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Abstract 

This study investigates the impact of inlet fogging on turbine blade creep life in an aero-derivative gas 

turbine engine. To achieve the aim of the study, an aero-derivative gas turbine engine was modelled using 

a gas turbine performance software, GasTurb. The modelled engine was derived from the GE LM2500 

class of gas turbines. Consequent upon completing the engine modelling, ambient temperature profile data 

obtained from a location in Niger Delta region of Nigeria were implanted into the engine model to 

simulate its effect on the engine performance. Inlet fogging was simulated on the industrial gas turbine by 

implanting a water-to-air ratio of 0.3% (quantity of fluid injection flow rate), to cool and reduce the air 

inlet temperature. The outcome the investigation shows that thermal efficiency reduced with increased 

ambient temperature, while fuel flow and Nox severity index increased with ambient temperature. 

However, when inlet fogging was applied under increased ambient temperature, improvement in thermal 

efficiency was recorded. Also, Nox Severity index and fuel flow reduced when inlet fogging was applied 

under increased ambient temperature condition. 
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1. Introduction 

High ambient/ gas turbine inlet temperatures 

affect the overall performance of the gas turbine, 

especially power output and thermal efficiency. To 

maintain the required/constant power output 

without any form of air cooling during high 

ambient temperatures for engines operated under 

constant/ base load condition, the engine is forced 

to operate at higher turbine inlet temperatures, 

thereby affecting the creep life of the turbine. 

The study of Gajjar et al. (2003) described the 

design, installation, commissioning and operation 

of large-scale inlet fogging system for a combined 

cycle power plant. In addition, technical details and 

practical issues relating to inlet fogging system 

installation were also provided. Wang and Braquet 

(2008) stated that inlet fogging systems are simple 

and less expensive to install when compared to 

other power augmentation options. Also, the issue 

of pressure drop associated other systems is almost 

negligible with inlet fogging systems.  In locations 

where fresh water is readily available, applying 

inlet fogging will definitely offer the best and 

quickest return on investment. The effect of 

overspray on the compressor operation was carried 

out using a model derived from Tonando engine. 

The authors stated that wet compression caused a 

significant stage re-matching, moving the speed 

lines toward higher mass flow rate. In addition, it 

was stated that over spraying resulted in increased 

gain in efficiency and power output due to reduced 

compressor specific work and increased mass flow 

rate. A study relating to inlet fogging 

considerations in gas turbine ship drive application 

was presented in Domachowski (2015). 

Roumeliotis and Mathiodakis (2010) used wet 

compression to analyze the effects of overspray on 

the compressor operation and performance. 

Similarly, Dawoud et al. (2005) conducted an 

evaluation of the impact of different cooling 

technologies on power boosting in gas turbines. 

The cooling techniques were compared based on 

the electric energy generation enhancement. It was 

reported that when fog cooling technique was 

applied on the gas turbine, the electrical energy 

generated was more compared to evaporative 

method. Utamuru et al. (1990) presented a cost 

estimate method to compare inlet cooling systems 

for power enhancement combustion turbine. 

System design parameters were arranged in a 
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dimensionless form using a conversion index. 

Meher-homji and Mee (2000) presented practical 

issues relating to high pressure inlet fogging system 

implementation. The study reported the use of 

high-pressure inlet systems which comprised 

specialized nozzles to create fine droplet at the inlet 

duct of gas turbine.  

From literature search conducted, it is obvious 

that most studies on gas turbine inlet air cooling 

have either been on the comparison of the different 

cooling methods or the economic benefits. Even 

the few studies available in the open domain that 

relate to this work, are on the effects of relative 

humidity on the turbine blades creep life. This 

study investigates the impact of inlet fogging 

application of the creep life of the gas turbine.  

2. Materials and methods 

GasTurb performance simulation software was 

employed to model and simulate the application of 

inlet fogging on the aero-derivative gas turbine 

performance arising from inlet fogging. To achieve 

the objective of this work, design specification data 

for GE LM2500 obtained from open domain were 

used to model the twin shaft aero-derivative engine 

employed for the inlet fogging and turbine blade 

creep life investigations. Figure 1 shows the twin 

shaft aero-derivative engine configuration model 

selected from the software interface, while Table 1 

presents the design point performance 

specifications.  

 
Fig. 1: Industrial gas turbine engine configuration 

Table 1: Engine design specifications  

Design parameters Units 

 Power output 25MW 
Thermal efficiency 36 
PR 18 
Exhaust temperature 839K 
Exhaust flow 70.5kg/s 
Heat rate 9705kJ/kWh 

The effect of ambient temperature on the overall 

engine performance was simulated considering 

ambient temperature profile of a location in Niger 

Delta region, Nigeria. Based on the ambient 

temperature variation profile obtained, the 

simulations were done by increasing the 

temperature from 15 to 25 degrees Celsius. Also, 

GasTurb software was employed to simulate the 

inlet fogging for the engine under investigation. 

Inlet fogging simulations were conducted under the 

increased ambient temperature conditions to 

improve the performance of the gas turbine. Water-

to-air ratio of 0.3% recommended for inlet fogging 

application in (Meher-Homji and Mee, 2000; 

Syverud, 2007) was used to simulate the inlet 

fogging investigations. Table 2 shows the 
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implanted water-to-air of 0.3% of the GasTurb 

software interface, to simulate inlet fogging. All 

gas turbine performance simulations were carried 

out using the default natural gas fuel provided in 

the software. 

Table 2: Inlet fogging simulation interface 

 
 

Table 3: Screen shot of blade sizing code 
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Table 4: Screen shot of blade stress code 

 

Table 5: Screen shot of blade thermal model 
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Table 6: Screen shot of blade creep model 

 

 

To estimate the creep life of the gas turbine 

under different operating conditions, four different 

codes, namely blade sizing, stress, thermal and 

creep models were created in separate Microsoft 

Excel sheets. Tables 3, 4, 5 and 6 show the screen 

shot of the blade sizing, stress, thermal and creep 

models respectively. 

The following sections present description of 

the procedures, assumptions and equations 

employed to create the different models for 

estimating the turbine creep life. To carry out the 

turbine blade creep life estimation, it was only the 

High-Pressure Turbine (HPT) blade which was 

considered. This is because it is the HPT section 

which faces the most hazardous temperatures 

exiting the combustor. In order to estimate creep 

life of the HPT under different operating 

conditions, the HPT blades were first designed.  

The initial design data were selected based on data 

from Jane’s aero engines (Gunston, 1996) to scale 

the HPT blade coupled with a GE publication on 

the gas turbine.  Consequently, the gas path inlet 

and outlet parameters at design point were obtained 

using GasTurB simulation software. Constant 

nozzle inlet angle design approach was adopted. 

This method was used in order to satisfy the radial 

equilibrium condition, which will in addition take 

care of the constant mass flow per unit area 

requirement of all the blade radii (Ramsden, 2009). 

Adopting the blade design process outlined by 

Ramsden (2009), the inlet and outlet geometry 

were sized, followed by predicting the stage 

efficiency using Smith’s correlation and calculating 

the rotor inlet velocity. Table 7 shows the blade 

design dimensions at the root, mean and tip 

obtained.   

Table 7: Blade design specification  

Inlet annulus geometry 

 

 

Mean diameter (m) 0.9525 
Height(m) 0.0469 
Tip diameter(m) 0.995 
Hub diameter(m) 0.9056 

In designing the blade, the following values 

were adopted for the blade aerodynamic 

parameters: 

➢ The inlet Mach number of the HP turbine is 

constant at 0.3 

➢ The axial velocity is constant at 226m/s 

➢ The HP turbine speed of 8000RPM obtained 

from the performance simulations was 

adopted.   

➢ Cooling effectiveness of 0.4 was adopted.  
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Equation (1) was used to calculate the cooling 

effectiveness (ε), and it also shows how the gas 

stream temperature Tg, blade metal temperature 

(Tb) and the coolant temperature are related to the 

cooling effectiveness. 

               (1) 

The multi-dimensional stresses and strains 

arising from load-imposed conditions and the non-

uniform temperature distribution exiting from the 

combustor have made the prediction of the turbine 

blade creep life difficult. Assuming a uniform 

stress and temperature could prevent these 

problems when estimating the creep life of turbine 

blades. In order to achieve a more accurate result, 

radial temperature distribution factor (RTDF) is 

employed to estimate the blade creep life in this 

study. Turbine blades, due to their rotation, 

experience average circumferential temperatures in 

a given radial plane. The RTDF which affects the 

rotor blade life when employing measured 

circumferential values is used to calculate the 

temperature variation at each section of the blade. 

According to Walsh and Fletcher (2004), the 

controlled value of RTDF should be less than 20%. 

Equation (2) gives the RTDF calculation: 

RTDF =Tmax - TET/ (TET – T3)             (2) 

where Tmax is the Circumferentially mean outlet 

peak temperature, TET is the Mean temperature, 

and TET – T3 is the Mean Combustor temperature 

rise. Also, based on the assumption that the 

maximum temperature will occur at the 75% blade 

height, the following formulae were derived. 

Calculations of maximum and minimum 

temperatures are thus given below (Eshati et al., 

2010): 

𝑇𝑚𝑎𝑥 = 𝑇𝑅𝐼 +  (∆𝑇𝑏𝑢𝑟𝑛𝑒𝑟𝑋𝑅𝑇𝐷𝐹)            (3) 

𝑇𝑚𝑖𝑛 =
(5𝑇𝑅𝐼 − 2𝑇𝑚𝑎𝑥)

3⁄              (4) 

TRI is the Rotor inlet relative gas temperature (K), 

and ∆Tburner is the Temperature rise at burner (K) 

The assumptions which were made in this study are 

(Eshati et al., 2010): 

➢ The minimum gas temperature occurs at the 

root and tip of the blade 

➢ Linear rise of gas temperature from root to 

75% of the blade span  

➢ Linear reduction in gas temperature from 

maximum to the blade tip 

➢ The average of the root datum section 

temperature (TRDS), temperature at 75% of 

blade height (T75%) and top datum section 

temperature (TTDS) equal the turbine inlet 

temperature 

It was also assumed that the cooling air 

temperature will remain the same at all sections of 

the blade. The metal temperature, Tb, is given in 

Equation (5). Tb as a function of the cooling 

effectiveness, gas and coolant temperatures as 

highlighted in Equation (5).  

𝑇𝑏 =  𝑇𝑔 − 𝜀 (𝑇𝑔 − 𝑇𝑐)               (5) 

In estimating the blade section metal temperatures, 

each section was treated as an individual blade, 

where the metal temperature was assumed to be 

constant. In addition, the cooling effectiveness and 

cooling air temperatures were assumed to be same 

at all the blade sections. In reality, this cannot be 

completely correct because there would be 

temperature variation from the entrance of the 

blade to the exit (Laskaridis, 2009).  However, for 

the purpose of this study, it is assumed that the 

coolant temperature is the same for all the blade 

sections. 

According to Laskaridis (2009), the gas 

temperature equals the difference between the 

turbine inlet temperature and the temperature drop 

due to Thermal Barrier Coating (TBC): 

Tg = TET–∆Ttbc                (6) 

According to Blackie (2008), centrifugal stress 

only contributes about 70-90% of the total blade 

stress. Hence, it is only centrifugal force that was 

considered for calculating the stress model in this 

study. Also, in considering the stress analysis, the 

blade was divided into four sections: stress acting 

at root datum section (RDS), 25%, 50% and 75% 

of blade height. Centrifugal Force experienced by 

the blade was calculated using Equation (7). 

Centrifugal force, 𝐶𝐹 = 𝑚𝑟𝜔2              (7) 

where m is the mass of blade in kg, r is the radius 

at centre of gravity, is the rotational speed in 

1cg

bg

TT

TT

−

−
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rads/sec. Mass of blade = density of blade x 

volume of blade. Substitute mass of blade into 

Equation (7) gives Equation (8). 

𝐶𝐹 = 𝐴ℎ𝜌𝑟 (
2𝜋𝑁

60
)

2
               (8) 

𝜎𝐶𝐹 =
𝐶𝐹

𝐴
                (9) 

where CF is Centrifugal Force, A is Blade’s cross-

sectional area, ρ is Density of the blade material, h 

is Blade height, r is Radius at centre of gravity, N is 

Blade Rotational Speed, and σCF – Centrifugal 

stress. 

As can been seen in Fig. 2, the blade height was 

divided into four equal sections and the distances 

from the Centre Line (CL) to the Root Datum 

Section (RDS) is taken into consideration to 

compute the height at various sections of the blade. 

This approach adopted is similar to the method 

employed by Allison (2010), to calculate the 

centrifugal force at different sections of the blade. 

Radius from CL to Centre of Gravity (CoG) of first 

section, at 25% blade height = 0.4586475m  

Radius from CL to CoG of second section, 25 % 

blade height - mid blade height = 0.4703925m  

Radius from CL to CoG of third section, mid blade 

height – 75% blade height= 0.4821375m 

 Radius from CL to CoG of forth section, TDS – 

75% blade hieght = 0.4938825m 

From the material properties of René 80, the blade 

density, ρ = 8194.5Kg/m3 

Also, the rotational speed of the blade, N = 

8000RPM 

Therefore, the stresses at different blade sections 

were calculated using Equation (9). 

The stresses at the various blade sections are 

computed in Table 8. The stresses calculated at the 

various sections of the blade were used to obtain 

LMP (Larson Miller Parameter) from Master curve 

of the blade material.  Consequently, the LMP and 

blade metal temperature at the blade sections were 

used to estimate the rupture time and the blade 

creep life for different conditions investigated. For 

brevity, it is only the screen shot for the model 

estimating the creep life of the turbine blade 

operated high ambient temperature with inlet 

fogging application is presented in Table 9. 

 

 

Fig. 2: Sized turbine blade indicating the different sections 
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Table 8: Stress at various sections of the blade 

Blade section Stress introduced Total stress in section 

Top datum section (TDS)-75% Blade span σCF=33.3MPa 
Total stress acting at TDS-75% 

blades span, σCF=33.3MPa 

Mid blade span -75% blade span σCF=32.5MPa 
Total stress acting at 25 % blades 

span, σCF=97.5MPa 

25% blade span –Mid blade span σCF=31.7MPa 
Total stress acting at 50 % blades 

span, σCF=65.8MPa 

Root datum section – 25% blade span σCF=30.9MPa 
Total stress acting at RDS, 

σCF=128.5MPa 

Table 9: Turbine blade creep life model for inlet fogging application 

 
 

3. Results and discussion 

3.1Engine performance analysis 

Figures 3, 4 and 5 show the plots of thermal 

efficiency, fuel flow and NOx severity index 

against different operating conditions. As can be 

seen in Figure 3, when ambient temperature was 

increased from design condition of 15ᵒC to 25ᵒC, 

the thermal efficiency dropped from 36.3% to 

35.7%. However, when fogging was applied to the 

case with increased ambient temperature 25ᵒC, the 

thermal efficiency increased 35.7% to 36.2%. The 

increased thermal efficiency with fogging system 

can be attributed to increased pressure ratio, 

thereby causing the thermal efficiency to increase. 

In the case of fuel flow plot presented in Fig. 4, the 

plot shows that fuel flow increased from design 

condition of 1.413 to 1.433kg/s. The increase in 

fuel flow with ambient is as a result of the reduced 

power output; hence necessitating an increase in 

fuel flow to meet the required load demand under 

high ambient temperature. As can be seen in Fig. 5, 

when ambient temperature was increased from 

design condition of 15ᵒC to 25ᵒC, Nox severity 

index increased also increases. This is expected 

because at increased ambient temperature of 25ᵒC, 

the compressor exit temperature is higher than the 

design condition. Hence, higher NOx severity index 

is expected because it is associated with higher 

combustion temperatures. 
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Fig. 3: Thermal efficiency against ambient temperature 

 

Fig. 4: Fuel Flow against ambient temperature 

 

Fig. 5: NOx Severity Index against ambient temperature 
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Figure 6 shows the bar chart plots of turbine’s 

blade time to rupture for the different operating 

conditions. When the turbine’s blade time to 

rupture for the case without fogging application 

and that of fogging were compared, plots show that 

the time to rupture for the case without fogging is 

about 16,000 hours as against 50,000 hours for the 

case where fogging system is employed. 

Converting from hours to years shows that the 

turbine blade time to rupture for the engine 

operated without fogging is about 2years, while for 

the engine where fogging system is used is 

approximately 6years (see Fig. 7).  The time to 

rupture obtained for the different scenarios 

investigated seems reasonable because Weber et al. 

(2005) predicted hot section repair and retirement 

interval for Rene’ 80 direction alloy at 25,000 and 

50,000hours respectively. Saravanamuttoo et al. 

(2009) stated that the nominal operating lives for 

gas turbines are in the range of 10,000 to 100,000 

hours. In addition, the blade material considered in 

this study was the Rene’ 80 materials.   

 

Fig. 6:  Turbine blade time to rupture for engines operated under different conditions 

 

Fig. 7: Turbine blade creep life for engines operated under different conditions  
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4. Conclusions  

This study presents effects of inlet fogging 

application on the turbine blade creep life. GasTurb 

performance simulation was employed to model 

and simulate the performance of the gas turbine 

under fogging and no fogging conditions. Inlet 

fogging simulations were conducted using the 

GasTurb simulation software where water-to-air of 

0.3% was implanted into the software. The findings 

drawn from the study are: 

a. Thermal efficiency reduced with increased 

ambient temperature  

b. Fuel flow and Nox severity index increased 

with ambient temperature 

c. Thermal efficiency of the engine improved 

when inlet fogging system is implemented 

d. Engine operated with inlet fogging in use 

demonstrates reduced fuel flow and Nox 

severity index when compared with the case 

without inlet fogging 
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