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Fogging system has been widely used for cooling and humidification
applications such as in greenhouses, cooling towers, factories and
conditioning systems. However, measuring the correct air dry bulb
temperature by using the conventional psychrometer under a foggy
environment may include a significant underestimation error. This is
because of the fog wafts in the air introduced to the psychrometer. If the
fog adheres to the junction of the thermocouple, measurement of dry bulb
temperature is underestimated and sometimes indicates the wet bulb
temperature if the fog evaporates. The present study focuses on increasing
the accuracy of air dry bulb temperature under the fogging condition. Such
estimation is accomplished by equipping the thermocouple junctions with
different devices designed mainly to separate the non-evaporated fog
before reaching the junction. The proposed devices are: gravity settler,
truncated square pyramid, cyclone and cylindrical sudden enlargement.
Such devices are experimented in a plexi glass (acrylic) covered box
exposed to different values of fogging on-off duration and fogging rate. Air
dry bulb temperature is measured by using the proposed devices are
compared with free junction positioned in the acrylic covered box and with
the conventional psychrometrer device. The results show that the proposed
devices improve the measured air dry bulb temperature toward the correct
value over that of the free junction. Putting in order: Cyclone device it is
found that is better, followed by cylindrical enlargement device, gravity
settler and truncated square pyramid. They respectively increased the
temperature measured by the free junction in the range from 2.2 to 4.01 C,
1.97t0 3.62 C, 1.89 to 3.52 C and from 1.77 to 3.34 C for different fog on-
off duration.

KEYWORDS: Temperature measurements, dry bulb temperature, water
droplets separators.

List of symbols
Cp Drag coefficient T,  Wet bulb temperature, °C
Relative velocity between particle

D, Particle diameter, m u and fluid (vagy-v,), m/s

D Diameter at which the particle v Air velocity in gravity settler inlet,
' suspension occurs, m £ m/fs

g Acceleration of gravity, m/s’ v,  Terminal settling velocity, m/s

H; Gravity settler height, m V., Aspiration velocity, m/s
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L,  Gravity settler length, m W  Gravity settler width, m
Q  air flow rate, m’/s Mg Air viscosity, Ps.s
Particles' Reynolds number, _ _ 3
Re, (D,pulp,) pr  Air density, kg/m
Ty  Dry bulb temperature, °C p, Particle density, keg/m’
INTRODUCTION

Fog systems for cooling or humidification have been examined for over 20 years in
terms of cooling performance [H. Toida]. The application of the fog system is still
limited, although the fog system requires less initial cost compared with that of other
cooling systems such as pad-and-fan systems. A possible reason for its limited use is
poor control results, which sometimes results in undesirable air temperature and
relative humidity inside the space which have been cooled or humidified. Air dry bulb
temperature is essentially needed as an input parameter to any control system. Thus,
the air dry-bulb temperature in the space needs to be measured accurately. During the
operation of the fog system, certain amount of fog evaporates reducing the air
temperature but the remainder is not evaporated. The non-evaporated fog wafts in the
air inside the medium. If the un-evaporated fog adheres to the sensing part of the
thermometer, the value of dry bulb temperature decreases, and sometimes reaches the
wet bulb temperature in case the fog evaporates. Until now, an aspirated psychrometer
(conventional device) is commonly used to measure the air temperature in greenhouses
and fields [H. Toida], because of its nominal accuracy and simplicity. However, the
fog adhering to the sensing part of the thermometer causes an underestimation of the
value of dry bulb temperature during the operation of the fog system. The objective of
this study is to establish a more accurate method to determine dry bulb temperature
during the operation of the fog system. To prevent the un-evaporated fog adhering to
the sensing part of the thermometer, different separating devices as cyclone separator,
sudden enlargement separators and gravity settler are designed and used compared
with a conventional shielded device and a free thermocouple junction for measuring of
dry bulb temperature during the operation of the fog system.

Reviewing the literature revealed that few papers have reported a study on the
effect of the fogging in greenhouse cooling or any other application in the temperature
measurement. Moreover, only one experimental work [H. Toida] has been performed
to study the effect of the fog on the air dry bulb temperature measurement.

Y. Li et al. developed a new temperature measuring system for gas-liquid flow
in sprayed field. Their system composed of shielded and unshielded thermocouples, a
copper mesh for eliminating the droplets in the two phase flow. The thermocouple
outside the shield was for measuring the liquid droplets temperature and the
thermocouple inside the shield was for measuring the gas temperature after preventing
the droplets from entering the shield. The proposed system is complex and costly
because of using many (200) meshes and vacuum pump.

In 2006 H. Toida et al. examined three different configurations of
thermometers used for measuring the air dry bulb temperature in a single-span glass
greenhouse cooled by a fogging system. Fog wafts in the air inside the greenhouse, and
the measured dry bulb temperature sometimes reaches the air wet-bulb temperature.
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The first thermometer configuration used by [H. Toida] was the non-aspirated sensor
"NS", which consisted of a column-shaped shelter. A copper-constantan thermocouple
(T-type thermocouple rounded by water sensitive papers) was installed at the centre of
the shelter. The flat roof held to prevent the fog from entering the shelter. The second
configuration used by [H. Toida] was a conventional aspirated psychrometer "AS ". A
copper-constantan thermocouple was installed in the pipe at a certain distance from the
air intake. The third configuration used by [H. Toida] was a non- aspirated bare sensor
without the shelter (free junction) "NN". Their results showed that the non aspirated
thermocouple NS in a column-shaped shelter with a flat roof produces a higher air dry
bulb temperature (T4) than the conventional aspirated psychrometer and also higher
than the non-aspirated bare sensor without shelter NN. In their study [H. Toida], the
measurements of dry bulb temperature were not accurate because the air was stagnant
which caused energy accumulation. For accurate measurements of dry bulb
temperature, air must be movable. Finally, fog was not separated off the sensor causing
error in the measured dry bulb temperature.

The objective of the present work is to design, construct and experimentally
examine different devices for measuring the air dry bulb temperature after the
separation process. Another reference device is used for measuring the air temperature
without separation. A comparative study is done to reach better device which leads to
more accurate measurement of air dry bulb temperature.

EXPERIMENTAL SETUP

The experiments are carried out in a Plexiglas box (0.7 m wide, 0.7 m long, 0.8 m
high) as shown in Fig.1. The box is equipped with a fog system consisting of a nozzle
with its water tank jointed with an air compressor of 10.5 bar maximum storage
pressure by a 4 m high pressure line for generating fog and the average droplet size of
fog is about 50 um. The fans of the devices, used to drawing air to the temperature
measuring section, are connected in parallel to a DC power supply for producing a
constant voltage drop on each fan of 12 V and for producing a current up to 100 mA.
The air dry bulb temperature has been measured by using 6 type-K thermocouple
(Chromel, Alumel) probes. The voltage output is connected with a data acquisition
device having 8 channels with a maximum error of £0.691 C, connected to a computer
for exiting the measured temperature data of the five devices and the free junction in
the box at the same time.

The six thermocouples used to measure the air dry bulb temperature are
calibrated at three constant temperature conditions which are the water boiling, an
alcohol boiling and an ice-water mixture against a glass tube alcohol thermometer with
-10 °C to 110°C temperature range. All thermocouples are connected to the data
acquisition device to calibrate the thermocouples and the acquisition device.

1. Cyclone Separator Device

Nowadays hydrocyclones are used for gas-liquid separation [L. F. Mart'inez]. Also
they have a larger conical part length than its cylindrical part length which gives high
efficiency [B. Wang]. In the present study the cyclone separator dimensions are
selected based on the Rietema hydrocyclone design data reported in [L.R. Castilho , B.
Wang] for designing the hydrocyclones as shown in Fig.2 .The air-water droplets



422 A. N. Shmroukh, I. M. S. Taha, A. M. Abdel-Ghany and M. Attalla

mixture enters a cyclone tangentially to the upper cylindrical shell as shown in Fig.2.
By the centrifugal force action the heavier droplets move towards the wall and then
move downward and are accumulated from the lower exit pipe. Air with the remaining
small droplets move inward and then upward through the exit upper pipe to the
thermocouple section then discharged by the fan at 3.5X 107 m’/s flow rate to the
container (acrylic box).
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(1) Conventional shielded type device, (2) gravity settler, (3) Truncated square
pyramid enlargement, (4) cylindrical enlargement, (5) free junction, (6) cyclone, (7)
acrylic box, (8) compressor, (9) high pressure line, (10) water tank, (11) water nozzle,
(12) fogging window, (13) fan power lines, (14) DC power supply
Fig. 1 Layout dimensions and measuring locations in the acrylic box used in the

experiments.
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Fig. 2 Cyclone separator device....... » Water droplets path, — Air or Air-Water
droplets mixture path, dimensions in mm.
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2. The Variable Area Devices (Truncated Square Pyramid And
Cylindrical Sudden Enlargement)
The air-water droplets mixture enters the truncated square pyramid or the cylindrical
enlargement device from its lower opening as shown in Fig 3 and Fig 4. For both
devices, the separation action occurs due to the decrease of air velocity to a value lower
than the settling velocity of the water droplets of a certain diameter. Thus, water
droplets having diameters larger than that for the air pre-designed velocity in the
enlarged section, are settled down. The air then passes through the exit pipe attached to
the upper part of cylindrical and truncated square pyramid section. It is then passed to
the location of the thermocouple junction in the device, and discharged to the acrylic
box by the fan. The air flow rate of the fan is also 3.5% 10” m/s.

The calculations needed for the design of the enlargement section are
presented as follows [R. H. Perry]:

The terminal velocity v, of the droplets is given by

vi= \J((48D,(p, — p,) I(3p,Cp)) (1)

where Cp is the drag coefficient and is given by

Cp=(24/ Re,)x(1+0.14 Re,) 2)

The particle diameter D, =50 pm (The minimum diameter assumed to be
separated), g is the acceleration of gravity, py is the air density (=1.2 kg/m’), pp 1s the
droplet density (=1000 kg/m’) and Re, is the droplets Reynolds number given by

Repy=(D,p,ulu;), 0.1<Re, <1000, 3)

u= (Vap-vy) is the relative velocity between droplet and air and py is the air viscosity
(=1.81%107 pa.s).

For a mixture flow rate Q=3.5% 107 m’/s and a pipe diameter Dp;,.=30 mm,
the aspiration velocity is v,,=4.9 m/s. An iteration method is then used to obtain the
value of v, using Egs. (1) and (2). Its value is obtained to be 0.425m/s. Thus the
diameter at which the separation occurs is D=102 mm.
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Fig. 3 Truncated square pyramid enlargement device. ........... » Water droplets path,
— Air or Air-Water droplets mixture Path, all dimensions in mm
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Fig. 4 Cylindrical sudden enlargement device.............-- » Water droplets path,—— Air
or Air-Water droplets mixture Path, all dimensions in mm

3. Gravity Settler Separator Device

In the gravity settler Fig.5, the air-water droplets mixture is drawn at a rate of
1.75% 107 m?/s by a fan through an inlet pipe to the rectangular box gravity settler via
an opening at the center of the front of the rectangular box. The mixture passes in the
box with a reduced velocity causing water droplets to fall to the bottom of the
rectangular box by the gravity action. Then, the air passes upward through the upper
pipe attached to the upper surface of the box at its end to the thermocouple junction
section. Air with any remaining water droplets is then passed through the fan section to
the acrylic box.

The equation relating minimum particle diameter to the air discharge and
settler dimensions (width Ws and length Ls) is:

Dy= /(180 1,) (gW,L,(p, = p,)) )

Q=v, H W (5)

For air at 20 °C and atmospheric pressure, water minimum particle diameter of
D, =50 um Eq(4) gives a value for W, multiplied by L, of 0.023 m’. For a chosen value
of L of 0.15 m, the value of W is then 0.153 m. For a pipe diameter D, of 30 mm,
the gas velocity leaving the settler v, is 0.376 m/s and Equ. (5) predicts the value of
0.03m for the gravity settler height H;.

4. Conventional shielded (Reference) device

To compare the results of air dry bulb temperature Tg, for different devices with that
measured without separation of water droplets a reference design was made. Air-fog
droplets mixture is drawn by a fan at a rate of 3.5 x 10° m’/s to a horizontal pipe
followed by a vertical pipe. The thermocouple is positioned at the center of the
horizontal pipe as shown in Fig. 6.
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Fig. 5 Gravity settler device. -] » Water droplets path, —— Air or Air-Water
droplets mixture Path, all dimensions in mm

Themaocouple

Fig. 6 Conventional shielded type device. »Water droplets path,——» Air or
Air-Water droplets mixture Path, all dimensions in mm

EXPERIMENTAL PROCEDURE

The numbers of performed experiments are twelve. Each experiment has different
conditions, the effect of the following parameters on the measured temperature in
different devices are: (1) fogging rate with three values of 0.1 1/min,0.033 I/min and
0.022 I/min, (2) fogging duration which has multiple modes of (cyclic 4 min fog-on
followed by 4 min fog-off, cyclic 3 min fog-on followed by 3 min fog-off, continuous
fogging, 10 min fog-on followed by 3 min fog-off then fog-on to steady state
condition, 15 min fog-on followed by 5 min fog-off then fog-on till reaching steady
state.

The initial temperature changed from one experiment to another as can be
detected in following figures. The conditions chosen simulate the actual conditions in
greenhouses where the on-off control of the fogging procedure simulates the
temperature control in the greenhouse or any other space needed to be cooled.

The experiment steps changed with the experiment mode as follows. For
experiments having a fog-on followed by a fog-off the experiment started by opening
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the pressurized air delivery valve and the nozzle port. Then after a prescribed time the
fog stopped by closing the pressurized air delivery valve and the nozzle port, and
repeating the process. The measured data from each device and from free junction are
monitored each minute to the specified time. For the other experiments where only fog-
on mode is applied, the same procedure for applying the fog is done and continued till
reaching the steady state condition.

RESULTS AND DISCUSSION
1. Effect of Fog Flow Rate

Figures 7 to 9 show the time variation of the measured air dry bulb temperature by free
and devices junctions with fog-on for 10 min followed by 3 min fog-off followed by
fog-on to steady state mode with fog flow rate of 0.022 I/min, 0.033 1/min and 0.1
I/min respectively. The air temperature inside the cyclone device is greater than any
other device, the performance of other devices in descending order is that of the
cylindrical enlargement device, the gravity settler, the truncated square pyramid
enlargement device and finally the conventional shielded type device which give a
temperature reading close to the previous devices. The free junction had the lowest air
temperature which is expected because the fog is in contact with the thermocouple
sensor. Increasing the fog flow rate, makes the temperature in the cyclone device more
close to the other devices, the maximum temperature difference between the cyclone
device and the cylindrical device reached 0.9 C but between the cyclone device and the
free junction the difference reached 4.3 C.
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Fig. 7 Comparison between the measured air dry bulb temperature by the devices and
the free junction in the glass box at 10 min fog-on, 3 min fog-off, fog-on to steady
state, with 0.022 I/min fog rate.
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Fig. 8 Comparison between the measured air dry bulb temperature by the devices and

the free junction in the glass box at 10 min fog-on, 3 min fog-off, fog-on to steady
state, with 0.033 1/min fog rate.
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Fig. 9 Comparison between the measured air dry bulb temperature by the devices and
the free junction in the glass box at 10 min fog-on, 3 min fog-off, fog-on to steady
state, with 0.1 I/min fog rate.

2. Effect of Increasing Fog-On and Fog-Off Periods

Figures 10 to 12 illustrate the measured air dry bulb temperatures with increasing the
fog-on time to be 15 min and increasing the fog-off time to be 5 min with 0.022 1/min,
0.033 I/min and 0.1 1/min fog flow rate respectively. During the fog-on period, the
measured air temperature decreased with time for all devices. The air temperature
inside the cyclone device was greater than any other device, the performance of other
devices in descending order is that of the cylindrical enlargement device, the gravity
settler, the truncated square pyramid enlargement device and finally the conventional
shielded type device which give a temperature reading close to the previous devices.
The free junction had the lowest air temperature which is expected because the fog is
in contact with the thermocouple sensor. Under fog-off period all of the air
temperatures increased in all devices as the fog density existing in the air stopped
increasing. The temperature in the cyclone device is still greater than that in the other
devices. The free junction always has the lowest air temperature. For the same fog rate
the maximum difference between the temperature reading of the cyclone device and
the free junction in the latter 15 min fog-on experiments is slightly higher than in the
first 10 min fog-on. That increase in temperature difference appeared because the rate
of decreasing the free junction temperature is more than the rate of decreasing devices
temperature (specially the cyclone). The sprayed fog which increased in the space
during the fog-on period and touched the free junction is probably the reason of
decreasing the free junction temperature with a high rate for the same fog rate, the
maximum temperature difference between the cyclone device and the cylindrical
device reached 1.2 C and the maximum difference between the cyclone device and the
free junction reaches 3.6 C.

3. Effect of Cyclic Fog-On and Fog-Off

Figures 13 to 15 indicate the relation between the measured air dry bulb temperature by
free and devices junctions under cyclic 4 min fog-on then 4 min fog-off mode with fog
flow rate of 0.022 1/min, 0.033 1/min and 0.1 1/min respectively. Under the 4 min fog-
on period the air temperature decreased and the air temperature inside the cyclone
device is greater than any other device as for all other experiments. The performance of
the other devices in descending order is that of the cylindrical enlargement device, the
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gravity settler, the truncated square pyramid enlargement device, the conventional
shielded device and finally the free junction which has the lowest air temperature.
However, under the 4 min fog-off period the air temperature increased in all devices.
The free junction always has the lowest air temperature and so on in the remaining
period of fog-on and fog-off modes. The data also shows that the maximum
temperature difference between the cyclone device and the cylindrical device reached
1.8 C but between the cyclone device and the free junction the difference reached 4.5C.
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Fig.10 Comparison between the measured air dry bulb temperature by the devices and

the free junction in the glass box at 15 min fog-on, 5 min fog-off, fog-on to steady
state, with 0.022 1/min fog rate.
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Fig.11 Comparison between the measured air dry bulb temperature by the devices and
the free junction in the glass box at 15 min fog-on, 5 min fog-off, fog-on to steady
state, with 0.033 1/min fog rate.
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Fig.12 Comparison between the measured air dry bulb temperature by the devices and
the free junction in the glass box at 15 min fog-on, 5 min fog-off, fog-on to steady
state, with 0.1 1/min fog rate.
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Fig.13 Comparison between the measured air dry bulb temperature by the devices and
the free junction in the glass box at 4 min fog-on, 4 min fog-off, with 0.022 1/min fog
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Fig.14 Comparison between the measured air dry bulb temperature by the devices and
the free junction in the glass box at 4 min fog-on, 4 min fog-off, with 0.033 1/min fog
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Fig.15 Comparison between the measured air dry bulb temperature by the devices and
the free junction in the glass box at 4 min fog-on, 4 min fog-off, with 0.1 1/min fog
rate.

4. Effect of Decreasing the Cyclic Time

Figures 16 to 18 illustrate the relation between the measured air dry bulb temperature
by free and devices junctions under decreasing the cyclic time to 3 min fog-on then 3
min fog-off with fog flow rate of 0.022 1/min, 0.033 I/min and 0.1 1/min respectively.
During the 3 min fog-on period the air temperature decreases in all devices and the air
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temperature inside the cyclone device is greater then any other device. Then came in
order of lower temperature the cylindrical enlargement device, the gravity settler, the
truncated square pyramid enlargement device, the conventional shielded device and
finally the free junction which had the lowest air temperature. However, during the 3
min fog-off period the air temperature increased in all devices as is obtained in all
experiments. The free junction always had the lowest air temperature, the devices
behavior was the same in the remaining period of fog-on and fog-off periods. The data
also showed that the maximum temperature difference between the cyclone device and
the cylindrical device reached 1.3 C but between the cyclone device and the free
junction the difference reached 5.3 C.

For the same fog rate the difference of the indicated temperature by each
device between the beginning and the end of the fog-on and fog-off periods in the latter
cyclic 3 min fog-on, 3 min fog-off experiments was lower than in the previous cyclic 4
min fog-on, 4 min fog-off experiments.

The behavior of the free junction in the fog- on and in the fog- off periods is
not satisfactory. If the measured temperature of the free junction is the reference of the
fogging control system it would cause the fog to be terminated before its actual
desirable time, because the free junction reading is lower than the actual air
temperature in the fogged space. Also, it would cause the fog to be initiated after its
actual desirable time, because the free junction reading is lower than the actual air
temperature in the off-fogged periods. This causes an undesirable increase in the
temperature of the air in the controlled medium.
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Fig.16 Comparison between the measured air dry bulb temperature by the devices and
the free junction in the glass box at 3 min fog-on, 3 min fog-off, with 0.022 1/min fog
rate.
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Fig.17 Comparison between the measured air dry bulb temperature by the devices and
the free junction in the glass box at 3 min fog-on, 3 min fog-off, with 0.033 I/min fog
rate.
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Fig.18 Comparison between the measured air dry bulb temperature by the devices and
the free junction in the glass box at 3 min fog-on, 3 min fog-off, with 0.1 I/min fog rate

CONCLUSIONS

The separating devices, especially the cyclone, give higher temperature, and hence
better accuracy, than the free thermocouple junction which has always lower accuracy
than that obtained by the separating devices. Also for high fog flow rates the cyclone
device reading is close to the other separating devices because for the high fog rates the
particles may be agglomerate into larger droplets which are easily separated by the
other devices. Finally for any fog duration and flow rate, the rate of decrease of the
indicated temperature increases largely at the beginning of fog-on period for higher
initial temperature than for lower one.
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