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Abstract.
A variance based analysis to identify sensitivity of geometric variables on power and
efficiency of a two stage axial flow turbine is presented. Six geometric variables identified for
sensitive analysis are axial gap, tip clearance and stagger angle for four blade profiles; nozzle,
first rotor, stator and second rotor. ANSYS-CFD model validated based on turbine test for
design configuration is used for generation of computationally intensive data for sensitivity
analysis. Flow in turbine blade flow passage is characterized by flow separation, jet-wake flow
and tip clearance vortices. Study identified nozzle stagger angle, axial gap and tip clearance as
the sensitive variables. Nozzle stagger angle and axial gap determines flow separation and jetwake flow. Flow separation reduces effective flow area in rotors and increases flow velocity.
Increased flow velocity produces higher specific work and power but reduces the efficiency
due to higher losses. Tip clearance vortices influence flow pattern in tip clearance region. An
optimum sized vortex reduces tip clearance leakage from pressure side to suction side. Tip
clearance more than size of tip clearance vortex generates additional leak path and reduces
efficiency. Power and efficiency of gas turbines can be fine-tuned by controlling the formation
of flow structures through proper selection of the sensitive geometric variables.
Keywords: sensitivity analysis, stagger angle, axial gap, tip clearance, CFD

1. Introduction
Gas turbines are widely used as power generation device in space technology and jet
propulsion due to their reliability and higher power to weight ratio. Power and efficiency
delivered by the turbine depends on the flow in the blade passage which depends on certain
number of geometrical factors. Various studies have been carried out in the past to investigate
the influence of these factors on the turbine performance. Studies carried out by Keane and Nair
(2005), Cui et al. (2017), Shahrokhi and Jahangirian (2007), Gordon and Levy (2005) and
Subbarao and Govardhan (2012) identified that blade profile, secondary flow, blade tip and end
wall losses plays a major role in deciding power and efficiency of turbines. Due to involvement
of more number of factors affecting turbine performance, researchers use sensitivity analysis to
identify a few significant factors. In machine learning literature this process is called feature
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reduction (Jain and Singh (2018) ). This helps to develop models for predicting the performance
simple and fast. Stage efficiency of a steam turbine is improved by Boiko et al. (2017) using
sensitivity analysis of geometrical parameters such as outlet blade angle and pitch to chord
ratio. Change of nozzle outlet blade angle from 11.630 to 12.260, rotor outlet blade angle from
18.310 to 16.630 and pitch to chord ratio from 0.38 to 0.501 have found to increase the efficiency
by 1.008%. Zeinalpour et al. (2012) studied sensitivity of fuel consumption on stage efficiency
of a gas turbine engine and found that 1% decrease in fuel consumption increased stage
efficiency by 2.4%. Kwak and Kang (2011) have assessed the sensitivities of turbine,
compressor and waste heat boiler efficiencies on the unit cost of power generation for a 1000
MW gas turbine cogeneration system. Waste heat boiler efficiency is identified as the most
sensitive parameter such that a 2% increase in boiler efficiency reduces unit cost by 4.2%.
Kwon (2019) identified gas turbine inlet temperature as the most sensitive parameter among
three design parameters: compressor efficiency, overall pressure ratio and turbine inlet
temperature considered for improving the efficiency of the H-class General Electric gas turbine
engine. Reyhanian (2013) carried out sensitivity analysis using conjugate heat transfer method
to identify parameters influencing blade life of a gas turbine. Blade coating thickness, coolant
inlet temperature and blade loading are identified as sensitive parameters and the study
concluded that blade life is more sensitive to coating thickness. This review of literature shows
that the sensitivity studies conducted are on parameters that are not geometry related.
In the present work,sensitivity analysisof a two stage axial flow turbine is carried out to
identify the influence of geometric variables on power and efficiency. The turbine consists of
one set of nozzle blades followed by first and second rotor blades as shown in Fig. 1. Stator
blades are placed between the first and second rotor blades. Turbine runs at a speed of 3800
rpm with gaseous Nitrogen as the working fluid. Geometrical variables considered for the study
are axial gap (γ), tip clearance (τ), nozzle stagger angle (βn), first rotor stagger angle (βfr), stator
stagger angle (βs) and second rotor stagger angle (βsr) as per the schematic in Fig. 1. Sensitivity
of the variables is studied using ANSYS-CFD model which is validated based on comparison
of results of CFD analysis and turbine test for design condition.
Figure 1: Schematic diagram of the turbine stages
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2. Validation of ANSYS-CFD model
Test for validating CFD model is carried out for design configuration with geometric
variables; γ = 3.5 mm, τ = 0.5 mm, βn =40.50, βfr=24.50, βst=23.50 and βsr=220. Schematic of
facility used for testing the turbine is shown in Fig. 2. Gaseous Nitrogen is supplied to turbine
inlet from a high pressure tank through a pressure regulator to obtain the required inlet pressure
of 5.4 bar. Pressure at turbine outlet is controlled using control valve to obtain turbine exit
pressure of 2.7 bar. Mass flow rate is measured using mass flow meter installed at upstream of
the turbine. Test speed of turbine is 3800 rpm corresponding to design speed ratio (U/C0) of
0.136 where speed ratio is defined as peripheral velocity of rotor to spouting velocity.
Dynamometer connected to turbine absorbs the power and maintains the required speed.
Torquemeter in the dynamometer measures the torque developed by the turbine. Pressure
sensors are mounted at inlet and outlet of turbine to measure the pressure. Turbine inlet
temperature is measured using temperature sensor. Speed sensors are mounted on torquemeter
and dynamometer. Analysis of test data with parameters in Tab. 1 shows that power and
efficiency of turbine for design configuration is 158.11 kW and 56.22% respectively.
Figure 2: Schematic diagram of the test facility

CFD analysis for design configuration is carried out using 3D model of blade flow passage
generated using ANSYS-Turbogrid from blade profile co-ordinates. Uniform blade profile from
hub to tip is selected for nozzle, first rotor, stator and second rotor. All flow domains use
structured mesh with H-grid topology at blade inlet and J-grid topology at outlet. Elements
near blade wall are generated with O-grid topology. Boundary layer regions and tip clearance
domains use fine mesh. Number of elements in flow passages of nozzle and first rotor are 2.5
lakhs while stator and second rotor flow passage consist of 2.1 lakh elements for the design
configuration. The generated mesh for the four blade passages is given in Fig 3.
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Figure 3: Mesh generated for blade passage
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Total pressure at nozzle inlet and static pressure at second rotor outlet are identified as
boundary conditions. No slip condition for velocity and adiabatic condition for heat transfer is
imposed on solid walls. Inlet flow is assumed to be uniform with no swirl. Stage model is used
for interfacing between static and rotating domains. Turbulence model used is SST k-ω.
Analysis is carried out with convergence criteria of 10-4. Details of boundary and interfaces are
shown in Fig. 4.
Based on comparison of results in Tab. 1, mass flow rate calculated based on CFD and test
shows close match within 2%. Torque calculated based on CFD is higher by 6.20% which can
be attributed to lower loss estimation obtained from CFD analysis. Power output from CFD
also shows a higher value due to higher mass flow rate and torque. Efficiency from CFD and
test data matches within 1%. Based on good comparison of results of CFD and test data, the
CFD model is validated.
Figure 4: Diagram showing the details of interface and boundaries
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4 – Interface between stator and second rotor
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Table 1: Comparison between CFD and test results
Parameters
Speed, rpm
Inlet pressure, bar
Inlet total pressure, bar
Inlet total temperature, K
Outlet pressure, bar
Mass flow rate, kg/s
Total torque
Power, kW
Efficiency, %
* - boundary condition

Test
CFD
3850
3850*
5.47
5.47
5.59
5.6*
274.18#
275.8*
2.7
2.7*
5.231
5.317
392.16
416.50
158.11
167.93
56.22
56.53
# - static temperature

3. Dynamics of flow
This section describes the dynamics of flow in the main and secondary flow passage of
turbine blade for design configuration. Flow dynamics in blades is influenced by presence of
flow structures such as separation, recirculation and shock generated by rotor-stator interaction
and jet-wake flow formed due to boundary layer effects ((Courtiade et al., 2012), (Vogeler &
Mailach, 2004), (Gourdain, 2015)). Minimizing the presence of these flow structures results in
efficient energy conversion and competent design. In the present study, CFD analysis is used
for assessment of flow structures in main and secondary flow paths. Velocity plot at midspan
in Fig. 5 for main flow path shows presence of jet and wake flow at trailing edge of all blades.
Jet and wake flows lead to periodic fluctuations in flow at inlet of first and second rotor as
shown in Fig. 6 indicating inadequate mixing in axial gap region for design configuration with
γ = 3.5 mm. Inference from CFD analysis also shows that flow is hitting the first rotor at an
incidence of 1.140 leading to separation. The separation reduces effective flow area in first rotor
flow passage and increases flow velocity. Fig. 7 shows that flow in separation zone of first rotor
is supersonic with Mach number equal to 1.43 and suddenly changes to subsonic through
formation of a shock wave resulting in a total pressure loss of 0.3 bar.
Figure 5: Velocity plot of main flow path at midspan for the design configuration
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Figure 6: Velocity variation at inlet of first and second rotor for design configuration
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Figure 7: Flow dynamics in first rotor for design configuration
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Streamline plot in Fig. 8 for tip clearance region in first and second rotor shows formation
of vortices due to secondary flow from pressure side to suction side. The vortices extend
downstream and affect the main stream flow at the suction side of first rotor and second rotor
as shown in Fig. 8a and Fig. 8b.
Figure 8: Streamline plot near the tip clearance region of first and second rotor
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suction
side

Presence of flow structures such as separation, jet-wake flow and tip clearance vortex in
blade flow passage for design configuration provides scope for improvement in performance of
the turbine. Present study uses results of sensitivity analysis for deciding the optimum geometry
which maximises pressure and efficiency.

4. Sensitivity analysis
In this section, CFD model is analysed to determine the sensitivity of geometric variables;
axial gap, tip clearance and stagger angle. Range of values selected for axial gap and tip
clearance are: γ∈ [1.2-14 mm] and τ∈ [0.25-2.25 mm]. Stagger angle is changed by rotation of
blade profile with respect to a pivot point at leading edge of blade which is shown in Fig. 9.
Angle of rotation of profiles for nozzle, first rotor, stator and second rotor are denoted as Δβ n,
Δβfr, Δβs and Δβsr respectively. For nominal profile, Δβn, Δβfr, Δβs and Δβsr are equal to zero.
Rotation of profile with respect to pivot point in clockwise and anticlockwise direction is
represented by ‘+’ and ‘-‘ signs as in Fig. 9. Profile obtained after clockwise rotation and
anticlockwise rotation is represented by ‘C’ and ‘AC’ respectively followed by angle of
rotation. Range of values used for sensitivity analysis is: Δβn∈ [-60 to 10], Δβfr∈ [-30 to 60],
Δβs∈ [-40 to 20] and Δβsr∈ [-60 to 40]. Power and efficiency for the selected range of explanatory
variable in Fig.10 are calculated using the results of CFD analysis. Trend for power and
efficiency in Fig. 10a shows that sensitivity of stagger angle is more for nozzle profile. Similarly
Fig. 10b and 10c show that axial gap and tip clearance are more sensitive to efficiency.
Figure 9: Rotation of blade profile

+

Figure 10: Sensitivity of explanatory variables on power and efficiency

a) Sensitivity of stagger angle on power and efficiency
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b) Sensitivity of axial gap on power and efficiency

c)

Sensitivity of tip clearance on power and efficiency

Sensitivity of explanatory variables is compared based on estimation of percentage variance (%VAR)
calculated as the ratio of normalized variance of each explanatory variable to total normalized variance of all
the explanatory variables. The comparison is given in Tab. 2. Δβn with the highest %VAR of 82.601 is having
the maximum sensitivity followed by τ and γ with %VAR 37.904 and 4.195 respectively. Reason for
higher sensitivity of the identified variables; nozzle stagger angle (Δβn), axial gap (γ) and tip clearance (τ)
is assessed based on flow dynamics obtained from CFD analysis as described in next sections.
Table 2: % variance of variables
Explanatory variable

Range

%VAR of power

%VAR of efficiency

Δβn

0

[-6 to 1 ]

82.601

49.756

Δβfr

[-30 to 60]

4.012

4.029

0

Δβst

[-4 to 2 ]

2.983

2.449

Δβsr

[-60 to 40]

3.534

1.667

γ

[1.2 to 14 mm]

2.177

4.195

τ

[0.25 to 2.25 mm]

4.693

37.904

0

0

5. Effect of change in nozzle stagger angle on dynamics of flow
Effect of stagger angle on flow dynamics is obtained based on comparison of CFD analysis for three
cases with Δβn=[+10, 0, -10]. Change in Δβn reduces throat diameter of nozzle from 5.1691 mm (Δβn=+10
(AC1 profile)) to 4.2757 mm (Δβn=-10 (C1 profile)) as shown in Fig. 11 leading to increase in nozzle exit
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velocity from 232 m/s to 310.2 m/s. Higher nozzle exit velocity increases power from 140 kW to 214 kW
due to higher specific work. However increase in nozzle exit velocity increases the nozzle stagnation
pressure loss coefficient from 0.082 to 0.089. Streamline plot for C1 nozzle profile in Fig. 12 shows
separation in first rotor. Combined effect of higher fluid velocity and separation reduces efficiency to
37.50% for C1 profile.
Figure 11: Effect of nozzle rotation on throat diameter

with C1 profile

with nominal profile

with AC1 profile

Figure 12: C1 nozzle profile leading to separation in first rotor
separation zone

6. Effect of axial gap on dynamics of flow
Fig. 10(b) shows that axial gap is more sensitive in the range γ ∈ [1.2 - 3.5 mm]. Effect of
axial gap on flow dynamics is assessed based on comparison of relative velocity at midspan at
first rotor leading edge corresponding to γ = 1.2 mm and 3.5 mm as depicted in Fig. 13 and Fig.
6a. Insufficient mixing of jet and wake flow at nozzle exit for γ = 1.2 mm results in larger
unsteadiness leading to higher incidence and separation in first rotor resulting in reduced flow
area. This leads to higher absolute velocity and develops 4.6% higher specific work compared
to the configuration with γ= 3.5 mm. The rise in specific work increases turbine output power.
Comparison of pressure loss coefficient for first rotor and second rotor for γ= 1.2 mm and 3.5
mm in Tab. 3 shows higher pressure loss with γ= 1.2 mm leading to reduced efficiency as given
in 10(b).
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Figure 13: Velocity fluctuation at leading edge of first rotor for γ= 1.2 mm

wake flow region

Table 3: Pressure loss co-efficient of rotors for γ= 1.2 mm and 3.5 mm
Axial gap, mm
Pressure loss co-efficient
First rotor
Second rotor
1.2
0.836
0.293
3.5
0.519
0.171

7. Effect of tip clearance on dynamics of flow
Tip clearance is more sensitive for turbine efficiency in the range τ ∈ [1.5 –2.25 mm] as
shown in Fig. 10 (c). Streamline plots in Fig. 14 show that formation of tip clearance vortices
decides the flow dynamics in secondary flow path. Two adjacent vortices for configuration with
τ =1.5 mm (Fig. 14(a)) completely occupies the tip clearance leak path leading to minimal
secondary flow leakage of 6.3 g/s. With increase in tip clearance to τ =2.25 mm, the intensity
and size of vortex near pressure side increases which pushes the adjacent vortex to main stream
flow. This flow phenomena develops a secondary flow leak path as shown in Fig. 14(b)
increasing leakage to 11.6 g/s resulting in reduction in efficiency from 55% to 40%.
Figure 13: Vortex formation in secondary flow path of first rotor for τ =1.5 mm and 2.25mm
tip clearance vortex

tip clearance vortex

pressure
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8. Conclusion
Geometric variables which are maximum sensitive to power and efficiency are identified in
this work. Sensitivities of six variables; stagger angle of nozzle, first rotor, stator and second
rotor blade profiles, axial gap and tip clearance have been assessed from CFD models. CFD
analysis has been able to identify flow separation, jet-wake flow and tip clearance vortices as
the major flow structures in the blade flow passage. Variance based sensitivity analysis using
CFD results for a range of explanatory variables have identified nozzle stagger angle, axial gap
and tip clearance as the three highly sensitive variables which affect power and efficiency of
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the turbine. CFD analysis shows that these three most sensitive variables; βn, γ and τ influence
separation, jet-wake flow and tip clearance vortex. Study shows that change in stagger angle
and axial gap is a source for flow separation leading to increase in flow velocity due to reduction
in effective flow area. Even though increased flow velocity produces higher specific work and
power, the efficiency reduces due to higher energy losses. Study also shows that an optimum
sized vortex in tip clearance region reduces secondary flow leakage from pressure side to
suction side. Tip clearance more than size of tip clearance vortex generates additional leak path
leading to reduction in efficiency. Study confirms that fine tuning of power and efficiency of
gas turbines can be carried out by controlling the formation of flow structures through proper
selection of geometric variables.
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