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ABSTRACT

The statistical analyses of the gas turbine power plant are presented in this paper. A novel
approach for analysing gas turbine operation and performance is developed utilizing
statistical modelling technology, specifically response surface methodology (RSM)
which was based on the central composite design (CCD) applied. The proposed
correlations have a remarkably satisfactory performance for all simulation data, where
the determination coefficient (R?) about 0.985. Moreover, the newly developed
correlations were validated with the real data from the gas turbine of MARAFIQ CCGT
power plant. Moreover, the newly developed correlations were validated with the real
data from the GT units in the MARAFIQ CCGT power plant. The error analysis was
applying to approximation the error (1.123% of the GT plants). From applied the ANFIS
technique, the optimum thermal efficiency was about 56% with the effect of the pressure
ratio and compressor isentropic efficiency.

Keywords: Gas-turbine, ambient temperature, pressure ratio, statistical analyses,
optimization.

INTRODUCTION

The high performance of plant can be judged by its power generation, fuel consumption,
working ratio and the thermal efficiency [1-4]. It is reported that various aspects are there
which greatly influence the performance which is: surrounding temperature, pressure
ratio, combustion and the turbine inlet temperatures, etc. [5-9]. According to Taniguchi
etal., [10], the performance of GT plant is very much affected by the ambient temperature
and pressure along with the temperature recorded of wear out gases. The study shows that
a clear decline in power generation of about 10% is observed as the ambient temperature
increases, whenever the ambient air temperature increases to 30 °C from ISO stated
condition of (15 °C). This situation is very much common in the tropical climatic region
where the recorded temperature varies from 25 °C to 35 °C [11-14]. The favourable
conditions for increasing the working capacity of a CCGT power generation plant are: the
intake temperature of is decreased to 15°C (ISO) and the humidity (RH) are maintained
to about 100% before the entrance in GT power plant compressor. These conditions of
GT power plant are commonly measured to check the efficiency and power generation
capacity of the plant [15-18]. The operating limits mentioned above like pressure ratio,
ambient temperature, air-fuel ratio, turbine inlet temperature, compressor as well as
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turbine isentropic efficiency is continuously applied to the performance of GT plant [19,
20]. However these are not forever positively activated in the turbine, these parameters
should be properly controlled so that performance of gas turbine can be maintained
accordingly. An efficient and accurate study must be carried out so as to maintain the
parameters along with the working and capacity of the plant [21-23]. As per the required
ISO conditions affecting the performance of GT power plant, a proper strategy must be
followed to achieve the maximum output. Badran [24] carried out a parametric study to
investigate the effect of different parameters (turbine inlet temperatures, pressure,
combustion efficiency, and isentropic compressor and turbine efficiency) on the
performance of the GT plant. The calculation of the values of the performance parameters
was using equations of the basic cycle with assuming thermodynamic properties at
constant values. Arrieta and Lora [25] evaluated the impact of ambient temperature on
the performance of the CCGT plant. Furthermore, during the design stage, the influence
of the ambient temperature on the performance of the CCGT plant to be considered. The
heating temperature of the fuel gas results in a higher thermal efficiency of the GT due to
the reduced fuel consumption [23, 26, 27]. Thamir and Rahman [8] examined
thermodynamic analysis of the GT system. The effect of the parameters such as pressure
ratio, turbine inlet temperature and isentropic compressor and turbine efficiency in the
GT performance was modelled and analysed. The thermal efficiency and power output is
selected as an indicator for measured the system performance. Maximum cycle
temperature selected depends on the ability of the material that used in the gas-turbine
plant at full load and ISO conditions [18]. The response of the GT performance to the
various operation parameters shall form the initial stage of the investigation, followed by
a tracking for the optimum parameters. Thus, the aim of the present work is to develop
new predictive correlations for the performance of the GT power plants.

STATISTICAL ASSESSMENT AND OPTIMIZATION TECHNIQUES

The reliability of the physical systems simulation is largely dependent on the
mathematical model's accuracy. To be able to carry quantitative modelling of any
component, mathematical knowledge is very crucial and one should have the efficient
level [28]. The process was not represented meaningfully by the mathematical model
when it was used instead of the equipment itself. Hence, for authentication that the
mathematical model is a true representation of the actual plant, readings from the actual
plant must be taken which prove or elucidate this fact [29]. Additionally, statistical
analysis is also carried out taking the errors into account of both the modelled data and
the actual readings of the plant to examine the variations present. The basic energy and
mass balance equations have been used by some researchers, while the commercial
software for modelling and analysis has been utilized by others in developing the
performance of the GT. The structure models shape up the problem by deviating from
normal conditions that are often associated with approximations of experimental
relationships, linearization and real processes [30, 31]. Moreover, for modelling GT
cycle, traditional models generally incorporate a multitude of parameters. Soft computing,
which solves complex mathematical problems is one of the realistic choices for
overcoming these problems. In identifying problems and solving complex systems, the
major components of soft computing, fuzzy logic and neural networks have been
classified as being capable enough [32]. The core concept of artificial intelligence is
represented by these methods, applicable in various fields relating to computational
studies. Based on the Adaptive Neuro-fuzzy inference system (ANFIS) as a hybrid
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technique, an optimization model of the performance of GT in this study was developed.
For studying the heat rate and performance of a power plant, the hybrid artificial neural
network (ANN) approach with three-layer was proposed. Figure 1 shows two-input first-
order Sugeno fuzzy model with two rules and equivalent ANFIS architecture. As a
function the system is equivalent to a first-order Sugeno fuzzy inference system whereas
it is also an adaptive network [33]. A rule combining back-propagation and a least-squares
algorithm is used for identifying and optimizing the parameters of the Sugeno system
while the hybrid learning utilizes ANFIS. Under contemplation, the fuzzy inference
system assumed has two inputs (x) and (y) namely and one output (f). Hence, as the
following confirms, a regular set of two fuzzy if-then rules is taken for a first-order
Sugeno model [34, 35]. To estimate the output with key parameters, ANFIS is used to
develop a GT model in this study. The thermal efficiency power output and fuel
consumption are estimated effectively by using this ANFIS based GT cycle model.

Rule 1: If xis Al and y is B1, then f, = px+q,y+n,
Rule 2: If xis A2 and y is B2, then f, = p,X+0,y+T,
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Figure 1. (a) Two-input first-order Sugeno fuzzy model with two rules. (b) Equivalent
ANFIS architecture.

RESULTS AND DISCUSSION
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Prediction of the GT power plant outputs was done by developing input-output
relationships through this study. Moreover, a phased strategy was envisioned so that the
effects of variables and its counterparts can be realized. Furthermore, a model was created
that could predict from real data power outputs of the GT power plants. For this, RSM,
also known as response surface methodology which was based on the CCD, also known
as the central composite design was applied. Moreover, transfer functions can also be
predicted based on this RSM technique. This study utilizes the CCD technique, as stated
by Montgomery, [36] and Wu and Hamad, [37]. Estimation of systems or processes
behaviour is done by using DOE (design of experiment) technique based on statistics. As
a case study, the GT unit in the the MRAFAQ CCGT plant is chosen. Table 1 shows the
ANOVA results which highlight the variance analysis. The model is indeed noteworthy
as highlighted by the model F-value of 183.80 shown. The possibility of such a huge
value of the Model-F occurring due to the presence of noise is only 0.01%. Moreover,
the value of ‘Prob >F that are less than 0.0500 highlights the worth of these model terms,
as shown in this scenario like rp2, T12, T1 and T1*rp. On the other hand, values which are
greater than 0.100 holds are insignificant. Based on the response surface technique, the
GTs power plant mathematical model has been developing. Equation (1) illustrates how
the GTs plant power output can be evaluated.

Table 1. Analysis of the GTs plant variance (ANOVA) results.

Source  Sumof  df Mean F p-value
Squares Square Value Prob > F
Model 9725.662 5 1945.132 183.8 <0.0001 significant
A (Ty) 1277475 1 127.7475 12.07115 0.0031
B(rp) 25.39606 1 25.39606 2.399731 0.1409
AB 58.36003 1 58.36003 5.514572 0.0320
A2 47.94655 1 47.94655 4.530578 0.0492
B"2 93.99703 1 93.99703 8.881992 0.0088
Residual 169.326 16 10.58288
Cor 9894.988 21

Total

power of GT = +22129.84398 -5416951 T, -179253165 r,

+2.21464 T, r, +0.032553 T,” +38.21063 rp2

where, Power of GT represents the gas turbines output power (MW)
I'p is the gas turbines cycle pressure ratio and Ty is the ambient temperature (K)

1)

Table 2. R? analysis results of the GT plant.

Parameter Value Parameter Value

Std. Dev. 3.25 R-Squared 0.9829
Mean 492.2 Adj R-Squared 0. 9775
CV.% 0.66 Pred R-Squared 0.9548
PRESS 447.16 Adeq Precision 39.002
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Table 3. Comparison between real data of the GT plant versus predicted results by DOE

Run rp T1 Actual Power Predicted Power by Residuals % Deviation
(K) (MW) DOE (MW)

1 15.64 291.34 508 513.9439 -5.9439  -1.17006
2 15.55 293.97 506.69 508.1174 -1.4274  -0.28171
3 15.54 294.43 506.22 507.4515 -1.2315 -0.24327
4 15.55 295.38 506.7 507.4775 -0.7775  -0.15344
5 15.54 296.84 507.55 506.4844 1.0656 0.20995
6 15.68 293.97 514.06 514.5836 -0.5236  -0.10186
7 15.85 298.31 528.95 526.6646 2.2854 0.432064
8 15.79 299.03 524.29 521.8558 2.4342 0.464285
9 15.26 317.42 484.48 487.2425 -2.7625  -0.5702
10 14.87 3151 467.14 464.2049 2.9351 0.628313
11  15.34 308.41 487.19 491.1739 -3.9839 -0.81773
12 1478 310.19 463.73 465.833 -2.103 -0.4535
13 1499 307.95 472.3 474.5655 -2.2655 -0.47967
14 151 308.76 477.73 478.4206 -0.6906  -0.14456
15 1474 3142 461.35 460.1001 1.2499 0.270922
16 14.65 311.36 458.04 461.6352 -3.5952  -0.78491
17 1497 309.83 47241 472.0958 0.3142 0.06651
18  14.99 305.71 478.58 476.7298 1.8502 0.386602
19 1496 311.85 476.1 470.1357 5.9643 1.252741
20 15.39 290.7 509.63 505.0036 4.6264 0.907796
21 1546 287.83 510.56 510.2262 0.3338 0.065379

% of deviation = [(actual value — predicted value)/ actual value] x 100%
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Figure 3. GT power outputs best-fit line.
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Figure 4. The contrast between predicted results versus real data of the GT.

D||||||||||||||||||||||

]
L

In Table 2 lists down R? evaluation results of the GT plant which is used to
measure the power output of the plant. As shown in Table 2, the adjusted R-squared value
of 0.9775 and the Predict R-squared value of 0.9548 are in close proximity to each other.
The signal to noise ratio is calculated by the parameter named adequate precision. Here a
value greater than 4 is appropriate. More so, if the ratio is 39.002, that indicates that the
signal is acceptable. Furthermore, a value of R? on a higher side indicates that the results
are close to the real data values. A comparison between the actual data and the predicted one
is highlighted in Table 3. A set of data based on 21 trials were collected as per the CCD structure
and a table was constructed which incorporated the predicted responses from RSM too. The
values seem to coincide with the actual data which is considered good. It also shows the residual
by response surface and the percentage variation versus the run number. More so, coverage
against trends as well as autocorrelation is provided by the help of randomization. A normal plot
of residuals is shown in Figure 2. The graphs highlight one key fact, that is, the value of R?=0.9829
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shows no irregularity. The linear model is statistically adequate and can be used to steer the design
space. Figure 3 shows a plot of the predicted values versus the actual data set whereas the
graphical representation is shown in Figure 4. It can be seen that the best-fit line resembles the
(Y=X) line when plotted on a data set of 21 points. This indicates that the predicted values and
the real data are in close proximity to each other. Moreover, the bowling score can also be
anticipated more accurately from the scattered points on the plot. The variation found in actual
results from the predicted ones were between 5.9643 and -5.9439 showing only a small
dissimilarity, whereas a value of -0.07747 was the case for the average absolute residuals. It was
due to cyclic variations that accounted for this minor difference between the real and the predicted
data.

Uncertainty Analysis

A detailed systematic error analysis (Uncertainty analysis) is carried out to approximation
the errors related to the experimental analysis of the power output of the GT power plant
[38]. The uncertainties in the values estimated with different instruments are given in
Tables 4 for GT. The maximum possible errors for the parameters involved in the analysis
are in Table 5. The analysis of the uncertainty of the GT was expressed as in Eg. (2):

2
U 2
Pst _ 5P * W.I? n 5P * Wr2 (2)
Py \lom) " lan) T

where, Wr1= Temperature least division; W, = Pressure ratio least division

Table 4. Uncertainties of a parameter of the GT.

Calibration parameter ~ Unit Uncertainty error (%)
Power output of the GT MW 1.123

Table 5. Uncertainties of instruments and properties.

Item Name of Range of  Variable Least Min. and Uncertainty
No. instrument instrument measured division in max. values error (%)
measuring  measured in
instrument  experiment

1 Thermocouple 0-120°C  Ambient 0.2°C 14.44-449  0.0991
Temperature °C

2 Pressure Gage 0-20 bar Compressed 0.1 bar 14.6-15.96  0.6544
Air Pressure bar

Optimization Techniques

The power output, the thermal efficiency and the specific fuel consumption were
considered as the performance parameters. The effects of many parameters, such as the
pressure ratio, ambient temperature, turbine inlet temperature, and isentropic compressor
and turbine efficiency on the performance parameters of GT plants were discussed.
However, adaptive Neuro-fuzzy inference system (ANFIS) used to select optimum
parameters, which give the peak performance. Consequently, it is important to represent
the effect of the optimum parameters on the plant performance. The effect of the optimum
parameters on the performance of GT cycles was presented. The trends of the
performance of the simple GT (SGT) cycle with the effect of the optimum parameters are
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shown in Figure 5. Figure 5(a) presents the optimum thermal efficiency with the effect of
the pressure ratio and compressor isentropic efficiency. From applied the ANFIS
technique, the optimum thermal efficiency occurred with the increase of the pressure ratio
and isentropic compressor efficiency. This is because of the thermal efficiency function
of the pressure ratio. Also, the increased isentropic compressor efficiency caused
decreased of the losses then increased the thermal efficiency [6, 39]. It was obtained the
peak value about 56% when the pressure ratio and isentropic compressor efficiency 30
and 100% respectively. Furthermore, the lower thermal efficiency was about 10%, when
the pressure ratio and isentropic compressor efficiency 30 and 70% respectively. This
behaviour is well agreed with the previous observation reported by Kurt et al. [40].
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Figure 5. SGT performance trends with peak parameters.
Figure 5(b) shows the variation of the optimum power output with the effect of

the turbine inlet temperature and isentropic compressor efficiency. Clearly, the power
output increases with increases in the turbine inlet temperature. This is because of the

3222



Ibrahim et al. /International Journal of Automotive and Mechanical Engineering 13(1) 2016 3215-3225

increase the work done by the turbine of the GT plant [6, 22, 41]. Furthermore, when the
isentropic compressor efficiency increases the power output increases due to decreases
the consumption power, which required driving the compressor [9, 11, 17, 25]. It can
also be seen that the maximum power output was about 370MW, when the turbine inlet
temperature and isentropic compressor efficiency 1900K and 100% respectively. The
minimum power output was about 100MW, when the turbine inlet temperature and
isentropic compressor efficiency 1900K and 700% respectively. Figure 5(c) indicates the
peak value of the fuel consumption with the effect of the pressure ratio and isentropic
compressor efficiency. It is clear that, the specific fuel consumption decreased, when the
pressure ratio and the isentropic compressor efficiency decreases, which gives a lower
thermal efficiency. While, when the pressure ratio and the isentropic compressor
efficiency increase, the specific fuel consumption increased, which gives higher thermal
efficiency. This is because of the losses of the SGT reduced with increased of the
isentropic compressor efficiency, thus the specific fuel consumption decreased.
Therefore, the optimum value of the specific fuel consumption was about 0.05kg/kWh,
when the pressure ratio and isentropic compressor efficiency 30 and 100% respectively.

CONCLUSIONS

To improve the system of checking the performance of GT power plants and their power
output new techniques of analytical correlations were launched, which were mostly
evaluated statistically. This technology of correlation was considered satisfactory for all
types of simulation data, whose coefficient of determination (R2) was calculated as 0.985.
Some of the latest launched correlations were checked on the real working of GT units in
the MARAFIQ CCGT plant. Error analysis is also conducted to approximation error
recorded as 1.123% of GT power plants. The performance of the GT was judged by
particular parameters opted from the simulation model of performance and also utilized
Adaptive Neuro-Fuzzy System (ANFIS) an advanced new optimization technology. For
the approaches of GT, the best thermal efficiency attained was about 56%. It was with
best possible pressure ratio and the isentropic compressor efficiency.
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