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Abstract

A low frost-point generator (INRIM 03) able to operate at sub-atmospheric pressure has been
recently designed, constructed, and assessed at the Istituto Nazionale di Ricerca Metrologica
(INRiM) with the aim of providing the metrological traceability both to instruments developed
for the measurement of humidity in atmosphere and to sensors and analysers used in industry
for controlling and measuring the amount of water vapour in manufacturing processes. The
humidity generator operates in a single temperature single pressure mode, letting the carrier gas
(nitrogen) achieve saturation in a single passage through an isothermal saturator. Its working
range encompasses a frost-point temperature range from —100 °C to —20 °C, in a pressure
range between 200 and 1100 hPa, corresponding to an amount of water fraction range from

13- 102 mol-mol~! t0 6.2 - 10~3 mol-mol~!. In a previous work its performance was assessed
in the frost-point temperature range from —75 °C to —20 °C (Cuccaro et al 2018 Meas. Sci.
Technol. 29 054002). In this work, a comprehensive set of tests for its characterisation and
performance evaluation between —75 °C and —100 °C is presented. A detailed uncertainty
analysis in the above temperature range is reported, taking into account all the sources of
uncertainty that affect the humid gas generation. An expanded uncertainty (k = 2) of 0.07 °C
was found for frost-point temperature measurements between —75 °C and —95 °C, while an
expanded uncertainty of 0.26 °C resulted at a frost-point temperature of —100 °C. The relative
expanded uncertainty (k = 2) associated with water vapour amount fraction measurements was
estimated equal to or better than 1.2% between 35 - 10~? mol-mol~! and 6.1 - 10~ mol-mol ',
increasing up to 6.5% at 13-10~° mol-mol .
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1. Introduction

In the present context in which climate change and environ-
mental degradation have been recognised as a real threat to
Europe and the world, the European Commission delivered the
European Green Deal, an ambitious package of policy initiat-
ives, which aims to set the EU on the path to a green transition,
with a climate neutrality goal by 2050 [1]. Water vapour is
a remarkable gaseous source of infrared opacity in the atmo-
sphere, representing one of the main greenhouse gases. For
this reason, it has been included among the so-called essen-
tial climate variables (ECVs), identified by the global climate
observing system to be monitored as critical drivers of Earth’s
climate changes. Its accurate measurement is challenging as
the water vapour amount fraction decreases from some per-
cent to a few parts per million moving from the ground level to
the stratosphere. Different research groups have focused their
efforts in the realisation of humidity standards able to gener-
ate a humid gas with a water vapour amount fraction less than
1-107% mol mol~" (1 ppm), in order to provide the metrolo-
gical traceability to all the instruments developed for the meas-
urement of humidity in the atmosphere [2-6].

A higher accuracy in controlling and measuring the water
vapour also below 1-10~% mol mol ! is of interest for industry,
due to the significant effects that water vapour has on product
quality, production efficiency and costs, and consequently on
waste generation. In ultra-high purity (UHP) process gases,
trace water is the single largest matrix contaminant and affects
the process yield in UHP gas applications such as the semi-
conductor manufacturing, where a trace water contamination
of a few parts per billion can result in failure in microelec-
tronic units. Enhanced process efficiency in fabrication pro-
cesses also allows reduced use of toxic chemicals, reduced
waste of raw materials, reduced need for re-work, recovery,
and re-processing, contributing to the reduction of energy con-
sumption and carbon emissions.

As mentioned in Cuccaro et al [2], over the last decade trace
humidity generators have been realised in the several metro-
logical institutes around the world. At the National Metrology
Institute of Japan (NMIJ) a diffusion tube humidity generator
(DTG) based on the molecular diffusion was developed as a
possible alternative to the frost-point generator [3—6]. By an
accurate control of flow, temperature and pressure, that gen-
erator produces humid nitrogen in the trace water range with
a relative standard uncertainty of the order of 0.2%. At the
Korea Research Institute of Standards and Science (KRISS) a
frost-point generator (LFPG 2) was developed [7]. Previously,
the KRISS had developed a low frost-point generator named
LFPG 1 able to produce a humid gas with a frost-point tem-
perature down to —105 °C. It was based on a saturator cooled
by means of a refrigeration and thermoelectric systems and
operated in a two-temperature, two-pressure (2T-2P) mode [8—
10]. The new LFPG 2 also operates in the 2T-2P mode and is
based on a saturator hosted in a thermostatic bath. The expan-
ded measurement uncertainty (k = 2) for the humidity gener-
ation range between 7 and 1000 nmol-mol~! varies between
0.33 and 9.9 nmol-mol~!, respectively, equivalent to 5% and
1% in relative expanded uncertainty. Compared with LFPG 1,

the measurement uncertainty improved by about a factor of
two.

In the recent past, the Swiss Designated Institute for humid-
ity, MBW Calibration AG, developed a new humidity standard
generator to be used as the primary realisation of the frost point
temperature between —90 °C and —10 °C [11]. The gener-
ator worked in a single pressure mode for saturation temperat-
ures between —80 °C and —10 °C and in two-pressure mode
for saturation temperatures down to —90 °C. When used in
single pressure mode the frost point temperature corresponds
to the temperature at which the carrier gas is saturated (after
applying corrections for pressure drops towards the point of
use), while in the two-pressure mode the carrier gas is satur-
ated at a pressure higher than the ambient and subsequently
expanded passing through an expansion metering valve. In the
frost-point temperature range between —90 °C and —80 °C,
the stated expanded uncertainty (coverage factor k = 2) ranges
between 0.40 °C and 0.20 °C.

Another notable example of low frost-point primary humid-
ity generator was developed at the UK National Physical
Laboratory (NPL). The humidity generator is suitable for oper-
ation in two-temperature or two-pressure mode over the frost-
point temperature range from —95 °C to — 10 °C with saturator
pressures up to 3.5 MPa. The saturator has a modular design
consisting of coiled pipes attached to a central manifold which
provides structural rigidity, restraining the coils when used in
two-pressure mode. Horizontal coils are connected by inclined
tubes and each coil can be removed, so that the operation of the
saturator and its efficiency can be examined in detail as well
as, in order to simplify periodic pipe maintenance operations
[12].

Recently, at the Istituto Nazionale di Ricerca Metrologica
(INRIM) a low frost-point primary generator able to operate
from sub-atmospheric pressure has been designed and con-
structed. The generator, named INRIM 03, covers the frost
point temperature range between —100 °C and —20 °C, and
operates in the pressure range between 1100 and 200 hPa. A
description of the generator and its performance were assessed
in the frost-point temperature range from —75 °C to —20 °C
with the aim of providing SI traceable calibration to radio-
sondes and reported by Cuccaro et al [2].

In this work, after a brief description of the experimental
apparatus, the results of a comprehensive set of tests car-
ried out to validate the individual uncertainty components are
presented. Detailed uncertainty evaluations of both the frost-
point temperature and the water vapour amount fraction are
given in the whole working pressure range and in the frost-
point temperature range between —75 °C and —100 °C.

2. Theory of operation

The INRIM 03 generator is based on the single temperature,
single pressure principle (1T-1P), where the measured frost
point temperature T, only depends on the saturation temper-
ature Ty (except for a small pressure drops toward the point
of use). Assuming that the water saturator pathway is long
enough to ensure the full saturation of the input gas in a single
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passage, the carrier gas which flows through the saturator is
able to reach its thermodynamic equilibrium over a plane sur-
face of isothermal ice maintained at a temperature 75, and a
pressure p. Therefore, the water vapour amount fraction, x,
at the generator gas outlet is determined by the equation:

Xy = f(Tsal>p) *Cy (Tsal) (1)
p

where ey, (T ) is the saturation vapour pressure over ice at the
temperature Ty, p is the total system pressure and f(Ty, p) is
the water vapour enhancement factor, which takes into account
the non-ideal behaviour of the gas mixture. Unlike the pre-
vious work [2], where the empirical formulation of Sonntag
[13] was used for the determination of the saturation vapour

pressure over ice, in this work the quantity ey, (T, ) and its
relative standard uncertainty u.(ey,), have been estimated by
using the formulation given by the 2011 IAPWS release for
the sublimation pressure of ice Ih [14], also reported in the
article by Wagner et al [15]. The authors have chosen to use
the most recent formulations for ey, (T, ) and u,(ey,), although
the numerical difference between the values of ey, (T, ) given
by Sonntag’s and Wagner’s formulation is often negligible.

The enhancement factor f( Ty, p) was estimated by means
of the approximation function given by Bogel [16] for moist
air, while the estimation of its relative uncertainty u.(f) is
based on the work of Lovell-Smith [17].

Considering that x,, is determined using equation (1),
its combined standard uncertainty, u.(xy), is given by:

U (Xy) = \/ {xw (]10 83{&

where u.(Tsy) and u.(p) are the combined measurement
uncertainties of the saturation temperature and the pres-
sure, respectively; u(ey) and u(f) are the standard uncertain-
ties of ey (Tsy) and f(Tsy,p), respectively; while the terms

1.0f | 1 ey 19f 1
Fw (f OTsa + Cw 6Tsal) X

1Of 1) ew L -
W (fap p) - and 5 are the relev
ant sensitivity coefficients. A detailed uncertainty analysis for

Tsat and p is reported in section 5.

3. Experimental set up

Figure 1(a) presents a picture of the INRIM 03 generator hos-
ted in a thermostatic bath, while figures 1(b) and (c) show a
rendering of the gas lines and of the heat exchanger/saturator,
which represent the core of the experimental setup. A detailed
schematic of the whole system is available in [2].

The saturator and the heat exchanger are immersed in a pre-
cision liquid bath: anhydrous ethanol was used as heat transfer
fluid to enable operation at any temperature between —100 °C
and —20 °C.

The gas saturation temperature T, is measured using a
standard platinum resistance thermometer (SPRT) which is
placed inside the saturator outlet pipe and results in thermal
equilibrium with the saturated gas stream. In addition, the sat-
urator bath temperature Ty, is also measured by means of
a second platinum resistance thermometer (PRT) immersed
into the ethanol bath. Both temperatures are read through a
precision thermometer bridge. A PID-based electronic back-
pressure regulator controls the pressure at any value in the
range between 200 and 1100 hPa. The experimental setup
includes molecular-sieves filters at the generator gas inlet
which reduces the frost-point temperature of the incoming dry
gas well below —100 °C, so letting the humidity saturator
always work in the evaporation mode.

1 Oe 2
_ w 2
+ Cw aTsat):| uC (Tsat) * |:xw (

The stream of dry gas, here nitrogen, flows through a
3 m helicoidal heat exchanger and then through a 3 m long
isothermal saturator, with a 14 mm X 9 mm cross section
whose passageways are filled at about 40% with ice, leav-
ing a 14 mm X 5.5 mm passageway for the flowing gas. At
the exit of the saturator, the fully-saturated carrier gas can be
delivered to the units under calibration—either a cavity ring-
down spectroscopy (CRDS) moisture analyser or a chilled-
mirror hygrometer—via electro-polished stainless steel (EP-
SS) heated tubing. For a more detailed description of the
experimental apparatus refer to Cuccaro et al [2].

The performance of the humidity generator was assessed
by means of a Tiger Optics HALO H20 RP CRDS used as
a differential instrument, i.e. to detect any change in the ref-
erence value by varying the generator operating conditions.
The CRDS can operate over a pressure range from 150 to
2500 hPa with a specified measuring interval ranging from few
parts in 10° (ppb) to 10 parts in 10° (10 ppm). This enabled
the characterisation of the INRIM 03 in the whole working
pressure range, although with some limitation in the lowest
sub-range because of the CRDS detection limit as discussed
in section 5.1.

4. Performance tests and validation of the
uncertainty components between —100 °C and
—75°C

In order to evaluate the INRIM 03 performance and determine
the uncertainty budget associated with the measurement of the
water vapour amount fraction x,, and the frost-point temperat-
ure T, the humidity generator has been subjected to several
tests over its pressure and temperature operating ranges. Since
the validation of the humidity generator in the frost-point tem-
perature range between —20 °C and —75 °C at 1100 hPa had
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Figure 1. (a) Photograph of the INRIM 03 humidity generator; (b) schematic of the generator gas lines (top view); (c) design of the heat

exchanger and the ice saturator.

been already reported in a previous work [2], the tests were
focused on the frost-point temperature range between —75 °C
and —100 °C and the pressure range from 200 to 1100 hPa,
which corresponds to an amount of water fraction between
6.1 - 107% mol-mol~! and 13 - 10~° mol-mol~".

The experimental tests carried out and the results obtained
are discussed below. They included the evaluation of the meas-
urement repeatability and stability of the saturation temperat-
ure Ty, the saturation pressure p and the flow rate ¢, as well
as the saturator efficiency and the water vapour adsorption/de-
sorption effects on the generated humid gas.

4.1. Temperature, pressure and flow rate repeatability and
stability

The water vapour amount fraction x, of the humid gas depends
on the saturation temperature and pressure. Gas flow rate fluc-
tuations at the inlet of the generator may cause instability of
the pressure control and, as per equation (1), in the generated
Xw- On the other hands, while the frost-point temperature at
the outlet is affected by the flow-dependent pressure drop in
the tubing, the measured x,, is not, making the CRDS ana-
lyser relatively flow insensitive in contrast to e.g. chilled mir-
ror hygrometers.

Pressure fluctuations have been investigated as a function of
the gas flow rate in the range from 1 1-min~! to 6 I-min—"' at the
generation pressure and for saturation temperatures between
—75 °C and —100 °C. The peak-to-peak pressure amplitude
was below 100 Pa in all investigated conditions, leading to a
worst-case pressure standard deviation of 20 Pa at 1100 hPa
(0.02%) and 10 Pa at 200 hPa (0.05%). Figure 2 shows the
pressure stability as a function of time at both ends of the
investigated ranges, more precisely figures 2(a) and (b) refer
to a saturation temperature of about —100 °C at a pressure of
1100 and 200 hPa, respectively; while figures 2(c) and (d) refer
to a saturation temperature of about —75 °C at a pressure of
1100 and 200 hPa, respectively.

The stability of the gas flow rate at the generation pressure
has also been investigated independently, although the pres-
sure stability as reported above already included the flow rate
stability contribution. Figure 3 shows the variation of the flow
rate at 1 I-min—! at 200 hPa and at 6 1-min—"' at 1100 hPa,
corresponding to the minimum and maximum values at which

the humidity generator can operate. The highest peak-to-peak
1

variation has been observed at the flow rate of 6 I-min~—" at
1100 hPa, where it reached an amplitude of about 34 ml-min~!
corresponding to a standard deviation of 4.6 ml-min~—! or

0.08%.

As mentioned in section 2, the saturation temperature 7 gy
was estimated by means of the readings of the SPRT hosted
in the saturator outlet tubing, while a second PRT immersed
into the liquid bath close to the saturator, was used for estim-
ating the saturator bath temperature Tp,. In thermal equilib-
rium conditions, these two temperatures are expected to agree
within their measurement uncertainty. It should be noted that
for the calculation of the water vapour amount fraction, only
the saturation temperature 7'y, has been used, since it is more
representative than Ty, to define the water vapour saturation
conditions.

In figure 4 an example of the repeatability and stability of
Tsat, Tvran and p as a function of the flow rate ¢ is shown.
Over the whole investigated range, the repeatability and sta-
bility of the saturation temperature T'g,, expressed as peak-to-
peak amplitude, resulted lower than 10 mK with a standard
deviation of 1.5 mK while for the saturator bath temperature
Tpat it resulted lower than 20 mK with a standard deviation of
3 mK.

The saturator temperature uniformity has been investig-
ated at different saturation temperatures by vertically mov-
ing the bath PRT in a depth range of 150 mm to encompass
the height of the saturator, resulting in an estimated temper-
ature uniformity of better than 5 mK. Further, when the bath
PRT and the saturation SPRT were at the same depth, 7', and
Tvam agreed to better than 5 mK over the whole temperature
range.
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Figure 2. Pressure stability under the following nominal conditions: (a) ¢ = 4 I-min~

!, p = 1100 hPa and Ty = —99.3 °C. Peak-to-peak

amplitude = 0.92 hPa, mean value = 1099.85 hPa, standard deviation = 17 Pa; (b) ¢ = 1.5 1~min’1, p =200 hPa and Te = —99.3 °C.
Peak-to-peak amplitude = 0.39 hPa, mean value = 199.97 hPa, standard deviation = 8 Pa; (c) ¢ =5 l~min’1, p = 1100 hPa and

Tsat = —75 °C. Peak-to-peak amplitude = 0.64 hPa, mean value = 1098.86 hPa, standard deviation = 7 Pa; (d) ¢ = 1.5 l-min’l,

p =200 hPa and T = —75 °C. Peak-to-peak amplitude = 0.35 hPa, mean value = 199.85 hPa, standard deviation = 7 Pa. All flow rates

are at pressure.
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Figure 3. Flow rate stability under the following nominal conditions: (a) ¢ = 1 I'min™—
, mean value = 1.000 I-min~", standard deviation = 0.8 ml-min~". (b) ¢ = 6 I-min~", p = 1100 hPa and
1, mean value = 6.00 l-min_l, standard deviation = 4.6 ml-min~—". Flow rates are

amplitude = 5.6 ml-min

Tsar = —94 °C. Peak-to-peak amplitude = 33.6 ml-min~

at pressure.
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4.2. Saturator efficiency

The evaluation of the saturator efficiency has been performed
using two different approaches. The first approach consisted
in detecting the change in x,, at the generator outlet as a
function of the gas flow rate at the generation pressure. With
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40

! p =200 hPa and Ty = —99 °C. Peak-to-peak

this method, the saturator efficiency has been estimated from
the difference between the reference (calculated) value of the

water vapour amount fraction, x,, o, and the readings of the
CRDS analyser, xy,_crps, at increasing flow rates. The change
in the above difference was estimated with respect to the value
at the lowest flow rate, thus assuming that at the lowest flow
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Figure 4. Stability of the water vapour saturation temperature 7'sy; and saturator bath temperature 7o at a nominal temperature of —94 °C,
pressure of 1100 hPa and flow rate ¢ between 3 and 6 I-min~"'. The temperature difference between T'sa; and T'hayp is lower than 3 mK.

rate the gas was fully saturated. The flow rate was varied
approximately between 1 and 5 1-min~!, at different work-
ing pressures, i.e. from 1 to 1.5 I-min~! at 200 hPa and from
1.5 to 5 I'min~! at 500, 800 and 1100 hPa. The quantity
Xw_o has been determined from the measurement of Ty, and
p through the equation (1). Figure 5 reports an example of
the measured water vapour amount fraction xy_crps at sat-
uration temperature and pressure of —95.2 °C and 800 hPa,
respectively, that corresponds to an amount of water fraction
of 45.7 nmol-mol~'. Figure 6 summarises the results of the dif-
ference between x,, ¢ and x,, crps as reported in figure 5 (panel
(a)) and those found in a further test at a saturation temperature
of about —75 °C and a pressure of 1100 hPa (panel (b)) with
respect to the difference estimated, in these specific cases, at
1.5 I'min—!. The corresponding error bars, determined as the
square root of the sum of the variances of the instrument read-
ings at the current and reference flow rate conditions, are also
shown. In order to get a 1% or lower change in x,, figure 6(a)
suggests that the maximum flow rate at —95 °C and 800 hPa
should be restrained to 4 1-min—".

The second approach employed for the evaluation of the
saturator efficiency consisted in alternating the inlet gas
between a dry source and a moist gas source. In this way
the capability of the generator to saturate the carrier gas (or
condensate the excess water) at the corresponding saturation
temperature was assessed. In normal operation, the generator
works with a nitrogen source obtained by evaporation of liquid
nitrogen and further dried by molecular sieves filters to reduce
the amount of water to a frost point well below —100 °C (the

actual amount fraction was estimated to be 1 ppb). Bypassing
the filters, the humid nitrogen gas at the saturator inlet would
be characterised by a frost point temperature of about —66 °C
at 0.6 MPa (corresponding to an amount of water fraction of
about 800 ppb) and the saturator would work in condensation
mode.

Figure 7 reports the water vapour amount fraction x,, crps
as measured by the CRDS analyser at different temperatures
and pressures while the inlet gas is alternated between a dry
and a humid source. Figure 7 provides a sample of the test res-
ults at two amount fractions (approximately 500 and 1200 ppb)
and two pressures (500 and 1100 hPa). In each panel, the
following quantities are given from the top to the bottom:
the saturation temperature, the water vapour amount fraction
Xw_CrDS, the mean and the standard deviations of xy, crps and
the absolute pressure p while alternating the dry and the humid
nitrogen source. It is worth noting that bypassing the drying
filters, the stability of the pressure is affected but the water
vapour amount fraction detected by the CRDS analyser is
unaffected. The temperature spikes in Ty and consequently
in x,, crps Were due to the autoventing control of the temper-
ature bath that hosts the saturator.

4.3. Response time

Additional tests have been carried out to evaluate the INRIM
03 performance in operation. One of them consisted in chan-
ging the saturator bath temperature, and correspondingly Ty,
in large discrete steps and observing the response time in
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absolute gas pressure of 800 hPa.
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Figure 6. Differences between the reference (calculated) value of the water vapour mole fraction xy, o, and the water vapour mole fraction
as measured by the CRDS analyser, xy _crps, at several flow rates, using 1.5 I'min~" as the reference flow rate. Reported data refer to: (a) an
absolute gas pressure of 800 hPa and a saturation temperature of —95.2 °C that corresponds to an amount fraction x,, o of about

45.7 nmol-mol~; (b) an absolute gas pressure of 1100 hPa and a saturation temperature of —74.9 °C that corresponds to an amount fraction
Xy_o of about 1140 nmol-mol~!. Error bars correspond to the square root of the sum of the variances of the instrument readings at the

current and reference flow rate conditions.

terms of water vapour amount fraction at the outlet of the
humid gas generator. A comparison between the water vapour
amount fraction, as measured by the CRDS (red line), and the
reference value, as calculated from the measurement of the
saturation temperature and pressure (black line) is shown in
figure 8 for a step change of T’y between —95 °C and —90 °C
(figure 8(a)) and between —85 °C and —80 °C (figure 8(b)). In

both cases the tests have been carried out with a constant flow
rate at 2 I-min—! as well as a constant pressure at 1000 hPa.

Figure 8 highlights how the measured water vapour amount
fraction of the gas at the exit of the generator follows without
significant delays the reference value x,,, implying a satisfact-
ory time alignment between the generated saturation temper-
ature and the calculated amount fraction.
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Figure 8. Response of the humidity generator at step changes of the saturation temperature; (a) between —95 °C and —90 °C (that is,
between 40 and 100 ppb) and (b) between —85 °C and —80 °C (that is, between 240 ppb and 550 ppb). Measurements have been carried
outat2 l-min~' ata pressure of 1000 hPa. The red line represents the water vapour amount fraction measured by the CRDS, xy,_crps; the
black line represents the reference water vapour amount fraction x,, ¢ estimated from the measurement of 755 and p.

Likewise, the response of the generator is even faster by
varying the gas pressure. Figure 9 depicts the results obtained
by maintaining a constant saturation temperature and changing
the pressure between 200 and 1100 hPa in steps. The test has
been performed at two different saturation temperatures, that
is at —95 °C and —80 °C, at a constant flow rate at pressure of
2 I-min~! for all pressures but 200 hPa. To reach 200 hPa the
flow rate has been decreased to 1.2 1-min~! due to limitation in
the pumping speed and throughput of the vacuum pump. The
tests at T'sy = —95 °C encompassed an amount water fraction

interval from 35 to 190 ppb, while the test at T,y = —80 °C
encompassed an amount water fraction interval from 500 to
2750 ppb.

4.4. Adsorption/desorption effects

In a trace humidity generator, the unit under calibrations are
generally connected to the outlet by means of EP-SS tubing to
minimise the water adsorption/desorption effects on the metal
inner surface. As the humid gas passes through the pipe, the
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Figure 10. Adsorption/desorption effects of water vapour on the inner surface of the generator outlet EP-SS tubing detected through the
measurement of the water vapour amount fraction, x,, crps, before and after heating the outlet pipe, in the following conditions: (a)
Tear = —99 °C, p = 200 hPa, ¢ = 1.5 lmin~"; (b) T = —94 °C, p = 500 hPa, ¢ = 2 I-min~; (¢) Tser = —80 °C, p = 1100 hPa,

¢ =21min"".

water vapour concentration may undergo fluctuations due to
the adsorption and desorption of the water molecules that may
occur on the internal walls of the pipe. Therefore, a com-
prehensive evaluation of the humidity generator performance
calls for an investigation of these phenomena, particularly in
the trace humidity domain, where the amount of water vapour
that can be adsorbed/desorbed may represent a significant frac-
tion of the overall water molecule concentration in the gas
mixture.

In a first set of experiments, the CRDS analyser was con-
nected to the generator by means of a heated EP-SS tubing
and a shutoff diaphragm valve. The tube was kept at a constant
temperature by means of a heater wrapped around it and fur-
ther covered by a thermal insulation layer. This investigation
was carried out by measuring the water amount fraction at the
point of use with a CRDS analyser (xy, crps) While heating the
outlet tubing up to 110 °C until the desorption peak reversed
and then cooling it down to ambient temperature. The exper-
iment has been repeated at different saturation temperatures.
Figure 10 shows some examples of the evolution of the water
vapour amount fraction readings from the CRDS before and
after heating the outlet pipe. The steep transition in the CRDS
readings in figure 10 corresponds to the time when the tubing
temperature approaches 100 °C.

As expected, when the tubing was heated up water
molecules started to desorb from the inner tube surface. The
plots show the transient phenomena with an overshoot, asso-
ciated with the rapid increase in the water vapour concentra-
tion, and a subsequent undershoot of the CRDS reading. It
can be noted that after the transient, at least 8 h were needed
to recover a steady-state condition, with an even longer time
in case of lower water vapour concentrations. The difference
between the average water vapour amount fraction measured
before and after the transient heating in the three experiments,
as showed in figure 10, were (a) 0.11 nmol-mol~! or 0.12% of
the reading, (b) 0.56 nmol-mol~"! or 0.8% of the reading and
(c) 0.38 nmol-mol~! or 0.08% of the reading, respectively.

In a second set of experiments, the transient behaviour
of the system as a result of stepping the saturation temper-
ature up and down as shown in figures 8(a) and (b) has
been analysed. An evaluation of the adsorption/desorption
transient effects has been obtained by comparing the meas-
ured water vapour concentration before and after the satura-
tion temperature steps. Figure 11 shows examples of zoomed
sections of figure 8 where the red line represents the meas-
ured water vapour amount fraction, xy, crps, While the black
line is the calculated reference value, x,, o. Although a step
change in xy, o is comparatively fast, the x,, crps reading takes
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Figure 11. Effects of the water molecules desorption and absorption phenomena on the water vapour amount fraction detected by the CRDS
analyser. The red line is the measured amount of water fraction xy,_crps, While the black line is the calculated reference value xy, o.

a much longer time to recover a steady-state condition. The
overall recovery time is associated with the phenomena of
water molecules desorption or absorption in the system which
occur when the water vapour concentration decreases (7 sy
decreases) or increases (T, increases), respectively.

The above experiments were carried out over the whole
temperature and pressure range at low flow rates (1.5 1 min~!
at200 hPa, 2 1 min—! at 1100 hPa). It was a worst-case estimate
of the measurement uncertainty associated with the adsorp-
tion/desorption effects, as a higher flow rate would dilute
the desorbed water and reduce its impact. In the following
section 5.1, the results will be further discussed.

5. Evaluation of the measurement uncertainty

The measurement uncertainty for the water vapour amount
fraction x,, and the frost-point temperature T'g,, of the humid
gas generated by the INRIM 03 has been evaluated in the tem-
perature range between —75 °C and —100 °C and in the pres-
sure range between 200 and 1100 hPa. Such an evaluation
took into account the result of the experiments discussed in
this work, together with the uncertainty of the formulations of
the enhancement factor and of the saturation vapour pressure
along the sublimation line (i.e. the equilibrium of ice and its
water vapour).

The detailed uncertainty contributions considered for the
estimation of the measurement uncertainty of Ty, p and
xy are reported in the tables B.1-B.8 in appendix B. By

way of example, the following four tables are given below:
table 1 reports the uncertainty budget for Ty, = —75 °C at
p = 1100 hPa; table 2 reports the uncertainty budget for
Ty = —75 °C at p = 200 hPa; table 3 reports the uncer-
tainty budgets for T = —100 °C at p = 1100 hPa; and
table 4 reports the uncertainty budgets for T'g, = —100 °C at
p =200 hPa.

Tables 1-4 report the sources of uncertainty for each quant-
ity under investigation together with the corresponding stand-
ard uncertainty, the associated probability distribution func-
tion (PDF) and the sensitivity coefficient. The last column
reports the estimated standard uncertainty that contributes to
the combined uncertainty, whose numerical value comes from
the product of the input standard uncertainty by the relevant
sensitivity coefficient. Finally, the combined standard uncer-
tainty associated with the measurand, either T, p or xy,
have been estimated as the square root of the input variances,
by assuming that no correlation exists among the individual
uncertainty sources.

5.1. Estimate of adsorption/desorption and saturator
efficiency uncertainties

As tables 1-4 highlight, the adsorption/desorption effect
and the saturation efficiency represent the main sources of
uncertainty to frost-point temperature measurement uncer-
tainty. The adsorption/desorption effect contribution has been
estimated in the experiments described in section 4.4 based
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Table 1. INRIM 03 uncertainty budget for the frost-point temperature, Tr,, pressure, p, and water vapour amount fraction, xy at the

following nominal values: T, = — 75 °C,p = 1100 hPaand xy = 1118 nmol-mol~!.

Ty, = —75 °C p = 1100 hPa x,, = 1118 nmol-mol '

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.000 88 °C Normal 1 8.8-107*
Saturator temperature uniformity 0.000 086 °C Rectangular 1 8.6:107*
SPRT calibration 0.00025 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6:107*
Adsorption/desorption 0.034 °C Normal 1 3.4.1072
Saturation efficiency 0.0068 °C Rectangular 1 6.8-1073
Combined standard uncertainty, u.(Tg)/°C 0.034

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 5.4 Pa U-distribution 1 54
Transducer calibration 33 Pa Normal 1 33
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 18.0

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/mol-mol ~'
Saturation pure water vapour pressure, e(Tg,)  0.0002 Pa Normal 9.18-107°Pa~! 2.15.107°
Enhancement factor, f(T'p.p) 0.0005 Normal 1.13-107% 5.65-1071°
Frost point temperature, T, 0.034 °C Normal 1.80-1077°Cc™! 6.19-107°
Pressure, p 18.0 Pa Normal 1.71-1072Pa~! 3.09.107"!
Combined standard uncertainty, ue(xw)/mol-mol ! 6.58 -10~°
Percent relative standard uncertainty, 100-z¢(xy)/xw 0.59

on water vapour amount fraction measurements carried out
with a commercial CRDS analyser. The analyser used in these
experiments showed a measurement repeatability of 0.5% or
0.5 ppb, whichever is greater, thus limiting our capability in
characterising the humidity generator at the lowest frost point
temperatures. In fact, table 5 shows the impact of the repeat-
ability of amount fraction measurements on the corresponding
frost-point temperature measurements.

The differences between the water vapour amount frac-
tion measured: (i) before and after the heating of the gener-
ator outlet pipe; (ii) before and after the increase and decrease
of Tg,; and (iii) before and after the decrease and increase
of T, are shown as percent relative differences 100-Axy,/xy
as a function of x,, in figure 12. For each data point, the
corresponding relative uncertainty bar is also reported. A

weighted least-squared linear fitting to all data points res-
ulted in a very small angular coefficient of the fitting line
(b= —3-10~* nmol~!-mol); in the limiting case of an angu-
lar coefficient equal to zero, it could be concluded that the
quantity Ax,/xy, would be constant with x,,. To estimate the
uncertainty associated with the adsorption/desorption effect, it
was assumed the quantity Ax,/xy be constant and normally-
distributed about zero with a worst-case confidence limit at
95% (k = 2) equal to 1.05%.

In terms of frost-point temperature, the adsorption/desorp-
tion effect contributes to the whole uncertainty for a quant-
ity of about 0.034 °C at Ty, = —75 °C and 0.025 °C at
Ty, = —100 °C.

The saturator efficiency contribution to the frost-point tem-
perature uncertainty has been determined according to both
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Table 2. INRIM 03 uncertainty budget for the frost-point temperature, Tr,, pressure, p, and water vapour amount fraction, xy at the
following nominal values: Ty, = —75 °C, p = 200 hPa and x,, = 6104 nmol-mol !

Ty, = —75 °C p = 200 hPa x,, = 6104 nmol-mol '

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.000 77 °C Normal 1 771074
Saturator temperature uniformity 0.00028 °C Rectangular 1 281074
SPRT calibration 0.000 25 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6-1074
Adsorption/desorption 0.032°C Normal 1 3.2:1072
Saturation efficiency 0.000 82 °C Rectangular 1 8.2-10™*
Combined standard uncertainty, u.(Tg,)/°C 0.032

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 3.7Pa U-distribution 1 3.7
Transducer calibration 2.0 Pa Normal 1 2.0
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 174

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/mol-mol ~!
Saturation pure water vapour pressure, e(Tg,)  0.000 24 Pa Normal 501-107°Pa~!  1.18-107%
Enhancement factor, f(Ty,p) 0.000 087 Normal 6.21-107° 53910710
Frost point temperature, T, 0.032 °C Normal 9.74-1077°Cc™! 3.12.1078
Pressure, p 17.4 Pa Normal 2.64-1071Pa"!  459.107°
Combined standard uncertainty, uc(xw)/mol-mol_1 337-107%
Percent relative standard uncertainty, 100-u.(xw)/xw 0.55

approaches described in section 4.2. In the first approach, for
each combination of p and T\, the saturator efficiency has
been estimated by considering a rectangular probability distri-
bution with a width equal to the maximum difference between
the reference (calculated) xy o, and the corresponding meas-
urement with the CRDS analyser xy, crps as a function of
the gas flow rate. In the second approach, the mean and the
standard deviation of x,, crps Were estimated for each com-
bination of p and Ty,, while alternating a dry source and a
moist nitrogen source, to assess the capability of the saturator
to saturate the carrier gas (or condensate the excess water).
The worst-case estimates (i.e. 0.0068 °C at Ty, = —75 °C,
p = 1100 hPa; 0.000 82 °C at Ty, = =75 °C, p = 200 hPa;
0.13 °C at Ty, = —100 °C, p = 1100 hPa; 0.025 °C at
T = —100°C, p = 200 hPa) were selected and reported in the
tables 1-4.

5.2. Temperature stability and uniformity

Concerning the other sources of uncertainty, a Type A eval-
uation of the measurement uncertainty associated to the sat-
uration temperature repeatability has been estimated from the
standard deviation of repeated measurements of 7'y, assuming
a normally-distributed quantity, while the uncertainty contri-
bution due to the temperature uniformity has been evaluated
by vertically moving the bath PRT along the height of the
saturator, wherein the maximum temperature difference cor-
responds to the full width of a symmetric rectangular prob-
ability distribution. The contributions of the saturation tem-
perature repeatability and of the temperature uniformity to
the whole uncertainty budget are estimated to be respectively:
0.000 88 °C and 0.000 086 °C at Ty, = —75 °C, p = 1100 hPa;
0.000 77 °C and 0.000 28 °C at Ty, = — 75 °C, p = 200 hPa;



Metrologia 61 (2024) 045003

R Cuccaro et al

Table 3. INRIM 03 uncertainty budget on the frost-point temperature, T, pressure, p, and water vapour amount fraction, xy at the
following nominal values: T, = —100 °C, p = 1100 hPa and xy, = 13 nmol-mol ",

Ty, = —100 °C p = 1100 hPa x,, = 13 nmol-mol

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.0017 °C Normal 1 1.7.1073
Saturator temperature uniformity 0.00049 °C Rectangular 1 4.9-107*
SPRT calibration 0.000 25 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6-1074
Adsorption/desorption 0.025 °C Normal 1 251072
Saturation efficiency 0.13°C Rectangular 1 1.3-107!
Combined standard uncertainty, u.(Tg,)/°C 0.131

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 6.0 Pa U-distribution 1 6.0
Transducer calibration 3.1Pa Normal 1 3.1
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 18.2

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to Standard
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/mol-mol ~!
Saturation pure water vapour pressure, e(Tg,)  0.000 004 8 Pa Normal 9.19-107%Pa~! 445.107!
Enhancement factor, f(T,p) 0.000 71 Normal 1.55-107% 1.10- 1071
Frost point temperature, T’ 0.131 °C Normal 320-107°°Cc~! 4.18-1071
Pressure, p 182 Pa Normal 1.14-107 ¥ pa~! 2081071
Combined standard uncertainty, u.(x.)/mol-mol 4.21-10~10
Percent relative standard uncertainty, 100-uc(xw)/xw 3.24

0.0017 °C and 0.000 49 °C at Ty, = —100 °C, p = 1100 hPa;
0.0014 °C and 0.000 24 °C at T, = —100 °C, p = 200 hPa.

5.3. Pressure control stability

The measurement uncertainty associated to the stability of
the pressure control system has been inferred from the stand-
ard deviation of repeated measurements of p, assuming a U-
shaped probability distribution of pressures, because of the
cyclic variation in time caused by the pressure controller. In
the worst case the contribution of the pressure control stability
to the whole pressure uncertainty resulted less than 7 Pa.

5.4. Estimate of the SPRT self-heating uncertainty

The SPRT excitation current causes an increase of the ther-
mometer resistance (self-heating) due to the Joule effect:

Ro + AR = Ry + roRI? where ry is proportional to the thermal
resistance between the thermometer and the medium. AR is
usually estimated at the triple point of water during fixed-point
calibration. However, in our application, the SPRT attains its
equilibrium in a convective gas flow, in contrast with the
above measurement in a liquid medium, calling for a spe-
cific assessment of AR. The resistance of the thermometer
has been measured at 1, 2 and 3 mA at 2 and 4 1-min—!
at 1100 hPa. Since in the current thermo-fluid-dynamic con-
ditions the self-heating depends more on the flow rate than
on the pressure, only its variation with respect to the flow
has been investigated. Linear fitting the measured resistance
versus the squared excitation current and extrapolating back
to I = 0 mA allowed an estimation of the zero-current ther-
mometer resistance Ry, while the increment of the resist-
ance with the excitation current inferred by the angular coef-
ficient of the fitting line is equal to 6.7 - 107> /mA?2,
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Table 4. INRIM 03 uncertainty budget on the frost-point temperature, T, pressure, p, and water vapour amount fraction, xy at the
following nominal values: T, = —100 °C, p = 200 hPa and xy, = 70 nmol-mol ",

Tt = —100 °C p = 200 hPa x, = 70 nmol-mol "

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.0014 °C Normal 1 141073
Saturator temperature uniformity 0.00024 °C Rectangular 1 241074
SPRT calibration 0.000 25 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6-1074
Adsorption/desorption 0.025 °C Normal 1 251072
Saturation efficiency 0.0061 Rectangular 1 6.1-1073
Combined standard uncertainty, u.(Tg,)/°C 0.026

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 32Pa U-distribution 1 32
Transducer calibration 2.0 Pa Normal 1 2.0
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 17.3

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/mol-mol ~!
Saturation pure water vapour pressure, e(Tg,)  0.000 004 8 Pa Normal 5.00-107Pa~!  243.1071°
Enhancement factor, f(T',P) 0.000 13 Normal 8.51-1078 1.10- 1071
Frost point temperature, T, 0.026 °C Normal 1.72-1078%°Cc~!  441.1071°
Pressure, p 17.3 Pa Normal 342-107"2Pa™! 5.92.107"
Combined standard uncertainty, ue(xw)/mol-mol ! 5.07-10"10
Percent relative standard uncertainty, 100-uc(xy)/xw 0.72

Table 5. The impact of the repeatability Ax,, of a CRDS analyser measurement (measuring in amount of water fraction unit) on the
repeatability ATy, of frost point temperature measurements (see text). The CRDS measurement repeatability is 0.5% or 0.5 ppb, whichever
is greater. The nominal T', has been calculated at p = 1000 hPa.

Xw/ppb Axy,/ppb ATy/°C Ty/°C
1000 5 — 0.03 —76.3
100 0.5 — 0.03 —89.9
50 0.5 — 0.06 —-93.6
20 0.5 — 0.12 —98.3

corresponding to a AR = 67 uf) self-heating for an excita-
tion current of 1 mA. It was assumed the difference AR be
described by an asymmetric triangular probability distribu-
tion of a random variable X, with the zero-probability lower
bound corresponding to Ry and the maximum-probability

upper bound corresponding to Ry + AR. Given such an asym-
metric triangular PDF, the expected self-heating correction
resulted in E[X] = AR/3 with a standard uncertainty equal to
u[X] = AR/(3/2), i.e. 0.0002 °C and 0.000 16 °C respect-
ively as reported in tables 1-4.
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Figure 12. Percentage relative differences 100- Axy/xy, as a function of xy, between the water vapour amount fraction as measured before
and after the heating of the generator outlet pipe (M); before and after the increase and decrease of Tsa (O); before and after the decrease
and increase of Ty ((J). The estimated coefficients of the linear regression equation Axy/xw = a + b-xy and their standard uncertainties
are: a = (0.26 + 0.18) and b = (—3.28 + 2.20) - 10~* nmol~"-mol. Regression line (==). Upper and lower 95% confidence limits (—).

Once the combined standard uncertainty of the frost-point
temperature u.(Ts,) and pressure u.(p) have been evaluated,
the combined standard uncertainty of the reference water
vapour amount fraction u.(xy,) has been determined by means
of equation (2). A preliminary uncertainty evaluation of water
vapour amount fraction and frost-point temperature for the
INRIM 03 humidity generator operating at the atmospheric
pressure had been already discussed in Cuccaro et al [2]
in the frost-point temperature range between —20 °C and
—75 °C. The experiments at —75 °C and 1100 hPa of the
present characterisation compares satisfactorily with the pre-
vious work. The increased uncertainty of the frost-point tem-
perature in the current evaluation, i.e. u.(Ty) = 0.034 °C
versus uc(Tp) = 0.014 °C reported in Cuccaro et al [2], is
mainly due to the uncertainty contribution of adsorption/de-
sorption effects that had not been considered in the previous
work. However, at the lowest water vapour amount fractions
the uncertainty associated with the saturation efficiency rep-
resents the main contribution to the overall uncertainty budget,
because of the limited performance of the CRDS moisture
analyser that had been used for the current characterisation.
Indeed, it is speculated that if the evaluation of the satura-
tion efficiency had been made using a state-of-the-art CRDS
analyser—with a lower detection limit and a higher measure-
ment repeatability—such an uncertainty contribution would
have been significantly smaller, especially at the lowest water
vapour amount fractions.

6. Conclusions

A low frost-point humidity generator able to operate at sub-
atmospheric pressure has been designed and constructed at
INRiM with the aim of providing the metrological traceability

both to instruments developed for the measurement of humid-
ity in atmosphere and to sensors and analysers used in industry
for controlling and measuring the amount of water vapour in
manufacturing processes. The generator, named INRIM 03,
covers the frost point temperature range between — 100 °C and
—20 °C, and operates in the pressure range between 1100 and
200 hPa, corresponding to an amount of water fraction range
from 13 - 10~° mol-mol~'-5.2 - 103 mol-mol~".

In this work, a comprehensive set of tests carried out to
validate the individual uncertainty components are presen-
ted along with a detailed uncertainty evaluation over the
frost-point temperature range from —100 °C to —75 °C
and over the water vapour amount fraction range between
13 - 10~° mol-mol~! and 6.1 - 10~® mol-mol~'. The cur-
rent tests complement and supplement those previously repor-
ted in [2]. The results showed that in the frost-point tem-
perature range between —75 °C and —95 °C, an expan-
ded uncertainty (k = 2) equal to 0.07 °C was found,
while at —100 °C frost point the expanded uncertainty
was 0.26 °C. The relative expanded uncertainty (k = 2)
associated with water vapour amount fraction measure-
ments was estimated equal to or better than 1.2% between
35-107% mol-mol~! and 6.1 - 10~® mol-mol~", increasing up
to 6.5% at 13-10~° mol-mol~'. Based on the generator per-
formances observed during this work, it is speculated that fur-
ther improvements are possible once a suitable state-of-the-art
hygrometer would be available for an even more detailed met-
rological characterization.
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Appendix A. Derivation of the uncertainty
equations

As introduced in section 2, the water vapour amount fraction,
Xw, at the generator gas outlet is given by the equation:

f(TsauP) cCw (Tsat)
p

(A.1)

Xw —

where ey, (T, ) 18 the saturation vapour pressure over ice at the
temperature Ty, p is the total system pressure and f( Ty, p) is
the water vapour enhancement factor, which takes into account
the non-ideal behaviour of the gas mixture.

The combined standard uncertainty, u.(x), is thus given
by:

1o
f 8Tsal

1 Oey
€w aTsat

=[x ( )| <[

where

uc(Tsyr) and u.(p) are the combined measurement uncer-
tainties of the saturation temperature and the pressure,
respectively;

u(ey) and u(f) are the standard uncertainties of ey (7's5) and
Sf(Tsat,p), respectively;

the terms
1_9of 1 Oey 19f 1y ew ! _
X ( Fors o 8Tsm)’ X ( ¥ p), . and 5 are the relev

ant sensitivity coefficients.

Equation (A.2) is determined applying the general law of
uncertainty propagation to the equation (A.1), which can be
rewritten as follows:

f(Tsat>p>W) Cy (Tsah )\)
p

(A3)

Xw

where the quantities w and A are introduced to take into
account the uncertainties associated with the equations used
to formulate the enhancement factor and the saturation vapour
pressure over ice respectively [18]. The quantities w and A are
considered as multipliers with an estimated value of 1 and an
uncertainty equal to the relative uncertainty of the calculated
values.

Thus A = 1 and u(\) = u(ey), and w = 1 and u(w) = u.(f),
where u;(ey) is estimated by using the formulation given by
the 2011 TAPWS release for the sublimation pressure of ice
Ih [13], while the estimation of u,(f) is based on the work of
Lovell-Smith [16] (see section 2).

1 of

fop p

1

)ﬁu

o) w0

The total uncertainty of x,, is then determined considering
the partial derivatives with respect to the relevant quantities
Ty, p, w and A, reported below:

2
(

2
> -u?(ey), (A2)
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Appendix B. Estimation of the measurement
uncertainty

As mentioned in section 5, the detailed uncertainty contribu-
tions considered for the estimation of the measurement uncer-
tainty of Ty, p and x, in the whole working range of interest
are reported in the following tables.
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Table B.1. INRIM 03 uncertainty budget for the frost-point temperature, T,, pressure, p, and water vapour amount fraction, xy at the
following nominal values: T, = —75 °C,p = 1100 hPa and xy, = 1118 nmol-mol ™.

Tty = —75 °C p = 1100 hPa x,, = 1118 nmol-mol !

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.000 88 °C Normal 1 8.8-107*
Saturator temperature uniformity 0.000 086 °C Rectangular 1 8.6-10~*
SPRT calibration 0.000 25 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6-1074
Adsorption/desorption 0.034 °C Normal 1 3.4.1072
Saturation efficiency 0.0068 °C Rectangular 1 6.8-1073
Combined standard uncertainty, u.(Tg,)/°C 0.034

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 5.4 Pa U-distribution 1 54
Transducer calibration 3.3 Pa Normal 1 33
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 18.0

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/mol-mol ~!
Saturation pure water vapour pressure, e(Tg,)  0.0002 Pa Normal 9.18-107%Pa~! 215.107°
Enhancement factor, f(Ty,p) 0.0005 Normal 1.13-107¢ 5.65-107"°
Frost point temperature, T, 0.034 °C Normal 1.80-1077°Cc™! 6.19-107°
Pressure, p 18.0 Pa Normal 1.71-107"2pa=! 3.09-107"
Combined standard uncertainty, e (xw)/mol-mol ! 6.58-10"°
Percent relative standard uncertainty, 100-uc(xy)/xw 0.59
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Table B.2. INRIM 03 uncertainty budget for the frost-point temperature, T’,, pressure, p, and water vapour amount fraction, xy at the
following nominal values: Ty, = —75 °C, p = 200 hPa and xy = 6104 nmol-mol .

Ty, = —75 °C p = 200 hPa x,, = 6104 nmol-mol ~*

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.000 77 °C Normal 1 771074
Saturator temperature uniformity 0.00028 °C Rectangular 1 281074
SPRT calibration 0.000 25 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6-1074
Adsorption/desorption 0.032°C Normal 1 3.2:1072
Saturation efficiency 0.000 82 °C Rectangular 1 8.2-10™*
Combined standard uncertainty, u.(Tg,)/°C 0.032

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 3.7Pa U-distribution 1 3.7
Transducer calibration 2.0 Pa Normal 1 2.0
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 174

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/mol-mol ~!
Saturation pure water vapour pressure, e(Tg,)  0.000 24 Pa Normal 501-107°Pa~!  1.18-107%
Enhancement factor, f(Ty,p) 0.000 087 Normal 6.21-107° 53910710
Frost point temperature, T’ 0.032°C Normal 9.74-1077°Cc™! 3.12.1078
Pressure, p 17.4 Pa Normal 2.64-1071Pa"!  459.107°
Combined standard uncertainty, uc(xw)/mol-mol_1 337-107%
Percent relative standard uncertainty, 100-u.(xw)/xw 0.55
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Table B.3. INRIM 03 uncertainty budget on the frost-point temperature, T, pressure, p, and water vapour amount fraction, x at the
following nominal values T, = —90 °C, p = 1100 hPa and xy, = 89 nmol-mol !

Tt = —90 °C p = 1100 hPa x,, = 89 nmol-mol "

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.00079 °C Normal 1 7.9-107*
Saturator temperature uniformity 0.000 59 °C Rectangular 1 5.9-107%
SPRT calibration 0.000 25 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6-1074
Adsorption/desorption 0.027 °C Normal 1 271072
Saturation efficiency 0.012°C Rectangular 1 1.2:1072
Combined standard uncertainty, u.(Tg,)/°C 0.030

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 6.8 Pa U-distribution 1 6.8
Transducer calibration 3.1Pa Normal 1 3.1
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 18.5

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/mol-mol ~!
Saturation pure water vapour pressure, e(Tg,)  0.000 023 Pa Normal 9.18-107%Pa~! 2.09.1071°
Enhancement factor, f(T,p) 0.000 63 Normal 8.39. 1078 5.24 . 10"
Frost point temperature, T’ 0.030 °C Normal 1.57-1078%°Cc~!  4.69-1071°
Pressure, p 18.5 Pa Normal 141-107%pa~! 261-1071
Combined standard uncertainty, u.(x.)/mol-mol 517-10"1°
Percent relative standard uncertainty, 100-uc(xw)/xw 0.58
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Table B.4. INRIM 03 uncertainty budget on the frost-point temperature, T, pressure, p, and water vapour amount fraction, x at the
following nominal values T, = —90 °C, p = 200 hPa and xy, = 484 nmol-mol !

Tt = —90 °C p = 200 hPa x,, = 484 nmol-mol "

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.0017 °C Normal 1 1.7.1073
Saturator temperature uniformity 0.000 14 °C Rectangular 1 141074
SPRT calibration 0.000 25 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6-1074
Adsorption/desorption 0.027 °C Normal 1 271072
Saturation efficiency 0.0016 °C Rectangular 1 1.6-1073
Combined standard uncertainty, u.(Tg,)/°C 0.027

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 4.1 Pa U-distribution 1 4.1
Transducer calibration 2.0 Pa Normal 1 2.0
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 17.5

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty Probability distribution Coefficient uncertainty/mol-mol !
Saturation pure water vapour pressure, e(Tr,) 0.000 023 Pa Normal 501-107°Pa~! 1.14-107°
Enhancement factor, f(T’p.p) 0.000 11 Normal 462-1077 5.17-107
Frost point temperature, T'g, 0.027 °C Normal 849 -10"%°Cc~!' 232-107°
Pressure, p 17.5 Pa Normal 1.90- 107" Pa~! 3.32.1071°
Combined standard uncertainty, u.(x,)/mol-mol 2.61-10"°
Percent relative standard uncertainty, 100-u.(xy)/xw 0.54
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Table B.5. INRIM 03 uncertainty budget on the frost-point temperature, T, pressure, p, and water vapour amount fraction, x at the
following nominal values T, = — 95 °C, p = 1100 hPa and xy, = 35 nmol-mol ~"

Tt = —95 °C p = 1100 hPa x,, = 35 nmol-mol "

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.0013 °C Normal 1 1.3-1073
Saturator temperature uniformity 0.0016 °C Rectangular 1 1.6:1073
SPRT calibration 0.000 25 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6-1074
Adsorption/desorption 0.026 °C Normal 1 261072
Saturation efficiency 0.012°C Rectangular 1 1.2:1072
Combined standard uncertainty, u.(Tg,)/°C 0.029

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 5.9 Pa U-distribution 1 5.9
Transducer calibration 3.1Pa Normal 1 3.1
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 18.2

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to Standard
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/mol-mol ~!
Saturation pure water vapour pressure, e(Tg,)  0.000 009 8 Pa Normal 9.18-107%Pa~! 896-107!!
Enhancement factor, f(T'.p) 0.000 67 Normal 331-107% 222-107 "
Frost point temperature, T’ 0.029 °C Normal 6.56-107°°C~! 1.88-1071
Pressure, p 18.2 Pa Normal 1.10-107%Ppa~! 1.99.1071
Combined standard uncertainty, u.(x.)/mol-mol 2.10-10~1°
Percent relative standard uncertainty, 100-uc(xw)/xw 0.60
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Table B.6. INRIM 03 uncertainty budget on the frost-point temperature, T, pressure, p, and water vapour amount fraction, x at the
following nominal values T, = —95 °C, p = 200 hPa and xy, = 189 nmol-mol !,

Tt = —95 °C p = 200 hPa x,, = 189 nmol-mol "

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.000 68 °C Normal 1 6.8-107*
Saturator temperature uniformity 0.000 13 °C Rectangular 1 1.3-1074
SPRT calibration 0.000 25 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6-1074
Adsorption/desorption 0.026 °C Normal 1 261072
Saturation efficiency 0.0038 Rectangular 1 3.8-1073
Combined standard uncertainty, u.(Tg,)/°C 0.026

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 4.1 Pa U-distribution 1 4.1
Transducer calibration 2.0 Pa Normal 1 2.0
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 17.5

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/mol-mol ~!
Saturation pure water vapour pressure, e(Tg,)  0.0000 098 Pa Normal 501-107°Pa~!  4.87.1071°
Enhancement factor, f(T',,P) 0.000 12 Normal 1.82-1077 221107
Frost point temperature, T, 0.026 °C Normal 353-107%°Cc~! 923.1071°
Pressure, p 17.5Pa Normal 7381072 Pa"' 1.29.1071°
Combined standard uncertainty, ue(xw)/mol-mol ! 1.05-10°
Percent relative standard uncertainty, 100-uc(xy)/xw 0.56

22



Metrologia 61 (2024) 045003

R Cuccaro et al

Table B.7. INRIM 03 uncertainty budget on the frost-point temperature, T'g,, pressure, p, and water vapour amount fraction, xy at the
following nominal values: T, = —100 °C, p = 1100 hPa and xy, = 13 nmol-mol ",

Ty, = —100 °C p = 1100 hPa x,, = 13 nmol-mol

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.0017 °C Normal 1 1.7.1073
Saturator temperature uniformity 0.00049 °C Rectangular 1 4.9-107*
SPRT calibration 0.000 25 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6-1074
Adsorption/desorption 0.025 °C Normal 1 251072
Saturation efficiency 0.13°C Rectangular 1 1.3-107!
Combined standard uncertainty, u.(Tg,)/°C 0.131

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 6.0 Pa U-distribution 1 6.0
Transducer calibration 3.1Pa Normal 1 3.1
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 18.2

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to Standard
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/mol-mol ~!
Saturation pure water vapour pressure, e(Tg,)  0.0000 048 Pa Normal 9.19-107%Pa~! 445.107!
Enhancement factor, f(T,p) 0.000 71 Normal 1.55-107% 1.10- 107!
Frost point temperature, T’ 0.131 °C Normal 320-107°°Cc~! 4.18-1071
Pressure, p 18.2 Pa Normal 1.14-107%pa~! 208-107"
Combined standard uncertainty, u.(x.)/mol-mol 4.21-10~10
Percent relative standard uncertainty, 100-uc(xw)/xw 3.24
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Table B.8. INRIM 03 uncertainty budget on the frost-point temperature, T, pressure, p, and water vapour amount fraction, x at the
following nominal values: T, = —100 °C, p = 200 hPa and xy, = 70 nmol-mol ",

Tt = —100 °C p = 200 hPa x, = 70 nmol-mol "

Uncertainty budget for T'g,/°C

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/°C
Saturation temperature repeatability 0.0014 °C Normal 1 141073
Saturator temperature uniformity 0.00024 °C Rectangular 1 241074
SPRT calibration 0.000 25 °C Normal 1 251074
Temperature resistance bridge accuracy 0.000 43 °C Rectangular 1 431074
SPRT drift 0.0017 °C Rectangular 1 1.7-1073
Self-heating SPRT 0.000 66 °C Asym. Triangular 1 1.6-1074
Adsorption/desorption 0.025 °C Normal 1 251072
Saturation efficiency 0.0061 Rectangular 1 6.1-1073
Combined standard uncertainty, u.(Tg,)/°C 0.026

Uncertainty budget for p/Pa

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/Pa
Pressure control stability 32Pa U-distribution 1 32
Transducer calibration 2.0 Pa Normal 1 2.0
Long term stability 15.1 Pa Rectangular 1 15.1
Linearity and temperature effects 7.6 Pa Rectangular 1 7.6
Resolution 0.03 Pa Rectangular 1 0.03
Combined standard uncertainty, u.(p)/Pa 17.3

Uncertainty budget for x/mol-mol !

Sensitivity Contribution to combined
Source of uncertainty Standard uncertainty PDF coefficient uncertainty/mol-mol ~!
Saturation pure water vapour pressure, e(Tg,)  0.0000 048 Pa Normal 5.00-107Pa~!  243.1071°
Enhancement factor, f(T',P) 0.00 013 Normal 8.51-1078 1.10- 1071
Frost point temperature, T, 0.026 °C Normal 1.72-1078%°Cc~!  441.1071°
Pressure, p 17.3 Pa Normal 342-107"2Pa™! 5.92.107"
Combined standard uncertainty, ue(xw)/mol-mol ! 5.07-10"10
Percent relative standard uncertainty, 100-uc(xy)/xw 0.72
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