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Go-Kart Chassis Analysis: Design Methodology Integrating Revolutionary 
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A B S T R A C T

This paper entails the unique design and implementation of the racing Go-Kart Chassis, mainly focussing on the revolutionary safety 

features. The paper primarily explores the new design philosophy by placing the engine behind the driver with firewall as added 

protection. The details study and analysis for the static and dynamic performances as well as the ergonomic feasibility has been 

performed on the chassis assembly.

Keywords- Racing Go-kart, Chassis Design and Assembly, Solid Modelling, FEA, ANSYS

I. INTRODUCTION

The present paper entails to analyse and manufacture a racing go- kart mainly focussing on the revolutionary 

safety features. Figure. 1, shows the assembled model of the racing go- kart. The detail theoretical studies and the 

analysis for static and dynamic performances as well as the ergonomic feasibility has been performed on the 

chassis assembly.

Fig.1 Assembled Kart Model – Isometric

II. CHASSIS

Definition and Purpose 

Chassis of any vehicle is defined as the internal framework of a vehicle which supports and positions various 

components of the vehicle.[2] Chassis of a go-kart plays a significant role in the jacking of the kart while the kart 

is cornering. In the absence of a differential in a kart, chassis frame plays following pivotal roles in the 

performance:
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Ÿ It allows for lifting of the rear inside wheel of the kart while cornering by the virtue of its flexibility and 

relatively low torsional stiffness [6]. This can cause the kart to turn very smoothly even without a differential.

Ÿ It acts as a spring to absorb various shocks and vibrations from the road to provide maximum comfort to the 

driver 

 Design Objectives

The frame of the kart chassis was designed with following aims:

Ÿ To have minimum wheelbase and track-width and ergonomic norms to improve cornering performance.

Ÿ To weigh less than 20 kg. 

Ÿ To be flexible enough to allow rear 'jacking' effect and absorb road shocks.

Ÿ To protect the driver in front and side crash events.

Ÿ To provide comfortable posture to a large range of driver statures

Ÿ To be easy to fabricate

Ÿ To have an open airflow over the engine compartment for cooling.

Ÿ Keeping the above mentioned objectives in view, a tubular double rail chassis was used in the front part to 

facilitate an open ergonomically suitable compartment.

Fig. 2 shows the design workflow that was adopted for this project:

Conceptual design was initially agreed upon keeping all the initial design parameters in view. 

Thereafter, virtual modelling was done on Solid Works 2014 for frame which was then analysed structurally by 

ANSYS Workbench 12.0. Using this software, greatly reduced the chances of error which easily creep up in FEA 

(Finite Element Analysis).

The model was further analysed in dynamic loading conditions in ANSYS for cornering performance etc. and 

ergonomic analysis was done in CATIA v5 R20. Changes were made in the design to satisfy all conditions 

necessary. Multi-body modelling was done to accommodate all the auxiliary components on the frame. 

Fig.2 Design Methodology [1]

Design Methodology 
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Chassis Specifications

Material Selection: Various parameters were kept in view while deciding the frame material which included 

availability, cost, machinability and tensile strength. Fig. 3 shows a plot of statistical data compiled for various 

materials that were analysed for kart frame. AISI 1020 was selected to be the frame material for:

· Low cost 

· High weldability

· High availability

· Moderate Strength

Cross Section: The cross section for the members was chosen as circular tubular for its higher torsional stiffness 

for a given area of cross section compared to square and other sections. The standard cross section determined 

after market research was 25.4mm OD, 22mm ID.

Fig.3 Material Analysis for kart strength [1]

Material Properties of AISI 1020 steel are given in the table below: 

TABLE 1: MATERIAL PROPERTIES
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Final Chassis Layout:  The three normal views of frame are shown in following figures:

Fig. 4 Top View of Chassis Fig. 5 Side View of Chassis

Fig. 6 Front View of Chassis Fig. 7 Isometric View of Chassis

Final Geometrical Parameters: Major dimensions which associated with the frame have been tabulated in 

Table 2.

Parameter Value (mm) 

Wheelbase 1100mm 

Front Track 850mm 

Rear Track 850mm 

Total Length 1860mm 

Total Height 750mm 

Total Width 1100mm 

Cross Sectional Data 

Type Tubular 

Outer 
Diameter 

25.4mm 

Inner Diameter  22mm 

 

TABLE 2: FRAME PARAMETERS [3]
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Finite Element Analysis

FEA methodology: The finite element theory was employed for predicting the behaviour of chassis under the 

methods proposed in the Fig. 8.

FEA is a method in which the model is discretized into small elements, properties of which are then evaluated 

using general equations of motion and boundary conditions specified during a test. This involves solution of the 

equation: 

The non-structural elements such as driver and engine were modelled as remote mass [5] acting on their 

respective mounting positions. Also, the analysis was done in ANSYS WB to get better validated results under 

same loaded conditions.

Grid Characteristics: The frame was meshed from beam elements for analysis.

In ANSYS WB, the model was generated automatically from beam elements with 6 degrees of freedom for every 

element. 

The members which were predicted to be the 

heaviest loaded were applied 'fine' mesh control to 

gain better accuracy. The final mesh for ANSYS 

WB is shown in Fig. 9.

After setting the mesh, 5 static studies were 

performed on the model:

a) Static Bending Test

b) Torsional Stiffness Test

c) Front Impact Test

d)  Side Impact TestFig 9. Beam mesh in ANSYS WB
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These models have been discussed in detail in the upcoming section.

Loading Diagram Abbreviations:-

Ÿ  Red Arrows- Driver Weight (700N)

Ÿ  Red Arrows- Engine Weight (250N)

Ÿ  Red Arrows- Moment on axle (1000Nm)

Ÿ  Red Arrows- Impact Forces

Ÿ  Blue Tags- Fixed Supports

Ÿ  Yellow Arrows- Gravity

Static Bending Test

In this test, various stresses developed in a fully loaded chassis were analysed.

TABLE 3: LOADING DIAGRAM

Loads Driver, Engine 
gravity loads at 
mounting position

Constraints Wheel Hub mounting 
positions

Gravity On

Fig. 10. Loading Diagram of Static Bending Test

As can be seen from the chart, maximum deformation 

was 0.7 mm at driver seat during sagging which is 

acceptable. The highest combined stress was 

encountered at the side bumpers and its value was 129.5 

Mpa.

The yield stress of AISI 1020 is 295 MPa. So,

So, the minimum FOS evaluated is 2.28 which is safe against an industrial reference value of 1.5. So our design is 

validated for static bending.

Torsional Stiffness test

This  test  determines  the resistance offered by the chassis frame against a twist which is normally  developed  

during  cornering,  or  when  the  vehicle encounters a bump in the road.

Fig. 11. Deformation Plot in Static Bending Test
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TABLE 4: LOADING DIAGRAM

Loads Driver,  Engine 
gravity loads at 
mounting position
A moment of 1000 
Nm applied on the 
axle of chassis

Constraints Front Wheel Hub 
mounting position

Gravity On Fig. 12. Loading Diagram of Torsional Stiffness Test

Fig. 13. Deformation Plot in Torsional Stiffness Test

Directional Deformations at the ends of the axle are 

10mm and 26mm.

Since this value lies within the standards adopted, it 
is acceptable.

Front Impact test

This test determines the effect of a crash  on the chassis at speeds up to 70 km/h (determined to be  the  

maximum  speed  when  brakes  are  applied  at  least  for 0.5 seconds before crash).

The  collision  time  in  a  chassis  without  a  crumple  zone  is statically averaged to 150ms. But the chassis 

of this go kart has an mild steel bumper and a thin  deformable  tube which  can  act  as  a  crumple  zone  

and increase the collision time to 300ms.

Loads 10.4kN applied  on  front  cross 
members

Constraints Rear cross members

Gravity On

TABLE 5: LOADING DIAGRAM

Fig. 14. Loading Diagram of Front Impact Test
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The  FOS  of  the  front  cross  members  amount  to  2.2  which indicates that they will not fail during collision. 

However the FOS in  the  cockpit  has  a  minimum  value  of  5 which  is  safe enough.

Our model can be said to be validated against front impact test at a speed of up to 70 km/h against an industrial 

reference value of 1.5.

Side Impact Test

This test determines the effect of a crash on the chassis 

when another kart collides with it on the side members at 

an angle of 45 degrees. The maximum speed difference 

between the karts in such a collision is taken to be 25  km  

/ hr. The collision can be modelled as two component  

forces acting on the side members with a resultant equal  

to  total  force applied which are calculated below.

Suppose the test chassis is at rest and another chassis collides into it at a relative speed of 25 km/h at 45 degrees. 

We apply the momentum theory to this situation considering e=0.5.

Loads 5.56kN  applied  on  side 
pod members

Constraints Front and Rear wheel 
mounts on opposite side

Gravity On

TABLE 6: LOADING DIAGRAM

Fig. 16 Loading Diagram in Side Impact Test Fig. 17 Maximum Deformation Plot in Side Impact Test

Fig. 15. Maximum Deformation Plot in Front Impact Test
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The FOS of the cockpit amounts to 1.3 which indicates that they will not fail during collision. However the 

FOS in the cockpit has a minimum value of 3 which is safe for the driver. Our model can be said to be 

validated against side impact test at a speed difference of up to 25 km/h against an industrial reference value 

of 1.5.

III. ERGONOMICS PURPOSE

Ergonomics is the study of designing equipment and devices that fit the human body and its cognitive 

abilities. In this project the design of the go kart should be such that all its controls should be comfortably in 

the reach of the driver's upper body.

Also the vision of the driver should be unobstructed by any part of the go kart as in a dynamic event, vision 

plays a key role in the driver's and ultimately kart's performance.

METHODOLOGY

Ergonomic analysis for the kart was performed in CATIA v5 R20 using its Human Builder and Human 

Activity Analysis workspaces. The test model or the manikin was first selected on the basis of the stature of 

team driver. Details are given in Table 7.

PROPERTY VALUE

Population Korean

Percentile 50

Height 1702mm

Weight 70kg

Posture Custom

Cg Height From Ground 525 Mm

TABLE 7: MANIKIN PROPERTIES

The manikin was then positioned into the kart using I-K behaviours and posture-editing.

The Fig. 18 shows the manikin model positioned in the kart which shows that the knees should be bended 

outwards for maximum comfort. The red dot represents the CG of the driver.
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Fig. 19 Field Of Vision

The Fig. 20 shows the upper limb reach that the driver has while bending his upper body and extending his arms. 

This gives the possible locations of various control switches to be positioned in the kart.

Fig. 20 Reach Envelope

The Fig. 19 shows the peripheral vision contours from the driver's point of view in binocular vision mode. The 

clear area in the middle represents good focus while the blurred region represents unfocussed vision range. In the 

shown field of vision there is no blurred region. The solid red contour shows the blind spots of the driver without 

moving.

Fig. 18 Ergonomic Model Isometric
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Next an upper limb movement test was performed on the test model to evaluate the reaction performance of the 

driver in the current posture setting. This test is known as RULA (Rapid Upper Limb Assessment).

The driver model was evaluated by RULA and an average score of 3 was given.

This score category shows that the driver does have a fine reflex action. This score may be attributed to correct 

posture application in the model.

CONCLUSION

The present paper introduces a new design concepts for the design of go-kart chassis. The various in depth 

analyses performed on the design iterates and ensures that it meets the industrial safety standards. Focuses has 

been laid on the new safety features which are feasible to implement and also monumental in an ever changing 

scientific landscape.
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Harmonic Analysis of First Stage Gas Turbine Blade Made of 1N738 Alloy

1 2
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A B S T R A C T

The paper deals with the harmonic analysis of first stage IN738 gas turbine blade by means of experimental modal analysis and finite 

element method. The frequency response function FRFs of the turbine blade are obtained by an impulse response technique using an 

impact hammer on the turbine blade and measuring vibration response by an accelerometer. Both the excitation and response signals 

are fed into the vibration analyzer for computing FRFs. The modal parameters, i.e. frequency, damping and mode shapes are estimated 

by applying Global Rational Fraction Polynomial method, a global curve fitting of frequency response measurements using the 

Rational Fraction Polynomial method on a set of FRFs. A finite element model of the first stage IN738 gas turbine blade is created using 

three dimensional scanning technique and the modal parameters extracted from the finite element analysis are to be compared with the 

experimental modal analysis results. Numerical (Finite element model) results show excellent agreement with the experimental modal 

analysis results.

Keywords - Experimental modal analysis, IN738 First Stage Gas Turbine Blade, Mode, Harmonic analysis, Resonant 

frequency

I. INTRODUCTION

For understanding and solving structural dynamics problems, the experimental modal analysis and finite 

element modeling are commonly used to extract modal parameters. The experimental modal analysis can be 

used to obtain the modal model from the measured FRF data. The relationship established between the vibration 

response at one location and excitation at the same or another location as a function of excitation frequency is 

known as frequency response function (FRF). Frequency response functions are usually obtained by applying 

the system input artificially through some type of exciter, i.e. either impact hammer or magnetic shaker; different 

types of excitation can be imparted including stepped sinusoid, transient, random or white noise [1]. The input is 

usually measured by a force transducer at the driving point while the response is measured by the accelerometers 

or other probes. Both the excitation and response signals are fed into an analyzer for computing the FRF data [2]. 

Numerical (finite element analysis) and experimental modal analysis have become two pillars in modern 

structural dynamics.

_________________________________________________________________________________________________________________________________________________________________________________________________________________

1Assistant Professor, Mechanical, Production, Industrial and Automobile Engineering, Delhi Technological  
   University, Delhi-110042, India, sranidtu@gmail.com 
2Associate Professor, Mechanical, Production, Industrial and Automobile Engineering, Delhi Technological  University,
   Delhi-110042, India, akadce@gmail.com

Journal of Mechanics and Solids (Volume- 12, Issue - 1  Jan-Apr 2024)                                                                                                                                    Page - 12



There are numerous methods in categories of indirect methods and direct methods available to extract the modal 

parameters from a set of measured FRF's. The indirect methods are based on the modal model, i.e. on the modal 

parameters (frequency, damping and mode shape) while the direct methods are based on the spatial model (mass, 

stiffness and damping matrix coefficients). For the analysis of turbine blade, indirect method Global Rational 

Fraction Polynomial method (GRFP) has been applied for estimating modal parameters, i.e. frequency, damping 

and mode shapes [3-6].

Tsai et al. [7] performed shaker test for experimental modal analysis on a blade disk. His experimental set up 

consisted of accelerometer mounted on the blade–disk. He used MEscope software to perform the analysis of 

measured data to get the mode shapes and natural frequencies. He found that the results obtained from the 

experimental data agree very well with the results from the finite element analysis. Griffin et al. [8] introduced 

Fundamental Mistuning Model (FMM) for the prediction of vibratory response of a bladed disk system. Their 

experimental modal analysis setup consisted of excitation source, laser vibrometer and spectrum analyzer; 

FMM Software was used for the analysis of measured data in order to compute system properties. Choi et al. [9] 

worked on the investigation of blade failure in a gas turbine. They performed an impact test of the blade using the 

fixed boundary condition established using a bench-vice; the natural frequencies and mode shapes for the fixed 

boundary condition were found experimentally and numerically. The frequencies were calculated using 

SAMCEF software. On comparison, they observed that natural frequencies showed good agreement except for 

the second mode; this was because the second mode was generated from the lateral motion of the fixed blade, and 

the vice could not fully constrain the lateral motion. Rao et al. [10] worked on the failure analysis of compressor 

blade.  In view of the blade failure in stage R3 of the compressor, they carried out Modal testing on a few blades 

in each of the lower stages using impact hammer and accelerometer. Each blade was impacted at 15 locations and 

response was picked up by three accelerometers; the real and imaginary functions of Frequency Response 

Functions (FRFs) showed peaks corresponding to the modal frequencies of the blade.

In this paper a first stage gas turbine blade of 30 MW gas turbine made of nickel based super alloy Inconel 
0738LC, having operating temperature 1100 C and has been failed after rendering useful service of 1, 30,000 hrs 

is harmonically analyzed by means of experimental modal analysis and finite element (FE) method. The 

experimental analysis is performed using a combination of impulse hammer, accelerometer and Vibration 

analyzer, which generated a set of frequency response functions. The modal parameters, i.e. natural frequencies, 

modal damping and mode shapes are extracted by applying Global Rational Fraction Polynomial method 

(GRFP), on a set of FRFs. A finite element model of first stage IN738 gas turbine blade is developed and 

harmonic analysis performed using Finite Element Software, ANSYS. The resonant frequencies extracted from 

the finite element model are compared with the experimental modal analysis results. The numerical (Finite 

element model) results show excellent agreement with the experimental modal analysis results.

The paper is organized in seven sections. The section two deals with the theoretical background for the 

estimation of modal parameters by applying GRFP method on a set of FRFs. The section three provides the
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details of experimental set-up used for Experimental modal analysis on the First stage IN738 Gas turbine blade. 

The section four provides results of the estimation of modal parameters from the measured FRF's. The section 

five provides results of the Finite element Modal Analysis of the First stage IN738 Gas turbine blade. In section 

six the comparison of both experimental and numerical results is provided. The section seven contains the 

conclusions.

II Theoretical Background:

Mathematically, the modes of vibration are defined by certain parameters of a linear dynamic model of a 

structure. The dynamic properties of a structure can be written as a set of differential equations in the time 

domain, Eq. (1) or as a set of equations containing transfer functions in the Laplace (frequency) domain, Eq. (2)

where [M],[C] and [K] are the mass, damping and stiffness matrices respectively along with the corresponding 

acceleration     and the external force  applied to the system.     {f(t)}

By taking Lapalace transform of Eq.(1)  , one may write the equation as or

 [ ] [ ] [ ] ( ){ } ( ){ }

( ) ( ){ } ( ){ }

2M s C s+ K X s F s

B s X s F s

é ù+ =ë û

=é ùë û

(2)

The frequency response function is defined as the system transfer function along the frequency axis, and  is 

defined as the inverse of the system matrix

(3)

In partial fraction form, frequency response function is written as

(4)

Thus, transfer function is

(5)

 natural frequency and w =  undamped natural frequency
For a model with n degrees-of-freedom, it is clear that the FRF contains n pole pairs. Every pole has a different 
residue associated with it. For six  modes, Eq.(5)  can be decomposed as

(6)

 { }x&&

Where, pk = -sk + jw d = kth pole aijk = residue for kth pole sk = damping co-efficient, w d= damped  
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Modal properties are evidenced by the resonance peaks which appear in the FRFs measurements. The modal 

frequency is closely related to the frequency of a resonance peak, and is often approximated by using the peak 

frequency itself. The modal damping is evidenced by the width of the resonance peak, and can be approximated 

as one-half of the difference between the two frequencies on either side of the peak where the FRF value is equal 

to .707 of the peak value. These two frequencies are known as the half- power points. The mode shapes are 

evidenced by the heights of the resonance peaks, and are commonly obtained by joining the resonance peak 

values from a set of FRFs measurements [3-6]

Vibrating Beam

III Experimental Setup

In order to measure the frequency response functions of the turbine blade, one end of the turbine blade is fully 

constrained in order to prevent all displacements; the boundary conditions are similar to that of cantilever. This 

boundary condition was established using a fixture.

3.1 Measurement Set Up:

The frequency response function measurement setup is shown in Fig. 2. In addition to the turbine blade, it 

consists of four main parts: a turbine blade fixture, a PCB-78534 accelerometer, a PCB-086C03 impact hammer 

and a vibration analyzer OROS. At the start of the experiment, the input range, the frequency range and 

resolution, triggering, windowing, averaging and hammer tip are selected.
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Fig.2: The FRF Measurement Setup 
IV Estimation of Modal Parameters

Modal parameters, i.e. natural frequency, damping, and mode shape of the first stage IN738 gas turbine blade are 

estimated by applying Global Rational Fraction Polynomial method on a set of measured FRFs.

4.1 Modal Frequency:

FRF measured at location 1 while performing  experimental modal analysis on the first stage IN738 gas turbine 

blade is shown in Fig. 3.In this figure, six dominant resonance peaks around approximately 484, 1475, 1810, 

2550, 2950 and 3450Hz are identified. Six of these modes are dominant modes as they appear clearly in 

measured FRFs. Therefore, the first six natural frequencies of turbine blade are 484, 1475, 1810, 2550, 2950 and 

3450Hz. The figure also shows a resonance peak around 2160 Hz. This mode is also dominant and clearly 

appears as an eigenmode. Around 50, 300 and 4100 Hz, possible resonance peaks are present but these are not 

distinct enough to identity them as resonance peaks. These three modes are almost indistinguishable in the figure 

but they are nevertheless taken into consideration. The most likely reasons behind the weak appearance of these 

modes are: the modes are physically less relevant, the modes were insufficiently excited and/or the modes were 

incompletely measured.

Fig. 3: FRF Measured at Location 1
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4.2 Modal Damping:

Modal damping is evidenced by the width of the resonance peak, and calculated using half power method Fig. 4.

Fig.  4: Modal damping estimation fromthe measured FRF, (GFRP) Method

4.3 Mode Shape:

In order to obtain the mode shapes of turbine blade, consider the imaginary part of the amplitude 

(acceleration/force) versus frequency diagram, FRFs Fig. 5. Mode shapes of the first stage IN738 gas turbine 

blade are obtained by joining the peak values of each of the resonance peaks which occur at the same frequency in 

all of the FRFs measurements. For example mode 1 of the turbine blade is obtained by joining peak values at 

natural frequency 484 Hz at all the measured locations starting from the measured location 6 to the measured 

location 1. Similarly mode shapes 2, 3, 4, 5 and 6 are obtained by joining peak values at natural frequencies 1475, 

1810, 2550, 2950 and 3450Hz respectively. All six mode shapes are shown in Fig. 6.
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Fig. 5: Real and Imaginary part of amplitude (acceleration/force) versus frequency FRFs

Mode 1 at frequency 484.375Hz                 

Mode 2 at frequency 1475Hz                           

Mode 3 at frequency 1810Hz

Mode 4 at frequency 2550 Hz                    

Mode 5 at frequency 2950 Hz                      

 Mode 6 at frequency 3450Hz
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Fig. 6: Mode shapes of IN738 first stage gas turbine blad

V Finite Element Modal Analysis Of IN738 First Stage Gas Turbine Blade

The finite element model of IN738 first stage gas turbine blade is developed by using three dimensional scanning 

technique Fig. 7(a).The modeling and post-processing are performed on finite element based software ANSYS. 

The finite element model generated has 136468 nodes and 84361 elements Fig. 7(b). Triangular surface mesh is 

made followed by volumetric meshing using auto meshing features of ANSYS 15. The boundary conditions of 

the finite element model are similar to that of a cantilever. The turbine blade surface, clamped to the fixture, is 

constrained by the tie constraints to the fixture surface, and the fixture is, in turn, given fixed boundary conditions 

on its outer surfaces. The material properties and dimensions of IN738 turbine blade are listed in Table1 and 

Table 2 respectively. The material properties and dimensions of mild steel turbine blade fixture are listed in Table 

3 and Table 4 respectively.

Table 1: Material properties of IN738 Turbine Blade 

Table 2: Dimensions of IN738 gas turbine blade (size of bounding box)
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m ) 

D e p t
h , 
h ,(m ) 

         
0 .1 1  

0 .1 1  0 .0 5  

 

Table 4: Material properties of structural steel turbine fixture
Table 3: Dimensions of structural steel turbine fixture (size of bounding box)

Fig. 7(a): 3-D Model of IN 738 gas turbine 
blade   Fig. 7(b): Mesh model of IN 738 first 
stage gas turbine blade
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The frequency response function of IN738 First Stage Gas Turbine Blade is obtained by performing harmonic 

analysis on ANSYS as shown in Fig. 8.

Fig.8: Harmonic Analysis of First Stage Gas Turbine Blade

VI Results and Discussions

The resonant frequencies of IN738 extracted from harmonic analysis using finite element software, ANSYS and 
the experimental modal analysis are shown in Table 1.

The modal parameters of IN738 first stage gas turbine blade estimated from a set of FRFs by applying GRFP 
method agree well with the modal parameters extracted from finite element model. The percentage difference 
calculated between the experimental modal analysis results and the harmonic analysis results is mostly is within 
7%. Graphical representation of this comparison is shown in Fig. 9      

Table 7: Comparison of resonant frequencies obtained through GRFP method & harmonic analysis   

Fig.9: Comparison of resonant frequencies obtained through harmonic analysis and GRFP

Mode

HMA 

Results 

Frequency 

[Hz]

EMA 

Results 

Frequency 

[Hz]

Error [%] b/w

HMA Results

& EMA

Results

Mode 1 92.16 84.0 1.60

Mode 2 319.5 319.5 0.00

Mode 3 940.40 810.0 6.72

Mode 4 668.88 550.0 4.40

Mode 5 150.43 950.0 6.30

Mode 6 450.5 450.0 0.12
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VII Conclusions

1.Modal analysis can be a powerful tool for assisting in the identification and elimination of fatigue problems 

arising in the turbine blade. The first application of modal analysis is in the determination of dynamic 

characteristics of turbine blade and the second application of modal analysis is in the validation of computer 

generated models of the turbine blades. These models can be very useful for investigating the turbine and turbine 

blade properties under running conditions. 

2. The modal parameters of the first stage IN738 gas turbine blade, i.e. natural frequency, damping, and mode 

shape are estimated from a set of FRFs by applying Global Rational Fraction Polynomial (GRFP) method.

3. The modal parameters of IN738 first stage gas turbine blade estimated from a set of FRFs agree well with the 

modal parameters extracted from the finite element analysis. The percentage difference between the 

experimental modal analysis results and the finite modal analysis results is within 7 %.
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A B S T R A C T

H�gh performance computers, av�on�cs, defense systems requ�re powerful cool�ng systems l�ke m�cro-channel heat s�nk to d�ss�pate 

large amount of heat flux. The microchannel heat sink is usually made from high thermal conductivity materials with the high surface 

area to have high heat transfer with lower temperature differences. Micro-channelsfabricatedto have high surface area by micro-

machining technology. The heat s�nk features flow bo�l�ng of work�ng flu�d through a ser�es of parallel m�cro-channels w�th cross- 

sect�onal d�mens�ons rang�ng from 10 to 100 μm. The objective of this paper is collectively present the work done by different 

researchers on the heat transfer mechanism in microchannel heat sink in laminar flow conditions. Two phase heat transfer in 

microchannel heat sink is more effective than single phase heat transfer as two phase heat sinks dissipates high heat fluxes at smaller 

flow rate of working fluid in comparison to single phase heat sinks at same temperature difference. Effect of variation of two phase heat 

transfer coefficient with Reynolds number (Re) and aspect ratio (β) is presented in this paper. Two phase heat transfer coefficient shows 

increasing trend with Reynolds number and aspect ratio.

Keywords - Microchannel heat sink; Heat transfer mechanism in microchannel heat sink; two phase heat transfer coefficient.

1. INTRODUCTION

Due to the faster signal speed and superior performance of electronic devices, the past two decades have 

witnessed exceptional increases in heat dissipation in high performance computers, electrical vehicle power 

electronics, avionics, and directed energy laser and microwave weapon systems. Today localized heat 

dissipation from advanced microprocessors has already exceeded 100 W/cm2, while high-end defence 

application such as lasers, microwave devices and radars are beginning to exceed 1000 W/cm2, whereas in 

nuclear reactors needs heat flux removal rate of 10000 W/cm2 [1]. Requirement for heat dissipation will 

continue to rise with the improvement in technologies and further reduction in the size of these applications.

W       : Width of copper block (cm) 
L        : Length of copper block (cm) 
Wch    : Width of micro-channels (ì m) 

Hch     : Height of micro-channels (ì m) 

Ww     : Width of wall separating the micro-channels (ì m) 

Dh      : Hydraulic diameter (ì m) 

Tw      : Maximum wall temperature at the channel outlet (? ) 
ht       : Two phase heat transfer coefficient (W/m2K) 

Ach     : Area of microchannel (m2) 

Nu3    : Nusselt number for laminar fully-developed flow for three wall heat transfer 

Nu4    : Nusselt number for laminar fully-developed flow for four wall heat transfer 

â        : Aspect ratio 

 

ABBREVIATIONS
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Heat fluxes for different applications are shown in figure 1. Trends of cooling technologies adopted to meet the 

steep increase in heat fluxes over the years are shown in figure 2. The exponential curve shows the increase in the 

heat flux and changes in the cooling technologies. Powerful cooling systems are needed to face the challenges of 

emerging technologies as well as to make possible further developments in these technologies that will 

Figure 1: Variation of dissipation of heat fluxfor 

different applications

Figure 2: Variation of cooling of Heat flux with 

required due to developmentof new technology in 

different fields [16].

increase the heat dissipation. Various cooling systems have been developed to achieve the desired. These consist 

of pool boiling thermosyphons, channel flow boiling, jet and sprays etc [2]. The concept of micro-channel heat 

sink was first introduced by Tuckerman and Pease in the early 1980s. Micro-channel heat sink is an inventive 

cooling technology which removes large heat fluxes from a small volume. The heat sink is usually made from 

high thermal conductivity materials such as silicon or copper with the micro-channels made-up into its surface by 

either precision machining or micro-fabrication technology. Micro-channels have characteristics dimensions 

ranging from 10 to 1000 μm [3] and they serve as flow passages for the working fluid. Very high surface area to 

volume ratio, large convective heat transfer coefficient, small mass and volume, and small coolant inventory 

make heat sink very suitable for cooling devices like microprocessors, laser diode arrays, radars, and high-

energy-laser mirrors [4]. Micro-channel heat sinks can be categorised as single phase and two phase. The coolant 

may maintain its liquid single phase state throughout micro-channels for a fixed dissipative heat flux and high 

flow rate which corresponds to a single-phase heat sink. If coolant flow rate is comparatively low, the liquid 

coolant may reach its boiling point while flowing in micro-channels and flow boiling occurs, which results in a 

two-phase heat sink. Two phase heat sinks are ideally suited for dissipating large amount of heat within very 

limited space which is demand of the modern applications. These devices are light weight and compact, and 

needs very small coolant inventory.

The objective of this paper is to understand the heat transfer phenomena in microchannel heat sink by presenting 

a review on the different parameters which affects two phase heat transfer coefficient in microchannel heat sink 

under laminar flow condition.
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2. HEAT TRANSFER IN MICRO-CHANNEL HEAT SINK

Heat transfer mechanism in micro-channel heat sink is different for subcooled and saturated boiling conditions 

because of the void fractions. In subcooled boiling liquid flow is abundant phase change happens mostly by 

bubble formation at the wall, while saturated flow boiling in microchannels is governed by two mechanisms: 

nucleate boiling and forced convection boiling [3]. In the nucleate boiling dominant region, liquid near the 

heated channel wall is superheated to an adequate degree to maintain the nucleation and growth of vapour 

bubbles. The heat transfer coefficient in this region is dependent upon heat flux, but less susceptible to mass 

velocity and vapour quality. The nucleate boiling region is normally related with the bubbly and slug flow 

patterns, and the forced convection boiling region related to the annular flow pattern. Qu & Mudawar [5] 

measured the incipient boiling heat flux in a heat sink containing 21 rectangular micro-channels 231 μm wide 

and 713 μm. Tests were performed with deionized water as coolant at inlet velocities of 0.133-1.44 m/s, inlet 

temperatures of 30, 60 & 90oC at an outlet pressure of 1.2 bar. Their findings were that at incipient boiling, a 

small number of nucleation sites appear at the same time close to the exit of several micro-channels, with one or 

two sites per micro-channel. In the forced convection boiling dominant region, large heat transfer coefficient 

causes suppression of bubble nucleation along the heated wall, so the heat is transferred mainly by single-phase 

convection through the thin annular liquid film and carried away by evaporation at the liquid–vapor interface. Qu 

& Mudawar [3] tested the heat transfer characteristics at a mass velocity range of 135-402 kg/m2s, inlet 

temperatures of 300C, 600C, and at outlet pressure of 1.17 bar. Results indicated an unexpected transition to 

annular flow near the point of zero thermodynamic equilibrium quality, and exposed that dominant heat transfer 

mechanism is forced convective boiling corresponding to annular flow. The heat transfer coefficient in this 

region depends on coolant mass velocity and vapour quality, but independent of heat flux. Saisorn et al. [6] has 

studied experimentally the heat transfer characteristics of air–water flow in horizontal micro-channels. The tests 

were performed at a heat load of 80 W, with superficial Reynolds numbers of gas and liquid ranging between 

54–142 and 131–373, respectively. Two inlet sections with different designs were used in this work to investigate 

the dependency of Nusselt number on flow characteristics. The experiments exposed that the development of 

small gas slugs instead of gas core flow involves an increase in Nusselt numbers due to which gas–liquid flow 

gave heat transfer enhancement up to 80% over the liquid flow. Mirmanto [7] performed experiments to 

investigate local heat transfer coefficients during flow boiling of water in a rectangular microchannel. The 

hydraulic diameter of the channel was 0.635 mm. The nominal mass fluxes varied from 200 to 700 kg/m2s and 

heat fluxes in the range of 171 to 685 kW/m2 were applied. An inlet fluid temperature of 98 °C and pressure of 

125 kPa were maintained at the microchannel entrance. Results showed that heat transfer is dominated by 

nucleate boiling and the effect of quality suppresses the local heat transfer coefficient.

2.1 Effect of working fluid other than water on heat transfer performance of microchannel heat sink

In most of studies water is used as working fluid but water is not an appropriate working fluid for removing large 

amounts of heat from electronic devices because of its current carrying capacity and corrosive nature [8]. Now
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some researchers have moved to Freon based refrigerants like FC-72, FC-77 because of its high dielectric 

constant due to which these refrigerants can withstand at very high heat fluxes. But Freon's have also some 

limitations because of its ozone layer depletion rate which is harmful for environment. Hence now a day's some 

eco-friendly refrigerants like R134a, R123, R410a, HFE-7000, HFE-7100 etc. are employed as coolant in the 

test module to solve the problems of corrosiveness and ozone layer depletion. Nascimento et al. [9] performed an 

experimental investigation of a micro-channel heat sink based on flow boiling of R134 in micro-channels. The 

results showed that the heat-sink average heat transfer coefficient increases with increasing mass velocity for a 

fixed mean vapour quality. Dong et al. [10] investigated flow boiling of Freon R141b in rectangular 

microchannel heat sinks. Experiments were performed over mass velocities ranging from 400 to 980 kg/m2s and 

heat flux from 40 to 700 kW/m2, and atmospheric pressure at outlet. The results showed that the mean heat 

transfer coefficient of R141b flow boiling in present microchannel heat sinks depends greatly on mass velocity 

and heat flux. Lee & Mudawar [11] explored the cooling performance of microchannel heat sink using HFE7100 

for four different microchannel sizes. Results revealed that heat fluxes in excess of 700 W/cm2 could be managed 

without burnout.

2.2 Effect of channel and heat s�nk geometry on heat transfer �n m�cro-channel heat s�nk

Channel and heat sink geometry plays important role in heat transfer performance analysis of a micro-channel 

heat sink. Liu et al. [12] studied the heat transfer performance of the high pin fins with the Reynolds number 

ranging from 60 to 800 using deionized water as working fluid. The studies were carried out for micro square pin 

fins of 559 X 559 μm2 and 445 X 445 μm2 cross-section. They has concluded that heat dissipation rat Xe could 

reach 2.83 X 106 W/m2 at the flow rate of 57.225 L/h and the surface temperature of 73.40C for 445 X 445 μm2, 

also heat resistance decreased with increase in pressure drop. Prajapati et al. 2015 [13] compared the flow boiling 

characteristics of deionized water in three different configurations of micro-channels through experimental 

investigations. The investigated channel configurations were uniform cross-section, diverging cross-section and 

segmented finned micro-channels. Experiments have been conducted with subcooled liquid state at the entry and 

varying coolant mass and heat fluxes. For entire operating conditions, segmented finned channels demonstrate 

the highest heat transfer coefficient. Peles et al. 2005 [14] investigated experimentally the heat transfer 

phenomena over a bank of micro pin fins. It has been observed that very low thermal resistances are achievable 

using a pin fin heat sink as compared tomicro-channel convective flows, therefore heat transfer performance has 

been improved for the devices using micro pin fins. Deng et al.  [15] has compared the flow boiling performance 

of reentrant microchannels (REEM) and conventional rectangular microchannels (RECM) at the same hydraulic 

diameter. Comprehensive comparative experiments with two coolants, i.e., deionized water and ethanol, were 

performed at inlet sub-cooling of 100C and 400C, and mass fluxes of 200–300 kg/m2s. Experimental results 

showed that the re-entrantmicrochannels present significant rise in two-phase heat transfer in large inlet 

subcooling cases and moderate to high heat fluxes.

Two phase heat transfer coefficient investigations for different authors has been compared at different Reynolds
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number (Re) and different aspect ratio (β). In figure 3. two phase heat transfer coefficient result at Re= 200-600 

for different investigations has been plotted. Two phase heat transfer coefficient shows increasing trend with 

Reynolds number from figure 5. It can be understand that higher aspect ratio is beneficial for dissipating high heat 

fluxes as increase in Nusselt number ratio of three wall and four wall heat transfer leads to enhancement in two 

phase heat transfer coefficient.

Table 1: Summary of heat transfer investigations

Author Dimensions of MCHS Input Parameters Contribution

Qu &Mudawar.[4] W= 1.0 cm, L= 4.48 cm, 
Rectangular channels

 N= 21,W = 231ch

W = 118w

H =713ch

Coolant- Deionized water, 
Re= 139-1672

2q'= 100W/cm  and 200 
2 W/cm Investigation- single 

phase flow

 heat transfer characteristics of micro-

channel heat sinks can be effectively 

predicted using Navier-Stokes and 

energy equations

Qu &Mudawar. [3] -same- -same- The saturated flow boiling heat transfer 

coefficient is a strong function of mass 

velocity, and only a weak function of 

heat flux and thermodynamic 

equilibrium quality.

Qu &Mudawar [2] Rectangular channels

N=21, W = 215μm, W = c h w

125μm

H = 821μmch

0 
T = 30 & 60 P =in out

1.13 bar, G= 86-368 
2kg/m s

The results show that as CHF was 

approached, flow instabilities induced 

vapour backflow into the heat sink's 

upstream plenum

Nascimento et al. [9] Copper (28 mm X 25 mm), 
Rectangular parallel W = ch

100μm, W = 200 μm, H = w ch

500μm, N=50

Coolant- R134a
2G=400-1500 kg/m s, q'= 

2,upto 310 kW/m saturation 
temperature at outlet

= 25℃

heat-sink averaged heat transfer 

coefficient increases with increasing 

mass velocity for a fixed mean vapour 

quality.

Saisorn et al. [6] Rectangular channels

W =450μm,W = 540μm, ch w

H = 410μm, N= 21,L = 40 ch ch

mm

Q= 80W, Re for gas= 54-

142, Re for liquid= 131-

373

The gas–liquid flow gave heat transfer 

enhancement up to 80% over the liquid 

flow

Liu et al. [12] Copper substrate (20 mm X 

20 mm Micro square pin fins 
2 of 559 X 559 μm and 445 X 

2445 μm  cross-section.

Coolant-deionized water

Re =60-800

heat dissipation rate could reach 2.83 X 
6 210  W/m  at the flow rate of 57.225 L/h 

0and the surface temperature of 73.4 C 
2for 445 X 445 μm .
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Author Dimensions of MCHS Input Parameters Contribution

Dong et al. [10] W= 0.5 cm, L = 2 cm

Rectangular channels

W =60 μm, W = 60 μm, H = ch w ch

200 μm,N= 50

Coolant- R141b
2G= 400 to 980 kg/m s and 
2q'= 40 to 700 kW/m

 mean heat transfer coefficient of  

depends greatly on mass velocity and 

heat flux.

Mirmanto[7] copper channel ( 12 mm × 25 

mm × 72 mm.) W =1710 μm ch

,H =  390 μm, W =1190 μmch w

Coolant-water, G= 200 to 
2700 kg/m s q'= 171 to 685 

2kW/m  T = 98 °C & p = in in

125 kPa

heat transfer is dominated by nucleate 

boiling and the effect of quality 

suppresses the local heat transfer 

coefficient.

Prajapati et al. [13] Copper(25.7 mm X 12.02 

mm) Rectangular 

Coolant- deionized water, 
2G= 100-350 kg/m s, T = in

30℃,
Re= 50-500

2q'=10-350kW/m

highest heat transfer coefficient was 

observed for segmented finned channels 

as compared to other two configurations 

of channels for entire operating 

conditions.

Lee &Mudawar [11] Rectangular channels 

W =123.4 μm, 123.4μm, ch

235.2 μm, 259.9 μm, W = w

84.6 μm, 84.6 μm, 230.3 μm, 

205.0 μm, H = 304.9 μm, ch

526.9 μm, 576.8 μm, 1041.3 

μm, N= 24, 24, 11, 11

Coolant- HFE-7100,

T = -30℃, 0℃, P = 1.138 in out

bar, m= 2.0- 5.0 g/s

Heat transfer performance of the micro-

channel heat sink can be greatly 

enhanced by lowering the temperature 

of coolant entering the heat sink. 

Deng et al. [15]

copper block (20 mm x 45 
mm)Reentrant porous 
(convex Ω shaped) channels
N=14, D =786 μmh

Cavity size=10- 50 μm

Coolant-deionized water 

& ethanol,  T  subcooled= in

0 010 C & 40 C, G= 200–300 
2kg/m s, Re= 200-700

two-phase heat transfer showed Signiant 
rise in large inlet sub cooling cases and 
moderate to high heat fluxes for the 
reentrant channels as compared to con-
ventional rectangular channels. 

Peles et al. [14] Silicon substrate, cylindrical 

pin fins of (1.8 mm wide and 

243 μm deep with length 10 

mm)

De ionized water

Re=200-800
2q'=790 W/cm .

Very high heat fluxes can be dissipated 

at low wall temperature rise using a 

microscale pin fin heat sink.

Journal of Mechanics and Solids (Volume- 12, Issue - 1  Jan-Apr 2024)                                                                                                                                    Page - 27



Figure 3: Reynolds number (Re) Vs Two phase heat 

transfer coefficient (h ).t

Figure 4: Aspect ratio (β) Vs Nusselt number ratio of 

three wall and four wall heat transfer (Nu /Nu )3 4

RESULT AND CONCLUSIONS

Heat transfer mechanism in microchannels is different for saturated and subcooled flow boiling conditions. 

Saturated flow boiling conditions are governed by nucleate and forced convection. The nucleate boiling region is 

associated with the bubbly and slug flow patterns while forced convection boiling is related to the annular flow. 

In subcooled flow phase change occurs mostly by bubble formation at the wall.

Two phase heat transfer coefficient enhances with augmentation in Reynolds number (Re) due to which 

performance of microchannel heat sink will be improved in laminar flow conditions.

Two phase heat transfer coefficient enhances with increase in Nusselt number ratio of three wall and four wall 

heat transfer due to enhancement in aspect ratio.

From the above review work one can concludes that heat transfer coefficient is having close relation with the 

Reynolds number but different coefficient of increments. The coefficient of increment is a factor of operating 

conditions.
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A B S T R A C T

Hydrogen fuels are most promising and clean fuel in future most effective environment friendly fuel, and its benefits are remarkable for 

cleaning the environment. This article is based on hydrogen benefits and technique of storage, sustainability in future scope. Increasing 

the price of conventional fuel, rate of increasing the Green House Gasses and energy security concerns so moving towards to the 

alternative fuels. Key Technolog�es of  us�ng Hydrogen   as a IC Eng�ne Fuel �n Ind�an perspect�ve are d�scussed �n th�s paper.
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1. INTRODUCTION

As using the conventional fuels since the eighteen century, the fuels are about to end and the level of emission is 

tremendously increased. We have started move towards to direction of non conventional fuels, hydrogen comes 

for more promising fuel which is more efficient, reliable also odourless, colourless fuel. Hydrogen has been 

introduced to engine as a fuel since 1920s(1) . The energy content in terms of mass 120.7 MJ/kg. Particularly 

GHGs is coming from automobile and commercial industries which play the major role for increasing 

emission,petroleum fuels, hydrogen is clean (pollution free), renewable and environmentally friendly. When it 

burns, it releases only water vapour into the environment. There are no spilling or pooling concerns because it 

dissipates quickly into the atmosphere [2] Hydrogen �s an �deal fuel and versat�le energy carr�er, and �ts 

advantages are summar�zed as below [3]:.

(a) Easy to produce.

(b) Conven�ent fuel for transportat�on.

(c)Versat�le, converts eas�ly to other energy forms at the user end.

(d) H�gh ut�l�zat�on effic�ency.

(e) Env�ronmentally compat�ble (zero- or low-em�ss�on).

The Hydrogen energy �s the only renewable energy wh�ch can prov�de clean commerc�al energ�es, the 

Journal of Mechanics and Solids (Volume- 12, Issue - 1  Jan-Apr 2024)                                                                                                                                    Page - 30



electr�c�ty and the fuel for transport wh�ch �s to obta�ned from the chloral alkal� �ndustr�es, petroleum refiner�es & 

fert�l�zer plants,Production of hydrogen is still limited [4]. Hydrogen from coal gas�ficat�on may be equally 

undes�rable because of �ts h�gh em�ss�ons when carbon sequestrat�on �s not used, Hydrogen from nuclear power 

has much lower em�ss�ons than electrolys�s, Gas�ficat�on has been shown to exh�b�t an economy of scale and �s a 

su�table convers�on technology for large demand centers [5].

However, several barr�ers have to be overcome before hydrogen electr�c veh�cles can be put �nto large-scale 

pract�cal ut�l�zat�on. One of the most severe challenges �s the lack of a safe and effic�ent onboard storage 

technology, wh�ch may dramat�cally �nfluence the veh�cle's cost, range, performance, and fuel economy, as well 

as shape the scale, �nvestment requ�rements, energy use, and potent�al em�s- s�ons of a hydrogen-refuel�ng 

�nfrastructure. That �s to say, the development of onboard storage technology w�ll d�rectly determ�ne the schedule 

of hydrogen-powered veh�cles �nto the market [6]. 

2. MATERİAL AND METHODS 

2.1. Industr�al benefits 

2.1.1. Effic�ent way by us�ng �nternal combust�on eng�ne (ICE

Hydrogen fuelled have two ways of runn�ng �n veh�cle .One that have an �nternal combust�on eng�ne w�th a 

hydrogen fuel tank. Other �s that runs on hydrogen fuel cells .W�th the concern of the foreseen reduct�on �n foss�l 

fuel resources and str�ngent env�ronmental constra�nts, the demand of �mprov�ng �nternal combust�on (IC) 

eng�ne effic�ency and em�ss�ons has become more and more press�ng. Hydrogen has been proved to be a 

prom�s�ng renewable energy that can be used on IC eng�nes[7] . for an S.I. eng�ne can be class�fied �nto four 

categor�es such as Carburet�on, Inlet Man�fold Inject�on, Inlet Port Inject�on and D�rect Cyl�nder Inject�on. These 

convent�onal methods of 'FIT' could also be appl�ed to eng�ne operat�on w�th a non-convent�onal alternat�ve fuel, 

such as hydrogen.[8] Due to the h�gh auto�gn�t�on temperature of hydrogen (approx�mately 858 K)[7].Hydrogen 

possesses many un�que combust�on propert�es that benefit the eng�ne effic�ency and em�ss�ons performance. The 

d�ffus�on coeffic�ent of hydrogen (0.61 cm2/s) �s about four t�mes as large as that of gasol�ne (0.16 cm2/s), wh�ch 

�mproves the m�x�ng process of fuel and a�r, and also helps �n �mprov�ng the homogene�ty of the combust�ble 

m�xture. The ad�abat�c flame speed of hydrogen (237 cm/s) �s five t�mes as large as that of gasol�ne (42 cm/s) 

wh�ch may contr�bute to �mprov�ng the eng�ne operat�ng stab�l�ty. Meanwh�le, the h�gh ad�abat�c flame speed of 

hydrogen �nd�cates that the combust�on of hydrogen eng�nes �s much closer to �deal constant volume combust�on, 

wh�ch �s benefic�al for h�gher thermal effic�ency [9]. The combust�on of hydrogen w�th a�r however can also pro-

duce ox�des of n�trogen NO  & �t's the only pollutant of concern from the hydrogen eng�ne has been restr�cted x

under 100  by lean operat�on strategy[10].ppm

Hydrogen appl�cat�ons, bes�des �ndustr�al appl�cat�on, cover power generat�on, transport appl�cat�ons and heat. 

However, when compared to other alternat�ves, use of hydrogen �n transport sector appears to be more benefic�al
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as �t �s poss�ble to store hydrogen on-board.

In v�ew of �ts un�que propert�es, large-scale use of hydrogen �n transport sector can help Ind�a �n ach�ev�ng energy 

secur�ty through reduct�on �n �mport of foss�l fuels and also reduct�on �n the urban a�r pollut�on. Therefore, �t �s 

necessary to develop hydrogen energy technolog�es for large-scale use espec�ally for the transport sector[11]. In 

contrast, hydrogen tends to d�ssoc�ate on metal surfaces, d�ffus�ng �nto the metal as a s�ngle atom. As hydrogen 

d�ffuses �nto the metal, �t �nteracts w�th the m�crostructure affect�ng propert�es such as duct�l�ty, fracture 

res�stance, and fat�gue crack growth; these �nteract�ons are gener�cally referred to as hydrogen 

embr�ttlement[12]. Hydrogen �n mater�als can evolve from many sources, �nclud�ng corros�on, electrochem�cal 

env�ronments and amb�ent mo�sture, as well as d�rect exposure to env�ronments conta�n�ng gaseous or l�qu�d 

hydrogen, such as storage and d�str�but�on of hydrogen fuels [13].

2.1.2 Hydrogen Fuel Cell

Hybrid renewable energy concept in taking new energy source for participating in reduction the emission .Using 

the Photovoltaic fuel cell hybrid system ,an alkaline Electrolyser produces hydrogen which is stored in a LaNi5 

type Metal Hydride. The hydrogen stored is utilized by fuel cell to generate DC power. Fuel Cell inverter then 

converts DC power into AC power.

Th�s hydrogen power generat�on system �s �ntegrated w�th the PV system to form the hybr�d PV-FC system[14]. 

Its clean , h�gh Effic�ency, s�lent and v�brat�on free and rel�able benefits makes the good source of fuel.

 

Fig.1: Hydrogen Generation System

2.1.3 Hythane

In th�s context, �ntroduced s�mulated the Hydrogen and methane ,Gaseous b�ofuels have super�or energy 

balances, offer greater greenhouse gas em�ss�on reduct�ons and produce lower pollutant em�ss�ons than l�qu�d 

b�ofuels[15]. In 2008 �nd�a adopts Hythane as natural gas regulat�ons planned for augest 2009[16]. Th�s �s low  

cost technology wh�ch �s proven over twenty-five  year, cheapest way to meet new em�ss�on standard.
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3. B�ohydrogen Product�on us�ng Gas�ficat�on

Ind�a has the h�ghest number of b�omass gas�ficat�on un�ts of any nat�on – nearly all of these are used for 

electr�c�ty product�on �n rural areas. Other common feedstocks used �n Ind�an gas�ficat�on un�ts �nclude r�ce 

straw, r�ce husk, cotton stalk, and mustard husk[17]. One benefit of gas�ficat�on �s �t offers h�gher da�ly product�on 

capac�ty than other b�omass to hydrogen pathways l�ke anaerob�c d�gest�on, b�ophotolys�s, and fermentat�on and 

therefore could potent�ally be used to meet large-scale energy demand [18]. The Nat�onal Academy of Sc�ence 

declared that hydrogen from b�omass gas�ficat�on “could play a s�gn�ficant role �n meet�ng the DOE's goal of 

greenhouse gas m�t�gat�on” [19].

Table1:Hydrogen vs. other conventional fuels

3. 1 Methanol 

Use of methanol �s one of the common methods of hydrogen product�on wh�ch �s done w�th the help of reformer, 

where �t y�elds CO,CO2 and H2 gas[20]. As per current stat�st�cs, 48% of current hydrogen product�on comes 

from natural gas, 30% from o�l, 18% from coal and 4% from electrolyt�c[21]. The genera- t�on of hydrogen from 

d�verse domest�c resources can reduce the demand for o�l by more than 11 m�ll�on barrels per day by the year 

2040, wh�ch w�ll requ�re us to convert current gasol�ne stat�ons to hydrogen stat�ons. The department of energy 

(DOE) has suggested that the grav�metr�c dens�ty should reach 9 wt% and the volumetr�c capac�ty should be 81g 

of H /L [22].2

3.2 Benefits W�th Hydrogen Storage Techn�ques 

Storage �s a key �ssue for the hydrogen economy. It cuts across the product�on, d�str�but�on, safety and 

appl�cat�ons aspects [23-24]. Hydrogen energy �s very effic�ent fuel source than trad�t�onal sources of energy and 

produces more energy per pound of fuel. 
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Lower heating value (MJ/kg) 120.7 49.54 41.87-44.19 46.05

Higher heating value (MJ/kg) 141.89 54.89 43.73-47.45 50.24

Density at standard conditions (kg/m3) 0.08 0.6 720-780 510

 Phase at standard conditions Gas Gas   Liquid  Liquid

Auto-ignition temperature in air (°C) 566-582 540 257 454-510

Ignition limit in air (Vol.%) 4.1-74 5.3-15 1.4-7.6 2.2-9.5

Diffusion coefficient in air (cm²/s) 0.61 0.16 0.05 0.11
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Th�s clearly means that a car loaded w�th hydrogen fuel w�th go much farther than the one us�ng same amount of 

trad�t�onal source of energy. In fact, hydrogen �s three t�mes as powerful as gasol�ne and s�m�lar foss�l fuels,  

mean�ng �t takes less of �t to accompl�sh more. Storage of hydrogen �n chem�cal compounds offers a much w�der 

range of poss�b�l�t�es to meet the transportat�on requ�rements, but no s�ngle mater�al �nvest�gated to date exh�b�ts 

all the necessary propert�es. 

One gram of hydrogen gas occup�esw11 L (2.9 gallons) of space at STP, so storage �mpl�es a need to reduce the 

enormous volume occup�ed by hydrogen. All the pract�cal storage opt�ons have d�sadvantages, but st�ll, the most 

prom�s�ng appears to be hydr�des. A v�able means of hydrogen storage excludes �neffic�ent and r�sky h�gh-

pressure cyl�nders, expens�ve cryogen�c cyl�nders and all covalent hydrocarbon compounds[4]. The techn�cal 

targets for on board hydrogen based l�ght duty veh�cles are g�ven �n These veh�cles should possess an ab�l�ty to 

store5–6 kg of hydrogen wh�ch w�ll be requ�red to cover an area of around300–350 m�le.

Table 2.  Department of Energy's techn�cal targets for on board hydrogen systems .Adapted from Ref [26-27].

 

Storage parameter 2005 2010 2015 

Usable specific energy  
from H2 (kg H2/kg) 

0.045 0.06 0.09 

Usable energy density 
from H2 (kg H2/L) 

200 133 67 

Storage system cost 
($kg/H2) 

3 1.5 67 

Fuel cost ($/gallon 
gasoline equivalent at 
pump 

-
20/100 

-
30/100 

-
40/100 

Minimum and  maxim- 
um  delivery temp. of H2 
from the tank(1C) 

   -   -   - 

Refuelingrate(kgH2/min) 0.5 1.5 2 

Loss of usable hydrogen 
(g/h)kgH2 stored 

1 0.1 0.05 

Currently hydrogen can be stored in three forms gaseous, liquid or as a solid combined with a metal hydride.

3.2.1 Intermetallic Hydrides

Hydrides hold promise for safe mode of hydrogen storage[4]. and release it later, either at ambient temperature or 

through heating of the tank. Intermetallic hydrides possess hydrogen storing capacity of 5–7 wt% [25]. The 

addition of transition metal such as Ti to sodium alanate (NaAlH4), in which Ti stays on the surface and 

substitutes for Na ion ,tends to attract a large number of H atoms to its vicinity[28]. Mg2NiH4 attracts wide 

interest for being a promising hydrogen storing material due to its relatively high capacity, lowcost, light weight 

and low-toxicity and for its unusual structural and bonding properties[29,30].
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3.2.2 Carbon Nanomaterials

Porous carbon structure is another interesting system for hydrogen adsorption [31]. Hydrogen gets adsorbed on 

the surface of carbon through Van der Waals bonding (_6 kJmol_1).Nanotubes. Carbon Nano tubes (CNTs) are 

micro scopic tubes of carbon [32]. Many improvements have been achieved in synthesizing microporous 

carbonaceous materials with very high hydrogen adsorption properties [33-34]. CNTs and bucky balls have been 

modified by transition metals or alkali metals in order to increase the binding of H2 molecules on to metal-CNT 

hybrids [35]. Since H  molecules at elevated pressures on a solid surface are expected to form a close-packed 2

configuration [36]. Addition of nano structured graphite to the LiBH4 system can effectively improve the 

dehydrogenation kinetics and cyclic stability [37].

CONCLUSION

Dependency of  the fossil fuel on the industrial sector is decreasing with increasing of renewable energy. 

Hydrogen must be the primary fuel in future for reducing the emission level and will able to live in clean 

atmosphere, few things of beneficial resulted   concluded that the their use in automobile industry and storage 

techniques participating good role globally.
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A B S T R A C T

Hydrokinetic turbine is a developing technology which harnesses zero-head free flow of water. This presents a low emission way to 

satisfy the increasing energy demand of the world, at the same time minimally affecting the hydrological ecology. The primary 

classification of these turbines is done on the basis of axis of rotation relative to the flow- horizontal (HAHkT) and vertical hydrokinetic 

turbines with horizontal axis improving on some of the problems of vertical axis ones.

This paper illustrates our methodology to manufacture 3-D printed blade and hub assembly in an economic manner to test the 

horizontal axis HAHkT in a test bed facility.

Keywords - HAHkT; hydrofoil; chord length; 3-D printing;

1. INTRODUCTION

India, with its emphasis on 'Skill India' and 'Make in India' campaigns is power hungry but deficient today. 

However, it is blessed with abundance of hydro-electric potential and ranks 5th in terms of exploitable hydro-

potential on global scenario. [1-2] States rich in harness able natural water reserves are Maharashtra, Madhya 

Pradesh, Punjab, Karnataka and Himanchal Pradhesh [3] These turbines have already been tested commercially 

in several quarters of the world.[4-12]

In this regards, hydrokinetic turbines offer a viable, clean and efficient alternative. These energy conversion 

systems have a propeller with two or more blades rotating around a horizontal or vertical shaft by the effects of 

the hydrodynamic forces present in a free stream. Each blade may consist of a single or multiple hydrofoil 

geometry depending upon the radial distance. The blades rotate with the torque that is produced by the lift or drag 

force, depending on the orientation.

Each blade section has an optimum angle of attack, which is the angle between the relative velocity and the blade 

section's chord line. On the other hand, hydrokinetic turbines are subjected to high thrust and torsional loads due 

to density of water causing high bending moment at the blade root. So, thicker blade sections are preferred near 

the hub. 
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Applying the above principles, s832 and e817 profiles were chosen in our work previously along with optimal 

chord angles and converging results. [13] However the real challenge faced in a project is more often than not in 

the implementation phase when faced with a myriad of problems. To test the model, a hydrokinetic turbine and 

associated components were developed.

2. TEST APPARATUS

The primary challenge faced in manufacturing any component is the selection of the material. In our case the 

material selected for the components of the apparatus is aluminium solely on the fact it is lighter than the 

available alternative of Mild Steel. Aluminium is a very desirable metal because it is more malleable and elastic 

than steel. Aluminium can create shapes that steel cannot, often forming deeper or more intricate spinnings. 

Especially for parts with deep and straight walls, aluminium is the material of choice. Steel is a very tough and 

resilient metal but cannot generally be pushed to the same extreme dimensional limits as aluminum without 

cracking or ripping during the spinning process. A look on the table of properties can alleviate further doubts. 

Properties  Aluminiu Steel 
    

Density, Kg m
-3 2,700 7,800 

Young’s Modulus, E N mm
-2 70,000 210,000 

    

Shear Modulus, G N mm
-2 27,000 81,000 

    

Posisson Ratio, v  0.33 0.3 
    

Coefficient of linear K-1 23 * 10
-6 12 * 10

-6 
thermal expansion, α    

 
Clearly, the density of steel is 2.5 times that of aluminium. Hence the strength to weight ratio of aluminium is 

higher. Also, considering the serviceability of the apparatus, steel is more prone to rusting whereas aluminium 

is not. Using mild steel would have required extra strength to the mounts making it heavier and a costly setup. 

Hence aluminium was preferred naturally.

2.1. Parts Designed

Hub

Design criterion: The hub mounts the blades and the nose along with a shaft in the center. The square bore was 

selected to discard the need of a key to prevent relative motion. The 3 holes on the side are given to mount the nose 

with the help of fasteners.

Material used:�Aluminium Manufacturing process undertaken: CNC Wire-Cutting.

The choices available for the manufacturing were CNC-Milling and CNC-Wire Cutting. The process was 

selected on the basis of the square shape of the bore and lesser time required to manufacture the part. Better 

dimensional accuracy is achieved with lesser cost.

Table 1. Comparison of structural properties of steel and aluminium
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Shaft

Design criteria: The Shaft was made square on the front part 

to eliminate the need of cutting a keyway and using a key. A 

bore with M6 tapped dimension is given to mount the pulley 

at one end.

Material used:Aluminium Manufacturing process 

undertaken: Lathe work.

Lathe work was selected, as the part was simple in design and the piece could be quickly manufactured and the 

cost was null. The part did not require much accuracy as in case of the hub.

Figure 2. Model of Shaft

Figure 3. Shaft in manufacturing

Blades 

Design criteria: The basic profile of the blade model was made up to the height of 12cm. The base mount part was 

split into two parts to provide a method to test the profile for various angles of attack. The holes provided restrict 

motion of both parts and the cylindrical extrusion ensures better locking. Material used: ABS (Plastic) 

Manufacturing process undertaken: 3D printing (with 100% infill).

The blades required high accuracy which is very difficult to achieve as such small scale model by other processes 

like CNC milling. Also, the cost of 3D printing is less compared to other processes.

Figure 1. Model of Hub
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Figure 4. Model of pitch varying mechanism

Figure 5. Model of optimised blade

Figure 6. Blade and pitch angle assembly 
manufacturing

Nose

Design criteria: The nose is designed to minimize 

drag and for easy mounting to the hub via 3 fasteners.

Material used: ABS (Plastic)

Manufacturing process undertaken: 3D printing 

(with 100% infill)

Figure 7. Model of nose Figure 8. Manufactured of nose

Pulley

Design criteria: The pulleys are designed according to 

the belt available in the market and the reduction ratio 

required for the motor. A v-style groove was selected 

with 1.5mm wall on sides and 3mm depth. The belt 

thickness was kept 4mm. Material used: ABS (Plastic) 

and Aluminium.

Manufacturing process undertaken: Lathe work Figure 9. Model of Pulley
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Bearing Mounts

Design criteria: The mounts are designed according to the 

bearing and keeping focus on easy and simple usage. 2 

tapped holes are used to fasten the mount to the base plate.

Materialused: Aluminium Manufactruring process 

undertaken: Lathe work.

Lathe was selected over choices like milling and pantograph 

due to less wastage of material in manufacturing. Also, the 

process was cheaper and time saving. Figure 10. Model of bearing mounts

Figure 11. Manufactured bearing mounts

3. EVICES USED FOR TESTING

3.1. Stepper Motor

It was decided to use AC stepper motor in reverse 

as a generator coupled with the turbine for the 

experimentation to measure the open circuit 

voltage and closed circuit current to calculate 

power by coupling the motor to the output shaft.

Figure 12. Stepper motor with mounted 
pulley and wiring to measure V-

3.2. Flow Meter

A  digital  flow  meter  was  setup  30cm ahead of the turbine to calculate the flow velocity of water incident on 

the blades. Data was logged directly on the laptop by interfacing the meter with Arduino UNO board and running 

the code to measure the flow velocity. Water flow sensor is mainly consisting of plastic valve body, rotor 

assembly and Hall Current Sensor. It is installed in the water inlet end for detecting water flow. When water 

passes through the flow rotor assembly, Magnetic rotor will rotate and Speed will change as the flow
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changes. Hall Current sensor provides an output of the corresponding pulse Signal, which is used for 

calculations.

Figure 13. Flowmeter to measure water velocity

3.3. Tachometer

The RPM at the driven pulley is estimated through a digital tachometer.

3.4. Bearings

Waterproof bearing were purchased according to the bearing load calculations. The FOS of the bearing available 

for 12mm shafts is more than suffice for the experiment.

3.5. Belt

Rubber belt was selected with minimum width and appropriate load capacity.

3.6. Multi-Meter

The experimental power output is calculated by measuring the current and voltage output at the output terminals 

of the stepper motor which is being used in reverse as a generator.

4. ASSEMBLED MODEL

The following is the assembled model of the blade-hub assembly along with the flowmeter, arduino, shaft, 

pulley, belt and stepper motor along with connections for voltmeter. The test bed has gates on both sides whose 

openings can be varied to regulate the flow velocity and depth of the channel.

Figure 14. Assembled model of the turbine blades with hub, bearing mounts and shaft.
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5. CONCLUSION

The future course of action in this project would be to overcome the challenges of stagnant flow conditions in the 

upper half of the channel depth due to backpressure from the gates. This assembly when tested in a flow bed with 

velocity closer to 2m/s is expected to give 15-20W of power which is considerable keeping in mind the 

dimensions and requirements of the model.

A turbine placed in natural conditions with a flow velocity of 2m/s and radius as 2m would have its power output 

in the range of 7-8KW which is a sizeable amount of clean and decentralized power with little investment and 

upkeep. These turbines present a viable solution to the energy problems of the country and are in line to offer an 

exciting alternative for the country's plan to develop 225GW of clean energy by 2022.
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