d a15 and
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Figure 11 — Slopes (curvature) of the D(t) fu&@on for 13 samples of domestic heating oil

11.2.8 Low sulfur domestic heating oils K 51603-1)

A represe
winter gr
50 °C (see

xO

ntative sample set of low sulﬁqg)domestic heating oils using separate sets of summer a
des according to DIN 51503-1'\was only examined in the temperature range between 0 °C g
Table D.9 and D.10). In %)@range no low temperature behaviour was observed.
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Figure 12 — Slopes (curvature) of the D(t) function for 18 domestic heating oils (winter quality)
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Figure 13 — Slopes (curvature) of the D(t) function for 18 doniestic heating oils (summmer
quality)

11{2.9 Rapeseed oil fuels

Table 7 (see also Table D.11) shows some D(t) values for two rapeseed oil fuels according to DIN 51605
whlich can be used in particular in agricultural\equipment with engines adapted to rujp on such
fugls. With just two samples examined, the results for this product family do not claim to be fully
representative.

Table 7 — D(£) Values for two rapeseed oil fuels

Temp) Sample 1 Sample 2
10,0 923,8 924,0
13,0 921,4 9219
15,0 919,9 920,6
19,0 917,3 917,8
22,0 915,3 915,8
25,0 913,2 913,8
28,0 911,1 911,7
34,0 9071 9077
37,0 905,1 905,7
a (60 °F) 0,4110 0,4067
D (60 °F) 919,70 920,18
a (15°C) 0,7399 0,7321
D (15°C) 920,08 920,56

NOTE Sample 1: cold-pressed; sample 2: fully refined.
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11.2.10GTL and XTL samples

A set of representative paraffinic diesel fuel samples has been measured by the German metrological
office, PTB. These values are shown in Table E.1. The constants proposed for the product family specified
in this standard are developed from this table, and a check for the expected maximum calculation error
(for a target temperature of 50 °C) is also given in Table E.2.

As a further check, duplicate density measurements for three representative paraffinic diesel fuel
(XTL) products (see Table E.3) have been executed which are used here as an additional check to see
how well conversmn calculatlons using the constants for "GTL" from Table E.2 do also apply to new XTL

samples wh

from Tablg
check via

The resul
problems

of —20 °C §ip to 50 °C.

Constants
family to
following

a1s and [
values. Th

of D(t) values would have to be established.

Annex E ¥
products

11.2.11Symmary of results for middle distillate samples

As alread

the max111um difference between predicted dnd measured D(t) or V(t) values remains at a level

<+0,2 %
increase \

35 °C herd.

differencd

The obtai
to Figure
PMT coul
for the m
EN 14214

b E.2 (1 e. from the other sample set) accordlng to ormula ( E 3] and also lncludmg predlct
calculation of density at 50 °C.

s show that such extension to other samples of the same product family can be doné with
for a range of densities at 15 °C from about 700 kg/m3 to 830 kg/m3 in a temperature ray

Ko and K7 from Table E.2 may be used for samples from this paraffifiic*diesel fuel prod
bxecute density/temperature and volume/temperature conversions(with sufficient precis
the standardized calculations given in E.2. See Annex E for a detailed'discussion of the resu

(15) data points obtained from this study are not sufficiently’ close to the published P]
is could mean that for this new product family a new set of group constants for the predict

vas adopted for EN 15940. The constants and formtilds to be used for paraffinic diesel f|
ire given in E.4; they were developed based on the'calculations given in Annex E.

g explained in previous clauses, the EC Measurement Instrument Directive[16] requests tl

f the measured results. Since potential differences from the prediction model’s Lack of
vith the applied temperature differences, we apply a maximum temperature difference

S.

, using the already-déescribed corridors. Data points inside the boxes show that the publish
l be used to predict D(t) values for that product. Figure 14 shows the data points obtain
ddle distillate\product families FAME and diesel - not all samples are within the EN 590
specifications.
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but
ge

Ict
on
ts.

on

el

hat
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One can then be sure that the precision requirement will also be met for smaller temperature

ned individual data points (D(t); a1s, (see Annex D, Table D.12) are plotted in Figure 14, simiflar
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o, range for Diesel (EN 590) & FAME (EN 14214) product families for
permissible VCF calibration tolerance ranges of 0,1%, 0,2%, 0,3 %
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Figure 14 — Fitting obtained MD data into the precision data boxes for diesel fuel and FAME

Figure 14 discloses a number of details.

)

—| All diesel products have an a15 which isless than 0,1 % less than values from the published PMT;
meaning that although the precision xéquirements to use PMT are met, there is a small bias.

— | FAME samples have an a15 which-is up to 0,1 % higher than values from the published PMT; so
precision requirement for usingthe PMT are basically met except for samples which contain more
than 50 %(V/V) CME.

—| The still tolerable smal differences to the published PMT values indicate by existence of the visible
bias, that Diesel compoSitions have undergone several changes since the PMT constant have been
established.

11.3 Petrol type'fuels

1113.1 EN.228 market petrol fuels

in various
ent tables
for petrols up to 5 %(V/V) ES and up to 10 %(V/V) E10 ngher blends (E85) are already available,
and also other components are under discussion, challenging the validity of the temperature/density
functions used for the well-known class of hydrocarbon fuels. Subclause 9.2 covers EO fuels without
ethanol as well as higher blends up to 85 % of ethanol.

e of the major changes petrol type fuels were facmg in recent years was blendlng ethanol

Several sample sets were collected and tested in order to cover the different variations of petrol
in the European market. In contrast to the observations made for middle distillates, no abnormal
low temperature behaviour could be observed so that the full temperature ranges documented
could be used. Furthermore, the curvature plots of the D(t) function display clearly a monotonous
and nonlinear behaviour (see Figure 17 as just one example) which was also observed for the other
examined petrol sample sets. For that reason, alternative linear models or narrowed temperature
ranges have not been tested.
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11.3.2 Results for EN 228 Super 95 petrol E0 (summer quality)

D(t) results and calculated a5 and D(15) values for 17 OK 95 EO petrol samples are listed in Table D.

Figure 15 gives a representation of these results.

13.

Further inspection of the results (not displayed here) indicates that the differences between measured
and calculated D(15) values are less than about 0,02 of the predicted values (about 10 times less than
the precision requirement from the EC Measuring Instruments Directive). It is also worth mentioning

that the D(15) span for this Petrol 95 EO collection is 3,2 %.

-1,00 T T T
-30,00 -20,00 -10,00 0,00 10,00 20,00 30,00 40,00 50,00

Temperature [°C]

Figure 15 — Nonlinear curvature of the D(f) curve for 17 petrols (E0 -OK 95, summer quality)

11.3.3 EN 228 Super 95 petrols'E5 (winter quality)

D(t) results and calculated-a1§’and D(15) values for 16 OK 95 E5 petrol samples are listed in Table D,
Inspectiof of these resudts)(See Figure 16) indicates very similar behaviour to Super 95 - EO given in {
previous paragraph. Differences between measured and predicted D(15) is again at the level of 0,02
of the prqdicted values (about 10 times less than the precision requirement from the EC Measur
Instrumeits Directive) and the density span for this E5 sample set id about 4,7 % of the mean D15 val

14.
he
%
ng
ue.
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Figure 16 — Nonlinear curvature of the D(t) curv 17 petrols (E5 - OK 95, winter quality)
%
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11{3.4 EN 228 Super 95 petrols E10 (winter @’z}lity)

Onfly three samples could be collected and n%asured due to some shortage of measuremenit capacity
anfl the recent introduction of E10 to &9 market at that time. Difference between meagured and
predicted D(15) is again at the level ,02 % of the predicted values (about 10 times les$ than the
précision requirement from the EC/Measuring Instruments Directive), and the density span fqr this E10
fugl family has not been calculated. Results are given in Table D.15 and in Figure 17.
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Figure 17 — Nonlinear curvature of the D(t) curve for 3 petrols (E10 -OK 95, winter quality)
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Inspection of these results indicates behaviour very similar to the other reported petrol sample sets.
The difference between measured and predicted D(15) stays at the level of about 0,025 % of the
predicted value (about 10 times less than the precision requirement from the EC Measuring Instruments
Directive).

11.3.5 EN 228 Super 98 petrol EO (summer quality)

Fourteen Super 98 EO petrol samples were collected from German filling stations. Inspection of these
results (see Table D.16) indicates a similar behaviour to the other petrol samples given in the previous
paragraphs. Differences between measured and predicted D(15) is at the level of 0,02 % of the predicted
values angl the density span for this E5 sample set is about 2,7 % of the mean D15 value.

The curvgture plot in Figure 18 of the D(t) function contains three samples with different behaviqur
at the high portion of the temperature range (samples 06, 14, 16). Although no further inyestigatigns
of this effect have been done, it is assumed that this might have something to do with>bubbling|or
evaporatipn of some light components, as the effect shows at higher temperatures.

Such effedts will not be visible when a linear or other model is used, so especially for‘anknown or dubigus
situations|the “full treatment” is strongly advocated. This can always be simplified later if need arises.

-30 =20 -10 0 10 20 30 40 S50
Temperature [°C]

Figure 18 — Curvature of the D(t) function for Super 98 E0 samples

11.3.6 EN228 Super 98 petrol EQO and ES (winterquality)

D(t) values and calculated a15 and D(15) results for 15 Super 98 petrol samples EO and E5 are listed in
Table D.17. Inspection of these results indicates a similar behaviour to the other petrol samples given in
the previous paragraphs (see also Figure 19). Differences between measured and predicted D(15) is at
the level of 0,011 % of the predicted values and the density span for this sample set is about 3,8 % of the
mean D15 value.

32 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=b3f02749bebfd74c23236b8c33383a2c

ISO/TR 19441:2018(E)

080

0550

0,900

0920

1p00 * ar.,

1113.7 EN 228 Super 98 petrols E0 blends with different shares of ethanol

In jorder to get a better picture of the full range*(E0 to E100) petrol behaviour, a number
haye been prepared and examined [see Table D.18'for D(t) values and calculated a15 and D(15
Seyeral similar investigations, e.g. at the API, have been mentioned, but even on repeated requ

fra

Ins

previous paragraphs. Differences hetween measured and predicted D(15) is at the level of 0,0
predicted values and the density span for this sample set is about 7,9 % of the mean D15 value.
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Figure 19 — Curvature of the D(f) function forSuper 98 E5 and EO samples

m that program had not been made available for this document.
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Figure 2( indicates very clearly the differing and’@bnotonous curvatures of the members of t
sample sef. 3
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Figure 21 — a1s5; D(15) plot for the sample set of blends (EO .. E100)

Figure 21 gives some importantadditional information.

—| The position of a sample on this plot is mainly controlled by the composition of the fuel pprt, which
can be quite different as the data points for summer and winter indicate.

—| The position for.ethanol (with only little compositional variation) does not change much.

—| Asopposed.teanormallinear blending behaviour, an interesting nonlinear effect is seen fqr samples
with up-t@10 % ethanol.

Sirpilar ceffects had been found in the first blending exercises for E5, where an exce$s vapour
pressure had been detected. Here, one would assume a similar effect of the molecular soluti
(il . e m . .

increases, this effect is diminished.

11.3.8 Conclusions for D(t) behaviour of the petrol fuel samples

Figure 22 displays the calculation results for the EO to E100 blends discussed in this section (see also
Annex D, Table D.19). While the currently specified EN 228 fuels fall well into the allowed region, this is
not the case for the E100 and E85 samples, meaning that starting from and above about 40 % to 50 %
ethanol content, the published PMT tables cannot be used any longer.

NOTE1 A clear cut between the allowed and disallowed regions cannot be made based on the obtained data
because this dividing line depends to the most part on the base fuel composition as already the differences
between the summer and winter qualities indicate.
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NOTE 2  The main reason for the forbidden use of the published PMT data is ruled by the fact that at the upper
D(15) limit of the EN228 petrol specification the PMT requires a switch to another set of group constants (Ko, K1,
K>7) for Naphtha.

NOTE 3  Abandoning this PMT requirement to switch to the naphtha group constants and keeping the group
constants for Petrol (Ko = 346,4228; K1 = 0,4338, K2 = 0) also for the D(15) range above the EN 228 specification
could allow rather well functioning VCF/a1s, D(15) model calculations even for E85 type fuels. However, so far no
discussion about any such change in the PMT rules has been held.

a,5 ranges for Ethanol Blends (EO, ES, E10, E80, E85 E100) and
\CE calibration tolerance ranges of 0.1% 02% 0 3%
1,35 -+
1,30 -
1,25
=
8 hawol
S B
*
g 1,15
L ] ...
1,10 +
*
assumed max temperature difference dT=35°C
o5 +---r—r—r—r—mH—r—trr—r—r—r—rr—r—r—+rr—r—rrrrrrtr—rrrreeteeeeee— N e et
700 710 720 730 740 750 760 770 780 790 800
Density at.15 °C, kg/m3
Key
black line 4 yellow dots data from the published PMT tables
black dots Exx samples
broken lings tolerance ranges.of\0,1 %, 0,2 % and 0,3 %
blue box density limits-and 0,2 % tolerance range for EN 228 (for further explanations, see text beldw)
Figure 22-= Plot of EO to E100 blends in D(15); a15 data space
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(informative)

Calculation of alpha60F, D60F and alpha15 plus D15 for a

2018(E)

set

of single unknown petroleum samples according to API MPMS

Chapter 11.1

Background

script presented here has been used over the years to check published values as well as
reliable @15 and D15 data for samples from new product families mostly ‘of biological o
obtained values have then been used for comparison with values from the ptblished PMT tablg
to find out if the old values would still be appropriate or if some new constants had to be dev
sone new product families.

In |order to obtain valid @15 values for a whole new product fanily, a sufficient number (a
of [10; more samples are better) of representative family mémbers which cover the most
compositions has to be examined, covering the density and‘témperature ranges of interest

to obtain
rigin. The
s in order
eloped for

minimum
probable
For each

sample, minimum 10 density/temperature pairs are determined at that temperature range. Diie to some

regulatory issues and some practical ones as well, the‘most often temperature range for liqu
nofrmally from about -20 °C to 50 °C. It is, however, important to note that irregular sample
(like solidification, crystal formation, bubbles and\boiling) should be avoided. If has also b
during the course of this project that the chosén temperature limits do have some influer

culated thermal expansion coefficient, “ai~and density, although we have not explicitly
it type of side result.

Thie calculations centre around a nonlihear regression according to the exponential model as
in the main text. The whole object then is to get, for each investigated sample a sample specif
expansion coefficient a15, which are reported together with the reference density D(15 °C). I
weg report also the calculated-fesults for “agor” and the density at 60 °F.

NOTE All encountered “ays” values fall into the range from about 0,6*10-4 to 1,5 * 10-4. For eas|
angl reading e.g. in the attached tables, we report the value 1 000 *“a15”. This, of course, needs to be re
when the printed valuesiare used in the exponential model.

After such indiyidual constants have been calculated it is highly recommended to c
wdll they cansbe used for the prediction of densities at higher (and also lower) temperat
differences‘between measured and predicted values e.g. for a rather large temperature dif
(50-15)-°C should smaller than the required regulatory max prediction error (0,2 %) in H
e.g DSeec predicted/D50°C,measured Should not be larger than 1,002 or less than 0,998. If this

id fuels is
behaviour
en shown
ce on the
presented

described
c thermal
h addition

ler writing
membered

heck how
ures. The
ference of
urope, so
condition

is mePfor the “extreme temperature” of 50 °C, it will also hold for temperatures less far away

y from the

reference 15 °C.

A.2 The statistical software

The statistical software “R” is a very robust, comfortable, reliable object oriented scripting language
from the public domain which is not only used in industry but also for large research projects in many
universities, so it can be assumed that most enclosed calculation routines are as reliable and error
free as at all possible. However, a scripting language also has the danger that uncontrolled changes are
made willingly or unwillingly to the script, which means that some care should be exercised when this
software is applied. The software can be downloaded for free (see Reference [36]).
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The script a15 and D(15) presented later in this clause follows closely the basic routines presented
in DIN 51757, API MPMS Chapter 11.1 and many other scientific papers. These are exactly the same
routines which have also been used for many years for the development of constants for the conventional
products which have been in the market for decades. The script assumes the presence/input of min. 10
paired values of temperature in °C and density at that temperature (normally in kg/m3), but the script
does not check for this. Also, the results agor, D(60 °F), @15 and D(15 °C) are calculated separately for
each sample, but the format of the input data file allows simultaneous input of data for many samples
as a batch, when the sequence of used temperatures are the same for all samples. If that is not the case,
samples with different temperature profiles should be input as separate files.

to use th

s program can find out exactly how the calculations work. Use it at your own risk

better evien leave the work to the experts - you will not need to use this in daily routine. And
another word of caution: this scripting language is case sensitive, so better be careful when yjou

want to edit the source text.
A.3 Insftallation of the R software package
For installation, just download the packages and install them. There are hardly)any unusual obstacles.
In additioh to the original R packages, we recommend to use also a very convenient IDE from the public
Domain cplled Rstygio- After installation is complete, copy the R-script helow plus any input data fifles
into just dne convenient directory. Then start Rstudio, 0pen the script file and set the working directgry
to the dir¢ctory of the script file.
Press ctrl{A to select all lines of the script and then ctrl-R to run it: The results will be saved to the same
directory|(which can even sit on an memory stick).
The structure of our input data file has is a simple Excel CSV format, which makes it quite easy to track
potential errors with a text editor and which allows fupther processing with all kinds of other software.
The contepnt in cell A1 is temp which is used to identify this data format.
This is th¢ data format (self-explanatory) except. maybe for the decimal comma used in Germany.

((Inpuit File)) ((Output File))

temp sampl samp2 ... ... ...

14,9 868,21 768,21

15,9 867,50 767,50 sampl alpha60F = 0,446 66

20,2 864,51 764,51 D60F =867,756

25,0 861,19 761,19 alphal5C=0,803 98

29,6 85791 75791 D15C =868,144

329 855,62 755,62

354 853,82 753,82 samp?2 alpha60F = 0,504 44

40,2 850,48 750,48 D60F = 767,754

42,0 849,16 749,16 alpha1l5C=0,907 99

449 847,15 747,15 D15C = 768,142

The output file has a similar name (with -res added to it to separate it from the input file. It is also an

Excel CSV

38

file listing sample name, alpha60F, D60F, alphal5 and D15 as one line per sample.
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Anybody can use that script for free and at his own risk, but when changes are made, please take the
pain and rename the source code and the program file name, to avoid later confusion.

## R script “alpha-calc,R” Rev, 6,5 - last check in November 2015
## developed by Dr, H,T, Feuerhelm at DIN-FAM, Hamburg, Germany

## for calculation of alpha60F, D60F, alpha15C, D15C for new product and
## bio-product samples on the basis of AP MPMS Chapter 11,1

HH -

##rUSErs Of the program sioutd De aware tat they USE [t at telr oW TSk
##=====:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
## set no of decimal places you want to use in calculations,,
-

opfions(digits=16) ## change to up to 22 places

#H ## but nor need to do this precision-wise ...,

## change NAME of INPUT and OUTPUT Files here (without file extension)
-

ifnam<- “DT12-FAMES-Parr”; ifname<- paste(ifnam,”,csv”,sep="")
offlam<- ifnam; ofname<- paste(ofnam,”-res”,”,csv”,sep="")

## Now define some convenient functions

# 4- make a first construction data set “densref” for output of results

TestSample<- c(0,446661, 867,756, 0,803082, 868,144),##.just some numbers
regdat<- data,frame(TestSample,

royv,names=c(“ Alpha(60F)”,” Density(60F)”,

“Allpha(15C)”,” Density(15C)"))

dehsref<- t(resdat) ## -- transpose for better looks

## Conversions for Celsius and Fahrenheit scales

c2f<- function(x) { ergebnis<- 1,8*x+32 ; ¢2f<- ergebnis }

f2¢<- function(x) { ergebnis<- (x-32)/1,85f2c<- ergebnis}

## conversion of temperature scale from I'TS90 back to [PTS68

## as required in MPMS chapter 11,1,5,3

ip}s90_68<- function(s_rein,X; s_raus) {

al¥--0,148759; a2<- -0;267408; a3<- 1,080760; a4<- 1,269056

a5k- -4,089591; a6<-¢-1,871251; a7<- 7,438081; aB<- -3,536296

if (s_rein=="F") { t<-(x-32)/1,8 }

if (s_rein=="C"){ts- x }

tay<- t/630

DHLT<- (al%\(a2+ (a3+ (a4+ (a5+ (a6+ (a7+ a8*tau)
*tqu)*tau)*tau)*tau)*tau)*tau)*tau

if (sraus=="C") {t68<-t- DELT }

if (st auo——“F") {t68<= (t-DELT)*l,S +32F

ipts90_68<-t68}

## begin of iteration function
-

iterate_a<- function(n,SP,SPP,ST,STP,STT,STTP,STTT,STTTT) {

delt60<- 0,01374979647

a0<- STP - SP * ST/N

al<- STT + 1,6%(STTP+delt60*STP) - (ST*2 + 1,6*(STT+delt60*ST)*SP)/N
a2<-2,4* (STTT + delt60*STT - ST*(STT+delt60*ST)/N)

a3<-1,28* (STTTT+ (2*STTT+ delt60*STT)*delt60

- (STT+delt60*ST)"2/N)

alpha_start<- a0/(ST"2/N - STT)
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## begin the loop (7 loops are sufficient - could be set higher )

H# -

for (Iin 1:7) {

dalpha<- -(a0 +(al +(a2+a3*alpha_start)*alpha_start)*alpha_start) /
(@l + (2*a2 + 3*a3 * alpha_start)*alpha_start)

alphO<- alpha_start + dalpha

alpha_start<- alph0

}
## End of loop=====

iterate_a<—aiphd

## End offiterate function and End of Function definitions

## Now re¢ad csv input file (n samples, m temperatures) into data-frame

## “daten|’ - see example given in the text above

## PLEAYE NOTE: the German Data format used here requests a DECIMAL comma,
## therefpre the function “read,csv2” is used, Now when the csv data file

## uses aldecimal point, simply change that function to “read,csv”,,,

daten<- r¢ad,csv2(ifname,header=T)

## find n¢ of samples in data file andlist of teperatures (Celsius)

anz_prob¢n<- length(daten)
tmc<- datgn$temp

tmf<- c2f(tmc) ### Celsius to Fahrenheit

tstar<- ipts90_68(“F”tmf"F”) ### convent to 1968 temperature scale
delti<- tstpr - 60,00687490  ### temp-diffin F

InDi<- log[dm) ### In for density

N < - length(tmc)

Sp<- sum(|InDi); Spp<- sum (InDi*2)

St<- sum(delti); Stp<- sum(delti*InDi)

Stt<- sum/(delti”2); Sttp<- suni(delti*2*InDi)

Sttt<- sunp(delti”3); Sttvt<s sum(delti*4)

## now cgdlculate alpba(60F)--———-————————————————
alpha60<{iteratexa(N,Sp,Spp,St,Stp,Stt,Sttp,Sttt,Stttt)

## convenqt alpha(60F) to alpha(15,66667C),,,,

alphal5cq- alpha60*1,8

## CalculateD(60F)==D(15,66667C)

## and convert to D(15C) - easy: just calculate new D(59F)
HH# -

ds_help<- Stt+0,01374979647*St
dens60<- exp((Sp +(St + 0,8 *ds_help*alpha60)*alpha60)/N)

dens15c<- dens60*exp(-alpha60*(-1)*(1+0,8*alpha60*(-1)))

## Collect data and results into one variable for output
HHf -

yy<- c(rounD(alpha60*1000,5), rounD(dens60,3),
rounD(alpha15c¢*1000,5),rounD(dens15c,3))
densref<- rbinD(densrefyy)
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## now copy sample name from input file and “all done” ,,,
#HH-———
row,names(densref)[j]<- colnames(daten)[j]

} ## END of main loop
densref ## show once on screen for reference

## now save results from “densref” to an output file (CSV)
#HH-————

write,csv2(densref file=ofname) ### Finito la musica,,
#

Thie calculated results DT-12-FAME-PARR-res.csv are given in Table A.1. Please note thatthe talculated
(predicted) D(15) results differ a little from the input D(15 °C) values. This is explaihed by the two
different types of error: while the measured value compares to repeatability andireproducib]lity of the
teqt method EN 12185, the predicted value only inherits the lack of uncertaintyffom the regression.

Table A.1 — Calculation results for 12 FAME samples

a(60F) D(60F) a(15C) D(15C)
PR,1 045089 | 881,715 | 081141 | 882,113
PR,2 045093 | 882,021 | 081167 | 882,419
PR,3 045131 | 880,772 |<081235 | 881,169
PR,4 045177 | 880986 <> 0,81318 | 881,384
PR,5 045111 | 885054 | 081199 | 885453
PR,6 045052 | 883824 | 081093 | 883722
PR,7 048946 | ~874168 | 088102 | 874,596
PR,8 045426 1 881,807 | 081767 | 882,208
PR,9 0,450,72” | 882,573 0,811 3 882,971
PR,10 0,450 43 882,67 081078 | 883,068
PR,11 046534 | 840,225 0,837 6 840,616
PR,12 046375 | 844,523 | 083475 | 844915

Thie evaluation described ‘hére will deliver a set of paired D15 and a5 values for individual] samples.
In prder to find group donstants for a whole product family, another regression can be madel|if there is
sufficient confidence.in' the completeness and representability of the available data. This approach is
nof new as it has been used especially for Group B products in the PMT for many decades.

T:E regression-is of the form a5 = Ko/D15/D15 + K1/D15 + K>.

The resulting triplets Ko, K1, K2 then represent the group constants for that product family. This
procedure has been used worldwide for many decades. More explanations and detail as we|l as some
hidtory is given in Clause 6 of this document.
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Annex B
(informative)

Examples of Y table results in German DIN 51757

DIN 51757([17] describes measurement compatible to ASTM D1250 or IP 200 and makes use of:

ISO 3

ISO 3

ISO1

DIN 5175
model wit
of keeping
in DIN 517
constants

VCF =

The so-ca
are very s
this Y-tab

T4

h75 - Hydrometer Method;
B38 — Pyknometer Method[32];
P185 — U-Tube Oscillator Method.

/ has a so-called Y model for the determination of a1s. It is quite similar, to'the exponent
h the exception that K in the exponent becomes to be a second regression parameter inste
itata constant value of K= 0,8. The procedure for this two parameteryegression is descrih
57 so it does not need to be repeated here. Please note that both afsand K are now regress

exp( -5 *(t—15)*(1+K *0y5 *(£ -15)) (H

led Y-table finds its main use for pure petrochemicdlproducts, where compositional chang
mall and where more precision for the predictions@s wanted. Table B.1 shows some data fr
e in DIN 51757.

ble B.1 — Data from DIN 51757 Y table-for some petrochemicals and oxygenates

ial
ad
ed

on

1)

bes
bm

Prodyct a(li‘z’l*&oocgo Constant K (51(112 /0151)3) Vali?;s;p;}rgture
Propane 2,850 1,55 507,6 -10..40
Propene 3,095 1,36 523,1 -10..40
Butane 1,900 0,80 584,5 -10..40
Isobutane 2,130 1,00 563,0 -10..40
Isobutene 2,060 1,45 600,1 -10..40
cis-2-Butepne 1,900 0,80 627,0 -10..40
trans-2-Bytene 1,910 1,33 610,1 -10..40
1-Butene 1,955 1,30 602,1 -10..40
1,3-Butad]ene 1,972 0,80 627,7 -10..40
Methanol 1,155 -0,38 796,1 0..40
Ethanol T,078 U,86 7935 =20 .. 40
Isopropanol 1,027 0,93 789,1 0..30
Isobutanol 0,923 0,82 805,6 0..30
MTBE 1,413 0,95 745,6 0..30
TAME 1,204 1,72 775,0 15..30
Benzene 1,188 0,68 884,2 0..30
Toluene 1,060 0,73 871,6 0..30
0-Xylene 0,954 0,78 884,3 0..40
m-Xylene 0,983 1,03 868,4 0..30
p-Xylene 0,990 1,30 865,3 15..40
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Annex C
(informative)

Precision results for FAME from a German precision
determination exercise

C.

T
IS(
co

Th

C.

Basics

results of this precision study at four different temperatures has been executed in 2
4259 procedures with volunteering expert laboratories from the German stand
mnmittee.

Precision study for 10 FAME samples at 10 °C
Precision Study for 10 FAME samples at 15 °C
Precision Study for 10 FAME samples at 25 °C
Precision study for 10 FAME samples at 40 °C

e sample compositions for these 12 samples were as follows:

S1 B100 (RME) S7 B100(CME)
S2 B100 (RME) S8 B100 (RME+CME = 90 + 10)
S3 B100 (RME) S8 B100 (RME+CME = 99,25 + 0,75)

S4  B100 (RME+PME =90+10)  S10 B100 (RME+CME = 99,995 + 0,005)
S5 B100 (SME S11 B20 (Diesel BS + RME)
S6  B100 (RME+SME= 75+25)  S12 B30  (Diesel B5 + RME)

P Discussion

Thie results suggest differing precision values when measurements are done at elevated te

(e.
me
stg
fou

b. 40 °C)~which have been judged important. After repeated discussions and inspecti
asurement conditions it was concluded that in some laboratories, the waiting time to 3
ble,seét-temperature level had not always been in control. Figure C.1 shows the differe

D07 using
hrdization

peratures
n of local
rrive at a
hces for R

nd-for different temperatures.
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e C.1 — Reproducibility R found for 12 FAME samplth our different temperatures
N
QO

h

e [D
ucibility

r does the standard contain any clear indication’&ich of the two precision statements shot
exactly to which product type.
¥
xO

borth mentioning that the test method'’s precision §tatements do not cover such temperature

h1d
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C.3 Additional determination of D(15) and a15 for the same 12 FAME samples

In a rather extensive additional measurement campaign the thermal expansion coefficients and
densities at 15 °C as well as for 60 °F have been compiled from measurements done on a Parr DSA 5000
instrument, using a sequence of 30 temperatures from 10,00 °C to 70,00 °C. The results for a15 and
D(15 °C) are shown below in Tables C.2 for those interested. Figure C.2 shows a plot of these data points
in a1s, D(15) coordinates.

Table C.2 — Results from PMT calculations (exponential model C)

Rdsults from PMT Calculations (EXponent Model C )
PR.1 PR.2 PR.3 PR4 PR5 PR6 PR7 PR8 PR9 PRI10 PRJI1| PR.12

0,451 0,450 0,489 0,454 0,450 0,465
«(60F) (0,45089 0,4509 045131 8 04511 5 5 3 7 0,45 3 0,46 4
D(60F)| 881,715 882,02 880,772 880,99 885,05 883,32 874,17 881,81 882,57 882,7 |840,23 844,5
0,837

a(15¢)|o0,81161 0,8117 0,81235 0,8132 0,812 0,8109 0,881 0,8177 08¥13 0,811 6 0,835
D(15C)| 882,113 882,42 881,169 881,38 885,45 883,72 874,6 882,21882,97 883,1 (840,64 8449

0,89

0,88 o

0,87

0,86

0,85

0,84

0,83

0,82 °
0,81 Lo )

08 T T 7 o, "G O T T N TN N T N GO T N T N T T A T N T T S T O T I TN T T M T T T S T T N O T S O |
’ I I I I I I I I 1 I 1

835,840 845 850 855 860 865 870 875 880 885 890

Key

X D(@5)'in kg/m3

Y aq5 [(*1000)]

red diesel fuels B20 and B30
blalek EAMES-ef differentorigns

TIYIvIes TTETIT
OTTSTITS

yellow  FAME from coconut oil (CME, sample 7)
Figure C.2 — Plot of data points in 15, D(15) data space

The plot and the tabled values for CME (sample 7) show that CME behaviour is quite different from
other members of the FAME product family. Similar differences have also been observed for other lauric
FAME products (not discussed here any further).
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Annex D
(informative)

Density /temperature tables

This annex presents the density versus temperature data generated following 11.2 for FAME (Tables

D.1, D.2 ajd D.3], FAME blends (Tables D.4, D.7], market distillate Tuels and heating oils (Lables D.5, 1).6,
10) and oil fuels (Table D.11). For different gasoline/ethanol blends the data are presented in
to D.17. As a last information item in this annex, the expansion coefficients for diesel)(Taple

D.8,D.9,D
Table D.14

D.13), gas

pline blends (Table D.18) and gasoline (Table D.19) are given.
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Table D.4 — Density measurement of low sulfur heating oil/FAME blends

D(T)=A+ B*dT + C*X (FAME) A 842,308 2
B -0,703 81
C 0,392 44
D(T) inkg/m?
Temp. FAME FAME FAME FAME FAME FAME
°C) (T-15) 0,0:5 B,Q S,Q 7,Q 10,? 20,’1
ToLV/ V) ToLV/ V) To V] V) ToLV/ V) ToLV/ V) oLV V)
10,0 -5,0 845,90 847,00 847,80 848,60 849,80 853,80
10,0 -5,0 845,90 847,00 847,80 848,60 849,80 853,70
15,0 0,0 842,30 843,50 844,20 845,00 846,30 850,20
15,0 0,0 842,30 843,50 844,30 845,00 846,30 850,20
5,0 10,0 835,30 836,50 837,20 838,00 839,20 843,20
5,0 10,0 835,30 836,50 837,20 838,00 839,20 843,20
10,0 25,0 824,70 825,90 826,70 827,50 828;70 832,60
10,0 25,0 824,80 825,90 826,70 827,40 828,70 832,60
Far the isolated single blends:
Slppe -0,704 05 -0,70333 -0,70310 -0,70405 -0,70381 -0,704 52
y-Intercept 842,343 843,500 844,261 845,043 846,279 850,221
1000 *ass 0,835 82 083383 083279 _.©83315 083165 082864

52 © IS0 2018 - All rights reserved


https://standardsiso.com/api/?name=b3f02749bebfd74c23236b8c33383a2c

2018(E)

ISO/TR 19441

Z6¥'9¢8  187'¢¥8  €98L€8 FE0'TES  6F1'SE8  886'GE8  LLS'LES  LSHOE8  697E8  L6L'8BES  TLI'TES 97E'8Z8 6¥6'0Y8 TE6'OV8 Z0L'EV8|8t6'0£8 LI6'EV8 786'8€8 £90°8z8|(DSTA
TLYL80 69€98°0 9L980 7880 21€880 67S480./,5.5.80 LE68ED ﬁMm%o 95,4480 6L€88°0 851680 59980 N.Nwo.o «wM\o ow%.o ﬁmw‘o n%wm.o QMM.O GMS
9809€8  LL8'T¥8 9%'LE8 D29'0€8 YL'VE8 18G'GE8 69118 PF0'9£8 8LZ'ZEB 68E'8E8  E€9LTE8 916178 SHSOV8 LTS'OV8 L6Z'EV8|LVS0E8 91S'EV8 78S'8€8 659,28 | (d09)a
S6S58%'0 €86L%0 870 €T16¥'0 2906¥0 LZ98¥0 €S98%0y 60¥6¥0 mm.vw.c ¥S L8¥0 1670 Z€ S6¥%0 ﬁmww.o NMM.Q omo“.o mmw.o ﬁM\%o oM*Wo ww.vuwd EMS
0Z1d 81-31d L1-3d 91-31d ST-31d v1-31d €1-3d ada T1-31d 01-31d 60-3d 80-d L0-)A  90-Md SO-3A | ¥0-MA €0-MA <20-3d T0-Md

(D6 0S " Do SZ- Woaj saanjeraduway [e) [9PO LINd [e1Iuauodoxa wo.1j s3nsay
0Z¥'L98 ¥16'€L8 ¥81'898 [I1'298 6%L'998 L90,98 766198 T7.L¥'898 66H#98 156698 0ZEY98 L9658 ¥0ETL8 6ZLTL8 668%VL8|720'T98 LZEVL8 016898 S¥S'858)|00'GZ-
78L'798 TLE'698 80L'€98  E¥SLS8  TI9T98  LTE'TI98  ¥TL'E98  16S°€98 0SS°698, L6T'S98  TLO'6S8  LL9'VS8 ¥16'998 TTZ'L98 9TE0L8(L89'9S8 159698 665V98 £60'¥S8[000Z-
60£'858  LE0'S98  08%'6S8 [BOES8 696958 9SLLS8  €L5'6S8  L8L'8S8 LL8YS8 “GZB098 I1L6'ES8  6TI'0S8 889798 L98°798 LB8T'S98|€SSTS8 08Z'S98 T19¥%'098 798'6%8|00°ST-
896'¢S8 8%8'098 S97'SS8  [IL'8¥8 78L'ZTS8 €0Z'€S8 T¥P'SS8  L¥I'VS8 TI9E0S8 615958  €50°6¥8 808'SY8 E€¥S'858 L¥S'8S8 £SL098|8¥Z'8¥8 991198 €£07°958 €£7L'SY8|00°0T—
9€T'0S8 206958  ¥0L'1S8 19v¥8 €6L'8¥8 SS9'6¥8  1Z¥'1S8 CI6'6¥8 98Z°9%8 ZI¥'7G8._LIES'SY8  ¥IT'TH8 TVLYS8 90¥'¥S8 €€TLS8|S69V¥8 6£SLS8 LL9'TS8 869'T¥8| 00°S-
209'9%8  SLE'€S8  ¥SI'8¥Y8  pLOT¥8  LVPT'SY8  BII'9¥8  ¥S8LY8  9LE'9Y8 6ELTY8 €L8'8Y8  TEOZY8 9¥9'8€8 T6I'TS8 006058 0ZL'€S8|99T'T¥8 LZOFS8 091'6¥8 691°8€8| 000
YLO'€Y8  ¥S8'6¥8  S09Y¥8  pSSLES  SOLT¥Y8  L8STH8  T6ZV¥8  L¥8'T¥8 961'6£8 0FE'SY8  9€58E8  0L0'SE8 TS9LY8 66E£LV8 YIZ'0S8|EV9'LES €2S'0S8 0S9'SY8 0S9'%E€8| 00°S
67S'6€8  LEE9¥8  TI0TY8  FEOFE8  69T'8E8  090°6€8 SEL'O¥8  €TE'6EB 8S9'SE8 CI8T¥F8  8Y0'SE8L/861TE8 CIT'Y¥8 £06'€¥8 T11L'9¥8|¥ZI'¥E8 STOLY8 ¥¥1'T¥8 SET'TES| 00°0T
LT09€8  ¥T8T¥8  1TSLES 0S'0€8  SE9'VE8  €ES'SEB  BLT'LE8  T08'SE8 6I1'ZE8 +8Z'868 09S'1€8  LTh'LZ8 ¥LS'0¥8 LOY'0¥8 TTIZ'E¥8|S09°0€8 8ZS'€¥8 0¥9'8€8 TT9'LZ8| 00'ST
S0S'7€8  E€TE'6E8  7B6'EE8  P86'9T8  TOT'TE8  600TES  TTY'EE8 18T'ZE8 8LS'8Z8 €SLWES  0L0°8Z8  €S£UC8~ LEO'LES 9T6'9€8 60L'6£8|¥80'LZ8 8Z0'0¥8 8ET'SE8 601728 00°0T
S86'878  ¥08'SE8  ¥¥I0€8  p9V'E€Z8 69578  L8Y'8Z8 890068  €9.°878 SY0'ST8 TET'TEB  T6SVT8  6LL°0787,00S'€E8 YTY'EEB LIT'9EB|TLS'EZ8 0¥S'9€8 8E9'1E8 965°028| 00°'ST
¥9%'GZ8 9627°7€8  S06'9Z8 FS6'6T8  860YZ8  S96'%78  ¥1S'9278 8%2'S78 €6%'178 L89°478 601°TZ8 S0ZLI8 096628 7E€6'678 LIL'ZE8|8%0°028 T€0'€E8 9€£1°8Z8 T80°L18| 00°0€
Y¥6'1Z8  16L'878 89€'€Z8 EEY'OI8 905078 T¥PIZ8 956778 8TL'IZ8 996'L18 8LIWZ8  €T9LI8  TE9'ET8 9TF'988.8EV'978 17T'678|TES9T8 €SS'6Z8 YE9VT8 89S°€18| 00°SE
617818  187°Sz8 S78'618  H06TI8  TL6'9T8  LI6LI8  S6£'618  L0Z'818 CZV'¥I8 S¥9'028 ¥EIVI8  €S0°018 ¥887Z8 T¥#6TZ8 0TL'ST8|800°EI8 LS09Z8 6Z1TZ8 1S0°0T8| 00°0%
€68VI8 89L'T78 78Z9T8 F8E'608 EEV'EI8  68€¥I8 €€8'S18  ¥89%I8 GL8°0T8 TITZLI8 S¥9'0T8 99%'908 1¥E'618 E£¥'618] L1 228|€8¥'608 655728 TZ9'L18 0£S'908| 00°S¥
99€'TT8 SST'818 TEL'TI8 G8'508 988608 098°0T8 89Z'CI8 09T'TI8 LZELO8 9LS'€I8  LSTL08 788'C08 96L'ST8 S¥6'ST8 #PL'G18([856'S08 190618 £IT'¥I8 800°€08| 00°0S
0Zd 81-3d L1-3d 91-3d ST-3d PI-3a €1-3a Z1a T1-31d 01-3a 60-3d 80-MA  L0-MA 90-A  SO-MQ@)| ¥0-MA €0-MA Z0-MA T0-MA | dwe)

(sape.ad 19)uIm) s[onj [9SIIP .10] Uorlen[eAd (7)@/Iuswa.anseaw LJIsua@ — ' d[qeLlL

53

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=b3f02749bebfd74c23236b8c33383a2c

€000 €000  ¥00°0 €000 | €000 €000 Y000 €000 |((d))

2018(E)

€000 %000 %000 %000 %000 %000 €000 %000
9500 $50°0 1700 €900 7900 500 8%0°0 8L0°0 8400, S¥0'0 2900 8500 | OO 9¥0'0 T¥O'0  €s00 |((v))
05 Ul A31SUap painseauwr pue pajdpa.ad usaamiaq dUAIdJJIA
950968  9S8°Z¥8  7SS'LE8  PES0E8  S99PE8  F9S'SE8  907LES  7EBSES 756278 T09°0V8CLEF0¥8 +Z'e¥8 [Z€9°0€8 9SS'€H8 £98€8 6+9Lz8|(0ST)a
. . . . . . . . . LE 80 €S 16 . 86 LL »
806£8°0 €£5678°0 88TF80 4Z¥¥80 TLEb80 800%¥80 6T 9¥80 8L8E8D 266580 oo grea A 9780 | cvso 5980 lego she0 (osm)
99968 89%‘TH8  9TLE8  pYI0E8  YLTVES  VLI'SE8  £18°9¢8  £hPGE8 L§S°278 1Z°0%¥8 TS00¥8 £587v8|chz0e8 L1's¥8 787'8¢8 197'Lz8|(d09)a
. . . . . . . . . 9L S0 81 +8 . 12 L8 (109)
9199%'0 S809%0 TLL9Y0 $069%'0 S89%0 TL99%0 TILOLV'O 665970 VLLLYO oo 0ov0 esid | gov0 9850 zop0 6950 »
0z1d 81-3d LIMd 91-Md SI-Md $1-3d £1-Ma Z1-d 80-MA  £0-MA  90-MA  SO-MA  ¥O-MA  €0-MA  Z0-MA  T10-Md

ISO/TR 19441

(panuuos) '@ 31qeL

(D0 0S ** Do 0 Wo.1y saanjeradwa) [[e) [9POIA LN [eruauodoxa wio.aj synsay

© ISO 2018 - All rights reserved

54


https://standardsiso.com/api/?name=b3f02749bebfd74c23236b8c33383a2c

2018(E)

ISO/TR 19441

126'8€8 | Z0E'LE8  €88LEB PLE'TY8 8YETY8 T6V'TVB JLIT'VER 967'T¥8 9S6'VE8 TLI'WH8 S2T'978 9£S'TH8 SS9'8€8  FIF'SH8 8008 0ZI'€y8 €87'8€8 €95‘0£8 | (0ST) A
€6 £88°0 [ 616680 787680 (9S5L8°0 S99L80 9€£5.8°0 86’1880 9£0680 #T 0060 S02Z880 9£T168°0 966980 ¥I 7680 #7980 LEELBO SLSG880 T8€88°0 L0Z680[(DST)™
605'8€8 | ¥88°9¢8  L9¥'LE8 [9STF8 8EE'TF8 T80'CK8 808'Ce8 088°0¥8 8ES'VER 6S8'cH8 918528 671°CF8 0¥Z'8€8 600°S¥8 SL9'6E8 S0LTh8 L8268 2ST1'0€8 | (409)
LOT6Y0 | SS66%0 2T L6V'0 $¥ 980 €048Y'0 TE98F0 666870/ #9610 800050 €0064°0 0ZS64'0 TEEBY0 €9S64°0 206LF0 TZS8F'0 8026%0 TOT6H0 09S6+'0|(409)»
0z1d 81-21d L1-1d 91-Md S1-)d 71-3d €1-)d aId T1-d 0T-1d 80-21d £0-M1d 90-2d S0-Md 70-1d €0-)1d 20-d 10-3d
26 0S " Do ST- JSuelt-1, [9poIN [erIudu0dXy SIMNSIY - LIND
00€°0L8 | ¥1L'698 890°0L8 PY1'€L8 V¥8'€L8 €S6'E€L8 LS6V98 ¥9S'TL8 799998 96€'SL8 0LS'LS8 TLT'EL8 L6T'0L8 1Z1°9L8 S9L'TL8 60SYVL8 L¥8698 906198 | 00°SZ-
796'S98 | 6%1°998 86%'S98 §£84'898 SST'698 181698 €T¥098 09L'898 68ETI8LH6IVTLE 9EV'TS8 610698 580998 T196TL8 1S89P8 9¥8°0L8 TSP'S98 6%¥'LS8 | 00°0Z-
L62°198 | ¥0T1'098 ¥9¥'098 76'€98 6LEY98 €SSY98 097958 €8%'¥98 S¥6'LG8 0OL1L98 ¥¥¥'L¥8 LLE'Y98 969198 TZEZL98 T1S0'ZP8 69%'998 885098 816758 | 00'ST-
968958 | 16£°'SS8 688'GS8 979658 ¥£0'098 160098 8%¥Z'ZS8 000098 T16S°€S8 998'798, 008'€Cy8 7TZ'098 906958 ¥LL'T98 €SLLE8 V0V'198 LTZ1°9S8 ZIv¥'8%8| 0001~
695798 | 0€0'TS8  ZLSTS8 §LS'SS8 9€8'GS8  076'SS8  6I1'8¥8 610°SS8 9€L'8¥8 TE1'8S8 _LIZ'0¥8 00Z°9S8 0SS'7S8  016'858 SOS'El8 857958 199158 €9€7¥8| 00°S-
018'8%8 | €56'9%¥8 ¥¥9L¥8 $€02S8 01£7S8 TO¥'TS8 TLEVY8 986'0S8 6ZL%¥8 096'€S8 ST99E8 099758 S8Z'8%¥8 T0¥'SS8 966'6fF8 LSL'ZS8 ¥¥I'8¥8 T6¥'0¥8| 000
162°S¥8 | ThY'E¥8 9Z1'¥¥8 [0S'8¥8 06.L'8Y8 1688%¥8 9780¥Y8 LLY'L¥8 Z0ZTI¥8 6S¥'0S8 ¥V0'€E8 « LZT'6V8 68L7¥8 668158 €6V'9F8 79Z'6¥8 €E9V¥8 6969€8| 00°S
9LLT¥8 | LE6'6ES TI90¥8 $96F¥8 €LT'SK8 S8E'SY8 €8T'LES TL6'EV8 8L9LES S96'9%Y8 ¥9¥'678 £56S'SY8 96Z'T¥8 T0¥'8¥8 S66'Cp8 TLL'SY8 ¥ZIT¥8 6¥%¥'€E8| 00°0T
€97'8€8 | ¥EV'9€8  00TLES EVFI¥8 6SLTF8 088'T¥8 TVL'EE8 L9¥'0¥8 VSIVES TLV'SY8 ¥88'S78 S904Z%8 908LE8 906V¥8 66%'6E8 L8Z'TF8 079LE8 1£6'678 | 00'ST
TISL'VE8 | €€6'TE8  98S'€€8  PI6'LE8 6VT'8E8 LLE'BES L6I'0E8 ¥96'9€8 ¥E9'0€8 €86'6€8 £0£7Z8 THS'8E8 ~LIEFES TIFI¥8 €00'9€E8 Z088E8 LITWE8 €T¥'9Z8 | 00°02
T¥Z'1€8 | €E¥'6TZ8 8LO'0E8 LBEVES 0ELVES LL8TES LS9'978 ¥9¥'¢c€8 SIT'LZ8 T6%¥'9¢8 +HTL'818 +H10°SE8 ~DEB'0E8 9T6LEG EISTE8 0CE'SE8 ST90€8 L68TT8| 00'ST
67L°,78 | S€6'ST8 695978 {S80€8 TIZ'1€E8 9LETE8 SIT'€Z8 196678 S6S'€78 S66'7E8 IVI'SI8  SLY'IE8 EVEAZ8. SI¥'PE8 90068 0¥81€8 +¥ITLZ8 6LE618 | 000€
61Z'7C8 | €E¥'TZ8 LSO'CT8 [EELT8 SOL'LT8 TLBLT8 L9S'618 S9¥'9Z8 €L0°078 €1S678 TISSTI8 656478 9S8'€C8.[SE6'0€8 6TS'SE8 LSE'8T8 609°¢Z8 ¥98'S18| 00'SE
0,028 | 0€6'818 9%S'6I8 (08°cZ8 06178 €LE¥Z8 TT0'918 ¥S6'TZ8 0SS'918 €70'978 896'L08 67F¥I8 6SE078 ~O#FLT8 <TE0'T8 ¥L8%T8 T01'0Z8 ¥¥ETI8| 00°0F
L8T°L18 | ¥Z¥'ST8 0€0'918 [9Z°078 TL9'0Z8 998028 TLV'ZI8 671’618 6I0°CI8 675778 LLEW08 ¥68°028 S98918 €¥6'€Z8, 9€S'gl8 88£TZ8 S6S9T8 078'808| 00°S¥
TL9°€18 | 0Z6TI8 €ISCI8 [EL'OT8 SSTLI8 T19€L18 L16'808 E¥6'SI8 1¥6¥'608 LEO'6T8 TB8L'008 T9ELI8 ELE'CI8 L¥P0Z8L>8EO'SI8 T06'L18 980°€18 S6Z°S08| 00°0S
0¢1d 81-)1d L131d 91-31d S1-3d v1-3d €1-)d Z1-1d 11-31d 01-31d 80-21d L0-21d 90-21d S0-)d %03 €0-21d 20-3d 10-Ma | dwey

(sopead Jouwuins) s[anj [9saIp .10J uorjen[ead (7)g/Iuawa.anseaut LAJIsua@ — 9°(d dqeL

55

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=b3f02749bebfd74c23236b8c33383a2c

2018(E)

ISO/TR 19441

(uo18au ,a1qe3s,) A[uo ), 0 3e Purriels saanjeradwal Suisn :((g))

ud1831  a[qeisut, ay3 Surpnpul adueft aanjeradwsa) [[nJ ay3 Suisn :((y))

€000 000 €000 €000 €000 000 €000 000 000 7000 €000 000 €000 €000 €00 7000 7000 €000 ((a))
8L0°0 010 600 €900 0400 €L00 LS00 6600 9600 S600 1700 9500 TOT0 0900 6907 6600 6L00 9L0'0 ((v))
04 u1 £}1SuUap pa.arseauwr pue padIpa.ad USIMII(q IUIIYJIA
262'8€8 | ¥9¥'9€8 871'LE8 LY'TV8  LBLT¥8 0T6'TFP8 LIL'€E8 L6F'0V8 ¥8I'FE8 Z0S'EV8 606'G78 S607h8 SEBLES +1EAWPS 8ZS'6ES 8IETY8 069468 656'628 |(DST) A
9GS ¥€8°0 [ £8EE80 0S5 SE80 (ESEBD FSTEBD £98780 659%80 IT0E80 ¥60¥8°0 SEYZ80 86£98°0 8SVEBD ¥9678°0 04780/ S06ZB0 18€Z80 STEEBD 9Z++80| (0ST)»
¥06'L€8 | LL0'9E8  0¥L'9€E8 80'TF8 86ETH8  €TZS'TP8 9LE'€E8 60T'0V8 S6L'€E8 9TT'EP8 €1S'GZ8 SOLTIV8  6FHLE8 8VSTY8 ~ZVI6E8 €£6'T¥8 797,68 0.L5'678 |(409)
¥9 €940 [ ¥Z €940 LT 90 Q0 H9¥'0 L6 T9¥'0  LE09H'0 EE0LF'0 LI T9%'0 6T L9%'0 L6 LSY'0 66 6470 S9 £9%'0 T609%'0 19 LSH'0 8S09F0 L9 LSH'0 Z629%'0 £0 6940 (409) »
0Z1d 81-3d L1-21d 91-31d S1-21d v1-1d €1-21d Z1-21d 11-21d 01-M1d 80-3d £0-3d 90-)d S0-21d 70-)1d €0-31d 20-21d 10->1d

(panunuos) 9°@ 3lqeL

aAoqe pue )0 Sunpaels aguel - |, [9po [enuauodxq sInsay - LINd

© ISO 2018 - All rights reserved

56


https://standardsiso.com/api/?name=b3f02749bebfd74c23236b8c33383a2c

2018(E)

ISO/TR 19441

Z1L'S88  €££'S88  T19'g88  LSE€88 | 196978  ETELP8 VY 128978  10T7L¥8  TSL'GZ8  9¥S9¥8  7S9'6Z8  0LV'9QY8 | 80L7Z8  v¥9¥¥8 | (0ST) A
€7618°0 IV 6I80 €6LIB0 €08I8°0| 006¥80 ¥#I6I80 688¥80 T06I8'0 €96¥80 TI6I80 €S6¥80 668IB0 | 921580 £8818°0 | (ST »
0T€'G88  0£6'V88  0TZ'988 9S6'788 | 145978  L76'9%¥8  T1E¥'978 ,, 9189v8  19£'Sz8  19T°9¥8  797'SZ8  S80'Yy8 | 61£7z8  09Z%+8 | (409)
€T1GSY0  €2SSY0 OV S0 9F ¥SHO| L9TLFO  80SSHO 09 TL¥YO -AOSSH0 202LF0  90SSY0 96 TL¥0 66 VS0 | Z62Lv'0  €6¥%St0 | (d09)»
20 05"Do 0 = 98Ukl [, 10J UOIIE[NI[ED [PPOI [EIUdUOdXD I ]Ad WO.1J S}NSIY
$0Z2'098  T1€8'6S8 L07'dS8 8S6LS8 | THZ'Z08 768778 801208  L8L'7Z8 8Y0T08 81778  SS6°008  8L0'de8 | Lv0'86L  L0OE‘0Z8 0'0S
8€8'€98  €9%'€98 GZ8'N98 SLST98 | 8LL'SO8  08€9Z8  ¥¥9'S08  SLT7'978 “'€85'V08  €£9'S78  68YV08  79S'qe8 | 945708  +8L€Z8 0S¥
7LY'198  S60298  £¥F'98  Z6T'S98 | 0TE'608 998678 941608  09.'678  E€ILB08  SIT6Z8 810808  ¥+0'dz8 | 101°'S08 657478 0‘0%
90T'TL8  6ZL0L8 T90'¢98 018898 | 6£8°CI8  0SGE'€E8  ¥0L'ZI8  €HT'EE8  6£9'TI87, 965768  PHSTI8  £€75°Qe8 | 279'808  TEL0E8 0'GE
hL'PL8  S9E'VL8  789'QL8  0EH'TL8 | S9E€9I8  €€89€8 672918  rL'9€8  €91°G18 (_8L0°9€8  £90°ST8  Z00'9e8 | 0¥I'ZI8  TOZvE8 0'0€
18€°8L8  £€00848 90€'9L8 +$S0'9.8 | 688618  SIE0F¥8  ZSL'6I8  90Z0v8  S89'818  §95%6E8 885818  08%'de8 | SS9'SI8  7L9LE8 0°sZ
¥20788  S¥9'I88 SGE6'HL8 189648 | ZIH'EZ8  86L'€H8  bLZ'€Z8  889'€¥8  S027Z8  YEO'€H®), L01'ZZ8  6S6'gk8 | 691618  ZHI'TY8 002
149688  767'S88 895988 ¥IE'€88 | ¥£6'978  78ZLV8  S6L'978  TLTL¥8  G7L'SZ8  SIS9¥8)'979'6Z8  6Lh'gv8 | 789778  ST19hYS8 0'ST
¥2€'688  G¥6'888 807488 ¥56'988 | 8SY0E8 69058  LIE'0€8  LS9'0S8  S¥Z'678  6666¥8 VGHWI6Z8  ZZ6'HF8 | 961928  6808%8 | 00T
¥86'768  ¥09'768 958°068 109068 | 786'EE8  6SZVS8  0OF8'EE8  9VIPS8  L9L'TE8  98F'€S8  999ZE8.  80%'dS8 | 014678 995158 0‘s
759'968  0L2968 TIS'H68 LSZH68 | 60GL€8  €GL2S8  S9E€LE8  B8E9LS8 067968  9L69S8  681°9¢87),,868'ds8 | Lzz'ee8  Lb0°SS8 00
M- S- M1 S- M- S- M- S- M- S- M- S- M- S- Do
ANS aINS AN ANY (aws)za  (Aws)ca  (Awy)ca  (@wdza  (Aws)sa  (ams)sa  (awylsd  (HA¥)sd | eseid [esa1a dwag,

spud[q NV Surpuodsa.iod pue s[onj [9S3Ip .10J uoryenjeaa (7)g/yuswaansedwt ANsuaq — £'d dqel

57

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=b3f02749bebfd74c23236b8c33383a2c

2018(E)

ISO/TR 19441

Z€8°0¥8 850098  LH6'SS8  1S8'SS8  S6L'ZK8  ZI8'6ES  TSELV8  YLO'EY8  9SL'8E8  L8¥'6S8  TLZOH8 0TZ'6S8  900'8%¥8 | (DST) @
9% 0880 OTTI60 LZ|€S8°0 612060 £SZ060) L60060 8ITS06'0 8ZT680 ¥ZL060 206060 L9¥880 8£L¥80 €99.80 | (OsD»
1ZH'0¥8  £79'6S8  16S'SS8  TTV'SS8  ELETHS 26E6E8  976'9¥8  LS9TF8  YEE'BE8  $S0'6S8  9S8'SH8 908858 €658 | (409)
ST68%'0 LI90S0 +#0O¥LF0  TZTOSO TIPI0S0 P¥$00S0 882050 9TS6¥'0 Z0F%0S0 TOS0SO 6V I6%0 LLOLV'O 20L8%0 | (109)»
Jo0S 7" D00 aSueua Qh=uﬁ.~wq——=®u [PPOIN —NEEQEOQ%W J0J synsad LINd
0Z1'748 00S°€68  796'S88  969'888 | 18S'SL8 121748 (WA6'6L8  LLO'SL8  ¥ZZ'TL8 986768 86£'848 +HI1'688 £89'8/8 | 00'SZ-
19L298  L68'888 998188  0ST¥88 | L9908  9¥¥198  ve¥SL8  8SY0L8  LB8L'998 S97'888  789'€48 LE0'S88  £0Z%L8 | 00°0Z-
8LE€98  STEV88  8U8LL8  S6S6L8 | 766'G98 698798 L6808 TI6'S98  IS6T98  989'€88  SS0'6948  ZI0T88  Z¥O'TL8 | 00'ST-
065858  S99'6.8  €£/9°€L8  800'GL8 | 88E198  £€£'858  09£°998 “A19%198  8LZLS8  090'6L8 98S¥9Y8 94L9L8 ¥€9'998 | 00°0T-
SYEYS8  616%L8  £40°0L8  96£°0L8 | ¥S89S8  ¥16'€S8  £L8LT98  000LS8  198'7S8  €87¥L8 607098 961°€L8  S¥T'Z98 | 00°S-
G8L°0S8 988698  0g¥'998 80898 | 68£7S8  10S'6¥8 ¥66'9S8  ZZ8TSB  v9¥'8Y8 668898 G8L'S8 779698 FH0'858 | 000
6SZL¥8  S68'G98 068798  6£8T98 | ¥98'8%¥8  £L6'S¥8  YFY'ES8  66Z'6V8 ~Z76Y¥8  TVE'S98  ¥0£TY8 050998 68¥'¥S8 | 00°S
GEL'EY8  8EE798  SOE'6S8  T67'8S8 | LVE'SF8  0SP'ZY8  006'6¥8  08L'SY8 “E8LT¥8  £6L198 878'8H8 £84'798 6£6'0S8 | 00°0T
YIZ'0¥8  S8L'858  7qL'SS8  LVLFS8 | TE8TF8  0£6'8E8  SSE9Y8  £97°TH8  1S8LE8  8YT'8S8  LSE'SH8 616858  16EL¥8 | 00ST
G69°9€8  9£7°SS8  OHI'ZS8  90T‘IS8 | ZIE'8E8  OTH'SE8  LI8ZTV8  ShL'8E8  6IEFEQ() SOLFS8  G88'IH8  GSE'SS8  SP8'EF8 | 00°02
6LT'CE8  T69TS8  89S'8%8  6997L¥8 | S08'FE8  S68TE8  LLZ'6€8  T€Z'Se8  9820£8 (V91168  91¥'8g8  Z6L1S8  00£0¥8 | 00SZ
799678  6F1'8%¥8  8/46'v¥8  ZET'VF8 | 967'1E8  €SE'8Z8  9£4'S€8  VILTES  ¥STLI8  0€94y8  6bevd8 1£Z'8¥8  9SL'9¢8 | 00°0€
6¥1'928  009%¥8  64ST¥8  16S0¥8 | 6LL178  0S8%YZ8 961°7€8 07878  LIL'€Z8 1608~ 6LF'Tg8 999'%+8 80Z'€E8 | 00SE
1€9'228  €SO0‘TH8  918LE8  9S0L€8 | ¥9Z'vZ8  LTETZ8 159'878 S89%Z8 081028 1SS0¥87/600898 660 TH8 659678 | 00°0%
601618  S0SL€8 8qZ've8  FIS'C€E8 | SPL'0Z8  €087ZI8  SOI'SZ8  99T'TZ8  6£9°9I8  6001LE8 LESRA8 67S'4£8 901978 | 00°Sh
88S'ST8  956'€€8  6€90£8 7,678 | 97ZLI8  8LZ'PI8  8SSTZ8  SHP9LI8  L60'€I8  L9V'EE8  S909q8 096'€E8  ¥SSZZ8 | 00°0S
(M) (m) (m) (m) (s) (s) (s) (s) (s) (s) (s) (s) (s) Do
LTTIH 80TdH SOTdH €0TdH 81T4H LTTIH 9T'TdH STTdH ITTdH  80TdH  90TdH  SOTdH  €0TdH | dwsL

S[10 Sureay J11SAWOP 10 uonen[ea? (7)g/juswainsedwt ANsuUdq — 8'd d[qel

© ISO 2018 - All rights reserved

58


https://standardsiso.com/api/?name=b3f02749bebfd74c23236b8c33383a2c

2018(E)

ISO/TR 19441

898°7¢8 6598°C€8  788EIB  09¥'LE8 ¥S1'€V8 ¥089%8 (990/L¥8  7z0'S¥8 19L°€€8 19%'SE8 T¥¥LS8  LS8'SE8  66TLES 75€£058 202'9¢8 (ost)a
09 ¥€8°0 €S¥€8°0 01 Z98p 81 SE8D LE LEB0 S66180 L£%6Z80 8780 L0858°0 €8 .¥80 LT 0180 €8678°0 €0 Te80 1€ 1€8°0 0L €780 (osm)»
z81'zE8 €LV'TE8  TOV'EIR  TLO'LES 79L'T¥8 81¥'9¥8  9L9'9¥8/ 9£9'V¥8 €9¢g'ces £90°S€8 G50°258  7L¥'se8  €18[9¢€8 656678 078'S€8 (d09) a
L9 €9%0 €9€9%'0  ¥68L¥YP 66 E9%0 12 S9%0 €5SSY'0  9L09%'0 0T LSY0 TL9LY'0 T0 TLY'0 ST0SY'0 TOT9%'0 89 19%0 ¥8 1970 19 LS¥0 (409) ©
8TTdH LTTdH 91T4H STT4H YTTdH €1T4H CTTdH 0FAdH 80TdH LOTIH SOT4H 70TdH 0T4H Z¢0T4H T0T4H
Do 0 1€ Surlrels sj{RsaJ uone[ndred [Ppoy fennuauodxy LINd

8TEEY8 80€°€¥8  8IV'¥ZR  €L6LY8 €9L°€S8 Zve’LS8  0£9'258  08%'SS8 90S8vv8 001'9%8 L68198  S8Z9¥8  8S9LV8 L16098 TLS'9Y8 000
178'6€8 €18'6€8  L680ZB  LSV'VY8 ¥12°0S8 9TL'€S8  ¥60'¥S8  786'1S8 16078 €¥STY8 96£'¥98  66LT¥8  091|¥¥8 2TY'LS8 €60°€Y8 00'S
87£9¢8 12€9€8  LLELT €¥6'078 0L9°9%8 622058  ¥95°0S8  S8%'8¥8 YZELES 886'8€8 106098  91£6€8  £99[0%8 0,8°€S8 679'6€8 00°0T
6£87€8 878'ze8  LS8'CIB  TEV'LES LTT'EY8 0SL9%8  9€0°L¥8  T66F¥8 SEL'EES ZEF'S€E8 0T¥'LS8  978'S€8  0LT|LE8 ¥7£'0S8 TL1'9€8 00°ST
0S€'6Z8 V€678 LEEOT 126'€€8 €85'6€8 0LZ'€¥8 0TS'€¥8 T10ST¥8 LYT0€8 7881€8 ST6'€S8 £€'7E8 189|€€8 9LL'9%8 €TL'T€E8 0002
798'sz8 LS8'GZ8  0Z8'90B  11¥'0€8 6£09¢8 S6L'6€8  986'6E8  ¥10°8E8 295928 87¢'878 SE¥'0S8  ¥98'8Z8  ¥871/0€8 0€T'EV8 857628 00'SZ
SLETT8 09€'7Z8  18Z'COB 968978 00S€8 €0£'9€8  T19%'9€8  LOS¥EB 916778 89L%Z8 9€6'978  S8E'ST8  969[978 €89°6€8 S8.L'SZ8 00°0€
788818 6.8'818 89L'66[ 76£°€Z8 756828 5€8°7€8 7€6'7€8 8€0°T€8 0LE£°618 912128 SO £%8 706128 €07|€Z8 €€1°9€8 LY€'728 00's€
€6£'S18 L8E'ST8  T1¥Z'96L  LL8'618 S0%'SZ8 G5€'678  S0¥'678  LYS'LI8 SLL'S18 €59'218 8L6'6£8™, 0Z¥'818  80/618 1857€8 068818 00°0%
868118 €68118  60LC6L  09€918 €58°128 ¥L8'G78  ¥L8'ST8  SS0VZ8 L1718 L80718 16¥9€8 (466718  Z1Z[918 920628 0€Y'S18 00°S¥
¥0%'808 L6£'808 9L1'68L €818 6627818 ¥6£278 €¥€7T8 095‘0Z8 1,5'808 125018 ¥00'cE8 0S¥ I8 STZ|Z18 0L%'SZ8 L6'TI8 00°0S
81T4H LTTdH 91T4H STT4H YTTdH E€TTdH ¢1TdH OTT4H 80TdH LOTIH S0T4H Y0THH €0dH Z0TdH T0T4H dwy

J9).JeW 3} W01 Sa}I[en)) Jowuns

J. 03e Sun.els (x-€0STS NId) [10 m:ﬁ«ﬂ: INnJ[ns MoJ 10J SJUIWIINSEIN ANsuaq

(sopead 1owwins) s[io durleay 11SaWOP JInj[ns Mo[ .10J uonieneaa (7)g/usuwa.anseaw A)Nsua(q — 6'd dqeL

59

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=b3f02749bebfd74c23236b8c33383a2c

	Foreword
	Introduction
	1 Scope
	2 Normative references
	3 Terms and definitions
	4 Summary
	5 Background and motivation
	6 Basic analytical considerations
	6.1 Intentions of this document
	6.2 Physical property density
	6.3 Density for (defined) product blends/mixtures
	6.4 The volume correction factor (VCF)
	6.5 Graphical representations of the density/temperature behaviour
	7 Applicable VCF models
	7.1 General
	7.2 Exponential model (for a single sample)
	7.3 The linear VCF model
	7.4 The constant value model for a specific product family
	8 Developing the group constants K0, K1, K2 for the PMT Group B products (see Table 1)
	9 European precision requirements for volume meters revisited
	10 Experimental details concerning the density measurement
	10.1 Choice of density determination method
	10.2 Participating laboratories
	10.3 Samples
	10.4 Measurement ranges
	10.5 First impressions on necessary precision for the D(t) measurement
	10.6 Further experimental steps
	11 Density measurement and interpretation of results
	11.1 Middle distillates
	11.2 Studies on FAME and FAME blends
	11.2.1 General
	11.2.2 Using the linear model variant
	11.2.3 Pure FAMEs
	11.2.4 FAME blends with low sulfur domestic heating oils
	11.2.5 Market diesel fuels
	11.2.6 Diesel fuels (B0, B5, B7) and more FAMEs
	11.2.7 Domestic heating oils (DIN 51603-1)
	11.2.8 Low sulfur domestic heating oils (DIN 51603-1)
	11.2.9 Rapeseed oil fuels
	11.2.10 GTL and XTL samples
	11.2.11 Summary of results for middle distillate samples
	11.3 Petrol type fuels
	11.3.1 EN 228 market petrol fuels
	11.3.2 Results for EN 228 Super 95 petrol E0 (summer quality)
	11.3.3 EN 228 Super 95 petrols E5 (winter quality)
	11.3.4 EN 228 Super 95 petrols E10 (winter quality)
	11.3.5 EN 228 Super 98 petrol E0 (summer quality)
	11.3.6 EN 228 Super 98 petrol E0 and E5 (winter quality)
	11.3.7 EN 228 Super 98 petrols E0 blends with different shares of ethanol
	11.3.8 Conclusions for D(t) behaviour of the petrol fuel samples
	Annex A (informative)  Calculation of alpha60F, D60F and alpha15 plus D15 for a set of single unknown petroleum samples according to API MPMS Chapter 11.1
	Annex B (informative)  Examples of Y table results in German DIN 51757
	Annex C (informative)  Precision results for FAME from a German precision determination exercise
	Annex D (informative)  Density/temperature tables
	Annex E (informative)  Example for density/temperature conversion for the paraffinic diesel fuel product family
	Bibliography

