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Abstract The concept and design of a miniaturized two-pressure humidity
generator are presented. The generator is suitable for achieving relative humidity
ranging from 10% to 95% with uncertainties of under 1% at ambient temperature and
can be used for the calibration of relative humidity instruments in the laboratory and
on site. By virtue of the concept, the relative humidity achieved is traced to only two
pressure measurements. Further references are not necessary. A special adjustment
algorithm enables standard industrial pressure sensors to be used. The two pressure
sensors are synchronized by aligning their readings at ambient pressure. The resulting
correlation of the uncertainties leads to very small systematic errors in the humidity
display. Each humidity generator can still be individually adjusted through compar-
ison with a chilled-mirror hygrometer, the total uncertainty of the generator being
largely determined by the uncertainty of this hygrometer. Any drift of the pressure
sensors that occurs can be compensated at any time by performing an alignment at
ambient pressure without changing the individual adjustment of the generator. It can
be demonstrated that the uncertainty of the displayed humidity remains practically
unchanged over the course of a year by virtue of this alignment process.

Keywords Humidity generator · Miniaturized · Relative humidity · Traceable ·
Two-pressure generator

1 Introduction

With the market for humidity meters for industrial and semi-industrial applications
expanding rapidly, it is becoming increasingly useful to have calibration equipment
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Fig. 1 Miniaturized two-pressure generator “HUMOR 20” (E+E Elektronik, Austria)

that enables the measurand “relative humidity” to be traceable to international units.
Various commercially available humidity generators are, in principle, suitable to pro-
vide this type of proof. However, such systems are generally very complex and expen-
sive and only suitable for stationary operation, rendering them unsuited to in-house
quality control departments catering to a broad market. Saturated, and also unsaturated,
salt solutions are still used for relative humidity calibration. In this case, however, it is
very difficult, if not impossible, to demonstrate complete traceability to international
units. Various miniaturized humidity generators are now available on the market. In
most cases, these work on the principle of a mixed-gas generator with an internal
reference, with either a dedicated chilled mirror hygrometer or a capacitive polymer
sensor serving as the internal reference. In the first case, high system costs must be
considered. The second case provides a reference that to all intents and purposes
exhibits the same stability and measuring uncertainty as most of the devices to be
tested.

A transportable, user-friendly humidity generator (Fig. 1) employing the same
working principle as a two-pressure generator will be presented. Basically, this
device displays humidity using a fundamental technique analogous to, for instance,
the reference humidity generator of NIST [1]. The traceability of the device is ensured
by periodic calibration against a traceable chilled-mirror hygrometer. Between the
periodic calibrations, the device operates with high stability due to its fundamental
basis. The generator works at ambient temperature and therefore displays the relative
humidity at a slightly elevated ambient temperature. The only operating resources
required are a power supply and compressed, oil-free air at 1.1 MPa.

The aim of the paper is not to give a full uncertainty evaluation of the genera-
tor but to demonstrate how to minimize the influence of pressure sensor tolerance
and drift on the performance of the generator by means of different adjustment
procedures.
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2 Generator Concept and Setup

Compressed oil-free air at a pressure of 1.1 MPa is fed via a pressure regulator into
the saturator chamber where it becomes completely saturated with water vapor. The
pressure regulator allows the pressure inside the saturator chamber to vary, depending
on the requested relative humidity. By varying the pressure in the saturation chamber
between approximately 1 MPa and 105 kPa at an ambient pressure of pa = 100 kPa,
the relative humidity in the measuring chamber can be varied from 10% to 95%. Then,
the compressed and saturated gas is fed to a second pressure reduction unit via a heated
line. The pressure of the gas is first regulated to 15 kPa above ambient pressure and
then throttled to ambient pressure pa via a heated needle valve. The needle valve is
used to set a gas flow of 3 L ·min−1. This is largely independent of the pressure in
the saturation chamber [2,3], as the admission pressure of the needle valve is always
held stable at pa + 15 kPa. Finally, the humid gas is fed into a measuring chamber
where the required relative humidity is achieved (Fig. 2), and ultimately released into
the open air via an exhaust line. The displayed relative humidity Uw in the measuring
chamber is derived from the saturation vapor pressure in the saturator e′

w(t1, p1) [4]
at temperature t1 and pressure p1, the relationship between the pressures in the satu-
rator and the measuring chamber, and the associated saturation vapor pressure in the
measuring chamber at temperature t2, according to
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Fig. 2 Principle scheme of the miniaturized two-pressure generator
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Uw = e′
w(t1, p1)

e′
w(t2, p2)

p2

p1
× 100 (1)

e′
w(t, p) = ew(t) f (t, p) (2)

where ew(t) is the saturation vapor pressure in the pure phase with respect to water
[5,6], fw(t, p) is the enhancement factor of air [7], and e′

w(t, p) is the saturated vapor
pressure of the actual system in the presence of air or nitrogen with respect to water [4].

The measuring chamber and saturation chamber are manufactured jointly from a
solid, highly heat-conductive metal block (special aluminum alloy), the measuring
chamber being positioned within the saturation chamber (Fig. 2). The generator has
to be operated either with distilled water or deionized water, and the user is obliged to
change the water each month for purity reasons. However, failing to change the water
for several months resulted in no measurable contamination effects on the achieved
relative humidity.

Before being discharged into the measuring chamber, the humid gas is also fed
repeatedly through gas conduits inside the wall of the saturator which very effec-
tively brings the temperature of the gas into equilibrium with that of the saturator.
These design features ensure that the saturator temperature t1 and measuring chamber
temperature t2 are practically the same and Eqs. 1 and 2 can therefore be simplified:

t = t1 = t2

Uw = e′
w(t, p1)

e′
w(t, p2)

p2

p1
× 100 = ew(t) f (t, p1)

ew(t) f (t, p2)

p2

p1
× 100 = p2

p1

f (t, p1)

f (t, p2)
× 100 (3a)

Equality of temperatures is ensured by the construction of the chambers as described
in Sect. 2 and shown in Fig. 2. Also, the effects of changing environmental tempera-
tures are shown in Fig. 7. Even if the ambient temperature differs by more than 10 K
from the chamber temperature, the effect on the achieved relative humidity is very
small. Nevertheless, the user has to operate the generator under normal laboratory
conditions without heat radiation sources.

As the generator is operated in a restricted temperature range for an average temper-
ature t , the relation f (t, p1)/ f (t, p2) can be numerically approximated with sufficient
accuracy by a polynomial in p2/p1, f (p2/p1)

f (t, p1)

f (t, p2)
→ f

(
p2

p1

)
(polynomial in p2/p1) (3b)

and the fundamental equation of a two-pressure humidity generator is obtained:

Uw = p2

p1
f

(
p2

p1

)
× 100 [%] (3)

123



1636 Int J Thermophys (2008) 29:1632–1643

Apart from a small correction parameter that takes into account the real saturation
behavior of air, the displayed humidity depends only on the pressure relationship
between the measuring chamber and the saturation chamber. The pressure measure-
ment and its measuring uncertainty are therefore crucially significant. Although other
device-specific properties such as temperature homogeneity and saturation behavior
play a role in calibrating a generator and can lead to either systematic display errors or
increased uncertainty, this design means these properties will not change significantly
over the course of time and can be corrected by adjusting the device.

3 Adjustment and Calibration Concept

A key objective in the development of the humidity generator was to keep system costs
low. For the pressure measurement, industrial pressure transmitters with a specified
uncertainty of 0.5% of the maximum readout are used. A simple estimate shows imme-
diately that the pressure sensor specification leads to an uncertainty of up to 6% rh
for the displayed relative humidity. In principle, this deviation could be corrected by
adjusting the generator, e.g., with reference to a chilled-mirror hygrometer. However,
similar problems are immediately encountered when looking at the long-term sta-
bility of the pressure sensors, which means that this procedure does not produce an
acceptable result without employing additional measures. An adjustment concept is
therefore implemented, in which the tolerances and drifts of the sensors are largely
cancelled out by means of a software-based adjustment of the two pressure sensors
for p1 and p2 at ambient pressure, thereby ensuring the humidity generator achieves a
high degree of accuracy and stability. The individual steps in the adjustment concept

– Basic adjustment
– Adjustment
– Alignment

are presented in the sections that follow, and an uncertainty estimate is presented for
the humidity generator, both in its new state and after one year. All steps of the adjust-
ment concept can be repeated at any time, but usually for the user there is only the
need to do step 3 (alignment).

3.1 Basic Adjustment

For pressure measurement, industrial sensors with a specified tolerance of 0.5% of
the measuring range are used, the specification being interpreted as a rectangularly
distributed uncertainty. The pressure sensors are described by the following model:

Saturation chamber p1 :
Measuring range 0–1 MPa

p1 = a0 + a1 p1w (4)

a0 = 0 u(a0) = 5.8 kPa (k = 2)

a1 = 1 u(a1) = 5.8 × 10−3 (k = 2)
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Measuring chamber p2 :
Measuring range 0–0.2 MPa

p2 = b0 + p2w (5)

b0 = 0 u(b0) = 1.15 kPa (k = 2)

p2 = pa pa . . . ambient pressure
p1w, p2w measured values in saturation chamber and measuring chamber,

respectively

The uncertainties of the pressure measurement are derived from the models of the
pressure sensors, Eqs. 4 and 5, using

u(p1) =
[
u2(a0) + p1w

2u2(a1)
]1/2

(6)

u(p2) = u(b0) (7)

As the aim of the paper is to point out the effects of pressure sensor tolerance and drift
and how to eliminate them by a special adjustment procedure, here the measurement
uncertainties of p1w and p2w are neglected. Besides, the contribution of the measure-
ment uncertainties of p1w and p2w is very small compared with the effects of pressure
sensor tolerance (∼0.2% rh compared with 6% rh).

If the pressure sensors are used without any additional measures, the uncertainty
of the displayed relative humidity can be determined as follows from Eq. 3:

Fig. 3 Deviation of indicated relative humidity of 30 generators from a certified chilled-mirror hygrometer
after basic adjustment. Uncertainty contributions of the pressure sensors after basic adjustment, including the
contribution of pressure measurement uncertainty and the measurement uncertainty using a chilled-mirror
hygrometer of about 0.22% at 25% and 0.6% at 75%, respectively (all k = 2), are also indicated
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u(Uw) =
⎡
⎣(

1

p1
u(p2)

)2

+
(

−p2

p2
1

u(p1)

)2
⎤
⎦

1/2

(8)

which leads to the uncertainty mentioned above of ∼6% rh at 95% rh (the small correc-
tion made by the enhancement factors has been omitted here as it does not make any
significant contribution to the total uncertainty). In the basic adjustment, the generator
is depressurized, both pressure sensors are read at ambient pressure pa, and the dif-
ference �(pa) = p1(pa)− p2(pa) calculated. Using the difference, a corrected value
p1k is calculated for the saturator pressure and a revised model equation is obtained
for the corrected pressure p1k

p1k = a0 + a1 p1w − �(pa) = b0 + a1(p1w − pa) + pa (9)

and the uncertainty of p1k is

u2(p1k) = u2(b0) + (p1w − pa)
2u2(a1) (10)

Basically, the offset of the pressure measurement p1 at ambient pressure pa is corrected
to the same value as p2 and the two pressure measurements synchronized at ambient
pressure. The readings from the two pressure sensors thereby become correlated, with
total correlation at ambient pressure. The uncertainty of the displayed humidity, taking
into account the correlation, is derived as follows from Eqs. 3, 5, and 9:

u2(Uw) = u2(b0)

[
1

p1k
2 + p2

2

p1k
4 − 2

p2

p1k
3

]
+ p2

2

p1k
4

[
(p1k − pa)

2u2(a1)
]

(11)

It can easily be demonstrated that the uncertainty of the displayed relative humidity
u(Uw) for p1k = p2 = pa (→ Uw = 100%) becomes exactly zero (total correlation).
In practice, the uncertainty of the pressure measurements includes the standard devi-
ation from random variations, the limited resolution of the electronics, and the sensor
stability must also be taken into account, which results in a further small residual uncer-
tainty of approximately 0.2% rh at the adjustment point. Figure 3 shows measurements
of the displayed humidity compared to a certified chilled-mirror hygrometer after the
basic adjustment. The uncertainty calculated per Eq. 11 resulting from the pressure sen-
sor tolerance is also shown, including the contribution from the pressure measurement
uncertainty of about 0.2%. Most measuring values lie within the uncertainty estimate
of Eq. 11. However, if the measuring uncertainty of the chilled-mirror hygrometer is
also taken into account, all measurements and the uncertainty estimate resulting from
the pressure sensor contribution are compatible after the basic adjustment.

3.2 Adjustment of the Humidity Generator

After the basic adjustment, the humidity generator is checked against a certified chilled-
mirror hygrometer and the deviations are stored as a correction table. Figure 4 shows
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Fig. 4 Setup for verifying a generator (principle scheme) using a chilled-mirror hygrometer

the setup for the calibration of the generator. The output of the gas stream into the
measuring chamber is closed, and the gas stream is discharged via a special insulated
pipe. A Pt100 reference thermometer is placed within the pipe. The gas stream is then
routed via a heated line and split by a T-section, with one part (typically 0.5 L ·min−1)
being sent to the chilled-mirror hygrometer while the rest is released into the open air
via a needle valve controlling the gas stream split. Located behind the chilled-mirror
hygrometer is a flowmeter to control the gas stream through the chilled-mirror hygrom-
eter (DPH). When calculating the relative humidity from temperature and dew-point
temperature, the following key uncertainty contributions are taken into account:

– DPH calibration uncertainty
– Stability of DPH in the calibration interval
– Dew-point stability during the measurement
– Pressure loss in the measuring line
– Pt100 calibration uncertainty
– Pt100 self-heating
– Pt100 heat conduction
– Stability of the Pt100 in the calibration interval
– Temperature stability during calibration
– Spatial temperature inhomogeneity in the saturation and measurement chambers
– Resolution of the humidity generator

When adjusted in this way, the generator exhibits deviations from the chilled-mir-
ror reference within the specified tolerance indicated in Fig. 5. The total uncertainty
of the generator is calculated from the specification limits (rectangular distribution)
and the uncertainty of the calibration using the chilled-mirror hygrometer. The spatial
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Fig. 5 Specification, calibration uncertainty, and total uncertainty (k = 2) of a new generator

distribution of the relative humidity within the measuring chamber is largely deter-
mined by the temperature inhomogeneity of 0.1◦C (difference between maximum
and minimum values of a rectangular distribution) in the measuring chamber, varies
from 0.03 to 0.33% rh depending on the displayed humidity, and is included in the
uncertainty calculation.

3.3 Alignment

By means of the adjustment outlined in Sect. 3.2, all systematic deviations of the
generator from an ideal generator were corrected, within the measuring uncertainty
of a DPH. In particular, the systematic readout errors of the pressure sensors were
also corrected. During operation, however, a generator drift must be reckoned with.
This derives almost exclusively from drift of the pressure sensors. For the pressure
sensors, the manufacturer specifies a maximum drift per year of 0.5 kPa (p2) or 1 kPa
(p1). For the annual drift, the manufacturer’s specifications (rectangular distribution)
are doubled, resulting in the following models for the additional uncertainty of the
pressure measurement after one year, based on Eqs. 4 and 5:

p1 = a0
′ + a1

′ p1w

a0
′ = 0u(a0

′) = 2.3 kPa(k = 2) (12)

a1
′ = 1u(a1

′) = 2.3 × 10−3(k = 2)

p2 = b0
′ + pa (13)

b0
′ = 0 u(b0

′) = 1.15 kPa (k = 2)

Exactly as with the basic adjustment in Sect. 3.1, here too the generator is depres-
surized and the pressure sensors are once again synchronized at ambient pressure.
Unlike the basic adjustment, however, the generator correction values per Sect. 3.2
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Fig. 6 Total uncertainty of a new generator and after one year. Also, the drift contributions of the pressure
sensors and the change in total uncertainty after one year are indicated (k = 2)

are retained in the alignment, i.e., only the change occurring within one year is exam-
ined. The additional uncertainty contribution after a year is then derived as follows,
according to Eq. 11:

u2(Uw) = u2(b0
′)

[
1

p1k
2 + p2

2

p1k
4 − 2

p2

p1k
3

]
+ p2

2

p1k
4

[
(p1k − pa)

2u2(a1
′)
]

(14)

Figure 6 shows the uncertainty contribution resulting from the drift after one year.
An additional contribution resulting from the resolution of the electronics has also
been taken into account. The total uncertainty when new and after one year, and the
increase in uncertainty after one year, has also been entered.

The generator can be aligned by the user at any time and as often as required.
An alignment is particularly recommended whenever the humidity readout deviates
significantly, i.e., more than 0.3% rh —from 100% rh when the generator is depres-
surized.

4 Measurements

For a stable humidity display, the generator requires only a room with normal cli-
matic conditions and no direct sources of thermal radiation. In order to demonstrate
the stability of the humidity display with fluctuating temperatures, a generator was
stabilized at 75% and exposed to changing temperature conditions in a temperature
cabinet, while at the same time the displayed humidity was monitored with a chilled-
mirror hygrometer (Fig. 7). At different ambient temperatures of 10, 25, and 40◦C, the
largest change in the achieved humidity is less than 0.2% rh. During the temperature
change from 10 to 25◦C and from 25 to 40◦C, the humidity display is incorrect by less
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Fig. 7 Influence of the ambient temperature ta. Different ambient temperatures of 10, 25, and 40◦C lead
to a change in achieved relative humidity of less than 0.2%

Fig. 8 Response of generated humidity and of a device under test after selecting a new value

than 1%, even though there is a difference of up to 12◦C between the temperature of
the generator’s measuring chamber and the ambient temperature.

Figure 8 shows the response of the humidity display over time, the deviation of a
humidity meter awaiting calibration from the displayed humidity, and the deviation of
the generator from the target humidity. The target humidity is stable to within 0.1% rh
after a few minutes; the settling time is primarily determined by the speed at which a
new target pressure can be set in the saturator. The settling response of the device under
test is largely determined by its properties. The generator itself makes practically no
contribution to the stabilization time.

The humidity generator can be traced to international units (SI units) by means
of its calibration against a certified chilled-mirror hygrometer. Because of its high
stability and small uncertainty, it is used as a humidity reference device in various
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Fig. 9 Comparison of calibration measurements using (1) the described miniaturized two-pressure gener-
ator (HUMOR 20) (2) the national Austrian reference generator (NMI). The uncertainties of each generator
(k = 2) are indicated

calibration laboratories. Figure 9 compares the calibration of a humidity meter based
on a capacitive polymer sensor carried out using the Austrian national standard genera-
tor at two temperatures (20 and 25◦C) with a calibration using the described “HUMOR
20” miniaturized two-pressure generator as a reference device of the Austrian
Calibration Service (ÖKD). The accredited uncertainties (k = 2) are shown for each
case. Within the combined measuring uncertainties, no differences in the calibrations
can be identified.
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