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Abstract

In this article, modeling and optimization of powansumption of two—stage compressed air
system has been investigated. To do so, the twage £ompressed air cycle with intercooler of
FAJR Petroleum Company was considered. This cyakides two centrifugal compressors, a
shell, and a tube intercooler. For modeling of poa@nsumption, actual compressors isentropic
efficiencies and intercooler thermal effectivenass calculated from experimental data. In these
equations isentropic efficiency of compressors ifurection of inlet temperature and thermal
effectiveness of the intercooler is a function ikt air temperature, inlet water temperature of
the intercooler and inlet volumetric flow rate dfet cycle. For optimization of power
consumption, the Lagrangian method is used. Poamswmption and isentropic efficiency of the
first and second stage compressors, thermal eféawss of the intercooler and entropy
generation of compressors are considered as tkeetodg function and optimization conditions,
respectively. In comparison to the experimentahd#te modeling provided suitable accuracy.
The optimization effectively reduced the power aonption of the cycle, especially in summer,
in a way that the minimum and maximum reduction 2886 and 9.6%, respectively.
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1. Introduction

Air compressors are used in variety of industriesstipply process requirements, to operate
pneumatic tools and equipments, and to meet ingintetion needs. Compressed air systems use
about 10% of total industrial-energy use in theldioAlso, these systems are typically one of the
most expensive utilities in an industrial faciliiy-2]. Some large compressors require several
kilowatt powers to run. Even for a small air congser with displacement of 10%min, an
electrical motor of power 50-100 kW is required3J3-

The work input to a compressor is minimized whes& ¢tbmpression process is executed in an
internally reversible manner. When the changesinetic and potential energies are negligible,
the compressor work is given qyodp [6]. Obviously one way of minimizing the compresso

work is to approximate an internally reversible gges as much as possible by minimizing the
irreversibility such as friction [7-8], turbulen¢®-10], and nonquasi-equilibrium compression.
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The extent to which this can be accomplished istéichby economic considerations. A second
(and more practical) way of reducing compressorkweito keep the specific volume of the gas
as small as possible during the compression prog¢éssis done by maintaining the temperature
of the gas as low as possible at the inlet of cessgor and during compression since the specific
volume of a gas is proportional to temperature.

There are some regions in the world with speciiimatic conditions such as large differences in
minimum and maximum temperatures during a yearsd@hemperature variations can cause to
considerable difference in power consumption andopmance of air compressors. These
conditions lead to power consumption fluctuatiopgaabout 15% [11-14].

For large or middle power compressors, one of thetnmportant ways to save energy is using
multi-stage compression and intercooling [15-19je Rir compressed part ways to the discharge
pressure, passed through an intercooler and thapressed further. To minimize specific work
input or power consumption, in two stage air corapi@ with 100% isentropic efficiency and
100% intercooler effectiveness, is readily seeretpuire that the stage pressure ratio rise should
be the square root of overall pressure ratio imtloee restrictive perfect gas model.

Lewins [20] modeled and optimized a multistage coeapor with an intercooler for an ideal gas
model. He used Lagrange method of optimizationinnd bptimum condition. He showed that
working in the perfect gas model, in which leadsame elementary results in an optimization of
a gas turbine that gives maximum work per unit n@assilated. These are useful for giving a
feel to more realistic results in gas turbine aowlé cycle theory. It has been recently shown that
the essence of these results remains true, alligitavdifferent emphasis, when the model is
relaxed to the ideal gas only. Those results haenlgiven for a Joule cycle optimized for
maximum specific work. Also he showed that if thi@ge duties vary, optimal condition can be
calculated as function of isentropic efficienciéompressors and effectiveness of intercoolers.
Consequently, due to the supercritical heat rgjeadf the trans-critical cycle and the slopes of
the isotherms in the supercritical region, the baglrefficiency may be achieved at pressure ratios
of the first and second stage compressors significaifferent from each other, depending on
operating condition§21]. In actual condition, the isentropic efficieegiof compressors are not
constant and have significant variations with openal condition [22]. Compressor efficiency,
pressure ratio and inlet air temperature are thmg®rtant parameters in optimization of power
consumption in multi-stage compressors [23].

Wu et al. [24] optimized a multistage air compresssystem with a shell and tube intercooler.
They stated that such an optimization in multistagenpressors with an intercooler is highly
desirable as the size of compressor system in@eaSiso, they proposed an interesting
procedure to reduce required pumping power forrttercooler water.

Ghorbanian and Gholamrezaei [25] used an artifiegalral network to compressor performance
prediction. Their results show that if one conssdetool for interpolation as well as extrapolation
applications, multilayer perception network techugds the most powerful candidate. Further, for
the prediction of the compressor efficiency, ari#l neural network is a powerful technique.

Al Doori [26] investigated the effect of importaparameters on performance of gas turbine
power plant. He focused on different parametertudiog different compressor pressure ratios,
different ambient temperature, air fuel ratio, toebinlet temperature, and the cycle peak
temperature ratio. He showed that an increase @sspre ratio in each compressor would
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enhance the cycle’s produced work. Also, any irseda ambient temperature increases power
consumptions and reduces the cycle work. Therefordient temperature rising can deteriorate
thermal efficiency.

Unfortunately, there is a serious shortage indiiere about air compressed system in hot region
and effect of inlet temperature on isentropic éfficies of compressor and intercooler
effectiveness. Therefore, in this article, powenstonptions of two stage air compressed cycle in
hot regions have been modeled and optimized by idemsg of variation of ambient
temperature, variation of isentropic efficienciesl antercooler effectiveness.

2. Material and Methods

2.1. Compressed Air System Specifications

The compressed air cycle that has been investigatdds article placed in Fajr Petrochemical
Company (Mahshahr-Iran) and includes two centrifuggenpressors and a shell and tube heat
exchanger as intercooler. Table 1 shows operatargnpeters of both compressors in summer
condition. Investigated intercooler is a water edoshell and tube heat exchanger by Siemens.
The outlet air from intercooler would be dried wéh industrial dryer to fix air moisture content.
Thus, it is assumed that air moisture content wdaa@lacconstant in compression process. Table 2
demonstrates the operating parameters of intencoole

Tablel. Operating parameters of compressors (Sur@adition)

Parameters First Compressor Second Compressor

Inlet air pressure (bar) 1 1.91

Inlet air temperature (K) 321 321

Inlet air flow rate (n¥s) 8.70 4.61

Head (kJ/kg) 74.7 62.30

Outlet air pressure (bar) 2.03 3.46

Outlet air temperature (K) 409 396

Power Consumption (kW) 848 685

Table2. Operating parameters of intercooler heahaxger (Design Condition)

Parameters Value
Inlet cooling water pressure (bar) 4.2
Inlet cooling water temperature (K) 296
Outlet cooling water temperature (K) 305
Outlet cooling water flow rate (fs) 170

To measure thermodynamic parameters such as peessoisture content, and flow rate, a Testo
400 device with three probes for each parameterusad. Measurement accuracy of device is
0.1°C, 0.001 bar and 0.1 %hr for temperature, pressure and flow rate, respsy. Also, a Fluke
1735 power analyzer device with data logger for pmssion power measuring in each
compressor was implemented. Pressure ratios in iems@s are variable with temperature, as
overall pressure of the cycle sometimes is 3.§ibawinter) and 3.49 bar (in summer).
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2.2. Thermodynamic Modeling

Figure 1 shows the components of a two-stage caaprewith a single intercooler. For the
thermodynamics modeling of power consumption of pasors, assumed that the air is ideal
gas and includes moisture. Also compression presessfirst and second stages, compressors

are adiabatic.
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Figurel. The two-stage intercooled compressingesyst
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2.2.1 First Compressor
We know from experimental results that the isentrafficiency of compressor is the ratio of
enthalpy differences in isentropic condition tohepy differences in actual conditions:
A —
_An, _hy-h 0
Ahy  h=hy
By using the first law of thermodynamics and coasitly equation (1), the power consumption
of the compressor in an ideal and actual compressia be calculated as:
Wi, =m (hzs - hl) (2

W
Wi =— 2 3)

12

Th2

According to equation (3), to calculate power canption of the compressor, isentropic power
consumption and isentropic efficiency of first-ssagpmpressor based on inlet condition should
be evaluated. The effects of air humidity have & donsidered as well. Humid air can be
considered as a mixture of dry air and water vapbe water vapor is assumed to be near
liquefying and humid air is treated as an ideal. g&g regarded equations (2) and (4), the

enthalpy of humid air based on hypothesis of ig@al model should be calculated [21]:
k-1

Ig{ﬂﬂk @

T B
P

R, (5)
Re

R =F eXpé(' 7850 + 184" + 2267r* - 1593* + 17717°)) 6)

With evaluation of the mole fraction of water vapoerhumid air, the specific heat capacity and
consequently isentropic power consumption can hmileded:
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_ I:Jvap — m;p
>(va\p - Pl - Pl (7)
o (T)=8, 8, (T)+¢, (T)"+d, (T)° ®)
Cra(T) =8, +0,(T) 0, (T) +, (T) )
Cp,ha = Xvappr +(1_Xvap)cpa (10)
Vvlzact — m(cp,ha (TZS)TZS _Cp,ha(Tl)Tl) (11)
,712

By method of main square error, the isentropiccedficy of compressor as a function of inlet
temperature can be calculated from experimental wéh a two degree polynomial fit:

I (Tl) =0.00000694B° - 0.0050587+ 1.61 (12)
2.2.2 Intercooler
The aim of modeling of intercooler in a compressed system is calculating its thermal
effectiveness (equation 13) and outlet air tempiegat
T,-T,
T,-T,
To calculate the effectiveness of intercooler, thilet air temperature should be determined.
Unlike to some studies [26-27] that assumed thecéffeness equal to quantity and constant,
regarding to equation (13), thermal effectivenesddn’t be constant.
According to recorded empirical data for this cyd¢hlee best method for calculating the outlet air
temperature and computation of thermal effectiveneartificial neural network (ANN) method.
To use ANN 256 different recorded data for inteteoavere implemented.
Regarding the different networks and using triatl agrror method, the best network for
intercooler is a feed-forward network by two hiddayer. Transfer function of the first layer is
tangent sigmoid with 20 hidden neurons and secayer lis log sigmoid with same number of
hidden neurons.
To update weight factor and bios in the first hiddayer, trainim function in Levenberg—
Marquatd optimization method was used and Leamgdming function has been implemented
for the second layer that is a suitable methodtluce inclined plane to train and update weight
and bios. To train the network, we used Train fiomcin which the number of trained data is
70% of total number of data. 15% of data to test &5% of them for network validation were
chosen randomly.

€= (13)

2.2.3 Second Compressor

Power consumption of the second compressor depemdghe thermal effectiveness of
intercooler. Power consumption calculation procedaf this compressor is same of the first
compressor. Also, since we have a dryer next terdicoler, inlet air moisture for the second
compressor is equal to the firgthe governing equation of the second compresssinmigar to
those of the first compressor.
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Here, we can use a polynomial as a function of ialetemperature to determine the isentropic
efficiency of the second compressor, as same asfitbe compressor. Therefore, using
experimental data, isentropic efficiency can bewalked:

N1:4(T,) =0.0048924%7 - 3.1347Z9+ 572.4 (14

2.3 Optimization of Power Consumption
For optimization of the cycle, we introduce furthergrange multipliers and distinguish between
the efficiency of first and second stage compressidriting the objective function as:

W=L,=h,-h+h,—h, (15)
Together with constraints and their Lagrange miidtip
_ T.dh (T dh
La=/1{RIn(r)—J‘T1 I T—} (16)
h,. —h
L = —_2s 1
= -tat] an
h,-h h,-h
L, = ,u{s—z—} = ,u{g—ﬂg} (18)
h2 - h1 hz - h1
h,, —h h,—h
L, = k|, ——= }=K[/] -1+-4 “5} (29)
i [ * h, —h, * h,—h,
Then define the Lagrangian, a function of five nadependent variables, as
L=L,+L,+L, +L +L, (20)

And make the five-dimensional gradienf. =0 as a necessary condition. This provides: with
substitution Lagrange multipliers obtained abowguétion 15) and simplification it, can obtain
optimization condition:

MoV 4 -1+ 1_£(T4s _Ts)
I734T25 /734T3
There is no analytical solution to find the optimeaonditions, however, because it involves the
temperatureT, and the isentropic temperatures, which are noergidirectly by the, &
parameters expressed in enthalpies. Neverthelesspecial case of the perfect heat exchanger (
£ =1) leads to somewhat a more simple optimum, sincéhae havey, I, =7,1 , andT, =T,.
buth,, =h, andh, =h,.
To calculate the optimum condition of consumpti@uvpr in an actual cycle using equation (21),
one should follow the following scheme:

* Assume pressure ratiQ, :m for the first compressor, according to requireglspure

(21)

If efficiencies are equal, then not only dpgs=T,_,

ratio and taking into account pressure lossestar-icooler.
» Calculate parameters below:
- hy(T,), using temperature, moisture and flow rate oftiale

B T2s and hzs (Tzs)
- & h,andr, using artificial neural network’s functions.
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- T, usingr, =r/rr, (pressure ratio in the second compressor).

* Solve equation (21) as a necessary condition foimigation of cycle’s consumption
power. If there would be a problem in equationsfatition, reduce pressure ratio and
outlet air temperature in the first compressor. dd¢ghese steps since convergence of
equation 21.

3 Resultsand Discussion

3.1 Experimental Results and Modeling Validation

It can be observed from Figure 2 that isentropiiciehcy of the first compressor is descending
function of ambient temperature. From 280K to 32&Kbient temperature variation, the falling
of first compressor isentropic efficiency was ard&do.

Isentropic Efficiency of the First Compressor (%)
d
ot
L

280 2B5 2940 295 300 M5 310 315 30 3I5 330
Ambient Temperature {K)

Figure2. Variation of isentropic efficiency withlét air temperature of the first-stage compressor

We can see some results of modeling of power copgamof the first compressor with recorded
data in Table 3. The results showed a good agreemiém experimental data. liMahshahr,
maximum and minimum ambient temperatures are sdréan each other CC to 48C). The
ambient temperature variations of this region hbgen showed in Figure 3. These conditions
lead to power consumption fluctuations up to 14%.

Table3. Modeling results of power consumption i finst compressor versus recorded data.
TyK)  Q(MYS)  WipakW)  WaamodKW)  Error (%)

281 6.175 773 723.10 6.47
285 6.308 791 739.30 6.46
289 6.388 793 745.13 6.45
293 6.300 790 742.14 6.45
297 6.138 775 728.17 6.44
305 6.470 804 754.95 6.43
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309 6.470 804 755.15 6.43
313 6.484 794 743.42 6.43
317 6.752 821 768.88 6.42
321 6.484 794 746.24 6.42
324 6.484 794 745.30 6.44

60
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30 1
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20

] a0 60 o0 120 150 180 210 240 270 300 330 360
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Figure3. Variations of maximum and average tempeeatof Mahshahr during a year

Figure 4 states us that ANN has an appropriateorespto variations of selected parameters.
There is an interesting reaction from ANN againstden change in outlet air temperature from
intercooler (according to Figure 4, we have a sonddgange in outlet air temperature after no.
100). This sudden change is caused by change iratap®l parameters because of change
winter into summer season.

116

—#— Experimental

—u— Result of Neural
Metwork

Cutlet Temperature of Intercooler (E)

a 50 100 130 2040 250 a0 350
MNumber of Data

Figure4. Outlet air temperature from intercoolemparison of ANN results with recorded data

The Table 4 shows some operational conditions e@iritercooler. One can see from Table 4 that
in different conditions, the falling of air pressuis constant. Point that mass flow rate of inlet
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water is constant. Also, it is obvious from Tabléh&t ANN has a good ability to prediction of
outlet air temperature from intercooler. AccordilmgFigure 5, the effectiveness of intercooler
variation was from 0.7 to 1.1. It means that tHetiair temperature of second compressor can be
lower than the inlet air temperature of first coegsor in very hot condition. Therefore, the
effectiveness can be larger than 1 in some casesfact has not presented in literature.

Table4. Operating conditions of the Intercooler
To(K)  Ts(K)  Twi(K)  Qn(m’hr) AP (bar)

369 303 291 22500 0.12
375 305 292 22500 0.12
384 305 295 23000 0.12
399 310 300 23700 0.12
405 310 300 23148 0.12
446 310 300 23300 0.12

Table5. ANN performance in outlet air temperaturediction of the intercooler
No. of tested data Min. error (K) Max. error (K) Square mean error Standard deviation
40 0.02 3.00 4.814 1.617

Effectiveness of the Intercooler

75 280 285 290 295 300 305 310 313 320 325
Ambient Temperature (K)

Figureb. Intercooler effectiveness variations agfa@mbient temperature

Also, small variation in the inlet air temperaturethe second compressor is an important point
and it means that inlet air temperature range isfcbmpressor is smaller than those of the first
compressor, because of existence of intercooler.

Table 6 shows the comparison between modelingteeant actual data of power consumption in
the second compressor as well as the modeling. &riner modeling error was in the range of the
first compressor. Figure 6 shows the isentropiicieficy variation for second compressor against
inlet air temperature. Isentropic efficiency vapatfor the second compressor was more limited
because of narrow range of inlet air temperaturatran of second compressor. In other words,
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the main reason of small variation in inlet air pErature for second compressor is small
variation of cooling water temperature in summed amter conditions. The maximum variation
of power consumption of second compressor was dr@% in summer condition related to
winter condition.

Table6. Results of the second compressor powenocgotion modeling versus recorded data.
T3ac(K) T3m0deI(K) W34act(kW) W34model(kW) Error (%)

304 304.60 686 644.13 6.51
306 305.91 698 655.40 6.50
308 308.35 703 660.65 6.47
310 309.90 690 647.88 6.50
312 311.65 670 629.38 6.50
314 313.15 693 650.70 6.50
315 314.90 656 616.02 6.49
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Inlet Temperature of the Second Compressor (K}

Figure6. Isentropic efficiency variation for thecead compressor vs. inlet air temperature

3.2 Optimization

Operational conditions of the second compressodapending on operational condition of the
first compressor and the intercooler, strongly. YWesented optimized parameters for both
compressor including pressure ratios and optimpmeler consumptions in Tables 7 and 8. The
maximum optimization for power consumption of tlirstfand second compressor was 20% and
6% respectively. Also, Minimum and maximum optintiaa for power consumption of the cycle
was 2.9% and 9.6% respectively.

Table7. Normal and optimized conditions for thetftompressor
Ti(K) Q(nt/s) ry,(bar) l2opt(0@N)  Wismodel(KW)  Wipopi(KW)

281 6.175 2.100 1.956 723.44 642.03
289 6.388 2.030 1.922 748.70 649.50
297 6.138 2.000 1.910 725.55 614.70
305 6.470 1.971 1.880 760.47 641.60
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313 6.484 1.947 1.867 759.50 642.70
321 6.484 1.919 1.850 755.57 633.30
324 6.484 1911 1.846 754.80 632.10

Table8. Normal and optimized conditions for theosebcompressor

T1(K) Q (mgl S) ra(bar) rasep(bar)  Wasmodel(KW)  Wagop(KW)
281 6.175 1.180 1.943 650.79 693.75
289 6.388 1.180 1.911 653.00 685.14
297 6.138 1.180 1.895 611.80 630.03
305 6.470 1.782 1.876 625.98 636.40
313 6.484 1.776 1.855 647.12 660.20
321 6.484 1.776 1.848 614.43 621.34
324 6.484 1.776 1.845 608.74 612.00

Figure 7 shows a comparison between outlet air ézatpre variations for the first compressor at
normal and optimized condition with regard to diffiet inlet temperatures. It can be understood
from figure 7 that outlet air temperature incredse=arly with increase in inlet air temperature of
the first compressor. At optimized condition, thelet air temperature of first compressor was
around 10K lower than normal condition.
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394

380
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295 300 310
Ambient Temperature (K

280 28% 290
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Figure7. Variations of outlet air temperature frtma first compressor at normal and optimized camalit
Figure 8 shows specific work consumption of thetfaompressor versus inlet air temperature for

both modeling and optimization condition. In summtre difference between normal and
optimized condition was increased in comparisor wiinter.
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Figure8. Variations of specific work consumptiortloé first compressor as a function of ambient terature at
normal and optimized conditions

Using multistage compression system with an int@esocan tighten the range of temperature
difference for the all compressor except the fose. Therefore, only the first compressor is
affected with ambient temperature fluctuationscsifntercooler existence. Figures 9 and 10
demonstrate variations of inlet and outlet air terapure of the second compressor versus
ambient temperature for modeling and optimizatiesutts.
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Figure9. Variations of inlet air temperature of #eEond compressor at normal and optimized comdgitio
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Figurel0. Variations of outlet air temperature frira second compressor at normal and optimizeditonsl

As can be seen in Figure 9, despite ambient teryerancreasing (and increase in inlet air
temperature to intercooler), inlet air temperattoehe second compressor has same value in
some points. The main reason for this phenomenointercooler effectiveness. Thermal
performance of intercooler is a function of ambitarperature, cooling water temperature and
inlet air flow rate. According to figures 9 and Iihe can observe that optimized results about
outlet air temperature from second compressor eedwenetimes with an increase in ambient
temperature. This is because of difference in predyressure ratios in the second compressor.
In other words, inlet air temperature to this coegsor are equal in some points, however outlet
air temperature varies because of difference imopéd pressure ratios.

Figures 11 and 12 demonstrate variations of sgasidirk consumption of the second compressor
and total specific work of the cycle both versusbant air temperature respectively.
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Figurel2. Variations total work versus ambient teragure at normal and optimized conditions

It should be noted from figure 12 that operatingqadibons and the cycle’s specific work
consumption amounts are close to proportional nioeglelalues at low ambient temperature (in
winter), although with a considerable increase nmb@nt temperature (in summer) the cycle
keeps out from optimized conditions. Total specifiork of the cycle reduces in the range of
2.8% up to 8.72% by compressors optimization intevirand summer condition respectively.
This occurs due to small variations of optimizeénisopic efficiency compared to actual

operating efficiency.
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4. Conclusion
According to the modeling and optimization metha@scan concluded that:

Our modeling method has a satisfactory level olueaxy for both compressors’ power
consumptions.

We used artificial neural network to predict outset temperature from intercooler. It
seems that this approach is preferred to the agsum@f constant thermal effectiveness
for intercooler.

The cycle’s performance is too close to its optimpomnt in winter season. With large
increase in ambient temperature (in summer), tiskedyeeps away from optimum point.
Total power of the cycle reduces in the range 6§2up to 9.6% by this optimization
method in winter and summer condition, respectively

To optimize total work of the cycle and to supgig required pressure ratio in hot region,
speed of compressors should be independent fromather. Consequently, Compressor
designing for hot climate should be in form of s@haft (specially the first stage
compressor) for operating compressors in diffeigpgeds and thus different pressure
ratios to save more energy.

To determine pressure ratios one should considercmoler performance. In winter
season, pressure ratio of the first compressorldhmilarger than the other compressor
(and vice versa in summer season), because idhidition, inlet air temperature to the
first compressor is smaller than of those of tread compressor.

5. Nomenclature

C

pa

C

pw

Cc

p.ha

Ah

act

Ah,

1se

LoL,L,L,L, Lagrangian functions

P

vap

p'

vap

R

ct

Specific heat capacity fordry air.............ccooovviinennnn.. GKg.K
Specific heat capacity for water vapor................c......... (IIKg.K
Specific heat capacity for humid air............................@iKg.K

The change in specific enthalpy in an actoatression... (ikgk
The change in specific enthalpy in an ideahpression...... (IIKg.K

Water VapOor PreSSUI.........oouuuiiiiiie e ceii e e (KRa
Pressure of saturate water vapor..................... ..o, (KPa
Volumetric flow rate of inlet airto cycle.......................... (m%s)
AIr CONStaNt.......ocoiiii i (JIKmol.K T
Pressure ratio.............oooevviiii i
Pressure loss ratio in the intercooler......................ccoo e,
AIr temMpPerature..........coooeiii i e )
Isentropic temperature...............ccoeviiiii i )
Actual power ConSUMPLION..........cviiiiiiiiiiei e, (KW)
Ideal power consSuMPLioN..........ccovvviiiiiiiiiiiee e, W)

Mole fraction of water vapor in the humid air
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6. Greek symbols

€ Thermal effectiveness of the intercooler......................oeeea.

n Isentropic efficiency of COMPresSSOor........c.vvviiiii i iii i
® Relative humidity....... ...,

Axouk Lagrange multipliers......oooo i,

7. Acknowledgment
We would like to thank the personnel and the marsagé Fajr Petrochemical Company
(Mahshahr, Iran) for their great help to do thise@rch.

8. References

[1] Saidur R., Rahim N. A. and Hasanuzzaman M. 2@&Lfeview on compressed-air energy use
and energy saving, Renewable and Sustainable ERegews, 14(4), 1135-1153.

[2] Koch, C.C. and Smith, L. H. 1976. Loss Souraed Magnitudes in Axial-Flow Compressors,
J. Eng. Power, 98(3), 411-424.

[3] Ludtke, K. 1983. Aerodynamic Tests on CentrduBrocess Compressors the Influence of the
Vaneless Diffusor Shape, J. Eng. Power, 105(4); 8012

[4] Yang M. 2009. Air compressor efficiency in a Viethamesgerprise, Energy Policy, 37(6
2327-2337.

[5] Erkki, L. and Ville, T. 2009. A Supercritical 250 kW Imstaal Air Compressor Prototype,
Journal of System Design and Dynamics, 3(4), 63®-65

[6] Cengel Y. A. and Boles, M. A. 2001. Thermodynesn An Engineering Approach, Mcgraw-
Hill College; 4th edition.

[7] Naterer, G. F. 2005. Embedded converging serfaccrochannels for minimized friction and
thermal irreversibilities, International Journalkbéat and Mass Transfer, 48(1225-1235.

[8] Bejan A., Kearney, D. W. and Kreith, F. 1981. Second Lamalysis and Synthesis of Solar
Collector Systems, J. Sol. Energy Eng., 103(1)283-

[9] Balajig C., Hollingh M. and HerwigbH. 2007. Entropy generation minimization in tusdmtl
mixed convection flows, International Communicasidn Heat and Mass Transfer, 34(5
544-552.

[10] Datta A. and SomS. K. 1999. Thermodynamic Irreversibilities andt@e Law Analysis in
a Spray Combustion Process, Combustion Sciencé&ecithology, 142(1% 29-54.

[11] Bassily, A. M. 2001. Effect of evaporative ehland aftercooling under recuperated gas
turbine cycle, Applied thermal engineering, 21, 3-8B90.

[12] Roytta, P., Turunen-Saaresti, T. and Honkatui 2009. Optimising the refrigeration cycle
with a two-stage centrifugal compressor and a fiasércooler, International Journal of
Refrigeration, 32, 1366—1375.

[13] Apreaa, C., MastrullghR. and RenngaC. 2004. Fuzzy control of the compressor speed in
refrigeration plant, International Journal of Rgémation, 27( 639—-648.

[14] Kakaras, E., Doukelis, A. and Karellas, S. 20€ompressor intake-air cooling in gas
turbine plants, Energy, 29(12-15), 2347-2358.

[15] Srinivasan, K. 2011. Identification of optimunter-stage pressure for two-stage transcritical
carbon dioxide refrigeration cycles, Journal of &gptical Fluids, 58, 26-30.

44



Journal of Modern Processes in Manufacturing amdi@tion, Vol. 4, No. 2, Spring 2015

[16] Turunen-Saaresti, T., Roytta, P., HonkatuBiaand Backman, J. 2010. Predicting off-design
range and performance of refrigeration cycle with-stage centrifugal compressor and flash
intercooler, International Journal of Refrigerati@3, 1152-1160.

[17] Wanga, H., MaaY., Tianc, J. and LiaM. 2011. Theoretical analysis and experimental
research on transcritical CO2 two stage compressyote with two gas coolers (TSCC +
TG) and the cycle with intercooler (TSCC + IC), Ene Conversion and Management,
52(8-9, 2819-2828.

[18] Chena L., Luoa J., SunaF. and Wu C. 2008. Design efficiency optimization of one-
dimensional multi-stage axial-flow compressor, ApglEnergy, 85()7 625—-633.

[19] Vadasz, P. and Weiner, D. 1992. The Optimaérirooling of Compressors by a Finite
Number of Intercoolers, Journal of Energy Resoutlahnology, 114(3), 255-260.

[20] Lewins, J. D. 2000. Optimizing an Intercool€&bmpressor for an ldeal Gas Model,
International Journal of Mechanical Engineering &ation, 31(3), 190-200.

[21] Romeo, L. M, Bolea,Y. L. and Escosa, J. M. 20@ptimization of Intercooling
Compression in C@ Capture Systems, International Journal of Appli€édermal
Engineering, 1744-1751.

[22] Odom, F. M. and Muster, G. L. 2009. Tutoriah &odeling of Gas Turbine Driven
Centrifugal Compressors, PSIG Annual Meeting helGalveston, Texas.

[23] Wang, X., Hwang, Y. and Radermacher, R. 20@6estigation of Potential Benefits of
Compressor Cooling, International Journal of Apghlignermal Engineering, 28, 1791-1797.

[24] Wu, Y., Hamilton, J. F. and Shenghong, W. 19&timization of Shell-and-Tube
Intercooler in Multistage Compressor System, Irddomal Compressor Engineering
Conference, 399.

[25] Ghorbanian, K. and Gholamrezaei, M. 2009. Atifieial neural network approach to
compressor performance prediction, Applied Ene8gy,1210-1221.

[26] Al-Doori, W. H. 2011. Parametric Performance @as Turbine Power Plant with Effect
Intercooler, International Journal of Modern Appli8cience, 5(3), 173-184.

[27] Ibrahim, T. K., Rahman, M. M. and AbdAlla, Al. 2010. Study on the Effective Parameter
of Gas Turbine Model with Intercooled Compressiomdess, International Journal of
Scientific Research and Essays, 23, 3760-3770.

[28] http://www.weatherbase.com/weather/weatheB3@isp11804&refer=&units=metric

45



Anti-swing Fuzzy Controller Design for a 3D OverHe@rane

46



