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CHAPTER ONE      

  

BASIC CONCEPTS AND INTRODUCTION 

 

1-1 INTRODUCTION 

A turbine is any kind of spinning device that uses the action of a fluid to 

produce work. Typical fluids are: air, wind, water, steam and helium. Windmills 

and hydroelectric dams have used turbine action for decades to turn the core of 

an electrical generator to produce power for both industrial and residential 

consumption. Simpler turbines are much older, with the first known appearance 

dating to the time of ancient Greece. In the history of energy conversion, 

however, the gas turbine is relatively new. The first practical gas turbine used to 

generate electricity ran at Neuchatel, Switzerland in 1939, and was developed by 

the Brown Boveri Company. The first gas turbine powered airplane flight also 

took place in 1939 in Germany, using the gas turbine developed by Hans P. von 

Ohain. In England, the 1930s’ invention and development of the aircraft gas 

turbine by Frank Whittle resulted in a similar British flight in 1941. The name 

"gas turbine" is somewhat misleading, because to many it implies a turbine 

engine that uses gas as its fuel. Actually a gas turbine has a compressor to draw 

in and compress gas (most usually air); a combustor (or burner) to add fuel to 

heat the compressed air, and a turbine to extract power from the hot air flow. 

The gas turbine is an internal combustion (IC) engine employing a continuous 

combustion process. This differs from the intermittent combustion occurring in 

Diesel and automotive IC engines. Because the 1939 origin of the gas turbine 

lies simultaneously in the electric power field and in aviation, there have been a 
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profusion of "other names" for the gas turbine. For electrical power generation 

and marine applications it is generally called a gas turbine, also a combustion 

turbine (CT), a turboshaft engine, and sometimes a gas turbine engine. For 

aviation applications it is usually called a jet engine, and various other names 

depending on the particular engine configuration or application, such as: jet 

turbine engine; turbojet; turbofan; fanjet; and turboprop or prop jet (if it is used 

to drive a propeller). The compressor combustor-turbine part of the gas turbine is 

commonly termed the gas generator. 

1-2 The Brayton Cycle: The Ideal Cycle for Gas-Turbine Engines 

To start with, it is advisable to know a short background of the gas turbine 

theoretical cycle, which is called “The Brayton Cycle”. The Brayton cycle was 

first proposed by George Brayton for use in the reciprocating oil-burning engine 

that he developed around 1870. Today, it is used for gas turbines only where 

both the compression and expansion processes take place in rotating machinery. 

The ideal cycle that the working fluid undergoes in this closed loop is the 

Brayton cycle, which is made up of four internally reversible processes Fig(1-

1)1-2 Isentropic compression (in a compressor) 

2-3 Constant-pressure heat addition 

3-4 Isentropic expansion (in a turbine) 

4-1 Constant-pressure heat rejection 

 

 

 

 

 

 

Figure 1-1 T-s diagram of an ideal Brayton cycle 
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The Brayton cycle is the cycle which the engineers and researchers make it the 

reference for them to compare and try to reach. In reality, the gas turbine does 

not work as the ideal Brayton cycle. It works under many effects, such that both 

the compression process (1-2) with fluid friction and the expansion process (3-4) 

with fluid friction results in an increase in entropy. The T-s diagram for the real 

or non-ideal Brayton cycle will become as shown below (Fig 1-2) 

 

Figure(1-2) T-s diagram of ideal and non-ideal Brayton cycle (a indicates 

actual process) 

 

1-3 The Gas Turbine Cycle: 

The basic operation of the gas turbine is shown schematically in Fig. 1-2. 

It is starting by gas flows through a compressor at point 1 that brings it to higher 

pressure. Energy is then added by spraying fuel into the gas and igniting it so the 

combustion generates a high-temperature flow at point 2. This high-temperature 

high-pressure gas enters a turbine to point 3, where it expands through point 4, 

producing a shaft work output in the process. The turbine shaft work is used to 

drive the compressor and other devices such as an electric generator that may be 

coupled to the shaft. The energy that is not used for shaft work comes out in the 
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exhaust gases, so these have either a high temperature or a high velocity. A 

typical gas turbine is shown in Fig(1-3). 

 

Figure(1-3) Gas turbine internal components 

 

1-4 Advantages and Disadvantages of Gas Turbine:  

1-4-1 Advantages: 

Very high power-to-weight ratio, compared to reciprocating engines. 

  Smaller than most reciprocating engines of the same power rating. 

  Moves in one direction only, with far less vibration than a reciprocating 

engine. 

  Fewer moving parts than reciprocating engines. 

  Greater reliability, particularly in applications where sustained high power 

output is required. 

  Waste heat is dissipated almost entirely in the exhaust. This results in a high 

temperature exhaust stream that is very usable for boiling water in a combined 

cycle, or for cogeneration. 

Low operating pressures. 
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  High operation speeds. 

  Low lubricating oil cost and consumption. 

  Can run on a wide variety of fuels. 

  Very low toxic emissions of CO and HC due to excess air, complete 

combustion and no "quench" of the flame on cold surfaces. 

 

1-4-2 Disadvantages: 

Cost is very high. 

  Less efficient than reciprocating engines at idle speed. 

  Longer startup than reciprocating engines. 

  Less responsive to changes in power demand compared with reciprocating 

engines. 

1-5Gas Turbine Inlet Treatment 

Gas turbines are installed in many environments from desertto coastal, 

tropical, arctic, agricultural, oil fields, etc. Theweather conditions, temperature 

range, and type, concentration,and particle size of airborne contaminates can be 

defined wellin advance of equipment purchase and installation. Each 

environment brings with it specific atmospheric contaminants. For example, 

sand, salt, anddust are the problem contaminants in the desert; salt is the 

majorconcern in coastal areas; dust, pollen, and chemicals (fertilizers) arethe 

impediments in agricultural locations; and snow and ice mustbe contended with 

in the arctic regions. These contaminants are thecause of erosion, corrosion and 

fouling. Some contaminants like salt,when combined with high temperatures, 

attack turbine blade andnozzle material. This is commonly referred to as 

sulfidation attackand can seriously and rapidly reduce performance and shorten 

turbinelife. In the effort to improve performance and lower fuel consumptionand 



 
6 

emissions, secondary problems are often created. Two examplesare: the injection 

of steam or water into the combustor to increasepower output and decrease fuel 

consumption, and the installationof evaporative coolers or fogger systems in the 

gas turbine inlet toreduce temperature and increase power output. For example, 

if potable(drinking) water were injected into the combustor the mineraldeposits 

that would form on the hot turbine airfoils would renderthem completely useless 

in less than a year. Another example, oneof overtreatment, would be the use of 

demineralized/deionized (DI) 

 

1-6Evaporative Cooling 

The evaporative cooler is a cost-effective way to recover capacityduring 

periods of high temperature and low or moderate relativehumidity. The biggest 

gains are realized in hot, low humidity climates.However, evaporative cooler 

effectiveness is limited to ambienttemperatures of 50°F (10°C) to 60°F (16°C) 

and above. Below thesetemperatures, parameters other than turbine temperature 

will limitgas turbine operation. Also, as the inlet air temperature drops 

thepotential for ice formation in the wet inlet increases. 

Evaporative cooler effectiveness is a measure of how close thecooler exit 

temperature approaches the ambient wet bulb temperature.For most applications 

coolers having an effectiveness of 80%-90% provide the most economic benefit. 

The actual temperature droprealized is a function of both the equipment design 

and atmosphericconditions. The design controls the effectiveness of the cooler, 

definedas follows: 

cooler effectiveness = (T1DB – T2DB)/(T1DB – T2WB)    

where: T1DB is the dry bulb temperature upstream of the cooler 

T2DB is the dry bulb temperature downstream of the cooler 

T2WB is the wet bulb temperature downstream of the cooler 
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As an example, assume that the ambient temperature is 100°Fand the relative 

humidity is 20%. Referring to the PsychometricChart, the corresponding wet 

bulb temperature is 70°F.For an 80% effective design cooler, the temperature 

drop through thecooler should be: 

ΔTDB = 0.8(T1DB – T2WB), or 24F. 

The actual cooler effectiveness can be determined by measuringdry-bulb 

temperatures and either relative humidity or wet-bulbtemperatures before and 

after the evaporative cooler. This testingdetermines if the design target is being 

met and if there is marginfor improving the evaporative cooler effectiveness. 

The exact increasein available power attributable to inlet air cooling depends 

upon themachine model, ambient pressure and temperature, and relative 

humidity. 

 

Figure 1-2. Courtesy of General Electric Company. This psychrometric 

chart shows the path taken by an evaporative cooling processand an inlet 

air chilling process. 
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As expected the improvement isgreatest in hot dry weather. The addition 

of an evaporative cooler is economically justified when the value of the 

increased output exceedsthe initial and operating costs, and appropriate climatic 

conditionspermit effective utilization of the equipment.Water quality is a 

concern. The water must be treated to removecontaminants such as salt, calcium, 

magnesium, aluminum,etc. When wetted (100% humidity) these contaminants 

function aselectrolytes and can result in severe corrosion of materials. 

Carefulapplication of this system is necessary, as condensation or water 

carryovercan intensify compressor fouling and degrade performance. 

The higher the levels of dissolved solids and salts in the water thegreater the 

effort must be to avoid water carryover.  

 

 

Figure1-3. Courtesy of General Electric Company. Effect of evaporative 

cooling on power output and heat rate as a function of ambient 

1-5 air temperature and relative humidity. 
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Besides control-ling water quality, controlling water flow rate is also important 

(toolittle is ineffective and too much may be detrimental to machine life).There 

are two types of evaporative coolers: pad and fogger.The pad-type cooler 

consists of wettable porous media pads thatare kept moist by water sprayed or 

dripped continuously on their upper edges. Air flows horizontally through the 

wetted media where thewater wicks through the media wall and into the 

airstream. Pad-typecoolers require low (less than 100 psig) pressure water fl ow 

and cantolerate moderate levels of calcium carbonate (less than 150 

ppm).Calcium carbonate levels between 50 ppm and 150 ppm require additional 

water flow to wash contaminants from the media. The mediapads have 

approximately the same capture efficiency as a pre-filter.Media pad life is a 

function of clogging, sagging, decay, and bacterialaction. To maximize the life 

and effectiveness of the media pads, thesecoolers should be installed 

downstream of the inlet air filter system. The media pads should be sufficiently 

dried and removed when notin use for prolonged periods of time. 

A fogger-type cooler consists of water fl ow nozzles placed acrossthe face of the 

gas turbine inlet and a coalescer stage. These nozzlesdistribute a fi ne mist of 

water into the air stream and the coalesce stage eliminates non-evaporated water 

carry over. The quantity offogger nozzles is a function of nozzle orifice size, 

spray angle, cross sectionalarea of the gas turbine inlet, and air flow velocity. 

Nozzle orificesize is a function of the residence time the droplet has to evaporate 

andthe amount of contaminate in the water. Residence time is defined asthe 

water droplet size (measured in microns) and the duct length fromthe plane of 

the fogger nozzles to the coalescer vanes. Typical nozzlesizes range from 0.006 

inches to 0.010 inches (producing droplets in the25- to 75-micron size range) 

and water pressure ranges from 300 psigto 1,000 psig. Due to the small nozzle 

sizes even moderate levels of calciumcarbonate in the water present a problem. 



 
10 

Therefore, it is recommendedthat water hardness (CaCO3) be reduced to less 

than 10 ppm.Operation between 10 ppm and 50 ppm is not impossible but will 

incurincreased maintenance with smaller nozzle sizes. Fogger-type 

evaporativecooler nozzles can be placed either before or after the air 

filters.(However, due to the “ foreign object” hazard created by the number 

andsize of the nozzles immediately upstream of the gas turbine compressorinlet, 

it is recommended that this system only be installed upstream ofthe air filters. 

 

 

 

1-8 Aims of this project 

This project aims to manufacture and test a cooling duct, which is cooled by 

evaporative cooling technique. By testing the duct with different hot and dry air 

temperatures range, the performance characteristics curves will be obtained 

throughout multiple parameters of the system. 
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 CHAPTER TWO 

LITERATURE REVIEW 

 

Andrea DePascalea, Francesco MelinoaMirkoMorinib [4] studiesAnalysis 

of Inlet Air Cooling for IGCC Power Augmentation" and they found Integrated 

Gasification Combined Cycles are energy systems mainly composed of a gasifier 

and a combined cycle power plant.Since the gasification process usually requires 

oxygen as an oxidant, an air separation unit is also part of the plant. Moreover, a 

producer gas cleaner unit is always present between the gasifier and the gas 

turbine. With respect to Natural Gas Combined Cycles, IGCCs are characterized 

by a consistent loss in the overall plant efficiency due to the conversion of the 

raw fuel in the gasifier and the electrical power parasitized for fuel production 

which considerably reduce the plant net electric power. Moreover, since these 

plants are based on gas-steam combined cycle power plants they suffer from a 

reduction in performance (a further net power decrease) when ambient 

temperature increases. Regarding this latter topic, different systems are currently 

used in gas turbine and combined cycle power plants in order to reduce gas 

turbine inlet air temperature, and, therefore, the impact of ambient conditions on 

performances. In their work, a review of these systems is presented. Both 

systems based on water evaporative cooling and on refrigeration by means of 

absorption or mechanical/electrical chillers are described. Thermodynamic 

models of the systems are built within the framework of a commercial code for 

the simulation of energy conversion systems. A sensitivity analysis on the main 

parameters is presented. Finally, the models are applied to study the 

Capabilities of the different systems by imposing the real temperature profiles of 

different sites for a whole year. 
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Fig. IGCC system layout [1] 

Ana Paula Santos1, Cláudia R. Andrade2,*[8]studied Analysis of Gas Turbine 

Performance with Inlet Air Cooling Techniques Applied to Brazilian SitesFor 

geographic regions where significant power demand and highest electricity 

prices occur during the warm months, a  gas turbine inlet air cooling technique is 

a  useful option for  increasing output. Inlet air cool-    ing increases the power 

output by taking advantage of the gas turbine’s feature of higher mass flow rate, 

due the compressor inlet temperature decays. Industrial gas turbines that operate 

at constant speed are constant-volume-flow combustion machines. As the 

specific volume of air is directly proportional to the temperature, the increases of 

the air density results in a higher air mass flow rate, once the volumetric rate is 

constant. Consequently, the gas turbine power output enhances. Different 

methods are available for reducing compressor intake air temperature. There are 

two basic systems currently available for inlet cooling. The first and most cost-

effective system is the evaporative cooling. Evaporative coolers make use of the 

evaporation of water to reduce the gas turbine inlet air temperature. The second 

system employs two ways to cool the inlet air: mechanical compression and 

absorption. In this method, the cooling medium flows through a heat exchanger 

located in the inlet duct to remove heat from the inlet air. In the present study, a 
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thermodynamic analysis of gas turbine performance is carried out to calculate 

heat rate, power output and thermal efficiency at different inlet air temperature 

and relative humidity conditions. The results obtained with this model are 

compared with the values of the condition without cooling herein named of 

Base-Case. Then, the three cooling techniques are computationally implemented 

and solved for different inlet conditions (inlet temperature and relative 

humidity). In addition, the gas turbine was tested under different cooling 

methods for two Brazilian sites, and comparison between chiller systems 

(mechanical and absorption) showed that the absorption chiller provides the 

highest increment in annual energy generation with lower unit energy costs. On 

the other hand, evaporative cooler offered the lowest unit energy cost but 

associated with a limited cooling potentialEvaporative coolingEvaporative 

cooling is most appropriated cooling system to hot dry areas, because it utilizes 

the latent heat of vaporization to cool ambient temperature from the dry-bulb to 

the wet-bulb temperature (Al-Ibrahim and Varnham, 2010). The process 

employed by this cooling method convert sensible heat in latent heat, being the 

ambient air cooled by evaporation of the water from wet surface of the panel 

(cooling media) to the air (Amell and Cadavid, 2002). In Fig. 1, a typical 

evaporative cooling system is presented. 

 

Figure 1. Schematic representation of the evaporative coil (cooling edia) 
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a 02 03 

The evaporated water mass flow associated with the evaporative cooling is given 

by: 

 

where m·   is mass flow rate of air, and m    and m    are the air specific 

humidity in the inlet and outlet of the evaporative system, respectively. It is 

well known that as the water evaporates, the mineral content (calcium 

carbonate, magne- sium, sodium, salts etc.) of the remaining water increases   

in concentration. Therefore, the water that is drained from cooling equipment to 

remove mineral build-up is called “blow-down” water or “bleed” water. Eq. 

(16) not considers the blow down water because typically only a very small 

stream of bleed-off water is necessary for proper equipment operation and high 

purity or demineralised water supply is used (Al-Ibrahim and Varnham, 

2010)The cooling load associated with the evaporative cooling system results 

So  

where m·  is the air mass flow rate and C is the specific heat of the dry air at 

constant pressure, determined as a function of the average temperature across 

the evaporative system (Alchemy and Ajar, 2004)Seed 

 

Ali Sakhalinand MamboedSafari[7] perform study and Comparison of Inlet Air 

Cooling Technique ofGas Turbines and Their Effects on Increase of 

theEfficiency and Outlet Power 

This paper is about to study and compare coolingTechniques and utilized 

systems to Cook Inlet air of powerProducing gas turbines. For years, the effect 

of lessening thetemperature of the inlet air in the compressor on both the 
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powerand the efficiency has been known very well. Recently, fogpumping 

method as a substitute for prevalent evaporativecoolers has been regarded and 

the cooling cycles for chillinginlet air in the gas turbines in order to decrease 

temperature toscale down the outlet power. To evaluate all selection or 

choicesfor applying cooling, the most arbitrary, possible method, inrespect to the 

condition of exploitation and environment of site,causes power increase for 

producers and prevision of potentialability to cost frugality of users. These 

papers aim to describe 

and compare inlet cooling systems to gas turbines and especiallyfog pumping 

techniques with different environmentalconditions in inlet gate. In spite of 

presenting the economicaljustification of studying systems not fully, but a 

relative analogyamong given methods will be done. 

HOW TO IMPROVE GAS TURBINE PERFORMANCE 

(TURNOVER)Whatever mass Debbie of inlet air flow gas up, paralleling 

outlet power of gas turbine in the fixed amount of othervariable increases as 

well. To stable the volume Debbie ofinlet air flow to gas turbine by growth of 

the density of theinlet air, the mass Debbie of air flow will be increase as 

theproduction power of a relative function comes from the massDebbie of air 

flow. If the mass Debbie of additional fuel isignored, the equation of ideal gas 

towards mass Debbie flowis as follows [1]: 

                                                      M = PV/RT 

The most common method, which is being utilized toproduce the power for 

increasing mass Debbie, would be airdensity increase with using the temperature 

decrease of inletair. As demonstrated in picture 1 (Fig. 1), as the inlet 

airtemperature becomes smaller in degree (until 20 Fahrenheit 

degree) correction coefficient of the power increaseapproximately seven percent 

[2] 
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EVAPORATING COOLING SYSTEMS BASED ON HUMIDBED. 

A. General Features 

In such a system, a waved bed which its basic materialcellulose or Fiberglass is 

used. This an inactive system that isinstalled in the air path it is humidified via 

the headers ofwater distributor. The structure of this environment has, ashape 

that lets water seep in itself, from one side the waterwhich hasn't been vaporized, 

goes into the water pool and theother side. Air flow channels are located to 

transfer theeffective heat and minimize the pressure drop enough. As theair flow 

circulates through the humid bed, the heattransferring starts as well. The existing 

heats in the air flow isattracted by the environment. So, the vaporized 

waterDecrease the inlet air temperature. Psychometric processPath indicated in 

the graph two which occurred along thePermanent Enthalpy line. Effectiveness 
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span of following vaporizing coolers (chillers) as samples ranges from 85% 

to90% which is defined as below 

 

Effectiveness is an index (or an indicator) to indicate thescale of vaporizing 

coolers capability to make close the inletdry air to humid 

temperature with its equivalence. 

 

Fig. 3. A section of vaporizing cooler. 

Fig. 3 shows a section of a humidity-based vaporizingcooler (chiller). 

 A circulating pumps also transfers theaccumulated water in the sewage cavity 

toward distributivemulti-way. Via the way above, water is sprayed on 

thedistributive pad and then is leaked which simultaneously lets 

the air pass from this field. To protect sub-features of thesystem from loss rising 

from extra water, same extra-watereliminators to hold up water drops 

B. Application 

Although evaporating coolers (chillers) operate based onthe environment in the 

wide ranges of climate conditions, buttheir highest advantageomens out, when 
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they are applied inthe hot and dry weather. The certainrabbles such as 

waterquality, cost, pollution and exploiting from a power planet(continuously or 

the peak conditions), can limit usingvaporizing coolers. 

C. Economic Features 

Generally the bed-based coolers have the lowest cost andof installation and 

exploitation, in comparison with otherintroduced systems in this essay. In 

general, the installationcost from 25-50 dollars in each KW will be added to 

thepower planet cost. Due to the system simplicity and limitedperipheral 

equipment use, exploitation costs decrease. 

D. The Other Advantages, Risks and Consideration 

When the speed of outlet air on the bed is approximatelyless than 700 feet per 

minute (FM), water distribution will befixed between one and tree gallon in 

minute for each squarefeet from distribution pad (depends on 

environmentconditions), that the base of system with the low risk of waterspray 

transferring with the use of the extra water eliminator 

will be shaped. The humid-based cooling systems are that areflexible  with 

different quality controls of potable water When the water analysis valuated and 

Debbie rate of thedepletion of water-cooler will be calculated. According 

tosuggested parameters, if Debbie rate is fixed in a favorableamount, then the 

system will be regulated and the minimum 

automatic controls will be needed as well. Due to the possible  fundamental 

changes in the inlet water quality periodicalcheck and water analyzing should be 

done based on ascheduled suggestive time. Naturally non-mineral water also can 

be used, as regards, in respect to possible reaction ofwater hardship with the 
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humid bed, there is a possibility thatthe bed softens in the verge of rupture. If the 

water is usedwith its high purity, same discretionary measures must betaken, 

especially about the material which has been used inpiping and consumed 

features or elements in the under stream. Assessment of Inlet Cooling to 

Enhance Output of a Fleet of Gas Turbines 

 

INTRODUCTION 

In an effort to improve operational performance ata natural gas process plant in 

Louisiana, the plantpersonnel wanted to identify opportunities to improveplant 

energy efficiency, increase product throughput,andgenerally improve the plant’s 

per-unit productioncosts. It has been known that the power output andefficiency 

of gas turbines are reduced significantlyDuring the summer because the air 

becomes less dense 

(Which results in less mass flow rate), and theCompressor's work increases with 

increased ambienttemperature. It has been estimated that every 1°F riseof 

ambient air temperature reduces the gas turbine 

output by approximately 0.3 to 0.5% [1]. Therefore,one of the focused efforts for 

improving product yieldis to assess the options to increase power 

availabilityand/or product throughput of the plant’s 15 small, gasfired 

combustion turbinesOverview of Inlet CoolingGas turbine inlet cooling is 

extremely effective incounteracting the decreasing GT performance during 

hotand humid summer when the power demand reachesmaximum. South 

Louisiana’s summer is especially hotand humid, inlet cooling is an option that 

must beevaluated. The capital cost for an inlet-cooling device isCheaper than 

installing a stand-by unit only for peak loadNeeds. There are a number of 

technologies which can bedeployed to accomplish the lowering of the inlet 
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airtemperature into the compressor inlet, which in turnincreases the density of 

that air and the correspondingmass flow through the GT, allowing increased 

poweroutput during warm or hot ambient conditions 

Inlet Cooling Project CriteriaInstalled cost evaluations are only a part of 

thecriteria for determining optimized system applicationsThe system’s 

operational costs and the annual value ofThe additional power supplied is just as 

important asAre installed costs considerations. Turbine inlet cooling is a viable 

and potentially cost effective power upgrade option applicable forBoth simple 

and combined cycle plantsEvaporative eggingEvaluationIn recent years, 

confidence has grown in fogCooling technology as a reliable and cost-

efficientMethod of power augmentation. Installations are nowconsidered 

“options” as opposed to experimental.Most of all major turbine manufacturers 

offer some 

form of fogging power options for their system.Thermo-Economic Analysis of 

Inlet Air Cooling In Gas Turbine PlantsAli Marzouk anbdullaHannifinUpper 

Egypt Electricity Production Company750 MW Kory mat Power Plant, 

EGYPTFaculty of Engineering, Mechanical Power DepartmentCairo University, 

Giza, EgyptAbortGas turbine power plants are widely used for power generation 

in the world; they are low cost, quick to installAnd engender stability with 

regard to electricity grid variations. They are nevertheless negatively impacted 

By ambient temperature: on hot days power demand increases while gas turbine 

power falls. An 18% decreaseinefficiency occurs at ambient temperature 40_C 

due to lower air density and the resulting increase in 

Compressor specific work. Gas turbine is usually designed at ISO 

conditionswhich meet ambient temperature and relative humidity 
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Of 15C and 60% respectively. But if the ambienttemperature increases to 40C in 

summer, gas turbinepower deceases to 80 % rated. Theimpresser compression 

ratio is given by 

 

 

Compressor isentropic efficiency in the range of80% to 90% is expressed as 

 

 

So compressor exit temperasure (T2) is given by: 

 

 

 Compressor work is obtained from 

 

 

Combustion chamber analysis: 

By applying energy balance on the combustion 

Chamber: 

 

Theair to fuel ratio is expressed as 

 

 F= (ma/mf)  

 The exhaust temperature of turbine (T4) is obtained 
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From the relation 

 

 

 

 

Where  

Turbine shaft work is given by 

 

 

The network output from the gas turbine is obtained 

 

The output power from gas turbine unit is expressed 

 

The specific fuel consumption is given as 

The heat added to the combustion chamber is calculated 

From 

 

Gas turbine thermal efficiency is obtained from 
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 The unit heat rate is expressed as 

 

Chiller Sizing Optimization and CalculationsIt is observed that the best 

efficiency is obtainedcloser to the gas turbine design temperature (15– 

18C) rather than the lowest inlet air temperatures(5–7C). Obviously, a lower size 

of cooler is requiredto obtain 15C than 7C. In addition, cash flows arehigher 

with small coolers than with large ones (both 

Mechanical or heat absorption), due to the improvedefficiency and reduced 

maintenance. If the economicsituation changes to one favorable to electricity 

productionusing natural gas as fuel, high-power chillers 

(sized to maximize improvement) will exhibit bettereconomic behavior than 

lower-power ones. However,lower-power coolers in a better economic trendwill 

increase the cash flow and enjoy better economic 

parameters than expected. Consequently, when energymarkets are uncertain, it is 

recommended to sizethe cooling system to approach design point ratherthan to 

obtain maximum power enhancements [10] 

 

Evaporative cooling systemevaporative cooling system. Water is sprayed 

upwardfrom a header pipe into the top of an invertedhalf pipe and is deflected 

downward onto a distributionpad on top of the media. The distribution pad 

facilitatesentry of the water into the media by ravitationalforce and wets a very 

large surface area formedby several layers of the media. The excess water 



 
24 

(notabsorbed by the media and not evaporated by the hotair) is collected in the 

bottom part of the cooler and 

forwarded to a reservoir tank 

 

Cooler electiveness'is selected to be 90%. GasTurbine output power is calculated 

at cooling temperatureTo estimate the annual gas turbine power gainedBy 

cooling according to average ambient conditionsAlso the difference between 

power with and withoutCooling is calculated  

the water vaporization flow rate is expressed byThe 

relation: 

 

The blow down rate can be determined from theBlow down ratio which is E 

=the blow down rate/evaporation rateThis ratio will be calculated from the 

waterHardness E curve. Water hardness of 150 prm was 

Used for this purpose and the ratio (E) was equalto 4, so the blow down rate is 

given by  

 

Total water consumption (QW) is equal to the sum of the evaporation rate and 

blow down rate 
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CHAPTER THREE 

EXPERIMENTAL WORK 

 

3.1 Description of the test rig 

The test rig consists of the following components:- 

1. A duct system with dimension (50 cm width, 50 cm height and 200 cm 

long) made from wood to ensure the insulation of cooling process. The 

duct is installed on metallic stand with height of approximately 1m. Many 

holes are drilled in the specific positions for temperature sensors to be 

mounted as shown in fig. 3-1. 

 

Fig. (3-1) The inlet air duct 
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2. A blower (2800 rpm and 700 W) is attached in the inlet intake of the 

duct. The power supply of the blower is engaged with variable speed 

regulator to change the number of revolution per minutes and 

consequently the velocity of flowing air. Thus the air mass flow rate will 

regularly by change according to the divisions made on the regulator.  

 

Fig. (3-2) The blower 
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3. A 2 mm diameter pipe is installed on the inside top of the air duct. A T-

connection is attached to the pipe in such away high pressure air from one 

side is flowing as an atomizer and pumped water from the other side to be 

break up very finely. 

4. Four Temperature sensors with selector is installed 50 cm apart in the air 

duct to measure the temperature of flowing air. 

5. An additional temperature sensor with humidity ratio is attachedat the 

end of the duct on outlet which measures the temperature and humidity 

ratio of the leaving air.   

 

Fig. (3-3) The humidity ratio sensor 

 

6. Flow meter of entering water to the spray system, its unit is (lpm) starting 

from 2 with division of 2. It is used to estimate the volume flow rate of 

water. 
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Fig. (3-4) The flow meter of water 

 

7. Air compressor (200 liter reservoir) with supply pressure up to 10 bar 

which is considered sufficient enough to break up the water droplets into 

very fine atomized air as shown in fig. 3-1. 
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Fig. (3-5) The air compressor 

 

8. Water pump which is used to pump the incoming water. The water is then 

injected in very small pipe and mixed with high pressurized air from the 

compressor. 
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Fig. (3-6) The water pump 

 

9. Flow meter of pressurized air supplied to the spray system, its unit is 

(m3/hr) starting from 2 with division of 2. It is used to estimate the 

volume flow rate of supplied air. 
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Fig. (3-7) The air flowmeter 

 

10. Control panel, which consists of main power supply and the on/off 

switches of blower, water pump, and air compressor. Also, control panel 

contain the temperature thermocouples selector and blower regulator.   



 
32 

 

Fig. (3-8) The control panel unit 

 

 

Fig. (3-9) Schematic diagram of water injection system 
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3.2 Method of experiments 

The testing procedure is as follows: 

1. Open main electrical power supply. 

2. Open blower power switch; let the air to blow up in the duct.  

3. Adjust the regulator on specific speed and wait to get steady state 

condition. 

4. Open pump power switch and let the water to flow in pipe. 

5. Open the power switch of air compressor and let pressure to be 

accumulated in the reservoir up to (eight bar). 

6. Open the air valve and let air mixing with water.    

7. Record date and time of test and ambient temperature and humidity ratio 

of surrounding air.  

8. After a while, when the injected water sufficiently mixed with the 

incoming air, record the multiple reading of temperature, humidity, 

blower rpm, water flow rate and air flow rate. 

9. Increase the blower speed and repeat the above steps. 

10. Repeat the procedure for another value of water flow rate providing the 

humidity ratio not exceeding 100% of outlet air.  

11. The sample of data sheet is as follows: 

 

Date : Time: Ambient temperature : Humidity ratio: 

№. Of 

Test  

T1 

(°C) 

T2 

(°C) 

T3 

(°C) 

T4 

(°C) 

T5 

(°C) 

Φ 

(%) 

Blower 

speed 

(rpm) 

Water 

flow 

rate 

 (lpm) 

Air 

flow 

rate 

(m3/hr) 

          

 



 
34 

CHAPTER FOUR 

MATHEMATICAL MODEL 

 

Physical Principle Basic Concepts Of 4.1  

Gas turbines are very sensible to ambient air wet bulb temperature. For 

instance, if the gas turbine operates with an ambient temperature of 35 °C a 

reduction about 20% of its capacity of generation may occur when compared to 

ISO standard conditions of 15°C. This is due to the direct influence of air density 

on the amount of air introduced in the combustion chamber (at higher 

temperatures, air presents low density and, therefore the air mass supplied to the 

turbine is reduced). 

Previous studies (as stated in chapter two) have demonstrated the 

advantages of the use of evaporative panels in the cooling of the air of the gas 

turbines.The decreasing of entering inlet air temperature plays an important role 

in increasing the power output of gas turbine unit especially in hot days when the 

demand of electricity hits the maximum.   

The schematic diagram of the direct evaporative panel that is adopted in this 

work is shown below: 

 

Fig. (4-1) Schematic diagram of DEC 
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Mathematical model 4.2 

By using direct evaporative cooling model and the basic laws of 

conservation mass and energy, the set of different flow equations can be solved. 

During the gas turbine cycle the ambient air is initially cooled and humid in the 

directevaporative cooler (DEC) due to simultaneous mass and heat exchange 

between the air stream and the wet surface of the panel. The mathematical model 

implemented for the system under study involves the following main 

considerations: 

(i) Panel is well insulated. 

(ii) Neglecting the change in the kinetic and potential energy. 

(iii) The pressure drop through the inlet air duct of the compressor where the 

directevaporative cooling occurs is neglected. 

(iv) The change in the potential energy is ignored. 

 

4.3Formulation of  Mathematical model 

is injected into the flowing stream of dry air as shown 1tWater at a temperature 

in Fig. 4-2a. The final condition of air depends upon the amount of water 

evaporation. When the water is injected at a temperature equal to the wet bulb 

), then the process follows the path of 1wttemperature of the entering air (

constant wet bulb temperature line, as shown by the line 1-2 in Fig. 4-2b. 

 

 Let wm= Mass of water supplied, 

  am= ass of dry air,M 

  1W= Specific humidity of entering air, 
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  2W= Specific humidity of leaving air, and 

  1h=  Enthalpy of water injected into the air. 

 

 

 

(a)Psychrometric process.                                  (b)Psychrometric chart. 

 

Fig. 4-2. Cooling and humidification by water injection. 

 

Now for the mass balance, 

a

w
12

m

m
WW )1.4(                                                       

and for heat balance,  

fw121

fw

a

w
12

h)WW(h

h
m

m
hh





 

, therefore it may 2hand 1his very small as compared to   fw12 hWW Since      

be neglected. Thus the water injection process is a constant enthalpy process, 

whether the temperature(i.e. irrespective of the temperature of water injected 

).w1 tt or w1 tt  
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4.4 Theoretical Calculations 

The following sample of calculation is stated below for typical cases of different 

surrounding temperature of incoming air in the duct. The ambient conditions 

adopted are (30 °C, 𝑅𝐻 = 22%) , (35 °C, 𝑅𝐻 = 20%), (40 °C, 𝑅𝐻 = 18%), 

(45 °C, 𝑅𝐻 = 10%). 

 

 

Case I  

𝑎𝑡𝑇𝑎𝑚𝑏 = 30℃, 𝑅𝐻 = 22% 

�̇�w = 𝜌�̇� 

 =1000x
0.2

1000×60 

=0.003333 kg/sec 

 �̇�𝑎 =
𝑝�̇�

𝑅𝑇
 

 �̇�𝑎 =
100000×4000

287×318×3600
 

 =1.769 kg/sec 

ℎ𝑓𝑤 = 125.74 𝑘𝐽/𝑘𝑔 

ℎ1 = 45𝑘𝐽/𝑘𝑔 

𝑤1 = 0.0056 𝑘𝑔/𝑘𝑔 𝑑𝑟𝑦 𝑎𝑖𝑟 

𝑤2 = 𝑤1 +
�̇�𝑤

�̇�𝑎
 

𝑤2 = 0.0056 +
0.003333

1.769
 

𝑤2 = 0.0075 𝑘𝑔/𝑘𝑔 𝑑𝑟𝑦 𝑎𝑖𝑟 

ℎ2=ℎ1+
�̇�𝑤

�̇�𝑎
× ℎ𝑓 
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ℎ2 = 45 +
0.003333 × 125.74

1.769
 

ℎ2 = 45.236 𝑘𝐽/𝑘𝑔 

𝑇𝑜𝑢𝑡 = 27℃   ,𝑅𝐻𝑜𝑢𝑡 = 31% 

 

 

 

 

 

 

Case II: 

𝑎𝑡 𝑇𝑎𝑚𝑏 = 35℃, 𝑅𝐻 = 20% 

�̇�w =  𝜌�̇� 

 =1000x
0.3

1000×60 

=0.005kg/sec 

 �̇�𝑎 =
𝑝�̇�

𝑅𝑇
 

 �̇�𝑎 =
100000×4500

287×318×3600
 

 =1.414 kg/sec 

ℎ𝑓𝑤 = 146.64 𝑘𝐽/𝑘𝑔 

ℎ1 = 53 𝑘𝐽/𝑘𝑔 

𝑤1 = 0.007 𝑘𝑔/𝑘𝑔 𝑑𝑟𝑦 𝑎𝑖𝑟 

𝑤2 = 𝑤1 +
�̇�𝑤

�̇�𝑎
 

𝑤2 = 0.007 +
0.005

1.414
 

𝑤2 = 0.0105 𝑘𝑔/𝑘𝑔 𝑑𝑟𝑦 𝑎𝑖𝑟 
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ℎ2=ℎ1+
�̇�𝑤

�̇�𝑎
× ℎ𝑓 

ℎ2 = 53 +
0.005 × 146.64

1.414
 

ℎ2 = 53.52 𝐾𝐽/𝑘𝑔 

𝑇𝑜𝑢𝑡 = 29℃   ,𝑅𝐻𝑜𝑢𝑡 = 55% 

 

 

 

 

 

 

Case III 

𝑎𝑡 𝑇𝑎𝑚𝑏 = 40℃, 𝑅𝐻 = 18% 

�̇�w = ρ�̇� 

 =1000x
0.4

1000×60 

=0.006666 kg/sec 

 �̇�𝑎 =
𝜌�̇�

𝑅𝑇
 

 �̇�𝑎 =
100000×5000

287×318×3600
 

 =1.546 kg/sec 

ℎ𝑓𝑤 = 167.53 𝑘𝐽/𝑘𝑔 

ℎ1 = 62.5 𝑘𝐽/𝑘𝑔 

𝑤1 = 0.0086 𝑘𝑔/𝑘𝑔 𝑑𝑟𝑦 𝑎𝑖𝑟 

𝑤2 = 𝑤1 +
�̇�𝑤

�̇�𝑎
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𝑤2 = 0.0086 +
0.006666

1.546
 

𝑤2 = 0.0013𝑘𝑔/𝑘𝑔 𝑑𝑟𝑦 𝑎𝑖𝑟 

ℎ2=ℎ1+
�̇�𝑤

�̇�𝑎
× ℎ𝑓𝑤 

ℎ2 = 62.5 +
0.006666 × 167.53

1.546
 

ℎ2 = 63.22 𝑘𝐽/𝑘𝑔 

𝑇𝑜𝑢𝑡 = 28℃   ,𝑅𝐻𝑜𝑢𝑡 = 54% 

 

 

 

 

 

 

Case IV 

𝑎𝑡𝑇𝑎𝑚𝑏 45℃ , 𝑅𝐻 = 10% 

�̇�w = 𝜌�̇� 

 =1000×
0.5

1000×60 

=0.008333 kg/sec 

 �̇�𝑎 =
𝑝�̇�

𝑅𝑇
 

 �̇�𝑎 =
100000×5500

287×318×3600
 

 =1.674 kg/sec 

ℎ𝑓𝑤 = 188.44 𝑘𝐽/𝑘𝑔 

ℎ1 = 86.5 𝑘𝐽/𝑘𝑔 

𝑤1 = 0.009 𝑘𝑔/𝑘𝑔 dry air 
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𝑤2 = 𝑤1 +
�̇�𝑤

�̇�𝑎
 

𝑤2 = 0.009 +
0.008333

1.674
 

𝑤2 = 0.014 𝑘𝑔/𝑘𝑔 𝑑𝑟𝑦 𝑎𝑖𝑟 

ℎ2= ℎ1+
�̇�𝑤

�̇�𝑎
× ℎ𝑓 

ℎ2 = 68.5 +
0.008333 × 188.44

1.674
 

ℎ2 = 69.43 𝑘𝐽/𝑘𝑔  

𝑇𝑜𝑢𝑡 = 32℃   ,𝑅𝐻𝑜𝑢𝑡 = 46% 
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CHAPTER FIVE 

RESULTS AND DISCUSSION 

 

The injected water tends to saturate the entering air to the compressor with the 

very fine droplets of air and makes it more humidity. 

Also the temperature drop due to cooling effect result from evaporative cooling, 

raising the air density according to the state equation: 

RT

p
 …………………………………(5-1) 

The temperature drop due to evaporative cooling is based on simple principle : 

As water evaporates, the latent heat of vaporization is absorbed from the water 

boy and the surrounding air. As a result , both the water and the air are cooled 

during the process. 

The evaporative cooling follows a line of constant wet-bulb temperature on the 

psychometric chart. Since the constant wet-bulb temperature lines almost 

coincide with the constant enthalpy lines ,the enthalpy o the air stream can also 

be assumed to remain constant during an evaporative cooling process. That is 

Twb ≈ constant 

h  ≈ constant 

The lowest temperature to which the air can be cooled by this  evaporative 

cooling is that of saturated air (ø = 100%) where the dry- and the wet-bulb 

temperatures are identical. 
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For the present work, the entering air temperature to the air box (T1) was  –for 

specific case– (38 °C) and the temperature after water injection was (28 °C), 

while the ambient temperature was 38 °C. 

The following calculations show the limiting case of the saturated air 

temperature: 

 

Since  

RTp  ………………………………………………………….(5-2) 

 

Applying atmospheric conditions yield  

aaa RTp   ……………………………………………………(5-2a) 

 

ρa=1.1392 3mKg  

Since there is no pressure change across the inlet air duct, so 

1

1
T

Ta

a  (assuming isobaric process)……………………… (5-2b) 

 

Kg3

1

3

1 m  91.0mKg 1.1    

Refer to psychometric chart to locate the state (1), from which 

Twb = 18 °C 

 Follow the wet-bulb temperature line to the  saturation case (ø = 100%) to get 

T = Twb = 18 °C 

While it -in actual- is equal to 38 °C 
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This temperature droop lead to an  increase in the air mass flow rate , since 

A  v


am …………………………………………………...(5-3) 

The following data are sample of the data taken from the test rig experimentally 

1) At 𝑇𝑎𝑚𝑏 = 32℃ , 𝑅𝐻 = 42% 

At �̇�𝑎𝑖𝑟 = 6
𝑚3

ℎ𝑟
 , �̇�𝑤 = 1.2 𝑙𝑝𝑚 

No. 𝑇1 𝑇2 𝑇3 𝑇4 𝑇5 RH% N(rpm) 

1 32 30 30 24 22 85 400 

2 32 29 29 25 24 66 800 

3 32 30 30 29 28 53 1200 

4 32 30 30 30 29 50 2000 

5 32 30 30 30 29 44 2700 

 

 

 

2) 𝑇𝑎𝑚𝑏 = 32℃ , 𝑅𝐻 = 42% 

At �̇�𝑎𝑖𝑟 = 8 𝑚3/ℎ𝑟  , �̇�𝑤 = 2 𝑙𝑝𝑚 

No. 𝑇1 𝑇2 𝑇3 𝑇4 𝑇5 RH% N(rpm) 

1 32 28 28 23 21 92 400 

2 32 27 27 24 22 83 800 

3 32 27 27 24 23 65 1200 

4 32 28 28 25 23 57 2000 

5 32 28 28 26 24 46 2700 
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1- Effect of blower speed 

 

Figure 5-1 shows the trend of the average temperature in the duct with the 

blower speed of the fan. It is noticed that the temperature deceasing with the 

increasing of the speed. This mainly occurs because of the cooling effect.  

 

Figure 5-1 the average temperature versus the rotational speed 

 

 

Figure 5-2 the relative humidity versus the rotational speed 
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5-2 Effect of cooling process on dry bulb temperature  

 According to the mathematical model, adding a moisture to hot and dry air 

has a strong effect in changing its properties. As shown in figure 5-3, the 

relationship is inversely related. This effect due to continuous injection of 

high pressurized water in the stream of the air causing drop in its 

temperature.  

 

Figure 5-3    

shows the relationship between the dry and wet bulbs temperatures 
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