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Abstract: This study investigates the effects of variations in
compressor blade profile on the thermo-economic performance
of gas turbines. The compressor's thermo-economic performance
was determined using data obtained from the power plant. The
method used for the analysis was simplifying the compressor,
combustion chamber, and turbine into control volumes. Each
flow was analyzed based on exergy, economic, and exergy cost
principles. As 1 was increased, rotor blade deflection and
diffusion were reduced while outlet velocity, stage efficiency, and
pressure ratio increased. Pressure ratio increased by up to 20
percent when 1 increased by 10 and decreased by 7.5 percent
when  2 increased by 10. Equipment cost, annualized cost and
total capital investment, operation, and maintenance cost
increased by 27.68 percent, 27.31 percent, and 22.86 percent
as 1 increased by 10 while equipment cost, annualized cost and
total capital investment, operation, and maintenance cost
increased by 12.44 percent, 12.12 percent, and 12.45 percent as
 2 decreased by as much as 10. Cost of exergy destruction,
average unit cost of exergy input and average unit cost of exergy
output increase by 2.64 percent, 2.62 percent, and 4.65 percent
as 1 increase by 10. It was recommended that the gas turbine
filtration system be improved to suit the harsh environmental
conditions of the area to reduce the amount of foulants on
compressor blades. This will increase compressor life expectancy
and efficiency, save operating and maintenance costs, and
increase the reliability of the gas turbine to deliver maximum
power. Furthermore, the research findings could serve as a
useful reference for designers in selecting a reasonable
compressor blade angle.
Keywords: Compressor, energy analysis, exergy costing,
rotor blade angle, thermo-economics.

I. INTRODUCTION
Gas turbines are more appealing economically than other
forms of power generation due to their low capital cost,
high power-to-size ratio, high reliability, and flexibility in
using a variety of fuels [21]. Because of their numerous
advantages over other sources of power generation, they
have become one of the most widely used technologies in
power generation, and natural gas has become the primary
operating fuel associated with their use. The Gas Turbine is
an internal combustion engine with three main components:
a compressor, a combustion chamber, and a turbine, and its
operational behavior are determined by the efficiency of
these components [6].
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Hart [9] in his study has also established that the
efficiency of the gas turbine depends on three main
parameters: the aerodynamics efficiency of the compressor
and turbine, the maximum cycle temperature and pressure
ratio of the cycle among other parameters. Even under ideal
operating conditions, a gas turbine's performance can
deteriorate due to a variety of different environmental
issues. Fouling, corrosion, erosion, and foreign object
damage (FOD) because the blade profiles of the compressor
and turbine to alter over time, resulting in performance loss
[10]. Dust buildup on compressor blades modifies the air
foil shape, reducing the compressor's efficiency and flow
capacity by changing the angle of attack of the incoming
air. Fouling that causes a 5% loss in compressor flow
capacity will result in a 2.5 percent drop in compressor
efficiency and a 10% reduction in gas turbine power output
[8]. To provide the requisite aerodynamic flow patterns,
compressor blades are correctly shaped and positioned at
optimal angles of incidence, and any change in blade
geometry would have an impact on the blade intake or exit
velocity triangles, potentially resulting in major
performance changes. Changes in deviation at both rotor
and stator blade rows and distortions in velocity diagrams at
each compressor stage occur when the geometric
dimensions of the air foils are changed under distorted
conditions.
The importance of thermo-economics as a valuable tool
in the design, evaluation, optimization, improvement, and
cost analysis of thermal systems has been established in
several research. Thermo-economic analysis is a system
optimization tool that evaluates thermal energy systems
using both the second law of thermodynamics (Exergy
concept) and economic principles to provide designers with
useful information for system improvement and costeffective operations [2][7][11]. The studies, however,
showed no relationship between changes in compressor
blade profile and thermo-economic variables. The current
study focuses on the compressor and develops models that
use structural theory of thermo-economics to establish a
relationship between changes in compressor blade profiles
and thermo-economic variables. The study also included
models for entropy generation and capital cost estimations.
The findings show that axial compressor losses, operating
costs, and thermo-economic variables can be predicted
during the design stage, which will aid operators and energy
investors in making decisions about performance,
sustainability, and economic feasibility. The study's primary
objectives are as follows: Exergy analysis of an axial flow
compressor of a gas turbine to assess its performance,
Page 1

ISSN: 2277-3754
ISO 9001:2008 Certified
International Journal of Engineering and Innovative Technology (IJEIT)
Volume 11, Issue 5, November 2021
evaluation of the quantities and cost of exergy destruction
  1 
within the compressor due to variation in compressor blade
T1  rP   1


profile and analysing the effect of variation in blade profile
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on non-exergy related costs of the compressor.
act
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II. MATERIALS AND METHODS
A. Description of Plant Investigated
Figure 1 shows a schematic diagram of the
system
under investigation. A 180MW single shaft ALSTOM GT13E2 unit gas turbine power plant located in Afam, Rivers
State, Nigeria. It uses natural gas with a low heating value
(LHV = 50,000 kJ/kg) and operates on the Brayton cycle. A
5-stage turbine and a 21-stage axial compressor installed on
the same shaft serve as the primary mechanical
components, as does a combustion chamber between the
compressor and the turbine. At a rotor speed of 3000 rpm, it
has a maximum combustor temperature of 1368K, a
pressure ratio of 16:1, and an exhaust flow of 528 kg/s.

Temperature rise across a stage is given by:

T2  T1 

T2s  T1 

(3)

is

In terms of blade angles, actual temperature rises across
stage

Tst

Tst 

is expressed according to (Gülen, 2019).
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From equations (1) and (3) we have.
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Fig. 1: Schematic Diagram of a Sigle Shaft Gas Turbine

B. Equations and Analysis
The analysis in this work was carried out using energy
and thermo-economic models, with an emphasis on the
compression process. An energy model was used to
estimate the changes in pressure ratio caused by variations
in compressor blade angles. The thermo-economic analysis
consists of three steps. The first step was to perform an
exergy analysis to determine the exergy flows and losses in
the system components. The economic analysis step
evaluates the monetary costs of the system's installation,
operation, and maintenance. Exergy costing was the third
step, which was used to estimate the exergy cost of each
flow.
C. Energy Model
Considering both the total temperature rise across the
compressor and the temperature rise across a stage in the
case of multistage compressors. Isentropic total temperature
at compressor exit:
 1


T2 s  T1  rP

Actual total temperature rises across compressor:
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rp0,c : Pressure ratio with respect to blade angle

N S : No of compressor stages
D. Thermo-economic model
Due to the limitations of energy analysis in thermal
processes, exergy has been developed to account for energy
losses due to irreversibility’s within the system. The exergy
component of fluid in a steady flow is given by the sum of
the exergy's kinetic, potential, thermomechanical, and
chemical components [5]. Exergy analysis allows for the
evaluation of energy degradation, entropy degradation, and
the loss of opportunities to do work during a process, and
thus provides an alternative approach to power plant
improvement. Because the processes are fixed in
composition, the effects of kinetic and potential energy are
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0
negligible in this study. In the steady state, the velocity
Annualization cost of compressor ( Cc ) was given by
difference between the inlet and output is negligible, so the
equation (17) and in this study all investment cost values
kinetic energy effect is ignored. Similarly, in industrial
are expressed in terms of the Dollar ($).
equipment such as axial compressors, the elevation
difference at inlet and exit is insignificant at steady state;
Cc0  PWc0  CRF
(17)
therefore potential energy consequences were neglected. As
Total capital investment, operation & maintenance cost of
a result, as illustrated in the models below, exergy was
0
compressor, Z c is expressed according to equation (18) as
defined as the maximum work taken from the stream when
follows:
it was brought to the reference state by physical energy.
Energy of products from compressor



P
E2  E p ,c  ma h2  href   Tref s20  sref0   Ra ln  2
P


 ref


 (9)
 
 

Exergy of products from combustion chamber
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(10)

Exergy of products from turbine
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Z c0 

  Cc0

(18)

3600  N

E. Exergy cost model
Cost flow rates per unit exergy of all plant components
were considered to determine the compressor's cost flow
rate per unit exergy. Three sets of non-linear equations were
formulated and solved to determine the cost flow rates for
all the streams in the entire plant using Specific-Exergy
Costing (SPECO) as proposed by [3],[15]. Assumptions
were made as follows: Cost of air entering the compressor,

C 10  0 ; At states 3 and 4, the cost rate per unit exergy is
(11)

the same and the cost rate per unit exergy in state 5 equals
the cost rate per unit exergy in state 6.

Network output from turbine

E5  WNET

(12)

Exergy of work input to compressor

E6  Ew,c  ma

(h

2

 h1 )

(13)

is

Fig. 2: Control Volume for Generalized Cost Balance

Exergy destruction rate in compressor
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Exergetic efficiency of compressor:






According to [7], the generalized cost balance equation for
the entire plant was expressed as follows:
(14)

 c E 
0
e

e k

 cw0 ,kWk  cq0,k Eq ,k   c 0j E j k  Z k0 (19)

C 0j  c0j E j

c

(20)

Compressor:

c 

E p ,c
E w ,c
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(15)

Economic model
The compressor equipment cost

0
c

PEC

is expressed (16).

 71.1ma  0
0
PECc0  
rp ,c ln rp ,c 
 0.9  is 
DOI: 10.51456/IJEIT.2021.v11i05.001

(16)

C10  0

(21)

C20  C10  C60  Z c0

(22)

Combustion chamber:

C30  C20  C70  Z cc0

(23)
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Cost of exergy destruction
The cost rate of fuel C f  C 7 was obtained from
The cost rate associated with exergy destruction was
[19][20]:
estimated as follows:

C f  c f m f LHV

(24)

c f : Fuel cost per energy unit = 0.004$/MJ [24]
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Relative cost difference:

m f : Mass flow rate of fuel (natural gas)
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The following auxiliary equations were derived from cost
balance equations using the F-Principle and P-Principle, as
stated below:
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Average cost per unit of exergy input and output
Average costs per exergy unit of work input and product for
the compressor was expressed as follows:

c

0
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(30)

 c0

c 0p ,c  cw0 ,c

(31)

cw0 ,c

Exergo-economic factor:

f c0

This compares the two cost sources that contribute to the
cost increase, which are the cost of work input to the
compressor and the cost of products. The cost is divided
into two categories: non-exergy costs (capital investment
and operation and maintenance costs) and exergy costs (cost
of exergy destruction and exergy losses). Equation (32) was
used to express the exergo-economic factor.

Z c0
f  0 0
Z c  Cd , c
0
c

The cost flows from the general cost-balance equation for
the compressor, combustion chamber, and turbine form a
set of linear equations that can be arranged into a matrix
form and solved to determine the values of
C10 , C20 , C30 , C40 , C50 , C60 and C70 as shown below:



















The relative cost difference is a performance index that
shows the rate of increase in average cost per exergy unit of
work input and product in the compressor, and it was stated
in this study according to [1].

LHV : Lower heating value of fuel
0
4



(32)

III. RESULTS AND DISCUSSIONS
A. Results of variation of blade inlet angle at constant
blade outlet angle
Graph of rotor blade angle against equipment cost is
plotted and shown in Figures 3. The cost of equipment rises
as β1 increases. According to [14], increasing an air
compressor's isentropic efficiency raises the investment
cost. According to the current study, β1 increases with
pressure ratio and isentropic efficiency, resulting in an
increase in compressor equipment cost. According to Figure
3, the cost of equipment increased by 27.76 percent as the
rotor blade inlet angle increased by 10. Graph of rotor blade
angle against annualized cost is shown in Figure 4. The
annualized cost rises by 27.83 percent as β1 rises by 10 due
to an increase in the average cost per unit of exergy input,
pressure ratio, and mass flow rate.
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Fig. 3: Graph of Compressor Blade Angle Vs Equipment Cost

Their research shows that as the pressure ratio increases
with β1, the mass flow rate decreases nonlinearly for
compressible gas flows.

Fig. 5: Graph of Compressor Blade Angle Vs Total Capital
Investment, Operation and Maintenance Cost

The findings of [13] and [22] are consistent with the
current study. Their findings show that exergy destruction
increases with pressure ratio due to an increase in the rate of
entropy generation. According to Figure 6, the cost of
exergy destruction increased by 2.69 percent per degree
increase in β1.

Fig 4: Graph of Compressor Blade angle Vs Annualized
Cost

Figure 5 shows a graph of rotor blade angle against total
investment, operating, and maintenance costs. In their
research, [14] discovered that the pressure ratio rises with
the compressor's investment cost. The pressure ratio
increases as the rotor blade inlet angle increases, resulting
in increased capital investment, operating, and maintenance
costs. Total capital investment, operation, and maintenance
costs increased by 27.66 percent as the rotor blade inlet
angle increased by 10. According to [19], the total capital
investment, operation, and maintenance cost of an air
compressor is determined by the pressure ratio; thus,
reducing β1 can reduce total investment cost value. The
results of a multi-objective optimization using the Pareto
Frontier to determine the best among the optimal design
parameters of an air compressor show that the total cost of
the compressor increases moderately as the pressure ratio
and exergetic efficiency increase. The cost of exergy
destruction rises as β1 and pressure ratio increase. Figure 6
shows a graph of rotor blade angle versus cost of exergy
destruction. As the pressure ratio increases during the
compression process, more work is required, resulting in an
increase in irreversibility’s, entropy generation, and exergy
destruction, and thus an increase in the cost of exergy
destruction.
DOI: 10.51456/IJEIT.2021.v11i05.001

Fig. 6: Graph of Compressor Blade Angle Vs Cost of Exergy
Destruction

Figure 7 show graph of variation of rotor blade angle
versus average cost per unit of exergy input. The average
cost per unit of exergy input rises as β1 increases. This is
because increasing the pressure ratio necessitates additional
work and cost, resulting in an increase in the cost of exergy
input to the compressor. According to Figure 6, the average
cost per unit of exergy input increased by 2.80 percent as β1
increased by 10. Valencia et. al. (2019) investigated the
relationship between pressure ratio and exergy input. Their
findings show that as the pressure ratio increases, so does
the cost of fuel per unit exergy input. Figure 8 shows a
graph of rotor blade angle against average cost per unit of
exergy output. Due to an increase in the pressure ratio, the
average cost of unit exergy output rises as β1 rises.
According to the findings of [11], as the pressure ratio and
turbine inlet temperature rise, the average cost per unit of
exergy of products falls to a minimum and then begins to
rise as the pressure ratio and turbine inlet temperature rise
further. As β1 increased by 10, the average cost per unit of
exergy increased by 5.14 percent.
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Fig 7: Graph of Compressor Blade Angle Vs Average Cost
per unit of exergy input

Fig 9: Graph of Compressor Blade Angle Vs Relative Cost
Difference

Unit of Exergy Input

Unit of Exergy Input

Operation and Maintenance Cost

Unit of Exergy Input

Unit of Exergy Input

Operation and Maintenance Cost

Fig 8: Graph of Compressor Blade Angles Vs Average Cost per
Unit of Exergy Output

Figure 9 illustrates a graph of rotor blade angle vs
of Exergy Output
relative cost difference. As β1 and pressure ratio increase,
the relative cost difference increases. This result is like that
of [17], who found that increasing the pressure ratio from 6
to 8 the relative cost
increased
Unitdifference
of Exergy
Inputby 15 percent. In
the current study, the pressure ratio increased by 13.68% as
β1 increased by 10. Graph of rotor blade angle against
exergo-economic factor is plotted and shown Figure 10.
According to theUnit
findings,
the exergo-economic
factor rises
of Exergy
Input
when β1 rises due to an increase in the pressure ratio. [17]
Found that the exergo-economic factor increases with
compressor pressure ratio but decreases with combustion
Cost
chamber Operation
in their studyand
on Maintenance
integrated biomass
gasification
combined cycle plant for small scale power. [18] found that
the exergo-economic factor increases as the pressure ratio
rises. As β1 increased by 10, the exergo-economic factor
increased by 5.56 percent.

DOI: 10.51456/IJEIT.2021.v11i05.001

Fig 10: Graph of Compressor Blade Angle Vs Exergo-economic
Factor

Results of variation of blade outlet angle at constant blade
inlet angle
Figure 11 represents a graph of rotor blade angle versus
equipment cost. The graph shows that as  2 decreases, the
cost of the equipment
The equipment cost
Unit ofincreases.
Exergy Input
increased by 12.44 percent from $20.0111 to $22.5106 as
the  2 decreased by 10 from 270 to 260. By decreasing  2 ,
the stage's loading capability and pressure ratio are
Unit of Exergy Input
increased. The pressure ratio rises as the  2 decreases with
a constant 1 , increasing equipment costs. According to
[16], the cost of equipment increased moderately as the
Operation
Cost angles
pressure ratio
increased.and
TheMaintenance
graph of rotor blade
against annualized cost is shown in Figure 12. The
annualized cost increased by 12.50 percent as  2 decreased
by 10. When compared to Figure 5, the total investment,
operation and maintenance costs, pressure ratio, and mass
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Like axial centrifugal compressors, the efficiency and
flow rate all increase when  2 decreases, resulting in an
pressure ratio of an air compressor increase as β2 decreases
increase in the equipment's annualized cost.
because higher pressures require additional work input.
According to the graph, as β2 decreases, the overall
investment, operating, and maintenance costs rise. As β2
decreases by 10, the total capital investment, operating, and
maintenance costs rise by 12.56 percent. The rate of exergy
destruction determines the cost of exergy destruction [19].
The graph of rotor blade angle against cost of exergy
destruction is shown in Figure 14. The cost of exergy
destruction rises as
decreases. The rate of entropy
2
generation increases as
is reduced, resulting in an
2
increase in exergy destruction and pressure ratio. As
decreased by 10, the cost of exergy destruction increased

2

Fig 11: Graph of Compressor Blade Angle Vs Equipment Cost

by 0.72 percent.

Fig 14: Graph of Compressor Blade Angle Vs Cost of
Exergy Destruction
Fig 12: Graph of Compressor Blade angle Vs Annualized
Cost

Figure 13 represents a graph of rotor blade angle versus
total investment, operation, and maintenance costs. As β2 of
a centrifugal compressor decreases, so does its head and
efficiency [4].

Fig 13: Graph of Compressor Blade Angle Vs Total Capital
Investment, Operation and Maintenance Cost

DOI: 10.51456/IJEIT.2021.v11i05.001

As the pressure ratio rises due to a decrease in  2 , the
average cost per unit of exergy input rises. The average cost
of exergy input to the system, as well as the cost of
additional work, tends to rise as the pressure ratio rises. The
average cost per unit of exergy input vs. the rotor blade
angle is shown in Figure 15. When  2 was reduced by 10,
the average cost per unit exergy input increased by 0.64
percent.

Fig 15: Graph of Compressor Blade Angle Vs Average Cost
Per Unit of Exergy Input

Unit of Exergy Input

Unit of Exergy Input
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A graph of rotor blade angle against average cost per unit
exergy output is shown in Figure 16. The average cost per
unit of exergy output rises as  2 decreases. The cost of the
unit product rises with pressure ratio due to higher
investment costs and exergy destruction at higher turbine
inlet temperatures, according to [17]. Figure 16 shows that
as  2 decreased by 10, the average cost of unit exergy
output increased by 1.32 percent.

Fig 18: Graph of Compressor Blade Angle Vs Exergo-economic
Factor

Fig 16: Graph of Compressor Blade Angles Vs Average Cost
per Unit of Exergy Output

A graph of rotor blade angle against relative cost
Output
difference is shownofinExergy
Figure 17.
Because of the pressure
ratio and exergy destruction, the relative cost difference
increases as β2 decrease. The comparison with related data
is comparable with that published by [4], who found that as
Unit of Exergy Input
β2 decreases, the pressure near the tongue of an impeller
increases. Figure 9 shows that as β2 reduced by 10, the
relative cost difference increased by 4.89 percent.
A graph of rotor
blade
vs exergo-economic
factor
Unit
of angle
Exergy
Input
is shown in Figure 18. As β2 drops, the exergo-economic
factor rises due to higher total capital investment, operating
and maintenance cost, pressure ratio, and cost of exergy
destruction.
Exergo-economic
factor was shown
Operation
and Maintenance
Cost to be
influenced by the overall cost of investment and the cost of
exergy destruction, according to [5]. As β2 decreased by 10,
the exergo-economic factor increased by 3.059 percent, as
illustrated in Figure 10.

IV.CONCLUSION
The effects of compressor rotor blade profile change on
the thermo-economic performance of axial compressor of a
gas turbine was carried out in this study. The pressure ratio
Unit of
Exergy
increases as 1 increases
and
drops asInput
 2 increases. As 1
increased, the pressure ratio decreased due to increased
deflection, diffusion, and a high rate of entropy generation.
The thermo-economic
developed
Unit models
of Exergy
Input in this work
revealed that as 1 increases, the equipment cost,
annualized cost, total investment, operation, and
maintenance cost increase and decrease. This is because
Operation
pressure ratio
rises withand
and drops with Cost
1 Maintenance
 2 . Cost of
exergy destruction decreases with decrease in 1 and
increases as  2 decreases. This was because of lowering of
entropy generation during the compression process at
constant  2 with increase in 1 . Cost of exergy
destruction was reduced by 2.62 percent as 1 decreased by
10. The average cost of unit exergy input increases as the
rotor blade outlet angle decreases and decreases as the blade
inlet angle increases. The average cost per unit of exergy
output rises as  2 decreases. The study also revealed that
the relative cost difference increases with increase in 1
and increases with decrease in  2 .Whereas the exergoeconomic factor increases as 1 increases, it decreases
as  2 increases. The relative cost difference is the cost
increase between the average unit cost of exergy input and
output, which is influenced by the cost of exergy
destruction. According to the values of the relative cost
difference and the exergo-economic factor, 1 has a
stronger influence on thermo-economic performance than
the blade outlet angle. A high relative cost difference
indicates a high rate of exergy destruction, which can be
improved by reducing 1 of the compressor rotor blades.

Fig 17: Graph of Compressor Blade Angle Vs Relative Cost
Difference
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Unit of Exergy Input
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NOMENCLATURE
Symbols

E

T
s0

h

ma
Ra

Exergy (kJ/kg)
Temperature (K)
Specific entropy (kJ/kg K)
Specific enthalpy (kJ/kg)
Mass flow rate of air

(kg/s)

Gas constant for air (kJ/kg K)

I c0

Exergy destroyed (kJ/kg)

WNET

Power output (kJ/kg)

Z
P
rp

Height (m)
Pressure (bar)

rp0,c
U

Pressure ratio (blade angle)

Pressure ratio (measurements)

Peripheral blade velocity (m/s)
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Va
Vw
V
Ns
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Appendix A: Summary of Average Operating Data for
Air absolute velocity (m/s)
180MW ALSTOM GT13-E2 Gas Turbine Power Plant
and Compressor Blade parameters (Source: FIPL, 2018)
Whirl velocity (m/s)
Rotor blade velocity (m/s)
Number of compressor stages

PEC c0 Equipment cost ($)
SVc0 Salvage value ($)

PW
CRF
C c0

Present worth
($)
Capital recovery factor
Annualized cost ($/yr)

Z c0

Total capital investment, operation,

n
N

 c0
f c0

and maintenance Cost ($/h)
Total operating period (yr)
Number of running hours (h)
Relative cost difference



c
is

ref

Compressor inlet temperature, T1

27.73

Compressor inlet pressure, P1

1.008

Compressor outlet temperature, T2

389.36

Unit
0

C

Bar
0

C

Compressor outlet pressure, P2

11.75

Bar

Fuel gas (natural gas) mass flow rate,
mf

7.60

kg/s

Turbine inlet temperature, T3

1040.65

0

Turbine outlet temperature, T4

508.38

0

Power output

116.38

C
C

MW

0

Air angle ( )
Blade angle (0)
Exergetic efficiency

Blade inlet angle

45

0

Blade outlet angle

28

0

Compressor isentropic efficiency

Air inlet velocity

200

m/s

Subscript
1
Compressor inlet condition
2
Compressor outlet and combustion chamber inlet
condition
3
Combustion chamber outlet and turbine
inlet
condition
4
Turbine outlet condition
in
Inflows
out Outflows
w, c
Input to compressor
p, c
Output from compressor
p, cc Output from combustion chamber
Output from turbine
p, t

d

Value

Exergo-economic factor

Greek Symbols
Maintenance factor


Ratio of specific heats



Parameter

Destruction
Environmental condition

act
st

Actual
Stage
Abbreviations and Notations
FOD
Foreign object damage
Kg
Kilogram
LHV
Low heating value
LNG
Liquefied Natural Gas
MATLAB Matrix laboratory
MW
Mega watt
SPECO
Specific exergy costing
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