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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.
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Introduction

The 2016 version of ISO 11171 provides options for reporting particle size in either units of um(c) or
um(b). While mathematical conversion of um(b) sizes to pm(c) sizes is straightforward, there is no
such universal means for converting particle concentrations or filter Beta Ratios. This is problematic
when attempting to comply with contamination control and filter performance specifications given in
integral units of pm(c) when data are in integral units of pm(b) corresponding to decimal point pm(c)
sizes, or vice versa. For example, particle sizes of 4 pm(b), 6 pm(b), 14 um(b) and 21 um(b), correspond
to sizes of 3,6 pm(c), 5,4 pm(c), 12,6 pm(c) and 18,9 pm(c), respectively. In the absence of a common
interpaolation method, otherwise acceptable fluid and filter products can he deemed unacceptable for
use| because of a discrepancy in the particle sizes reported. This document describes a recommended
method for converting um(b) data to um(c) data and for interpolating particle concentration, Beta
Ratlio, and removal efficiency data. The resultant interpolated values can be used to convert ¢leanliness
level or filter performance specifications and data from um(b) to pm(c).
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Hydraulic fluid power - Interpolation method for particle
count and filter test data
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nts at 20 um(c) are specified, but data was collected at 21 pm(c). This\method allows inf

n

filter Beta Ratio data when results are not otherwise available at the desired particle
licable for assessing conformance with existing fluid cleanliness and filter Beta Ratie spe
breby the specification and actual test results are provided in different units of partig

s document is also applicable when particle sizes in specifications and available data us
[s of particle size, but do not correspond to exactly the same sizesfar-example, wh

termediate particle sizes within the range of existing data and does not permit extra
ticle sizes outside the range of available data.

Normative references

following documents are referred to in the text in.such a way that some or all of th

ated references, the latest edition of the referenced document (including any amendmen
4406, Hydraulic fluid power — Fluids — Method for coding the level of contamination by sol
11171, Hydraulic fluid power — Calibration of automatic particle counters for liquids

16889, Hydraulic fluid power — Filters — Multi-pass method for evaluating filtration perfi
ter element

Terms and definitions

the purposes of this’ document, the terms and definitions given in ISO 4406, ISO
16889 apply.

and IEC maintain terminological databases for use in standardization at the following ad

ISO Online browsing platform: available at https://www.iso.org/obp

[EC.Electropedia: available at http://www.electropedia.org/

sizes. It is
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le size, for
f um(b).
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bir content

stitutes requirements of this document. For dated references, only the edition cited applies. For

s) applies.

id particles

brmance of

11171 and

dresses:

4

Background

In contamination control programmes, filter purchase decisions and quality control programmes,
particle count and filter Beta Ratio data are compared to established benchmarks, such as fluid
cleanliness specifications, filter performance specifications and historical data. Meaningful assessments
can only be made if identical sizes are being compared. This became an issue with ISO 11171:2016.
Historical data and specifications prior to 2016 were reported in size units of um(c). Beginning in 2016,
however, some chose to report size in units of um(b) while others report in um(c). The two units of
particle size, um(c) and pm(b), are mathematically related, but the corresponding values for particle
concentration and Beta Ratio are not. The 10 % difference in particle size between the two units of
particle size yields differences in the corresponding particle concentrations and Beta Ratios. These, in
turn, can significantly impact critical contamination control decisions.
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As an example, consider whether or not to replace the oil in a hypothetical hydraulic system. In this
example, it is assumed that the cleanliness level specification for its hydraulic fluid is an ISO 4406
code of 18/17/13. When a sample of the fluid was analyzed, particle concentrations of 5 135 particles/
mL, 1 368 particles/mL, 98,3 particles/mL and 19,5 particles/mL at 4 pm(b), 6 um(b), 14 um(b), and
21 um(b) respectively, were reported. Does this fluid meet the cleanliness specification, in which case
it can continue to be used, or it is contaminated and must be replaced, and the corresponding costs of
new fluid, downtime and lost productivity incurred? An uninformed user can incorrectly convert these
um(b) concentrations to ISO code values of 20/18/14 and conclude that the fluid was contaminated.
This would be an expensive mistake. ISO 4406 stipulates that the code applies to particle sizes of 4
um(c), 6 pm(c) and 14 pm(c), not pm(b). Particle sizes of 4 um(b) 6 um(b) 14 um(b) and 21 um(b) 51zes
correspong ns
appear hig hlly,
the sampl¢ should be re-analyzed using an Automatic Particle Counter (APC) calibrated in ym(c), |but
this is oftepn impossible or impractical. A similar problem occurs whenever specifications and'data (e.g.
particle cdncentrations, ISO codes, or filter Beta Ratios) are in different units of particle“size. Thus,
there is a rjeed for a reliable method for converting pm(b) to um(c), and then for interpolating to obtain
data at theldesired particle sizes for contamination control decisions.

’

her than those concentrations found for um(c) sizes of the same numerical value. dde{

) ’

ained cubic spline method of interpolation that is used in ISO 11171:2020 to relate partiicle
concentrations to threshold settings and particle sizes to create calibratign curves for APCs, may
be used tp interpolate particle concentration and filter Beta Ratio data.” Traditional cubic spline
interpolation starts with a series of known data points, the training data set, and interpolates betwgen
them accoyding to the following rules:

The consty

The cuybic spline curve passes through all of the known points;

The cyrve connecting consecutive points are a third-degtee polynomial;

The figst derivative of the curves on each side of a kiewn point are equal;

The s€cond derivative of the curves on each side of a known point are equal; and

Boundary conditions are established for the-minimum and maximum values of x.

While trag
interpolating particle concentration and Beta Ratio data is compromised by a tendency to oversh

itional cubic spline interpolation’produces a smooth curve, its usefulness for purposef of
oot

between 1
improves i
the requiry
point are 3
spline met

ode points. In contrast, the constrained cubic spline method prevents overshooting
iccuracy by sacrificing @ little in terms of smoothness. This is accomplished by eliminaf
bment for second derivatives to be equal. Instead, the first order derivatives on each side

hod has been adopted in ISO 11171:2020. The same rationale applies to other fluid po

hnd
ing
of a

pecified. Since accufacy is paramount in particle counter calibration, the constrained ciibic

wer

cleanlinesg and filter performance applications.
Contamingtion confrpl decisions should be made using data obtained at the actual sizes defined in
specificatipns or‘standards, but this is not always possible or practical. For example, a standard [can

specify partiele size in units of um(c), but the available particle count or Beta Ratio data can be ffom
an APC calibrated to ISO 11171:2016 and reported size in units of um(b). Similarly, a specification [can
use um(b) sizes from the obsolete ISO 11171:2016, but the available data can be from an APC calibrated
to ISO 11171:2020 which reports size only in units of pm(c). In such cases, the constrained cubic spline
method of interpolation is recommended for estimating particle concentrations and Beta Ratios as a
function of particle size, when data is not available at the specific sizes of interest. It should be noted
that the accuracy of the resultant interpolation is dependent upon the quality of the original data.
Accuracy is sacrificed when the input data contains errors, when there is too little data available for
accurate interpolation, or when the available sizes skew the interpolation.
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5 Interpolation of particle concentration and Beta Ratio data

Meaningful comparisons of particle concentrations and Beta Ratios can only be made if all data is
reported in the same units of particle size. ISO 11171:2020 standardized on pm(c) as the only acceptable
unit for reporting particle size; hence it is recommended that specifications and historical data utilizing
um(b) sizes be converted to their corresponding um(c) sizes. The interpolation of um(b) to um(c) data

involves the following steps:

1y
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Mathematical conversion of pm(b) sizes to pm(c);
Constrained cubic spline interpolation of the data using the resultant pm(c) sizes;
Visual validation of the interpolated results; and

Determination of interpolated particle concentrations or Beta Ratios for-umf(c) at the pal
of interest.

s may be performed manually or using the spreadsheet provided at-the following URL li
a Interpolation for Contamination Control Applications: https!//standards.iso.org/is

rticle sizes

hk to N425
h/tr/4808/

| /en/. The link accesses an Excel file containing three spreadsheets: Instructions, In
bncentration for interpolation of particle concentration data and Interpolation - Betq
rpolation of Beta Ratio and filter removal efficiency ddfar’Regardless of whether inter]
formed manually or using the spreadsheet, the constrained cubic spline interpolati
cribed in this section is preferred over the traditionralcubic spline or other interpolatio]
a for at least 3, but ideally 6 or more particle sizes.is needed for the training data set.

terpolation

Ratio for
polation is
n method
h methods.

first step of the interpolation process is.to* convert pm(b) sizes to pm(c) by mult

D um(c); 6 um(b) corresponds to 5,39 umy(c); 14 um(b) corresponds to 12,57 um(c); etc.

A Ratios in column B. The data iS entered in order of increasing particle size using only p
for each size, there must be a corresponding concentration or Beta Ratio. The spreadshe
um(c) sizes corresponding.to each pm(b) size in the light grey “Converted particle size’
spreadsheet and plots the-data in pm(c) sizes on the graph in the spreadsheet as black

5t cases, integral pm(b) sizes correspond to non-integral pm(c) sizes. The um(b) to pm(c)

ation is valid onlyfer particle sizes less than or equal to 38 um(c). For larger sizes, the
hes of um(b) andyim(c) sizes are equivalent, and the spreadsheet automatically adju
ition to converting um(b) sizes to pm(c), the Interpolation-Beta Ratio spreadsheet also co
blays Beta Ratio data as removal efficiencies.

brpolation”of data for intermediate sizes should be performed using the constrained c
hod and the previously calculated pm(c) sizes with corresponding particle concentratid

Raft]

idss) Referring to the spreadsheets, values for interpolated intermediate pm(c) sizes ovel

plying the

[b) sizes by a factor of 0,898, as defined ins1SO 11171:2016. For example, 4 um(b) corrgsponds to

his can be

formed using either the Interpolation -*Concentration or Interpolation - Beta Ratio spreafsheets by
bring the known pm(b) particle sizés'in column A and the corresponding particle concentrations or

hired data,
et displays
column of
bquares. In
conversion
numerical
bts this. In
nverts and

ibic spline
ns or Beta
the range

of

€ original data are automaticatly calcutated and dispiayed inm the dark grey ‘Interpoia

on Curve”

columns. The Interpolation-Concentration spreadsheet plots the interpolation curve on the graph as
a red line. The Interpolation-Beta Ratio spreadsheet plots the interpolation curves on two different
graphs, one for Beta Ratio data and one from removal efficiency data. In both cases, the interpolation
curve is displayed as a red line.

The next step of the interpolation process is to visually inspect the plotted interpolation curve for
evidence of abnormalities. It is desirable, but not mandatory, that the interpolation curve be based
upon 6 or more data points, evenly spread over and bracketing the pm(c) particle sizes of interest. The
curve should appear to be smooth, monotonic, and without sharp inflections. Deviations from this
appearance, e.g. abrupt changes in slope, oscillatory behaviour or apparent overshooting of the data,
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are usually the result of shortcomings in the original data set. Examples of such shortcomings include,
but are not limited to:

errors

The latter 4

sizes and
of using 13
Reference
In some ot
of the syst
and reper
considered
the interp

The final s
intermedid
enter the v
portion of
plotted as
outside thg
by the sp
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The methg
data and t
values obt
specificati

6 Exam

To illustra
consider a
sample col

too few data points,

biased spacing of the available sizes,

at one or more data points, and

inclusion of data for particle sizes between 30 um(b) and 38 um(b)

her cases, an apparent deviation from the expected behaviour can reflect the trie behavi
em, but the user is advised to attempt to verify this by obtaining data at.additional s
forming the interpolation before accepting this conclusion. The interpolation should

validated if any observed deviations are deemed insignificant for thé\intended purpos
plated data.

tep is to determine interpolated values for particle concentrations or Beta Ratios at speq
ite sizes using the previously validated interpolation. Using the appropriate spreadsh
alues of the desired um(c) sizes in the “Particle Size” columanyof the “Interpolated pum(c) d
the spreadsheet. The interpolated values will be displayed in the adjacent blue columns

Fed circles on the graphs. The constrained cubic splineimethod cannot be used to extrapo
e l[imits of the data. If a desired size is outside the range of the data, a value of 0 is displa|
readsheet for the interpolated concentration, Béta Ratio or removal efficiency and

ling cell is displayed in black.

d described in the preceding paragraphs\should be used to convert pm(b) data to pn
0 interpolate particle concentration, Béta Ratio, and removal efficiency data. Interpold

bns and data from pm(b) to pm(c):

Iple of interpolation efparticle concentration data
Le the use of the constrained cubic spline interpolation method for contamination cont

hydraulic system gvith a fluid cleanliness specification of ISO 4406 code 18/16/13. An
lected from the system yielded the data shown in Table 1.

Table 1= Particle count data from system reported in units of um(b)

ific
cet,
hita”
hnd
ate
yed
the

n(c)
ted

qined in this manner may also be used to convert cleanliness level or filter performance

rol,
oil

Particle size Particle concentration
Particles/mL >
hm(b) indicated size
4 2 824
6 752
10 182
14 54,1
21 10,7
30 2,16
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The Interpolation - Concentration spreadsheet will be used for this purpose. An ISO code specification
of 18/16/13 means that the fluid must contain fewer than 2 500 particles/mL larger than 4 pm(c), 640
particles/mL larger than 6 pm(c), and 80 particles/mL larger than 14 pm(c), The particle count data,
however, is in units of um(b). ISO 4406 only uses particle size in units of um(c). To determine whether
the fluid is sufficiently clean for continued use, the available pm(b) data must be converted to um(c) and
interpolated. Using the spreadsheet, the data from Table 1 is entered in the first two columns (columns
A and B), as shown in Table 2. The third column, column C, displays the corresponding um(c) sizes.

Note that the pm(c) sizes are not integral and none correspond to the sizes required by ISO 4406.

Th
squ

inflection points that exist are far less than 1 ISO code unit, i.e. a doubling inpc¢encent

ins
ISO
intq
tha
ISO

interpolation curve is displayed in red on the plot, and the original data are dis
ares, as shown in Figure 1. The interpolation curve appears smooth and monotonic:-Anyj

gnificant for purposes of the specification. Having visually validated the i polation
rpolated concentrations of 2 184,07 particles/mL larger than 4 pm(c @-5,51 particles

4406 code of 18/16/12, within the acceptable fluid cleanliness sp ations of the syste

d as black
suspected
ration and
curve, the

code sizes of 4 pm(c), 6 um(c) and 14 um(c) are entered into Particle Size)column H anpd yielding

mL larger

m.

n 6 um(c), and 38,99 particles/mL larger than 14 um(c). These gﬁg trations correspond to an

AS

Table 2 — Completed spreadsheet used in fluid cleanliness assessment exam
OQriginal pm(b) data | Converted
Particle Particle particle
fize | concentration size
oty | bt | g
4,0 2 824,00 3,59
6,0 752,00 5,39
0,0 182,00 898 |..(
14,0 54,10 1257 ([
1,0 10,70 18@ :
0,0 2,16 2694
-

le
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ure 1 — Spreadsheet plot of results from fluid cleanliness assessment example

ple of interpolation of filter Beta Ratio and removal efficiency data

mple, assume that the pm(b) Beta Ratio results shown in Table 3 were obtained fron] an
multipass’ filter test. In this example, it will be demonstrated how to convert these pun(b)
results-to integral pm(c) sizes to be consistent with industry practice.
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Particle size

) Beta Ratio
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4 1,15

5 1,39

6 1,66

10 4,74

14 27,86

20 235

25 987
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The Interpolation-Beta Ratio spreadsheet will be used for this purpose. Begin by entering the data
from Table 3 into the first two columns, columns A and B, of the spreadsheet as shown in Table 4.
The corresponding removal efficiencies and pm(c) sizes are displayed in light grey columns C and D,
respectively. The interpolation curve for Beta Ratio and removal efficiency are displayed as red lines on
the two graphs to the right with the original data in units of pm(c) displayed as black squares as shown
in Figures 2 a) and 2 b). The interpolation curves appear smooth and monotonic. The interpolation
curve appears realistic and any potential inflection points appear minor. Having visually validated the
interpolation curve, the desired um(c) sizes are entered into column J. The corresponding interpolated
Beta Ratios and efficiencies are shown in columns K and L, as plotted as red circles on the graphs as
shown in Figures 2 a) and 2 b).
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a) Beta Ratio example

Key

X | particle size, um(c)

Y |BetaRatio

1 |um(c) Beta Ratio training set data point-corresponding to 10 um(b)
2 | Beta Ratio interpolation curve in pumf{c)

3 |interpolated Beta Ratio data peint corresponding to 14 pm(c)
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b) Removal efficiency‘example
Key
X  particl¢ size, um(c)
Y removdl efficiency
1  um(c) femoval efficiency training set data pointcorresponding to 6 um(b)
2 removdl efficiency interpolation curve in pmf(c)
3  interpdlated removal efficiency data peint corresponding to 14 pm(c)
Figurie 2 — Spreadsheet plot of results from Beta Ratio and removal efficiency example
8 Summary
Implementation of\contamination control programs entails the comparison of particle count and fi
Beta Ratio|data‘te established benchmarks, such as fluid cleanliness specifications, filter perform
specificatipns, and historical data. Meaningful assessments can only be made if identical sizes are bg
Compared ”nfnrhlnah:]v hnrhrln sizes may be rnnnrfnd inunits of ||m”ﬂ sizes or ||m(r‘\ as aresy

[SO 11171:2016. In 51tuat10ns where it is not fea51ble to obtain data in um(c) the 1nterpolat10n of um(b)
data to um(c) offers a practical alternative. Interpolation involves the following steps:

1) Mathematical conversion of um(b) sizes to um(c);

2) Constrained cubic spline interpolation of the data using the pm(c) sizes;

3) Visual validation of the interpolated results; and
4) Determination of interpolated particle concentrations or Beta Ratios for pm(c) at the particle sizes
of interest.

The accuracy of the interpolated results is a function of the quality of the training data set. The accuracy
of these interpolated results is sufficient for most contamination control purposes, especially given the
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