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Abstract: The main purpose of this work is to present theAlthough being the wet-bulb temperature a direct

manufacturing, calibration and validation of a systfor
wet and dry bulb temperature measurements obtaineal
new psychrometer.

The calibration has lead to the adjustment of {hywapriate
psychrometer coefficient for the developed psycletem as
a function of the wet bulb temperature, which btst with
experimental data, obtained on the range from 3d%786
RHand 15°C to 30°C. Another set of experimental oart
this range was used for evaluation of the psychteme
uncertainty.

An electronic hygrometer was calibrated simultarsigu
and its calibration was also evaluated. The uniteytaf the
Relative Humidity obtained in the calibration ofeth
psychrometer was found to be only slightly highwart the
uncertainty for the electronic hygrometer. For thet-bulb
temperature determination, the hygrometer prestsgl as
more precise, while the psychrometer was more ateur
Either could be used for technological developnanthe

measurement, it is function of the moist air proiesy
mainly its humidity (relative or absolute), and theat
transfer process that occurs on the wick, and psycéter
design. Therefore, the wet-bulb temperature measeme
itself is a delicate issue, with many variabledueficing its
precision.

The calibration of a psychrometer can be made by
comparison with a more precise psychrometer, or by
comparing the relative humidity calculated from thvet-
and dry-bulb measurement of the psychrometer wititheer
humidity measurement system, preferably a primary
standard such as a dew-point temperattgg) (nstrument.

The objective of this work is to find the precisiofi the
humidity measurement, and the psychrometric caeffic
for our new psychrometer design.

2. BACKGROUND
The thermodynamic wet bulb temperatur® (s defined at

humidifier, but the psychrometer delivers a directan adiabatic process, and the temperature fourttieoneal

measurement of the wet-bulb temperature, indepénaden
the local pressure and dry-bulb temperature, whigécts
the calculation obtained from the hygrometer data.
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1. INTRODUCTION

The wet-bulb temperature is usually used for calboh of
the Relative HumidityRH), which is defined as the ratio of
the partial pressure of the water vapor in theaaandition
to the partial pressure of the water at saturation.

The efficiency of a humidifierrf) is measured in terms of
the capacity to increase the air humidity. Thecafficy of
an evaporative cooling is also closely related e air
humidity at intake and outlet. The same formulatlod
efficiency is applied for humidification and evaptive
cooling [1], and is a function of dry-bulb tempenas ¢, at
air intake t, at outlet) and wet-bulltY) temperature,
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non-adiabatic process that takes place on a psydteo ¢,)
should be slightly corrected [2] for humidity calation.
The difference tf - t,)) is function of the airflow velocity
around the wick, and this difference becomes laagje
velocities under 0.5 m/s [1] (p.208).

The measurement of wet bulb temperature normalbnig
used for psychrometry, for the determination of the
surrounding air humidity. Although there are instents for
direct determination oRH, with enough precision for most
technology needs, if the wet-bulb temperature isessary
for some other purpose, the direct reading of the
psychrometer should be considered. As there isrimoapy
instrument to measure the thermodynamic wet-bulb
temperature, the following discussion shall statevho
determine the air properties in order to achiewedimallest
uncertainty in wet bulb temperature calibration.

2.1 Psychrometric equations

A complete survey of calculation methods of projsrfor
the air-water mixture is found in [3]. InputtingetHocal
pressure, the dry bulb temperature and the wet bulb
temperature on a given equation system may resulbe



moist air Relative Humidity KH). Both the formulation It is possible to obtaitf from experimental datd, (RH, por
used and the physical details of the wet bulb nremsent t, RH, tp ) using the ASRAE method [2], which may be
system have influence on the precision of the ¢aledRH. useful as shown in section 5.6.

Wet and dry bulb temperature usually is correldatedugh 2.2 Hygrometry

the empirical equation [2.4] The range of sensing principles used in hygrometers

includes dimensional change of materials, graviimetr
determination, condensation (detected opticallgcteically,

or by resonant frequency), rate of evaporative ingpl
where A is the psychrometer coefficient in *Cp is the thermal conductivity, adiabatic expansion, pneuati
atmospheric pressure in Ras the air temperature amglis  bridge, acoustical transmission, electrical impegamate of
the real wet bulb temperature;is the actual water vapor electrolysis of phosphorus pentoxide, spectrometry,
pressure of the air atande,is the vapor pressure gt The  transmission of optical fiber, optical refractivedex, color
psychrometer design has a strong influence Agnand  change of chemicals, and others [7].

controversy exists related to its accurate valle @quation

that relates the dependence/ofipont,, recommended by Electrical impedance sensors are the most comnos af

e=e,-Ap(t-t,), 2)

[5] was developed by Farrel : hygrometer found in industrial applications. Thexature a
hygroscopic material whose dielectric propertidsrahs it
A=66x10" (1+ o_oonaw) (3) absorbs water molecules. Changes in humidity asesored

as a change in the sensor’'s electrical capacitance,
resistance, or some combination of the two. Somtheif
advantages are small size, small cost, and sirplidiuse.
Some disadvantages are hysteresis, drift, andtséysto
contamination and (often) to condensation.

But this generic equation cannot consider the psyobter
design, and peculiar factors that affects the heat transfer
process that occurs at the wick.

There are two families of psychrometric equatiombe
ASHRAE equations [2] enable calculation based oa t
thermodynamic wet-bulb temperatute),(which is a unique
property, independent of measurement techniques,can
only be approached in a limiting case. While thisa
hypothetical concept and cannot be read directiptheer
family of formulations are based on the real wedbbu
temperaturesty(). Rosemberg [6] and ASTM [5] present ,
systems of equations basedtgmndA, and were chosen for 31 Psychrometer Design

development of a simulation that compares theiiecéhce ) o
to the ASHRAE method, as shown on Fig. 1. The construction material is 200d/polystyrene sheet 3mm
thick, assembled with thermoplastic hot-melt adhesi

Aluminum foil is used on the external surfaces, chhi

h3- THE PSYCHROMETER

The design that was built and tested, was focusedhe
possibility opened by G. J. W. Visscher, [3] (p60}#who
states that “..a more economical and easier to use
instrument can serve as reference, without losecfiracy.”

5] . — Dif. (ASHRAE - ASTM [ref.5]) protects from about 80% of possible radiation iefloe on
301 R Dif. (ASHRAE - Rosemberg]ref.6)) the temperature measurements. Internal surfacesaezed
— s ] ) with black opaque vinyl film, to reduce internaflegtion.
S ‘ t=25°C
g 201 p = 94668 Pa An axial micro-fan is used to promote the air mottoough
L 15 " the psychrometer. Airspeed in the wick area, clmsé¢he
£ B throat, was measured with hot-wire sensor. Reslitsvs
o 4.5 +0.2 m/s, which is in accordance with [5].
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Fig. 1. Comparison ofRH c?gﬂﬁ};onnss. among three different set of CQtton WQte&M au 80
Wick e
We have chosen the ASTM method [5] for the caldorhest Alr—I}\ | ¢ = 20
through this work because it is an Internationah8ard and Flow =1
has smaller difference when compared to the well- v A
recognized ASRAE method [2]. ;5

Fig. 2. Simplified drawings of the new psychrometedesign.



The airflow is horizontal, and an upper chamber @i to  environmental air. Therefore, the calibration awdleation
measure dry-bulb temperature, therefore, any hiynichm  of its measurement uncertainty should be important
the wet wick would not interfere with the dry-bulb comparison with the psychrometer performance.
measurement. In the lower chamber, the PT100 Isutied
to a suspended cotton wick, which thoroughly cowbes
sensor bulb, and its opposite end is dipped in @m@asin.
Following recommendations at [5], only distilled tera is
used, and rubber gloves are used to handle the afic
assembly.

Along with the calibration of the psychrometer, the
electronic hygrometer was calibrated simultanequislyhe

K same climatic chamber. This electronic device edaénsor
placed at the intake of the aspirated psychrometer,
measure the same air sample. The instrument’s butas
read in a precision amp-meter.

4. EXPERIMENTAL PROCEDURES

4.4 Wet-bulb temperature
4.1 Temperature sensors

As mentioned above, the wet bulb temperature may be
The temperature sensors used for dry- and wet-bulbbtained either by direct measurement on a psyosiemor
measurements were 3 wire RTD’s connected to a highy transforming the Relative Humidity acquired dmet
resolution acquisition system. The calibrationtsd RTD’s  electronic hygrometer i* following ASHRAE [2] and
were performed at constant temperature water bath w using a numerical solution based on the Newton-Baph
agitation, against a mercury in glass thermometath  method.
decimal reading, recently calibrated by a labosator
accredited by the National Authority (INMETRO), and

uncertainty of +0.06°C. As the mentioned method does not require the psyoster

coefficient A, all experimental data could be used for this
section, and it was not necessary to use the melthgg
4.2 Humidity measurements exposed in 4.2 for evaluation AfandRH. Considering that
one point was not acquired by the electronic hygrem
and another was discarded using statistical citer® data
points were used on the analysis of the wet-butiptrature
(section 5.6).

The calibrations of both humidity sensors (the Rsymeter
and the electronic hygrometer) were performed Woesch
climatic chamber model VC 4033, using a Generaltdtas
chilled mirror dew-point meter, model Hygro-M3 with
sensor 1311DR. This instrument is a primary stahdar5. RESULTS AND DICUSSION

under valid calibration of the National Authority

INMETRO. The procedure allowed the discussion as follows.

In order to achieve complete stabilization of tHinatic 5.1. Calibration of the temperature sensors

conditions inside the chamber, after the set paft

temperature and humidity, the system was kept gtemdat  The calibration of the RTD’s resulted on a uncatyaof
least 30 minutes before acquiring a new data point. +0.46°C for the wet-bulb thermometer and +0.46°Ctfe
dry-bulb temperature, obtained with Standard D éwiet of
0.225 and 0.228°C, a confidence interval of 95% degree

The measurements of wet and dry bulb temperatusse w of freedom of 34.

recorded at the calibration, as well as the printamnidity
standard results. A collection of 21 points wasuaegl, on
the range from 34% to 87%&H and 15°C to 30°C. 5.2 Determination of the Psychrometer coefficient A

The data was numbered from 1 to 21 and split in twdrhe selected experimental data was used for detation

groups: the 11 odd numbered points was used fasf the psychrometer coefficienfr, using the method
determination of the psychrometer coefficient arfidthe proposed by ASTM [5] and result is shown as furctbt,,

even numbered points was used to evaluation of th@ Fig. 3.

psychrometer calibration.

The linear regression results
4.3 Hygrometer calibration

, _ A=6.3760<10™* (1+0.00504,,) (4)
The electronic hygrometer is the model LTUR mantufieex

by Lebod™ with a two-wire 4-20 mA analog output. This

electronic device has a sensor placed into an readter with standard deviation from the linear fit of appr 0.6 X
cylindrical case, which allow the contact with the10*



1.0x10° L A only £1.2%, the non-uniform distribution d&&H inside the
1 = Data 1 chamber forced the use of the higher uncertairiiyeva
9.0x10' Linear Regression l
socd Ferrel’s equation [5] 1 5.3 Electronic Hygrometer calibration
g 7.0x10' During the humidity calibration runs, the 4-20 mAtjout
< ] = 1 current,l, was read in a precision ampere-meter, and 19
6.0x10'7 Linear Re . 1 points were registered into the range from 30 t&©6f RH,
] gression. 1 while the atmospheric pressugg,was about 696.6 mmHg,
5.0x10" R=0.44532 1 as shown in the Fig. 5. Consequently, the measureme
N A=6.3760 x 10 (1+0.00504,) | uncertainty was calculated equal #2.31% within the
4.0x10 o0 120 120 iso 1o 200 confidence interval of 95%.
tW [OC] T T T T T T T T T
Fig. 3. Psychrometer coefficienA, compared to Ferrel’s. 90 -
p=696.6 mmHg
It may be observed from Fig. 3 that the functionrfd has 80__ © Data i
higher temperature dependency than Farrel's, luvalues  _ ;| Calibration ]
of A found lie within the ones reported by Visscher §8f %
Sim&es-Moreira [8]. & 60 -
E
- . 8 50 i
5.3 Humidity calculations for the psychrometer @
40 B
. . . R =0.99946 ]
Using the value oA=f(t,) obtained with the odd numbered RH[%] = -27.171 + 6.1189B[mA]
data (eq.04), the even numbered experimental peiete %7 j
used to calculate thRH with the ASTM formulation. The 0 12 14 16 18 2
result is shown in Fig. 4. I [mA]
Fig. 5. Calibration curve of the electronic hygromeer
801 RH e 253313+ 1.0321BH ., , 5.6 Wet-bulb temperature analysis
R =0.99899
T 70
& el In this analysis, the wet-bulb temperatures weteutated
ch p from the dew-point temperatures measured with ttiked
o %07 _,,.f.'" mirror meter (op), with t and p, and the electronic
) o hygrometer data was convertedttdrom RH, t andp. Both
g 50 “/" calculations were made from numerical solution adicg
5 to ASHRAE [2].
g 40 ™
T M
. The wet-bulb temperature data from the, t and p were
30 — taken as a parameter in evaluating the electroygcameter
30 40 50 60 70 80 and the psychrometer performance as a wet-bulb
Experimental data ASTM calculated 4] temperature measurement system. Even so, Wwhitan be
Fig. 4. Relative Humidity calibration results measured directly by using the psychrometer, the

hygrometer will always request for a data reduction

methodology, since it is equipped with a sensoRfdr
The linear fitting of the data results in a StadBeviation

of 0.749%. Considering the uncertainty of the staddof _ .

+2% of reading, the degree o freedom as 9, andaemfe oM Fig. 5, theRH values used to calculate tvere
interval of 95%, the uncertainty in the determioatof the —©btained from the calibration curve, withdata measured
RH obtained in the calibration of our psychrometerswa directly in the precision ampere-meter.

+2.62%.

In the following figures, thé data calculated fromp, t and
The high uncertainty obtained was mostly due the?r were plotted in the vertical axis, whilg in Fig. 6 andt

uncertainty of the calibration system206). Although the thorr;]th_e hytgrlom.eteRH data in Fig. 7, they were plotted in
uncertainty of the chilled mirror dew-point instrant is € horizontal axis.
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Fig. 6. Wet-bulb temperature calibration, measuredvith the

psychrometer
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Fig. 7. Wet-bulb temperature calibration, calculatel from the
electronic hygrometer measurements

One can observe the main differences between bafihg:
the regression line of Fig. 6 (psychrometer) hasllem
linear coefficient, but some angular deviation frdme 1:1
line; the regression line of Fig. 7 (hygrometerk Himear
coefficient of —0.3846, which causes higher lingaviation
from the 1:1 line. In addition, the hygrometer skowitself
as more precise than the psychrometer, since ted&td
Deviation (SD) was 0.093°C, smaller than 0.176°C.

6. CONCLUSION

The uncertainty in the calibration of the psychrteneon
obtainingRH (£2.62%) was found to be only slightly higher
than the uncertainty for the electronic hygromét2r.31%).

Accordingly, the wet-bulb temperature obtained freme
electronic hygrometer showed smaller standard tewia
than the SD found in the psychrometer. Therefohe, t
hygrometer presents itself as more precise, while t
psychrometer was more accurate.

This means that either could be used for the détation
of the Relative Humidity, or for the wet-bulb tematire.
But for the latter, such as the case of humidiéfficiency
evaluation with equation (1), it should be mentibtigat the
psychrometer delivers a direct measurement of dwred
parameter, independent of the atmospheric pressutary-
bulb temperature.
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