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Abstract The Russian national humidity standard of gases has been modernized in
order to increase the number of reproducible quantities of humidity (relative humidity,
dew/frost-point temperature, mole fraction) and to extend the humidity and operat-
ing temperature ranges. The basis of the standard comprises two humidity generators
with operating temperature ranges from 5 °C to 90 °C and from —60 °C to 15°C. The
common working range (from 5°C to 15 °C) allows comparison of the generators.
The generators use the two-pressure method to generate humid gas defined in terms
of the relative humidity (from 5 %rh to 98 %rh at temperatures from 90 °C to —60 °C)
and the one-pressure (or phase equilibrium) method to generate humid gas defined in
terms of the vapor mole fraction (from 0.6 ppm to 700 x 103 ppm) and dew/frost-
point temperature (from —79 °C to 90 °C). The expanded uncertainty in the relative
humidity is no more than 0.2 %rh, no more than 1.2 % in the vapor mole fraction, and
no more than 0.12 °C in the dew/frost-point temperature. The ordinary hygrometers
are traceable to the national primary standard in accordance with the state hierarchi-
cal chain for measuring means of gas humidity. The state hierarchical chain consists
of three branches for means of measurements: (a) mole fraction, (b) dew/frost-point
temperature, and (c) relative humidity with each branch represented as the scheme:
primary standard—secondary standard—working standard—ordinary hygrometer. Cal-
ibration and verification of working standards and ordinary hygrometers, and their
traceability to the primary standard use methods of (i) direct measurements, (ii) direct
comparison, or (iii) comparison with a comparator.
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1 Introduction

According to the State Register, about 120 types of hygrometers, humidity analyzers,
and transducers and 15 types of humidity generators are operated in the territory
of Russia and an estimated 1.5 million to 3 million units are used. About 50 local
hierarchical chains for measuring humidity were formed during the period in which
metrological assurance in hygrometry was decentralized, i.e., before 1986.

The development of the national primary standard of relative humidity and cer-
tification in 1986 was the first step to establish the national traceability system in
hygrometry. In 2006, three reproducible quantities of humidity were selected to be sup-
ported by the state—relative humidity, dew/frost-point temperature, and vapor mole
fraction—and the dew-point temperature and operating temperature ranges were to be
extended upward to 90 °C. Consequently, a modernized standard and national hierar-
chical chain are now the basis of the national traceability system in hygrometry. In
Sect. 2, an overview of the Russian national humidity standard is presented. The real-
ization of the vapor mole fraction, dew/frost-point temperature, and relative humidity
is presented in Sect. 3, and an uncertainty analysis is developed and presented in
Sect. 4. Finally, traceability to the SI via the All-Russian Scientific Research Insti-
tute of Physico-Technical Measurements (VNIIFTRI) and vapor-pressure reference
equations are discussed in Sect. 5.

2 National Standard of Gas Humidity

According to the State Register of the Russian national standards, the Russian national
primary standard of gas humidity is assigned a number GET 151-2010 (GET 151) and
reproduces the three most requested quantities of humidity: mole fraction, dew/frost-
point temperature, and relative humidity.

The national primary standard reproduces and transfers

1. mole fraction x,, from 0.6 ppm to 700 x 10> ppm with a standard uncertainty for
a type A evaluation ua which does not exceed 0.3 % and a standard uncertainty
for a type B evaluation ug which does not exceed 0.58 %;

2. dew/frost-point temperature #q from —79°C to +90°C with a standard uncer-
tainty for a type A evaluation ua which does not exceed 0.05 °C and a standard
uncertainty for type B evaluation ug which does not exceed 0.03 °C;

3. relative humidity from 5 %rh to 98 %rh (at temperatures from 90 °C to —60 °C)
with a standard uncertainty for a type A evaluation u 4 which does not exceed 0.05
% and a standard uncertainty for a type B evaluation ug which does not exceed
0.04 % at positive temperatures and 0.08 % at negative temperatures

2.1 Overview

The national primary standard comprises the following:

— two standard humidity generators operating within the temperatures ranges of
—60°Cto +15°Cand +5°C to +90 °C,
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Fig. 1 Schematic diagram of positive-temperature humidity generator. /, 2 presaturator, 3 main saturator,
4 throttle, 5 working chamber, 6 working volume, 7 preliminary volume, 8 thermoregulator, 9 measuring
thermometer, /0 mixer, // mixer motor, /2 thermostat, /3 refrigerator

dry gas generator;

— gas conditioning equipment;

precision hygrometer kit for stability control of standard humidity generators; and
measuring and computing complex.

The national primary standard reproduces units of gas humidity within the tem-
perature range from —60 °C to 490 °C. The common working range from 45 °C to
+15 °C allows comparison of the generators. Standard generators which are parts of
the standard are compared periodically during operation of the standard. Each gener-
ator reproduces the same several values of humidity (commonly, 2 to 3) measured by
check hygrometers interchangeably. Reproducibility of measurements of both gener-
ators does not exceed the systematic component of the standard uncertainty.

The basic components of the standard are humidity generators. A schematic diagram
of the humidity generator at positive temperatures is shown in Fig. 1. Compressed gas
is fed to the generator input through the pressure reducer which is used to control
the absolute pressure of the gas at a setting in the range of 0.1 MPa to 2 MPa as
it passes through the heat exchanger and saturator system 1-3. After saturation, the
humid gas pressure is reduced by using the isothermal throttle 4. Water vapor can be
condensed in the throttle because of a decrease in temperature as a result of the Joule—
Thomson effect [1] so that the humidity of the gas is lower than that in the saturator.
To minimize this effect, a specially designed isothermal throttle with a long length
needle cone for a more modulated decrease of pressure (and temperature, respectively)
is used. The case construction of the needle improves heat transfer between the needle
and the thermostating liquid and compensates the decrease of temperature caused by
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Fig. 2 Schematic diagram of negative-temperature standard generator. / saturator, 2 throttle, 3 working
chamber, 4 mixer, 5 preliminary volume, 6 working volume, 7 thermoregulator, 8§ measuring thermometer,
9 mixer motor, /0 thermostat

the throttling effect. Investigations using a specially designed 10 cleavage copper-
constantan thermocouple showed that the residual cooling effect was negligible.

After passing through the throttle, humid gas can be fed to the working chamber 5 or
the external hygrometer. The gas passes to the atmosphere from the working chamber
through the flowmeter. The saturator, throttle, and working chamber are contained in
the liquid bath, the temperature of which is set and maintained by the thermostatic
system. In the “positive-temperature” (i.e., for ¢+ > 0°C) standard generator, water is
used as the operated thermostatic liquid; the electric heaters are used for heating. If
the saturation temperature is more than 415 °C, flowing water is used for cooling. If
the saturation temperature is less than +15 °C, a compressor (refrigerating machine)
is used for cooling.

The saturation system of the positive-temperature standard generator has two stages.
The first stage of presaturation comprises two in-parallel saturators 1, 2. Gas passes
through the heat exchanger connecting the presaturator and the main saturator 3.
Barborators—saturators in which gas bubbles through water columns 0.2 m long
divided by three steps—are used in the positive-temperature standard generator.

The negative-temperature standard generator uses gas dried in the dry gas generator
to prevent freezing of tubes. Alcohol is used as the operating thermostatic liquid,
with liquid nitrogen providing the cooling. The saturation system of the negative-
temperature standard generator (Fig. 2) comprises the saturator which consists of a
sequence of connected plates, 82 mm and 120 mm in diameter, which provides effective
heat exchange and compensation of a temperature decrease in the process of saturation.
The saturator plates contain axial-type guides about their center. The path length of the
ice or water surface in the saturator is 2.4 m. An excess pressure of gas in the saturators
and working chambers is measured by the IPD-manometers. Atmospheric pressure
is measured by the M 75-2-microbarograph. The temperature in the thermostats of
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the standard generators is measured by TSPN-5V- or PTSV-2K-1-platinum resistance
thermometers.

3 Realization of Humidity Units
3.1 Realization of Mole Fraction

In accordance with RIS 75-2004, “The State System for Ensuring Uniform Measure-
ment of Substances Moisture and Humidity. Terms and Definitions” [2], the vapor
mole fraction x,, is defined as the ratio of the substance amount of water vapor in the
gas ny to the total substance amount of the moist gas n,

X, = 2, (1
n

As realized by standard generators GET 151, x,, is defined by

e(ts) - f(Ps, ts)

P @)

X, =
Here ¢, is the saturation temperature and Ps is the absolute pressure in the saturator,
e(ts) is the saturated vapor pressure at fg and f(Ps, £5) is the water-vapor enhancement
factor evaluated at ¢, and

Ps:Pds+Paa (3)

where P, is the atmospheric pressure and Py is the gauge pressure in the saturator.

3.2 Realization of Dew/Frost-Point Temperature

In accordance with [2], the dew/frost-point temperature #4 is the temperature at which
water vapor in gas is cooled isobarically (e.g., at the pressure P.) is being saturated
above the water (ice).

The dew/frost-point temperature of moist gas 74 will be approximately equal to the
saturation temperature f; when the pressure in the working chamber/external hygrom-
eter P, is approximately equal to the pressure in the saturator Ps. But when the pressure
in the working chamber/external hygrometer P, # Ps, tq must be calculated by the
method of sequential approximations (at the starting value f(P., #q) =1) from the
equation,

e(tq) - f(Pe,tq) = x,(Ps, 1) - P, “4)

where e(tq) is the saturation pressure of saturated water vapor at the temper-
ature 14, f(Pc, tq) is the water-vapor enhancement factor evaluated at P, and
td, , xXn(Ps, tg) is the mole fraction in gas at temperature t; and pressure Pg in the
process of saturation and
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Pe = Pyc + Pa, ©)
where Py is the gauge pressure in the chamber

3.3 Realization of Relative Humidity

In choosing standard instruments of gas relative humidity, preference should be given
to a generator based on the two-pressure method, which is considered to be the absolute
and the most accurate method of reproduction of a relative humidity scale [3]. The
principle of this method is that gas saturated with water vapor at an elevated pressure is
then isothermally throttled to the pressure of the working chamber or test hygrometers.
In this case, the saturator temperature and the working chamber temperature are equal.
In accordance with [2], the relative humidity above water (ice) & is the ratio of the
mole fraction in the gas to the mole fraction of saturated water vapor above water (ice)
in this gas at the same temperature and pressure. Therefore, using the two-pressure
method, the relative humidity is defined by

(6)

h— (x_n) _ Xn (Ps, 15) _ P -e(ts) - f(Ps, 1) ~ P - f(Ps, 1)

XnS /) pe.te Xp(Pe, tc) Ps-e(te) - f(Pe, 1) Ps‘f(Pc,ts)’
where f (P, ts) is the enhancement factor of moist gas evaluated at (P, ), and x,
is given by Eq. 2 and x, is the mole fraction of the gas if saturated at #;, and P.

4 Uncertainty Analysis

Uncertainties in the quantities are expressed using the notation such that u( P.) denotes
the standard uncertainty in quantity P.. Relative standard uncertainties are denoted
with an additional subscript ‘r’ as in u(x).

The uncertainty of gas humidity units generated by the GET 151 is dictated by the
following uncertainties.

The uncertainty of the pressure measurement is determined by uncertainties of the
pressure transducer and a monitor such as the multirange metric pressure transducer
(IPD) used to measure the gauge pressure Pgg in the saturator and Py in the working
chamber.

The uncertainty of the IPD is no more than 0.06 %. An Agilent data collector
(multimeter) monitors the IPD with a relative uncertainty of no more than 0.005 %.
Several transducers closed off the full-range pressure in the saturator and the working
chamber was used for the measurement of pressure with relative uncertainties less
than 0.1 %.

The uncertainty in temperature is derived from the temperature instability and inho-
mogeneity, the temperature transducer, the monitor, and the selected method of the
temperature measurement. The transducers are VNIIFTRI traceable platinum resis-
tance thermometers (PRTs) having uncertainties between 0.005 °C and 0.01 °C.

The uncertainty in temperature due to the voltage measurement corresponding
to the temperature range from —60°C to +90°C is not more than 0.01°C when
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Table 1 Uncertainty (relative) budget for mole fraction

Source of uncertainty Uncertainty contribution u; (%)
Working temperature (°C)

—60 +90

Mole fraction (ppm)

0.6 10 40 x 10 700 x 103

Temperature 0.2 0.2 0.1 0.1
Pressure in saturator 0.07 0.07 0.07 0.07
Enhancement-factor formula 0.4 0.003 0.06 0.003
Saturation vapor pressure formula 0.2 0.2 0.1 0.1

Type B uncertainty (relative) 0.5 0.3 0.17 0.16

Type A uncertainty 0.3 0.3 0.3 0.3
Combined standard uncertainty (k = 1) 0.58 0.43 0.35 0.34
Expanded uncertainty (k = 2) 1.2 0.84 0.68 0.67

measuring with the Agilent or 0.001 °C when measuring with the MIT 8.15. The two-
chamber thermostats TVP-6 refined for the purpose of minimizing thermal interchange
with the environment and decreasing nonuniformity of the temperature field in the
working volume and gradient between the saturator and working chamber to 0.006 °C
at a temperature instability of no more than 0.003 °C are used for thermostatting
the saturator and working chamber. Therefore, the combined temperature uncertainty
(no more than (0.01 ...0.02) °C) leads to the temperature component uncertainty of
saturated water-vapor pressure u(e;) which is no more than 0.28 %. The uncertainty
of the saturated water-vapor pressure formulae u(er) within these temperature limits
is changed from 0.01 % to 0.22 % [4].

Deviation of the moist gas from the ideal gas is taken into account by enhancement
factors f (P, t;) and f(Ps, ts). Within the analyzed range of the working GET 151
standards, the relative uncertainty of the reference data on enhancement factors of
moist nitrogen (air) [5—8] is no more than 1.4 %.

Recent experimental research ([9] involving the evaluation of the difference of
the dew/frost-point reproduced by GET 151 and measured by an external precision
hygrometer, the moist gas flow changes of hopping from minimum to maximum values
confirms the findings of theoretical calculations and earlier experimental studies [10]
that the uncertainty associated with oversaturation/undersaturation (sometimes called
saturator efficiency) is an order of magnitude less than other uncertainty components.

Uncertainty budgets for the mole fraction, dew/frost-point temperature, and relative
humidity are developed below and represented by Tables 1, 2, and 3, respectively.

4.1 Uncertainty Analysis for Mole Fraction

In accordance with Eq. 2, the relative uncertainty of the mole fraction u;(x;,) is defined
by

@ Springer



49 Page 8 of 12 Int J Thermophys (2016) 37:49

Table 2 Uncertainty budget for dew/frost-point temperature

Source of uncertainty Uncertainty contribution u; (°C)
Dew/frost-point temperature (°C)

=79 +90
Temperature 0.0024 0.00173
Pressure in saturator 0.006 0.0009
Pressure in working chamber 0.00023 0.0009
Saturation vapor pressure formula (saturator) 0.0177 0.00076
Saturation vapor pressure formula (working 0.0177 0.00076
chamber)
Enhancement-factor formulae (saturator) 0.0141 0.00076
Enhancement-factor formulae 0.0141 0.00076
(working chamber)
Type B uncertainty for dew/frost-point 0.0326 0.0026
temperature
Type A uncertainty for dew/frost-point 0.05 0.05
temperature
Combined uncertainty for dew/frost-point 0.06 0.058
temperature (k = 1)
Expanded uncertainty for dew/frost-point 0.12 0.11
temperature (k = 2)
Table 3 Uncertainty budget for relative humidity
Source of uncertainty Uncertainty contribution u; (%rh)
Working temperature (°C)
—60 +90
h =5 %rh h =98 %rh h =5 %rh h =98 %rh
Temperature 0.01 0.06 0.003 0.05
Pressure measurement 0.01 0.03 0.006 0.03
Enhancement-factor formulae 0.02 0.00 0.003 0.001
Type B uncertainty (absolute) 0.03 0.06 0.007 0.06
Type A uncertainty 0.05 0.05 0.05 0.05
Combined uncertainty (k = 1) 0.06 0.08 0.05 0.08
Expanded uncertainty (k = 2) 0.12 0.16 0.12 0.15
— P 2 2 2 P 2 7
ur(xn) = \Jur (P)™ + ur (e)” + ur (er)” +ur (f (Ps, 15))7, @)
where
2 2
u(Ps) = \/<M (Pa) - L) + (ur(Pds)L) , (®)
(Pa+Pds) (Pa+Pds)
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ur(ey) is the uncertainty of temperature measurement and temperature instability and
nonuniformity; u,(er) is the uncertainty of the saturated water-vapor pressure formu-
lae [4]; u(f (P, t5)) is the uncertainty of enhancement factors [5-8], and u(P,) and
u(Pgs) are uncertainties of the atmospheric-pressure measurement and the pressure
measurement in the saturator.

The limits of uncertainty (relative) for the mole fraction up(x,) calculated from
given methods are reported in the uncertainty budget in Table 1.

4.2 Uncertainty Analysis for Dew/Frost-Point Temperature

Sources of uncertainty in the dew/frost-point temperature measurement include those
given for vapor mole fraction and, in addition, those associated with the measurement
of pressure in the chamber or at the hygrometer. In accordance with the definition
(Eq. 4) and taking into account correlation in components of uncertainty type B, the
uncertainty of the dew/frost-point temperature —u(#q) at the pressure P (not equal to
the saturation pressure P;) is defined by

u(eq) = / U (P)* + u (P)* 4 u (e)* + u (er)* +u (f (P, 15)7, ©9)
u (tq) = tq (eq) — tq (ed + u (eq)) , (10)

where u(Pg) and u(P;) are uncertainties of the pressure measurement in the saturator
and working chamber (external hygrometer) in accordance with Eq. 8; u(e;) is the
uncertainty of the temperature measurement in accordance with

—h L% 11
u(ey) = .e(_t)Eu()’ (11)

and the temperature instability and nonuniformity; u(ef) is the uncertainty of the
saturated water-vapor pressure formulae [4]; and u(f (P, t5)) is the uncertainty of
enhancement factors [5—8]. The uncertainty budget for the dew/frost-point temperature
is listed in Table 2.

4.3 Uncertainty Analysis for Relative Humidity

Sources of uncertainty in the relative humidity include those given for the dew/frost-
point temperature and, in addition, those associated with the measurement of
temperature in the chamber or at the hygrometer. In accordance with Eq. 6 and cor-
relation relationships in uncertainty pairs u(Pe), u(Ps), u(f(Ps, ts)), and u(f (P, ts),
the (absolute) uncertainty of the relative humidity is defined by the following formula
for the residual bias limit:

u(h) = \Ju 3 +u @ +u (P, (12)
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where
u (h)p
B Py(Pes— Pa) P\ P\
= \/(“ P Bt Pan) (Pa + Pdc)> * ("‘ o) o Pdc>) * (“' o) o 7 Pds)) ’
(13)
U(f) = h e (F (P t)? + e (f (Pots))* (14)

Limits of (absolute) uncertainty for the relative humidity are given in the uncertainty
budget listed in Table 3.

5 Traceability System

The metrological traceability chain of gas humidity measurements was established
after introduction of the GET 151-86 [10], the national standard of gas relative humid-
ity. The traceability of relative humidity hygrometers to the national standard was
realized in accordance with the hierarchical chain [11]. Changes in aims of the mea-
surement, a fleet of the measuring means used in Russia which took place since 1986,
have required the modernization of the standard and updating of the traceability sys-
tem. The standard and metrological traceability chain was modernized in 2006—2009.
At the present time, traceability is transferred from the national standards to work-
ing instruments in accordance with the Russian regulatory and legal framework in
hygrometry [2] and the hierarchical chain [12].

The state hierarchical chain consists of three branches: for measuring the mole
fraction, dew/frost-point temperature, and relative humidity, respectively. Each branch
can be represented as the scheme: primary standard-secondary standard—working
standard—ordinary hygrometer. The branch of the hierarchical chain just for measuring
the dew/frost-point temperature is shown in Fig. 3.

Humidity generators that produce a gas mixture with defined moisture are
mostly used as class-1 and class-2 working generators (e.g., “Rodnik-2,” “Rodnik-
3,” and “Rodnik-6" generators.) Meteorological humidity transducers, hygrometers,
and hygrographs are usually calibrated in climatic chambers using calibrated high-
accuracy hygrometers (including generators) as class-2 working standards (e.g.,
“KONG-Prima 4,” “KONG-Prima 1,” “Michell Instruments S 4000,” and “MBW 373
Dew-Point Mirror” hygrometer).

Because secondary and class-1 working standards are generators, it is natural to
compare these standards with the primary standard by using the hygrometer as a
traveling measurement standard. The method of direct measurements is used for cal-
ibration of class-2 working standard-hygrometers, the method of comparison with a
comparator—for calibration of class-2 working standards-humid gas generator, and
methods of direct measurements and direct comparison are used for calibration of
working hygrometers.

Piezosorption, resistive, capacitance-type relative humidity, coulometric-type mole
fraction, and condensation-type dew/frost-point hygrometers are used as the traveling
standard.
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h=(5...98) %th
Un= 0.05 %rh
Us = (0.04...0.08) %rh

National primary standard of humidity units of gases

X, =(0.6...700 -10°) ppm
Upr=03%
Us=(0.05...0.58) %

T,=(-79...+90) °C
U, = 0.05C
Up= (0.02...0.03) °C

comparison with a comparator
U=0.02°C

]
secondary standards
Ty=(-79...+90)°C

U=(0.1...02)°C

comparison with
a comparator
U =(0.02...0.05) °C

working standard 1-class
humid gas generators
Ta=(-79...+90)°C
U=(0.2...05)°C

method of direct
measurements

comparison with
a comparator
U =(0.02...0,05) °C

method of direct

measurements

working standard 2-class

working standard 2-cass

humid gas generators hygrometers
Ta=(-79...+90)°C Ta=(-79...+90)°C
U=(0.6...1.5)°C U=(0.6...1.5)°C

method of direct
comparison

method of direct
measurements

hygrometers
T,=(-79...+90)°C
U=(0.2...0.5)°C

hygrometers h
o ygrometers and hygrographs
Ty =(-79...+90)°C T, =(-79...+ 90) °C
U=(05...1.5)°C U=(15..3)°C

Fig. 3 State hierarchical chain for measuring means of dew/frost point

6 Conclusion

The GET 151 standard of gas humidity was modernized in VNIIFTRI. The operating
temperature now extends from —60 °C to 490 °C. The basis of the primary standard is
a positive-temperature generator (with a working range from +5 °C to +90 °C) and a
negative-temperature generator (from —60 °C to +15 °C), thus enabling comparisons
over the range from 5°C to 15 °C.
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The phase equilibrium method (one-pressure method) is used to generate humid
gas defined in terms of the vapor mole fraction (0.6 jL mol- mol~! to 0.7 mol-mol~!
with maximum relative expanded uncertainties of 1.2 %). Two-pressure generators
reproduce humid gas defined in terms of the relative humidity (from 5 %rh to 98 %rh,
with maximum expanded uncertainties of 0.2 %rh), and the dew/frost-point tempera-
ture from —79 °C to +90 °C with maximum expanded uncertainties in dew/frost-point
temperature of 0.12 °C.

A modernized standard and redeveloped national hierarchical chain for measuring
means of gas humidity are the basis of the national traceability system in hygrometry
providing the traceability of working standards and instruments to the national standard
of gas humidity.
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