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 ABSTRACT  

Machining attributes to a major channel of manufactured goods. The machined 

components should be able to achieve both the geometrical and dimensional requirements. 

To apply the concept of design for manufacturability, the designer specifies tolerance on 

the parts in order to meet the functional requirements as well as for cost effective 

manufacturing. For cost effective manufacturing predictive models need to be developed, 

which in turn could be used to decide the optimum values of process parameters. These 

parameters in the right combination may help to achieve the desired output, i.e. to optimize 

geometrical error on machined components, vis-à-vis its functional requirements.  

GD & T is a symbolic language used to specify the size, form, orientation and location of 

part features. It is based on the dimensioning and tolerancing standard ASME Y14.5M-

1994, which is subsequently updated as ASME Y14.5-2009. A drawing with properly 

applied geometric tolerancing provides the best opportunity for uniform interpretation, 

economic manufacturing and cost-effective assembly. GD&T was created to ensure proper 

assembly of mating parts, to improve quality and to reduce the cost. Globalization has 

brought in the concept of outsourcing for economical reasons. Hence, design intent needs 

to be interpreted uniquely by designers, manufacturers and inspectors. Designers should 

specify tolerances on the parts by following GD & T, so as to achieve same drawing 

explanation and interpretation. GD & T ensures better interchangeability, reduction of 

inadvertent scrapping of per drawing good parts and reduction in number of revisions in 

drawings with an ultimate intension to increases the productivity. 

In the content of a competitive market GD & T technology has become a handy tool for 

designers of products to instill the right quality into them without compromising the 

functional requirements. The quest for better quality products and GD & T go hand in 

hand. These developments and its contemporary relevance prompted the selection of this 

topic for research. Automobile industries invariably use GD & T to roll out vehicles with 

improved quality to ensure the satisfaction of customers. There is no field of engineered 

and manufactured products, without the use of GD&T. The proposed research work is 

carried out for the improvement of quality of manufactured valves incorporating the GD & 

T concepts.  



x 

 

In the present work the case studies considered are of dual plate check valve and nozzle 

check valve. In the dual plate check valve leakage is occurred because of inaccurate metal 

to metal seal between valve body and valve seat. An accurate metal to metal seal can be 

achieved by desired value of flatness and surface roughness, which in turn reduces the 

leakage. In the nozzle check valve, two mating parts disc stem and diffuser plays a vital 

role in leakage and fluttering during high pressure operations. The geometrical features 

cylindricity and perpendicularity are paramount to ensure assembly as well as satisfactory 

working of the valve. The most commonly used valve material is WCB (Wrought Cast 

Steel- grade B) and the same is used in this investigation.  

Machining was carried out on vertical machining center. The range of input parameters 

such as cutting speed, feed and depth of cut were decided by standards and process 

capability along with the industry recommendations. The response parameters considered 

are flatness and surface roughness in the face milling operation, while cylindricity and 

perpendicularity in the drilling of WCB material. Reliable experiments on the basis of 

Design of Experiments (DOE) were performed, as DOE is a useful method in identifying 

the significant parameters and in studying the possible effect of the variables as well as 

their interactions during the machining trials. Rotatable CCD is used to get predictive 

regression equation for flatness and surface roughness. A 3
3
 full factorial, with two 

replicas, is performed for modelling of cylindricity and perpendicularity. The parameters 

related to dimensions and geometry has been measured using a Coordinate Measuring 

Machine (CMM), while surface roughness is measured using a surface roughness tester.  

The data is analyzed using MINITAB software. The ANOVA was performed to know the 

significance of the process parameters and its influence on the responses. Using the 

experimental data the predictive models of various responses like flatness, surface 

roughness, cylindricity and perpendicularity are developed. The models adequacy has been 

checked by calculating correlation coefficient. It shows that the developed models are well 

fitted for the prediction of responses within the specific range of input variables, which in 

turn helps in deciding the best process parameters for optimizing geometrical error. Grey 

Relational Analysis is used to find out the optimum process parameters in the context of 

controlling, requirement of responses like flatness and surface roughness of dual plate 

check valve, while cylindricity and perpendicularity for nozzle check valve. 
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The soft computing technique fuzzy logic is used to predict the responses and it shows that 

the predicted and experimental values are very close. This shows the validity of the fuzzy 

model for further use.  Thus the developed models using MATLAB will be very useful to 

the practicing engineers.  

For the case of dual plate check valve the rotatable CCD was employed during face milling 

operation and the ANOVA was performed for flatness and surface roughness models.  It 

was found that the contribution of spindle speed is 10.54%, feed 42.61% and depth of cut 

34.59% on the flatness, while the contribution of spindle speed is 88.10%, feed 0.50% and 

depth of cut 2.62% on surface roughness. The main effect plot for flatness and surface 

roughness show that flatness error is minimum at lower level of speed, lower depth of cut 

and higher level of feed, while surface roughness is minimum at highest level of speed, 

lower level of feed and lower depth of cut. Optimum value of flatness 0.020 mm and 

surface roughness 1.570 μm could be achieved by GRA at treatment combinations of 

spindle speed 1700 rpm, feed 310 m/min and depth of cut 0.18 mm. The developed fuzzy 

logic model gives an average error in predicting the flatness and surface roughness is found 

to be 1.05% and 2.69% respectively. 

For the case of nozzle check valve, 3
3
 full factorial design, with two replicas, was 

employed during drilling operation and ANOVA was carried out. It shows that the   

contribution of spindle speed is 37.35%, feed rate 35.77%, depth of cut 4.31% on 

cylindricity, while the contribution of spindle speed is 78.89%, feed rate 8.56%, depth of 

cut 6.98% on perpendicularity. The main effects plot for cylindricity and perpendicularity 

shows that spindle speed increases cylindricity error and reduces perpendicularity error; 

feed rate rise cylindricity error significantly and perpendicularity error reasonably; increase 

in depth of cut increases both cylindricity and perpendicularity error. Optimum cutting 

parameters spindle speed 1600 rpm, feed rate 100 mm/min, depth of cut 1mm can achieved 

by using GRA gives the optimal cylindricity 0.058 mm and perpendicularity 0.030 mm. 

Developed fuzzy logic model gives an average error in predicting the cylindricity and 

perpendicularity is found 0.89% and 1.15% respectively. 
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CHAPTER - 1 

Introduction 

1.1 Machining  

Machining is a process designed to change the shape, size and surface characteristics of a 

work piece created by an originating process like casting, forging and rolling. Through 

machining a work piece is given the final shape and size by the removal of the excess 

material. The layers of excess material are removed from the work piece, by using wedge 

shaped single point/multipoint cutting tool of defined geometry, to create per-se drawing 

components. 

Machining is an utmost important process to progressively convert semi finished 

workpieces into the finished ones meeting the specifications set out in the blue print. Each 

manufacturing processes has its own characteristics identified through parameters like 

surface finish, tolerances, size and shape. The finished product must meet the desired 

geometry along with good dimensional accuracy and surface characteristics to meet the 

functional requirement. For example, a cylindrical work piece may be required to have a 

specific outside diameter with certain geometrical conformity like circularity or 

cylindricity. The selection of tool geometry and tool material will also play an important 

role in the machining process, in creating required characteristics and geometrical features. 

The machine tool and cutting tool are selected along with the machining parameters like 

cutting speed, feed and depth of cut etc., which plays a major role in achieving the 

functional requirements. Each and every machining situation demands this selection 

process to generate optimal machining conditions. 

To attain the functional requirements, machine tools of specific capabilities need to be 

selected. The selection of the machine tool requires clear understanding of capabilities of 

machine tools to be used, like minimum tolerance as well as geometrical capabilities. 

Machine tool specific capabilities pertaining to tolerance & geometry are brought and 

through experimental investigation. 
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Technological advancement has lead to the development of machine tools with better and 

better capabilities. Parallely, cutting tool material technology has also developed in the 

context of growingly faster machining requirement apart from the requirement of creation 

of features with right geometry and dimensions to meet the never ending challenges in 

functional requirements. The geometrical and dimensional requirements are to be met with 

in each and every individual components as well as assemblies, performing specific 

functions. Adherence of the geometrical and dimensional requirements has to be 

established on individual component as well as assembly using appropriate measuring / 

checking devices. Advent of electronics and computer technologies makes this task less 

challenging, but costly. In this context contemporary measuring machines like CMM, 

roundness & circularity tester, surface roughness tester, etc. are, noteworthy. Ever 

increasing complexities of components, apart from outsourcing to locations of most 

economical manufacturing warrants unambiguous transfer of information from the 

designer to manufacture and inspection engineers. This is ensured by the updation of 

conventional drawings into GD&T. 

1.1.1 Face Milling 

Face milling is the most common milling operations; it can be performed using a wide 

range of milling cutters. Face milling operation is performed by the use of face milling 

cutter rotated about an axis perpendicular to the workpiece cutting surface as shown in Fig. 

1.1 and 1.2. The desired surface finish and geometrical tolerances can be achieved by 

controlling the machining process parameters such as cutting speed, feed rate, and depth of 

cut. Even, work piece material, coolant type, coolant flow rate, cutting tool material, tool 

geometry etc., can also influence the surface roughness [21, 29, 33]. 

 
 

FIGURE 1.1Creo Model for Face Milling                 FIGURE 1.2 Face Milling Operation 
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The current investigation based on an industrial problem. So, parameters like workpiece 

material, insert and its type, coolant and its flow rate has to be kept constant. The major 

thrust is given on the parameters namely cutting speed, feed and depth of cut. 

Cutting Speed: 

The cutting speed in a milling machine depends on work piece material, cutter diameter 

and number of cutter teeth, feed, and depth of cut, width of cutter and use of coolant. 

Feed:  

Feed in milling operation is expressed in the following three ways: 

1. Feed per tooth (fz), mm per tooth of cutter 

2. Feed per revolution (frev), mm per revolution of cutter 

3. Feed per minutes (fm), mm per minute 

The above three feeds are related as follows: 

fm = N*frev = fz*Z*N 

Where, Z = number of teeth in cutter  

 N = cutter speed, rpm 

Depth of Cut: 

Depth of cut is the thickness of the layer being removed, in a single pass, from the work 

piece or the distance from the uncut surface of the work piece to the cut surface of the 

work piece and is expressed in mm.  

Depth of Cut (mm) = D – d 

Here, D and d indicate initial and final thickness (in mm) of the job respectively. 

1.1.2 Drilling  

Drilling process is defined as a drill bit enters the axially in the work piece and cuts a blind 

hole (circular cross section) or through hole with the diameter equal to the tool. The drill 

bit can be rotated at rates from hundreds to thousands of revolutions per minute (RPM). A 

twist drill with a point angle of 118º is the most generally used one but other types of drill 

https://en.wikipedia.org/wiki/Revolutions_per_minute
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bits such as a center drill, spot drill, or tap drill depending upon the requirements. Drilling 

operation is shown in the Fig. 1.3 and 1.4 [38, 42]. 

  

FIGURE 1.3 Creo Model for Drilling FIGURE 1.4 Drilling Operation 
          

1.2  What is Geometric Dimensioning and Tolerancing (GD & T) 

GD & T is a symbolic language used to specify the size, form, orientation and location of 

part features having functional significance. It is based on the standard, Dimensioning and 

Tolerancing ASME Y14.5M-1994, which is updated by the ASME Y14.5-2009. Geometric 

tolerances are used for the creation of product drawings and give the best opportunity for 

uniform interpretation, creation of more and more constant components and cost-effective 

assemblies. GD&T was created to ensure assembly of mating parts, to improve quality, and 

to reduce the cost. Thus GD & T is an effective design tool [1, 17].  

Designers prepare drawings with GD & T symbols, for ensuring unambiguous drawing 

interpretation of the design intent of features, critical to function or interchangeability. 

Important point is to stop scrapping of perfectly good parts, due to misinterpretation, 

reduction frequent drawing changes and productivity enhancement [1, 2, 120]. 

The main aim of GD & T is to guide all parties toward interpreting part dimension the 

same, including the origin, direction, and destination. GD&T achieves this goal through 

four simple and obvious steps [3, 4, 5]. 

1. To identify part surfaces to serve as origins and to provide specific rules explaining 

how these surfaces establish the starting point and direction for measurements.  
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2. To convey the nominal (ideal) distances and orientations from origins to other 

surfaces.  

3. To establish boundaries and/or tolerance zones for specific attributes of each 

surface along with specific rules for conformance.  

4. To allow dynamic interaction between tolerances (simulating actual assembly 

possibilities) in order to maximize tolerances. 

1.2.1 Various Types of GD & T Standards: 

GD & T standards play an important role in the creation and interpretation of engineering 

drawings. This standard provides symbols, definition and rules for dimensioning. Without 

standard, drawing interpretation will be subjective [2, 3, 86]. Mostly two types of standards 

are used in majority of industries: (1) American Society of Mechanical Engineers (ASME) 

or (2) International Organization for Standardization (ISO) [77, 78, 116]. The geometric 

characteristic of GD&T is shown in Table 1.1. 

TABLE 1.1 Geometric Characteristic of Tolerances: 

Categories Characteristics Symbol 

Form Tolerance Flatness  

Straightness  

Circularity  

Cylindricity  

Orientation Tolerance Perpendicularity  

Angularity  

Parallelism  

Profile Tolerance Profile of a surface  

Profile of a line  

Run-Out Tolerance Circular run out  

Total run out  

Location Tolerance Position  

Concentricity  

Symmetry  
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1.2.2 Form Tolerance 

Form tolerances include four entities namely: flatness, straightness, circularity and 

cylindricity. However, the scope of this discussion is limited to the tolerances relevant to 

this investigation. They are: flatness, cylindricity and perpendicularity. 

1.2.2.1 Flatness 

Flatness is a surface form control. A perfectly flat surface can be defined as having all its 

elements in the same plane. The tolerance zone consists of the distances between two 

parallel planes. All the elements of the formed feature under control are required to lie 

within a tolerance zone. For example, as shown in Fig. 1.5 (A) front view and Fig. 1.5 (B) 

side view, all the elements of the produced feature are between two parallel planes which 

are separated by 0.003 units. Fig. 1.6 (A)   and Fig. 1.6 (B) show the two different 

approaches for flatness verification using a dial indicator [1, 3, 5]. 

 

   FIGURE 1.5(A)              FIGURE 1.5(B) 

FIGURE 1.5 Flatness Tolerance Zone 

 

FIGURE 1.6(A)                                                   FIGURE 1.6(B) 

FIGURE 1.6 Flatness Verification Techniques 
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1.2.2.2 Cylindricity 

Cylindricity is a surface form control. As shown in Fig. 1.7 cylindricity is a surface control 

of three dimensional forms. It simultaneously limits the allowed out of roundness, 

straightness, and taper a surface may experience. The tolerance given in the feature control 

frame is considered radial, therefore a cylindricity tolerance of 0.001 is capable to protect 

against any pits or bumps of 0.001 limit size. An ideal cylindrical feature would have all of 

the elements on the surface at an equal distance from a common feature axis. Thus in the 

inspection process we regularly try to stabilize an axis about which to rotate the feature 

surface while probing it, (for example, with a dial indicator) searching for deviations such 

as a dips or bumps, barrels, waists or tapers [1, 3, 5]. 

 

FIGURE 1.7 Cylindricity 

1.2.2.3 Perpendicularity  

Perpendicularity is a member of the orientation family. It can be used to control the 

orientation of a surface, axis and center planes. If used on feature of size it is frequently 

used as a refinement of, or to enhance a positional control. It is also often used to orient 

secondary datum features of size to primary datum plane. Perpendicularity is a 

characteristic of orientation applied  to a feature of size wherein considered feature is  a 

surface, line element, median plane or axis being controlled and (to within specified 

tolerance) 90º to a datum plane or datum axis. 
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The normal form or surface perpendicularity is a tolerance that controls perpendicularity 

between two perpendicular surfaces, or features. Surface perpendicularity is controlled 

with two parallel planes acting as its tolerance zone. Perpendicularity of a hole axis to it 

datum is shown in Fig. 1.8 [1, 3, 5]. 

 

FIGURE 1.8 Perpendicularity for Hole Axis to Datum Axis 

1.3 Surface roughness 

Engineering components may be cast, forged, drawn, welded or stamped, etc. All the 

surfaces of the component may not have functional requirements and need not be equally 

finished. Surface roughness is a component of the surface texture and is quantified by the 

deviations in the direction of the normal vector of an actual surface from its ideal form. If 

these deviations are large, the surface is rough; if they are small the surface is smooth 

[144]. Surface roughness Grade numbers and symbols with Ra value is shown in Table 1.2 

TABLE 1.2 Ra Value, Grade Number and Symbol 

Roughness Values Ra 

Micrometers (µm) 

Roughness N 

ISO Grade Numbers 
Roughness Symbol 

50 N12  

25 N11 
 

12.5 N10 

6.3 N9 

 
3.2 N8 

1.6 N7 

0.8 N6  

https://en.wikipedia.org/wiki/Surface_finish
https://en.wikipedia.org/wiki/Normal_(geometry)
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0.4 N5  

0.2 N4 

0.1 N3 

 
0.05 N2 

0.025 N1 

Roughness Symbol: 

 
Surface roughness symbol is shown in the Fig. 1.9 [145] meaning of the symbols are:-  

 

a = Roughness value (Ra) in micrometer or grade number 

b = Production method, treatment or coating  

c = Sampling length  

d = Direction of lay 

e = Machining allowance 

f = Other roughness other than Ra 

 

FIGURE 1.9 Surface Roughness Symbol 

1.4 Design of Experiments 

In the early 1920s, Sir Ronald Fisher developed DOE at the Rothamsted Agricultural Field 

research station in London, UK. He performed experiments to determine the effect of 

various fertilizers on different plots of land. The final conditions of the crop were not only 

dependent on the fertilizer but also on a number of other factors like moisture content of 

the soil and underlying soil condition of each respective plots. DOE used by Fisher could 

differentiate the effect of fertilizers and other factors. [6] 



Chapter 1  Introduction 

10 

 

DOE is a useful method to identify significant parameters in studying the possible effect of 

the variables during the machining trials. The method is useful to develop the experiments 

between ranges from uncontrollable factors, which will be introduced randomly to 

controlled parameters [117]. The range of values for quantitative factors must be decided 

on their measurement and the level of control during the trials. The systematic procedure 

carried out under controlled condition in order to discover an unknown effect, to test or 

establish a hypothesis, or to illustrate a known effect is called experiment. In the analysis 

of a process, experiments are used to decide which process inputs have a significant impact 

on the process output, and what the target level of those inputs to achieve a desired output. 

DOE is also referred to as Designed Experiments or Experimental Design [7, 8, 9]. 

1.4.1 Objectives  

The objectives of the experiments are: 

 To determine variables which are most influential for a particular response 

 To determine where to set the significant variables so that response is always near 

the desired nominal value 

 To determine where to set the significant variables so that variability in response is 

small 

 To determine where to set the significant variables, so that minimize the effect of 

uncontrollable variables [7] 

1.4.2 Basic Principle  

The three basic principles of the experimental design are replication, randomization and 

blocking. Sometimes the factorial principle is also added to these three principles [7]. 

Replication: Replication refers to the gathering of results repeatedly for a set of levels for 

all the factors; it gives study of statistical information about the experiment. Replication 

has important properties like; it allows the experimenter to estimate the experimental error 

and more precise estimation of the effect are achieved by using sample mean. 
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Randomization: Randomization means the runs of the experiments are to be performed in 

a randomly determined order. In selecting and constructing experimental designs, 

computer softwares are extensively used. Sometimes experimenters encounter situations, 

where randomization aspect of the experiment is difficult. Randomization is a statistical 

design method for dealing, with restrictions on randomization. 

Blocking: Blocking is a design techniques used to improve the precision with which 

comparison along with the factors of interests are made. Blocking is used to 

reduce/eliminate the variability transmitted from nuisance factors, that is, factors that may 

influence the experimental response. 

1.4.3 Guidelines of the Design of Experiments   

 Identification and statement of the problem  

 Response variables selection 

 Selection of the factors, ranges and levels  

 Experimental design selection 

 Conducting reliable experiments 

 Data analysis by statistical method 

 Conclusions and recommendations 

1.4.4 Full Factorial Design 

Full factorial design is defined as the most general and perceptive strategy of experimental 

design. Suppose that three factors, A, B and C, each at two levels, are of interest and this 

type of design is called a 2
3 

full factorial design. The eight treatment combinations are 

displayed geometrically as a cube, using the + and – orthogonal coding to represent the low 

and high levels of the factors, 2
3 

design show in Fig. 1.10 [7]. 
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FIGURE 1.10 Geometric View of 2
3 
designs 

This is sometimes called the design matrix. It can also be written in terms of the different 

treatment combinations in the standard order as: (1), a, b, c, ab, ac, bc, and abc. The final 

notation using 0 and 1 to denote low and high levels of the factors, respectively, instead of 

– and + is illustrated in Table 1.3. 

TABLE 1.3 Design of the Matrix  

Runs  A B C Labels A B C 

1 - - - (1) 0 0 0 

2 + - - a 1 0 0 

3 - + - b 0 1 0 

4 + + - ab 1 1 0 

5 - - + c 0 0 1 

6 + - + ac 1 0 1 

7 - + + bc 0 1 1 

8 + + + abc 1 1 1 
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1.4.5 Central Composite Design (CCD) 

A central composite design is a 2
k 

full factorial to which the central point and the star 

points are added. The design will be helpful to develop a second order model. It Contain an 

embedded factorial or fractional design with centre points that is augmented with a group 

of ‘star points’ that allows estimation of curvature. Box-Behnken Design is also similar to 

central composite designs [7]. 

 

FIGURE 1.11 Central Composite Design 

1.5 Metrology 

Conventional measuring instruments can give admirable solutions for the measurement of 

feature characteristics like length, width, height, roundness, flatness, inside and outside 

diameters, angles, and so on. The problem with conventional measurement techniques is 

that each measured feature may need individual inspection instruments which may lead to 

human error. That’s why one require advance metrology techniques to reduce the human 

error during inspection of complex part features, and with use of advance metrology 

instruments measuring a feature accurately and faster is possible compared to traditional 

measuring instruments. CMM is one of the most widely used instrument to verify the 

geometric dimensioning and tolerancing requirements on components.  

A CMM can fill up a valuable role in precision measuring because an indicator, height 

gage and surface plate inspection procedure are combined to provide an accurate, fast and 

more appropriate alternative to the conventional techniques for measuring complex parts 

[22]. 

CMM consists of a contact probe, which can be located in 3-D space relative to the 

surfaces of a workpiece. The x, y and z coordinates of the probe can be precisely and 
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accurately recorded to obtain dimensional data regarding the geometry of part. Co-ordinate 

measuring machine is shown in Fig. 1.12 

 

FIGURE 1.12 Co-ordinate Measuring Machine 

1.6 Artificial Intelligence (AI) in Machining 

Artificial Intelligence (AI) is designing machines that have the ability to think. It is an 

intelligence displayed by machines, in contrast with the Natural Intelligence (NI) displayed 

by humans and other animals. In computer science AI research is defined as the study of 

"intelligent agents". Artificial Intelligence can be use for improve machines behavior in 

tackling such a complex parts. Informally, the term "artificial intelligence" is applied when 

a machine replicate the “cognitive” functions that enables humans minds to interact, such 

as “learning” and “problem solving”. There are different methods for artificial intelligence 

such as ANN, ANFIS, and Fuzzy logic system [139]. 

1.6.1 Fuzzy Logic System 

Fuzzy logic is a form of many-valued logic in which the truth values of variables may be 

any real number between 0 and 1. A form of knowledge representation suitable for notion 

that cannot be defined precisely, but which depends upon their context. Fuzzy logic 

addresses such application perfectly as it resembles human decision making. It fills an 

important gap in engineering design methods left vacant by purely mathematical 

approaches in system design. The reasoning in fuzzy logic is similar to human reasoning. It 

https://en.wikipedia.org/wiki/Computer_science
https://en.wikipedia.org/wiki/Intelligent_agent
https://en.wikipedia.org/wiki/Many-valued_logic
https://en.wikipedia.org/wiki/Truth_value
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allows for approximate values and interferences as well as incomplete or ambiguous data. 

Fuzzy logic is able to process incomplete data and provide approximate solution to 

problems. 

Many predictive models of engineering applications have been developed using fuzzy 

logic. Similar method could be applied to predict the responses in the case of machining 

process. The developed models could be of great use to the practicing engineers.  Fuzzy 

logic system architecture is shown in Fig. 1.13. 

 

FIGURE 1.13 Fuzzy Logic Architecture 

1.7 Multi-objective Optimization Techniques 

Multi-objective optimization techniques are concerned with mathematical optimization 

problems involving more than one objective function to be optimized simultaneously. 

There are different methods available to solve multi-objective optimization problem i.e. 

Genetic Algorithm (GA), Grey Relational Analysis (GRA), Weighting Sum Method, 

Simulated Annealing, etc. 

1.7.1 Grey Relational Analysis (GRA) 

The optimum condition of various input parameters ar determine by GRA to find the best 

quality characteristics. GRA is mostly applied in judging or evaluating the performance of 

a complex project with inadequate information. The data to be used in grey analysis must 

https://en.wikipedia.org/wiki/Mathematical_optimization
https://en.wikipedia.org/wiki/Mathematical_optimization
https://en.wikipedia.org/wiki/Loss_function


Chapter 1  Introduction 

16 

 

be pre-processed into quantitative indices for normalizing raw data for another analysis. It 

is actually a DOE approach to create best combination of experimental variables or input 

variables to create best combination of input or experimental variables to get desired 

response variable. GRA can be used to determine the relation grade between the reference 

and each sequence in the given set. Also, GRA is quick and saves a lot of time and it is 

dynamic process that in turns provides opportunities for change in the number of attributes 

easily. It can simply gives a quicker solution because, it easily transform into computer 

program [55, 73, 74, 75]. The following steps are followed in grey relational analysis. 

a. In the range between zero and one, experimental data are normalised. 

b. From the normalized experimental data, Grey relational coefficient is calculated to 

express the relationship between the actual and ideal experimental data. 

c. By averaging the weighted grey relational coefficients corresponding to each 

performance characteristic, grey relational grade is computed. 

d. Find out the optimal combination of different processing parameters from the Grey 

relational grade. 
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CHAPTER - 2 

Literature Review 

Detailed literature review is carried out to understand the effect of geometric tolerances 

during assembly and functional requirements. The review consist of basics of GD & T, 

machining, face milling operation, drilling operation, effect of machining parameters on 

the responses etc. The comprehensive review is carried out in the context of a) Design of 

experiments used in machining b) Grey Rational Analysis for optimizing the machining 

process parameters c) Fuzzy logic as an approach for modelling of various responses 

during machining by varying the machining process parameters.  

2.1     Review based on GD & T, Face Milling and Machining 

P M Tadvi, et al [10] reviewed that turning process is the most widely used metal removal 

process in industry, which attributes to a major group of components of axis symmetry, as 

its ability to remove material faster giving logically good surface quality apart from 

geometrical requirements. Conventional geometry is one of the most significant 

requirements of turned components to perform its intended functions. The geometrical 

requirements, apart from dimensional requirements are: Circularity, Cylindricity, 

Perpendicularity, etc. Since they have direct influence on the functioning of the 

components, the effect of the cutting parameters on them has greater significance.  

R G Jivani, et al [11] reports the application of RSM to study the surface roughness of 

ground components. With this technique the number of tests required to develop a surface 

roughness predicting equation can be significantly reduced. Three independent variables 

i.e. work speed, traverse feed and depth of cut or in feed are selected to investigate in this 

work and based on the carefully planned and conducted experiments, surface roughness 

predictive equations has been developed.  

N A Vora, et al [12] reviewed the influence of machining parameters on geometric form 

and orientation control. The form and orientation controls considered in this paper are: 
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Parallelism, Straightness and Flatness. The effect of various cutting parameters on these 

geometrical parameters are of vital consequence for effective part functioning. The 

influence of these cutting parameters on the geometrical features are to be studied and an 

empirical model could be developed which may be used by process planners for creating 

components which can function better, can be assembled without any problem as well as  

produced most economically.   

Tugrul O¨zel, et al [13, 14] studied the effects of cutting edge geometry. The hardness of 

the work piece, along with change in feed rate and cutting speed was varied to check its 

effect on surface roughness and resultant forces in the finish hard turning. Four-factor with 

two-levels and relevant fractional factorial experiments were performed. They performed 

statistical ANOVA also. They developed regression and neural network model to forecast 

surface roughness and tool flank wear.    

P M Tadvi, et al [15, 16] revealed that conformity of geometry is one of the most 

significant requirements of turned components to perform its intended functions. The 

geometrical requirements, apart from dimensional requirements are: Perpendicularity, 

Cylindricity, Circularity, etc. In these papers an attempt is made to find out the effect of 

machining parameters such as cutting speed, feed and depth of cut on circularity. The 

experiments conducted using DOE and an ANOVA technique is used to analyze the effect 

of process variables on responses. Then empirical models were developed which could be 

used by process planners for creating components which can function better, can be 

assembled without any problem as well as can be produced most economically. The 

different models were developed with two levels and three variables and with three levels 

and three variables indicate that the models are inadequate but it could be used as a means 

to understand that the parameters are influencing the geometry of the component produced.  

P M George, et al [23] used Taguchi method to evaluate the responses electrode wear rate 

(EWR) and material removal rate (MRR), by varying the input process parameters of 

EDM. Carbon–carbon composites material was used in the experimentation. The optimal 

process parameters were determined.   

By considering depth of cut, feed and cutting speed as machining parameters along with 

mill radial engage A Del Prete, et al [24] obtained the regression model. RSM was used to 

find the influence of cutting condition on surface roughness.   
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Pimenov DY, et al [30] developed a model to predict the height of micro roughness during 

face milling operation. The tool wear was also accounted during modeling. They found 

that tool wear was one of the influencing parameter, which affect the roughness.  

S. Madhavan, et al [42] performed experiments of drilling using VMC on CFRP 

composites. Various tools like HSS, Solid Carbide (K20) and Poly Crystalline Diamond 

insert drills were used to perform the experiments.   A predictive model was   developed to 

predict the thrust force during drilling operation. The results showed that moderate cutting 

speed and feed rate are desired for getting optimum thrust forces irrespective of the type of 

drills used.  

GFRP composite was drilled to know the effect of cutting parameters on delamination. The 

experiments were performed by Erol Kilickap, et al [43].  The orthogonal array, L16 was 

used to perform the reliable experiments. Four different drills were used during 

experimentation.  Based on S/N, optimal parameters for the minimum entrance damage are 

the cutting speed at 5 m/min and the feed rate at 0.1 mm/rev. Similarly the optimum 

parameter for minimum exist damage are cutting speed at 5 m/min and the feed rate at 0.1 

mm/rev. 

Yogendra Tyagi, et al [44] drilled holes using CNC drilling machine. The Taguchi 

methodology was used to perform experiments on mild steel.  The response parameters are 

surface finish and MRR. Spindle speed is found as significant parameter during the study. 

Ashish Bharti, et al [45] analyzed effect of machining parameters in the Micro-drilling 

operations. Taguchi based method along with ANOVA (Analysis of Variance) and DOE 

(Design of Experiments) is implemented for optimized result. The analysis concluded that 

the spindle speed and feed rate increases material removal rate. The nominal diameter and 

tool point angle had not significant effect. 

T H Patel, et al [56] studied effect of Cutting Parameters on Geometric Run out Controls. 

The geometrical requirements to be met by the components apart from dimensional 

requirements are: Circularity, Cylindricity, Straightness, Circular Run out, Total Run out 

etc. The controls considered in this paper are: Circular Run out and Total Run out. The 

effect of various cutting parameters on these geometrical parameters plays a vital role for 

effective part functioning.  
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Graphite was used as lubricating medium during surface grinding operation by S. Shaji, et 

al [57]. The motive behind this is to reduce the heat generated at the grinding zone in 

surface grinding operation. The input parameters were machining process parameters, 

while the response parameters were force components and surface finish. Speed is found to 

have less contribution on surface finish in graphite assisted grinding compared to that in 

the coolant assisted grinding.  

An adaptronic spindle system was developed by B. Denkena, et al [79] for milling 

machines, which is driven by piezoelectric actuators, arranged as parallel kinematics. The 

developed adaptronic spindle system is able to reduce the static tool deflection as well as it 

can attenuate dynamic disturbances arising from the milling process up to high 

frequencies. In cutting tests the tool deflection has been reduced between 50 – 90 %.  

Kaushikkumar Patel, et al [87] performed experiments by using rotary tools in face 

milling. They have analyzed that the use of such types of tools may increase the 

productivity when the machining was performed on “difficult- to - machine” materials. 

The paper also showed that the cutting forces were highly affected by spindle speed, feed 

and depth of cut. Even chip characteristics were also studied by varying the stated 

parameters along with inclination angle.  

Balkrishna Rao, et al [89] studied the face milling operation in two aspects. They did 

experimental and numerical analysis of the face milling operation. A predictive tool wear 

model was developed using FEM.  

A geometrical model for surface roughness was developed by Patricia Munoz-Escalona, 

et al [91], during face milling operation with square inserts, which is validated on 

aluminium alloy (Al 7075-T7351). The developed model can work for various tool / work 

piece material combination but not considering the effect of tool wear. This model will 

allow the prediction of surface roughness before conducting trial and error experiments, 

which saves cost and time.  

The effect of feed, speed and depth of cut were studied during face milling operation by 

Surasit Rawangwong, et al [93]. The material used for investigation was semi-solid AA 

7075. The surface roughness is affected by cutting speed and feed rate significantly. Even 

they have reported that higher speed and lower feed rate is desired to reduce the surface 

roughness.  
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B. Denkena, et al [95] had machined high performance work pieces, which combine two 

or more materials to one compound, using face milling. The compounds are made of 

polyurethane, cast iron and aluminum. The use of compounds, due to its light weight 

drastically increased in the automotive and aircraft industry. A model to predict the surface 

finish for such kind of compounds is developed 

D. Yu. Pimenov, et al [100] researched the effect of face mill wear, speed and feed on the 

surface roughness of steel 45. The study shows that the roughness grows from 15 to 30% 

with the increase in the flank wear from 0 to 3.14 mm. The increase in the speed reduces 

the surface roughness by 7-15% while increase in the feed reduces the roughness by 28-

48%.  

C. Vila, et al [104] compared cost of manufacturing using surface grinding and face 

milling of hardened steel flat surfaces for dies and moulds. The technological 

considerations like surface roughness, dimensional tolerance, component geometry are 

taken into account. They derived that face milling operation is sometimes competitive 

process with compared to surface grinding.  

2.2     Review based on design of experiments used in Machining 

Vishal Gupta, et al [18] performed the experiments on turning process, and found the 

effect of process variables on the response surface roughness. He used CCD of response 

surface methodology to conduct the experiments. The process variables considered were 

depth of cut, speed and feed. The result showed that the parameters which have most 

significant influence on the surface finish of a component are found to be feed rate and tool 

nose radius, nevertheless cutting speed is found insignificant. With increase of feed rate, 

Surface roughness increased and increase in tool nose radius reduced surface roughness. 

The results got from experiments have been compared with those derived from the 

mathematical model and an error of less than 5% is observed between the two results, 

which is quite lesser. 

Khalid Al-Widyan, et al [19] laid down the methodology of robust design procedure. He 

described the controllable and uncontrollable factors. Their effect on engineering design 

was accounted for different changed environmental conditions.  
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RSM and ANN modelling of surface roughness were developed by Arindam Majumder 

[20].  The face centred CCD method was used to develop a mathematical model.  The 

analyses showed that ANN model was more accurate model in comparison with RSM.  

The effects of the machining parameters on surface roughness and flank wear were 

investigated by J S. Senthil, et al [25] with the application of Taguchi Method. The 

machining parameters like spindle speed, feed and depth of cut found to be significant.  

The full factorial design method was adopted in experiment performed by Sudhansu 

Ranjan Das, et al [26] to plan and analyse effect of different machining parameters on 

surface roughness during process of turning.  The results indicated that feed was the most 

influencing parameter, followed by cutting speed, with 95% confidence level on surface 

roughness.  

By using RSM, M. Naga Phani Sastry, et al [27] evaluated surface roughness in turning 

operation by varying machining parameters. Results showed that, minimum surface 

roughness value was 1.18 µm for Aluminum alloy and 2.295 µm for resin. The maximum 

metal removal  rate  was  found  to  be  1377.83 mm/min  for  Aluminum  alloy  and 

182.899 mm/min for resin. 

Taguchi method was used by Amit Joshi, et al [31] to investigate the effects of various 

process parameters during milling process.  The ANOVA was performed. Feed rate is 

found to be the most significant parameter, which affect the surface finish highly.  

The experiments on carbon steel using DOE were performed by face milling operation by 

D. Bajic, et al [33] to analyze the effect of process parameters on the surface roughness. 

The regression and ANN models were developed. The simplex optimization algorithms 

were used to found out the minimum value of surface roughness.  

Eric C. Johnson, et al [35] used CCD to develop a grinding force model by varying four 

process parameters. For each material, three polynomial equations are determined by 

regression analysis to represent the forces in three directions. Then the accuracy of the 

developed models was compared. The significance of the various machining parameters & 

its effects were reported.   

A second regression model was developed using CCD by varying the process parameters 

of grinding by P. Krajnik, et al [36].  The optimized values of process parameters were 
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obtained by using Genetic Algorithm.  The optimized process parameters were reported for 

further use during actual practice.   

A series of experiments were performed by J. Pradeep Kumar, et al [40] to investigate 

the effects of various drilling parameters on surface roughness. ANOVA was performed to 

know the most significant parameters. Orthogonal arrays of L18 were used in 

investigation. The regression equations were also developed.   

Carbon Fiber Reinforced Polymer composites (CFRP) were drilled by Hamzeh 

Shahrajabian, et al [41] to investigate the effects of machining parameter and tool 

geometry. The response parameters are surface roughness, delamination and thrust force. 

The experiments were performed using full factorial design and later ANOVA was 

performed. The results showed that the feed rate was the most crucial parameter for thrust 

force, delamination and surface roughness.   

M. R. Shabgard, et al [47] developed mathematical models for predicting MRR, Tool 

Wear Ratio (TWR) and surface roughness (Ra) during EDM machining by varying current, 

pulse-on time and voltage. CCD was employed to perform the experiments. ANOVA was 

performed, to know the significance of the process parameters.  

Gaurav Chaudhary, et al [94] had studied the effect of drilling parameters such as speed, 

feed and point angle on MRR and surface roughness. The face cantered CCD design was 

used to perform the experiments. Aluminum matrix composites and hybrid aluminum 

matrix composites are used as materials during analysis.   

2.3     Review based on optimization and Machining 

Milon D. Selvam, et al [28] developed a predictive model of surface roughness by varying 

the process parameters along with the number of passes. Genetic Algorithm (GA) was used 

to minimizing the surface roughness. 

Taghuchi method and RSM was used by Vishal Francis, et al [29] to optimize surface 

roughness in machining of Gun metal with a HSS tool by varying machining parameters. 

Spindle speed was the most significant factor followed by depth of cut. The obtained 

values were found to be in close agreement with the experimental values, indicating that 



Chapter 2  Literature Review 

24 

 

the developed model can be effectively used to predict the surface roughness in face 

milling of gun metal.  

Reddy, et al [75] analysed effect of machining parameters on surface roughness and 

roundness error during drilling of AL 6061 alloy. They have used grey relational analysis 

for optimizing the responses. 

C. Cui, et al [83] developed an algorithm to evaluate straightness and flatness errors by 

using particle swam optimization (PSO). The proposed algorithm was compared with the 

Least Square Method (LSM). The results showed that the proposed algorithm gives more 

precise values of the said geometrical errors.  

M. S. Shunmugam, et al [92] used GA in multi-pass face-milling to decide the optimum 

value of machining parameters like speed, feed and depth of cut during each pass. The 

analysis was carried out to justify the minimum production cost without altering the quality 

of the work piece. The methodology helps in deciding the number of rough and finishing 

passes along with the depth of cut.  

Antoni Wibowo, et al [96] developed kernel based regression model to forecast surface 

roughness in end milling. They have varied radial rake angle, speed and feed rate during 

experimentation. The work piece material is Ti-6Al-4V while the three end mills used 

during machining are Uncoated carbide (WC-Co), PVD coated carbide tool and super 

nitride coated. The optimized process parameters were obtained by using Genetic 

Algorithm (GA).  

2.4     Review based on Fuzzy Logic Based Modeling and Machining 

Y M Ali, et al [59] presented a fuzzy model with 37 absolute and 8 relative fuzzy rules. 

The model was developed for predicting grinding condition at which burn limits occurs. 

From the results, it can be seen that the developed fuzzy model is efficient to predict 

surface burns in grinding operation within the specific range of inputs.  

A vegetable based cutting fluid was used by Emel Kuram, et al [60].  The derived model 

of thrust force and surface roughness was, by varying machining parameters, by using 

fuzzy logic and regression. The results obtained by both the models are compared, which 
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show the closeness/ accuracy of the developed model. Here fuzzy logic model gives closer 

value to the experimental measured value then the value given by the regression model.  

Kovac, et al [64] have experimented face milling operation and a predicative model of 

surface roughness is developed using regression and fuzzy logic. He has included the tool 

wear as parameter and its influence on the surface roughness was noticed.  

2.5     Review based on CMM and Metrology  

Schmitz, et al [21] have presented a case study on comparison of error sources in high- 

speed milling. They have considered geometrical, thermal, contouring and cutting force 

related errors. Their analysis shows that the cutting force error is the most dominant one 

compared to all other errors for certain choices of spindle speeds.   

How to decide the optimum sample size while measuring flatness using CMM was worked 

out by R. Raghunandan, et al [84].  They said that cost of quality and time are the crucial 

factors not only during manufacturing and design, but also in inspection process. The 

selection of sample size along with various strategies is discussed for accurate 

measurement of flatness error with reduced sample size in batch and mass production. The 

suggested method may lead to 90% of the accuracy, which reduces time and cost.  

P. Pedone, et al [85] proposed a method, for batch and mass production processes, where 

CMM is used for measurement. The proposed method uses regression model, to fit the data 

and large samples.  The estimated values of flatness and straightness obtained by this 

model were very close to the measured values. Thus it shows the reduction in sample size 

during CMM measurement with good accuracy.   

Meng Wang, et al [88] has developed an evaluation method for 3D surface form error 

using high definition metrology. A case of engine block faces is considered for analysis. 

Flatness is required to prevent the potential leakage of combustion gas, coolant and 

lubricant in the mating surfaces of engine blocks and engine heads.  

Ramesh, et al [149-150] reviewed various error compensation techniques related to 

machine tools. They have considered three major types of error such as geometric, thermal 

and cutting force induced errors. The paper reports the work done in analyzing the various 

sources of geometric errors that are usually encountered on machine tools and the methods 
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of elimination or compensation employed in these machines. Even cutting force induced 

errors as well as thermal errors and its compensation techniques are very well discussed.  

By reviewing the above papers of relevance it seems that machining attributes to a major 

channel of manufactured goods. The machines selected are of different capabilities, in 

order to meet the specifications. The machined components must be able to achieve both 

the geometrical and dimensional requirements. In order to achieve these requirements, one 

should decide these tolerances at the design stage itself. For taking such decisions the 

designer must be aware of the machine tool capabilities, optimal parameters and the 

customer requirements. Hence the knowhow of GD & T will lead the designer to provide 

appropriate geometric and dimensional tolerances at the design stage itself to meet the 

functional requirements in the most economical manner. It seems that even the improper 

machining operation sequence may also lead to error, so that the right process sequence 

could be selected as to meet the customer specifications. The quantification will be carried 

out using DOE or Response Surface Method, which can be used to develop empirical 

model.  

In today’s era GD & T technology becomes the necessity of every industry which tempts 

me to take this topic as area of my research. Recently many indigenous automobile 

industries are using GD & T for their product design and development, attributing to the 

strength, functional norms and standards set for automobiles.     

The proposed investigation is based upon the literatures reviewed. The assimilated 

information through this reveals that machining is of great importance vis-à-vis functions 

performed by the components. These functional requirements and its bearing in the process 

parameters in the context of the geometry revealed by each machining operation is not that 

much investigated. This prompts to go further into the geometrical requirements through 

these investigations. Few case studies of valve industry where geometrical features are 

most crucial were analyzed. The extension of such practices in to other industries would 

benefit uses of their products owing to better quality and performance.   
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CHAPTER - 3 

Dual Plate Check Valve 

3.1 Introduction 

In the era of globalization, different parts are manufactured at various places as per the 

specifications. To create assemblies meeting the functional requirements, right geometrical 

tolerances need to be applied to features for its control. Geometrical error is inevitable and 

can be attributed to non-perfect and non-rigid machine tool-tool workpiece system. 

The degree of conformance of the finished part to dimensional and geometric 

specifications has four major contributors:  (a) Geometrical error associated with the 

machine tool manufacturing (b) Thermally induced errors from heat sources associated 

with the machine/cutting process. (c) Trajectory following error caused by the controller 

and machine structural dynamics. (d) Errors due to cutting forces. 

Machine tools and measuring machines having 3 to 5 axes are common in modern 

production and inspection systems whose application spanning from automobile to 

aerospace as well as consumer goods to medical goods. 

Accurate parts can only be created by a controlled and deterministic manufacturing 

process. While the repeatability of the machine is a necessary requirement for a well-

controlled process, the geometrical accuracy of the part can be achieved by closed loop 

systems corresponding for all the envisaged errors of machine tools, tools and raw 

material. 

Machining of flat surfaces through face milling which is one of the most widely used 

process, to create precision parts, where the parts surfaces should satisfy high level flatness 

and surface topology. Good surface quality (e.g. surface roughness and flatness) plays an 

important role in wear resistance, fatigue enduring ability and tensile strength of machine 

surface. 

A dual plate check valve is a type of non return valve. Which is strong, smaller in size and 

light in weight in compared to conventional swing check valve and lift check valve. Its 
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application is vary from low temperature to high temperature as well as from low pressure 

to high pressure. Most of the oil field industries are using it due to its fire safe design and 

good cryogenic capabilities. This kind of valves are available in wafer design, flanged 

wafer design and extended design with flanged ends having face to face dimensions. This 

type of valves has two spring loaded plates hinged on a central hinge pin as shown in Fig. 

3.1. When the flow decreases, this two plates closed by the action of the torsion spring, 

without requiring reverse flow. 

 

FIGURE 3.1 Dual Plate Check Valve 
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FIGURE 3.2 Operation of Valve 

The valve has a cylindrical body and can be attached to piping of mating size. In this 

cylindrical body working pressure is developed, thus this part of the dual plate check valve 

has to be designed to withstand extreme pressure. The dual plates check valve operation is 

shown in Fig. 3.2. This kind of valve produces minimum pressure drops compared to 

conventional swing or lift check valves. The unique feature of such a valve is that the plate 

has no rubbing action against seat. Thus it results in low wear and tear. It is obtained by the 

special design spring action and hinge pin. An exploded view of dual plate check valve is 

shown in Fig. 3.3(a). Manufactured or actual dual plate check valve is shown in Fig. 

3.3(b). 

  

Closed   

Fully open  

Flow 

Closed 
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FIGURE 3.3 (b) Actual Dual Plate Check Valve 

The dual plate check valve design can be classified as “Non Slam Design”. In the swing 

check valve momentum can cause damage when the disc slams to the valve seat. The 

slamming can be reduced by balancing weight.  

The dual plate check valve has two plates hinged in the centre vertically for horizontal 

installations eliminating the effect of the gravity altogether. Therefore valve operates 

quickly. Valve closes at zero flow before back flow begins so the flow acts as cushions for 

the plates and chance of slamming is negligible.  

3.2 Problem Description 

In automotive power trains for large surfaces, flatness requirement like the engine deck 

faces and transmission valve body channel faces, have become increasingly stringent to 

reduce the warranty cost due to leakage. The quality of face milling differs from operator 

to operator and from machine to machine, leading to variability in the produced 

surfaces. Face milling flatness errors are primarily caused by cast part residual stress, 

clamping deformation, thermal expansion and deflection from cutting forces. It is very 

difficult to compensate for all these errors during machining [21, 90, 103]. Since in 

many cases locating and clamping point locations are restricted by part geometry, the 

chances of flatness error reduction through optimization of the fixture layout is often 

limited [115]. 
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The same way flatness on the milling components is of prime importance in dual plate 

check valve as shown in Fig. 3.4. Here two mating planar surfaces together create metal to 

metal seal. A perfect metal to metal seal without significant rocking can be achieved by the 

combination of desired flatness and proper surface roughness. Kovac, et al developed a 

fuzzy logic and regression based model to predict surface roughness during face milling 

operation [64]. It seems that the investigation of geometrical features along with the 

surface roughness needs to be addressed to meet the functional requirement of such kind of 

products produced with face milling operation, as surface roughness and flatness control 

helps in reduction of leakage. Therefore, the investigation of flatness and surface 

roughness of WCB material to ensure leak free valves is imperative to enhance 

productivity.  

The surface roughness & geometric tolerances (flatness) depend on the control of 

parameters like cutting speed, feed rate, depth of cut, work piece material, coolant type, 

cutting tool material and geometry etc. As the present case study deals with an industrial 

product, the variation in work piece material (depending upon client need), is not allowed. 

Coolant and tool material with geometry is selected to meet the machining requirements. 

The right selection of cutting parameters for milling process becomes an essential 

requirement for enhanced productivity. Few significant parameters like spindle speed, feed 

rate, depth of cut are considered in this investigation. Right selection of the values of these 

variables may optimize the flatness error and surface roughness produced.  

 

 

FIGURE 3.4 Conceptual Model of Dual Plate Check Valve 

Mating surface Mating surface width varies from 5mm to 40 mm 
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FIGURE 3.5 View of Dual Plate Valve Body 

 

FIGURE 3.6 View of Dual plate Valve Plate 

Fig. 3.5 and 3.6 shows a value of flatness, indicated by XX on the valve body and valve 

plate for a dual plate check valve.  

Dual plate check valve has a range of 2″ to 80″ NB. Generally API 594 and API 6D 

design standards are used wherever metal to metal seating is required. The valve used for 

cryogenic services require, fire safe and retainerless design.  Dual plate check valves are 

available with different materials like CF3, CF3M, CF8, CF8M, WCB (Carbon Steel), 

INCONEL (AISI316) and Aluminium Bronze.  
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3.3 Initial Experimentation  

3.3.1 Workpiece Material 

The experiment is carried out on WCB (Wrought Cast Steel Grade - B) material. WCB is 

low cost and has good mechanical properties. WCB material is widely used in 

manufacturing of valves for i.e, around 80% of valves, across the globe. Table 3.1 shows 

the chemical composition and mechanical properties of WCB material. 

TABLE 3.1 Chemical Composition and Mechanical Properties of WCB Material 

Steel type Carbon steel 

Metal code, standard WCB, ASTM A216 

C ≤ 0.30 

Si ≤ 0.60 

Mn ≤ 1.00 

P ≤ 0.040 

S ≤ 0.045 

Cr ≤ 0.50 

Ni ≤ 0.50 

Mo ≤ 0.20 

Others Cu: ≤ 0.30 C: ≤ 0.03 

Tensile strength (N/mm
2
) 485 – 655 

Yield Strength (N/mm
2
) ≥ 250 

3.3.2 Machine Tool and Cutting Tool 

Machinability tests were carried out on the 3-axis CHIRON FZ 16 L/CNC milling machine 

having spindle motor power of 5.7 kW. Miracle coated VP15TF insert with specifications 

as shown in Table 3.2 is used for this investigation. Insert shape is shown in Fig. 3.7. 
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FIGURE 3.7 Insert Shape 

TABLE 3.2 VP 15 TF Insert Specifications 

ISO Designation SOMT 

12T308PEER-JM 

Cutting direction Right hand 

Insert size  12T3 ISO cut K15 to K30, M30 

to M45, P30 To  

P45 

Shape   Square  Insert style SOMT 

Chip breaker  JM Corner radius 0.8 mm 

Cutting edge 

length 

12.7 mm Material Carbide  

ISO category 

grade 

K, M, P Material application Cast Iron, Stainless 

steel, Steel 

Finish/Coating AlTiN Manufacturer grade VP15TF 

Thickness 3.97 mm Inscribed circle 12.7 mm 

3.3.3 Experimentation  

Experiments are carried out on blocks having size of 60 mm x 60 mm x 50 mm of WCB 

material. Spindle speed, feed and depth of cut are selected as cutting parameters and 

experiments are performed according to 2
3
 full factorial designs with four center points 

[72]. The level of input variables and design matrix are shown in Table 3.3 and Table 3.4. 

The factor other than the spindle speed, depth of cut and feed are kept constant.  
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TABLE 3.3 Factors and Levels 

Factors Coded 

Factors 

Low level (-) High level (+) Center Points (0) 

Spindle speed (rpm) A 500 1200 850 

Feed (mm/min) B 150 300 225 

Depth of cut (mm)  C 0.1 0.5 0.3 

TABLE 3.4 Design Matrix for 2
3
 Full Factorial with Four Centre Points 

Treatment 

combination 

Coded factors 

A B C 

(1) - - - 

a + - - 

b - + - 

ab + + - 

c - - + 

ac + - + 

bc - + + 

abc + + + 

center points 0 0 0 

0 0 0 

0 0 0 

0 0 0 

Each block is clamped by using a hydraulic vice. All six sides of the block are initially 

machined. After machining all six surfaces of the block, face milling process is carried out 

on each face of the block and 50 mm wide slot throughout the length of work piece is 

created as shown in Fig. 3.8. The numbers of passes are kept three along with a constant 

coolant flow rate. After face milling operation machine workpiece is shown in Fig. 3.9. 
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FIGURE 3.8 Machining of Workpiece 

 

FIGURE 3.9 Machined Workpiece 
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3.3.4 Equipment used for Measurement 

 

FIGURE 3.10 Co-ordination Measuring Machine 

A CMM machine used for experimentation is shown in Fig. 3.10. Its specifications are 

tabulate in Table 3.5 
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TABLE 3.5 Coordinate Measuring Machine (specifications) 

X axis range 500 mm 

Y axis range 500 mm 

Z axis range 400 mm 

Axes Servo Controlled 

Length Standard 

Linear encoder 

Ultra high precision 

 

Resolution 0.1 µm 

Accuracy As per ISO 10360.2 

MPEe 2.5 + 3.3L/1000 µm 

MPEp 2.4 µm 

Guide method Air bearing 

Drive speed 300 mm/s or above 

Acceleration 400 mm/s
2
 or above 

Measuring table Granite 

Work piece weight 500 kg 

Software PC DMIS CAD 4.3 MR1 

Probing System 

 

Motorized indexable probe head with touch 

trigger probe 

Made by Hexagon 

3.3.4.1 Flatness Measurement  

Since inspection of geometric tolerances is a complex task, geometric errors related to 

three-dimensional features and estimation of this type of errors are usually based on a cloud 

of points which has to be measured on the machined surface. Flatness tolerance is the linear 

dimension t, which characterizes the tolerance zone where the flat surface location must be 

considered. The tolerance zone is inadequate by two parallel planes that are distant from 

each other by a value t (Fig. 3.11).  
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FIGURE 3.11 Flatness Tolerance Zone of Flat Surface 

To determine the tolerance zone, it is necessary to established a reference plane according 

to the ISO 12781-1 technical specifications [32, 142]. There are two methods for 

determining the reference plane according ISO 12781-1. 

1. Minimum Zone Reference Plane Method (MZPL),  

2. Least Squares Reference Plane Method (LSPL), which provides better 

approximation of flatness deviation. This method is used in most of the of co-

ordinate measuring machines. 

Coordinate Measurement Machines (CMM is shown in Fig. 3.10) are the most common 

equipment for 3D measurement in the mechanical field, because of their accuracy and 

flexibility [58, 84, 97, 118]. 

Flatness measurement is carried out on a co-ordinate measuring machine shown in Fig. 3.12 

[129]. For measuring flatness, rectangle grid extraction strategy is used to extract points 

from the surfaces. Points are extracted from the all surfaces having 35 mm x 35 mm cross 

section with 5 mm grid size. Fig. 3.13 shows a sample reading of flatness at treatment 

combination 1. Here Ax represents axis, i.e. x – axis, y axis or z axis; MEAS represents 

measured value; +TOL & -TOL indicates the tolerances which need to be provided as per 

the limit of acceptance; DEV represents deviation; OUTTOL indicates the value of out of 

tolerance. Through the values of OUTTOL one can decide whether the component is 

accepted or rejected. In the present measurement no such values are specified, only default 

value of +TOL = 0.01 is taken for reference.  

t 
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FIGURE 3.12 Flatness Measurement on CMM 

 

FIGURE 3.13 A Sample Reading of Flatness at Treatment Combination 1 

3.3.4.2 Surface Roughness Measurement  

Surface roughness measurement is carried out using surf test SV-2100, shown in below Fig. 

3.14 [129]. The conditions for measuring surface roughness are measuring length = 4.8000 

mm, measuring speed = 0.50 mm/s, cut off length = 0.8 mm, etc. Surface roughness of each 

side of the blocks is measured. Fig. 3.15 shows a sample reading of surface roughness at 

treatment combination 1. 
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FIGURE 3.14 Surface Roughness Measurement on Surf Test SV-2100 

 

 

FIGURE 3.15 A Sample Reading of Surface Roughness at Treatment Combination 1 
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The measured flatness and surface roughness values are shown in Table 3.6. 

TABLE 3.6 Experimental Results of WCB Material 

 

Treatment 

combination 

Coded factors Responses 

A B C Flatness 

(mm) 

Surface roughness 

(µm) 

1 -1 -1 -1 0.027 2.1195 

A +1 -1 -1 0.019 2.1035 

B -1 +1 -1 0.038 5.7466 

Ab +1 +1 -1 0.028 4.4532 

c -1 -1 +1 0.026 2.5713 

ac +1 -1 +1 0.023 1.7697 

bc -1 +1 +1 0.040 6.5157 

abc +1 +1 +1 0.028 2.0633 

 

center points 

0 0 0 0.021 2.8351 

0 0 0 0.018 2.8004 

0 0 0 0.020 3.0775 

0 0 0 0.018 2.4305 

 

3.3.5 Result Analysis of WCB Material 

Regression Analysis and ANOVA are carried out for both the responses namely Flatness 

and Surface Roughness of WCB material after milling. 
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3.3.5.1 Calculation and Analysis of Flatness for WCB Material 

TABLE 3.7 ANOVA Table for Flatness of WCB Material 

Source of 

Variation 

Degree 

of 

Freedom 

Sum of 

Square 

Mean 

Square 

F p-value Percentage 

Contribution 

A 1 0.00013612 0.00013612 60.50 0.004 22.95 

B 1 0.00019013 0.00019013 84.50 0.003 32.06 

C 1 0.00000313 0.00000313 1.39 0.324 0.52 

AxB 1 0.00001513 0.00001513 6.72 0.081 2.55 

AxC 1 0.00000112 0.00000112 0.50 0.530 0.18 

BxC 1 0.00000012 0.00000012 0.06 0.829 0.02 

AxBxC 1 0.00000613 0.00000613 2.72 0.198 1.03 

Curvature 1 0.00023438 0.00023438 104.17 0.002 39.52 

Pure Error 3 0.00000675 0.00000225   1.14 

Total 11 0.00059300     

From Table 3.7, by observing the F- ratio it can be derived that feed is the most significant 

parameter affecting flatness, followed by speed and depth of cut is the least significant 

parameter [80, 121]. Regression equation of flatness in coded terms is shown in Equation 

(3.2) & Equation (3.3).  

  



Chapter 3   Dual Plate Check Valve 

44 

 

Main Effects Plots and Interaction Plot of Flatness:  

 

FIGURE 3.16 Main Effect plot of Spindle speed, Feed and Depth of cut vs. Flatness 

From Fig. 3.16, main effect plots of flatness vs spindle speed, feed and depth of cut, 

respectively. It can be concluded that the flatness is minimum at centre points of each input 

cutting parameters. The minimum value of flatness is achieved at center point which is 

0.018 mm. 
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FIGURE 3 .17 Interaction plot of Spindle speed, Feed and Depth of cut vs. Flatness 

Fig. 3.17 shows, interaction plot of spindle speed, feed and depth of cut vs flatness. It 

shows that there is no evidence of interaction between various factors influencing the 

flatness. 

Regression Model for Flatness of WCB Material [72, 122, 134] 

                                                               (3.1) 

Where y = Response, 

        = Process variables namely spindle speed, feed and depth of cut respectively.  

                              = Regression coefficients 

               = Two factor interaction between spindle speed and feed, spindle speed 

and depth of cut, feed and depth of cut respectively. 

        = Three factor interaction between Spindle speed, Feed, and Depth of Cut. 
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Flatness =   0.0255 - 0.004125 A + 0.004875 B + 0.000625 C - 0.001375 A*B + 0.000375 

A*C - 0.000125 B*C - 0.000875 A*B*C (R
2
 = 59.34%, without second order)         (3.2) 

With curvature Effect or higher order terms, 

Flatness = 0.01925 - 0.004125 A + 0.004875 B + 0.000625 C + 0.009375 A*A - 0.001375 

A*B + 0.000375 A*C - 0.000125 B*C - 0.000875 A*B*C   (R
2
 = 98.86%)        (3.3) 

3.2.5.2 Calculation and Analysis of ANOVA for Surface Roughness of WCB Material 

TABLE 3.8 ANOVA Table for Surface Roughness of WCB Material 

Source of 

Variation 

Degree 

of 

Freedom 

Sum of 

Square 

Mean 

Square 

F p-value Percentage 

Contribution 

A 1 5.3853 5.3853 75.50 0.003 20.67 

B 1 13.0420 13.0420 182.86 0.001 50.06 

C 1 0.2824 0.2824 3.96 0.141 1.08 

AxB 1 3.0363 3.0363 42.57 0.007 11.65 

AxC 1 1.9453 1.9453 27.27 0.014 7.46 

BxC 1 0.3781 0.3781 5.30 0.105 1.45 

AxBxC 1 0.7043 0.7043 9.87 0.052 2.70 

Curvature 1 1.0649 1.0649 14.93 0.031 4.08 

Pure Error 3 0.2140 0.0713   0.82 

Total 11 26.0525     

From the Table 3.8, it is very clear that, depth of cut has less contribution on surface 

roughness. Feed and spindle speed are the significant factors, in the chronological order. 

Regression equation of surface roughness in coded terms is shown in Equation (3.4) & 

Equation (3.5).  
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Main Effects plots and Interaction plot:  

 

FIGURE 3.18 Main Effect plot of Spindle speed, Feed and Depth of cut vs. Surface Roughness 

Fig. 3.18, shows the main effect plots of spindle speed, feed and depth of cut vs. surface 

roughness. It can be concluded that the surface roughness is minimum at high level of 

spindle speed, at low level of feed and mean depth of cut. 
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FIGURE 3.19 Main Effect plot of Spindle speed, Feed and Depth of cut vs. Surface Roughness 

Fig. 3.19 shows that interaction plot of spindle speed, feed and depth of cut vs. surface 

roughness. There is not much interaction present between the spindle speed, feed and depth 

of cut in the context of surface roughness [64, 65, 69, 81, 119]. 

Regression Model for Surface Roughness of WCB Material  

From Equation (3.1), regression model equation of surface roughness is carried out like, 

Surface Roughness = 3.20719 - 0.820425 A + 1.27685 B - 0.18785 C - 0.616025 A*B - 

0.493075 A*C - 0.21735 B*C - 0.296675 A*B*C (R
2
 = 95.09%)         (3.4) 

With curvature Effect or higher order terms, 

Surface Roughness = 2.78587 - 0.820425 A + 1.27685 B - 0.18785 C + 0.631975 A*A - 

0.616025 A*B - 0.493075 A*C - 0.21735 B*C - 0.296675 A*B*C (R
2
 = 99.18%)       (3.5) 
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3.3.6 Grey Relational Analysis 

Step 1: Normalize the data. 

The first step of grey relational analysis is to normalize the experimental data. In the 

present study, the objective is to minimize the surface roughness and flatness, so “lower is 

better” characteristics of grey relational has been used to normalize the data. For this the 

Equation (3.6) has been used [16, 53, 54]. The normalize values are tabulated in Table 3.9.  

)(min)(max

)()(max
)(

00

00
*

kXkX

kXkX
kX

ii

ii
i






        (3.6)  

Step 2: Calculating the Grey Relational Co-efficient &Grey Relational Grade 

Grey relational co efficient denotes the relationship between the ideal and the actual 

experimental results. It can be calculated by Equation (3.7).  
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k
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         (3.7) 

Here ξ is the distinguishing coefficient and is used to adjust the difference of relational co- 

efficient: ξ ϵ [0, 1]. ξ = 0.5 is considered for the present analysis. The grey relational 

coefficients are shown in Table 3.9. With the help of Equation (3.8) the grey relational 

grades are calculated [16].  The grey relational coefficients and grades are shown in Table 

3.9. 





n

k

ii k
n 1

)(
1

          (3.8) 

Higher grey relational grade indicates that the experimental value to the ideal normalized 

values is closer. Thus, higher grey relational grade means that the corresponding parameter 

combination is closer to the optimal. As per Fig. 3.20 the run order 2 is has highest grey 

relational grade. It means 2
nd

 run order gives proper set of the cutting parameters for the 

optimum surface roughness and flatness.   

  



Chapter 3   Dual Plate Check Valve 

50 

 

TABLE 3. 9 Values Associated with Grey Relational Analysis  

Run 

Order 

Normalized Values Grey relational coefficients 

Grey 

relational 

grade 

Surface 

roughness 

smaller the 

better 

Flatness 

smaller the 

better 

Surface 

Roughness 
Flatness 

1 0.926295828 0.5909 0.871529 0.55 0.710765 

2 0.929667088 0.9545 0.876681 0.916667 0.896674 

3 0.162052255 0.0909 0.373707 0.354839 0.364273 

4 0.434576485 0.5455 0.469297 0.52381 0.496553 

5 0.831099874 0.6364 0.747496 0.578947 0.663222 

6 1 0.7727 1 0.6875 0.84375 

7 0 0.0000 0.333333 0.333333 0.333333 

8 0.938137379 0.5455 0.889897 0.52381 0.706853 

9 0.775516224 0.8636 0.690147 0.785714 0.73793 

10 0.782827644 1.0000 0.697182 1 0.848591 

11 0.724441635 0.9091 0.644697 0.846154 0.745425 

12 0.860766962 1.0000 0.782187 1 0.891094 
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FIGURE 3.20 Run Order vs. Grey Relational Grade 

From the sample experiments it seems that:  

1. The presence of curvature in the analysis of flatness, surface roughness leads to 

second order regression.  

2. Now for second order regression model more number of experiments needs to be 

performed.  

3. Use of rotatable central composite design having three factors with five levels is 

selected.  The developed model will be more reliable and accurate in prediction of 

responses.   

 

  

Run Order 
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3.4 Rotatable CCD Experiments 

As there is curvature in the model, as indicated by previous experiments, a rotatable CCD 

is selected to develop a second order regression model. Pattern drawing is made for the 

experiment with the size of 460 mm x 90 mm x 60 mm. 

 

FIGURE 3.21 Pattern Drawing for the Experiment 

Pattern drawing for the experiment is shown in Fig. 3.21 with 2% shrinkage allowance. 

Wooden pattern block is made for the experiment with 5% shrinkage allowance is shown 

in Fig. 3.22. 
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FIGURE 3.22 Pattern Block (5 % Shrinkage) 

3.4.1 Workpiece Material 

The test specimens are made of WCB material. It has excellent strength properties of 

hardness at high temperature.  It is generally used for manufacturing of valve, flange, 

fittings or other pressure containing part related industry. Fig. 3.23 shows workpiece 

before machining process.   

 

FIGURE 3.23 Workpiece before Machining 
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3.4.2 Machine Tool and Cutting Tool 

Machinability tests were carried out on the 3-axis KAFO BMC – 3122/CNC milling 

having spindle motor power of 22KW. Miracle coated VP30RT insert with specifications 

as shown in Table 3.10 is used in this investigation. Insert shape is shown in Fig. 3.24. The 

face milling cutter used during experimentation is shown in Fig. 3.25. Blasocut 4000 

strong cutting fluid is use, the chemical composition of Blasocut 4000 strong fluid is 

shown in following Table 3.11. 

TABLE 3.10 VP 30 RT Insert Specifications 

ISO Designation SOMT 

12T308PEER-JM 

Cutting direction Right hand 

Insert size  12T3 ISO cut M30 to M45, P30 

To  P45 

Shape   Square  Insert style SOMT 

Chip breaker  JM Corner radius 0.8 

Cutting edge 

length 

12.7 mm Material Carbide  

ISO category 

grade 

M, P Material application Stainless steel, 

Steel 

Finish/Coating AlTiN Manufacturer grade VP30RT 

Thickness 3.97 mm Inscribed circle 12.7 mm 

 

FIGURE 3.24 Insert Shape 
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FIGURE 3.25 Face Milling Cutter 

TABLE 3.11 Chemical Composition of the Blasocut 4000 Strong Cutting Fluid 

Physical chemical data Concentrate  Emulsion  

Color Brown  Milky, light beige 

Mineral oil content 45%  

Chlorine content 6%  

Water content  5%  

Density at 20ºC 0.99 g/cm
3
  

Viscosity at 40ºC 58 mm
2
/s  

Flash point 144ºC  

pH-value  8.3-9.2 

Refractometer factor   1.0 

3.4.3 Experimentation 

As per Fig. 3.4 to fulfil the functional requirement of the dual plate check valve there must 

be metal to metal sealing between the valve body and plate, which can be achieved through 

the desire value of flatness on each. The flatness required on the mating surfaces could be 

achieved through face milling, grinding or super finishing operations. Grinding can be 
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applied to the valve plates but it is very difficult to do grinding inside the valve body due to 

its geometry. So, currently the valve manufacturer uses face milling to generate flat 

surfaces due to its less cost compared to super finishing operations and faster machining 

process. This leads to further investigation of face milling process parameters which in turn 

minimize the flatness and surface roughness.  

The size of the dual plate check valve varies from 2″ to 80″. As per size variation of the 

valve, the width of mating surfaces is varying in range of 5mm to 40 mm, which is clearly 

shown in Fig. 3.4. So, to cope up with all the sizes of valves, in the present 

experimentation a plate of 60 mm width is selected. Experiments are carried out on blocks 

of size 460 mm × 90 mm × 60 mm of WCB material, which has been made by casting 

process. The Datum of the workpiece is machined first. Then workpiece is clamped, as 

shown in Fig. 3.26, on machine vice to create slots. These slots will be helpful to clamp the 

workpieces with help of strap clamps during final face milling operation, which is shown 

in Fig. 3.27.  

 

FIGURE 3.26 Create Slot for Clamping 
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FIGURE 3.27 Workpiece Clamping using Strap Clamps 

Spindle speed, feed and depth of cut are selected as input process parameters during 

experimentation. Experiments were performed on KAFO BMC – 3122/CNC milling 

machine using miracle coated VP30RT insert. According to the rotatable central composite 

design with six center points milling operations were carried out for the experimentation 

[68, 101, 105, 141, 143]. Factors and their level are selected in accordance with the insert 

specifications and current usage by industries. It is shown in Table 3.12, while design 

matrix of rotatable central composite design with 6 center points, i.e. 6 repetition of runs 

are conducted to accommodate the experimental error, is shown in Table 3.13. 

TABLE 3.12 Factors and Level 

Factors Coded 

Factors 

Level 

-1.68 -1 0 +1 +1.68 

Speed (rpm) A 500 800 1250 1700 2000 

Feed (mm/min) B 150 190 250 310 350 

Depth of Cut (mm) C 0.10 0.18 0.3 0.42 0.50 
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TABLE 3.13 Design Matrix for Rotatable Central Composite Design 

No of 

runs 

Coded Factors 

A B C 

1 -1 -1 -1 

2 1 -1 -1 

3 -1 1 -1 

4 1 1 -1 

5 -1 -1 1 

6 1 -1 1 

7 -1 1 1 

8 1 1 1 

9 -1.68719 0 0 

10 1.68719 0 0 

11 0 -1.68719 0 

12 0 1.68719 0 

13 0 0 -1.68719 

14 0 0 1.68719 

15 0 0 0 

16 0 0 0 

17 0 0 0 

18 0 0 0 

19 0 0 0 

20 0 0 0 

Fig. 3.28 shows the final experimental set up of face milling operation with clamping and 

constant coolant flow rate. The machined workpieces are shown in Fig. 3.29. 
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FIGURE 3.28 Experimental Setup for Final Face Milling Operation 

 

FIGURE 3.29 Machined Workpiece  
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3.4.4 Measurement Techniques 

3.4.4.1 Flatness Measurement  

Flatness of the workpiece is measured on a CMM (Co-ordinate Measuring Machine) [58, 

84, 97, 118, 129]. The measurement of the workpiece block is taken using rectangular grid 

method for size of 40 mm × 40 mm with a grid size of 5 mm. Fig. 3.30 shows the 

measurement set up of CMM.  

 

FIGURE 3.30 Flatness Measurement Setup on CMM 
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3.4.4.2 Surface Roughness Measurement  

Workpiece surface roughness is measured using of Mitutoyo Surf Test SJ-201 (Shown in 

Fig. 3.31) [129]. This is a shop-floor type surface roughness measuring instrument.  

   

 

FIGURE 3.31 Surface Roughness Measurement Setup 

For the measurement of surface roughness parameters selected are like, measuring range = 

12.5 mm, cut-off length = 2.5 mm, number of sampling lengths = 5 and traversing speed = 

0.5 mm/s. 
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Flatness and surface roughness values are tabulated in Table 3.14. 

TABLE 3.14 Result of Flatness and Surface Roughness for WCB material 

Run 

order 

Flatness (mm) Average 

Flatness (mm) 

Surface 

Roughness (μm) 

Average Surface 

Roughness (μm) 

 (1) (2) (1) (2) 

1 0.021 0.023 0.022 4.10 4.24 4.170 

2 0.027 0.025 0.026 1.43 1.37 1.400 

3 0.017 0.015 0.016 4.39 4.43 4.410 

4 0.021 0.020 0.020 1.56 1.58 1.570 

5 0.027 0.029 0.028 4.87 4.93 4.900 

6 0.029 0.030 0.029 1.64 1.72 1.680 

7 0.023 0.025 0.023 5.08 5.12 5.100 

8 0.024 0.024 0.024 1.99 1.94 1.950 

9 0.021 0.019 0.020 5.84 5.89 5.865 

10 0.024 0.025 0.025 1.12 1.18 1.150 

11 0.027 0.027 0.027 2.54 2.56 2.550 

12 0.019 0.017 0.018 2.90 2.94 2.920 

13 0.022 0.023 0.022 2.185 2.215 2.200 

14 0.031 0.030 0.030 3.001 3.009 3.005 

15 0.024 0.023 0.023 2.46 2.484 2.472 

16 0.021 0.023 0.022 2.48 2.51 2.495 

17 0.023 0.021 0.022 2.535 2.495 2.515 

18 0.023 0.022 0.022 2.52 2.58 2.550 

19 0.022 0.024 0.023 2.36 2.46 2.410 

20 0.023 0.022 0.022 2.41 2.36 2.385 
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3.4.5 Result Analysis 

ANOVA and regression analysis are carried out for both the responses flatness and surface 

roughness. 

TABLE 3.15 ANOVA Table for Flatness 

Source Degree of 

freedom 

Adj. sum of 

squares 

Adj. mean 

squares 

F P Percentage 

Contribution 

A 1 0.000025 0.000025 139.28 0.000 10.54 

B 1 0.000101 0.000101 566.78 0.000 42.61 

C 1 0.000082 0.000082 459.97 0.000 34.59 

AxA 1 0.000000 0.000000 0.00 0.953 0 

BxB 1 0.000000 0.000000 0.00 0.953 0 

CxC 1 0.000022 0.000022 125.20 0.000 9.28 

AxB 1 0.000000 0.000000 0.00 1.000 0 

AxC 1 0.000005 0.000005 25.26 0.001 2.10 

BxC 1 0.000000 0.000000 2.81 0.125 0 

Error 10 0.000002 0.000002   0.84 

Total 19 0.000237     

R-sq = 99.25%                                               R-sq(adj) = 98.57% 

 Table 3.15 shows the ANOVA of flatness. From this table it can be seen that feed and 

depth of cut have significant contribution on the flatness than spindle speed. Regression 

equation of flatness in coded terms is shown in Equation (3.9). 
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Main Effect Plot and Interaction Plot for Flatness: 
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FIGURE 3.32 Main Effect Plot for Flatness 

Fig. 3.32, gives the main effect plot for flatness of spindle speed, feed and depth of cut vs 

flatness. It can be concluded from the graph that flatness error is minimum at lower level 

of speed, depth of cut and higher level of feed. 
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FIGURE 3.33 Interaction Plot for Flatness 

Fig. 3.33 shows the interaction plot of spindle speed, feed and depth of cut vs. flatness. It 

shows that there is no interaction present. 

Regression Equation of Flatness: 

Flatness = 0.022341 + 0.001348 A - 0.002719 B + 0.002450 C + 0.000007 A*A + 

+ 0.000007 B*B + 0.001244 C*C - 0.000000 A*B - 0.000750 A*C + 0.000250 B*C,      

R-sq (pred) = 96.97%                (3.9) 

TABLE 3.16 ANOVA Table for Surface Roughness 

Source Degree 

of 

freedom 

Adj. sum of 

squares 

Adj. mean 

squares 

F P Percentage  

Contribution 

A 1 29.0253 29.0253 1979.37 0.000 88.10 

B 1 0.1652 0.1652 11.27 0.007 0.50 

C 1 0.8634 0.8634 58.88 0.000 2.62 

AxA 1 2.3326 2.3326 159.07 0.000 7.05 
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BxB 1 0.2406 0.2406 16.41 0.002 0.73 

CxC 1 0.0977 0.0977 6.67 0.027 0.29 

AxB 1 0.0000 0.0000 0.00 1.000 0 

AxC 1 0.0722 0.0722 4.92 0.051 0.21 

BxC 1 0.0004 0.0004 0.03 0.864 0.00 

Error 10 0.1466 0.0147   0.44 

Total 19 32.944     

R-sq = 99.55%                                               R-sq(adj) = 99.15% 

Table 3.16 shows the ANOVA of surface roughness. From this table it can be seen that 

speed has highest contribution for surface roughness followed by the feed and depth of cut. 

Regression equation of surface roughness in coded terms is shown in Equation (3.10). 

Main Effect Plot and Interaction Plot for Surface Roughness: 
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FIGURE 3.34 Main Effect Plot for Surface Roughness 
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The main effect plot for surface roughness as a function of spindle speed, feed and depth of 

cut vs surface roughness is shown in Fig. 3.34. It is concluded that the surface roughness is 

minimum at highest level of speed and lower level of feed and depth of cut input cutting 

parameters. 
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FIGURE 3.35 Interaction Plot for Surface Roughness 

Interaction plot of spindle speed, feed and depth of cut vs. surface roughness are shown in 

Fig. 3.35. It shows there is no interaction present. 

Regression Equation of Surface Roughness: 

Surface Roughness = 2.4657 - 1.4579 A + 0.1100 B + 0.2514 C + 0.4023 A*A + 0.1292 

B*B + 0.0824 C*C + 0.0000 A*B - 0.0950 A*C + 0.0075 B*C,  

R-sq (pred) = 97.76%                                 (3.10) 
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3.4.6 Grey Relational Analysis 

The normalized values for surface roughness and flatness, grey relational coefficient and 

grey relational grade are shown in Table 3.17. 

TABLE 3.17 Value Associated with Grey Relational Analysis 

Run Order Normalized Values Grey relational coefficients 

Grey 

relational 

grade 

Surface 

roughness 

smaller the 

better 

Flatness 

smaller the 

better 

Surface 

Roughness 

Flatness 

1 0.359490986 0.5714 0.438400744 0.538461538 0.488431141 

2 0.946977731 0.2857 0.904122723 0.411764706 0.657943714 

3 0.308589608 1.0000 0.419670672 1 0.709835336 

4 0.910922587 0.7143 0.848784878 0.636363636 0.742574257 

5 0.20466596 0.1429 0.386000819 0.368421053 0.377210936 

6 0.887592789 0.0714 0.816450216 0.35 0.583225108 

7 0.162248144 0.5000 0.373761395 0.5 0.436880698 

8 0.830328738 0.4286 0.746634996 0.466666667 0.606650831 

9 0 0.7143 0.333333333 0.636363636 0.484848485 

10 1 0.3571 1 0.4375 0.71875 

11 0.703075292 0.2143 0.627411843 0.388888889 0.508150366 

12 0.624602333 0.8571 0.571168988 0.777777778 0.674473383 

13 0.777306469 0.5714 0.6918562 0.538461538 0.615158869 

14 0.606574761 0.0000 0.559643917 0.333333333 0.446488625 

15 0.71961824 0.5000 0.640712053 0.5 0.570356027 

16 0.714740191 0.5714 0.636731938 0.538461538 0.587596738 

17 0.710498409 0.5714 0.633310947 0.538461538 0.585886243 
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18 0.703075292 0.5714 0.627411843 0.538461538 0.582936691 

19 0.732767762 0.5000 0.651693158 0.5 0.575846579 

20 0.738069989 0.5714 0.656228253 0.538461538 0.597344896 

 

 

FIGURE 3.36 Run Order Vs Grey Relational Analysis 

From the Fig. 3.36, 4
th

 run order give highest value of grey relational grade means that at  

4
th

 run order treatment combination of input cutting parameter gives optimal value of 

surface roughness and flatness. 

3.4.7 Validation of the develop model 

To validate the model four new experiments are conducted on the same workpiece with 

same experimental set up and environmental conditions. These experiments are conducted 

for four different treatment combinations other than that used to develop the models of 

flatness and surface roughness. Table 3.18 and 3.19 show the measured values, predicted 

values and percentage error while predicting flatness and surface roughness by using the 

developed model. 
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TABLE 3.18 Validation Experiments for Flatness 

No of 

runs 

A 

 

B 

 

C 

 

Flatness 

(mm) 

(Measured) 

Flatness 

(mm) 

(Predicted) 

% 

 Error 

1 1.68719 -1 -1 0.026 0.0276 5.79 

2 1 -1.6872 0 0.028 0.0283 1.06 

3 1.68719 1 -1.6872 0.024 0.0230 4.34 

4 0 1.68719 1 0.021 0.0218 3.67 

TABLE 3.19 Validation Experiments for Surface Roughness 

No of 

runs 

A 

 

B 

 

C 

 

Surface 

Roughness 

(μm) 

(Measured ) 

Surface 

Roughness 

(μm) 

(Predicted) 

%  

 Error 

1 1.68719 -1 -1 1.148 1.1691 1.80 

2 1 -1.6872 0 1.652 1.5922 3.76 

3 1.68719 1 -1.6872 1.420 1.4585 2.64 

4 0 1.68719 1 3.295 3.3655 2.09 

From the Table 3.18 and 3.19, the maximum error by regression model to predicting the 

flatness is 5.79 % and average error is 3.71 %. While predicting the surface roughness the 

maximum error is 3.76 % and average error is 2.57 %. 
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CHAPTER - 4 

Nozzle Check Valve 

Nozzle check valves are designed specifically for scenarios in which a fluid, gas, or slurry 

is pumped at low pressure or intermittently.  These valves are meant to close quickly and 

quietly during low pressure and no-flow periods. Nozzle check valves are used for reliable 

back flow prevention for the oil, gas, water and chemicals in the process industries. For 

example, compressor discharge, natural gas refineries, pump discharge, critical equipment 

discharge, compressor and pump by pass storage facilities, offshore operations, nuclear 

power plants, etc.  

In nozzle check valves, the shutoff mechanism involves a disc, which is held against the 

seat by an internal spring. When the pressure of the fluid, gas, or slurry acting against the 

disc at the inlet exceeds the spring constant, the spring compresses and the fluid, gas, or 

slurry flows freely. When the fluid flow slows down or stops, the spring automatically 

closes the valve. 

Fig. 4.1 indicates the exploded view of a nozzle check valve showing different parts. Here 

part 3, i.e. disc stem, has to slide in the part 2, i.e. a diffuser. In order to function well 

geometry of mating parts, apart from dimension, plays a vital role in the assembly, in 

preventing the leakage and fluttering at high pressure. Consequently these two parts have to 

be designed and produced carefully with appropriate linear and geometrical tolerances for 

fulfilling the functional requirements. In this context cylindricity and perpendicularity 

tolerances are playing a vital role in reducing the fluttering at high pressure (Fig. 4.2.). 

These geometrical tolerance requirements are provided over the dimensional tolerances. 

The geometrical requirements arising out of the functional requirements of mating 

components could be achieved through the refinement of geometrical tolerances along with 

the dimensional tolerances.  

In the present investigation an attempt is made to develop a predictive model of geometric 

tolerances (cylindricity and perpendicularity), for the most widely used valve material WCB 



Chapter 4  Nozzle Check Valve 

72 

 

in the context of various drilling process parameters. This experimental analysis will give an 

insight to the practicing engineers about the geometrical requirement as well as the 

significance of process parameters to achieve the best cylindricity and perpendicularity in 

order to reduce the fluttering at high pressure.  

 

 
FIGURE 4.1 Exploded View of Nozzle Check Valve 
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FIGURE 4.2 Cut Section of Diffuser Showing the Mating Surfaces 

4.1      Work Piece Material and Selection 

The test specimen material is WCB, which is carbon steel with hardness 255 HB and 240 

mm x 160 mm x 55 mm size. It has excellent strength properties at high temperature. It is 

generally used in manufacturing of valves, flanges, fittings, or other pressure-containing 

parts for high-temperature service pertaining to chemical industries. Various materials like 

WCB, CF8, CF8M, CF3, CF3M, Inconel, and Aluminium Bronze are used to manufacture 

the nozzle check valves [147,153].  Around 80% of the valves are manufactured using 

WCB as base material attributed to its low cost without compromising [152]. This brings 

out the significance of WCB and the need to control geometrical errors associated with its 

critical features like cylindricity and perpendicularity. The chemical compositions and 

mechanical properties of WCB are listed in Table 4.1. 

TABLE 4.1 Mechanical Properties and Chemical Composition of WCB Material 

   Carbon steel Metal code WCB Standard ASTM A216 

Tensile strength 

(N/mm
2
) 

485-655 Yield strength 

(N/mm
2
) 

≥250 Hardness HB 145 

C Si Mn P S Cr Ni Mo Cu V 

≤0.30 ≤0.60 ≤1.00 ≤0.040 ≤0.045 ≤0.50 ≤0.50 ≤0.20 ≤0.30 ≤0.03 
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4.2      Machine Tool and Cutting Tool Used  

Machinability tests are carried out at the 3-axis VMC VF2SS machine as shown in Fig. 4.3. 

It has a spindle motor power of 22.4 KW with maximum spindle speed of 12000 rev/min 

[154]. The tool insert used is SOMX 050204 DT, produced by ISCAR Ltd [137].   It is an 

insert, with specifications shown in Table 4.2, are used for medium to high speed general 

purpose work. It is recommended and already being used by valve manufacturers to drill 

such kind of holes. Fig. 4.4 shows the drilling tool with insert. 

 

FIGURE 4.3 Vertical Milling Machine at Cipriani Harrison Engineering 

 

FIGURE 4.4 Drilling Tool with Insert 



Chapter 4  Nozzle Check Valve 

75 

 

TABLE 4.2 Specification of Insert  

Insert style SOMX 

Insert size 050204 

Material Carbide 

Material grade C1/C2/C6/C7 

Manufacturer’s grade IC908 

Inscribed circle (mm) 5.40 

Thickness (mm) 2.40 

Corner Radius (mm) 0.40 

Included angle 90 

Coating TiAlN 

Coating process PVD 

Shape Square 

Chip breaker DT 

4.3      Experimental Procedure 

WCB block, each of 240 x 160 x 55 mm is clamped using a hydraulic vice to the VMC 

table. The bottom surface is machined to create a qualified primary datum feature. The 

work piece is located according to the 3-2-1 location concept. A slot is milled on the top 

surface along the edges, parallel to the primary datum to generate a qualified reference 

surface required for CMM measurement [22]. Holding the plate in the same position the 

holes of 20 mm diameter with 40 mm depth are drilled. Experiments are conducted 

according to a 3
3
 full factorial design with twice replication.  A total 54 experimental runs 

are performed for various combinations of the input factors. Three plates are drilled with 

each plate having 18 holes. The machined components are shown in Fig. 4.5. It is assumed 

that the remaining parameters are constant during the machining.   
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FIGURE 4. 5 Machined Work Pieces 

4.4     Experimental Plan 

The process variables that affect the drilling process are spindle speed, feed rate, depth of 

cut, coolant ratio, tool geometry (point angle, drill diameter, chisel edge angle), etc.  

Literatures show that speed, feed and depth of cut are significant factors influencing 

surface roughness, thrust force, delamination, MRR and hole diameter error [20, 39, 40, 

41, 42, 43, 44, 45]. Sheth, et al investigated the effect of drilling parameters during 

machining of mild steel in context of geometrical tolerances such as cylindricity and 

perpendicularity [38, 144].  This investigation validates the fact that three most significant 

variables are speed, feed and depth of cut. So, here speed, feed and depth of cut are taken 

as control variables for experimentation. Cylindricity and perpendicularity are considered 

as responses of relevance in the drilling process as they are the desired geometrical 

requirements during the manufacturing of nozzle check valve. Input variables in terms of 

the coded factors along with their chosen levels are given in Table 4.3. Here 3
3
 full 

factorial design with twice replicates, to incorporate machining error, is selected to 

performed the reliable experiments, design matrix is shown in Table 4.4. 
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TABLE 4.3 Factors and levels 

TABLE 4. 4  Design Matrix 

Run Order Factors 

A B C 

1 1 1 1 

2 1 1 2 

3 1 1 3 

4 1 2 1 

5 1 2 2 

6 1 2 3 

7 1 3 1 

8 1 3 2 

9 1 3 3 

10 2 1 1 

11 2 1 2 

12 2 1 3 

13 2 2 1 

14 2 2 2 

15 2 2 3 

16 2 3 1 

FACTORS CODED 

FACTORS 

LOW(1) MEDIUM(2) HIGH(3) 

Spindle speed (rpm) A 1200 1400 1600 

Feed rate (mm/min) B 100 150 170 

DOC / CAN cycle  (mm) C 1 1.5 2 
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17 2 3 2 

18 2 3 3 

19 3 1 1 

20 3 1 2 

21 3 1 3 

22 3 2 1 

23 3 2 2 

24 3 2 3 

25 3 3 1 

26 3 3 2 

27 3 3 3 

4.5      Measuring Techniques 

The advances in manufacturing techniques justify the use of Coordinate Measuring 

Machines (CMMs), as a basic instrument of modern metrology. CMM is device either 

manually or computer controlled, used for measuring the physical and geometrical 

characteristics of an object. Measurements are taken by a probe (mechanical, optical, laser, 

or white light, etc) attached to vertical moving axis of this machine.  

The readings taken by CMM in six degrees of freedom and displayed in mathematical 

form, are used broadly for carrying out on/off line inspection with various uncertainties. 

Four main uncertainties are machine uncertainty, sampling uncertainty, thermally induced 

uncertainty and datum uncertainty. In particular the sampling strategy can significantly 

affect the measurement.  Researchers [97,102, 129, 130] have generated strategy to 

optimize uncertainty cost, which is mainly linked to the number of sampling points taken 

and the probability of errors. The optimization of the sampling point’s locations is based 

on the presence of manufacturing signature that is a systematic behavior of the real 

geometric feature.  Hocken et al [22] have suggested uncertainty estimation tool as a 

module tied to the CMM off-line programming software, so that non experts can also use 

CMM easily [126].  The cylindricity could be measured using various methods and 
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instruments like The Hommel-Etamic F135 and F155, The Talyrond 131 and MMQ 150, 

but here CMM is used to measure the cylindricity.  

Perpendicularity is a member of the orientation family. It can be used to control the 

orientation of surface, axes and center planes. If used on feature of size it is often used as a 

refinement of, or to augment a positional control. It is also often used to orient secondary 

datum features of size to primary plane datums [3, 5].  

A height gauge can be used to measure the surface perpendicularity. Perfect 

perpendicularity tester is useful to check the perpendicularity of pre forms or bottles. It is 

provided by digital gauge for more accurate measurements. But to measure the axis 

perpendicularity one needs to use CMM. A hexagon made CNC Coordinate Measuring 

Machine (CMM) has been used to measure cylindricity and perpendicularity. CMM (Fig. 

4.6) has servo controlled axes with resolution of 0.1 µm. The Fig. 4.6 also has bird eye 

view for head and probe of CMM. It has motorized index able probe head with touch 

trigger probing system and temperature compensation.  Axes range of CMM is 500 mm, 

500 mm and 400 mm for X axis, Y axis and Z axis respectively. 

As per ISO 1101 the cylindricity of a single tolerance feature is deemed to be correct when 

the feature is confined between two coaxial cylinders such that the difference in radii is 

equal to or less than the value of the specified tolerance. The location of the axes of these 

cylinders and the value of their radii shall be chosen so that the difference in radii between 

the two coaxial cylinders is the least possible value [131, 132, 138]. So, here the variation 

between measured cylindrical surface and ideal cylindrical surface is considered as 

cylindricity error. The perpendicularity error is the variation between ideal cylindrical axes 

with the measured one with respect to specified datum. These features act as important 

parameter for assembly of nozzle check valve [126, 147, 153]. 
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FIGURE 4. 6 CMM with Probe Details 

Fig. 4.7 and Fig. 4.8 give the conceptual idea of cylindricity and perpendicularity. Fig. 4.7 

shows the radial tolerance zone, with 0.0X wide, where X is the tolerance value. Fig. 4.8 

shows the possible axis orientation, which is present in the tolerance zone of 

perpendicularity, where the surface A is considered as datum for measurement of 

perpendicularity. Stanislaw, et al [48] have discussed a method of quantitative comparison 

of cylindricity profiles measured with different strategies. The four cylindricity measuring 

strategies are: a) the strategy for measurement of roundness profiles b) the strategy for 

measurement of generatrix  lines c) the bird-cage strategy  (which is a combination of 

measurement of roundness profiles & generatrix lines) d) point strategy. A new measuring 

device has been prepared, which works on reference measurement of cylindricity [48, 49, 

123].  
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FIGURE 4. 7 Tolerance Zone of Cylindricity 

 

FIGURE 4. 8 Tolerance Zone of Perpendicularity 

The measurement of cylindricity was carried out by moving a probe into the spiral fashion 

for 720
0
 rotation which covered 30 mm depth. The intermediate points during the 

measurement of one hole are measured with 15
0 

angular pitch and 30/48 mm linear pitch.  

Even the centre axis of the cylinder has been obtained by measuring cylindricity. The 

perpendicularity is measured in the context of top plane/ surface. A schematic diagram for 

measurement is shown in Fig. 4.9.  As minimum three points on the top surface decide the 

datum plane [1, 2, 3, 5, 138, 139].  Three extremum points on the machined surface decided 

the datum as shown in Fig. 4.9. Central axis deviation of the cylinder with respect to the top 

datum plane gives the value of perpendicularity. Fig. 4.10 shows the schematic sketch 

showing cylindricity and perpendicularity error in 2D and 3 D View of the plate.  Sample 

measurement of cylindricity and perpendicularity for 8
th

 run order is shown in Fig. 4.11. 

Table 4.5 shows the experimental results of cylindricity and perpendicularity for each 

treatment combination.   
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FIGURE 4. 9 Schematic Plate Showing the Three Extremum Points 

 

FIGURE 4. 10 Schematic Sketch Showing Cylindricity and Perpendicularity Error In 2D and 3D 
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FIGURE 4. 11 Sample Reading of Cylindricity and Perpendicularity at 8th Run Order Using CMM 

 TABLE 4.5 Experimental Results 

Run 

Order 

Responses 

Cylindricity (mm) Perpendicularity (mm) 

 Replicate 1 Replicate 2 Average Replicate 1 Replicate 2 Average  

1 0.057 0.055 0.0560 0.088 0.093 0.0905 

2 0.053 0.052 0.0525 0.100 0.101 0.1005 

3 0.061 0.066 0.0635 0.102 0.127 0.1145 

4 0.055 0.060 0.0575 0.093 0.125 0.109 

5 0.048 0.050 0.0490 0.125 0.138 0.1315 

6 0.059 0.063 0.0610 0.134 0.144 0.1390 

7 0.06 0.063 0.0615 0.138 0.140 0.1390 

8 0.056 0.057 0.0565 0.147 0.150 0.1485 

9 0.063 0.068 0.0655 0.153 0.151 0.1520 

10 0.056 0.050 0.0580 0.049 0.050 0.0495 

11 0.051 0.052 0.0515 0.064 0.067 0.0655 

12 0.067 0.061 0.0640 0.079 0.080 0.0795 

13 0.067 0.070 0.0685 0.067 0.068 0.0675 

14 0.061 0.059 0.0600 0.082 0.081 0.0815 

15 0.07 0.067 0.0685 0.091 0.099 0.0950 

16 0.082 0.083 0.0825 0.075 0.080 0.0775 
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17 0.08 0.081 0.0805 0.082 0.088 0.0850 

18 0.09 0.091 0.0905 0.093 0.091 0.0920 

19 0.059 0.057 0.0580 0.025 0.035 0.0300 

20 0.057 0.058 0.0575 0.046 0.045 0.0455 

21 0.068 0.070 0.0690 0.059 0.057 0.0580 

22 0.073 0.093 0.0830 0.036 0.047 0.0415 

23 0.078 0.080 0.0790 0.052 0.054 0.0530 

24 0.094 0.095 0.0945 0.060 0.062 0.0610 

25 0.124 0.122 0.1230 0.044 0.046 0.0450 

26 0.121 0.123 0.1220 0.056 0.054 0.0550 

27 0.132 0.134 0.1330 0.062 0.060 0.0610 

4.6      Results and Discussion  

4.6.1      Analysis of Experimental Results   

a. Analysis of Variance (ANOVA) 

Significance of the input variables can be analyzed using ANOVA. Tables 4.6 and 4.7 

indicate the results of ANOVA for the cylindricity and perpendicularity. The results 

indicate that spindle speed, feed and depth of cut are the significant parameters, which 

affect cylindricity and perpendicularity. Interactions between the spindle speed and feed 

also have significant effect on both the cylindricity and perpendicularity.  
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TABLE 4.6 ANOVA for Cylindricity 

Source Degree 

of 

freedom 

Sum of 

squares 

Adj. sum 

of 

squares 

Adj. mean 

squares 

F P % 

contribution 

A 2 0.01013 0.01013 0.00506 431.65 0.000 37.35 

B 2 0.00970 0.00970 0.00485 413.10 0.000 35.77 

C 2 0.00117 0.00117 0.00058 49.88 0.000 4.31 

AxB 4 0.00563 0.00563 0.00140 120.07 0.000 20.75 

AxC 4 0.00005 0.00005 0.00001 1.25 0.315 0.18 

BxC 4 0.00005 0.00005 0.00001 1.25 0.313 0.18 

AxBxC 8 0.00004 0.00004 0.000005 0.45 0.881 0.14 

Error 27 0.00031 0.00031 0.00001   1.14 

Total 53 0.0271226      

R
2 

= 98.83%                                   R
2 

(adj)
 
= 97.71% 

TABLE 4.7 ANOVA for Perpendicularity 

Source Degree 

of 

freedom 

Sum of 

squares 

Adj. 

sum of 

squares 

adj. mean 

squares 

F P % 

contributio

n 

A 2 0.05186 0.05186 0.02593 598.20 0.000 78.89 

B 2 0.00563 0.00563 0.002815 64.94 0.000 8.56 

C 2 0.00459 0.00459 0.00295 52.95 0.000 6.98 

AxB 4 0.00202 0.00202 0.00050 11.70 0.000 3.07 
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AxC 4 0.00002 0.00002 0.000005 0.13 0.969 0.03 

BxC 4 0.00031 0.00031 0.000077 1.79 0.160 0.47 

AxBxC 8 0.00011 0.00011 0.0000143 0.33 0.947 0.16 

Error 27 0.00117 0.00117 0.000043   1.78 

Total 53 0.06573      

R
2 

= 98.22%                              R
2 

(adj)
 
= 96.5% 

From Fig. 4.12, it can be observed that the rise of spindle speed escalates cylindricity error 

and however, from Fig. 4.13, it can be seen that increase in spindle speed reduces 

perpendicularity error. The surges of feed rate raise cylindricity error significantly, while 

increase in perpendicularity error is quite reasonable. Increase of depth of cut increases both 

cylindricity error and perpendicularity error. Interaction effect between the drilling 

parameters is presented in Fig. 4.14 and Fig. 4.15. It shows that there is no appreciable 

interaction among spindle speed, feed rate and depth of cut for cylindricity and 

perpendicularity within the limit. The coded variables are defined with levels and units as 

shown in Table 4.3. As the modeling is done in terms of the coded factors; so no units will 

be available at vertical scale. If we co-relate Fig. 4.12 to 4.15 with Table 4.3 then it shows 

that coded factor A is representing spindle speed in rpm with three levels. Level 1(Low) = 

1200 rpm, level 2 (medium) = 1400 rpm and level 3 (High) = 1600 rpm. The same is 

applicable for feed and depth of cut. 
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FIGURE 4. 12 Main Effects Plot for Cylindricity 

 

FIGURE 4. 13 Main Effects Plot for Perpendicularity 
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FIGURE 4. 14 Interaction Plot for Cylindricity 

 

FIGURE 4. 15 Interaction Plot for Perpendicularity 
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b. Regression Modeling  

To predict the responses in the context of input variables and output responses, regression 

models are widely used. Regression model consists of constants and coefficient of predictor. 

The general regression model is shown in Equation (4.1).  The value of (  ) is zero.  

                                                                    (4.1) 

The regression model for cylindricity and perpendicularity is developed using MINITAB 16 

as shown in Equation (4.2) and (4.3) respectively.  Here   ,        are the predictor 

variables associated with the spindle speed, feed rate and depth of cut/ canned cycle in 

terms of the coded factors.  

Cylindricity = 0.12413 - 0.0386667   - 0.0335   - 0.0268333   + 0.00577778  
2
+ 

0.0145417     + 0.00544444  
2
- 0.00125     + 0.000833333    + 0.00752778   

2 
+ 

0.0003125                           (4.2) 

S = 0.00351979       R-Sq = 98.04%        R-Sq (adj) = 97.58% 

PRESS = 0.000805213   R-Sq (pred) = 97.03% 

Perpendicularity = 0.0797037 - 0.0615278   + 0.0514167   + 0.0245278   +                 

0.0104722  
2
 - 0.008625     - 0.00386111  

2 
- 0.00295833     - 4.16667e-005     - 

0.00169444  
2
 + 0.000125             (4.3) 

S = 0.00591858      R-Sq = 97.71%        R-Sq (adj) = 97.18% 

PRESS = 0.00246767   R-Sq (pred) = 96.25% 

c. Adequacy Check of the Model 

R- Sq is the co-efficient of determination, which helps to judge the adequacy of the 

developed regression model. R-Sq (adj) values for both the models are very much close to 

R-Sq value, which indicates that non-significant terms are not present in both the models. 

The R-Sq (pred) value is the variability in the data accounted by the model in percentage. 

The R-Sq (pred) value obtained for cylindricity and perpendicularity models is near to 1. 

This indicates that high correlation exists between experimental and predicted values. The 

model is also adequate in prediction owing to small value of PRESS, which is a measure of 

how well the model is able to predict the data [7]. Values predicted by the regression model 

are very close to experimental values. Percentage errors are shown in Table 4.8. Error 
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between the predicted and experimental readings for each run is shown in the Fig. 4.16 and 

Fig. 4.17 for cylindricity and perpendicularity respectively.   

TABLE 4.8 Errors during Prediction 

Model Minimum Error (%) Maximum Error (%) Average Error (%) 

Cylindricity 0.21 6.62 2.34 

Perpendicularity 0.36 5.88 2.39 

 

FIGURE 4. 16 Error Percentage during Predicting Cylindricity for Each Run 

  

FIGURE 4. 17 Error Percentage during Predicting Perpendicularity for Each Run 
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4.7      Optimization Using Grey Relational Analysis (GRA) 

From the Fig. 4.12 and Fig. 4.13 it seems that to obtain the minimal cylindricity error lower 

spindle speed is required and to minimize perpendicularity error maximum speed is 

required, which leads to trade off of spindle speed and leads to multi objective optimization. 

Grey Relational Analysis (GRA) gives the optimum process parameters to get the desire 

responses in multi objective optimization [7, 45, 107, 127].  

Step 1: Normalize the data. 

The data to be used in grey analysis must be preprocessed into quantitative indices for 

normalizing raw data for another analysis. Preprocessing raw data is a process of converting 

an original sequence into a decimal sequence between a 0.00 and 1.00 for comparison. 

Since the objective is to minimize cylindricity and perpendicularity, so “lower is better” 

characteristics of grey relational was used to normalize the data. Equation (4.4) is used for 

normalizing the data [73, 125, 148]. 

)(min)(max

)()(max
)(

00

00
*

kXkX

kXkX
kX

ii

ii
i




        (4.4) 

Here, i = 1 … m; k = 1 . . . n; m is the number of experimental data item and n is the 

number of parameters. Xi
0 

(K) denotes the original sequence, Xi
* 

(K) the sequence after the 

data pre-processing, max Xi
0 

(K) is the largest value of Xi
0 

(K), min Xi
0 

(K) is the minimum 

value of Xi
0 
(K). The normalized values are tabulated in Table 4.9. 

TABLE 4.9 Normalized Values 

Run Order 

Cylindricity Perpendicularity 

smaller the better smaller the better 

1 0.9167 0.5041 

2 0.9583 0.4221 

3 0.8274 0.3074 

4 0.8988 0.3525 

5 1.0000 0.1680 

6 0.8571 0.1066 
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7 0.8512 0.1066 

8 0.9107 0.0287 

9 0.8036 0.0000 

10 0.9524 0.8402 

11 0.9702 0.7090 

12 0.8214 0.5943 

13 0.7679 0.6926 

14 0.8690 0.5779 

15 0.7679 0.4672 

16 0.6012 0.6107 

17 0.6250 0.5492 

18 0.5060 0.4918 

19 0.8929 1.0000 

20 0.8988 0.8730 

21 0.7619 0.7705 

22 0.5952 0.9057 

23 0.6429 0.8115 

24 0.4583 0.7459 

25 0.1190 0.8770 

26 0.1310 0.7951 

27 0.0000 0.7459 

    

Step 2: Calculating the Grey Relational Co-efficient & Grey Relational Grade 

After data pre-processing, the grey relation coefficient ξi (k) was calculated for performance 

characteristics and is expressed by Equation (4.5).  
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Where, Δoi is the deviation sequence. 
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(K) denotes the reference sequence and Xi
* 
(K) denotes the comparability sequence. ξ is 

distinguishing or identification coefficient: ξ ϵ [0, 1] (the value may be adjusted based on 

the actual system requirements). ξ = 0.5 is considered for these analysis. The calculated 

grey relational coefficients are tabulated in Table 4.10. Equation (4.6) gives values of grey 

relational grade.   
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TABLE 4.10 Grey Relational Coefficients and Grades 

Run 

Order 

Grey Relational Coefficients Grey Relational 

Grade 
Cylindricity Perpendicularity 

1 0.857142857 0.502057613 0.6796 

2 0.923076923 0.463878327 0.693478 

3 0.743362832 0.419243986 0.581303 

4 0.831683168 0.435714286 0.633699 

5 1 0.375384615 0.687692 

6 0.777777778 0.358823529 0.568301 

7 0.770642202 0.358823529 0.564733 

8 0.848484848 0.339832869 0.594159 

9 0.717948718 0.333333333 0.525641 
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10 0.913043478 0.757763975 0.835404 

11 0.943820225 0.632124352 0.787972 

12 0.736842105 0.552036199 0.644439 

13 0.682926829 0.61928934 0.651108 

14 0.79245283 0.542222222 0.667338 

15 0.682926829 0.484126984 0.583527 

16 0.556291391 0.562211982 0.559252 

17 0.571428571 0.525862069 0.548645 

18 0.502994012 0.495934959 0.499464 

19 0.823529412 1 0.911765 

20 0.831683168 0.797385621 0.814534 

21 0.677419355 0.685393258 0.681406 

22 0.552631579 0.84137931 0.697005 

23 0.583333333 0.726190476 0.654762 

24 0.48000000 0.663043478 0.571522 

25 0.362068966 0.802631579 0.58235 

26 0.365217391 0.709302326 0.53726 

27 0.333333333 0.663043478 0.498188 

The average values of the grey relational coefficients and grades are shown in Table 4.10. 

From Fig. 4.18 it can be observed that the run order 19 is having highest grey relational 

grade, means 19
th

 run order gives optimum set of cutting parameters for the cylindricity and 

perpendicularity.  



Chapter 4  Nozzle Check Valve 

95 

 

 

FIGURE 4. 18 Run Order Vs Grey Relational Grade 
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CHAPTER - 5 

Fuzzy Logic Based Modeling 

5.1 Introduction 

Theoretical models are helpful to identify and control a system. Once the model is built, it 

can also be used to predict the output for a previously unknown input. The conventional 

techniques fail to serve the very purpose of building a model, in particular, when the 

system is a very complex non-linear system. The technique of Fuzzy Inference System 

(FIS) has been proved to be effective to build a model in this case. Further, the ideas of 

Fuzzy Logics, as developed by Zadeh, are applied for prediction purpose. Fuzzy Logic 

tries to capture the human way of thinking and expressing the facts they experience. Rather 

than using the actual numerical values, human beings feel comfortable using linguistic 

terms. For example, if the temperature is     , then a human being will represent this 

phenomenon as “cold” or “very cold”. Fuzzy Logic is an attractive option to deal with such 

uncertainty and vagueness in the information provided due to which the accuracy of the 

mathematical model is compromised [62, 63].  

To design a Fuzzy Logic System, first the design variables have to be identified which 

require to be fuzzified. The range of each fuzzy variable is divided into appropriate number 

of linguistic terms and corresponding membership functions are developed. The system 

then forms a rule base based upon the experimental observations. This rule base determines 

the output corresponding to an input not previously supplied while training the system. The 

resulting output, if it is in a fuzzified form, has to be defuzzified. Brief introductions to the 

terms used in Fuzzy set theory are explained below [72].   

5.1.1 Fuzzy Set and Membership Functions 

The classical set theory deals with sets having crisp boundaries, i.e. an element either 

belongs to the set or does not belong to the set. To the contrary, a fuzzy set associates a 

degree of membership to an element. So, elements may have partial membership in a fuzzy 

set. Of course, there may also be some elements whose membership in the given set is 

certain, i.e. for these elements, it is possible to say surely that it belongs to or does not 
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belong to the set. To illustrate this fact, consider the set of young people. Assuming that 

people having age between 18 and 40 years are young, a person who falls short of just one 

day in 18 years will be considered as “non-young” person in the classical crisp set theory. 

Intuitively, this person should also be considered as “nearly” young person. This sort of 

difficulties has been taken care of in Fuzzy set theory by introducing a membership 

function associated with a set which defines the degree of membership of every element 

along with the element itself. The degree of membership varies between 0 and 1 

inclusively. An element which surely does not belong to the set is assigned a membership 0 

and that which surely belongs to the set is assigned a membership of 1. Other elements are 

assigned a number between 0 and 1 indicating its degree of membership. Thus, a Fuzzy set 

is not only a set of elements, but attached with it is such a membership function. A 

membership function may be defined by an arbitrary curve. Though there are several 

known membership functions, the familiar choices are triangular, trapezoidal, or Gaussian 

for mathematical tractability.  

To apply the Fuzzy Inference System, the operating range of each fuzzy variable, input or 

output, is divided into convenient number of parts. Each part is referred to as some 

linguistic term. The more the number of parts a variable has, the more the accuracy. Of 

course, the computational complexity will also increase accordingly. Each such linguistic 

term is designed as a fuzzy set. As an illustration, suppose that in a particular application, 

temperature is a fuzzy variable operating in the range            . Further, suppose that 

the temperature range            is considered “low” for the application. Then, “low” is 

a linguistic term for which a fuzzy set may be defined, i.e. a membership function may be 

constructed in this range which assigns a degree of membership to all the numerical values 

in this range. Similarly, two other linguistic terms such as “medium” and “high” may be 

defined covering the remaining range of temperatures appropriately. The membership 

functions of two successive fuzzy sets may overlap also [140]. 

5.1.2 Fuzzy Inference System 

Fuzzy Inference System generates a fuzzy rule base. A rule base or knowledge base is 

simply a set of rules expressed in the form of If-Then rules. It is in the form of “IF 

(Antecedents) THEN (Consequents)”. An antecedent is also called a premise and a 

consequent conclusion. A simple example of a fuzzy rule is: “IF temperature is HIGH, 

THEN Switch on the air-conditioner”. Here, “temperature is HIGH” is the antecedent and 
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“Switch on the air-conditioner” is the corresponding consequent. Several antecedents may 

be combined using fuzzy logic operators to form a complex antecedent. The FIS generates 

several such rules base on the given input-output data. The process of rule formation 

involves the conversion of the numerical values of input and output variables into 

corresponding fuzzy values. Not all such rules are selected in the final rule base. Some less 

important rules may be discarded. To draw an inference about a newly arrived input 

pattern, the system used membership functions, fuzzy logic operators and the rule base. A 

reasoning mechanism is essential to perform the inference procedure from these rules to 

draw a conclusion [64, 65]. 

Different types of FIS used are Mamdani-type, Sugeno-type and Tsukamoto-type. The 

three systems determine outputs in different ways. The Mamdani FIS has a relatively 

simple structure. Its rule base is also easily interpretable and intuitively understandable. 

Moreover, it provides reasonably accurate results. So, Mamdani FIS is widely used. In case 

of other systems, the interpretability is lost as the consequents of the rules are not fuzzy. In 

the case of other two FIS, as the consequents of the rules are not in fuzzy form, there is a 

lack of interpretability. However, they are more flexible as the consequents are allowed to 

have more parameters per rule which gets translated into higher degrees of freedom [111]. 

The rule base may be based on expert knowledge or may be generated automatically from 

experimental data. The knowledge base R containing n rule is in the form: 

               

Where the i
th

 rule is of the form: 

                                  

As an example, for the fuzzy variables   and    a rule may be of the form 

       is A, TH N           

Where, A and B are the linguistic values the variables   and   may take, respectively. 

5.1.3 Reasoning Mechanism 

To explain the reasoning mechanism of the FIS, consider a rule base with   rules with 

           as fuzzy input variables or state variables and   as an output variable. Let the 

fuzzy variable    takes the linguistic values               Similarly, let    takes values 
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               takes values                takes values            and   takes 

values             Then the rule base may be written as 

         is    and    is    and    is    and    is     THEN   is    

         is    and    is    and    is    and    is     THEN   is    

……………… 

         is    and    is    and    is    and    is     THEN   is     

In this method, the antecedent is first evaluated using Mamdani MIN implication operator 

and the output fuzzy set is modified accordingly. Consider the antecedent of the  th
 rule. Its 

membership function value may be expressed as 

                                

                                        

An  th
 rule may also be assigned some weight    in the range        Thus the value of the 

antecedent of the  th
 rule is given by         

Not all rules are to be necessarily evaluated for every possible values of input as some of 

them may never or rarely occur. By evaluating a fewer rules, an experienced designer may 

simplify the processing logic to improve the performance of the FIS. The output fuzzy set 

is modified to the degree specified by this final membership value of the antecedent. 

Generally, truncation using the MIN function is applied for modifying the output fuzzy set. 

5.1.4 Defuzzyfication 

The output responses of the fuzzy consequents can be viewed as fuzzy sets. In a real 

system, some concrete action has to be taken based on these responses. So, a crisp value 

representing the overall output of the FIS must be calculated. A defuzzyfication method is 

required to transform the fuzzy output into a crisp value. In Mamdani FIS, the fuzzy sets 

corresponding to all consequents are combined using an aggregation operator.  Then 

defuzzyfication is carried out using any of the defuzzyfication methods. The Centroid 

defuzzyfication method is widely used in Mamdani FIS. It produces the centroid of the 

area covered by the fuzzy set representing the overall output of the system [66, 67, 111, 

112, 113, 115, 135].  
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Here,   is the aggregated output variable value obtained from the fuzzy set corresponding 

to the  th
 consequent and        is the corresponding membership function value of    The 

crisp value    is considered as the defuzzified output. 

5.2 Fuzzy Modeling for Flatness and Surface Roughness    

(2
3
 Full Factorial) 

5.2.1 Fuzzy Set and Membership Functions 

Triangular shape of membership function is employed to describe the fuzzy sets for input 

variables as well as output variables. Fig. 5.1, 5.2 and 5.3 shows the membership functions 

for spindle speed, feed and depth of cut respectively. Fig. 5.4 and 5.5 shows the eight 

membership functions in terms of linguistic variables for flatness and surface roughness 

respectively.  

    

FIGURE 5.1 Membership Function for Spindle Speed 

  

FIGURE 5. 2 Membership Function for Feed 
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FIGURE 5.3 Membership Function for Depth of Cut 

 

FIGURE 5.4 Membership Function for Flatness 

 

FIGURE 5.5 Membership Function for Surface Roughness 

5.2.2  Fuzzy Rules 

A set of 8 rules have been constructed based on the actual measured results of flatness and 

surface roughness in face milling operation of WCB material.  

1. If (SpindleSpeed is Low) and (Feed is Low) and (DepthofCut is Low) then 

(Flatness is M)(SurfaceRoughness is VL)  

2. If (SpindleSpeed is High) and (Feed is Low) and (DepthofCut is Low) then 

(Flatness is VVL)(SurfaceRoughness is VL) 
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3. If (SpindleSpeed is Low) and (Feed is High) and (DepthofCut is Low) then 

(Flatness is VH)(SurfaceRoughness is VH)   

4. If (SpindleSpeed is High) and (Feed is High) and (DepthofCut is Low) then 

(Flatness is MH)(SurfaceRoughness is MH) 

5. If (SpindleSpeed is Low) and (Feed is Low) and (DepthofCut is High) then 

(Flatness is L)(SurfaceRoughness is L) 

6. If (SpindleSpeed is High) and (Feed is Low) and (DepthofCut is High) then 

(Flatness is VL)(SurfaceRoughness is VVL) 

7. If (SpindleSpeed is Low) and (Feed is High) and (DepthofCut is High) then 

(Flatness is VVH)(SurfaceRoughness is VVH) 

8. If (SpindleSpeed is High) and (Feed is High) and (DepthofCut is High) then 

(Flatness is MH)(SurfaceRoughness is VL) 

Fig. 5.6 shows the various fuzzy surfaces related to spindle speed, feed and depth of cut in 

the context of flatness and surface roughness. 

  

Spindle speed, feed and Flatness Spindle speed, depth of cut and Flatness 

  

Feed, depth of cut and Flatness Spindle speed, feed and Surface Roughness 
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Spindle speed, DOC and Surface Roughness Feed, depth of cut and Surface Roughness 

FIGURE 5.6 Fuzzy Surfaces for Flatness and Surface Roughness 

5.2.3 Defuzzyfication  

Defuzzyfication is the conversion of the fuzzy quantity to real value. The present model 

uses centroid of area (COA) defuzzyfication method, due to its wide acceptance and 

capability in giving more accurate result compared to other methods. The developed fuzzy 

model is used to predict the flatness and surface roughness. A sample prediction is shown in 

Fig. 5.7. Here spindle speed was 500 rpm, feed 225 mm/min. and depth of cut 0.5 mm is 

considered as input variables. The predicted flatness is 0.033 mm and surface roughness is 

3.76 μm, while the measured flatness was 0.032 and surface roughness 4.112 μm 

respectively. 

 

FIGURE 5.7 Prediction of Flatness and Surface Roughness 
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5.2.4 Validation of Developed Fuzzy Logic Model 

Fuzzy logic model have been develop to predict flatness and surface roughness of the valve 

material WCB. In order to validate these models, experiments needs to be conducted at 

different levels with different combinations other than that used to develop the model. Four 

new experiments are conducted to check the accuracy and error of the model to predict 

Flatness and Surface roughness for WCB material. Table 5.1 shows the measured values, 

predicted values and error, while predicting flatness and surface roughness using developed 

fuzzy logic model.  The table shows that the maximum error is 3.12% and 8.56%, while 

average error is 1.42% and 2.71% during predction of flatness and surface roughness 

respectively. 

TABLE 5.1 Error of Flatness and Surface Roughness between Experimental and Fuzzy Value 

N
o
. 
o
f 

E
x
p

er
im

en
t Parameters 

(Inputs)  

Flatness 

(mm) 

 

Surface Roughness 

(μm) 

A B C Experimental Fuzzy % 

Error 

Experimental Fuzzy % 

Error 

1 -1 0 1 0.032 0.033 3.12 4.112 3.76 8.56 

2 1 0 -1 0.022 0.022 0 3.683 3.72 1 

3 0 -1 0 0.023 0.0226 1.73 2.296 2.32 1.04 

4 0 1 0 0.036 0.0357 0.83 4.271 4.71 0.23 

Average Error in Prediction 1.42  2.71 

5.3 Fuzzy Modeling of Flatness and Surface Roughness  

 (Rotatable CCD) 

5.3.1 Fuzzy Set and Membership Functions  

Triangular shape of membership function is employed to describe the fuzzy sets for input 

variables as well as output variables. Fig. 5.8 shows the MAMDANI type fuzzy inference 

system. Fig. 5.9, 5.10 and 5.11 shows the membership functions for spindle speed, feed 
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and depth of cut respectively. Fig. 5.12 and 5.13 shows the twelve membership functions 

of flatness and fifteen membership functions of surface roughness correspondingly. 

 

FIGURE 5.8 Fuzzy Inference System 

 

FIGURE 5.9 Membership Function of Speed 

 

FIGURE 5.10 Membership Function of Feed 
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FIGURE 5.11 Membership Function of Depth of Cut 

 

FIGURE 5.12 Membership Function of Flatness 

 

FIGURE 5.13 Membership Function of Surface Roughness 

5.3.2 Fuzzy Rule 

A set of 20 rules have been constructed based on the actual measured results of flatness and 

surface roughness in face milling operation of WCB material. 
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1. If (SPEED is L) and (FEED is L) and (DOC is L) then (SR is mf11)(FLATNESS is 

mf4)  

2. If (SPEED is H) and (FEED is L) and (DOC is L) then (SR is mf2)(FLATNESS is 

mf8)  

3. If (SPEED is L) and (FEED is H) and (DOC is L) then (SR is mf12)(FLATNESS is 

mf1) 

4. If (SPEED is H) and (FEED is H) and (DOC is L) then (SR is mf3)(FLATNESS is 

mf3)  

5. If (SPEED is L) and (FEED is L) and (DOC is H) then (SR is mf13)(FLATNESS is 

mf10)  

6. If (SPEED is H) and (FEED is L) and (DOC is H) then (SR is mf3)(FLATNESS is 

mf11)  

7. If (SPEED is L) and (FEED is H) and (DOC is H) then (SR is mf14)(FLATNESS is 

mf5) 

8. If (SPEED is H) and (FEED is H) and (DOC is H) then (SR is mf4)(FLATNESS is 

mf6)  

9. If (SPEED is VL) and (FEED is M) and (DOC is M) then (SR is 

mf15)(FLATNESS is mf3)  

10. If (SPEED is VH) and (FEED is M) and (DOC is M) then (SR is mf1)(FLATNESS 

is mf7)   

11. If (SPEED is M) and (FEED is VL) and (DOC is M) then (SR is mf8)(FLATNESS 

is mf9)  

12. If (SPEED is M) and (FEED is VH) and (DOC is M) then (SR is mf9)(FLATNESS 

is mf2)  

13. If (SPEED is M) and (FEED is M) and (DOC is VL) then (SR is mf5)(FLATNESS 

is mf4)  

14. If (SPEED is M) and (FEED is M) and (DOC is VH) then (SR is 

mf10)(FLATNESS is mf12)  

15. If (SPEED is M) and (FEED is M) and (DOC is M) then (SR is mf7)(FLATNESS 

is mf5)   

16. If (SPEED is M) and (FEED is M) and (DOC is M) then (SR is mf7)(FLATNESS 

is mf4)  

17. If (SPEED is M) and (FEED is M) and (DOC is M) then (SR is mf8)(FLATNESS 

is mf4)   
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18. If (SPEED is M) and (FEED is M) and (DOC is M) then (SR is mf8)(FLATNESS 

is mf4)   

19. If (SPEED is M) and (FEED is M) and (DOC is M) then (SR is mf6)(FLATNESS 

is mf5)   

20. If (SPEED is M) and (FEED is M) and (DOC is M) then (SR is mf6)(FLATNESS 

is mf4)   

  

Speed, feed and Flatness Speed, depth of cut and Flatness 

  

Feed, depth of cut and Flatness Speed, feed and Surface Roughness 

  

Speed, depth of cut and Surface Roughness Feed, depth of cut and Surface Roughness 

FIGURE 5.14 Fuzzy Surface for Flatness and Surface Roughness 
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Fig. 5.14 shows the various fuzzy surfaces related to spindle speed, feed, depth of cut in the 

context of flatness and surface roughness. 

5.3.3 Defuzzyfication 

The present model uses centroid of area (COA) defuzzyfication method. The developed 

fuzzy model is used to predict the Flatness and Surface roughness. A sample prediction is 

shown in Fig.5.15. Here spindle speed was 1700 rpm, feed 310 mm/min. and depth of cut 

0.18 mm is considered as input variables. The predicted flatness is 0.0203 mm and surface 

roughness 1.64 μm, while the measured flatness was 0.020 mm and surface roughness 1.57 

μm respectively. 

  

FIGURE 5.15 Prediction Flatness and Surface Roughness 

5.3.4 Validation of Developed Fuzzy Logic Model 

Fuzzy logic model have been develop using the 20 set of reading to predict flatness and 

surface roughness of the valve material WCB. In order to validate these models, the 

predicted values are compared with the experimental values [61]. Table 5.2 shows the 

measured values, predicted values and error, while predicting flatness and surface 

roughness using developed fuzzy logic model. The table shows that the maximum error is 
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3.75% and 6.08%, while average error is 1.05% and 2.69% during predction of flatness 

and surface roughness respectively.  

TABLE 5.2 Error of Flatness and Surface Roughness between Experimental and Fuzzy Value 

N
o
. 
o
f 

E
x
p

er
im

en
t Parameters (Inputs)  Flatness 

(mm) 

 

Surface Roughness 

(μm) 

A B C Experimental Fuzzy 
% 

Error 

Experimental Fuzzy 
% 

Error 

1 -1 -1 -1 0.022 0.0217 1.36 4.17 4.19 0.48 

2 1 -1 -1 0.026 0.026 0 1.4 1.35 3.57 

3 -1 1 -1 0.016 0.0166 3.75 4.41 4.52 2.49 

4 1 1 -1 0.02 0.0203 1.5 1.57 1.64 4.46 

5 -1 -1 1 0.028 0.028 0 4.9 4.87 0.61 

6 1 -1 1 0.029 0.029 0 1.68 1.64 2.38 

7 -1 1 1 0.023 0.023 0 5.1 5.2 1.96 

8 1 1 1 0.024 0.024 0 1.95 1.98 1.54 

9 -1.6872 0 0 0.02 0.0203 1.5 5.865 5.69 2.984 

10 1.6872 0 0 0.025 0.025 0 1.15 1.15 0 

11 0 -1.6872 0 0.027 0.027 0 2.55 2.64 3.53 

12 0 1.6872 0 0.018 0.018 0 2.92 2.87 1.71 

13 0 0 -1.6872 0.022 0.0217 1.36 2.2 2.19 0.45 

14 0 0 1.6872 0.03 0.0297 1 3.005 3.35 11.5 

15 0 0 0 0.023 0.0222 3.48 2.472 2.53 2.35 

16 0 0 0 0.022 0.0222 0.91 2.495 2.53 1.4 

17 0 0 0 0.022 0.0222 0.91 2.515 2.53 0.6 

18 0 0 0 0.022 0.0222 0.91 2.55 2.53 0.78 

19 0 0 0 0.023 0.0222 3.48 2.41 2.53 4.98 

20 0 0 0 0.022 0.0222 0.91 2.385 2.53 6.08 

Average Error in Prediction 1.05  2.69 
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5.4 Fuzzy Modeling for Cylindricity and Perpendicularity  

5.4.1 Fuzzy Set and Membership Functions 

Triangular shape of membership function is employed to describe the fuzzy sets for input 

variables as well as output variables. Fig. 5.16 shows MAMDANI type fuzzy inference 

system for cylindricity and perpendicularity. Fig. 5.17, 5.18 and 5.19 shows the 

membership function for spindle speed, feed and depth of cut respectively.  Fig. 5.20 and 

5.21 shows the nineteen membership functions of perpendicularity, while fourteen 

membership functions of cylindricity respectively.  

 

FIGURE 5.16 Fuzzy Inference System 

 

FIGURE 5.17 Membership Function for Spindle Speed  
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FIGURE 5.18 Membership Function for Feed 

 

FIGURE 5.19 Membership Function for Depth of Cut 

 

FIGURE 5.20 Membership Function for Perpendicularity 
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FIGURE 5.21 Membership Function for Cylindricity 

5.4.2 Fuzzy Rules 

A set of 27 rules have been constructed based on the actual measured results of cylindricity 

and perpendicularity in drilling operation of WCB material. 

1. If (Spindle Speed is Low) and (Feed Rate is Low) and (D.O.C is Low) then 

(Cylindricity is mf3) (Perpendicularity is mf12)  

2. If (Spindle Speed is Low) and (Feed Rate is Low) and (D.O.C is Medium) then 

(Cylindricity is mf2) (Perpendicularity is mf14)       

3. If (Spindle Speed is Low) and (Feed Rate is Low) and (D.O.C is High) then 

(Cylindricity is mf6) (Perpendicularity is mf15)  

4. If (Spindle Speed is Low) and (Feed Rate is Medium) and (D.O.C is Low) then 

(Cylindricity is mf4) (Perpendicularity is mf14)     

5. If (Spindle Speed is Low) and (Feed Rate is Medium) and (D.O.C is Medium) then 

(Cylindricity is mf1) (Perpendicularity is mf16)  

6. If (Spindle Speed is Low) and (Feed Rate is Medium) and (D.O.C is High) then 

(Cylindricity is mf5) (Perpendicularity is mf17)   

7. If (Spindle Speed is Low) and (Feed Rate is High) and (D.O.C is Low) then 

(Cylindricity is mf5) (Perpendicularity is mf17)          

8. If (Spindle Speed is Low) and (Feed Rate is High) and (D.O.C is Medium) then 

(Cylindricity is mf4) (Perpendicularity is mf18)  

9. If (Spindle Speed is Low) and (Feed Rate is High) and (D.O.C is High) then 

(Cylindricity is mf6) (Perpendicularity is mf19)         
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10. If (Spindle Speed is Medium) and (Feed Rate is Low) and (D.O.C is Low) then 

(Cylindricity is mf2) (Perpendicularity is mf4)  

11. If (Spindle Speed is Medium) and (Feed Rate is Low) and (D.O.C is Medium) then 

(Cylindricity is mf2) (Perpendicularity is mf8)      

12. If (Spindle Speed is Medium) and (Feed Rate is Low) and (D.O.C is High) then 

(Cylindricity is mf6) (Perpendicularity is mf10)   

13. If (Spindle Speed is Medium) and (Feed Rate is Medium) and (D.O.C is Low) then 

(Cylindricity is mf7) (Perpendicularity is mf8)    

14. If (Spindle Speed is Medium) and (Feed Rate is Medium) and (D.O.C is Medium) 

then (Cylindricity is mf5) (Perpendicularity is mf10)  

15. If (Spindle Speed is Medium) and (Feed Rate is Medium) and (D.O.C is High) then 

(Cylindricity is mf7) (Perpendicularity is mf13)  

16. If (Spindle Speed is Medium) and (Feed Rate is High) and (D.O.C is Low) then 

(Cylindricity is mf9) (Perpendicularity is mf9)  

17. If (Spindle Speed is Medium) and (Feed Rate is High) and (D.O.C is Medium) then 

(Cylindricity is mf9) (Perpendicularity is mf11)     

18. If (Spindle Speed is Medium) and (Feed Rate is High) and (D.O.C is High) then 

(Cylindricity is mf10) (Perpendicularity is mf12)  

19. If (Spindle Speed is High) and (Feed Rate is Low) and (D.O.C is Low) then 

(Cylindricity is mf4) (Perpendicularity is mf1)   

20. If (Spindle Speed is High) and (Feed Rate is Low) and (D.O.C is Medium) then 

(Cylindricity is mf4) (Perpendicularity is mf3)      

21. If (Spindle Speed is High) and (Feed Rate is Low) and (D.O.C is High) then 

(Cylindricity is mf7) (Perpendicularity is mf6)   

22. If (Spindle Speed is High) and (Feed Rate is Medium) and (D.O.C is Low) then 

(Cylindricity is mf9) (Perpendicularity is mf2)   

23. If (Spindle Speed is High) and (Feed Rate is Medium) and (D.O.C is Medium) then 

(Cylindricity is mf9) (Perpendicularity is mf5)  

24. If (Spindle Speed is High) and (Feed Rate is Medium) and (D.O.C is High) then 

(Cylindricity is mf11) (Perpendicularity is mf7)    

25. If (Spindle Speed is High) and (Feed Rate is High) and (D.O.C is Low) then 

(Cylindricity is mf13) (Perpendicularity is mf3)     

26. If (Spindle Speed is High) and (Feed Rate is High) and (D.O.C is Medium) then 

(Cylindricity is mf13) (Perpendicularity is mf5)  



Chapter 5  Fuzzy Logic Based Modeling 

115 

 

27. If (Spindle Speed is High) and (Feed Rate is High) and (D.O.C is High) then 

(Cylindricity is mf14) (Perpendicularity is mf7)  

Fig. 5.22 shows the various fuzzy surfaces related to spindle speed, feed and depth of cut 

in the context of cylindricity and perpendicularity.  

  

Spindle speed, feed and Cylindicity Spindle speed, depth of cut and Cylindicity 

  

Depth of cut, feed and Cylindicity Depth of cut, feed and Perpendicularity 

  

Spindle speed, feed and Perpendicularity Spindle speed, depth of cut and Perpendicularity 

FIGURE 5.22 Fuzzy Surface of Cylindricity and Perpendicularity 
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5.4.3 Defuzzyfication 

The present model uses centroid of area (COA) defuzzyfication method. The developed 

fuzzy model is used to predict the cylindricity and perpendicularity. A sample prediction is 

shown in Fig. 5.23. Here spindle speed was 1200 rpm, feed 150 mm/min. and depth of cut 2 

mm is considered as input variables. The predicted cylindricity is 0.061 mm and 

perpendicularity 0.14 mm, while the measured cylindricity was 0.061 mm and 

perpendicularity 0.139 mm respectively [124]. 

 

FIGURE 5.23 Prediction of Perpendicularity and Cylindricity 

5.4.4 Validation of Developed Fuzzy Logic Model 

Fuzzy logic model have been develop to predict the cylindricity and perpendicularity of the 

valve material WCB. The validation of the developed fuzzy model was also performed on 

the whole data set (data obtained from 54 experiments). Table 5.3 shows the measured 

values, predicted values and error, while predicting the cylindricity and perpendicularity 

using developed fuzzy logic model. The table shows that the maximum error is 3.80% and 

4.48%, while average error is 0.89% and 1.15% during prediction of cylindricity and 

perpendicularity respectively.  
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TABLE 5.3 Comparison of Experimental and Fuzzy Predicted Values of Cylindricity and 

Perpendicularity along with the % Error   

Treatment 

combinations 
Cylindricity (mm) Perpendicularity (mm) 

A B C 

Experiment

al (Avg. of 

2 replicates) 

Fuzzy % Error 

Experiment

al (Avg. of 

2 replicates) 

Fuzzy % Error 

1 1 1 0.056 0.056 0.00 0.091 0.091 0.55 

1 1 2 0.053 0.053 0.00 0.101 0.105 4.48 

1 1 3 0.064 0.065 1.89 0.115 0.115 0.44 

1 2 1 0.058 0.058 0.87 0.109 0.105 3.67 

1 2 2 0.049 0.049 0.20 0.132 0.132 0.38 

1 2 3 0.061 0.061 0.00 0.139 0.140 0.72 

1 3 1 0.062 0.061 0.81 0.139 0.140 0.72 

1 3 2 0.057 0.058 2.65 0.149 0.149 0.34 

1 3 3 0.066 0.065 1.22 0.152 0.154 1.32 

2 1 1 0.053 0.053 0.94 0.050 0.050 1.01 

2 1 2 0.052 0.053 1.94 0.066 0.068 3.36 

2 1 3 0.064 0.065 1.09 0.080 0.081 2.01 

2 2 1 0.069 0.069 0.73 0.068 0.068 0.30 

2 2 2 0.060 0.061 1.67 0.082 0.081 0.49 

2 2 3 0.069 0.069 0.73 0.095 0.095 0.32 

2 3 1 0.083 0.082 0.61 0.078 0.078 0.65 

2 3 2 0.081 0.082 1.86 0.085 0.085 0.00 

2 3 3 0.091 0.091 0.55 0.092 0.091 1.09 

3 1 1 0.058 0.058 0.00 0.030 0.030 0.33 

3 1 2 0.058 0.058 0.87 0.046 0.046 1.10 
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3 1 3 0.069 0.069 0.00 0.058 0.058 0.00 

3 2 1 0.083 0.082 1.20 0.042 0.042 1.20 

3 2 2 0.079 0.082 3.80 0.053 0.054 1.89 

3 2 3 0.095 0.095 0.53 0.061 0.061 0.00 

3 3 1 0.123 0.123 0.00 0.045 0.046 2.22 

3 3 2 0.122 0.123 0.82 0.055 0.054 1.82 

3 3 3 0.133 0.134 0.75 0.061 0.061 0.00 

Average Error in Prediction  0.89  1.15 
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CHAPTER - 6 

Conclusions and Future Scope 

6.1 Conclusions 

In the era of globalization, different parts are manufactured at various locations as per the 

specifications for commercial reasons. To create assemblies of such parts meeting their 

functional requirements, appropriate geometrical tolerances are to be provided.  To apply 

the concept of design for manufacturability, the designer specifies tolerance on the parts in 

order to meet the functional requirement as well as for cost effective manufacturing. But in 

most of the cases the machine tool capabilities are not provided in terms of the geometrical 

tolerances. Hence, predictive models of these geometrical tolerances are required, which in 

turn help designers in deciding appropriate geometrical tolerances on the machined 

components. In order to meet the above requirements predictive models of surface 

roughness, flatness, cylindricity and perpendicularity are developed for WCB material, 

which is the most widely used material in dual plate check valve and nozzle check valve.   

The response parameters like flatness and surface roughness, which are of extreme 

importance in dual plate check valve, during face milling of WCB have been analysed by 

varying input machining parameters like spindle speed, feed rate and depth of cut . The 

initial experiments were performed by 2
3
 full factorial designs with four centre points on 

WCB material using face milling operation. The ANOVA of flatness and surface 

roughness shows the presence of curvature effect, which indicates the need for second 

order regression models. Hence, a rotatable CCD is employed by varying three parameters 

at five levels to develop a model to get more accurate prediction of responses. The 

response parameters like flatness and surface roughness during face milling of WCB have 

been measured at various treatment combinations. The experimental and analytical results 

lead to the following conclusions: 

 Spindle speed, feed, depth of cut, interaction between spindle speed & depth of cut 

and depth of cut & depth of cut are significant parameters for flatness. Fig. 3.32 

shows that minimum flatness can be achieved at very low level of spindle speed, 

low depth of cut and very high level of feed. 
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 Spindle speed, feed, depth of cut, interaction between spindle speed & spindle 

speed, feed & feed and depth of cut & depth of cut are significant parameters for 

surface roughness. Fig. 3.34 shows that minimum surface roughness can be 

achieved at very high level of spindle speed with lower feed and depth of cut. 

 Regression equations of flatness and surface roughness were established in the 

context of input cutting parameters as represented by Equation (3.9) and (3.10).  

 Four validation experiments were performed within the range of input parameters. 

The maximum prediction error by regression model is 5.79%, while minimum error 

is 1.06% and average error is 3.71% when predicting flatness (Table 3.18). Same 

way maximum prediction error by regression model is 3.76%, minimum is 1.80% 

and average error is 2.57% when predicting surface roughness (Table 3.19). 

 Flatness is minimal at lower spindle speed and surface roughness is minimal at 

higher spindle speed, which leads to multi-objective optimization using Grey 

Relational Analysis (GRA). From Table 3.17, it can be seen that the highest value 

of grey relational grade is achieved at 4
th

 run order with spindle speed 1700 rpm, 

310 mm/min and 0.18 mm, which give the optimal value of flatness as 0.020 mm 

and surface roughness as 1.570 µm.  

The response parameters like cylindricity and perpendicularity, which are of utmost 

important in nozzle check valves, during drilling of WCB have been studied by varying the 

machining parameters like spindle speed, feed rate and depth of cut (Canned Cycle) using 

3
3 

full factorial with twice replicate. The experimental and analytical results lead to the 

following conclusions: 

 Spindle speed, feed, depth of cut and interaction between spindle speed and feed 

are significant parameters (p < 0.05) for cylindricity and perpendicularity. 

 Minimal cylindricity on WCB material can be achieved by lower spindle speed, 

lower feed and moderate depth of cut. Minimal perpendicularity can be achieved by 

higher spindle speed, lower feed and lower depth of cut.  

 A second order regression model has been developed from the measured 

experimental results. The average prediction error for cylindricity and 

perpendicularity are 2.34% and 2.39% respectively (Table 4.8). This justifies the 

use of model for further prediction with more than 95% confidence level.   
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 Cylindricity is minimal at lower spindle speed while perpendicularity is minimal at 

higher spindle speed, which leads to multi objective optimization using GRA. From 

Fig. 4.18 it can be seen that the largest value of GRA is achieved at the 19
th

 run 

order having spindle speed of 1600 rpm, feed rate of 100 mm/min and depth of cut 

of 1 mm. Thus machining at this combination optimizes cylindricity error to 0.058 

mm and perpendicularity error to 0.030 mm.  

A fuzzy logic based model to predict flatness and surface roughness is developed in the 

context of input parameters like spindle speed, feed and depth of cut for WCB material. 

Four validation experiments are performed to check the feasibility of developed model. 

Table 5.1 shows the prediction error associated with the validation experiments. It shows 

that the maximum error by fuzzy logic is 3.12% & 8.56%, minimum is 0% & 0.23% and 

average error is 1.42% & 2.70% while predicting the flatness and surface roughness 

respectively. Since the minimum accuracy of this model is 91.54%, more experiments at 

more levels are recommended. So, new fuzzy logic based models with 20 fuzzy rules are 

developed to predict flatness and surface roughness in the context of input process 

parameters speed, feed and depth of cut. Fig. 5.14 shows the fuzzy surfaces associated with 

flatness and surface roughness.  From that it can be seen that minimum flatness can be 

achieved at very low level of spindle speed, low depth of cut and very high level of feed, 

while minimum surface roughness can be achieved at very high level of spindle speed with 

lower feed and depth of cut.  Table 5.2 shows that the maximum error is 3.75% and 6.08%, 

while average error is 1.05% and 2.69% during prediction of flatness and surface 

roughness respectively. 

For the case of nozzle check valve, a fuzzy logic based model to predict cylindricity and 

perpendicularity in the context of spindle speed, feed rate and depth of cut is developed, 

with 27 fuzzy rules. Fig. 5.22 shows the fuzzy surface for cylindricity and 

perpendicularity. From fuzzy surfaces it seems that cylindricity error is minimum at lower 

speed, lower feed rate and at moderate depth of cut, while perpendicularity is minimum at 

higher spindle speed, lower feed rate, and at lower depth of cut. The results are similar to 

main effect plots of cylindricity and perpendicularity. Table 5.3 shows that the errors 

associated with the developed fuzzy logic model while predicting cylindricity and 

perpendicularity. The maximum error is 3.80% and 4.48%, while average error is 0.89% 

and 1.15% during prediction of cylindricity and perpendicularity respectively.  
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The models developed for geometric features like flatness, cylindricity, perpendicularity 

and surface roughness could be used by designer and process planners as an effective tool 

to select the optimal processing conditions in order to ensure high productivity and or 

economy. 

6.2 Future scope 

 The new models may be developed incorporating both the linear tolerances and the 

geometrical tolerances.  

 The approach used in this work can be extended to for other products, where 

geometry of mating parts is of utmost importance. Here the geometrical parameters 

may vary as per the need of the product and its functional requirements.    

 Various other valve materials such as CF8M, CF3M, Inconel and Aluminium 

Bronze can be used for experimentation leading to predictive models.   

 Pareto optimality method of optimization could be used to solve this multi 

objective problem.  

 Few more artificial intelligence techniques such as ANN and ANFIS can be used to 

develop models.  
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