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Abstract: - The research paper is a design study to reduce multiple stages of High Pressure Turbine (HPT) to 
maintain the same thrust – to – weight ratio of gas turbines. This current approach of gas turbine design is to 

reduce cost and weight of the component.  The preliminary design for the turbomachinery features three 

different gas turbines such as AL-2LF-3, GT – 26, and SK30 – GT. The research survey used to fulfill this task 

is an Advance Mathematical Modeling Principles; based on the Inlet Annulus Design Analysis, Prediction of 

Turbine Efficiency using Smith’s Efficiency Correlation Chart, Design Analysis for the Outlet Annulus and a 

design study for Turbine Free Vortex. The ability to determine this aerodynamic geometry of the HPT stage(s) 

of gas turbine is the peak of the research.  
Nevertheless, study results revealed that a single stage HPT deriving a corresponding compressor can produce 

the same and needed aerodynamic performance of the gas turbine. Thus, all conditions required in the design of 

HPT stage were met having turbine stage efficiency within the range of 1.0 <  (ΔH/U2) < 2.5  and 0.5 <  (Va/U) 

< 0.8; fulfilling Smith’s Efficiency Prediction Law. A corresponding Mach number for the three engines of 

study are 0.51, 0.46 and 0.52 respectively. This is a clear indication to prevent the choking condition of the 

compressible flow at the minimum area along the duck of the gas turbine. 
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I. INTRODUCTION 
Developing and acquiring good knowledge of the functions of an axial high pressure turbine (HPT) 

component is important to its designers and proficient users that are accessible to the performance of gas turbine 

engines. The ambitious performance role of any axial turbine component of gas turbine engine is to drive a 

corresponding axial compressor for gas pipeline or external load purposes. Thus, this understanding will expose 
designers the advantages and limitations likely to be encounter in its design/manufacturing processes. One major 

objective of these preliminary aerodynamic design studies of the axial turbine is targeted to yield high isentropic 

efficiency for the turbine, because the technical quality of any machine is best described by its efficiency [1]. 

Another challenging constrains leading to this study is the weight, cost, fuel consumption, emissions from 

engine, durability and how reliable the gas turbine engine is, regardless of its area of application.  

Considerable solution to remedy these limitations is the reduction of turbine stages to produce the same 

output thrust or power for aero and industrial gas turbine machines respectively. To maintain availability of the 

designed axial high pressure turbine component of gas turbine, the test and comparison of specific fuel 

consumption to the initially manufactured engine is necessary. Many scholars have contributed excellently on 

the design analysis for gas turbine components. According to [2] preliminary detail calculation of gas turbine 

components helps the designer to understand the characteristic dimensions and gas angles in compressor stages 

using a real gas turbine model. This analysis allows the estimation of inlet and outlet cross-sectional area and 
number of the corresponding stages needed in a compressor. However, designing a turbine component to attain 

high thermodynamic efficiency, heat addition into the inlet temperature of the component should be as high as 

possible [3]. This employs a corresponding cooling component to cater for any excess or over-heating problems. 

Meanwhile, there is an inherent exchange between increasing a cycle temperature and the cooling penalties in 

the cycle; knowing that cooling flows can impact the overall thermal efficiency of the engine, therefore losses 

that increase cooling flow can have a cycle penalty [3]. 
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The current approach in aero gas-turbine engine design is to increase the thrust-to-weight ratio and 

stage pressure ratio leading to compressor design with higher aerodynamic loads and reducing the number of 

blades and stages and thus diminishing the overall size and weight of the machine. Hence, the pressure rise per 

stage and the efficiency must be increased and aerodynamic stability of a compressor is limited by the behavior 

of the tip leakage flows or the hub corner stall when the operating point gets closer to the stall or surge limit 

[4,5]. Knowing the performance role of a turbine component in gas turbine engine as a compressor driving 

mechanism, may also needs a corresponding design to meet the target of its counterpart. The advancement of 

turbo-compression technology is a reflection of a higher work capacity per stage as a result of increases in rotor 

speed, aerodynamic loading; meanwhile an incremental performance enhancement can be made through 
geometric optimization and improved design methods [6,7].  

The optimization techniques give direct control on the performance parameters of the gas turbine which 

allows the designer to explore the design space to achieve a given objective. One possible design objective is to 

minimize flow losses, which can be measured by the total pressure loss (or entropy generation) [8]. Thus, 

minimizing flow losses can be achieved by proper reshaping of the blade profile. The consistency in gas turbine 

operation relies on the structural integrity of its rotating parts. Thus, the design analysis and testing of 

component cycle is intensely a rigorous phase that ensures the well-being of the final product satisfying the 

requirement of the manufacturer [9]. This design process of an axial flow turbine still remains a very complex, 

fussy, multidisciplinary task where aero-thermodynamic issues, aero-mechanical, technological, structural, noise 

related cases, emission and other prevalent matters are considered simultaneously which leads to very 

challenging problems for the designer. This is true fact mostly for aircraft engines with stringent demands for 
low weight, high strength and extended life [10,11]. 

In respect of handling this complexity, the stage designing process of an axial high pressure turbine component 

of gas turbine engine as treated in this paper is supported with an Advance Mathematical Modeling Principles 

and conclusion is drawn based on Smith’s Efficiency Correlation method of turbine stage efficiency prediction. 

 

II. GEOMETRIC DESCRIPTION OF ENGINES OF STUDY 
The general arrangement for turbine component representing a HPT used for model development is 

shown in figure 1 below. Both single and double spool aero gas turbines are considered for the purpose of this 

study. The importance of this research is to carry out a feasibility test for a single stage preliminary design for 
the HPT. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 1: A simple Gas Turbine Cycle as Aero and Industrial one Spool Gas Turbine Engines 
 

III. DESIGN SPECIFICATIONS 
 The design specifications for the engines of study are in table 1 which are available in [12,13,14] 

highlights the needed parameters for subsequent design analysis. However, in the design process of the axial 

turbine, some assumptions were considered. They are such as:- Constant Vortex Flow, 50% Reaction at Blade 

Mid Height, Straight Sided Annulus Walls, Constant Axial Velocity, Constant Mean Diameter and a Constant 

Shaft Speed.      
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Table 1: Turbine Design Specifications 

 

 

 

 

 

 

 

 
 

 

IV. DESIGN ANALYSIS 
 The designing of HP turbine with high engine thermal efficiency is usually constrained by high 

temperature environment, thereby needs a subsequent cooling effect. Also, the load carrying capacity of the 

turbine disc is a major concern. Therefore, designing this component needs some harmonizing technology to put 

all these limitations into consideration for suitable and effective design work. With respect to this study, some 

design parameters were calculated from the performance specifications of the real engine as classified on table 1 

above.  
They are the hot mass flow from the combustor to the inlet of the turbine, the turbine entry temperature 

(TET), turbine work (TW) etc; whereas a preliminary assumption of the engine ambient condition and fuel 

caloric value (FCV) are taken as 101.325KPa, 288K and 43MJ/Kg, respectively. Meanwhile, a 5% combustor 

pressure loss and 2% pressure drop at turbine exit are considered likewise. 

 

V. INLET ANNULUS GEOMETRY 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: High Pressure Turbine Annulus Diagram 

 

The governing equations with respect to the calculation of the Inlet Annulus Geometry of an axial HP turbine is 

given in equations (i) to (v): 

P3 =  PR • Pamt • Percentage of combustor pressure loss ……………………… . . . . . (i) 

A =   
W   •  √T3

Q  •  P3
    ………………………………………………………………….(ii) 

h  =    
A

π  •  Dm
   ……………………………………………………………………(iii)   

Dtip = Dm + h ……………………………………………………………………(iv) 

Dhub = Dm – h …………………………………………………………………..(v) 

 

VI. ANALYSIS FOR THE PREDICTION OF TURBINE EFFICIENCY 
The isentropic efficiency of the component is generally used as a true measure of the engine’s 

performance. Hence, Smith’s chart correlation method of turbine efficiency prediction is considered for the 
study. This industrial based technique recognized that whilst the designer would always attempt to minimize 

loss components, the major factors affecting turbine efficiency would always be design levels of gas velocity 

and deflection.  
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      m (rpm)   (K) Flow(kg/s) (MW) KJ/KgK   

LYULKA AL-2LF-3 0.3 1.72 3000 0.9 562 25.497 3.84 1277 1.29 

ALSTOM GT-26 0.3 2.95 3000 0.9 1757 622.79 288.3 9756 1.4 
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According to the Smith’s correlated turbine efficiency chart, measurements from stage loading coefficient 

(ΔH/U2) and flow coefficient (Va/U) are connected and traced to the efficiency correlation curves; where the 

best turbine efficiency are taken. Meanwhile, Smith’s Chart correlation always recommends a value of minus 

2% from the read value for a test of accuracy and best stage design efficient for turbine. Equations (vi) to (viii) 

are analytical expressions used for the determination of axial turbine efficiency: 

∆T =  
Turbine  Power

W   •  Cp
 ………………………………………………………………(vi) 

Umean  =       
RPM  • π • Dm

60
  ……………………………………………………….(vii) 

  ∆H/U2  =     
Cpgas •  ∆T

U2    ………………………………………………….(viii) 

 

VII. OUTLET ANNULUS GEOMETRY 
 

 

 

     

 

 

 

 

 
 

 

 

 

Figure 3: Velocity Diagram 

ΔVw  =  [            ]  •  
U

Ω
   …………………………………………(ix) 

Vw3 = ΔVw – Umean /2 …………………………………………(x)  

α3 =  tan-1 (Vw3/Va) ……….……………………………………. (xi) 

v3 =  Va / cos α3 …………………………………………………(xii) 

R = [1 - 
ΔT

ɳisent .  x  Tin  
] ϒ/(ϒ-1) ………………………………………(xiii) 

P3 =  Pin x R …………………………………………………….(xiv) 

Aann  =  A3/cosα3 ………………………………………………..(xv) 

 

In order to increase a design power, there will be increase in NGV turning and exit whirl angle. 

However, the process stage require cooling for the production of high thermal efficiency will keep the trailing 

edge of the high (α0) NGV to be thinner and this occurrence happens when α0 = 70 - 72° approximately [11]. 

The above mathematical expressions, equations (ix) – (xv)] are the basic will-power for outlet annulus geometry 

analysis. 

 

VIII. RESULTS 
Results are presented in the tables (tables 2 – 5) using the relationships provided from the governing 

equations above. Meanwhile, appropriate values of the mass flow function Q or (W√T/AP), velocity function 

(Va /√T3) and stage isentropic efficiency (ɳisent) of turbine component are extracts from isentropic flow chart of 

dry air and Smith’s Efficiency correlation chart [15]. These charts are equally presented in Annex – A; whereas, 

a work done factor (Ω) of 0.98 was considered in the analysis. 
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IX. DISCUSSION OF RESULTS 
The preliminary design results for the axial HPT component performance of the turbomachinery as 

shown above conforms yielding the best stage efficiency performance from the Smith’s chart where the stage 

loading coefficient (ΔH/U2) is plotted against the flow coefficient (Va/U). As seen on the tabulated results and 

in Annex – A; the stage isentropic efficiency for the three engine of study; AL-2LF-3, GT – 26 and SK30 – GT 

are 89.0%, 88.5% and 87.9% respectively. Also, this moderate values implies low gas velocities and reduction 

of excessive frictional losses. This satisfies a single stage arrangement in the HPT component design. It is an 

indication that multiple stage can be replaced with a single stage arrangement of axial HPT using the ideas of 
the above systematic design study.  

Another point of concern is the corresponding Mach numbers for the three engine of study; that is M3 = 

0.51, 0.46 and 0.52 for AL-2LF-3, GT – 26 and SK30 – GT from the outlet annulus design which is less than 1. 

This shows that the inlet mass flow of the HPT and TET is in order. Thus, acknowledging that one key 

phenomenon for compressible flow is choking; where a Mach number of 1 is reached at the minimum area 

along a duck. Again, is the modality of increasing the design power of the component which has to do with the 

exit whirl angle and the effect of turns in the NGV.  In order to maintain these conditions to keep high thermal 

efficiency production; the gas angle, α0 design analyses were ensured to be at an approved range of (70 – 72°) 

according to literature review [11]. Therefore, an estimated result of α0 from table 5 above for AL-2LF-3 is 

72.71° at Root, 72.45° at Blade Mid Height (BMH) and 72.19° at tip; while for GT – 26 is 71.65° at Root, 

71.38° at BMH and 71.1° at tip and for SK30 – GT is 72.71° at Root, 72.45° at BMH and 72.19° at tip.  

 

X. CONCLUSION 
The line of best efficiency for turbine design indicates that the optimum turbines are at the ranges of:- 

1.0 <  (ΔH/U2) < 2.5  and 0.5 <  (Va/U) < 0.8 ; and the maximum range efficiency line follows the Smith’s 

efficiency prediction law:   (ΔH/U2) = 6.5(Va/U) – 2.90.  Results of the HP turbine stage efficiency from study 

responds to Smith’s efficiency figures quoted in his correlation. The HP turbine stages frequently appear on the 

left hand side of the Smith’s chart of the best efficiency line; consequently, it is expected that turbine efficiency 

appears on same side and this is accomplished from the research study.  The Mach number at the blade inlet hub 

from the design analysis of the study is less than 0.7 as stated in [16] is to ensure that there is acceleration 

relative to the blade all the way through the blade passage.  
Results of NGV exit angle is satisfied because it maintains the range angle of 65° - 73° to guarantees 

decrease in pressure losses. Meanwhile, the analysis of the hub – tip ratio is greater than 0.5 from its design to 

minimize secondary losses; however, less than 0.85 though with reduced blade height. Therefore, the 

redesigning of a multiple stages to a single stage HPT component achieves the same performance as the original 

engine. 
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Notation and Units 
A  =  the Cross sectional Area of the Annulus (m2) 

h =  the height of the Annulus (m) 

W = mass flow (Kg/s) 

T3 = turbine entry temperature (K) 

P3 = Inlet pressure to the turbine (KPa) 

Q = mass flow function (JKg/K) 

PR = Pressure Ratio  

Pamt = Ambient Pressure (KPa) 

Dm = Mean diameter of the Annulus (m) 

U = Blade Speed (m/s) 

V = velocity (m/s) 

W= Mass Flow (kg/s) 

BHM = Blade Mid Height 
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ANNEX – A 
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