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The topic of my thesis is Experimental and Numerical Study of Open Air Active
Cooling. The present research is intended to investigate experimentally and
Numerically the effectiveness of cooling large open areas like stadiums, shopping
malls, national gardens, amusement parks, zoos, transportation facilities and
government facilities or even in buildings outdoor gardens and patios. Our cooling
systems are simple cooling fans with different diameters and a mist system. This type
of cooling systems has been chosen among the others to guarantee less energy
consumption, which will make it the most favorable and applicable for cooling such
places mentioned above. In the experiments, the main focus is to study the
temperature domain as a function of different fan diameters aerodynamically similar
in different heights till we come up with an empirical relationship that can determine
the temperature domain for different fan diameters and for different heights of these
fans. The experimental part has two stages. The first stage is devoted to investigate
the maximum range of airspeed and profile for three different fan diameters and for
different heights without mist, while the second stage is devoted to investigate the
maximum range of temperature and profile for the three different diameter fans and
for different heights with mist. The computational study is devoted to built an
experimentally verified mathematical model to be used in the design and optimization
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of water mist cooling systems, and to compare the mathematical results to the
experimental results and to get an insight of how to apply such evaporative mist
cooling for different places for different conditions. In this study, numerical solution
is presented based on experimental conditions, such dry bulb temperature, wet bulb
temperature, relative humidity, operating pressure and fan airspeed. In the
computational study, all experimental conditions are kept the same for the three fans
except the fan airspeed which varies according to different fan diameter. Then, a
detailed discussion is presented to study and compare the effects of operating
parameters playing role in evaporation rate process and drying performance like,
parameters are air humidity, operating pressure, airspeed and air temperature.
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)Abstract (Arabic
ﻣﻠﺨﺺ اﻟﺮﺳﺎﻟﺔ
اﻻﺳﻢ:

ﺳﻠﻤﺎن ﺑﻦ اﻣﺴﺎري ﺣﺴﻴﻦ اﻟﻌﻤﺮي اﻟﻔﻴﻔﻲ

ﻋﻨﻮان اﻟﺮﺳﺎﻟﺔ:

دراﺳﺔ ﺗﺠﺮﻳﺒﻴﺔ وﺣﺴﺎﺑﻴﺔ ﻓﻲ ﺗﺒﺮﻳﺪ اﻷﻣﺎآﻦ اﻟﻤﻔﺘﻮﺣﺔ

اﻟﺪرﺟﺔ:

ﻣﺎﺟﺴﺘﻴﺮ ﻓﻲ اﻟﻌﻠﻮم اﻟﻬﻨﺪﺳﻴﺔ

ﺣﻘﻞ اﻟﺘﺨﺼﺺ:

هﻨﺪﺳﺔ اﻟﻄﻴﺮان واﻟﻔﻀﺎء )اﻟﺤﺮآﺔ اﻟﻬﻮاﺋﻴﺔ واﻟﻐﺎزﻳﺔ واﻟﺪﻓﻊ(

ﺗﺎرﻳﺦ اﻟﺪرﺟﺔ:

ﻣﺎﻳﻮ٢٠١٠

ﻣﻮﺿ ﻮع اﻟﺮﺳ ﺎﻟﺔ اﻟﺒﺤﺜ ﻲ دراﺳ ﺔ ﺗﺠﺮﻳﺒﻴ ﺔ وﺣ ﺴﺎﺑﻴﺔ ﻋﺪدﻳ ﺔ ﻓ ﻲ ﺗﺒﺮﻳ ﺪ اﻷﻣ ﺎآﻦ اﻟﻤﻔﺘﻮﺣ ﺔ .ﻳﻬ ﺪف اﻟﺒﺤ ﺚ
اﻟﺤﺎﻟﻲ إﻟﻰ دراﺳﺔ ﻓﺎﻋﻠﻴﺔ ﺗﺒﺮﻳﺪ هﺬﻩ اﻷﻣﺎآﻦ اﻟﻤﻔﺘﻮﺣﺔ ﺑﺎﻟﻄﺮق اﻟﺘﺠﺮﻳﺒﻴﺔ ﻣﺪﻋﻤﺔ ﺑﺎﻟﻄﺮق اﻟﺤﺴﺎﺑﻴﺔ ،ﻣﺜ ﻞ اﻟﻤﻼﻋ ﺐ،
اﻟﻤﺠﻤﻌﺎت اﻟﺘﺠﺎرﻳﺔ ،اﻟﺤﺪاﺋﻖ اﻟﻌﺎﻣﺔ ،ﺳﺎﺣﺎت اﻟﻤﻌﺎرض ،ﺣﺪاﺋﻖ اﻟﺤﻴﻮان ،ﻣﺮاﻓﻖ اﻟﻤﻮاﺻ ﻼت ،اﻟﻤﺮاﻓ ﻖ اﻟﻌﺎﻣ ﺔ أو
ﺣﺘ ﻰ ﻓ ﻲ ﺳ ﺎﺣﺎت اﻟﻤﻨ ﺎزل اﻟﺨﺎﺻ ﺔ .ﻧﻈ ﺎم اﻟﺘﺒﺮﻳ ﺪ اﻟﻤ ﺴﺘﺨﺪم ﻓ ﻲ اﻟﺪراﺳ ﺔ ﻳﻌﺘﺒ ﺮ ﻧﻈ ﺎم ﺗﺒﺮﻳ ﺪ ﺑ ﺴﻴﻂ ،ﻳﺘﻜ ﻮن ﻣ ﻦ
ﻣﺠﻤﻮﻋﺔ ﻣﻦ اﻟﻤﺮاوح ﺑﺄﻃﻮال رﻳﺶ ﻣﺨﺘﻠﻔﺔ وﻧﻈﺎم رذاذ ﺿ ﺒﺎﺑﻲ .ﺗ ﻢ اﺧﺘﻴ ﺎر ه ﺬا اﻟﻨﻈ ﺎم اﻟﺘﺒﺮﻳ ﺪي اﻟﻤﺒ ﺴﻂ ﻟﻨ ﻀﻤﻦ
درﺟﺔ أﻗﻞ ﻣﻦ اﺳﺘﻬﻼك اﻟﻄﺎﻗﺔ ﻣﻘﺎرﻧﺔ ﻣﻊ أﻧﻈﻤﺔ اﻟﺘﺒﺮﻳﺪ اﻷﺧﺮى ﺧﺎﺻﺔ وهﻲ اﻷﻧ ﺴﺐ ﻟﺘﺒﺮﻳ ﺪ أﻣ ﺎآﻦ واﺳ ﻌﺔ آ ﺎﻟﺘﻲ
ذآﺮت ﻓﻲ اﻷﻋﻠﻰ .اﻟﻨﻘﻄﺔ اﻟﺮﺋﻴﺴﻴﺔ ﻓﻲ هﺬا اﻟﻌﻤﻞ هﻲ دراﺳﺔ اﻟﻤﺠﺎل اﻟﺤﺮاري ﻟﻤﺮاوح ﺗﺒﺮﻳ ﺪ ﻣ ﺰودة ﺑﻨﻈ ﺎم اﻟ ﺮذاذ
اﻟﻀﺒﺎﺑﻲ ،آﻞ هﺬﻩ اﻟﻤ ﺮاوح ﺗﺘ ﺼﻒ ﺑ ﻨﻔﺲ ﻣﻮاﺻ ﻔﺎت اﻟﺘ ﺼﻤﻴﻢ اﻟﻬ ﻮاﺋﻲ ﻣ ﺎ ﻋ ﺪا اﻻﺧ ﺘﻼف ﻓ ﻲ أﻃ ﻮال اﻟﻘﻄ ﺮ ﻟﻜ ﻞ
ﻣﺮوﺣﺔ ،ﻟﺘﻜﻮن اﻟﺪراﺳﺔ ﻣﺘﻤﺤﻮرة ﺣﻮل ﺗﺄﺛﻴﺮ اﺧﺘﻼف ﻃﻮل اﻟﻘﻄﺮ ﻓ ﻲ اﻟﻤﺠ ﺎل اﻟﺤ ﺮاري ﻟﻜ ﻞ ﻣﺮوﺣ ﺔ ،ﻣ ﻊ اﻟ ﺮﺑﻂ
ﺑﺘﺄﺛﻴﺮ ارﺗﻔﺎع اﻟﻤﺮوﺣﺔ ﻻرﺗﻔﺎﻋﺎت ﻣﺨﺘﻠﻔﺔ ،واﻟﺨﻼص ﺑﻌﻼﻗﺎت رﻳﺎﺿﻴﺔ ﺗﺼﻒ هﺬا اﻟﺘﺄﺛﻴﺮ.
اﻟﺪراﺳﺔ اﻟﺘﺠﺮﻳﺒﻴﺔ ﺗﺸﺘﻤﻞ ﻋﻠﻰ ﻣﺮﺣﻠﺘﻴﻦ .اﻟﻤﺮﺣﻠ ﺔ اﻷوﻟ ﻰ ﻣﻜﺮﺳ ﺔ ﻟﺪراﺳ ﺔ ﻣﺠ ﺎل اﻟﺘ ﺄﺛﻴﺮ اﻟﻬ ﻮاﺋﻲ اﻟﻤﺘﻤﺜﻠ ﺔ
ﻓ ﻲ ﺳ ﺮﻋﺔ اﻟﻬ ﻮاء ﻟﻜ ﻞ اﻟﻤ ﺮاوح اﻟﻤ ﺴﺘﺨﺪﻣﺔ ﺑ ﺎﺧﺘﻼف أﻃ ﻮال أﻗﻄﺎره ﺎ وﺑﺎرﺗﻔﺎﻋ ﺎت ﻣﺨﺘﻠﻔ ﺔ ،واﻟﺨ ﻼص ﺑﻌﻼﻗ ﺎت
رﻳﺎﺿ ﻴﺔ ﺗ ﺼﻒ ه ﺬا اﻟﺘ ﺄﺛﻴﺮ .اﻟﻤﺮﺣﻠ ﺔ اﻟﺜﺎﻧﻴ ﺔ ﻣﻜﺮﺳ ﺔ ﻟﺪراﺳ ﺔ ﻣﺠ ﺎل اﻟﺘ ﺄﺛﻴﺮ اﻟﺤ ﺮاري ﻟﻜ ﻞ اﻟﻤ ﺮاوح اﻟﻤ ﺴﺘﺨﺪﻣﺔ
ﺑﺎﺧﺘﻼف أﻃﻮال أﻗﻄﺎرهﺎ وﺑﺎرﺗﻔﺎﻋﺎت ﻣﺨﺘﻠﻔﺔ ﺑﺎﺳﺘﺨﺪام ﻧﻈﺎم اﻟﺮذاذ اﻟﻀﺒﺎﺑﻲ ،واﻟﺨﻼص ﺑﻌﻼﻗ ﺎت رﻳﺎﺿ ﻴﺔ ﺗ ﺼﻒ
هﺬا اﻟﺘﺄﺛﻴﺮ.
اﻟﺪراﺳﺔ اﻟﺤﺴﺎﺑﻴﺔ اﻟﻌﺪدﻳﺔ ﻣﻜﺮﺳﺔ ﻟﺒﻨﺎء ﺧﻮارزﻣﻴﺔ ﺣ ﺴﺎﺑﻴﺔ ﻟﺘﺤﻘﻴ ﻖ اﻟﻨﺘ ﺎﺋﺞ اﻟﻤﺘﺤ ﺼﻞ ﻋﻠﻴﻬ ﺎ ﻣ ﻦ اﻟﺘﺠ ﺎرب
وﻣﻘﺎرﻧﺘﻬﺎ ،وﻻﺳﺘﺨﺪاﻣﻬﺎ ﻻﺣﻘًﺎ ﻓﻲ ﺗﺼﻤﻴﻢ اﻟﻨﻈ ﺎم اﻟ ﻀﺒﺎﺑﻲ اﻟﻤﻨﺎﺳ ﺐ ﻓ ﻲ ﺣﺎﻟ ﺔ اﺧ ﺘﻼف اﻟﻤﻜ ﺎن واﻟﻈ ﺮوف اﻟﺠﻮﻳ ﺔ
اﻟﻤﺤﻴﻄﺔ .ﻓﻲ هﺬﻩ اﻟﺪراﺳ ﺔ ﻳﻮﺟ ﺪ ﺣ ﻞ رﻳﺎﺿ ﻲ ﻳﻌﺘﻤ ﺪ ﻓ ﻲ ﻣﺪﺧﻼﺗ ﻪ ﻋﻠ ﻰ اﻟ ﺸﺮوط واﻟﻌﻮاﻣ ﻞ اﻟﺘﺠﺮﻳﺒﻴ ﺔ ﻣﺜ ﻞ درﺟ ﺔ
اﻟﺤﺮارة اﻟﻤﺤﻴﻄﺔ ،درﺟﺔ اﻟﺤﺮارة ﻟﻠﺜﺮﻣﻮﻣﻴﺘﺮ اﻟﻤﺒﻠﻞ ،اﻟﺮﻃﻮﺑﺔ اﻟﻨﺴﺒﻴﺔ ،اﻟﻀﻐﻂ اﻟﺠ ﻮي وﺳ ﺮﻋﺔ اﻟﻬ ﻮاء ﻟﻠﻤﺮوﺣ ﺔ.
ﻓﻲ اﻟﺪراﺳﺔ اﻟﺤﺴﺎﺑﻴﺔ آﻞ اﻟﺸﺮوط واﻟﻈﺮوف اﻟﺠﻮﻳﺔ آﺎﻧﺖ ﺛﺎﺑﺘﺔ وﻏﻴﺮ ﻣﺘﻐﻴﺮة ،ﻣﺎ ﻋﺪا ﺳ ﺮﻋﺔ اﻟﻬ ﻮاء ﻟﻜ ﻞ ﻣﺮوﺣ ﺔ
ذات اﻟﻌﻼﻗﺔ اﻟﻤﺒﺎﺷﺮة ﺑﻄﻮل ﻗﻄﺮ آﻞ ﻣﺮوﺣﺔ ،واﻟﺬي ﻳﺘﻤﺤﻮر ﺣﻮل ﺗﺄﺛﻴﺮﻩ هﺬا اﻟﺒﺤﺚ .وﻳﺘﻢ آﺬﻟﻚ دراﺳﺔ ﺗﺄﺛﻴﺮ ه ﺬﻩ
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اﻟﻌﻮاﻣﻞ ﺣﺴﺎﺑﻴًﺎ ﻓﻲ ﻓﻌﺎﻟﻴﺔ وأداء ﻧﻈﺎم اﻟﺘﺒﺮﻳﺪ اﻟﻤ ﺴﺘﺨﺪم ﻓ ﻲ ﻋﻤﻠﻴ ﺔ اﻟﺘﺒﺨ ﺮ ،واﻟﻮﻗ ﺖ اﻟ ﺬي ﺗ ﺴﺘﻐﺮﻗﻪ ﻣﺜ ﻞ اﻟﺮﻃﻮﺑ ﺔ،
اﻟﻀﻐﻂ اﻟﺠﻮي ،ﺳﺮﻋﺔ اﻟﻬﻮاء اﻟﺨﺎرﺟﺔ ﻣﻦ اﻟﻤﺮوﺣﺔ ودرﺟﺔ اﻟﺤﺮارة.

درﺟﺔ اﻟﻤﺎﺟﺴﺘﻴﺮ ﻓﻲ اﻟﻌﻠﻮم اﻟﻬﻨﺪﺳﻴﺔ
ﺟﺎﻣﻌﺔ اﻟﻤﻠﻚ ﻓﻬﺪ ﻟﻠﺒﺘﺮول واﻟﻤﻌﺎدن
اﻟﻈﻬﺮان ،اﻟﻤﻤﻠﻜﺔ اﻟﻌﺮﺑﻴﺔ اﻟﺴﻌﻮدﻳﺔ
ﺟﻤﺎدى اﻷوﻟﻰ  ١٤٣١هـ )ﻣﺎﻳﻮ  ٢٠١٠م(
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NOMENCLATURE
Ap

surface area of water droplet (m2)

B

barometric pressure in (Pa)

b

radius of water bubble (m)

Cb

concentration of bubble (kg/m3)

Cg

vapor concentration in the bulk gas (kg/m3)

Cs

vapor concentration at the droplet surface kg/m3)

Cpa

specific heat of air (J/kg K)

Cpe

specific heat of water (J/kg K)

Dg

diffusion coefficient (m2/s)

Dp

diameter of water droplet (m)

DL

fan diameter of 30-inch Fan (m)

Dm

fan diameter of 24-inch Fan (m)

DS

fan diameter of 20-inch Fan (m)

h

enthalpy (J/kg)

hc

heat transfer coefficient (W/m2.K)

kc

mass transfer coefficient (m/s)

Lvap

latent heat of water (J/kg)

ma

mass of air (kg)

me

mass of water (kg)

ml

liquid mass of water (kg)

mevap

evaporated mass of water droplet (kg)

Mp

Molecular weight of H2O in (g / mole)

N

number of droplets

Nc

evaporation rate in (kg/s)

Nu

Nussle number

Pr

Prandtle number

Pv

partial vapor pressure (Pa)

Psat,d

saturated vapor pressure at dry bulb temperature (Pa)

Psat (Tp)

saturated pressure at water droplet temperature (Pa)

Qp

heat absorbed by water droplet

Qtotal

total heat absorbed by water droplets

xxx

R

universal gas constant in (m3.Pa / K.mol)

Re

Reynolds number

RH

relative humidity

Rp

radius of water droplet (m)

Sc

Schmidt number

Sh

Sherwood number

T

temperature (oC)

Tb

temperature of bubble

t

drying time (s)

Td

dry bulb temperature (oC)

Ta

air temperature (oC)

Tp
Tp0
Va

droplet temperature (oC)
initial value of water droplet temperature (oC)
air volume (m3)

Xi

mole fraction

X

distance in x-direction (m)

Y

distance in y-direction (m)

µa

dynamic viscosity of air (Pa.s)

ρa

density of air (kg/m3)

ρw

density of water (kg/m3)

v

droplet speed (m/s)

λa

thermal conductivity in [W/m.k]

θ0

zero angle deflection (default case, θ0=0o)

θ1

first angle deflection (θ1=26.56o)

θ2

second angle deflection (θ2=45o)
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CHAPTER 1
INTRODUCTION:
1.1 Overview
During the last three decades, Saudi Arabia has witnessed significant economic,
industrial, and technological developments. One important aspect of these
developments is the implementation of modern cooling techniques. Air conditioning or
providing thermal comfort always has been of primary concern and for this purpose, cooling
systems were introduced. To our knowledge, most buildings in hot regions in Saudi Arabia
have been provided with electric air conditioning systems, which has led to a large increase in
electric energy consumption. The volume of these systems is expected to increase of about
four times by the year 2010 [1]. Cooling large open areas is really a need for the population
nowadays and for this, in turn, it will lead to a huge electricity supply demand, which is a great
challenge in the country with the increase in the cost of energy production. Therefore, cooling
large open areas with possible economic solutions or energy alternatives will be the main
subject of this study by finding a way for possible aerodynamic cooling system, which
consumes less amount of energy to be able to cover and provide thermal comfort to large
open areas. Such as, stadiums, shopping malls, national gardens, amusement parks, zoos,
open transportation facilities and open government facilities or even in buildings outdoor
gardens and patios.

1.2 Objective of the Study
The objective of this thesis is to understand and investigate the relationships and
parameters governing the evaporative cooling process such as, the relationship
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between the temperature domain and cooling fan diameters from one aspect and the
relationship between the temperature domain and cooling fan heights from the other
aspect with and without mist. Evaporative cooling by using mist is an aim of this
thesis to guarantee less energy consumption, which allows the use of solar energy as
the energy source of this cooling system. In this manner, it is highly possible to
provide thermal comfort to so many active and livable places all over the kingdom of
Saudi Arabia without putting any pressure on the government for providing energy.

CHAPTER 2
LITERATURE REVIEW:
2

The purpose of this chapter is to provide a general understanding of the
relationship between the relevant literature and the present work.

This chapter

consists of three main sections. The first section describes the climatic characteristics
and features of regions in Saudi Arabia. The second describes some applications of
passive cooling systems. The third reviews the research conducted on evaporative
cooling.

2.1 Climatic Characteristics and Features of Regions in Saudi Arabia
Hot climatic regions prevail on the western sides of land masses between 15 and
30 degrees north and south of the equator in central and western Asia, Africa,
Australia, the Middle East and North and South America. Those regions are
characterized by their aridity, which is caused by the dry Trade Winds which blow
southwest and northwest towards the equator [2].
Saudi Arabia is located within the hot-dry climatic zones of the world, but it
may be further divided into five climatic zones by geographic characteristics [2]: (1)
the hot-humid zone, which includes the Red Sea coastal plain in the west; (2) the
upland from 1200 to 1800 meters in the west; (3) the upland over 1800 meters in the
west; (4) the hot-dry zone, which includes the central plateau, ringed by Nafud,
Dahna, and Rub Al-Khali deserts; and (5) the composite zone, which includes the
coastal plain of the Arabian Gulf in the eastern area (Figure 2.1). Only the hot zones
are included in the present study where we can decrease the temperature and provide
more thermal comfort.
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Figure 2.1 Map of the Climatic Zones of Saudi Arabia

The hot climatic regions of Saudi Arabia are characterized by six factors [4].
The first factor is high summer daytime temperature, ranging from 32o C to 36o C
with the hotter regions going well above 40o C and up to 50o C. the second is high
solar radiation ranging between 800 to 1100 Watts/m2 on horizontal surface. In
addition, reflected solar radiation from high-colored terrain greatly increase the
direct radiation. The third is frequent afternoon dust storms and haze, which are
caused by conventional air currents which, in turn, are induced by heating of air
mass near the ground. The fourth, depending on location and season, is the vapor
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pressure, which varies from 5 to 15 mm Hg and causes wide fluctuation in
temperature and relative humidity from summer to winter. The fifth is low wind
speed in the morning hours, reaching a peak in the afternoon. Theses afternoon
high speeds are often accompanied by sand and dust storms. The sixth is low
annual rainfall, as low as 140 mm, but the rain may come in sporadic heavy
showers and thunderstorm during the winter months from December to February.
Temperatures are subject to considerable diurnal and seasonal fluctuations.
Winters (December to February) are cool to warm. Summers (June to September)
tend to be very hot with temperatures above 40º C widespread and common and
may approach 50º C. Humidity is generally low, except along the coasts where it
may be quite high.
Average August temperature in western region is 32º C but may reach 49º C,
winter temperature average 24º C, and relative humidity varies seasonally between
55% and 65%.
Summer months in the central region are intensely hot with a daily maximum
about 45º C. Winters are cooler, with a maximum temperature of 22º C declining to
10º C or lower. Relative humidity also varies with seasons with typical summer
humidity of between 15 to 20 %.
The Gulf coast is warm and humid in summer with average maximum of 42º
C and winter maximum average of 22º C. Humidity varies seasonally greatly from
40% in summer to about 70% in winter [4].
Figure 2.2 shows the monthly mean dry bulb temperature profile, where July
is the hottest month, representing the center-line of symmetry between months of
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April, may, and June versus August, September, and October. In figure 5, the
profile of the monthly wet bulb temperature shows that, during the summer period,
the dry bulb temperature can be lowered close to the wet bulb temperature by using
evaporative cooling techniques.

Figure 2.2 Profiles of Monthly Mean Dry Bulb and Wet Bulb Temperatures

The Saudi Presidency of Metrology and Environment (PME) [6] summaries the
climatic characteristics of summer in Saudi Arabia and states that During the month
of June of each year fall sunlight perpendicular to the Tropic of Cancer (23.5 degrees
to the equator) marked the beginning of summer climate in the northern hemisphere
where this line that exists on the amount of mid Kingdom solar radiation Fallen lead
to higher temperatures for most areas Which leads to lower air pressure and a low
heat on the Arabian peninsula related sprawl Low seasonal India, which Limited north
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and west until it reaches to the eastern Mediterranean, is among the characteristics
that this low-temperature air mass of very hot and dry and reflected the temperature in
this Chapter reach Britain, where between 44 to 47 degrees Celsius up to 50 degrees
Celsius especially at the east of the Kingdom can rank the first part of this period is,
until July half the dry summer period where there is this period northern winds and
dry warm and active periods leading The polluting peaking amid the day interaction
with the air along the high-centered in the north west of Saudi Arabia, which arise
with differences in the values of temperature, pressure, and the eastern and central
regions of the Kingdom. The areas west of Saudi Arabia affected by the winds East
(poisons) that blow from time to time and be very hot and dry and loaded with dust.
The remainder of the period in question until the end of the summer period
could be classified on the coasts wet summer (July and last until the end of
September) and is characterized by a rise in temperature and humidity, which runs
frequently.
When the East wind prevails and light to moderate at times eastern region and
are loaded with water vapor and because of the high temperatures, they are
demanding significantly.
Yet this does not chapter in Gulf of nice to make the heights of Asir, Baha and
Taif resort destination nationals of the Kingdom and Gulf countries, so if we gazed
rate temperatures about 16 degrees smaller percentage may fall to 10 degrees as
previously recorded Abha in 1994.

If we add to this mountain terrain and the presence of subtropical Front, which
is characterized by large amounts of water vapor in the South and moved north to
reach the fullest extent of the district of Medina, cause these things together in rainfall
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may be heavy in some years as previously And registered the highest amount of
precipitation in this chapter of Khamis Mushait (146 mm), Abha (112 mm), Taif (143
mm) and in 1992 had been accompanied by activity in surface winds depressed by
wind where it arrived in Jizan (110 knots in 1991).

It should be noted that at a time when the rain stopped on the eastern
Mediterranean influence extends well front subtropical zone until Medina since the
torrential rains of 6 mm and 9 mm Riyadh, both in July 1978 either Mecca reports had
registered the highest amount of precipitation presidency with the 1992 and 1998
Approximately (40 mm) and during the month of July.

2.2 Passive Cooling
The term "passive" means not "active". The term "passive" refers to the method
of cooling a building with the use of natural renewable sources without sophisticated
mechanical equipment [7]. A passive cooling system may include simple devices such
as a water pump or a fan when its application might enhance the system's
performance [8]. The natural cooling mechanisms which are employed most are
cooling by ambient cool air, long-wave radiation to the night sky, water evaporation
and earth . These natural sources act as a heat sink to store heat from building that will
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be cooled. Each of these cooling sources can be manipulated in different ways to
result in various cooling systems.
Passive cooling systems are classified based on the different natural recourses.
The natural sources useful in cooling and the systems derived are: (1) ambient cool
air, from which the comfort ventilation and nocturnal connective cooling systems are
derived; (2) night sky, on which the direct radiant cooling and indirect radiant cooling
systems are based; (3) water evaporation, which cab utilized in direct and indirect
passive evaporative cooling, and (4) earth, which can be used in direct earth-coupling
cooling and indirect earth cooling.
Passive cooling techniques have been developed to achieve three major
objectives: (1) to cool buildings with the use of renewable inexpensive natural energy
sources, (2) to lower the cost of cooling, (3) to provide a solution to the "green house"
effect. Mechanical air conditioning is considered expensive compared to passive
cooling in terms of the initial cost, maintenance, and repairs. Moreover, mechanical
cooling intensifies the use of electricity in peak demand hours during summer days.
Thus, applying passive cooling systems reduces peak demand and flattens electricity
use profiles. Even, if there is a need to use an expensive source such as electricity to
operate passive coolers, the amount of energy will be lower than the energy needed
for mechanical air conditioning because the coefficient of performance (COP) (the
ratio of the cooling obtained (Watt) to the power input (Watt) of the passive system)
is about five times higher than the mechanical air conditioning [9].
The technology harnessing natural phenomena to achieve cooler temperatures
inside dwellings, particularly in hot dry regions, has been known since early times
[10]. Traditional methods of designing and integrating passive cooling systems within
9

residential units such as storing night coolness in thick walls, underground rooms, and
creating fountains and ponds and wind towers or so called " Baud Geer" in iran, were
quite rudimentary and their efficiency was relatively low [11]. The wind towers have
been used for centuries in the hot dry and hot humid climates in Afghanistan, the
Arabian Gulf states, Egypt, Iraq, Iran and Pakistan.
2.3 Evaporative Active Cooling
Active cooling is the method of supplying cooling with the help of mechanical
cooling systems like fans, air conditioners and cooling towers.
The active cooling can be generated by air blowing devices like fans or can be
generated by water as in cooling towers or it can generated by both air and water
together known as evaporative active cooling.
An evaporating droplet is a complex phenomenon, and much effort, both
experimental and theoretical has been performed in an attempt to elucidate and
describe the mechanisms. From the experimental point of view, compromises have
been made, and in order to develop the theory, simplifications have been necessary.
Most of the theoretical studies have been based on constant sphere diameter
and negligible convective flux due to diffusion. The case in which the sphere diameter
is changing was investigated by Brain and Hales [12], and to simplify the problem,
the fluid properties were assumed constant. However, significant differences between
constant and variable property results have been reported [13]. In general, because of
the complexity of calculation involved in the describing equations, many
simplifications have been necessary. For example, droplets were assumed to have
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spherical shapes, heat conducted through the droplet was assumed negligible, constant
properties were assumed [14].
Gilbert D. Kinzer and Ross Gunn [15] in 1950 made a theoretical and
experimental study of the physical behavior of freely falling water drops, including
the influence of ventilation and environment upon the evaporation and equilibrium
temperature formulated in a quantitative terms. The theoretical approach emphasized
the vapor and heat transferred to packets of environmental air that make transient
contact with the liquid sphere. The basic psychrometric equation was derifed for a
freely falling spherical drop. Measurements of evaporation, equilibrium temperature
and time to reach equilibrium were carried out for single drops and compared with
theory. And new methods and apparatus especially devised to study freely falling
drops were described.
S. E. Woo and A. E. Hamielec in 1971 [16] investigated a numerical solution
of the Navier-Strokes equations of motion and the equation of mass transfer have
been obtained for the steady-state transfer of chemically inert substance from the
surface of a single rigid sphere moving at its terminal velocity in an unbounded fluid.
Local Sherwood numbers were calculated for spheres with Reynolds numbers in the
range of 0.05 -300 and for a fluid with Schmidt number of 0.71. the objective of this
study was to model the effect of ventilation on the rate of evaporation of cloud drops
falling at terminal velocity in air sub-saturated with respect to water.
M. Pasandideh-Fard, S. D. Aziz, S. Chandra and J. Mostaghimi in 2001 [17]
studied using both experiments and a numerical model, the impact of water droplets
on a hot stainless steel surface. Initial substrate temperatures were varied from 50oC to
120oC (low enough to prevent boiling in the drop) and impact velocities from 0.5 to 4
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m/s. fluid mechanics and heat transfer during droplet impact were modeled using a
"Volume-of-Fluid" (VOF) code. Numerical calculations of droplet shape and
substrate temperature during impact agreed well with experimental results. Both
simulations and experiments show that increasing impact velocity enhances heat flux
from the substrate by only a small amount. The principal effect of rising droplet
velocity is that it makes the droplet spread more during impact, increasing the wetted
area across which heat transfer takes place. They also developed a simple model of
heat transfer into the droplet by one-dimensional conduction across a thin boundary
layer which gives estimates of droplet cooling effectiveness that agree well with
results from the numerical model.
José Rui Camargo, Carlos Daniel Ebinuma and José Luz Silveira in 2005 [18]
studied the Basic principles of the evaporative cooling process for human thermal
comfort, the principals of operation for the direct evaporative cooling systems and the
mathematical development of the equations of thermal exchanges, allowing the
determination of the effectiveness of saturation. They also presented the results of
experimental tests in a direct evaporative cooler that take place in the Air
Conditioning Laboratory at the University of Taubate Mechanical Engineering
Department, and the experimental results used to determine the convective heat
transfer coefficient to compare with mathematical model.
Ji í Smolík, Lucie D umbová, Jaroslav Schwarz and Markku Kulmala in 2000
[19] investigated the heat and mass transfer from evaporating water droplets using
wind tunnel technique. The results were compared with results of other authors and
correlated by an empirical fit proposed by Clift, Grace, and Weber [20]. It was found
that the fit gave reasonably accurate predictions for Reynolds numbers ranging from 0
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to 400. the accuracy of the obtained expression was tested comparing measured and
calculated droplet temperatures. The results agree always within 5% and usually even
within 1%. This represents an experimental validation for mass and heat flux
expressions commonly used in condensation and evaporation studies.
Much experimental work has been published. Studies have been carried out
under many different conditions, including forced and free convection, laminar or
turbulent flow, varying temperature [21] and pressure [22, 23] and so on. In each case,
the droplet was either supported on a fiber or on a thermocouple, or falling freely.
Other factors influencing the evaporation rate from droplets, such as vibration,
rotation [24, 25] and the effect of the deviation of the shape of the droplet from that of
a true sphere [26] have also been the subject of several studies. In order to simplify
the complex system, some of the studies have been carried out with constant droplet
diameter. This was achieved by matching the feed rate to the droplet through a micro
burette, which also carried the droplet, to the rate of evaporation.
Y. F. Li, and W. K. Chow in 2007 [27] studied the evaporation of water droplets
while traveling in hot layer. The air-droplet system was analyzed by solving the mass,
momentum and energy conservation equations for each phase. The droplet phase was
described by the Lagrangian Approach. The Runge-Kutta algorithm was used to solve
the ordinary differential equation group for the droplet motion with heat transfer.
Droplet positions, velocities, temperatures and diameters were calculated while
traveling in the hot air reservoir.
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CHAPTER 3
METHODOLOGY AND EXPERIMENTAL SET-UP
Experimental part has been basically done in two stages. The first stage has been
conducted without mist and the second stage has been done with mist.

3.1 First Stage (Without Mist)
14

The first stage was devoted to find empirical relationship that relates the fan
coverage area with fan diameter from one aspect and the fan coverage area with fan
heights from the other aspect. For this stage of experiment, three fans have been
selected with the following diameters (20 inch, 24 inch and 30 inch) as shown in
figure 3.1. These fans were selected specifically to have exactly aerodynamic
similarities except the length of diameter where we have three different lengths of
diameters as stated above.

Figure 3.1 Fans (20 inch, 24 inch and 30 inch) used in experiments

As shown in figure 3.2, the fans were leveled to their first diameter in height
and then operated to take the airspeed measurements for each diameter of the three
fans in front of each one, where we called it the coverage area domain. The airspeed
and temperature were measured by placing sensors in the domain.
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Figure 3.2 Temperature domain for first fan diameter in height

Then the fans were leveled to their second, third, fourth, and fifth diameter in
height in which the airspeed and temperature were measured in the same manner as
stated in the previous paragraph. For different fan heights, see figure 3.3.
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Figure 3.3 Different fan heights

3.1.1 Angle Effect (Without Mist)
Also one aspect that was included in the experiments was the angle effect of the
fans. For zero angle as explained in default case, the airspeed and temperature effect
could reach maximum range but for higher levels of fans like in the 4th Diameter and
in the 5th Diameter, the area that is directly below the fan was not affected much and
the airspeed and temperature decrease in that area were lesser than we wish to achieve
thermal comfort, so because of that, the fans were angled down to 20 Diameter and 10
Diameter angles as expressed in equations (3.1), (3.2) and (3.3); and the airspeed and
temperature were measured as shown in figure 3.4.
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tan θ0 =

5D
=0
∞

Î θ0 = 0 (default case)

(3.1)

tan θ1 =

5D
1
=
10 D
2

Î θ1 = 26.56o

(3.2)

tan θ2 =

5D
5D

Î θ2 = 45o

(3.3)

=1

Figure 3.4 Configuration of angle effect case study
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3.2 Second Stage (With Mist)
The second stage was devoted to investigate the temperature domain for the
same three different fan diameters (20 inch fan diameter, 24 inch fan diameter and 30
inch fan diameter) as shown in figure 3.1; and for different heights with mist; to find
empirical relationship that relates temperature with fan diameter from one aspect and
temperature with fan heights from the other aspect.
Mist system was attached to each fan consists of six nozzles each nozzle was of
about 200 micrometer diameter with an operating pressure of about 50 bar as shown
in figure 3.5.

Figure 3.5 Fan with mist nozzles

As shown in figure 3.6, the fans were leveled to their first diameter in height
and then operated with mist system to take the airspeed and temperature
measurements in each diameter of this fan in front of it where we called it the
temperature domain. The temperature was measured by placing sensitive
thermometers at each diameter range till the maximum range of diameters is reached
in which we reach the atmospheric air temperature and there was no more drop in
temperature values.
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Figure 3.6 Temperature domain for first fan diameter in height with mist

Then the fans were leveled to their second, third, fourth, and fifth diameter in
height, in which the airspeed and temperature were measured in the same manner as
stated in the previous paragraph. For different fan highest, see figure 3.7.

Figure 3.7 Different fan heights with mist

20

3.2.1 Angle Effect (With Mist)
Also one aspect that was included in the experiments was the angle effect of the
fans same as it was done in the first stage. For zero angle as explained above, the
temperature effect could reach maximum range but for higher levels of fans like in the
4th Diameter and in the 5th Diameter, the area that is directly below the fan was not
affected much and the temperature decrease in that area was lesser than we wish to
achieve thermal comfort, so because of that the fans were angled down to 20
Diameter and 10 Diameter angles as expressed in equations (3.1), (3.2) and (3.3); and
the temperature was measured as shown in figure 3.8.

Figure 3.8 Configuration of angle effect case study with mist
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3.3 Computational Study
The aim of the computational study is to built an experimentally verified
mathematical model to be used in the design and optimization of water mist cooling
systems and to compare the mathematical results to the experimental results and to get
an insight of how to apply such evaporative mist cooling for different places for
different conditions. In this study, mathematical solution is presented based on
experimental conditions, such dry bulb temperature, wet bulb temperature, relative
humidity, operating pressure and fan airspeed.
All experimental conditions were kept the same for the three fans except the fan
airspeed which varies according to different fan diameter. The mathematical study
was conducted based on mass transfer diffusion equation to calculate the evaporation
rate as a first step and based on energy balance equation to calculate the temperature
for each fan as a second step.
In the thermodynamic modeling of an evaporating liquid-water droplet, use may
be made of the transient form of the First Law of Thermodynamics applied to control
volume with a moving boundary. There are some assumptions made for the model as
follows:
•

The surface of the control volume coincides with the surface of the droplet.

•

The droplet is assumed to be in a spherical shape.

•

The heat transfer at the surface is due to convection.

•

The mass transfer occurs as evaporation takes place at the interface between
the droplet and air.
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•

The temperature in the droplet is assumed to be uniform during the
evaporation process..

3.4 Outline of the Present Work
Following this brief introduction is chapter 2, which is a review of the literature
on climatic characteristics and features of regions of Saudi Arabia and the research on
evaporative cooling systems, including some of their application. In chapter 3, a
demonstration of methodology and experimental set-up is introduced with declaring
special case studies. In chapter 4, an introduction is given as background of cooling
methods and strategies generally of passive cooling, active cooling and comparison
between evaporative coolers and electric coolers. In chapter 5, there is a detailed
explanation of the method used to determine the fan airspeed experimentally. Chapter
6 describes in detail the experimental set-up and methodology including the
instrumentation and finally the experimental results. Chapter 7 contains a detailed
discussion of the computational solution and results. In chapter 8, there is a detailed
discussion of the results both the experimental and the computational and analyzing
the data coming up with relations that the research was devoted for. This includes a
detailed discussion of factors that affect the evaporation process in the evaporative
cooling like air humidity, operating pressure, airspeed and air temperature. Chapter 9
contains a detailed discussion and conclusion with recommendations for future
research work.
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CHAPTER 4
BACKGROUND INFORMATION:
4.1 Passive Cooling
Before refrigeration technology first appeared, people kept cool using natural
methods: breezes flowing through windows, water evaporating from springs and
fountains as well as large amounts of stone and earth absorbing daytime heat. These
ideas were developed over thousands of years as integral parts of building design.
Today they are called "passive cooling." Ironically, passive cooling is considered an
"alternative" to mechanical cooling that requires complicated refrigeration systems.
By employing passive cooling techniques into modern buildings, we can eliminate
mechanical cooling or at least reduce the size and cost of the equipment.
4.1.1

Passive Cooling Strategies

4.1.1.1 Natural Ventilation [28]

It depends solely on air movement to cool occupants. Window openings on
opposite sides of the building enhance cross ventilation driven by breezes. Since
natural breezes can't be scheduled, designers often choose to enhance natural
ventilation using tall spaces within buildings called stacks. With openings near the
top of the stack, warm air can escape, while cooler air enters the building from
openings near the ground. Ventilation requires the building to be open during the day
to allow airflow.
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4.1.1.2 High Thermal Mass [29]

It depends on the ability of materials in the building to absorb heat during the
day. Each night the mass releases heat, making it ready to absorb heat again the next
day. To be effective, thermal mass must be exposed to the living spaces. Residential
buildings are considered to have average mass when the exposed mass area is equal
to the floor area. So, for every square foot of floor area there is one square foot of
exposed thermal mass. A slab floor would be an easy way to accomplish this in a
design. High mass buildings would have up to three square feet of exposed mass for
each square foot of floor area. Large masonry fireplaces and interior brick walls are
two ways to incorporate high mass
4.1.1.3 High Thermal Mass with Night Ventilation

It relies on the daily heat storage of thermal mass combined with night
ventilation that cools the mass. The building must be closed during the day and
opened at night to flush the heat away.
4.1.1.4 Evaporative Cooling

It lowers the indoor air temperature by evaporating water. In dry climates, this
is commonly done directly in the space. But indirect methods, such as roof ponds,
allow evaporative cooling to be used in more temperate climates too.
Ventilation and evaporative cooling are often supplemented with mechanical
means, such as fans. Even so, they use substantially less energy to maintain comfort
compared to refrigeration systems. It is also possible to use these strategies in
completely passive systems that require no additional machinery or energy to operate.
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4.1.2

Which Passive Cooling Strategy is Right to Use?

Passive cooling is based on the interaction of the building and its surroundings.
Before adopting a passive cooling strategy, we must be sure that it matches our local
climate.
In the book Sun, Wind and Light [30], G.Z. Brown identifies the four passive
cooling strategies discussed above: natural ventilation, evaporative cooling, high
thermal mass and high thermal mass with night ventilation. All these passive cooling
strategies rely on daily changes in temperature and relative humidity. We can identify
the passive cooling strategies that are appropriate for our building site by using a
bioclimatic chart.

Figure 4.1 Bioclimatic chart
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This bioclimatic chart defines the four passive cooling strategies based on
temperature and relative humidity. This chart can be used to determine which passive
cooling strategies are appropriate for the climate at the building site.
First, we find the following local weather information for each of the months of the
year:
•

average maximum temperature

•

average minimum temperature

•

average maximum relative humidity

•

average minimum relative humidity
This information can be found in weather records kept by most local airports.

An extensive list of climate data can be seen on the World Wide Web at
www.ugems.psu.edu/~owens/climate.html.
On the bioclimatic chart, we plot two points for each month. The first point is
the minimum temperature and the maximum relative humidity (RH). The second
point is the maximum temperature and the minimum RH. (Note that the highest
temperature is paired with the lowest RH and vice versa.) We connect these points
with a line we plot a similar line for each month. Each line represents the change in
temperature and RH over an average day.
Passive cooling strategies are shown on this version of the bioclimatic chart as
overlapping zones. When our lines cross zones, it indicates that this strategy may
work for our climate. Some months may lend themselves to several different
strategies. To reduce cost, we would probably choose one or two strategies that are
compatible with each other and the building design.
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These passive cooling concepts address getting rid of heat that accumulates in
buildings. Of course, we also want to reduce heat gains in the first place with high
insulation levels, heat blocking windows, proper solar orientation and good shading
from building elements and vegetation.
Passive solar heating can also be assessed using the bioclimatic chart. Passive
solar heating is usually an appropriate strategy when the plotted lines fall anywhere
below the comfort zone.
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4.2 Active Cooling
Active cooling is the method of supplying cooling with the help of mechanical
cooling systems like fans, air conditioners and cooling towers.
The active cooling can be generated by air blowing devices like fans or can be
generated by water as in cooling towers or it can generated by both air and water
together known as evaporative active cooling.
We have all noticed how cool it feels near a waterfall on a hot summer day.
That's evaporative cooling: the reduction in air temperature that occurs when water
evaporates. Evaporative coolers, commonly called "swamp coolers," use this effect to
cool homes. Evaporative coolers have a low first cost, use a lot less electricity than
conventional air conditioners, and do not use refrigerants, such as chlorofluorocarbons
(CFCs) and hydro-chlorofluorocarbons (HCFCs), which can harm the ozone layer.
There are two types of evaporative coolers: direct and indirect.
•

In a direct evaporative cooler, a blower forces air through a permeable, watersoaked pad (fan-pad) or fog/mist system. As the air passes through the pad, it
is filtered, cooled, and humidified.

•

An indirect evaporative cooler has a secondary heat exchanger which prevents
humidity from being added to the air stream which enters the home.

4.2.1 Evaporative Cooling Methods

When water evaporates, it absorbs a large amount of heat from its surroundings
(about 1000 BTU per pound of water evaporated) [31]. The most familiar example of
this is the cooling effect of evaporating perspiration on the human skin. In arid, hot
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climates, body temperature is partially controlled by the rapid evaporation of
perspiration from the surface of the skin. In hot climates with high atmospheric
moisture, the cooling effect is less because the high moisture content of the
surrounding air. In both situations, however, the evaporation rate is raised as air
movement is increased. Both of these facts can be applied to natural cooling of
structures.
Evaporative methods can be used to enhance the cooling rates in convective
cooling systems. One way of doing this is to bring the outdoor air into the house
through a moist filter or pad as shown in Figure 4.2. The familiar evaporative cooler,
precursor to the air conditioner, is a mechanical system which uses these principles
with a motor to force air movement and distribution. Passive cooling strategies with
earth tubes and/or cool towers use the same principles but utilize natural systems for
air drivers and distribution.

Figure 4.2 Swamp cooler - drier
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Cool towers utilize wet cooling pads, and the force of gravity. Heavier, cooled
air "falls", via gravity, into the building and its momentum floods the habitable area.
This cool tower action can be enhanced and distribution extended, by the placement
of thermal chimney "drivers" which can pull the cooled air through the building with
an increase in both air quantity and velocity. In either case, the cooler air now has a
higher relative humidity, but this is not usually a problem and can even be a benefit in
arid climates.
In some areas, there may be a time of higher humidity (desert monsoon season).
While sensible heat continues to be mitigated by passive cooling techniques, the latent
heat contained in the humid air is more difficult to dissipate, which renders
evaporative cooling less effective. The integration of air dehumidification system
easily corrects this short term problematic condition.
With all evaporative cooling methods, it is important to maximize airflow
across the exposed water. Fresh air must be continually available to replace the humid
air being built up near or over the water. Failing this, air will be quickly saturated with
water vapor, and the evaporation and cooling rates will decline abruptly. Lips, edges
and other structures or buildings that could block or deflect prevailing winds away
from the water surfaces should be studiously avoided. Sometimes, a small fan to
disturb the air over a pond will greatly aid the evaporation rate on a hot, sultry day or
night.
Even with direct, active evaporative cooler systems, provision of interior
thermal mass combined with direct evaporative cooling is a combination that works
effectively. During the day, the structure can utilize the stored coolness in the walls
and floors, and maintain an improved level of comfort while reducing power
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requirements of direct evaporative cooler system. In many areas which are considered
hot, arid zones, periods of higher humidity renders mechanical evaporative cooling
unsatisfactory even when optimized techniques are used. A solution to this is the twostage evaporative cooling system, which has been shown to be an effective alternative
to direct evaporative cooling or refrigerated air-conditioning.
While not a passive system, two-stage evaporative cooling is an important
element to be considered as part of passive cooling strategies. Cooling is
accomplished by pre-cooling ambient air without humidification before further
cooling by evaporation. The cool air entering the structure is then exhausted, typically
through areas of heat gain such as windows or the attic. The pre-cooling may be
accomplished by a combined cooling tower, heat exchanger unit, or by nocturnally
cooled rock bed through which air is drawn. The second stage, evaporative cooling, is
accomplished by a standard commercial evaporative cooling device, or by passive
cooling elements of earth tubes or cool towers. Rock bed mechanical cooling has been
used extensively in Australia with high degrees of effectiveness.
Two-stage evaporative system can also be combined with active and hybrid solar
heating systems using the same storage (rock bed) system for both seasons. This type
of system is necessarily suited for new construction because of the requirement for the
rock bed, which is most effectively located beneath the structure. It works well during
hot, humid periods using only slightly more power than direct evaporative cooling
and the comfort attained is similar to that of refrigerated air-conditioning.
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Recuperative and regenerative evaporative cooling options are other methods to
produce greater comfort using evaporative cooling. These techniques use the
relatively cool air exhausted from the structure to improve the performance of the
evaporative cooling device. Evaporatively cooled water reduces in temperature the
ambient air in the heat exchanger without humidification as it enters the structure. The
cool, dry air warms a few degrees as it passes through the structure and exits through
the evaporative cooling device or a cooling structure. Since the exiting air is cool and
dry, the wet bulb temperature is lower and the water produced by the evaporative
cooling device is cooler than if ambient air were used. The rock bed heat exchanger
and the evaporative cooling device could be combined into a single unit. If the rock
bed is used to store heat in the winter, the cost effectiveness of the system is
improved.
Because of the large volumes of air that are moved in an effective evaporative
system, the ducts must be large and appropriately sized. Typically, evaporative cooler
ducts are at least three times the cross-section area of ducts refrigeration; ducts should
be laid out using the shortest route possible and a minimum of turns. Evaporative
cooling has been shown to be an effective alternative to refrigerated air-conditioning
throughout the desert regions of the southwest of US. The selection of the particular
evaporative cooling techniques must be made carefully through analyzing the local
climatic conditions. These cooling systems should be integrated into the design of the
home and where possible, with the design of the solar heating system. By integrating
these systems at the design stage, greater efficiencies and more attractive economics
can be obtained.
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4.3 Comparisons to Air Conditioning
Comparison of evaporative cooling to electric air conditioning according to
reference [32]:

Less expensive to install
•

Estimated cost for installation is 1/8 to 1/2 that of refrigerated air conditioning

Less expensive to operate
•

Estimated cost of operation is 1/4 that of refrigerated air.

•

Power consumption is limited to the fan and water pump vs. compressors,
pumps, and blowers in case of refrigerated air.

Ease of Maintenance
•

The only two mechanical parts in most basic evaporative coolers are the fan
motor and the water pump, both of which can be repaired for very little cost
and often by a mechanically able homeowner.

Ventilation air
•

The constant and high volumetric flow rate of air through the building reduces
the age-of-air in the building dramatically.

•

Evaporative cooling increases humidity, which, in dry climates, may improve
the breath ability of the air.

•

The pad itself acts as a rather effective air filter when properly maintained; it
is capable of removing a variety of contaminants in air, including urban ozone
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caused by pollution, regardless of very dry weather. Refrigeration-based
cooling systems lose this ability whenever there is not enough humidity in the
air to keep the evaporator wet while providing a constant trickle of condensate
that washes out dissolved impurities removed from the air.
•

Carbon Dioxide emissions are many times lower than refrigerated [33].

•

Evaporative cooling systems produce thermal comfort for people especially in
the dry weather; but it may cause them thermal discomfort in the humid
regions when the humidity registers high values. Basically, the feeling of
comfort or discomfort depends on many factors such as air temperature,
temperature of adjacent surfaces, air humidity, air movements, and
individual's health and perception. When the climatic conditions are such that
the rate of exchange of heat between the body and the environment are in
balance then this range of environmental temperature is called the comfort
zone. In the comfort zone, the heat balance is maintained primarily by
regulating the flow of blood in the body. For a clothed and resting person this
zone lies between 20 and 23 degrees centigrade. When the surrounding
temperature is slightly above the comfort zone, the body uses the additional
mechanism of perspiration to maintain the body temperature. The range of
temperature where this happens is called the zone of evaporative control. The
maximum temperature that the body can deal with in this way is called the
limit of tolerance. Rise in temperature beyond this level can cause heat stroke
and event death. At temperature below zone of comfort the body maintains its
temperature by body generating more heat internally, which results in loss of
heat from the body. This is called the zone of cooling. In this zone the the
temperature of the peripheral parts of the body reduces, which the body is able
35

to withstand, however continued reduction causes reduction in core body
temperature leading to death by freezing. The comfort chart (figure 4.3) relates
effective temperature, dry-bulb temperature, relative humidity, wet-bulb
temperature, and air movement to human comfort. This chart indicates
comfort zones of people for different weather conditions [34].

Figure 4.3 Comfort chart

In this chart, the air temperature is plotted on the vertical axis and
relative humidity on the horizontal axis. The shaded solid line area near the
center of the graph shows the combination of temperature and humidity which
most humans would find comfortable during the summer if they are sitting in
the shade. The dotted area shows the comfort zone for the winter. It is
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interesting to see that the human body can actually adjust somewhat to
different seasons.
The climatic elements around the comfort zone are shown by means of curves,
which indicate the nature of corrective measures necessary to restore the
feeling of comfort at any point outside the comfort zone. For any point of
known dry-bulb temperature and relative humidity, which falls within the
boundaries of the comfort zone, no corrective measures are needed.
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CHAPTER 5
FAN AIRSPEED MEASUREMENT
The determination of fan airspeed is important since it plays the biggest role in
evaporation process and in determination of the area covered for each fan.
For the lack of information of fan airspeed for the three fans used in the
experiment, it was necessary to think about some way to measure the fan airspeed for
each fan.
The measurement of fan airspeed was done in two stages. The first stage was to
find a relationship for calculating the fan airspeed by using a small fan connected to a
voltmeter in the following manner. By using a car moving in different speeds while
the small fan was fixed outside the car and taking the readings of the voltmeter for
each car speed as shown in figure 5.1. A relationship that relates airspeed and voltage
is now available and could be used later to calculate each fan airspeed as stated in the
second stage.

Figure 5.1 Small fan and Voltmeter used
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The experimental data is shown in table 5.1.
Table 5.1 Experimental data of airspeed versus voltage
Car Airspeed (m/s)

Volt (v)

5.555555556

0.85

8.333333333

2.1

11.11111111

3.3

13.88888889

3.9

16.66666667

4.4

19.44444444

5.5

22.22222222

6

25

6.9

27.77777778

7.7

30.55555556

8.8

33.33333333

9.4

36.11111111

10.4

38.88888889

11.1

41.66666667

12.1

44.44444444

12.6
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The relation of Voltmeter versus airspeed is shown in figure 5.2.

Figure 5.2 Relation of airspeed and voltage of airspeed measuring device

Equation (5.1) relates the fan airspeed and voltage.
Fan airspeed =
7.6 x10−5Volt 7 − 0.0036Volt 6 + 0.069Volt 5 − 0.67Volt 4 + 3.5Volt 3 − 9Volt 2 + 13Volt − 0.59 …………...(5.1)
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In the second stage, the airspeed is measured for each fan with the small fan and
with the voltmeter at the discharge side or intake into a fan. Airspeeds are more
accurately determined on the discharge side of the fan than on the inlet side according
to reference [35]. Many readings should be taken across the face of the fan to get an
average airspeed. Because this is a rather crude field measurement, including as many
readings as possible, using the nine readings shown in the fan figure as a minimum as
shown in figure 5.3. Each measurement represents only a very small area of airflow
over the fan face. Airspeed varies greatly across the face of a fan, with highest
velocities coming off the blade tips and minimal velocity near the drive shaft.
Velocities are determined near the blade tip, at the blade midpoint, and at the center of
the fan as shown in figure 5.4.

Figure 5.3 Reading locations taken across the fan
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While measuring, it is preferred to step back out of the airflow, to the side of the
fan when possible to minimize the amount of airflow that the body blocks. A long
cable attaching the small fan and the voltmeter offers an advantage here.

Figure 5.4 Variation in airspeed coming off fan tips versus near fan hub

Instead of using this method in measuring fan airspeed, there are several
instruments which are appropriate for measuring the fast airspeed exiting a fan, listed
in preferential order: vane anemometer, hot-wire anemometer, velocity manometer, or
airspeed streamer.
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The 20-inch fan:
•

Maximum voltage reading is 0.65

•

Maximum airspeed corresponds to voltage reading is 4.74 m/s

The 24-inch fan:
•

Maximum voltage reading is 1.12 V

•

Maximum airspeed corresponds to voltage reading is 6.36 m/s

The 30-inch fan:
•

Maximum voltage reading is 1.95 V

•

Maximum airspeed corresponds to voltage reading is 7.99 m/s

Table 5.2 Airspeed of the three fans
Fan Type

20-inch Fan 24-inch Fan 30-inch Fan

Diameter (m)

0.5

0.6

0.75

Max. Airspeed (m/s)

4.74

6.36

7.99
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CHAPTER 6
EXPERIMENTAL SET-UP AND TEQUNIQUES
In this chapter, experimental procedure and results are presented for the first
stage (without mist) and for the second stage with (mist).

6.1 First Stage (Without Mist)
The first stage is devoted to find empirical relationship that relates the fan
coverage area with fan diameter from one aspect and the fan coverage area with fan
heights from the other aspect. For this stage of experiment, three fans are selected
with the following diameters (20 inch, 24 inch and 30 inch). These fans are selected
specifically to have exactly aerodynamic similarities except the length of diameter
where we have three different lengths of diameters as stated above.
It was proposed to measure the temperature for each diameter in the coverage
area of each fan but that it was difficult because of the minor differences of
temperature reading and it was impossible to be able to note these little differences
with the used thermometers.
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6.1.1 20-inch Fan
The airspeed of the 20-inch fan was measured as discussed in detail in chapter 5.

Figure 6.1. Reading locations taken across the 20-inch fan

6.1.1.1 1-Diameter in Height

The 20-inch fan is leveled for its first diameter in height as shown in figure 6.2.

Figure 6.2 20-inch fan (DS) for the first 1-diameter in height (h = 1D)
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The airspeed is measured for each diameter converge area for the first diameter in
height and tabulated in table 6.1

Table 6.1 Airspeed measurements of 20-inch fan (DS) for 1-diameter in height (h =1)
Distance in diameter

Airspeed (m/s)

1

0.9

2

1.5

3

2

4

2.6

5

3.5

6

2.5

7

1.7

8

1.0

9

0.55
0

10
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Figure 6.3 Airspeed measurements of 20-inch fan (DS) for 1-diameter in height (h =1)
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6.1.1.2 2-Diameter in Height

The 20-inch fan is leveled for its second diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.2

Table 6.2 Airspeed measurements of 20-inch fan (DS) for 2-diameter in height (h =2)
Range in diameter (DS)

Airspeed (m/s)

1

0.03

2

0.31

3

0.81

4

1.4

5

2.12

6

2.85

7

2

8

1.4

9

1

10

0.6

11

0.3

12

0
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Figure 6.4 Airspeed measurements of 20-inch fan (DS) for 2-diameter in height (h =2)
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6.1.1.3 3-Diameter in Height

The 20-inch fan is leveled for its third diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.3
Table 6.3 Airspeed measurements of 20-inch fan (DS) for 3-diameter in height (h =3)
Range in diameter (DS)

Airspeed (m/s)

1

0.01

2

0.07

3

0.22

4

0.43

5

0.7

6

1.01

7

2.58

8

1.7

9

1.2

10

0.8

11

0.5

12

0.3

13

0.1

14

0

50

Figure 6.5 Airspeed measurements of 20-inch fan (DS) for 3-diameter in height (h =3)
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6.1.1.4 4-Diameter in Height

The 20-inch fan is leveled for its fourth diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.4.
Table 6.4 Airspeed measurements of 20-inch fan (DS) for 4-diameter in height (h =4)
Range in diameter (DS)

Airspeed (m/s)

1

0

2

0.02

3

0.05

4

0.13

5

0.23

6

0.5

7

0.8

8

2.0

9

1

10

0.7

11

0.5

12

0.4

13

0.3

14

0.2

15

0.1

16

0
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Figure 6.6 Airspeed measurements of 20-inch fan (DS) for 4-diameter in height (h =4)
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6.1.1.5 5-Diameter in Height

The 20-inch fan is leveled for its fifth diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.5
Table 6.5 Airspeed measurements of 20-inch fan (DS) for 5-diameter in height (h =5)
Range in diameter (DS)

Airspeed (m/s)

1

0

2

0

3

0

4

0.01

5

0.03

6

0.08

7

0.14

8

0.27

9

1.5

10

1

11

0.55

12

0.1

13

0.05

14

0
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Figure 6.7 Airspeed measurements of 20-inch fan (DS) for 5-diameter in height (h =5)
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The airspeed measurements of 20-inch fan for all heights are plotted in figure 6.8
showing fan maximum airspeed range occurs at the 4th diameter height.

Figure 6.8 Airspeed measurements of 20-inch fan (DS) for all heights
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6.1.1.6 Angle Effect of 20-inch Fan

The angle effect of the fans is included in the experiments. For zero angle (θ0)
as explained in default case, the airspeed and temperature effect could reach
maximum range but for higher levels of fans like in the 4th Diameter and in the 5th
Diameter, the area that is directly below the fan is affected and the airspeed and
temperature decrease in that area could be lesser than we wish to achieve thermal
comfort, so because of that, the fans are configured to different angles as expressed in
equations (6.1), (6.3) and (6.2); and the airspeed is measured as shown in figure 6.9.

tan θ0 =

5D
=0
∞

Î θ0 = 0 (default case)

(6.1)

tan θ1 =

5D
1
=
10 D
2

Î θ1 = 26.56o

(6.2)

tan θ2 =

5D
5D

Î θ2 = 45o

(6.3)

=1
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Figure 6.9 Configuration of angle effect case study of 20-inch fan (DS)
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Table 6.6 Airspeed measurements of 20-inch fan (DS) for angle case

20-inch Fan (angle case)
Range in
diameter
(DS)

θ0

θ1

θ2

1

0

0

0.01

2

0

0.01

0.02

3

0

0.03

0.05

4

0.01

0.06

0.11

5

0.03

0.11

0.19

6

0.08

0.19

0.29

7

0.14

0.28

1.25

8

0.27

1.4

0.9

9

1.5

1.1

0.55

10

1

0.65

0

11

0.55

0.25

0

12

0.1

0

0

13

0.05

0

0

14

0

0

0

Airspeed (m/s )
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Figure 6.10 Airspeed measurements of 20-inch fan (DS) for angle case
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6.1.1.7 Side-wise Investigation of 20-inch Fan

As shown in figure 6.8, the maximum covered area range of the 20-inch fan is 16
diameters front-wise (16DS) in the fourth diameter in height. The side-wise maximum
range is investigated as shown in figure 6.11.

Figure 6.11 Airspeed measurements in the side-wise of 20-inch Fan
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The airspeeds were measured along the 8the diameter (8DS) front wise location
where the maximum airspeed value was registered before.

Table 6.7 Airspeed measurements in the side-wise of 20-inch Fan

20-inch Fan (side-wise)
Distance in
diameter
(DS)
8

Airspeed (m/s)
1-D side-wise

2-D side-wise

3-D side-wise

2.0

0.8

0

Figure 6.12 Airspeed measurements in the side-wise of 20-inch Fan
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6.1.2 24-inch Fan
The airspeed of the 24-inch fan was measured as discussed in detail in chapter 5.

6.1.2.1 1-Diameter in Height

The 24-inch fan is leveled for its first to fifth diameters consequently as the
same as it has been done for the 20-inch fan shown in figure 6.2.

The airspeed is measured for each diameter converge area for the first diameter
in height and tabulated in table 6.8

Table 6.8 Airspeed measurements of 24-inch fan (Dm) for 1-diameter in height (h =1)
Range in diameter (Dm)

Airspeed (m/s)

1

2.2

2

3.1

3

4

4

5.63

5

4

6

2.6

7

1.05

8

0
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Figure 6.13 Airspeed measurements of 24-inch fan (Dm) for 1-diameter in height (h =1)
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6.1.2.2 2-Diameter in Height

The 24-inch fan is leveled for its second diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.9

Table 6.9 Airspeed measurements of 24-inch fan (Dm) for 2-diameter in height (h =2)
Range in diameter (Dm)

Airspeed (m/s)

1

0.05

2

0.52

3

1.36

4

2.39

5

4.52

6

3

7

2

8

1.2

9

0.5

10

0
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Figure 6.14 Airspeed measurements of 24-inch fan (Dm) for 2-diameter in height (h =2)
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6.1.2.3 3-Diameter in Height

The 24-inch fan is leveled for its third diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.10
Table 6.10 Airspeed measurements of 24-inch fan (Dm) for 3-diameter in height (h =3)
Range in diameter (Dm)

Airspeed (m/s)

1

0.02

2

0.16

3

0.47

4

0.91

5

1.44

6

3.67

7

2.4

8

1.4

9

1

10

0.6

11

0.3

12

0
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Figure 6.15 Airspeed measurements of 24-inch fan (Dm) for 3-diameter in height (h =3)
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6.1.2.4 4-Diameter in Height

The 24-inch fan is leveled for its fourth diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.11
Table 6.11 Airspeed measurements of 24-inch fan (Dm) for 4-diameter in height (h =4)
Range in diameter (Dm)

Airspeed (m/s)

1

0

2

0.05

3

0.18

4

0.39

5

0.67

6

1.1

7

2.87

8

2

9

1.4

10

0.8

11

0.5

12

0.3

13

0.1

14

0
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Figure 6.16 Airspeed measurements of 24-inch fan (Dm) for 4-diameter in height (h =4)
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6.1.2.5 5-Diameter in Height

The 24-inch fan is leveled for its fifth diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.12
Table 6.12 Airspeed measurements of 24-inch fan (Dm) for 5-diameter in height (h =5)
Range in diameter (Dm)

Airspeed (m/s)

1

0

2

0

3

0

4

0.03

5

0.11

6

0.25

7

0.49

8

1.47

9

0.95

10

0.5

11

0.2

12

0
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Figure 6.17 Airspeed measurements of 24-inch fan (Dm) for 5-diameter in height (h =5)
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The airspeed measurements of 24-inch fan for all heights are plotted in figure
6.18 showing fan maximum airspeed range occurs at the 4th diameter height.

Figure 6.18 Airspeed measurements of 24-inch fan (Dm) for all heights
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6.1.2.6 Angle Effect of 24-inch Fan

The angle effect of the 24-inch fan is included in the experiments. For zero
angle (θ0) as explained in default case, the airspeed and temperature effect could reach
maximum range but for higher levels of fans like in the 4th Diameter and in the 5th
Diameter, the area that is directly below the fan is affected and the airspeed and
temperature decrease in that area could be lesser than we wish to achieve thermal
comfort, so because of that, the fans are configured to different angles as expressed in
equations (6.1), (6.3) and (6.2); and the airspeed is measured as shown in figure 6.9.

Table 6.13 Airspeed measurements of 24-inch fan (Dm) for angle case

24-inch Fan (angle case)
Range in
diameter
(Dm)

θ0

θ1

θ2

1

0

0

0.06

2

0

0.03

0.16

3

0

0.1

0.25

4

0.03

0.2

0.4

5

0.11

0.3

0.6

6

0.25

0.5

1.39

7

0.49

1.44

1.15

8

1.47

1.14

0.8

9

0.95

0.7

0

10

0.5

0.2

0

11

0.2

0

0

12

0

0

0

Airspeed (m/s )
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Figure 6.19 Airspeed measurements of 24-inch fan (Dm) for angle case
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6.1.2.7 Side-wise Investigation of 24-inch Fan

As shown in figure 6.18, the maximum covered range of the 24-inch fan is 14
diameters front-wise (14Dm) in the fourth diameter in height. The side-wise maximum
range is investigated as shown in figure 6.11.
The airspeeds were measured along the 7the diameter (7Dm) front wise location
where the maximum airspeed value was registered before.

Table 6.14 Airspeed measurements in the side-wise of 24-inch Fan

24-inch Fan (side-wise)
Distance in
diameter
(Dm)
7

Airspeed (m/s)
1-D side-wise

2-D side-wise

3-D side-wise

2.87

1.2

0

Figure 6.20 Airspeed measurements in the side-wise of 24-inch Fan
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6.1.3 30-inch Fan
The airspeed of the 30-inch fan was measured as discussed in detail in chapter 5.

6.1.3.1 1-Diameter in Height

The 30-inch fan is leveled for its first to fifth diameters consequently as the
same as it has been done for the 20-inch fan and 24-inch fan shown in figure 6.2.

The airspeed is measured for each diameter converge area for the first diameter
in height and tabulated in table 6.15.

Table 6.15 Airspeed measurements of 30-inch fan (DL) for 1-diameter in height (h =1)
Range in diameter (DL)

Airspeed (m/s)

1

2.63

2

4.1

3

6.4

4

4.7

5

2.8

6

0
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Figure 6.21 Airspeed measurements of 30-inch fan (DL) for 1-diameter in height (h =1)
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6.1.3.2 2-Diameter in Height

The 30-inch fan is leveled for its second diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.16

Table 6.16 Airspeed measurements of 30-inch fan (DL) for 2-diameter in height (h =2)
Range in diameter (DL)

Airspeed (m/s)

1

0.49

2

1.8

3

3.0

4

5.3

5

3.9

6

2.5

7

1.4

8

0
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Figure 6.22 Airspeed measurements of 30-inch fan (DL) for 2-diameter in height (h =2)
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6.1.3.3 3-Diameter in Height

The 30-inch fan is leveled for its third diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.17
Table 6.17 Airspeed measurements of 30-inch fan (DL) for 3-diameter in height (h =3)
Range in diameter (DL)

Airspeed (m/s)

1

0.07

2

0.47

3

1.12

4

1.92

5

4.46

6

3

7

2

8

1.3

9

0.6

10

0
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Figure 6.23 Airspeed measurements of 30-inch fan (DL) for 3-diameter in height (h =3)
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6.1.3.4 4-Diameter in Height

The 30-inch fan is leveled for its forth diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.18.

Table 6.18 Airspeed measurements of 30-inch fan (DL) for 4-diameter in height (h =4)
Range in diameter (DL)

Airspeed (m/s)

1

0

2

0.13

3

0.53

4

0.98

5

1.68

6

3.68

7

2.7

8

1.8

9

1.3

10

0.8

11

0.4

12

0
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Figure 6.24 Airspeed measurements of 30-inch fan (DL) for 4-diameter in height (h =4)
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6.1.3.5 5-Diameter in Height

The 30-inch fan is leveled for its fifth diameter in height. The airspeed is
measured for each diameter converge area and tabulated in table 6.19
Table 6.19 Airspeed measurements of 30-inch fan (DL) for 5-diameter in height (h =5)
Distance in diameter

Airspeed (m/s)

1

0

2

0

3

0

4

0.16

5

0.53

6

1.03

7

1.91

8

1.1

9

0.5

10

0
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Figure 6.25 Airspeed measurements of 30-inch fan (DL) for 5-diameter in height (h =5)
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The airspeed measurements of 30-inch fan for all heights are plotted in figure
6.26 showing fan maximum airspeed range occurs at the 4th diameter height.

Figure 6.26 Airspeed measurements of 30-inch fan (DL) for all heights
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6.1.3.6 Angle Effect of 30-inch Fan

The angle effect of the 30-inch fan is included in the experiments. For zero
angle (θ0) as explained in default case, the airspeed and temperature effect could reach
maximum range but for higher levels of fans like in the 4th Diameter and in the 5th
Diameter, the area that is directly below the fan is affected and the airspeed and
temperature decrease in that area could be lesser than we wish to achieve thermal
comfort, so because of that, the fans are configured to different angles as expressed in
equations (6.1), (6.3) and (6.2); and the airspeed is measured as shown in figure 6.9.

Table 6.20 Airspeed measurements of 30-inch fan (DL) for angle case

30-inch Fan (angle case)
Range in
diameter
(DL)

θ0

θ1

θ2

1

0

0

0.2

2

0

0.13

0.35

3

0

0.25

0.6

4

0.16

0.6

0.9

5

0.53

1

1.7

6

1.03

1.8

1.19

7

1.91

1.3

0.75

8

1.1

0.75

0

9

0.5

0

0

10

0

0

0

Airspeed (m/s )
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Figure 6.27 Airspeed measurements of 30-inch fan (DL) for angle case
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6.1.3.7 Side-wise Investigation of 30-inch Fan

As shown in figure 6.26, the maximum covered range of the 30-inch fan is 12
diameters front-wise (12DL) in the fourth diameter in height. The side-wise maximum
range is investigated as shown in figure 6.11.
The airspeeds were measured along the 6the diameter (6DL) front wise location
where the maximum airspeed value was registered before.

Table 6.21 Airspeed measurements in the side-wise of 30-inch Fan

30-inch Fan (side-wise)
Distance in
diameter
(DL)
6

Airspeed (m/s)
1-D side-wise

2-D side-wise

3-D side-wise

3.68

1.5

0

Figure 6.28 Airspeed measurements in the side-wise of 30-inch Fan
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6.2 Second Stage (With Mist)
6.2.1 Experimental Setup and Equipments

The second stage is devoted to investigate the temperature domain for the same
three different fan diameters (20 inch fan diameter, 24 inch fan diameter and 30 inch
fan diameter) used in the first stage as shown in figure 3.1; and for different heights
with mist; to find empirical relationship that relates temperature with fan diameter
from one aspect and temperature with fan heights from the other aspect.
Mist system was attached to each fan consists of six nozzles, each nozzle was of
about 200 micrometer diameter with an operating pressure of about 50 bar as shown
in figure 6.29.

Figure 6.29 Fan with mist nozzles

To generate mist, an air small pump is used to pump the water from a reservoir
to a water pump which pumps the water with a pressure of about 50 bar to the nozzles
attached to each fan as shown in figures 6.30 to 6.34.
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Figure 6.30 Location of the mist experiments

Figure 6.31 Reservoir used in the mist experiment
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Figure 6.32 Water pump used in the mist experiment

Figure 6.33 The pressure gage of the water pump
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Figure 6.34 Conducting experiments with my advisor Dr. Ahmed AL-Garni

There were some instruments used in the experiments to measure the airspeed as
discussed in detail in chapter 4, also there were thermometers used to measure the
temperature and humidity as shown in the following figures.

Figure 6.35 A very sensitive thermometer used in the experiments
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Figure 6.36 A very sensitive remote-laser thermometer used in the experiments

Figure 6.37 An instrument used to measure temperature and relative humidity

Figure 6.38 An instrument used to measure the relative humidity
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In the second stage, the experimental procedure is exactly repeated the same
way of the first stage but adding the effect of the mist, keeping in mind the air
temperature is about 40 0C and the relative humidity is about 50%.

6.2.2 20-inch Fan (with mist)
6.2.2.1 1-Diameter in Height

The 20-inch fan is leveled for its first diameter in height as shown in figure 6.39.

Figure 6.39 20-inch fan (DS) for the first 1-diameter in height (h = 1D) (with mist)

The temperature is measured for each diameter converge area for the first diameter in
height and tabulated in table 6.22
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Table 6.22 Temperature measurements of 20-inch fan (DS) for 1-diameter in height

(h = 1D) (with mist)
Range in diameter (DS)

Temperature (0C )

1

36.5

2

35.8

3

35

4

34.6

5

33.9

6

33.6

7

32.9

8

32.4

9

32.8

10

34.8

11

37.4

12

40
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Figure 6.40 Temperature measurements of 20-inch fan (DS) for 1-diameter in height

(h = 1D) (with mist)
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6.2.2.2 2-Diameter in Height

The 20-inch fan is leveled for its second diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.23

Table 6.23 Temperature measurements of 20-inch fan (DS) for 2-diameter in height

(h = 2D) (with mist)
Range in diameter (DS)

Temperature (0C )

1

37

2

36.2

3

35.5

4

35.1

5

34.4

6

34.0

7

33.5

8

33.0

9

32.3

10

32.6

11

33.8

12

35.4

13

37.8

14

40
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Figure 6.41 Temperature measurements of 20-inch fan (DS) for 2-diameter in height

(h = 2D) (with mist)
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6.2.2.3 3-Diameter in Height

The 20-inch fan is leveled for its third diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.24

Table 6.24 Temperature measurements of 20-inch fan (DS) for 3-diameter in height

(h = 3D) (with mist)
Range in diameter (DS)

Temperature (0C )

1

38

2

36.8

3

36.4

4

35.5

5

34.7

6

34.4

7

33.9

8

33.5

9

33.2

10

32.5

11

32.6

12

33.4

13

34.5

14

36.2

15

38.4

16

40
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Figure 6.42 Temperature measurements of 20-inch fan (DS) for 3-diameter in height

(h = 3D) (with mist)
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6.2.2.4 4-Diameter in Height

The 20-inch fan is leveled for its fourth diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.25

Table 6.25 Temperature measurements of 20-inch fan (DS) for 4-diameter in height

(h = 4D) (with mist)
Range in diameter (DS)

Temperature (0C )

1

38.9

2

37.5

3

36.7

4

36

5

35.2

6

34.8

7

34.5

8

34

9

33.7

10

33.2

11

32.5

12

32.8

13

33.2

14

34

15

35.5

16

37

17

38.4

18

40
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Figure 6.43 Temperature measurements of 20-inch fan (DS) for 4-diameter in height

(h = 4D) (with mist)
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6.2.2.5 5-Diameter in Height

The 20-inch fan is leveled for its fifth diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.26

Table 6.26 Temperature measurements of 20-inch fan (DS) for 5-diameter in height

(h = 5D) (with mist)
Range in diameter (DS)

Temperature (0C )

1

39.9

2

38.4

3

37.3

4

36.5

5

35.7

6

35.1

7

34.7

8

34.4

9

33.7

10

32.6

11

32.9

12

33.7

13

34.8

14

36.5

15

38.9

16

40
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Figure 6.44 Temperature measurements of 20-inch fan (DS) for 5-diameter in height

(h = 5D) (with mist)
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The temperature measurements of 20-inch fan for all heights are plotted in
figure 6.45 showing fan maximum temperature range occurs at the 4th diameter height.

Figure 6.45 Temperature measurements of 20-inch fan (DS) for all heights (with mist)
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6.2.2.6 Angle Effect of 20-inch Fan (with mist)

As done in the first stage, the angle effect of the three fans is also investigated
in the second stage with mist; Starting with the 20-inch fan by using equations (6.4),
(6.5) and (6.6); measuring the temperature as shown in figure 6.44.

tan θ0 =

5D
=0
∞

Î θ0 = 0 (default case)

(6.4)

tan θ1 =

5D
1
=
10 D
2

Î θ1 = 26.56o

(6.5)

tan θ2 =

5D
5D

Î θ2 = 45o

(6.6)

=1

Figure 6.46 Configuration of angle effect case study of 20-inch fan (DS) with mist
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Table 6.27 Temperature measurements of 20-inch fan (DS) for angle case (with mist)

20-inch Fan (angle case)
Temperature (0C )

Range in
diameter
(DS)

θ0

θ1

θ2

1

39.9

38.9

37.9

2

38.4

37.4

36.4

3

37.3

36.3

35.3

4

36.5

35.5

34.5

5

35.7

34.7

33.7

6

35.1

34.1

33.4

7

34.7

33.7

33

8

34.4

33.4

32.7

9

33.7

32.7

33.2

10

32.6

33.4

34.9

11

32.9

34.4

36.7

12

33.7

36

40

13

34.8

37.7

14

36.5

40

15

38.9

16

40
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Figure 6.47 Temperature measurements of 20-inch fan (DS) for angle case (with mist)
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6.2.2.7 Side-wise Investigation of 20-inch Fan (with mist)

As shown in figure 6.45, the maximum covered range of the 20-inch fan is 18
diameters front-wise (18DS) in the fourth diameter in height. The side-wise maximum
range is investigated as shown in figure 6.48.

Figure 6.48 Temperature measurements in the side-wise of 20-inch Fan
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The temperatures were measured along the 11the diameter (11DS) front wise
location where the minimum temperature value was registered before.

Table 6.28 Temperature measurements in the side-wise of 20-inch Fan (DS) (with mist)

20-inch Fan (side-wise)
Distance
in
diameter
(DS)

1-D
sidewise

11

32.5

Temperature (0C )
2-D 3-D 4-D 5-D 6-D 7-D 8-D
side- side- side- side- side- side- sidewise wise wise wise wise wise wise
33

33.8

34.7

35.6

36.8

38

40

Figure 6.49 Temperature measurements in the side-wise of 20-inch Fan (DS) (with mist)
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6.2.3 24-inch Fan (with mist)
6.2.3.1 1-Diameter in Height

The 24-inch fan is leveled for its first to fifth diameters consequently as the
same as it has been done for the 20-inch fan shown in figure 6.39.
The temperature is measured for each diameter converge area for the first
diameter in height and tabulated in table 6.29

Table 6.29 Temperature measurements of 24-inch fan (Dm) for 1-diameter in height

(h = 1D) (with mist)
Range in diameter (Dm)

Temperature (0C )

1

37.5

2

36.7

3

35.8

4

34.9

5

34.3

6

33.5

7

32

8

33.5

9

36

10

40
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Figure 6.50 Temperature measurements of 24-inch fan (Dm) for 1-diameter in height

(h = 1D) (with mist)
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6.2.3.2 2-Diameter in Height

The 24-inch fan is leveled for its second diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.30

Table 6.30 Temperature measurements of 24-inch fan (Dm) for 2-diameter in height

(h = 2D) (with mist)
Range in diameter (Dm)

Temperature (0C )

1

37

2

36.5

3

35.7

4

35

5

34.1

6

33.6

7

32.7

8

32

9

32.5

10

34.5

11

37

12

40
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Figure 6.51 Temperature measurements of 24-inch fan (Dm) for 2-diameter in height

(h = 2D) (with mist)
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6.2.3.3 3-Diameter in Height

The 24-inch fan is leveled for its third diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.31

Table 6.31 Temperature measurements of 24-inch fan (Dm) for 3-diameter in height

(h = 3D) (with mist)
Range in diameter (Dm)

Temperature (0C )

1

37.9

2

37

3

36.2

4

35.5

5

34.6

6

34.0

7

33.2

8

32.8

9

32

10

32.5

11

33.9

12

35.8

13

38

14

40
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Figure 6.52 Temperature measurements of 24-inch fan (Dm) for 3-diameter in height

(h = 3D) (with mist)
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6.2.3.4 4-Diameter in Height

The 24-inch fan is leveled for its fourth diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.32

Table 6.32 Temperature measurements of 24-inch fan (Dm) for 4-diameter in height

(h = 4D) (with mist)
Range in diameter (Dm)

Temperature (0C )

1

38.9

2

37.6

3

36.8

4

36

5

35.2

6

34.6

7

33.8

8

33.1

9

32.6

10

31.8

11

32.5

12

33.5

13

35

14

36.3

15

38.2

16

40
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Figure 6.53 Temperature measurements of 24-inch fan (Dm) for 4-diameter in height

(h = 4D) (with mist)
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6.2.3.5 5-Diameter in Height

The 24-inch fan is leveled for its fifth diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.33

Table 6.33 Temperature measurements of 24-inch fan (Dm) for 5-diameter in height

(h = 5D) (with mist)
Range in diameter (Dm)

Temperature (0C )

1

39.9

2

38.4

3

37.3

4

36.5

5

35.7

6

35.1

7

34.5

8

33.5

9

32.1

10

32.8

11

34.2

12

36.2

13

38.2

14

40
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Figure 6.54 Temperature measurements of 24-inch fan (Dm) for 5-diameter in height

(h = 5D) (with mist)
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The temperature measurements of 24-inch fan for all heights are plotted in
figure 6.55 showing fan maximum temperature range occurs at the 4th diameter height.

Figure 6.55 Temperature measurements of 24-inch fan (Dm) for all heights (with mist)
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6.2.3.6 Angle Effect of 24-inch Fan (with mist)

As done in the first stage, the angle effect of the 24-inch fan is also
investigated in the second stage with mist using equations (6.4), (6.5) and (6.6);
measuring the temperature as shown in figure 6.46.

Table 6.34 Temperature measurements of 24-inch fan (Dm) for angle case (with mist)

24-inch Fan (angle case)
Temperature (0C )

Range in
diameter
(Dm)

θ0

θ1

θ2

1

39.9

38.9

37.8

2

38.4

37.4

36.1

3

37.3

36.3

35.4

4

36.5

35.5

34.8

5

35.7

34.7

33.9

6

35.1

34.1

33

7

34.5

33

32

8

33.5

32

33.1

9

32.1

33.3

35.1

10

32.8

34.6

40

11

34.2

36.9

12

36.2

40

13

38.2

14

40
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Figure 6.56 Temperature measurements of 24-inch fan (Dm) for angle case (with mist)
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6.2.3.7 Side-wise Investigation of 24-inch Fan (with mist)

As shown in figure 6.55, the maximum covered range of the 24-inch fan is 16
diameters front-wise (16Dm) in the fourth diameter in height. The side-wise maximum
range is investigated as shown in figure 6.48.
The temperatures were measured along the 10the diameter (10Dm) front wise
location where the minimum temperature value was registered before.

Table 6.35 Temperature measurements in the side-wise of 24-inch Fan (Dm) (with mist)

24-inch Fan (side-wise)
Distance
in
diameter
(Dm)

1-D
sidewise

2-D
sidewise

10

31.8

32.5

Temperature (0C )
3-D
4-D
5-D
side- side- sidewise
wise
wise
33.3

34.5

36

6-D
sidewise

7-D
sidewise

38

40

Figure 6.57 Temperature measurements in the side-wise of 24-inch Fan (Dm) (with mist)
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6.2.4 30-inch Fan (with mist)
6.2.4.1 1-Diameter in Height

The 30-inch fan is leveled for its first to fifth diameters consequently as the
same as it has been done for the 20-inch fan shown in figure 6.39.
The temperature is measured for each diameter converge area for the first
diameter in height and tabulated in table 6.36

Table 6.36 Temperature measurements of 30-inch fan (DL) for 1-diameter in height

(h = 1D) (with mist)
Range in diameter (DL)

Temperature (0C )

1

36.3

2

35.5

3

35

4

34.3

5

33.1

6

31.9

7

33.3

8

40

127

Figure 6.58 Temperature measurements of 30-inch fan (DL) for 1-diameter in height

(h = 1D) (with mist)
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6.2.4.2 2-Diameter in Height

The 30-inch fan is leveled for its second diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.37

Table 6.37 Temperature measurements of 30-inch fan (DL) for 2-diameter in height

(h = 2D) (with mist)
Range in diameter (DL)

Temperature (0C )

1

37.1

2

36.3

3

35.7

4

35

5

34

6

33.1

7

31.7

8

32.8

9

35.6

10

40
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Figure 6.59 Temperature measurements of 30-inch fan (DL) for 2-diameter in height

(h = 2D) (with mist)
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6.2.4.3 3-Diameter in Height

The 30-inch fan is leveled for its third diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.38

Table 6.38 Temperature measurements of 30-inch fan (DL) for 3-diameter in height

(h = 3D) (with mist)
Range in diameter (DL)

Temperature (0C )

1

38

2

37

3

36.2

4

35.5

5

34.5

6

33.7

7

32.5

8

31.7

9

32.7

10

34.8

11

37.4

12

40
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Figure 6.60 Temperature measurements of 30-inch fan (DL) for 3-diameter in height

(h = 3D) (with mist)
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6.2.4.4 4-Diameter in Height

The 30-inch fan is leveled for its fourth diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.39

Table 6.39 Temperature measurements of 30-inch fan (DL) for 4-diameter in height

(h = 4D) (with mist)
Range in diameter (DL)

Temperature (0C )

1

38.9

2

37.6

3

36.8

4

36.1

5

35.1

6

34.2

7

32.9

8

32.3

9

31.7

10

32.4

11

33.5

12

35.2

13

37.6

14

40
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Figure 6.61 Temperature measurements of 30-inch fan (DL) for 4-diameter in height

(h = 4D) (with mist)
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6.2.4.5 5-Diameter in Height

The 30-inch fan is leveled for its fifth diameter in height. The temperature is
measured for each diameter converge area and tabulated in table 6.40

Table 6.40 Temperature measurements of 30-inch fan (DL) for 5-diameter in height

(h = 5D) (with mist)
Range in diameter (DL)

Temperature (0C )

1

39.9

2

38.8

3

37.4

4

36.7

5

35.9

6

34.9

7

33.2

8

31.8

9

32.9

10

34.9

11

37.8

12

40
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Figure 6.62 Temperature measurements of 30-inch fan (DL) for 5-diameter in height

(h = 5D) (with mist)
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The temperature measurements of 30-inch fan for all heights are plotted in
figure 6.63 showing fan maximum temperature range occurs at the 4th diameter height.

Figure 6.63 Temperature measurements of 30-inch fan (DL) for all heights (with mist)
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6.2.4.6 Angle Effect of 30-inch Fan (with mist)

As done in the first stage, the angle effect of the 24-inch fan is also
investigated in the second stage with mist using equations (6.4), (6.5) and (6.6);
measuring the temperature as shown in figure 6.44.

Table 6.41 Temperature measurements of 30-inch fan (DL) for angle case (with mist)

30-inch Fan (angle case)
Temperature (0C )

Range in
diameter
(DL)

θ0

θ1

θ2

1

39.9

38.9

37.9

2

38.8

37.8

36.8

3

37.4

36.4

35.4

4

36.7

35.7

34.7

5

35.9

34.9

33.3

6

34.9

33.9

31.9

7

33.2

31.9

32.8

8

31.8

32.9

34

9

32.9

34.5

36.9

10

34.9

36.8

40

11

37.8

40

12

40
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Figure 6.64 Temperature measurements of 30-inch fan (DL) for angle case (with mist)
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6.2.4.7 Side-wise Investigation of 30-inch Fan (with mist)

As shown in figure 6.63, the maximum covered range of the 30-inch fan is 14
diameters front-wise (14DL) in the fourth diameter in height. The side-wise maximum
range is investigated as shown in figure 6.48.
The temperatures were measured along the 9the diameter (9DL) front wise
location where the minimum temperature value was registered before.

Table 6.42 Temperature measurements in the side-wise of 30-inch Fan (DL) (with mist)

30-inch Fan (side-wise)
Distance
in
diameter
(DL)

1-D
sidewise

9

31.7

Temperature (0C )
2-D
3-D
4-D
5-D
sidesidesidesidewise
wise
wise
wise
32.6

33.9

35.5

37.5

6-D
sidewise
40

Figure 6.65 Temperature measurements in the side-wise of 30-inch Fan (DL) (with mist)
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CHAPTER 7
NUMERICAL SOLUTION
In this chapter, computational solution is presented based on experimental
conditions, such dry bulb temperature, wet bulb temperature, relative humidity,
operating pressure droplet velocity and fan airspeed.
All experimental conditions were kept the same for the three fans except the fan
airspeed which varies according to different fan diameter. Computational solution is
conducted based on mass transfer diffusion equation to calculate the evaporation rate
as a first step and based on energy balance equation to calculate the temperature for
each fan as a second step.
As mentioned above, the only changing parameter is the fan airspeed which was
measured experimentally referred to earlier in chapter 5.

7.1 Thermodynamic Model for an Evaporating Water Droplet
In the thermodynamic modeling of an evaporating liquid-water droplet, use
may be made of the transient form of the First Law of Thermodynamics applied to a
control volume with a moving boundary. The surface of the control volume coincides
with the surface of the droplet, which is assumed spherical, and while evaporation
takes place, there are heat-and-mass transfers at the moving surface with thermalenergy storage within the droplet. The heat transfer at the surface may be due to both
radiation and forced convection, and the mass transfer with its associated enthalpyflux occurs as evaporation takes place at the interface. The energy storage within the
droplet is by sensible heating as the result of heat conduction. Since the internal
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thermal-resistance of the droplet is small compared with the external thermalresistance, (i.e. The Biot number is small and less than approximately 0.1), the
lumped heat-capacity approach to the calculation of the energy storage in the droplet
is appropriate. That is, the temperature in the droplet may be assumed to be uniform
during the evaporation process. This considerably simplifies the analysis of the
overall calculation procedure, since it avoids the need for a conjugate heat-conduction
analysis for the internal transient temperature-distribution inside the droplet [36].

7.1.1

Evaporation Model

The bubble modeling of the evaporating droplet is based is based on the equations
of the thermal behavior of a drop in a finite volume (Hinze, 1955; Zung, 1967;
Tishkoff 1979; Bellan and Cuffel, 1983; Lefebvre, 1994). The model supposes that
drops have a spherical form and that they keep this form during the evaporation
process (Fig. 7.1). Furthermore, the radiative heat exchanges are neglected; the steam
and air are considered as ideal gases and the concentration at the same temperature.
The drop will be considered as a spherical, characterized by radius rp, surface
concentration Cs and temperature Tp. it is surrounded by a bubble of radius b,
concentration Cb and temperature Tb. during this study, the system, constituted by the
drop and by surrounding bubble, is considered to be isolated.
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Figure 7.1 Schematic representation of a bubble of water during the evaporation

process

143

7.2 Computational Procedure
Based on mass transfer diffusion equation, the mass transfer from a spherical
droplet subjected to a velocity of a drying medium, the Sherwood number correlation
as follows:

Sh =

kc D p
Dg

=

Convective mass transfer coefficient
= 2.0 + 0.6 Sc1 / 3 Re1 / 2 …
Diffusive transfer coefficient

……………………………………………………………………………………..(7.1)
Where:
The Reynolds's number correlation as follows:

Re = (

D p vρ a

µa

)1 / 2 =

Inertial forces
…………………………………………(7.2)
Viscous forces

The Schmidt number correlation as follows:

Sc = (

µa

ρ a Dg

) =

Momentum diffusivity
……………………………………(7.3)
Mass diffusivity

The first step is obtain the Sherwood number, the Reynolds's number and the Schmidt
number by evaluating their parameters, the diffusion coefficient (Dg), the density of
air (ρa), the dynamic viscosity of air (µa), water droplet diameter (Dp) and velocity of
air and droplet (v).
The diffusion coefficient (Dg), the density of air (ρa), and the dynamic viscosity of air
(µa) all vary according to surrounding temperature.

The dynamic viscosity of air is given by the following empirical relation referred to
Ref. [37].

µa = (17.1 + 0.067Ta − 0.0004Ta 2 ) x10 −6 ………………………………………...(7.4)
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Where:
Ta is air temperature in Celsius [oC]; viscosity in Pascal x seconds [Pa.s].
Error: <0.1x10-6 Pa.s; validity range: 0-54oC.

The diffusion coefficient is given by the following empirical relation referred to Ref.
[38].

Dg = 21.2 x10 −6 (1 + 0.0071Ta ) …………………………………………………..(7.5)

Where:
Ta

is

air

temperature

in

Celsius

[oC];

diffusion

coefficient

in

[m2/s].

Error: <0.1x10-6 m2/s; validity range: 0-55oC.

The density of humid air varies according to the air temperature and pressure, and it is
given by the following empirical relation referred to Ref. [39].

ρa = 1.2929 x

B − 0.3783Pv
273.15
x
…………………………………………(7.6)
Ta + 273.15
1.013x10 5

Where:
Temperature Ta in Celsius [oC]; barometric pressure B in [Pa]; partial vapor pressure
pv in [Pa];

a:

density [kg/m3].

The partial vapor pressure is given by following empirical relation referred to Ref.
[40].

Pv = (

RH
) x Psat,d ………………………………………………………………….(7.7)
100
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Where:
RH is the relative humidity; Psat,d is the saturated vapor pressure at dry bulb
temperature in [Pa].

The saturated vapor pressure at dry bulb temperature is given by following empirical
relation referred to Ref. [41].

Psat,d = 610.7 x10 7.5Ta /( 237.3+Ta ) ………………………………………………………(7.8)

Where:
Saturated vapor pressure at dry bulb temperature Psat,d in [Pa]; Ta is the dry bulb
temperature in Celsius [oC] validity range roughly 0-80oC.

Based on the initial dry bulb temperature of air, initial water droplet temperature and
relative humidity, the specific humidity is found from the psychometric chart
(figure 7.2) or by equations.
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Figure 7.2 Psychometric chart

Then, the vapor concentration at the droplet surface ( C s ) in [kg/m3]; vapor
concentration in the bulk gas ( C g ) in [kg/m3] are defined as:

Cs =

psat (T p )
RT p

Cg = X i

…………………………………………………………………...(7.9)

B
RTa

………………………………………………………………….(7.10)

Where:
Psat (Tp) is the saturated pressure at water droplet temperature Tp in [Pa]; Tp is the
water droplet temperature in Celsius [oC]; R is the perfect gas constant in [J/ K.mol];
B is the barometric pressure in [Pa]; Ta is the air temperature in Celsius [oC];
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Xi is the mole fraction, which is defined as follows:

Xi =

Number of moles of water vapor
…………………………………………..(7.11)
Total number of moles

Where:

Number of moles of water vapor =

mass of water vapor
………………….(7.12)
molecular weight of H 2 O

Total number of moles = (Number of moles of water vapor + Number of moles of air)
………………………………………………………………………………… (7.13)

Number of moles of air =

mass of air
……………………………...(7.14)
molecular weight of air

Molecular weight of H2O = 18 g / mole.
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7.2.1 Molecular Mass of Air:

Dry air is a mixture of gases where the molecular weight can be calculated by
adding the weight of each component as shown in table 7.1.

Table 7.1 Molecular weight of air
Components in Dry Volume Ratio compared to
Air
Dry Air

Molecular Mass
(kg/k.mole)

Molecular Mass in
Air (g/mole)

Oxygen

0.2095

32.00

6.704

Nitrogen

0.7809

28.02

21.88

Carbon Dioxide

0.0003

44.01

0.013

Hydrogen

0.0000005

2.02

0

Argon

0.00933

39.94

0.373

Neon

0.000018

20.18

0

Helium

0.000005

4.00

0

Krypton

0.000001

83.8

0

Xenon

0.09 10-6

131.29

0

Total Molecular Mass of Air

28.97

Molecular weight of air = 28.97 g / mole.

Specific humidity =

mass kg H 2 O
………………………………………………(7.15)
1 kg dry air
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Based on mass transfer equation, the mass transfer rate from the water droplet
surface to the bulk air is calculated as follows:

⎡ − 3rp D g t ⎤
dm
= − 4π rp D g Sh (c s − c g ) . exp ⎢
…………………………………(7.16)
3 ⎥
dt
⎢⎣ (b − rp ) ⎥⎦

Where:
dm
is the evaporation rate in [kg/s] referred to ref. [42]; the diffusion coefficient Dg
dt
in [m2/s]; rp is the radius of water droplet in [m]; ( C s ) is the vapor concentration at
the droplet surface in [kg/m3]; ( C g ) is the vapor concentration in the bulk gas in
[kg/m3]; b is bubble radius in [m]; t is the time in [s].

Based on energy balance, the droplet temperature can be calculated using equation
(6.17).

me C pe

dT p

dm
⎛ Nu ⎞
= 2π D p λ a ⎜
……………………………...(7.17)
⎟ (Ta − T p ) + L vap .
dt
dt
⎝ 2 ⎠

Where:
dT p
dt

is the droplet temperature change with time; the diameter of water droplet Dp in

[m]; Ta is the air temperature in [Celsius]; Tp is the droplet temperature in [Celsius];
me is the mass of water in [kg]; C pe is the specific heat of water [ J/kg K];

dm
is the
dt

evaporation rate in [kg/s]; λa is the thermal conductivity of air [W/m.k]; Lvap is the
latent heat of water in [J/kg] and it is given by the following empirical relation
referred to ref. [43].
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L vap = 2.5 x 10 6 − 2350 Ta …………………………………………………………(7.18)

The validity range of equation (6.18) is roughly 0-100oC of the air temperature.

Nu is the Nusselt number and it is given by the correlation as follows [44]:

Nu =

hc DP

λa

=

Convective heat transfer cofficient
= 2.0 + 0.6 Re1 / 2 Pr 1 / 3 …
Conductive heat transfer cofficient

……………………………………………………………………………………(7.19)
Where:
Re represents the Reynolds's number; and Pr represents the Prandtle number and it is

given by the correlation as follows:

Pr = (

c p µa

λa

) =

Momentum diffusivity
……………………………………(7.20)
Thermal diffusivity

The air temperature can be calculated using equation (7.21).

ma C pa

dTa
⎛ Nu ⎞
= − 2π D p λ a ⎜
⎟ (Ta − T p ) ……………………………..................(7.21)
dt
⎝ 2 ⎠

Where:
dTa
is the air temperature change with time; the diameter of water droplet Dp in [m];
dt

Ta is the air temperature in [Celsius]; Tp is the droplet temperature in [Celsius]; ma is
the mass of air in [kg]; C pa is the specific heat of air [ J/kg K]; λa is the thermal
conductivity of air [W/m.k].
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To investigate the dynamic motion of the evaporating droplet while flying and to
determine where it settles, the equations of motion are as follows:
•
••

X=

In the x-direction:

Drag
………………………………………………………………………..(7.22)
mass

•
••

Y=

In the y-direction:

Drag
− g …………………………………………………………………….(7.23)
mass

Where:
••

••

X is the acceleration of the droplet in the x-direction; Y is the acceleration of the
droplet in the y-direction; g represents the gravity; and the drag force is given by the
following relation according to ref. [45].
Drag = 6π rp µ a V ………………………………………………………………..(7.24)
Where:
rp is the radius of water droplet in [m]; µ a is the dynamic viscosity of air in [Pa.s];
and V represents the droplet velocity in [m/s].

The previous two equations are integrated by the fourth Runge-Kutta method in
the code including all relations for heat-and-mass transfer, the temperature-vapor
concentration relationships and the momentum equation to get the positions of droplet
( X ,Y ) along the x-direction and y-direction respectively.
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7.2.2 Calculation Sequence:

The determination of the history of the temperature and diameter of the
evaporating droplet and air temperature is effected using equations (7.16), (7.17) and
(7.21).
Initially, the droplet size and temperature and the external conditions, together
with all the relevant thermal properties are specified. Also included in the program are
the correlations for heat-and-mass transfer, the temperature-vapor concentrations
relationships, and the momentum equation as derived above. The sequence in the
calculation is as follows.
After selecting a suitable time step, the change in mass of the droplet is
determined using equation (7.16). The change in the droplet temperature is then
evaluated using equation (7.17). After that, the change in the air temperature is then
evaluated using equation (7.21). The velocity after the time step is calculated with the
momentum equations (7.22) and (7.23).
At the end of the time interval, the new diameter and surface vapor
concentration, as well as the heat-and-mass transfer parameters and properties are the
used in the following time step, and the whole calculation repeated until the droplet
diameter reaches a specified lower limit or the droplet hits the ground. The output
from the program, which was written in MATLAB, may include the histories of the
temperature, diameter, velocity and distance traveled by the droplet.
In the present work, environmental conditions appropriate to the experiments
were chosen as shown in table 7.2.
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Table 7.2 Fixed parameters values in the computational solution
Factor

Value

Relative humidity

50 %

Air temperature

40 0C

Droplet temperature

25 0C

Water droplet diameter

200 x 10-6 m

Injected droplet velocity from nozzle

28 m/s

Pressure

101325 Pa

Pump operating pressure

50 bar
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7.2.3 Computational Procedure Flow Chart:

Time step ∆t
Velocity of air

Bubble size
Input parameters

Operating pressure

Relative humidity

Air temperature

Droplet size
Initial conditions of air
and water

(x,y) coordinates
of injection point

Water
temperature

New time step ∆t

Solving the system of differential
equations
(Rung-Kutta 4)

y>0
And
DP > ε

Determination
of air & water
properties and
parameters

y<0
or
DP < ε

Droplets hits the ground or droplet
diameter reaches minimum limit

Output:
Tair; Tdroplet; range (x) and
evaporated mass

Figure 7.3 Computational Procedure Flow Chart
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7.3 20-inch Fan
In the experimental measurements of 20-inch fan, it was observed that the fan
maximum range of temperature occurs at a height level of the 4th diameter (h = 4DS).
The fan airspeed is about 4.74 m/s and the other experimental conditions are kept the
same as shown in table 7.2. To simulate it in the computational solution, the program
is run for such height (h = 4DS , h = 2 m) and the droplet velocity is equal to the
Injected droplet velocity from nozzle plus the fan airspeed (V = 28+ 4.74 = 32.74
m/s).
Figure 7.4 shows the water droplet evaporation versus time for this fan. The
figure demonstrates the behavior of the evaporation process and it is observed that the
droplet hits the ground before it evaporates completely.

Figure 7.4 The rate of evaporation of droplet mass for 20-inch fan (DS) for 4-diameter

in height (h = 4DS)
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Figure 7.5 shows the droplet temperature versus time for this fan. The figure
demonstrates the behavior of the droplet temperature which starts from the initial
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature
of about 32.4 0C, which is very close to thermodynamic wet bulb temperature
(Twet = 31.5). This temperature is achieved rapidly, indicating that the energy storage
within the droplet is more effective in the early stages of evaporation process.

Figure 7.5 Droplet temperature versus time for 20-inch fan (DS) for 4-diameter in

height (h = 4DS)
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Figure 7.6 shows the air temperature versus time for this fan. The figure
demonstrates the behavior of the air temperature which starts from the initial value (Ta
= 40 0C) and keeps dropping to final value of about 34.4 0C. The air temperature
would drop more and more to get closer to the wet bulb temperature (Twet = 31.5) if
the droplet evaporated completely before it hits the ground, which didn’t happen in
this case as discussed in figure 7.4.

Figure 7.6 Air temperature versus time for 20-inch fan (DS) for 4-diameter in height

(h = 4DS)
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Figure 7.7 shows the droplet injection height (same as fan height) versus the
horizontal range for this fan. The figure indicates the maximum horizontal range of
the droplet of about 5.81 m, which is equivalent to about 11.6 DS as demonstrated in
figure 7.8.

Figure 7.7 Droplet injection height versus the horizontal range for 20-inch fan (DS)

for 4-diameter in height (h = 4DS)
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Figure 7.8 shows the droplet injection height in diameter (same as fan height)
versus the horizontal range in diameter for this fan. The figure indicates the maximum
horizontal range of the droplet of about 11.6 DS.

Figure 7.8 Droplet injection height in diameter versus the horizontal range in

diameter for 20-inch fan (DS) for 4-diameter in height (h = 4DS)
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Figure 7.9 shows the droplet temperature and air temperature versus the
horizontal range for this fan. The figure indicates the history of air temperature along
the range, and it shows the minimum air temperature occurs at the distance of 5.81 m,
where the droplets hits the ground of about of 34.4 0C. In addition, it demonstrates the
history of droplet temperature along the horizontal range, and it shows the terminal
droplet temperature of about 32.4 0C.

Figure 7.9 Droplet and air temperatures versus the horizontal range for 20-inch fan

(DS) for 4-diameter in height (h = 4DS)
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Figure 7.10 expresses the same observations as figure 7.9, but in terms of
diameter for horizontal range. Such that, the figure indicates the history of air
temperature along the range in diameter, and it shows the minimum air temperature
occurs at the distance of 11.6 DS, where the droplets hits the ground of about of 34.4
0

C. In addition, it demonstrates the history of droplet temperature along the horizontal

range, and it shows the terminal droplet temperature of about 32.4 0C.

Figure 7.10 Droplet and air temperatures versus the horizontal range in diameter for

20-inch fan (DS) for 4-diameter in height (h = 4DS)
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7.3.1 Angle Effect of 20-inch Fan (computational)

The experimental angle effect case of 20-inch fan is simulated here
computationally. In this configuration, the fan is angled for two positions (θ1 = 26.56o,
θ2 = 45o) as shown in figure 7.11.

Figure 7.11 Configuration of angle effect case study (computational)

In this case, the program is run for the same condition as the normal case except
the velocity which is dropped by a value of (cos θ) due the fan deflection, such that
V1 = 32.74 cos (θ1) & V2 = 32.74 cos (θ2).
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7.3.1.1 θ1 = 26.56o

Figure 7.12 indicates the history of air temperature and droplet temperature
versus time for the first angle (θ1 = 26.56o). It demonstrates the behavior of the air
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to
final value of about 34.4 0C, the same as in the default case (θ0 = 0o). The figure also
demonstrates the behavior of the droplet temperature which starts from the initial
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature
of about 32.4 0C, which is very close to thermodynamic wet bulb temperature
(Twet = 31.5), the same as in the default case (θ0 = 0o) too.

Figure 7.12 Droplet and air temperatures versus time of angle case (θ1 = 26.56o) for

20-inch fan (DS)
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Figure 7.13 shows the maximum horizontal range of the droplet of about 5.1 m
for the first angle (θ1 = 26.56o), which is equivalent to about 10.4 DS as demonstrated
in figure 7.14.

Figure 7.13 Droplet injection height versus the horizontal range of angle case

(θ1 = 26.56o) for 20-inch fan (DS)
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Figure 7.14 Droplet injection height in diameter versus the horizontal range in

diameter of angle case (θ1 = 26.56o) for 20-inch fan (DS)
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Figure 7.15 shows the droplet temperature and air temperature versus the
horizontal range for the first angle (θ1 = 26.56o). The figure indicates the history of air
temperature along the range, and it shows the minimum air temperature occurs at the
distance of 5.1 m, where the droplets hits the ground of about of 34.4 0C. In addition,
it demonstrates the history of droplet temperature along the horizontal range, and it
shows the terminal droplet temperature of about 32.4 0C.

Figure 7.15 Droplet and air temperatures versus the horizontal range of angle case

(θ1 = 26.56o) for 20-inch fan (DS)
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Figure 7.16 expresses the same observations as figure 7.15, but in terms of
diameter for horizontal range for the first angle (θ1 = 26.56o). Such that, the figure
indicates the history of air temperature along the range in diameter, and it shows the
minimum air temperature occurs at the distance of 10.4 DS, where the droplets hits the
ground of about of 34.4 0C. In addition, it demonstrates the history of droplet
temperature along the horizontal range, and it shows the terminal droplet temperature
of about 32.4 0C.

Figure 7.16 Droplet and air temperatures versus the horizontal range in diameter of

angle case (θ1 = 26.56o) for 20-inch fan (DS)
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7.3.1.2 θ2 = 45o

Figure 7.17 indicates the history of air temperature and droplet temperature
versus time for the second angle (θ2 = 45o). It demonstrates the behavior of the air
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to
final value of about 34.4 0C, the same as in the default case (θ0 = 0o). The figure also
demonstrates the behavior of the droplet temperature which starts from the initial
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature
of about 32.4 0C, which is very close to thermodynamic wet bulb temperature
(Twet = 31.5), the same as in the default case (θ0 = 0o) too.

Figure 7.17 Droplet and air temperatures versus time of angle case (θ2 = 45o) for 20-

inch fan (DS)
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Figure 7.18 shows the maximum horizontal range of the droplet of about 4.1 m
for the second angle (θ2 = 45o), which is equivalent to about 8.2 DS as demonstrated in
figure 7.19.

Figure 7.18 Droplet injection height versus the horizontal range of angle case

(θ2 = 45o) for 20-inch fan (DS)
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Figure 7.19 Droplet injection height in diameter versus the horizontal range in

diameter of angle case (θ2 = 45o) for 20-inch fan (DS)
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Figure 7.20 shows the droplet temperature and air temperature versus the
horizontal range for the second angle (θ2 = 45o). The figure indicates the history of air
temperature along the range, and it shows the minimum air temperature occurs at the
distance of 4.1 m, where the droplets hits the ground of about of 34.4 0C. In addition,
it demonstrates the history of droplet temperature along the horizontal range, and it
shows the terminal droplet temperature of about 32.4 0C.

Figure 7.20 Droplet and air temperatures versus the horizontal range of angle case

(θ2 = 45o) for 20-inch fan (DS)
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Figure 7.21 expresses the same observations as figure 7.20, but in terms of
diameter for horizontal range for the second angle (θ2 = 45o). Such that, the figure
indicates the history of air temperature along the range in diameter, and it shows the
minimum air temperature occurs at the distance of 8.2 DS, where the droplets hits the
ground of about of 34.4 0C. In addition, it demonstrates the history of droplet
temperature along the horizontal range, and it shows the terminal droplet temperature
of about 32.4 0C.

Figure 7.21 Droplet and air temperatures versus the horizontal range in diameter of

angle case (θ2 = 45o) for 20-inch fan (DS)
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Figure 7.22 shows the maximum horizontal range of the droplet in the angle case
for different angles of the 20-inch fan angle of about 5.81 m for the default zero angle
(θ0 = 0o), 5.2 m for the first angle (θ1 = 26.56o), and 4.1 m for the second angle (θ2 =
45o), which is equivalent to about 11.6 DS, 10.4 DS and 8.2 DS respectively as
demonstrated in figure 7.23.
It is observed that the maximum horizontal range is shifted backward in the first
and second angle compared to the default case. For (θ1 = 26.56o), the horizontal range
is shifted by about 0.7DS backward compared to the default zero angle (θ0 = 0o); and
for (θ2 = 45o), the horizontal range is shifted by about 1DS backward compared to the
first angle (θ1 = 26.56o).

Figure 7.22 Droplet trajectories for different angles of 20-inch fan (DS)
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Figure 7.23 Droplet trajectories for different angles of 20-inch fan (DS) in terms of

fan diameter
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7.3.2 Side-wise Investigation of 20-inch Fan (computational)

The experimental side-wise study of 20-inch fan is simulated here
computationally. In the side-wise study, we are looking for specifying the maximum
range of side-wise effect of the fan as shown in figure 7.24.

Figure 7.24 Side-wise Investigation of 20-inch Fan (computational)

In this side-wise study, the program is run for the same condition as the normal
case except the velocity of the fan, which is dropped by a value of (cos α). Such that
the droplet velocity is V = 28 + 4.74 cos (α), where (45o > α > 0o).
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Figure 7.25 shows the maximum side-wise range of droplet reaches about 4 m,
which is equivalent to about 8 DS side-wise as shown in figure 7.26. The maximum
horizontal rang at this location is about 4 m too, which is equivalent to about 8 DS.

Figure 7.25 Droplet maximum side-wise range for 20-inch fan (DS) for 4-diameter in

height (h = 4DS)
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Figure 7.26 Droplet maximum side-wise range in diameter for 20-inch fan (DS) for 4-

diameter in height (h = 4DS)
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7.4 24-inch Fan
In the experimental measurements of 24-inch fan, it was observed that the fan
maximum range of temperature occurs at a height level of the 4th diameter (h = 4Dm).
The fan airspeed is about 6.36 m/s and the other experimental conditions are kept the
same as shown in table 7.2. To simulate it in the computational solution, the program
is run for such height (h = 4Dm , h = 2.4 m) and the droplet velocity is equal to the
Injected droplet velocity from nozzle plus the fan airspeed (V = 28+ 6.36 = 34.36
m/s).
Figure 7.27 shows the water droplet evaporation versus time for this fan. The
figure demonstrates the behavior of the evaporation process, and it is observed that
the droplet hits the ground before it evaporates completely.

Figure 7.27 The rate of evaporation of droplet mass for 24-inch fan (Dm) for 4-

diameter in height (h = 4Dm)
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Figure 7.28 shows the droplet temperature versus time for this fan. The figure
demonstrates the behavior of the droplet temperature which starts from the initial
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature
of about 32.4 0C, which is very close to thermodynamic wet bulb temperature
(Twet = 31.5). This temperature is achieved rapidly, indicating that the energy storage
within the droplet is more effective in the early stages of evaporation process.

Figure 7.28 Droplet temperature versus time for 24-inch fan (Dm) for 4-diameter in

height (h = 4Dm)
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Figure 7.29 shows the air temperature versus time for this fan. The figure
demonstrates the behavior of the air temperature which starts from the initial value
(Ta = 40 0C) and keeps dropping to final value of about 34.4 0C. The air temperature
would drop more and more to get closer to the wet bulb temperature (Twet = 31.5) if
the droplet evaporated completely before it hits the ground, which didn’t happen in
this case as discussed in figure 7.27.

Figure 7.29 Air temperature versus time for 24-inch fan (Dm) for 4-diameter in height

(h = 4Dm)
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Figure 7.30 shows the droplet injection height (same as fan height) versus the
horizontal range for this fan. The figure indicates the maximum horizontal range of
the droplet of about 6.2 m, which is equivalent to about 10.3 Dm as demonstrated in
figure 7.31.

Figure 7.30 Droplet injection height versus the horizontal range for 24-inch fan (Dm)

for 4-diameter in height (h = 4Dm)
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Figure 7.31 shows the droplet injection height in diameter (same as fan height)
versus the horizontal range in diameter for this fan. The figure indicates the maximum
horizontal range of the droplet of about 10.4 Dm.

Figure 7.31 Droplet injection height in diameter versus the horizontal range in

diameter for 24-inch fan (Dm) for 4-diameter in height (h = 4Dm)
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Figure 7.32 shows the droplet temperature and air temperature versus the
horizontal range for this fan. The figure indicates the history of air temperature along
the range, and it shows the minimum air temperature occurs at the distance of 6.2 m,
where the droplets hits the ground of about 34.1 0C. In addition, it demonstrates the
history of droplet temperature along the horizontal range, and it shows the terminal
droplet temperature of about 32.2 0C.

Figure 7.32 Droplet and air temperatures versus the horizontal range for 24-inch fan

(Dm) for 4-diameter in height (h = 4Dm)
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Figure 7.33 expresses the same observations as figure 7.32, but in terms of
diameter for horizontal range. Such that, the figure indicates the history of air
temperature along the range in diameter, and it shows the minimum air temperature
occurs at the distance of 10.4 Dm, where the droplets hits the ground of about of 34.1
0

C. In addition, it demonstrates the history of droplet temperature along the horizontal

range, and it shows the terminal droplet temperature of about 32.2 0C.

Figure 7.33 Droplet and air temperatures versus the horizontal range in diameter for

24-inch fan (Dm) for 4-diameter in height (h = 4Dm)
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7.4.1 Angle Effect of 24-inch Fan (computational)

The experimental angle effect case of 24-inch fan is simulated here
computationally. In this configuration, the fan is angled for two positions (θ1 = 26.56o,
θ2 = 45o) as shown in figure 7.11.
In this case, the program is run for the same condition as the normal case except
the velocity which is dropped by a value of (cos θ) due the fan deflection, such that
V1 = 34.36 cos (θ1) & V2 = 34.36 cos (θ2).
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7.4.1.1 θ1 = 26.56o

Figure 7.34 indicates the history of air temperature and droplet temperature
versus time for the first angle (θ1 = 26.56o). It demonstrates the behavior of the air
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to
final value of about 34.1 0C, the same as in the default case (θ0 = 0o). The figure also
demonstrates the behavior of the droplet temperature which starts from the initial
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature
of about 32.2 0C, which is very close to thermodynamic wet bulb temperature
(Twet = 31.5), the same as in the default case (θ0 = 0o) too.

Figure 7.34 Droplet and air temperatures versus time of angle case (θ1 = 26.56o) for

24-inch fan (Dm)
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Figure 7.35 shows the maximum horizontal range of the droplet of about 5.6 m
for the first angle (θ1 = 26.56o), which is equivalent to about 9.3 Dm as demonstrated
in figure 7.36.

Figure 7.35 Droplet injection height versus the horizontal range of angle case

(θ1 = 26.56o) for 24-inch fan (Dm)
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Figure 7.36 Droplet injection height in diameter versus the horizontal range in

diameter of angle case (θ1 = 26.56o) for 24-inch fan (Dm)
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Figure 7.37 shows the droplet temperature and air temperature versus the
horizontal range for the first angle (θ1 = 26.56o). The figure indicates the history of air
temperature along the range, and it shows the minimum air temperature occurs at the
distance of 5.6 m, where the droplets hits the ground of about of 34.1 0C. In addition,
it demonstrates the history of droplet temperature along the horizontal range, and it
shows the terminal droplet temperature of about 32.2 0C.

Figure 7.37 Droplet and air temperatures versus the horizontal range of angle case

(θ1 = 26.56o) for 24-inch fan (Dm)
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Figure 7.38 expresses the same observations as figure 7.37, but in terms of
diameter for horizontal range for the first angle (θ1 = 26.56o). Such that, the figure
indicates the history of air temperature along the range in diameter, and it shows the
minimum air temperature occurs at the distance of 9.3 Dm, where the droplets hits the
ground of about of 34.1 0C. In addition, it demonstrates the history of droplet
temperature along the horizontal range, and it shows the terminal droplet temperature
of about 32.2 0C.

Figure 7.38 Droplet and air temperatures versus the horizontal range in diameter of

angle case (θ1 = 26.56o) for 24-inch fan (Dm)
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7.4.1.2 θ2 = 45o

Figure 7.39 indicates the history of air temperature and droplet temperature
versus time for the second angle (θ2 = 45o). It demonstrates the behavior of the air
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to
final value of about 34.1 0C, the same as in the default case (θ0 = 0o). The figure also
demonstrates the behavior of the droplet temperature which starts from the initial
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature
of about 32.2 0C, which is very close to thermodynamic wet bulb temperature
(Twet = 31.5), the same as in the default case (θ0 = 0o) too.

Figure 7.39 Droplet and air temperatures versus time of angle case (θ2 = 45o) for

24-inch fan (Dm)
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Figure 7.40 shows the maximum horizontal range of the droplet of about 4.4 m
for the second angle (θ2 = 45o), which is equivalent to about 7.3 Dm as demonstrated
in figure 7.41.

Figure 7.40 Droplet injection height versus the horizontal range of angle case

(θ2 = 45o) for 24-inch fan (Dm)
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Figure 7.41 Droplet injection height in diameter versus the horizontal range in

diameter of angle case (θ2 = 45o) for 24-inch fan (Dm)
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Figure 7.42 shows the droplet temperature and air temperature versus the
horizontal range for the second angle (θ2 = 45o). The figure indicates the history of air
temperature along the range, and it shows the minimum air temperature occurs at the
distance of 4.4 m, where the droplets hits the ground of about of 34.2 0C. In addition,
it demonstrates the history of droplet temperature along the horizontal range, and it
shows the terminal droplet temperature of about 32.3 0C.

Figure 7.42 Droplet and air temperatures versus the horizontal range of angle case

(θ2 = 45o) for 24-inch fan (Dm)
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Figure 7.43 expresses the same observations as figure 7.42, but in terms of
diameter for horizontal range for the second angle (θ2 = 45o). Such that, the figure
indicates the history of air temperature along the range in diameter, and it shows the
minimum air temperature occurs at the distance of 7.3 Dm, where the droplets hits the
ground of about of 34.2 0C. In addition, it demonstrates the history of droplet
temperature along the horizontal range, and it shows the terminal droplet temperature
of about 32.3 0C.

Figure 7.43 Droplet and air temperatures versus the horizontal range in diameter of

angle case (θ2 = 45o) for 24-inch fan (Dm)
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Figure 7.44 shows the maximum horizontal range of the droplet in the angle case
for different angles of the 24-inch fan angle of about 6.2 m for the default zero angle
(θ0 = 0o), 5.6 m for the first angle (θ1 = 26.56o), and 4.4 m for the second angle
(θ2 = 45o), which is equivalent to about 10.4 Dm, 9.3 Dm and 7.3 Dm respectively as
demonstrated in figure 7.45.
It is observed that the maximum horizontal range is shifted backward in the first
and second angle compared to the default case. For (θ1 = 26.56o), the horizontal range
is shifted by about 1Dm backward compared to the default zero angle (θ0 = 0o); and for
(θ2 = 45o), the horizontal range is shifted by about 2Dm backward compared to the
first angle (θ1 = 26.56o).

Figure 7.44 Droplet trajectories for different angles of 24-inch fan (Dm)

197

Figure 7.45 Droplet trajectories for different angles of 24-inch fan (Dm) in terms of

fan diameter
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7.4.2 Side-wise Investigation of 24-inch Fan (computational)

The experimental side-wise study of 24-inch fan is simulated here
computationally. In the side-wise study, we are looking for specifying the maximum
range of side-wise effect of the fan as shown in figure 7.24.
In this side-wise study, the program is run for the same condition as the normal
case except the velocity of the fan, which is dropped by a value of (cos α). Such that
the droplet velocity is V = 28 + 6.36 cos (α), where (45o > α > 0o).
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Figure 7.46 shows the maximum side-wise range of droplet reaches about 4.3 m,
which is equivalent to about 7.2 Dm side-wise as shown in figure 7.47. The maximum
horizontal rang at this location is about 4.2 m, which is equivalent to about 7 Dm.

Figure 7.46 Droplet maximum side-wise range for 24-inch fan (Dm) for 4-diameter in

height (h = 4Dm)
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Figure 7.47 Droplet maximum side-wise range in diameter for 24-inch fan (Dm) for

4-diameter in height (h = 4Dm)
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7.5 30-inch Fan
In the experimental measurements of 30-inch fan, it was observed that the fan
maximum range of temperature occurs at a height level of the 4th diameter (h = 4DL).
The fan airspeed is about 7.49 m/s and the other experimental conditions are kept the
same as shown in table 7.2. To simulate it in the computational solution, the program
is run for such height (h = 4Dm , h = 3 m) and the droplet velocity is equal to the
Injected droplet velocity from nozzle plus the fan airspeed (V = 28+ 7.99 = 35.99
m/s).
Figure 7.48 shows the water droplet evaporation versus time for this fan. The
figure demonstrates the behavior of the evaporation process, and it is observed that
the droplet hits the ground before it evaporates completely.

Figure 7.48 The rate of evaporation of droplet mass for 30-inch fan (DL) for 4-

diameter in height (h = 4DL)
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Figure 7.49 shows the droplet temperature versus time for this fan. The figure
demonstrates the behavior of the droplet temperature which starts from the initial
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature
of about 31.9 0C, which is very close to thermodynamic wet bulb temperature
(Twet = 31.5). This temperature is achieved rapidly, indicating that the energy storage
within the droplet is more effective in the early stages of evaporation process.

Figure 7.49 Droplet temperature versus time for 30-inch fan (DL) for 4-diameter in

height (h = 4DL)
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Figure 7.50 shows the air temperature versus time for this fan. The figure
demonstrates the behavior of the air temperature which starts from the initial value
(Ta = 40 0C) and keeps dropping to final value of about 33.5 0C. The air temperature
would drop more and more to get closer to the wet bulb temperature (Twet = 31.5) if
the droplet evaporated completely before it hits the ground, which didn’t happen in
this case as discussed in figure 7.49.

Figure 7.50 Air temperature versus time for 30-inch fan (DL) for 4-diameter in height

(h = 4DL)
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Figure 7.51 shows the droplet injection height (same as fan height) versus the
horizontal range for this fan. The figure indicates the maximum horizontal range of
the droplet of about 6.5 m, which is equivalent to about 8.7 DL as demonstrated in
figure 7.52.

Figure 7.51 Droplet injection height versus the horizontal range for 30-inch fan (DL)

for 4-diameter in height (h = 4DL)
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Figure 7.52 shows the droplet injection height in diameter (same as fan height)
versus the horizontal range in diameter for this fan. The figure indicates the maximum
horizontal range of the droplet of about 8.7 DL.

Figure 7.52 Droplet injection height in diameter versus the horizontal range in

diameter for 30-inch fan (DL) for 4-diameter in height (h = 4DL)
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Figure 7.53 shows the droplet temperature and air temperature versus the
horizontal range for this fan. The figure indicates the history of air temperature along
the range, and it shows the minimum air temperature occurs at the distance of 6.5 m,
where the droplets hits the ground of about 33.5 0C. In addition, it demonstrates the
history of droplet temperature along the horizontal range, and it shows the terminal
droplet temperature of about 31.9 0C.

Figure 7.53 Droplet and air temperatures versus the horizontal range for 30-inch fan

(DL) for 4-diameter in height (h = 4DL)
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Figure 7.54 expresses the same observations as figure 7.53, but in terms of
diameter for horizontal range. Such that, the figure indicates the history of air
temperature along the range in diameter, and it shows the minimum air temperature
occurs at the distance of 8.7 DL, where the droplets hits the ground of about of 33.5
0

C. In addition, it demonstrates the history of droplet temperature along the horizontal

range, and it shows the terminal droplet temperature of about 31.9 0C.

Figure 7.54 Droplet and air temperatures versus the horizontal range in diameter for

30-inch fan (DL) for 4-diameter in height (h = 4DL)
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7.5.1 Angle Effect of 30-inch Fan (computational)

The experimental angle effect case of 30-inch fan is simulated here
computationally. In this configuration, the fan is angled for two positions (θ1 = 26.56o,
θ2 = 45o) as shown in figure 7.11.
In this case, the program is run for the same condition as the normal case except
the velocity which is dropped by a value of (cos θ) due the fan deflection, such that
V1 = 35.99 cos (θ1) & V2 = 35.99 cos (θ2).

209

7.5.1.1 θ1 = 26.56o

Figure 7.55 indicates the history of air temperature and droplet temperature
versus time for the first angle (θ1 = 26.56o). It demonstrates the behavior of the air
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to
final value of about 33.5 0C, the same as in the default case (θ0 = 0o). The figure also
demonstrates the behavior of the droplet temperature which starts from the initial
value (Tp = 25 0C) and keeps dropping to final value of terminal droplet temperature
of about 31.9 0C, which is very close to thermodynamic wet bulb temperature
(Twet = 31.5), the same as in the default case (θ0 = 0o) too.

Figure 7.55 Droplet and air temperatures versus time of angle case (θ1 = 26.56o) for

30-inch fan (DL)
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Figure 7.56 shows the maximum horizontal range of the droplet of about 5.8 m
for the first angle (θ1 = 26.56o), which is equivalent to about 7.8 DL as demonstrated
in figure 7.57.

Figure 7.56 Droplet injection height versus the horizontal range of angle case

(θ1 = 26.56o) for 30-inch fan (DL)
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Figure 7.57 Droplet injection height in diameter versus the horizontal range in

diameter of angle case (θ1 = 26.56o) for 30-inch fan (DL)
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Figure 7.58 shows the droplet temperature and air temperature versus the
horizontal range for the first angle (θ1 = 26.56o). The figure indicates the history of air
temperature along the range, and it shows the minimum air temperature occurs at the
distance of 5.8 m, where the droplets hits the ground of about of 33.5 0C. In addition,
it demonstrates the history of droplet temperature along the horizontal range, and it
shows the terminal droplet temperature of about 31.9 0C.

Figure 7.58 Droplet and air temperatures versus the horizontal range of angle case

(θ1 = 26.56o) for 30-inch fan (DL)
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Figure 7.59 expresses the same observations as figure 7.58, but in terms of
diameter for horizontal range for the first angle (θ1 = 26.56o). Such that, the figure
indicates the history of air temperature along the range in diameter, and it shows the
minimum air temperature occurs at the distance of 7.8 DL, where the droplets hits the
ground of about of 33.5 0C. In addition, it demonstrates the history of droplet
temperature along the horizontal range, and it shows the terminal droplet temperature
of about 31.9 0C.

Figure 7.59 Droplet and air temperatures versus the horizontal range in diameter of

angle case (θ1 = 26.56o) for 30-inch fan (DL)
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7.5.1.2 θ2 = 45o

Figure 7.60 indicates the history of air temperature and droplet temperature
versus time for the second angle (θ2 = 45o). It demonstrates the behavior of the air
temperature which starts from the initial value (Ta = 40 0C) and keeps dropping to
final value of about 33.8 0C, almost the same as in the default case (θ0 = 0o). The
figure also demonstrates the behavior of the droplet temperature which starts from the
initial value (Tp = 25 0C) and keeps dropping to final value of terminal droplet
temperature of about 32.1 0C, which is very close to thermodynamic wet bulb
temperature (Twet = 31.5), the same as in the default case (θ0 = 0o) too.

Figure 7.60 Droplet and air temperatures versus time of angle case (θ2 = 45o) for

30-inch fan (DL)
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Figure 7.61 shows the maximum horizontal range of the droplet of about 4.6 m
for the second angle (θ2 = 45o), which is equivalent to about 6.2 DL as demonstrated in
figure 7.62.

Figure 7.61 Droplet injection height versus the horizontal range of angle case

(θ2 = 45o) for 30-inch fan (DL)
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Figure 7.62 Droplet injection height in diameter versus the horizontal range in

diameter of angle case (θ2 = 45o) for 30-inch fan (DL)
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Figure 7.63 shows the droplet temperature and air temperature versus the
horizontal range for the second angle (θ2 = 45o). The figure indicates the history of air
temperature along the range, and it shows the minimum air temperature occurs at the
distance of 4.6 m, where the droplets hits the ground of about of 33.8 0C. In addition,
it demonstrates the history of droplet temperature along the horizontal range, and it
shows the terminal droplet temperature of about 32.1 0C.

Figure 7.63 Droplet and air temperatures versus the horizontal range of angle case

(θ2 = 45o) for 30-inch fan (DL)
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Figure 7.64 expresses the same observations as figure 7.62, but in terms of
diameter for horizontal range for the second angle (θ2 = 45o). Such that, the figure
indicates the history of air temperature along the range in diameter, and it shows the
minimum air temperature occurs at the distance of 6.2 DL, where the droplets hits the
ground of about of 33.8 0C. In addition, it demonstrates the history of droplet
temperature along the horizontal range, and it shows the terminal droplet temperature
of about 32.1 0C.

Figure 7.64 Droplet and air temperatures versus the horizontal range in diameter of

angle case (θ2 = 45o) for 30-inch fan (DL)
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Figure 7.65 shows the maximum horizontal range of the droplet in the angle case
for different angles of the 30-inch fan angle of about 6.5 m for the default zero angle
(θ0 = 0o), 5.8 m for the first angle (θ1 = 26.56o), and 4.6 m for the second angle
(θ2 = 45o), which is equivalent to about 8.7 DL, 7.8 DL and 6.2 DL respectively as
demonstrated in figure 7.66.
It is observed that the maximum horizontal range is shifted backward in the first
and second angle compared to the default case. For (θ1 = 26.56o), the horizontal range
is shifted by about 0.9 DL backward compared to the default zero angle (θ0 = 0o); and
for (θ2 = 45o), the horizontal range is shifted by about 1.6 DL backward compared to
the first angle (θ1 = 26.56o).

Figure 7.65 Droplet trajectories for different angles of 30-inch fan (DL)
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Figure 7.66 Droplet trajectories for different angles of 30-inch fan (DL) in terms of

fan diameter
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7.5.2 Side-wise Investigation of 30-inch Fan (computational)

The experimental side-wise study of 30-inch fan is simulated here
computationally. In the side-wise study, we are looking for specifying the maximum
range of side-wise effect of the fan as shown in figure 7.24.
In this side-wise study, the program is run for the same condition as the normal
case except the velocity of the fan, which is dropped by a value of (cos α). Such that
the droplet velocity is V = 28 + 7.99 cos (α), where (45o > α > 0o).
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Figure 7.67 shows the maximum side-wise range of droplet reaches about 4.5 m,
which is equivalent to about 6 DL side-wise as shown in figure 7.68. The maximum
horizontal rang at this location is about 4.4 m, which is equivalent to about 5.9 DL.

Figure 7.67 Droplet maximum side-wise range for 30-inch fan (DL) for 4-diameter in

height (h = 4DL)
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Figure 7.68 Droplet maximum side-wise range in diameter for 30-inch fan (DL) for

4-diameter in height (h = 4DL)
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CHAPTER 8
RESULTS AND DISCUSSION
In this chapter, experimental with mist and computational results are analyzed
and compared for the three fans to generate the relationships between the temperature
domain and cooling fan diameters from one aspect and the relationship between the
temperature domain and cooling fan heights from the other aspect.

8.1 Results of 20-inch Fan (DS)
By looking generally to the results of 20-inch fan presented for individual cases
in previous chapters, a very good agreement is observed between the experimental
results and computational results, which gives an indication of well chosen
assumptions proposed for the computational solution.

Figure 8.1 shows an agreement on the temperature behavior of the experimental
and the computational results of the 20-inch fan, and the following observations are
concluded.

•

The location of the minimum temperature is almost the same for both
experimental and computational. The experimental minimum temperature
occurs at the 11the diameter front-wise (11 DS) of about 32.5 0C which is very
close to the calculated wet bulb temperature; while the computational
minimum temperature occurs exactly at the 11.6the diameter front-wise
(11.6 DS) of about 34.4 0C, which shows well agreement between the
experimental and the computational.
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•

There are some experimental temperature values differ from their
corresponding computational values for the same diameter, basically that
doesn't mean disagreement since the computational indicates the air
temperatures around the water droplet in different stages while flying in air till
it hits the ground; while the experimental indicates the surrounding air
temperatures measured after some time after the steady state is reached. That
demonstrates why we get closer air temperature values in the experimental to
the wet bulb temperature and not in the computational case.

•

The minimum computational temperature is about 34.4 0C, which is a little bit
different from the expected wet bulb temperature of about 31.5 0C. that’s
indicates that the water droplet hits the ground before it evaporates
completely, which was observed in figure 7.4.

•

The 20-inch fan maximum range with respect to temperature is reached at the
18the diameter (18 DS) at height of 4 diameter (h = 4 DS) experimentally.
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Figure 8.1 Temperature (oc) VS distance in diameter (DS), for the small fan (DS), for

4-diameter in height (h = 4DS)

227

By looking at figures 6.47 and 7.22 and comparing them, they show a good
agreement of the experimental and the computational results for angle effect case
investigation of the 20-inch fan, and the following observations are concluded.

•

The minimum computational temperature location occurs at of about 5.81 m
for the default zero angle (θ0 = 0o), 5.2 m for the first angle (θ1 = 26.56o), and
4.1 m for the second angle (θ2 = 45o), which is equivalent to about 11.6 DS,
10.4 DS and 8.2 DS respectively. In the experimental result, the minimum
temperature location occurs at of about 10 DS m for the default zero angle
(θ0 = 0o), 9 DS for the first angle (θ1 = 26.56o), and 8 DS for the second angle
(θ2 = 45o). That indicates good matching.

•

It is observed that the minimum computational temperature location is shifted
backward in the first angle by about 1.2 DS compared to the default case, and it
is shifted in the second angle compared to the default case by 3.4 DS. In the
experimental, a similar regime behavior happens such that, the minimum
experimental temperature location is shifted backward in the first angle by 1
DS compared to the default case, and it is shifted in the second angle compared
to the default case by 2 DS. The small difference between the computational
and the experimental is maybe due to the wind effect in the location of the
experiments.

•

The 20-inch fan maximum range with respect to temperature is reached at the
16the diameter (16 DS) for angle (θ1 = 26.56o) experimentally.
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•

The 20-inch fan maximum range with respect to temperature is reached at the
14the diameter (14 DS) for angle (θ2 = 45o) experimentally.

•

As expected, a little more drop in the temperature values occurs in the area
close to the fan when it is angled down motivating the evaporation process in
that area, but a shrinking in the temperature range happens as a penalty of that.
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By looking at figures 6.49 and 7.25 and comparing them, they show a good
agreement of the experimental and the computational results for side-wise case
investigation of the 20-inch fan, and the following observations are concluded.

•

The maximum side-wise range of droplet reaches about 4 m, which is
equivalent to about 8 DS side-wise computationally. While the maximum sidewise range in the experiment reaches about 8 DS side-wise, this indicates
identical results of both computational and experimental.
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8.2 Results of 24-inch Fan
By looking generally to the results of 24-inch fan presented for individual cases
in previous chapters, a very good agreement is observed between the experimental
results and computational results, which gives an indication of well chosen
assumptions proposed for the computational solution.

Figure 8.2 shows an agreement on the temperature behavior of the experimental
and the computational results of the 24-inch fan, and the following observations are
concluded.

•

The location of the minimum temperature is almost the same for both
experimental and computational. The experimental minimum temperature
occurs at the 10the diameter front-wise (10 Dm) of about 31.8 0C which is very
close to the calculated wet bulb temperature; while the computational
minimum temperature occurs exactly at the 10.4the diameter front-wise
(10.4 Dm) of about 34 0C, which shows well agreement between the
experimental and the computational.

•

There are some experimental temperature values differ from their
corresponding computational values for the same diameter, basically that
doesn't mean disagreement since the computational indicates the air
temperatures around the water droplet in different stages while flying in air till
it hits the ground; while the experimental indicates the surrounding air
temperatures measured after some time after the steady state is reached. That
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demonstrates why we get closer air temperature values in the experimental to
the wet bulb temperature and not in the computational case.

•

The minimum computational temperature is about 34 0C, which is a little bit
different from the expected wet bulb temperature of about 31.5 0C. that’s
indicates that the water droplet hits the ground before it evaporates
completely, which was observed in figure 7.26.

•

The 24-inch fan maximum range with respect to temperature is reached at the
16the diameter (16 Dm) at height of 4 diameter (h = 4 Dm) experimentally.

Figure 8.2 Temperature (oc) VS distance in diameter (Dm), for the medium fan (Dm),

for 4-diameter in height (h = 4Dm)
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By looking at figures 6.56 and 7.44 and comparing them, they show a good
agreement of the experimental and the computational results for angle effect case
investigation of the 24-inch fan, and the following observations are concluded.

•

The minimum computational temperature location occurs at of about 6.2 m for
the default zero angle (θ0 = 0o), 5.6 m for the first angle (θ1 = 26.56o), and 4.4
m for the second angle (θ2 = 45o), which is equivalent to about 10.4 Dm, 9.3
Dm and 7.3 Dm respectively. In the experimental result, the minimum
temperature location occurs at about 9 Dm m for the default zero angle
(θ0 = 0o), 8 Dm for the first angle (θ1 = 26.56o), and 7 Dm for the second angle
(θ2 = 45o). That indicates good matching.

•

It is observed that the minimum computational temperature location is shifted
backward in the first angle by about 1.1 Dm compared to the default case, and
it is shifted in the second angle compared to the default case by 3.1 Dm. In the
experimental, a similar regime behavior happens such that, the minimum
experimental temperature location is shifted backward in the first angle by 1
Dm compared to the default case, and it is shifted in the second angle
compared to the default case by 2 Dm. The small difference between the
computational and the experimental is maybe due to the wind effect in the
location of the experiments.

•

The 24-inch fan maximum range with respect to temperature is reached at the
12the diameter (12 Dm) for angle (θ1 = 26.56o) experimentally.
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•

The 24-inch fan maximum range with respect to temperature is reached at the
10the diameter (10 Dm) for angle (θ2 = 45o) experimentally.

•

As expected, a little more drop in the temperature values occurs in the area
close to the fan when it is angled down motivating the evaporation process in
that area, but a shrinking in the temperature range happens as a penalty of that.

234

By looking at figures 6.57 and 7.46 and comparing them, they show a good
agreement of the experimental and the computational results for side-wise case
investigation of the 24-inch fan, and the following observations are concluded.

•

The maximum side-wise range of droplet reaches about 4.3 m, which is
equivalent to about 7.2 Dm side-wise computationally. While the maximum
side-wise range in the experiment reaches about 7 Dm side-wise, this indicates
almost identical results of both computational and experimental.
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8.3 Results of 30-inch Fan
By looking generally to the results of 30-inch fan presented for individual cases in
previous chapters, a very good agreement is observed between the experimental
results and computational results, which gives an indication of well chosen
assumptions proposed for the computational solution.

Figure 8.3 shows an agreement on the temperature behavior of the experimental
and the computational results of the 30-inch fan, and the following observations are
concluded.

•

The location of the minimum temperature is almost the same for both
experimental and computational. The experimental minimum temperature
occurs at the 9the diameter front-wise (9 DL) of about 31.7 0C which is very
close to the calculated wet bulb temperature; while the computational
minimum temperature occurs exactly at the 8.7the diameter front-wise
(8.7 DL) of about 33.9 0C, which shows well agreement between the
experimental and the computational.

•

There are some experimental temperature values differ from their
corresponding computational values for the same diameter, basically that
doesn't mean disagreement since the computational indicates the air
temperatures around the water droplet in different stages while flying in air till
it hits the ground; while the experimental indicates the surrounding air
temperatures measured after some time after the steady state is reached. That
demonstrates why we get closer air temperature values in the experimental to
the wet bulb temperature and not in the computational case.
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•

The minimum computational temperature is about 33.9 0C, which is a little bit
different from the expected wet bulb temperature of about 31.5 0C. that’s
indicates that the water droplet hits the ground before it evaporates
completely, which was observed in figure 7.47.

•

The 24-inch fan maximum range with respect to temperature is reached at the
14the diameter (14 DL) at height of 4 diameter (h = 4 DL) experimentally.

Figure 8.3 Temperature (oc) VS distance in diameter (DL), for the big fan (DL), for

4-diameter in height (h = 4DL)

237

By looking at figures 6.64 and 7.65 and comparing them, they show a good
agreement of the experimental and the computational results for angle effect case
investigation of the 30-inch fan, and the following observations are concluded.

•

The minimum computational temperature location occurs at of about 6.5 m for
the default zero angle (θ0 = 0o), 5.8 m for the first angle (θ1 = 26.56o), and
4.6 m for the second angle (θ2 = 45o), which is equivalent to about 8.7 DL,
7.8 DL and 6.2 DL respectively. In the experimental result, the minimum
temperature location occurs at about 8 DL m for the default zero angle
(θ0 = 0o), 7 DL for the first angle (θ1 = 26.56o), and 6 DL for the second angle
(θ2 = 45o). That indicates good matching.

•

It is observed that the minimum computational temperature location is shifted
backward in the first angle by about 0.9 DL compared to the default case, and
it is shifted in the second angle compared to the default case by 2.1 DL. In the
experimental, a similar regime behavior happens such that, the minimum
experimental temperature location is shifted backward in the first angle by 1
DL compared to the default case, and it is shifted in the second angle compared
to the default case by 2 DL. The small difference between the computational
and the experimental is maybe due to the wind effect in the location of the
experiments.

•

The 30-inch fan maximum range with respect to temperature is reached at the
11the diameter (11 DL) for angle (θ1 = 26.56o) experimentally.
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•

The 30-inch fan maximum range with respect to temperature is reached at the
10the diameter (10 DL) for angle (θ2 = 45o) experimentally.

•

As expected, a little more drop in the temperature values occurs in the area
close to the fan when it is angled down motivating the evaporation process in
that area, but a shrinking in the temperature range happens as a penalty of that.
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By looking at figures 6.65 and 7.66 and comparing them, they show a good
agreement of the experimental and the computational results for side-wise case
investigation of the 30-inch fan, and the following observations are concluded.

•

The maximum side-wise range of droplet reaches about 4.5 m, which is
equivalent to about 6 DL side-wise computationally. While the maximum sidewise range in the experiment reaches about 6 DL side-wise, this indicates
identical results of both computational and experimental.
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8.4 Relationships and Concluded Remarks of the Three Fans
By looking to the results of three fans previously, the following is concluded:

•

The maximum temperature range occurs at the 4th diameter level for each fan,
which was investigated experimentally.

•

In the lower levels, the evaporation rate is enhanced in a better manner
compared to the upper levels, which indicates more evaporation since the
temperature in the lower levels is closer to the calculated wet bulb
temperature. However, the evaporation process might take place and get
completed in the upper levels and get cooled there before the water droplets
get close to the ground level where it is considered as the reference of
temperature measurements.

•

The experimental values and the computational values agreed well in all cases
which reflects wise selected assumptions of the computational solution.

•

The measured temperatures values are lower than the computed ones; that
indicates not complete evaporation of water droplets when flying before it hits
the ground in the computational solution. However, the measured values
indicates that the evaporation process continues to take a place even when the
water droplets on the ground.
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•

The maximum range of each fan occurs at the 4th diameter level (h = 4D) and
it is determined by measuring the airspeed for its maximum range; and the
temperature range is determined by measuring the temperature for its
maximum range as shown in tables 8.1 and 8.2.

Table 8.1 Fan maximum range with respect to airspeed of the three fans

Fan Max. range

Fan Max. range

Fan Max. range

WRT airspeed

WRT airspeed

WRT airspeed

(D)

(inch)

(m)

20-inch Fan (DS)

16 DS

320

8

24-inch Fan (Dm)

14 Dm

336

8.4

30-inch Fan (DL)

12 DL

360

9

Fan type

Table 8.2 Fan maximum range with respect to temperature of the three fans

Fan Max. range

Fan Max. range

Fan Max. range

WRT temperature

WRT temperature

WRT temperature

(D)

(inch)

(m)

20-inch Fan (DS)

18 DS

360

9

24-inch Fan (Dm)

16 Dm

384

9.6

30-inch Fan (DL)

14 DL

420

10.5

Fan type
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•

The empirical relationship of fan maximum range with respect to fan airspeed
(for fan airspeed v ≠ 0) in normalized diameter is generated from data in figure
8.4 and formulated by equation 8.1.

Fan Max. Range for airspeed ≠ 0 = 0.017 ( Dlength ) 2 −1.2 Dlength + 34 ……………………(8.1)

The unit of fan maximum range with respect to fan airspeed (for fan airspeed v ≠ 0) is
the number of diameter, and Dlength represents the fan diameter length in inches.

Figure 8.4 Fan maximum range with respect to fan airspeed (for fan airspeed v ≠ 0)

as a function of fan diameter
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•

The empirical relationship of fan maximum range with respect to temperature
of a fan (for ∆T ≠ 0) in normalized diameter is generated from data in figure
8.5 and formulated by equation 8.2.

Fan Max. Range for ∆T ≠ 0 = 0.017 ( Dlength ) 2 − 1.2 Dlength + 36 …………………………(8.2)

Where:
The unit of fan maximum range with respect to temperature (for ∆T ≠ 0) is the
number of diameter, and Dlength represents the fan diameter length in inches.

Figure 8.5 Fan maximum range with respect to temperature (for ∆T ≠ 0) as a function

of fan diameter
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•

The empirical relationship of fan maximum range with respect to fan airspeed
(for fan airspeed v ≠ 0) in inches is generated from data in figure 8.6 and
formulated by equation 8.3.

Fan Max. Range for airspeed ≠ 0

( inches )

= − 1.8 ( Dlength ) 2 x 10 −15 + 4 Dlength + 2.4 x 10 2 ……(8.3)

Where:
The unit of fan maximum range with respect to fan airspeed (for fan airspeed v ≠ 0) is
inch, and Dlength represents the fan diameter length in inches.

Figure 8.6 Fan maximum range with respect to fan airspeed (for fan airspeed v ≠ 0)

in inches
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•

The empirical relationship of fan maximum range with respect to temperature
of a fan (for ∆T ≠ 0) in inches is generated from data in figure 8.7 and
formulated by equation 8.4.

Fan Max. Range

for ∆T ≠ 0 ( inches )

= − 5.5 ( Dlength ) 2 x 10 −16 + 6 Dlength + 2.4 x 10 2 ……….(8.4)

Where:
The unit of fan maximum range with respect to temperature (for ∆T ≠ 0) is inch, and
Dlength represents the fan diameter length in inches.

Figure 8.7 Fan maximum range with respect to temperature (for ∆T ≠ 0) in inches
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•

The mean airspeed profile of a fan range area for maximum range (at the 4th
diameter level) for the same aerodynamic and power design characteristics of
a fan (except the length of fan diameter) is generated from data in figure 8.8
and formulated in equation 8.5.

Mean airspeed profile of fan range area = − 0.0059 D 3 + 0.06 D 2 + 0.15 D − 0.39 .....
..................................................................................................................................(8.5)
Where:
The unit of airspeed is (m/s), and D represents the fan diameter location number in the
fan range area.

Figure 8.8 Mean airspeed profile of a fan range area
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•

The mean temperature profile of a mist fan range area for maximum range (at
the 4th diameter level) for the applied experimental conditions (e.g. relative
humidity = 50, temperature = 40 0C and droplet diameter = 200 µm) is
generated from data in figure 8.9 and formulated in equation 8.6.

Mean tempertaure profile of mist fan range area = 0.0098 D 3 − 0.12 D 2 − 0.48 D + 39
..................................................................................................................................(8.6)

Where:
The unit of temperature is Celsius, and D represents the fan diameter location number
in the fan range area.

Figure 8.9 Mean temperature profile of a mist fan range area
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•

The fan maximum side-wise range with respect to fan airspeed was studied for
the three fans separately in figures 6.12, 6.20, 6.28, and tables 6.7, 6.4, 6.21.
The empirical relationship of fan maximum side-wise range with respect to
fan airspeed (for fan airspeed v ≠ 0) in normalized diameter for the same
aerodynamic and power design characteristics of a fan (except the length of
fan diameter), is generated from data in figure 8.10 and formulated in equation
8.7.

Table 8.3 Fan maximum side-wise range with respect to airspeed of the three fans

Fan Max. side-wise

Fan Max. side-wise

Fan Max. side-wise

range WRT

range WRT

range WRT

airspeed (D)

airspeed (inch)

airspeed (m)

20-inch Fan (DS)

3 DS

60

1.5

24-inch Fan (Dm)

3 Dm

72

1.8

30-inch Fan (DL)

3 DL

90

2.25

Fan type

Fan Max. Side − wise Range for airspeed ≠ 0 = − 4.1 ( Dlength ) x 10 −7 + 3 …………………(8.7)

Where:
The unit of fan maximum range with respect to fan airspeed (for fan airspeed v ≠ 0) is
the number of diameter, and Dlength represents the fan diameter length in inches.
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Figure 8.11 Fan maximum side-wise range with respect to fan airspeed (for fan

airspeed v ≠ 0) as a function of fan diameter
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•

The fan maximum side-wise range with respect to temperature was studied for
the three fans separately in figures 6.49, 6.57, 6.65, and tables 6.28, 6.35, 6.42.
The empirical relationship of fan maximum side-wise range with respect to
temperature of a fan (for ∆T ≠ 0) in normalized diameter is generated from
data in figure 8.12 and formulated by equation 8.8.

Table 8.4 Fan maximum side-wise range with respect to temperature of the three fans

Fan Max. side-wise

Fan Max. side-wise

Fan Max. side-wise

range WRT

range WRT

range WRT

temperature (D)

temperature (inch)

temperature (m)

20-inch Fan (DS)

8 DS

160

4

24-inch Fan (Dm)

7 Dm

168

4.2

30-inch Fan (DL)

6 DL

180

4.5

Fan type

Fan Max. Side − wise Range for ∆T ≠ 0 = 0.0083 ( Dlength ) 2 − 0.62 Dlength + 17 …………..(8.8)

Where:
The unit of fan maximum side-wise range with respect to temperature (for ∆T ≠ 0) is
the number of diameter, and Dlength represents the fan diameter length in inches.
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Figure 8.12 Fan maximum side-wise range with respect to temperature (for ∆T ≠ 0)

as a function of fan diameter
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•

The empirical relationship of fan maximum side-wise range with respect to
fan airspeed (for fan airspeed v ≠ 0) in inches is generated from data in figure
8.13 and formulated by equation 8.9.

Fan Max. Side _ wise Range for airspeed ≠ 0

( inches )

= 3 Dlength + 2.5 x 10 −14 ………………..(8.9)

Where:
The unit of fan maximum side-wise range with respect to fan airspeed (for fan
airspeed v ≠ 0) is inch, and Dlength represents the fan diameter length in inches.

Figure 8.13 Fan maximum side-wise range with respect to fan airspeed (for fan

airspeed v ≠ 0) in inches
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•

The empirical relationship of fan maximum side-wise range with respect to
temperature of a fan (for ∆T ≠ 0) in inches is generated from data in figure
8.14 and formulated by equation 8.10.

Fan Max. Side _ wise Range

for ∆T ≠ 0 ( inches )

= 2 Dlength + 1.2 x 10 2 …………………..(8.10)

Where:
The unit of fan maximum side-wise range with respect to temperature (for ∆T ≠ 0) is
inch, and Dlength represents the fan diameter length in inches.

Figure 8.14 Fan maximum side-wise range with respect to temperature (for ∆T ≠ 0) in

inches
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8.5 Heat Absorbed by Water Droplets
To calculate the mount of heat absorbed by water droplets and the cooled air volume
for each fan, we consider the control volume in figure 8.15.

Figure 8.15 A control volume of conserved mass and energy

From conservation of mass and energy principle:

•

∑m

•

in

h in − ∑ m out

•

me h

•

Tp 0

+m
a

h

=0

out

•

h

Ta

=m
a

h

Tp

•

But, by substituting

•

Qp =

•

•

•

+m
l

•

h

lTp

+ mevap h evapo Tp

•

me = ml + mevap

•

⎛
⎞
ma ⎜⎜ hTa − hTp ⎟⎟ = ml
⎝
⎠

•

⎛
⎞
⎛
⎞
⎜⎜ h Tp − h Tp 0 ⎟⎟ + mevap ⎜⎜ h evapo Tp − h Tp 0 ⎟⎟
⎝
⎠
⎝
⎠

255

•

•

Qp =

⎛
ma c pa ⎜⎜T a −T
⎝

•

⎞
⎟=
p ⎟ ml
⎠

c pe ⎛⎜⎜T p −T
⎝

•

⎞
⎟ + mevap
p0 ⎟
⎠

L

…………(8.11)

For a single water droplet, the total absorbed heat can be calculated by using equation
8.11.
•

0

Where Q p is the total absorbed heat of droplet when falling down, ma is the air mass
flow rate, c pa is the specific heat of air, Ta is the air temperature, Tp is the thermal
•

equilibrium temperature of droplet, Tpo is the initial droplet temperature, ml is the
•

liquid mass of droplet per time, C pe is the specific heat of water, mevap is the
vaporized mass of droplet when flying through air per time, L is the latent heat of
water and h is the enthalpy.

It is interesting to calculate the total cooling effect of water injected from nozzle.
The water vapor produced from the evaporation of droplets would be heated to the air
temperature from the equilibrium temperature of the droplet. For a nozzle with certain
water mass injected, the total absorbed heat, Q total , could be written as:
•

Qtotal = N Q p

……………………………………………………………...(8.12)

Where Q total is the total absorbed heat of all droplets when falling down, N is the
droplet number in the injected amount of water.
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In our case, there are six nozzles. Each nozzle has a mass flow rate of 8.8 x 10-4
(kg/s). For six nozzles, the total amount of injected water equals 5.28 x 10-3 (kg/s).

The total number of droplets per one second (N) =

5.28 x 10 -3
mass of one droplet

N = 1260.5 x 103 (per second).
0

To calculate the total absorbed heat of one droplet Q p according to equation 8.11:
0

Q p = (3.96 x 10-9) (4187) (31.9-25) + (2.4 x 10-10) (2412.7 x 103)

= 6.934 x 10-4 (J/s)
To calculate the total absorbed heat of all droplets Q total according to equation 8.12:
0

Q total = N . Q p

= (1260.5 x 103) (6.934 x 10-4)
= 874 (J)
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To calculate the total absorbed heat of all droplets for different fans is as follows:
8.5.1 Heat Absorbed by Water Droplets of 20-inch Fan

The steady state of this fan is reached after approximately 15 minutes experimentally.
60 s
1
N = 1260.5 x 10 3 ( ) * (
) = 75.63 x 106 (1/min)
s
1 min
N (for 15 minutes) = 15 x 75.63 x 106 = 11.345 x 108
Q total − steady state _ 20 −inch fan = (11.345 x 108) (6.934 x 10-4)

= 7.8669 x 105 (J)
This amount of heat is absorbed from air volume calculated from equation 8.11 as
follows:

ma

=

Qtotal
c pa ⎛⎜⎜T −T
⎝
a

Va

=

p

⎞
⎟⎟
⎠

Qtotal

ρ a c pa ⎛⎜⎜T a −T
⎝

⎞
⎟
p ⎟
⎠

……………………………………………………(8.13)

Where Va is the air volume, ρ a is the air density.
Va =

7.8669 x 10 5
(1.2) (1005) (40 − 31.9)

= 80.5 m3
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To compare the calculated volume of air (Va) that’s absorbed this amount of heat to
the sub-volume of air in the location of experiment (Vsub-air), the two volumes are
close to each other as follows:
The dimensions of affected volume of air in the place of the experiment is about 9
meters front-wise of the fan, 4 meters side-wise and 2 meters high which represents
the height of the fan. By assuming symmetrical triangle shape for the air volume as
shown in figure 8.16, then it is calculated as follows:

Vsub-air = (2) x (1/2) x (9) x (4) x (2) = 72 m3

By comparing the two volumes, it is just a matter of 10.5 % difference, which can be
acceptable.
diff . =

80.5 − 72
80.5

x 100 = 10.5 %

Eventually, it could be concluded that 7.8669 x 105 (J) of heat was absorbed from the
affected fan range air sub-volume for the 20-inch Fan.

Figure 8.16 Volume of cooled air in fan covered range area of 20-inch fan (DS)
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8.5.2 Heat Absorbed by Water Droplets of 24-inch Fan

The steady state of this fan is reached after approximately 19 minutes experimentally.
60 s
1
) = 75.63 x 106 (1/min)
N = 1260.5 x 10 3 ( ) * (
s
1 min
N (for 19 minutes) = 19 x 75.63 x 106 = 14.37 x 108
Q total − steady state _ 24 −inch fan = (14.37 x 108) (6.934 x 10-4)

= 9.9647 x 105 (J)
This amount of heat is absorbed from air volume calculated from equation 8.13 as
follows:

9.9647 x 10 5
Va =
(1.2) (1005) (40 − 31.9)
= 102 m3

To compare the calculated volume of air (Va) that’s absorbed this amount of heat to
the sub-volume of air in the location of experiment (Vsub-air), the two volumes are
close to each other as follows:
The dimensions of affected volume of air in the place of the experiment is about 9.6
meters front-wise of the fan, 4.2 meters side-wise and 2.4 meters high which
represents the height of the fan. By assuming symmetrical triangle shape for the air
volume as shown in figure 8.17, then it is calculated as follows:

Vsub-air = (2) x (1/2) x (9.6) x (4.2) x (2.4) = 96.8 m3
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By comparing the two volumes, it is just a matter of 5.1 % difference, which can be
acceptable.
diff . =

102 − 96.8
102

x 100 = 5.1 %

Eventually, it could be concluded that 9.9647 x 105 (J) of heat was absorbed from the
affected fan range air sub-volume for the 24-inch Fan.

Figure 8.17 Volume of cooled air in fan covered range area of 24-inch fan (Dm)
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8.5.3 Heat Absorbed by Water Droplets of 30-inch Fan

The steady state of this fan is reached after approximately 24 minutes experimentally.
60 s
1
) = 75.63 x 106 (1/min)
N = 1260.5 x 10 3 ( ) * (
s
1 min
N (for 24 minutes) = 24 x 75.63 x 106 = 14.37 x 108
Q total − steady state _ 30 −inch fan = (18.151 x 108) (6.934 x 10-4)

= 1.2587 x 106 (J)
This amount of heat is absorbed from air volume calculated from equation 8.13 as
follows:

1.2587 x 10 6
Va =
(1.2) (1005) (40 − 31.9)
= 128.9 m3

To compare the calculated volume of air (Va) that’s absorbed this amount of heat to
the sub-volume of air in the location of experiment (Vsub-air), the two volumes are
close to each other as follows:
The dimensions of affected volume of air in the place of the experiment is about 10.5
meters front-wise of the fan, 4.5 meters side-wise and 3 meters high which represents
the height of the fan. By assuming symmetrical triangle shape for the air volume as
shown in figure 8.18, then it is calculated as follows:

Vsub-air = (2) x (1/2) x (10.5) x (4.5) x (3) = 141.7 m3
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By comparing the two volumes, it is just a matter of 9.9 % difference, which can be
acceptable.
diff . =

128.9 − 141.7
128.9

x 100 = 9.9 %

Eventually, it could be concluded that 1.2587 x 106 (J) of heat was absorbed from the
affected fan range air sub-volume for the 30-inch Fan.

Figure 8.18 Volume of cooled air in fan covered range area of 30-inch fan (DL)
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8.6 Effect of Operating Parameters of Evaporation Rate and Drying
Time Performance
In this section, a detailed discussion is presented to study and compare the
effects of operating parameters playing role in evaporation rate process and drying
performance. These parameters are air humidity, operating pressure, airspeed and air
temperature.
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8.6.1 Effect of Air Humidity

In figures 8.19 and 8.20, the relative humidity is increased gradually and plotted
versus the evaporation rate and drying time respectively, fixing all the other operating
parameters.

Figure 8.19 Effect of relative humidity on evaporation performance
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Figure 8.20 Effect of relative humidity on drying performance

It is observed from previous figures that there is a reduction in the evaporation
rate due to the increase of relative humidity; and there is an increase in the drying
time due to the increase of relative humidity. The reduction in mass transfer driving
potential is responsible for this reduction.
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8.6.2 Effect of Operating Pressure

In figures 8.21 and 8.22, the operating pressure is decreased gradually and
plotted versus the evaporation rate and drying time respectively, fixing all the other
operating parameters.

Figure 8.21 Effect of operating pressure on evaporation performance
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Figure 8.22 Effect of operating pressure on drying performance

It is observed from previous figures that there is an increase in the evaporation
rate due to the decrease of operating pressure; and there is a decrease in the drying
time due to the decrease of operating pressure.
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8.6.3 Effect of Air Velocity

In figures 8.23 and 8.24, the air velocity is increased gradually and plotted
versus the evaporation rate and drying time respectively, fixing all the other operating
parameters.

Figure 8.23 Effect of air velocity on evaporation performance
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Figure 8.24 Effect of air velocity on drying performance

It is observed from previous figures that there is an increase in the evaporation
rate due to the increase of air velocity; and there is a decrease in the drying time due
to the increase of air velocity.
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8.6.4 Effect of Air Temperature

In figures 8.25 and 8.26, the air temperature is increased gradually and plotted
versus the evaporation rate and drying time respectively, fixing all the other operating
parameters.

Figure 8.25 Effect of air temperature on evaporation performance
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Figure 8.26 Effect of air temperature on drying performance

It is observed from previous figures that there is an increase in the evaporation
rate due to the increase of air temperature; and there is a decrease in the drying time
due to the increase of air temperature

As a summery from the above computation, the followings are concluded.
•

When the relative humidity is increased, the evaporation rate is decreased.

•

When the air operating pressure is decreased, the evaporation rate is increased
and vice versa.

•

When the air velocity is increased, the evaporation rate is increased as well.

•

When the air temperature is increased, the evaporation rate is increased.
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CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS
This chapter concludes the work of the thesis by presenting the conclusions,
summery and recommendations for future work.

9.1 Conclusions
The contribution of this thesis can be summarized as follows:
•

By investigating the relationship between the temperature domain and cooling
fan diameters from one aspect, and the relationship between the temperature
domain and cooling fan heights from the other aspect with and without mist,
and by looking generally to the results of fans presented for individual cases in
previous chapters, a good agreement has been observed between the
experimental results and computational results, which gives an indication of
well chosen assumptions proposed for the computational solution.

•

The maximum temperature range occurs at the 4th diameter level (h = 4D) for
each fan.

•

In the lower levels, the evaporation rate is enhanced in a better manner
compared to the upper levels which indicates more evaporation since the
temperature in the lower levels is close to the calculated wet bulb temperature.

•

The experimental values and the computational values agreed well in all cases
which reflects wise selected assumptions of the computational solution.
273

•

The measured temperatures values are lower than the computed ones; that
indicates not complete evaporation of water droplets when flying before it hits
the ground in the computational solution. However, the measured values
indicates that the evaporation process continues to take a place even when the
water droplets on the ground.

•

The maximum range of each fan occurs at the 4th diameter level (h = 4D) and
it is determined by measuring the airspeed for its maximum range; and the
temperature range is determined by measuring the temperature for its
maximum range as shown in chapter 8.

•

All empirical relationships of fan maximum range with respect to fan airspeed
and with respect to temperature including the special case studies are
introduced satisfying the main objectives of the study as shown in chapter 8.

•

The mean airspeed profile and mean temperature profile of a fan range area
for maximum range (at the 4th diameter level) for the same aerodynamic and
power design characteristics of a fan (except the length of fan diameter) are
formulated as shown in chapter 8.

•

The amount of heat absorbed from air for each fan in the location of
experiment is demonstrated in chapter 8.
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9.2 Summery
In this thesis, an experimental study verified by a computational model has
been conducted to understand and investigate the relationship between the
temperature domain and cooling fan diameters from one aspect, and the relationship
between the temperature domain and cooling fan heights from the other aspect with
and without mist. Evaporative cooling by using mist has been an aim of this work to
guarantee less energy consumption and this, in turn, will lead to make the solar energy
as the energy source of this cooling system. In this manner, it is highly possible to
provide thermal comfort to so many active and livable places all over the kingdom of
Saudi Arabia without putting any pressure on the government for providing energy.
Experimental part has been basically done in two stages. The first stage has
been conducted without mist and the second stage has been done with mist. both
stages have been devoted to find empirical relationship that relates the fan coverage
area with fan diameter from one aspect and the fan coverage area with fan heights
from the other aspect.
In this work, three fans have been selected with the following diameters (20
inch, 24 inch and 30 inch). These fans were selected specifically to have exactly
aerodynamic similarities except the length of diameter where we have three different
lengths of diameters as stated above.
The fans were leveled to different heights and then operated to take the airspeed
measurements and temperature for each diameter of the three fans in front of each
one, where it is called coverage area domain. The airspeed and temperature were
measured by placing sensitive instruments in the domain.
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Also one aspect that has been included in the experiments is the angle effect
case study of the fans. For zero angle (θ1 = 0o) as explained in default case, the
airspeed and temperature effect could reach maximum range but for higher levels of
fans like the 4th Diameter and the 5th Diameter the area that is directly below the fan
could be affected due to less amount of airspeed reaching that area; so because of that
the fans were angled down to two angles (θ1 = 26.56o) and (θ2 = 45o) to get an idea
about the regime in this case.
The experimental results have been verified by a computational study which
has been conducted by keeping the same conditions as in the experiments for the three
fans, except the fan airspeed which varies according to different fan diameter. The
computational study was conducted based on heat and mass transfer diffusion
equations to calculate the evaporation rate and the temperature for each fan
considering one droplet model.
There were some assumptions made for the model as follows:
•

The surface of the control volume coincides with the surface of the droplet.

•

The droplet is to be in a spherical shape.

•

The heat transfer at the surface is due to convection.

•

The mass transfer occurs as evaporation takes place at the interface between
the droplet and air.

•

The temperature in the droplet is assumed to be uniform during the
evaporation process.

•

The diameter of the water droplet is considered to be changing with time.
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•

At the end, there has been a detailed discussion presented to study and
compare the effects of operating parameters playing role in evaporation rate
process and drying performance. Thesis parameters are air humidity, operating
pressure, airspeed and air temperature.
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9.3 Recommendations for Future Research Work
Following are the recommendations for possible research that can be carried out
in future based on the work presented in this thesis:
•

Implementation of more than three fans with different diameter lengths to get
more accurate relationships.

•

Implementation of different fans aerodynamically similar but with different
number of plates and perform the study for such a case.

•

Implementation of different fans aerodynamically similar but with different
design of plates and perform the study for such a case.

•

Implementation of different fans aerodynamically similar but with different
plate widths and perform the study for such a case.

•

Implementation of different fans aerodynamically similar but with different
airfoils of plates and perform the study for such a case.

•

Implementation of different fans aerodynamically similar but with different
RPM speeds and perform the study for such a case.

•

Implementation of different water droplet sizes and perform the study for such
a case.

•

Implementation of different numbers of nozzles and perform the study for
such a case.

•

Implementation of different water pump pressures of the mist system since it
affects directly the droplet size and perform the study for such a case.

•

Reconducting the study in different weather conditions like changing the air
humidity, operating pressure, airspeed and air temperature.

•

Energy consumption for different fan configuration.
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APPENDIX A: Error Analysis on Uncertainty
Calculations
• Uncertainty in Airspeed Measurement:
The airspeed was measured for 5 times as follows:
7.85, 7.9, 8.1, 7.96, 8.09 meter per second
The average value of airspeed measurements is:

Average =

7.85 + 7.9 + 8.1 + 7.96 + 8.09
5

= 7.99 m/s
The mean deviation from the mean is the sum of absolute values of the
differences between each measurement and the average, divided by the
number of measurements:

Mean Dev. from Mean =

0.14 + 0.09 + 0.11 + 0.03 + 0.1
5

= 0.094 m/s
The mean deviation from the mean gives a reasonable description of the scatter of
data around its mean value, which represents the uncertainty in airspeed
measurements.
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Based on this calculation, the true airspeed measurement is estimated to be
± 0.94 m/s (using mean deviation from the mean):
The uncertainty in measuring airspeed is ± 0.94 m/s.

• Uncertainty in Temperature Measurement:
The temperature was measured for 5 times as follows:
36.5, 36.4, 36.6, 36.5, 36.7 0C
The average value of temperature measurements is:

Average =

36.5 + 36.4 + 36.6 + 36.5 + 36.7
5

= 36.54 0C
The mean deviation from the mean is the sum of absolute values of the
differences between each measurement and the average, divided by the
number of measurements:

Mean Dev. from Mean =

0.04 + 0.14 + 0.06 + 0.04 + 0.16
5

= 0.088 0C
The mean deviation from the mean gives a reasonable description of the scatter of
data around its mean value, which represents the uncertainty in temperature
measurements.
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Based on this calculation, the true temperature measurement is estimated to be
± 0.088 0C (using mean deviation from the mean):
The uncertainty in measuring temperature is ± 0.088 0C.

• Uncertainty in Fan Maximum Range Measurement:
The fan maximum range was measured for 5 times as follows:
10.55, 10.59, 10.51, 10.35, 10.3 meter
The average value of fan maximum range measurements is:

Average =

10.55 + 10.59 + 10.51 + 10.35 + 10.3
5

= 10.46 m
The mean deviation from the mean is the sum of absolute values of the
differences between each measurement and the average, divided by the
number of measurements:

Mean Dev. from Mean =

0.09 + 0.13 + 0.05 + 0.11 + 0.16
5

= 0.108 m
The mean deviation from the mean gives a reasonable description of the scatter of
data around its mean value, which represents the uncertainty in fan maximum
range measurements.
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Based on this calculation, the true fan maximum range measurement is estimated
to be ± 0.108 m (using mean deviation from the mean):
The uncertainty in measuring fan maximum range is ± 0.108 m.

• Uncertainty in Relative Humidity Measurement:
The relative humidity was measured for 5 times as follows:
52, 55, 48, 50, 46 %
The average value of relative humidity measurements is:

Average =

52 + 55 + 48 + 50 + 46
5

= 50.2 %
The mean deviation from the mean is the sum of absolute values of the
differences between each measurement and the average, divided by the
number of measurements:

Mean Dev. from Mean =

1.8 + 4.8 + 2.2 + 0.2 + 4.2
5

= 2.64 %
The mean deviation from the mean gives a reasonable description of the scatter of
data around its mean value, which represents the uncertainty in fan maximum
range measurements.
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Based on this calculation, the true relative humidity measurement is estimated to
be ± 2.64 % (using mean deviation from the mean):
The uncertainty in measuring relative humidity is ± 2.64 %.
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