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A Novel Design of Psychrometer Based on a
Single-Packaged Contactless Infrared Thermometer
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ABSTRACT

A novel design of psychrometer is provided, where the air is pumped by a 0.35W
mini-fan through a chamber with a hanged wet wick and a single-packaged contactless

infrared thermometer aimed at the wick. The thermometer is a small size, low-cost,

commercial off-the-shelf and comes factory-calibrated with a digital I°C communication
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port, and it can measure both two temperatures of the package itself (dry bulb) and the
wick surface (wet bulb).

For the fast computation of relative humidity (RH) in a generic microcontroller, a
5™ order polynomial approximation equation for saturation vapor pressure is derived,
which makes the calculation can be executed fast on the microcontroller. The error
analysis with the Goff-Gratch equations shows that the computational accuracy for RH
reading is within £0.02 compared to 0.1 of the Magnus approximate form at temperature
range 0~55°C.

Compared to the conventional architecture of psychrometer based on two analog
resistance temperature detectors (RTD), where one of them is soaked in the wet wick.
The simple new design based on the contactless and combined temperature measurements

has the advantages of compact, reliability, and digital integration.

Keywords: Psychrometer, Wet-Bulb, Relative Humidity, Saturation Vapor Pressure,

Infrared Thermometer.

Introduction

Water can be found everywhere, and its vapor
amount in the air, i.e. humidity, affects every aspect,
e.g. living comfort for plant/animal, storage for matter,
or factory for manufacturing food/semiconductor etc.,
a humidity sensor with reliability and accuracy is
therefore very important to monitor or control the
humidity of environments. The most common type of
humidity sensor is on the basis of humidity-sensitive
material (Chen et al., 2005; Rittersma, 2002), in
which the material properties, i.e. capacitor,
resistance or mechanical strain, will change with
the humidity. Because of the required exposure to
air, the sensing materials will age especially quickly
in the hot and humid atmosphere (Nahar, 2000;
Matsuguchi et al., 2000). The agricultural environ-
ments are even harsher for this type of sensor plus
the chemical contaminants from fertilizers and
pesticides clinging to sensing materials, so an
accurate and robust method of measuring humidity

is necessary in order to reduce the cost of

refurbishment and recalibration.

The dry/wet-bulb psychrometer and chilled-
mirror dew-point hygrometer (Wiederhold, 1997)
compute the humidity based on temperatures, both
methods not only provide an alternative way but
also that the temperature sensors are immune to the
aging or degradation because of the hermetic
encapsulation. They, however, both need ventilation
by a fan and regular maintenance, the psychrometer
needs water refill and wick replacement for wet-
bulb and the chilled mirror needs mirror cleaning.
The chilled-mirror dew-point sensor (Jachowicz et
al., 1993) which needs to precisely control the
cooling power of mirror based on an optical
feedback signal, however, is too expensive to be
applicable in large extent to agriculture, although it
attains the highest accuracy among other types due
to the direct physical measurements of humidity.

Measuring humidity based on evaporative
cooling of wet-bulb has a long history which can be
traced back to the aspiration psychrometer (Assmann,

1892) that used a clockwork fan to draw air past the
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Fig. 1 Common psychrometer for greenhouse made
by Priva B.V. in Netherlands.

bulbs which were shielded from radiation by
polished metal casings. With technological advance-
ments, the original mercury thermometers were
replaced by thermocouples (Powell, 1936) and it
was also noticed that the wet-bulb depression
T4y-Ter depends on the degree of ventilation, the
diameter of the wire, the thickness and length of the
water film covering the junction of the wet
thermocouple, and the relative positions of the wet
and dry thermocouples. Afterwards, a special design
psychrometer was proposed (De Wit, 1953) which
achieved sufficient ventilation by oscillating the
dry/wet-bulb thermocouples, but this technique,
perhaps some reasons, is up to now never taken into
practical application. Except for the water refill, it
had been proved that the psychrometer requires
little maintenance and the dust accumulation barely
affects the accuracy (Barber ef al., 1989). On the
contrary, it shows that dust contamination on
chilled-mirror dew-point sensor can severe affect
the reflected optical signal and make the calculated
relative humidity apparently higher (Costello et al.,
1991).

The Figure 1 shows the common psychrometer
which has a fan with cross-section 80 x 80 mm” and
3.5W power rating, it’s used in a greenhouse whose

climate is controlled precisely for agricultural

production. Although the old technology it has,
psychrometers for now still play an indispensable
role for durable humidity measurement in the harsh
and critically-controlled agricultural environment,
but it still has some drawbacks need to be improved
as cited below. 1) First, in the viewpoint of digital
integration, its two resistance temperature detectors
(RTD), pt-100 or pt-1000, need the external reading
circuit to convert the resistor of RTD to a digital
signal. The standard of hermetic protections for
its connecting wires and circuit board need to be
strict in order to maintain the quality of analogous
signal before converted, this results in higher
module cost and size compared to a digital sensor
probe. 2) Secondly, the RTD sensors are bulky in
size, according to the former research findings
(Zhao et al., 1992), the bigger wet-bulb size needs
the air ventilation of higher volumetric flow rate,
and this results in the use of a power-hungry bigger
fan with a power rating more than 3W typically. 3)
Thirdly, the RTD sensor of wet-bulb constantly
contacts the wet wick, its surface will erode in the
long term, and the accuracy of RTD is also affected.
The RTDs for wet-bulb need replacements more
frequently than those for dry-bulb in practice.

In this research, we propose the novel design
of psychrometer based on one single-packaged
infrared thermometer, which can measure both the
This

new design improves or overcomes the afore-

dry/wet-bulb temperatures simultaneously.

mentioned list of drawbacks, and its performance is
also verified in the field test. In the following
sections, the mechanical design and microcontroller-
based reading circuit of the IR thermometer-based
psychrometer are described. Then the derivation
of a Sth-order polynomial approximation equation
for saturation vapor pressure is shown, and its
application to fast computation of relative humidity
(RH) based on the dry/wet-bulb temperatures in a

generic microcontroller is discussed. Finally, a field
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Upper holder of wick

Lower holder of wick

Water refill hole

Fig. 2 Novel design of psychrometer with the upper
cover removed, the fan has a 25 x 25 mm?
cross-section area and a wind speed of 1.7 m/s
with a 0.35W power rating. The size of IR
thermometer is @9 mm x 20 mm. The wet

wick is fixed by the upper and lower holders.

test is conducted with the reference to two sensors

having the accuracy of £3% in RH.
Design

As the Figure 2 shows, with the upper cover
removed, that the novel design of psychrometer is
comprised of a reservoir for water, a chamber for
air to flow through, a capillary wick (rope) which
absorbs water from reservoir and hangs in the
chamber, a mini-fan for ventilation, and finally an
IR thermometer aimed at the wet wick. The mini-
fan KDO0502PFB3-8, manufactured by Sunon Co.
Ltd., has a 25 x 25 mm’ cross-section area and a
wind speed of 1.7 m/s with a 0.35W power rating.
The IR MLX90614 ESF-BCI,

manufactured by Melexis N.V., is a small size (¢ 9

thermometer

mm x 20 mm), low-cost, commercial off-the-shelf
and comes factory-calibrated with a digital I°C
communication port, and it can measure both two
temperatures of the self-package (dry bulb) and the
wick surface (wet bulb). The IR thermometer
provides a 5-degree field-of-view for thermal
radiation, and the thermometer needs to be close to

the wet wick enough, depend on the field-of-view,

to receive the thermal radiation exclusively from it.
The IR thermometer can measure in the range of
from —70 to +380°C for target temperature and that
of from —40 to +125°C for package temperature of
the device, it has the accuracy of 0.5°C over
temperature range from 0 to +50°C and the
measurement resolution of 0.02°C.

For the accurate measurement of IR ther-
mometer, the emissivity of target surface must be
taken into consideration, emissivity is a measure of
the efficiency in which a surface emits thermal energy.
It is defined as the fraction of energy being emitted
relative to that emitted by a thermal black surface (a
black body).

perfect emitter of heat energy and has an emissivity

A black body is a material that is a
value of 1. For the band of wavelength 8~14 pm
used by the IR thermometer, the emissivity of the
wick, made of polypropylene, is 0.97, and that for
water is 0.98. The reasonable emissivity can be
chosen as 0.98 with regard to that the wick is
wetted by water, the selected emissivity can be set
up in the IR thermometer MLX90614 ESF-BCI
through the digital I*C communication port.

There are four wires connected to the IR
thermometer, they are two power line (+3.3V>GND)
and two line for I°C port ( SDA~SCL ) respectively,
The Figure 3

shows the microcontroller-based circuit board for

the mini-fan is power by 5V source.

interfacing the IR thermometer, text LCD display
and a data logger.
MSP430G2553 manufactured by Texas Instruments

Inc., this microcontroller derives, through I’C

The adopted microcontroller is

protocol, the dry/wet-bulb temperatures from the IR

thermometer, and then calculate the relative
humidity according to the Sth-order polynomial
approximation equation for saturation vapor pressure,
which will be mentioned later.

The popular two-wire I’C protocol (SDA~SCL)
provides the microcontroller with a convenient way

to access multiple sensors of different types on the
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Fig. 3 Microcontroller-based circuit board made by ourselves for interfacing the IR thermometer, two referential

sensors, a text LCD display, and a data logger.

Either of the two photo-couplers is activated by the

GPIO to switch the Tx port onto the Text LCD or data logger.

same rail as the IR thermometer. For a comparative
test of the psychrometer with other commercial
relative humidity sensors, two referential I’C-based
sensors can be arranged on the I°C rail as shown in
the Figure 3 to let the microcontroller access all of
them on the same rail simultaneously.

All the measurement and calculations of data
are processed in the microcontroller, then displayed
on the text LCD in real-time and saved in the data
logger every 30 seconds through sharing one
switching UART transmit port (Tx), the port
switching is conducted by the two photo-couplers
controlled through the two GPIOs of microcontroller.
Any generic microcontroller could easily provide
the flexible bridge to connect the psychrometer with
other digital things, thanks the standard I°C and
UART protocols.

Computation Equations

Humidity or moisture content can be ex-
pressed in a number of ways, the most common one

is the relative humidity (RH), which is

RH=e/e,

where e is the actual vapor pressure, it is the partial
pressure of water vapor in the air, and e, is the
the

pressure the water vapor can achieve at specified air

saturation vapor pressure, highest partial
temperature.

When the atmosphere pressure is fixed, the
saturation vapor pressure e, is the function of
temperature T alone. The function expression for
e(T) is the important basis for calculation of RH
based on the dry and wet-bulb temperature 7y, and
Tver-

Ty, and T,,,, can be expressed as

The relationship (Sargent, 1980) between e,

€ |T:TW, —e= aPatm (Tdry - Twet)

where a is the psychrometric coefficient related to
the ventilation condition of wet-bulb, a can be saw
as a constant 6.53 x 10™ 1/°C with the sufficient
ventilation. P, is the atmosphere pressure, its

value is 1013.25 mbar at sea level.

The vapor pressure at the wet-bulb surface is
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seen as saturated and can be expressed as e, |T:T‘M .
The left term of equation (2), the vapor pressure
difference, is the driving potential for the evapora-
tion of wet-bulb water to air, and the right term, the
temperature difference, is that potential for heat
transfer from air to the wet-bulb. Equation (2),
therefore, describes the balance of evaporative
water mass and latent heat (Simdes-Moreira, 1999).
Over the past hundred years, the mathematical
relationship between e, and temperature 7" has been
discussed extensively (Gibbins, 1990), among the
myriad of equations the Goff-Gratch equation (Goff
& Gratch, 1945) is recommended by World Mete-
orological Organization (WMO, 2012) as the standard
reference for temperature range from — 100°C~

100°C, it has the form as bellow

log| 5 | =~7.90298(T"~1) +5.02808log "
g g

atm

; 11,344(17%]
~1.3816x107[10 "/ -1| (3
+8.1328x107[ 1077 1]

where

T'=373.16/(273.16+ T)

and

P, =1013.246mbar

atm

Because of the inconvenient application of the
the World

Meteorological Organization suggests an appro-

complicated Goff-Gratch equation,

ximate equation of Magnus form for a temperature
range of —45°C~60°C (Magnus, 1844; WMO, 2012).
The approximate Magnus equation is shown as

bellow

e (T)=6.112exp ﬂ
243.12+T

For the computation in microcontroller, the
exponential term in equation needs to be decom-

posed into power series as bellow

w X" ¥ X
eXp(x):zn:o;:1+x+E+§+'“ e (5)

For the sufficient accuracy, the number n of
equation (5) needs to be large enough, this com-
putation is hardly achieved in a generic micro-
controller. In order to solve that, some research
(Lowe, 1977) proposed the adoption a six-order
polynomial approximate equation for saturation
vapor pressure e,, with intended use at temperature
range —50°C~50°C. Later another research (Flatau
et al., 1992) further used an eight-order polynomial
one to calculate e, with the wider temperature range
of —85°C~70°C.

Calculating e; through polynomial approxi-
mate equation is efficient and easy to realize in
digital device, the methods for interpolating polyno-
mial equation have the very useful applications. In
general, the polynomial approximate equations can
be derived through the Lagrange interpolation by
providing the setting points, it will need n + 1
setting points for an n”-order polynomial equation.
In this article a fifth-order polynomial is used to

approximate e, for range of —5°C~55°C as bellow
e(M=a,+aT+a,T* +aT’ +a,T* +aT’ .(6)

where ay, ay, ... as is the coefficients which can be

derived from the inverse of Vandermonde matrix as

bellow
a| |1 I T e
@t BT ey %
ol 1w e

where Ty, T), ... Ts are temperatures of the six

setting point for Lagrange interpolation, and ey(7)),

e(T), ... e(Ts) is the saturation vapor pressures
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based on the Goff-Gratch equation (3).
The temperatures for six setting points is
selected as —5°C ~ 7°C ~ 19°C ~ 31°C ~ 43°C ~ 55°C

with equal spans, and through equation (3) and (7) a
fifth-order polynomial to approximate e, will be

derived as

e.(T)=6.109+0.444T +1.424x107°T* +2.715x107*T° + 2.697 x 10 °T* +2.785x10~° T*

= 0.02785T +2.697)T +271.5)T +14240)T +444000)7 x107° + 6.109
(((c ) ) ) )
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Fig. 4 Saturation vapor pressure error percentage for
Sth-order polynomial and Magnus form with

Goft-Gratch equation.

where the factored form for the polynomial could
be executed more efficiently in programming code
With the Goff-Gratch equation as a gold
standard, the error percentage for approximate
equation of Magnus (4) or polynomial (6) can be

written as

(N -e ()

s

error(%) =

where ey(7) is provided by Goff-Gratch equation (3),
and é(7) is given by approximate equation (4) or (8).

Figure 4 shows, on the whole, that the error
percentage for e(7) of fifth-order polynomial
equation (6) is, on average, 30 times less than that
of Magnus equation (4) over —5°C~55°C tempera-
ture range. It prove that for a modest temperature
range the fifth-order approximate polynomial can
possess both accuracy and computational efficiency
than the approximation of Magnus form.

The relative humidity RH based on 7, and T,
can be derived by substituting equation (2) into (1) as

Relative Humidity (%)

0 10 20 30 40 50
Temperature (°C)
Fig. 5 Relative humidity based on Goff-Gratch

equation with Ty, — T, from 1°C to 5°C.

0.1 = —1°CPoly
E 008 % . 20¢ pol
g 006 < oy
g 004 5 T 3°C Poly
= 0,02 § ---4°CPoly
32 0 = ---5°CPoly
e 002 5
g 004 & —1°CMag
] § 04 5
= T} -0.06 5 2°C Mag
§ ST -0.08 e 3°C Mag
=-0.1 R 4°C Ma
0 10 20 30 40 so e g
Temperature (°C) 5°C Mag

Fig. 6 Relative humidity differences on different 7, —
T, for 5M-order polynomial and Magnus

form.

RH = € ‘T:THw _aan (Tdry - Twet)

es |T:T(,,T

The RH values calculated based on the
different wet-bulb

depression Ty, — T, are shown on the Figure 5, it

Goff-Gratch equation, for

is noted that the RH values are more exclusively
correlated to wet-bulb depression when the air
Figure 6 shows the RH

differences between the RH values calculated by

temperature is higher.

approximate equation and those by Goff-Gratch

equation for the 5™-order polynomial and Magnus
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form respectively. The RH differences are higher
for both with a higher wet-bulb depression, and
those for 5™-order polynomial suddenly rise when
is bellow 10°C.  Most
important of all, the RH differences for polynomial

the air temperature

are within £0.02 compared to £0.1 of the Magnus

form at temperature range 0~55°C

Results & Discussion

A field

psychrometer was executed for 30 days, which is

test of the novel design of
also accompanied by two referential sensors aside.
The environment of the test is a warehouse, the two
referential sensors HTU21D with board size 15 x
15 mm’, made by Measurement Specialties Inc.,
have an accuracy of 3% for relative humidity and
their measurements are digitally transmitted to a
data logger. The reason to use two referential
sensors is to make sure that both of them function
Both the

psychrometer and two referential sensors record the

accordingly without any great deviation.

atmospheric data simultaneously and synchronically,
The

comparison test continuously runs without any

and the sampling interval is 30 seconds.

intervention, its objective is to verify the feasibility
of psychrometer design in practice.

The natural variations of Ty, T,., and
calculated RH for field test are shown in the Figure
7, this one-month long test is intended to comprise
all kinds of transient responses and humidity states
as could as possible. The differences between the
calculated RH of psychrometer and two referential
sensors are plotted as two locus in the Figure 8, the
two locus of RH difference are roughly within +2 to
—1 except for some minor excursions which are
caused by the more sluggish responses of
psychrometer. The greatest excursion occurred at
day 18.08 to day 18.1 in the Figure 7, and that
segment is excerpted to the Figure 9, where the

sudden rise of RH from 52% to 60% within 5

&
W

——wet-bulb temp.,
——dry-bulb temp

o S
v 40 ——calculated é’
235 65 2
8 55 2
£30 °
g 45 2

<
22 355
—g 20 25 B

<
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10 E

0 5 10 15 20 25 30
time (day)

Fig. 7 Variations of Tj,, T, and calculated RH for
field test.
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Fig. 8 Differences between the calculated RH of
psychrometer and two referential sensors are

plotted as two locus.
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Fig. 9 Sudden rise of RH from 52% to 60% within 5
minutes cause the greatest excursion in Figure
9.

minutes caused the maximum difference
approaching —4 in the Figure 8. The low response

of the psychrometer stems from that it takes the
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psychrometer

time to reach thermal equilibrium for the wet wick
and sensor package, this shortcoming could be
further improved by developing a smaller infrared
thermometer, which is also compatible to a smaller
wick, in the future.

The Figure 10 shows the thermal image of air
channel inside psychrometer, the wet wick is
uniformly cooled by evaporative water, and the hot
motor of fan is shown in the background. The
infrared thermometer is situated to the left side of
wick as the Figure 2 depicts, the artifact hot surface
on the frontend of thermometer is caused by the

reflection of thermal radiation from background.
Conclusions

In the novel design of psychrometer, the air is
pumped by a mini-fan through a chamber with a
hanged wet wick and a single-packaged contactless
The

infrared thermometer is a small size (¢ 9 mm x 20

infrared thermometer aimed at the wick.

mm), commercial off-the-shelf and comes factory-

calibrated with a digital I°C communication port, it
measures both two temperatures of the package
itself (dry bulb) and the wick surface (wet bulb).
The Table 1 show a benchmark of different
technology for measuring humidity in air, compared
to the conventional architecture of psychrometer
based on two analog resistance temperature
detectors (RTD), where one of them is soaked in
the wet wick. This simple new design based on
the contactless and integrative temperature measure-
ments has the advantages of compact, reliable,
cost-effective and easy digital integration. In
addition, the mini-fan (25 x 25 x 10 mm®) has a
0.35W power rating, which is ten times less than a
generic fan (80 x 80 x 25 mm’) used in con-
ventional psychrometer. It also provides an
alternative choice to the most common RH sensors
based on sensing material when the environmental
condition is harsh and they suffer the problem of
drift.

the IR sensor used in this research and the datasheet

According to the temperature accuracy of

of commercial Psychrometer products (e.g. the
psychrometer SK-5RAD-SP made by Sato Keiryoki
Mfg. in Japan), the accuracy of RH measurement
can be reasonably estimated to be about £2%

A 5™ order polynomial approximation equation
for saturation vapor pressure is derived for the fast
computation of relative humidity (RH) in a generic
microcontroller, which makes the calculation can be
executed fast on the microcontroller. The error
analysis with the gold-standard Goff-Gratch equations
shows that the computational accuracy for RH
reading is within £0.02 compared to 0.1 of the
Magnus approximate form at temperature range
0~55°C. For a moderate temperature range, the
speed and accuracy of 5™-order polynomial are both
better than the common Magnus equation.

A field test for comparison was executed for
30 days, which is also accompanied by two

referential sensors with an accuracy of £3% for RH
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Table 1

A benchmark of different technology for measuring humidity in air

Contactless IR
Psychrometer

Conventional Two RTD
Psychrometer

RH Sensor based on
sensing material

e For RTD of class A :
+0.25°C (~+1% RH)

Accuracy In this research +2% or +3% depend on
o e For RTD of class B : R’ . .
(0~507C) +0.5°C (~+2% RH) manufacturer’s specification
+0.55°C (~+2% RH)
According to IEC 751 standard
Degraded h ti tection for RTD i inati
Possible Probably no problem, but ¢ Deera .e e.rme. 16 Profection fot The chemlcal ‘contamlinatlon,
o . converting circuit board high humid and high
Durability still need a long-term test of . .
. e Surface erosion on the casing of RTD | temperature all could cause
Problem several years to verify .
sensor for wet-bulb severe drift on sensors
. e Two long RTD temp. probe (¢ 6 mm x
o Small single-package .
Hardware 80 mm typically) Small SMT sensor bonded on
R sensor (¢ 9 mm x 20 mm) . )
Complexity . ) ® bigger fan (80 x 80 mm") circuit board (20 x 15 mm?
® Mini-fan (25 x 25 mm”) . L .
(w/o controller) . o Two converting circuits for RTD typically)
o Compact casing . .
® huge casing for accommodation
o Water refill
. o Water refill
Maintenance e Wick wash . None
. o Wick wash
o Cleaning of IR lens
Cost ~NT$1000 ~NT$3000 ~NT$300
Digital . 2 . . . 2
. Convenient (I°C) Need additional processing by hardware Convenient (I°C)
Integration
Power
~0.36W tly by f: ~3.5W tly by f: ~0.0027W
Consumption (mostly by fan) (mostly by fan)
aside, the environment of the test is an office room  made by Texas Instruments Inc.
without any air conditioner. RH difference between
Acknowledgment

psychrometer and two referential sensors are
roughly within from +2 to —1 except for some
minor excursions which are caused by the more
sluggish responses of a psychrometer. The greatest
excursion is attributed to the sudden rise of RH
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the maximum difference approaching —4

This new design of psychrometer based on
infrared thermal sensing technique possesses the
potential for miniaturization and reducing electric
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