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FOREWORD

This Final Report, prepared for the U.S. Army Armament Research

and Development Command, covers the work performed under Contract No.
J

DAAA25-76-CO427, from June 21, 1976, through January 20, 1978. It is

published for technical information only and does not necessarily repre-

sent the recommendations, conclusions, or approval of the U.S. Army Armament

Research and Development Command.

This contract, with Battelle's Columbus Laboratories, Columbus,

Ohio, was on the "Development of a Computerized Mathematical Model for the

Hot/Cold Nosing of Shells". The technical supervision of this contract was

provided by Mr. Fee M. Lee, DRDAR-SCM-E, of U.S. Army Armament Research

and Development Command, Dover, New Jersey.

This program was conducted at Battelle in the Metalworking Section,

with Mr. T. G. Byrer as Section Manager. Drs. G. D. Lahoti and T. L. Subramanian

were the principal investigators of the program and, at Battelle, the work was

technically directed by Dr. T. Altan, Research Leader. Other members of Battelle

staff were consulted as necessary.
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SUMMARY

In this report, the state of the technology in shell nosing and the

theoretical and experimental studies on shell-nosing process are briefly reviewed.

En order to determine an optimum combination of the process variables, a number of

computerized mathematical models for cold and hot nosing of shells were developed.

All these models were assembled in one comprehensive computer programm called

NOSING.

Various capabilities for computerized modeling of the nosing process,

developed in this project, are:

*Preform Design. Based on the consideration of local strains

in the deformed shell during nosing, a method for designing

of nosing preforms was computerized. This method for preform

design is capable of considering elongation due to nosing, and

it has also been programmed on HP-67 programmable calculator.

* Temperature Distribution Prior to Nosing. A mathematical model

to predict time-dependent temperature distributions due to

induction heating of preform prior to hot nosing was developed

and computerized. The analysis assumes uniform heat generation

along the length of the tube inside the coil and neglects the

end effects. Therefore, the predictions are less accurate near

the end of the induction coil.

e Prediction of Metal Flow During Nosing. A mathematical model

for predicting metal flow in nosing of shells was developed.

This model considers preforms with uniform wall thickness.

Thus, the model is exactly valid for nosing of shells up to

105-mm size shells, which are normally nosed from preforms

with uniform or near-uniform wall thicknesses. For larger

shells, where the preform wall thickness is not uniform, this

analysis can be applied only approximately.

* Load-Stroke Curve in Nosing. In order to generate the load-

stroke curve in the nosing operation, using preforms with

non-uniform wall thickness, a computer program to simulate

the nosing process was developed. This program simulates the

nosing process in a finite number of discrete steps and

utilizes Nadai's stress analysis, and considers the flow stress

- --- --
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of the deformning material as a function of the strain,

strain rate and temperature. It also checks for local

bulging at the nose base, or for Euler's buckling, at

t" each step of simulation.

*Computer Program NOSING. Finally, all the mathematical

models described above were integrated in a comprehensive

computer program named NOSING. This program is capable

of simulating both cold and hot nosing of shells and

determining the optimum combination of process parameters.

INTRODUCTION

In all modern methods of shell manufacturing, the cavity is formed to

finish shape and the machining is restricted to the outer surface of the shell.

The open end of the rough-machined shell is closed in and the ogive is formed.

a The closing in is accomplished by forcing a contoured die axially over the open

end of the shell, while the body of the shell is well supported by a chuck, as

shown in Figure 1. In all high-explo~ive shells, from 75 tmm to 240 mm, the fuze

thread diameter is the same. Therefore, the open end of the largest shell must

be deformed about three times as much as the smaller calibers to produce the

same size fuze hole. As a result, 155-mm shells and larger sizes are hot nosed,

while the 75-mm to 105-mm shells can be cold nosed.

The present program was aimed at increasing the productivity in nosing

of artillery shells. The flow of metal in nosing is very complex and a slight

variation in the friction or the temperature conditions may result in misformed

shell due to improper metal flow. There is very little quantitative technical

information available and, in most shell-manufacturing plants, extensive experience

and expensive trial-and-error techniques are necessary in order to design the

nosing process. Further, cold or hot nosing of shells is traditionally carried out

in hydraulic presses at moderate speeds. Recently, high-speed mechanical presses



-77-

L~cn



4

are being considered for the nosing operation. The process design, as practiced

today, leaves much to experience and intuition. In such situations, mathematical

modeling of the process capable of predicting, for example, conditions leading to

buckling in hot nosing or extent of wall thickening in cold nosing are essential

in order to eliminate expensive trial-and-error methods. Thus, an objective and

reliable procedure can be developed to select the optimum equipment, tooling, and

operating conditions.

OBJECTIVES

The overall objective of the present program was to develop analytical

techniques to determine the optimum combination of process variables for defect-

free nosing of shells. Both cold and hot-nosing operations were considered.

The specific objectives of the present program were the following:

(a) In hot nosing, determine temperature distribution in

the shell wall due to preheating.

(b) Develop a method for predicting the load-stroke curve

in both cold and hot nosing under a specified combina-

tion of process variables, such as die configuration,

wall temperature, lubricant, and speed of operation.

(c) Develop a criterion for predicting buckling due to

axial loads in hot and cold nosing.

(d) Determine the effect of ram speed on the forming load,

metal flow, and possibility of buckling in both cold

and hot nosing.

(e) Using the information developed in the above items (a)

through (d), develop a computer program to determine

optimum combination of process variables for cold and

hot nosing of shells.



PROGRAM HIGHLIGHTS

The present program was conducted over a period of 18 months and the

work under it included the following major tasks:

Task 1. Temperature Distribution after Preheat

The coils in the preheaters provide the heat source to.-the shell during

nosing. By modeling the coils as an energy source, the heat conduction equations

.1 for the shell were solved. The solution technique provided the temperature

distribution in the shell as a function of location and time. Cool-off due to any

delays between preheating and actual nosing was also accounted for.

Task 2. Metal Flow and Velocity During Nosing

The distribution and velocity of the metal flow was modeled using one

Ii of the methods of plasticity. Temperatures (from Task 1), stroke, strain rate,

friction and die geometry were included in the metal-flow calculations.

Task 3. Stress Analysis

A numerical extension of the original Nadai stress analysis in nosing

was computerized. The results were an estimate of the axial, radial and circum-

ferential stresses and strains during nosing.

Task 4. Material Failure Analysis

Using the stress analysis (Task 3), a criterion for local plastic

buckling or bulging was formulated. This criterion contains the effects of

friction, temperature, strain and strain rate.
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Task 5. Optimization Computer Program

A computer program utilizing the results of Tasks 1 to 4 was written.

Parametric study to determine optimal nosing conditions of selected shells was

performed.

BACKGROUND ON SHELL NOSING

The small caliber shells (up to 105 mm) can be cold nosed while larger

shells (155 mm and up) are hot nosed. In cold nosing, initially the whole shell

is at constant temperature and it has uniform flow stress. However, the deforma-

tion work hardens the shell material nonuniformly, and the resistance to further

-s deformation by various parts of the shell is also unequal. The elastic spring

back is very small compared to plastic strain and, therefore, the dies are given

the shape of rough-finished nose. The slight elastic back spring is removed in

* ij the process of finish turning.

During the nosing operation, the shell metal in the die can move either

radially inward, or irn the direction of tangent to the die profile, or in both the

dirsctions. Since metals under plastic state flow in the direction of least

resistance, the flow of metal in cold nosing is affected by the characteristics

of the lubricant and the speed of the nosing operation. If the lubrication is not

sufficient and if the nosing is slow, the lubricant- is squeezed out and the friction

between shell and die not only keeps the shell from lengthening, but shortens it.

Conversely, if the lubrication is adequate and if the nosing is done rapidly, the

lubricant is squeezed out to a lesser extent; the friction is reduced and the shell

is lengthened. The finish of the external shell surface in rough turning also

affects the metal flow in nosing; smoother finish encourages the escape of the

lubricant while very rough surface finish results in compression of the ridges

left from machining and provides improved lubrication.

In hot nosing, the open end of a forged shell is preheated radially to

temperatures between 1500 F to 1900 F by tubular wound induction coils. Then the

shell is nosed by forcing it into a suitably shaped die. The flow stress of the



deforming material under these conditions is a function of strain rate and

temperature. The temperatures in the shell wall are influenced by (a) preheating

conditions, (b) heat generation, due to deformation and friction, and (c) heat

transfer to the nosing die. Determination of these temperature distributions

along the length of the shell wall is important and necessary in order to predict

accurately the axial nosing loads.

Because of the temperature distribution along the axis of the shell,

the flow of metal in hot nosing is also complex. In fact, the temperature distri-

bution is rather critical and much experimentation has been done on the heating and

on the contour of rough-turned shells. Preheating is done at a certain rapid rate

so that the high temperature does not travel back to that part of the shell which

should remain comparatively cold; otherwise, buckling of the shell wail occurs, as

shown in Figure 2.

Fig 2 Buckling at the Nose Base in Hot Nosing of Shells
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Lubrication plays an important role in hot nosing also. Usually, the

lubricant is sprayed on rough-turn shells before preheating for the nosing

operation. The lubricant evaporates somewhat unevenly during preheating and a'%

nonuniform lubrication may exist prior to nosing. This causes an uneven or

oblique top. Further, lack of adequate lubrication causes the shell to be short

and the walls to become thicker, whereas good lubrication results in longer shells

with less wall thickening. The influence of die temperature and the speed of

nosing further complicates the situation.

The Variables of the Shell-Nosing Process

As discussed earlier, many factors influence the shell-nosing process.

In order to optimize the process, the variables which determine the process

conditions must be considered individually and collectively, and their contribution

to the process must be defined quantitatively. The significant variables of the

shell-nosing process are listed in the following:

(A) Projectile Material Variables

* Flow stress and its dependency on strain, strain '
rate and temperature

* Physical and thermal properties (density, specific

heat, thermal conductivity)

* Metallurgical properties

(B) Tooling Variables

* Die configuration

* Die and container materials and their properties

(C) Process Variables

" Projectile forging dimensions

" Depth of penetration in the die

" Projectile forging temperature

" Die temperature

" Speed of operation

" Lubrication and the lubricant properties

" Nosing load and the die pressure
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C o Limiting load and penetration for buckling

* Variations in the wall thickness and length of

the projectile

o Alignment of nosing die and nest

(D) Product Properties

* Concentricity of projectile, free from bulging

and buckling

*Dimensional tolerances and surface finish

*Mechanical properties (tensile, fatigue, etc.)

e Metallurgical properties (grain size, phase

transformation, etc.)

A Brief Review of Theoretical and Experimental
Studies on Shell Nosing

Nadai (Ref -l) conducted an extensive theoretical investigation on the forces

ii required in nosing of shells for the ASME Special Research Committee on Forging of
Steel Shells. Although hot nosing was of primary interest, Nadai's developments

can be extended to the cold-nosing process too. This work is basically an extension

t of the theory of curved shells to cover cases in which the metal is in a plastic

state of equilibrium. The theory is based upon constant coefficient of friction and

ignores variations in the flow stress of the shell material. General equations for

both conical and curved shell nose were established for the plastic state and for

variable wall thickness. However, investigation with uniform wall thickness was

considered. The distribution of the meridianal and circumferential stress and of the

nosing pressure were studied for a number of cases. Nadai also attempted to analyze

the distortion of the metal elements during the formation of the nose, and develop

expressions to predict the original contour of the shell which after nosing furnished

a prescribed profile on the nose of the shell. Onat and Prager (Ref.2) extended Nadai's

work and included the changes in the shell-wall thickness due to the nosing operation.

They investigated the influence of these changes on the stresses in nosing. A

linearized theory of nosing of shells has been presented by Singh (Ref.3) who has shown

that excellent approximations to the predictions of von Mises' theory can be

obtained. However, none of these analyses take into account (a) the dependence of

the flow stresses on strain in cold nosing, and on strain rate and temperature in
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hot nosing, (b) variation in temperature along the length of the shell nose in

hot nosing, and (c) variation of the friction coefficient in the axial direction.

The published literature on nosing of shells also includes a few

systematic experimental studies. The model tests by Carlson (Ref.4), conducted for

the ASNE Special Research Committee on Forging of Steel Shells, show the effects

of temperature, lubrication, and speed on the nosing process. Carlson has also

presented an analysis of the strain distributions and has indicated a method for

predicting the nose profile necessary to produce a desired finish shape. Recently,

Cruden and Thomson (Ref.5) conducted an experimental study of the nosing process to

establish the limications of the process and to assess the effects of the various

process parameters. Some of the practical aspects of shell nosing, based on

surveys of plant practices, are summarized in a report by Veth(Ref.6), et al. However,

the recommendations of these studies are largely qualitative in nature and cannot

be used reliably for process optimization without an extensive investigation of

similar nature.

PREFORM DESIGN FOR NOSING OF SHELLS

During the nosing operation, the shell metal inside the die can move

either radially inward, or in the direction of the tangent to the die profile, or

in both directions. Certain shell specifications require uniform wall thickness

after nosing, such as in the case of 175 mm, M437 shell; whereas, in the case of

other shells, such as 155 mm M107, the required wall thickness after nosing is

defined by two ogive radii, as shown in Figure 3. Thus, in order to obtain the

desired shape after the nosing operation, the design of the rough-turned shell

or the preform prior to nosing is very important. This problem is one which costs

the shell-forging industry thousands of dollars, since there is no easy and

unique way to predict what the original profile should be, and several die try-outs

are necessary to establish the nosing process.

It has been observed that certain sizes and shapes of shells elongate

considerably during nosing, while in others there is practically no axial elonga-

tion. For those shells which do not elongate, the problem is easier since it can

be assumed that each element of the shell wall moves radially only. However, when

the shell elongates considerably, the metal flow becomes complex. For shells with

uniform wall thickness after nosing, Nadai (Ref.l) has outlined an approach for designing
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preforms, based on the strains in the shell nose. In the following, Nadai's approach,

extended by Carlson (Ref.4). is used.

Calculation of As-Nosed Configuration

Although as-nosed configurations can be easily drawn, often numerical

values of the inside and outside radii at a given axial location is needed for

comparing measured values with the theoretical values. As mentioned earlier,

the nosed portion of the shell is described in two different ways: (a) by two

radii R1 and R2 , as shown in Figure 3(a), and (b) by a radius R1 and wall

thickness h, as shown in Figure 3(b). For the configuration given by Figure 3(a),

the inner radius ri and the outside radius r at an axial distance x is given by:

r -(r -h) - R2 (cosai - cosa2)

-T RI (cosa 0 cosal) (1)

where ao -sin- (B1/RI)

a, sin-1 (B2/R2)

-l+

a, sin (BR I

B2+x
-l 1

2
2 -sin- ( R2

For the configuration described by Figure 3(b), the outer radius is still obtained

as described above. However, the inner surface is described by (xi, r i), the

coordinates of inner surface as below:

xi M (R1 - h) sine 1 -B 1  (2)

ri M (r - h 0 (R h)(cos ° - cosa )



The above calculations, to determine the geometry of the nosed shell,

have been programmed on a programmable hand calculator (HP-67). This program,

called NOSE, can be stored on a magnetic strip for easy reloading in the

calculator. For given geometrical inputs, such as R1 , B1, 2.1, and h or R1, B1,
R2  B, and il1l NOSE calculates the coordinates of the inner and outer surfaces

of the nosed portion by incrementing the axial coordinate by 1 inch. The program

NOSE and instructions for its use are included in Appendix A.

In order to illustrate the use of the program NOSE, calculations were

made for 155 mm M107 shell. For this purpose, the dimensions were selected from

engineering drawing as given in Table 1. The calculated results, as displayed on

HP-67 calculator, are given in Table 2.

Table 1 Dimensions for 155 mm M107 Shell

Outside radius at nose base, r 0= 3.10 inch

Radius of ogive, R 1  - 65.50 inch

Length of the nose portion, Z.1 = 11.00 inch

Uniform wall thickness, h -0.65 inch

Distance of ogive center from nose base, B 1  = 5.25 inch

Calculation of Preform Shape

Figure 4 shows the generalized configuration of the as-nosed shell, This

configuration will be used in the following design procedure, since it is

used in defining large caliber shells where preform design is crucial. A possible

preform shape is also shown in the same figure with broken lines. The outside

surface of the preform is straight and is parallel to the axis. The inside

surface is made of straight-line segments. The length of the preform is shorter

than the finish shape by an amount e ma the estimated elongation of the shell

during nosing.



14

Table 2 As-Nosed Profile of 155 rmm M107 Shell

Outside Surface Inside Surface

Axial Distance Outer Radius Axial Distance Inner Radius
x, inch r, inch x., inch r., inch

0.000 3.100 0.000 2.450

1.000 3.012 0.938 2.363

2.000 2.908 1.928 2.260

3.000 2.789 2.918 2.142

4.000 2.654 3.908 2.009

5.000 2.504 4.898 1.860

6.000 2.337 5.888 1.695

7.000 2.155 6.878 1.514

8.000 1.960 7.869 1.318

9.000 1.742 8.859 1.105

10.000 1.511 9.849 0.877

11.000 1.263 10.839 0.631
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If the shell does not elongate due to nosing, the preform wall thickness

h at a distance x from the nose base is given as below:0

h rh
0 r cos(ci-t)(0 o)

If the shell elongates considerably, an element originally at x goes to

x + after nosing, where E is the axial displacemnt of the element. The preform

thickness in such a case is given by:

h rh ( (4)
o r cos(c -d)

The detailed derivations of the Equations (3) and (4) and a procedure for

estimating g from the maximum elongation, e m are summarized in Appendix A.max'

The design of preform represents a very important step in nosing operation

and it will be very useful to a shop engineer to have the design procedure on a

programmable hand calculator. Thdefore, the above procedure for preform design

was also programmed on an HP-67. This program, called PREFORM, can be stored on a

magnetic strip for easy reloading. For given dimensions of the shell nose and

estimated elongation e m beginning at the nose base, PREFORM calculates preform.. emax'

wall thickness in increments of 1 inch. At the end of preform calculation, if

the user inputs estimated values of the coefficient of friction and the flow

stress of the shell material, the program also calculates estimated nosing load.

It should be apparent, however, that the method used for designing the preform

from the known final shape gives only approximate answers. For example, the

preform wall thickness at the tip cannot be determined using this approach, and

it must be extrapolated. The program PREFORM and instructions for its use are

also included in Appendix A.
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In order to illustrate the use of the program NOSE, calculations were

made for obtaining the preform shape for 155 tmm M107 shell. For this purpose,

the dimensions given in Table 1 were used, together with an estimated value of

elongation e =0.500 inch. The coefficient of friction at die-workpiece
max

interface and the flow stress for shell material were taken as 0.10 and 35,000 psi,

respectively. Table 3 shows the preform wall thicknesses at various axial loca-

C tions from the nose base, and the estimated nosing load. Similar tables can be

generated for other shells.

TEMPERATURE DISTRIBUTION DUE TO PREHEATING PRIOR TO NOSING

Nosing of large shells (155 mm and above) is invariably done at hot-

working temperatures. Hence, prior to nosing, the end portion of the tube to be

formed is heated. Heating a portion of the tube causes a temperature distribution

along its length prior to deformation. If the heating is slow and gradual, the

unheated portion of the tube gains heat by conduction. Consequently, during nosing,

the tube tends to buckle under axial load, as shown in Figure 2. Excess metal not

only accumulates outside the tube, as seen in Figure 2, but also forms a ring on

the inside near the entrance of the nosing die. Therefore, it is imperative that

heating is done at a predetermined rapid rate to reduce the heat transfer by

conduction.

Because of its numerous advantages, induction heating is the most

preferred heating technique for the nosing operation. The major advantages of the

induction heating are:

(a) Uniform temperature distribution all around the shell

(b) Precise control of the final temperature

(c) Rapid heating rate, which reduces the effects of scale

formation and heat conduction.

There are many publications on Applied Mathematics and on Induction

Heating, describing procedures to estimate the heat generated in induction

heating(Ref.7-14). To avoid lengthy derivations, all these procedures provide

equations valid for solid billets only. Alternatively, special-purpose graphs,

the so-called 1P-Q' curves, are recommended by others for use in the estimation
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Table 3 Preform Shape Prior to Nosing of 155 mm M107 Shell

WihutEonaio e =0 e =0.5 inch)

WihutEogain max )With Elongation-( max

Axial Distance Preform Wall Axial Distance Preform Wall
from Nose Base, Thickness, from Nose Base, Thickness,

inch inch inch inch

0.0 0.650 0.0 0.650

1.0 0.632 1.0 0.632

2.0 0.610 2.0 0.610

3.0 0.585 3.0 0.585

4.0 0.558 4.0 0.558

5.0 0.527 5.0 0.527

6.0 0.492 6.0 0.492

7.0 0.455 7.0 0.455

8.0 0.413 8.0 0.414

9.0 0.369 9.0 0.371

10.0 0.321 10.0 0.354

11.0 0.269 10.5 0.346

Estimated Nosing Load, Estimated Nosing Load,
P = 484,355 lbs P =484,355 lbs

*Estimated by extrapolation.
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'Piof heat generated in tubular charges (Ref.13-17). However, the existing P-Q curves

are valid only for non-magnetic materials and additional curves need to be

generated for magnetic materials.

A brief look at the references cited above will indicate that most of

the analyses on induction heating have been conducted in a period when use of

computers for scientific analyses was fairly unknown. Therefore, simplified

procedures by approximate methods were necessary to avoid time-consuming

calculations. Furthermore, most of these analyses were aimed at the design of

induction coils for specific applications (Ref.15-17). Hence, the given equations

are good only to estimate the total heat generated in a given time interval.

In recent years, some companies specializing in induction heating have

improved existing analytical procedures and developed computer programs for

advanced analysis (Ref.18-20). By use of these computer programs, temperature distri-

butions in slab, cylindrical, and tubular charges made up of magnetic and

non-magnetic materials can be estimated under a variety of heating conditions.

However, neither the analytical procedure nor the computer programs are readily

available for public use. In addition, heating of tubes prior to nosing poses

another problem. In this operation, only a part of the tube is heated. During

the heating and the subsequent transfer of the tube to the nosing press, heat is

conducted to the unheated portion of the tube. Thus, the heat transfer causes a

temperature gradient along the axis of the tube. The nature of this temperature

gradient is very critical to avoid the buckling of the tube during nosing. The

existing general equations (Ref.21-22) are, therefore, not applicable to partially

heated tubes. Hence, in order to estimate the temperature distribution in a

partially heated tube, special-purpose equations were derived. The derivation

procedure and the derived equations are given in Appendix B.

Heat Transfer During Induction Heating

During induction heating of a tube end, a major portion of the heat

generated remains in the charge, i.e., the tube; a part of the heat flows into

the unheated cold section of the tube by conduction; an additional fraction of

the heat generated is lost to the environment by convection and radiation. In

order to predict the local temperatures, it is necessary to consider the heat
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equalization due to heat transfer. Because of the complexity of the phenomenon,

it is appropriate to use the finite-difference method for solving the heat

transfer equations. During a small time interval, At, it is assumed that the

heat generation takes place instantaneously at the beginning of the interval At.

Using these calculated values of temperature as temperatures before At, the heat

e- flow is analyzed and the temperature field, which exists after the heat loss by

conduction, convection, and radiation during the same interval At, is determined.

The repetition of these two steps simulates numerically the heat* generation and

transfer simultaneously and gives the temperature distribution as a function of

time. The difference equations used in the finite-difference heat transfer

analysis, under different boundary conditions of the shell-nosing operation, are

also given in Appendix B.

Heat Transfer after Induction Heating

After the heating of the tube, temperature equalization takes place

during the interval between heating and the actual forming operation. During this*1 period, no heat is generated, but heat is conducted to the cooler portion of the

tubes and is convected and radiated to the atmosphere. Temperature fields which

exist during and after this cooling period are generated using the same procedure

and the equations used before, but excluding the heat generation aspect.

Prediction of Temperature Fields in
Inductively Heated Tubular Components

In order to effectively apply these principles of heat generation and

transfer to practical problems, the entire procedure is computerized. The set

of computer programs performing this analysis is called INHEAT. Figure 5 shows

the functional flow chart of INHEAT. As seen in Figure 5, a complete simulation

of the induction heating and subsequent temperature equalization is undertaken

to determine the non-steady state temperature distributions in tubes at various

time intervals. This process analysis is applicable to both magnetic and non-

magnetic materials.
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Read in geometric parameters.
Process variables and

Program control para eersl

1. Develop a grid system.
2. Calculate tie data necessary for

heat cranefer calculations
3. Calculate the maximum permissible

time interval, it. from the
stability criterion.

4. Calculate the number of iterations
required, ITERI, to simulate
billet hearing.

5. Calculate the number of iterations
required, ITER2, to simulate
cooling during billet transfer

1-"

1. Calculate the change in temperature
in each grid element due to induc-
tion heating.

2. Calculate the change in t" atu e
in each grid element due to heat
transfer.

3. Print the results, if requested.!  ++
I> ITERNO

YES

1 \ after induction heating but prior/

Zint the temperaturetbuon

d tbo iooling o nair.n

.STOP

1. Calculate the change in temperature e
in each grid element due to heat
transfer.

2. Print the results. if requested.

d Print the temperature

distribution prior to nosins/

Fig 5 Functional Flow Chart of the Computer Program INHEAT
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For the purpose of heat transfer analysis by finite-difference method,

a portion of the vertical cross section of the tube is considered as to be

divided into a number of trapezoidal grid elements, as seen in Figure 6. The

maximum value of At for the proposed grid pattern is determined using the

stability criterion, given in Appendix B. For simulation, it is assumed that the

temperature rise due to induction heating takes place instantaneously during the

time interval At, followed by heat transfer during the same time interval.

At the beginning, the temperature in each grid point is set to the same

V value as the preheat temperature of the tube, or the room temperature if the tube

L is not preheated. Temperature rise due to induction heating during a time interval

At is calculated from the process variables and added to each grid within the

heating zone of the tube. Using these calculated values of temperature, the heat

f low is analyzed and the temperature field which exists after heat transfer in the

time interval At is determined. By repeating the sequence of heat generation and

heat transfer, the non-steady state temperature fields in the tube at various time

intervals are determined.

During this analysis, all the temperature dependent material properties,

Ii such as heat capacity, thermal conductivity, electrical resistivity and magnetic

permeability are estimated separately for each grid in the system using its

instantaneous temperature.

Following induction heating, temperature equalization takes place during

the transfer of the billet to the press. Thus, the temperature distribution prior

to nosing is the one after temperature equalization. Hence, to obtain the tempera-

ture distribution prior to nosing, the same heat transfer analysis, excluding the

heat generation aspect, is performed for the duration of billet transfer. After

the simulation, temperature distributions at the end of the induction heating and

prior to nosing are printed in a tabular form as shown in Figure B-2 of Appendix B,

attached to this report. Intermediate results, if desired, may also be obtained

by assigning appropriate values to program control parameters, as described in

Appendix B.
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Experimental Evaluation

To assess the applicability and the accuracy of the computer programs

INHEAT, the following special-purpose experiments were conducted. As illustrated

in Figure 7, four thermocouples were welded on the outer surfaces of each of two

2-inch OD, 1.5-inch ID and 8-inch long tubes. one of the tubes was made of

stainless steel type 304. This tube was totally annealed (15 minutes at 1050 C

and rapidly cooled in air blast) prior to induction heating to eliminate the

effect of cold work on its magnetic permeability. The other tube was made of

AISI 1045 medium carbon steel. An induction coil, with 14 turns over a length

of four inches, was specially made using 0.25-inch OD copper tube. For

insulation, the entire length of the tube was wrapped with fiberglass sheets.

To eliminate the excessive heating of the induction coil during induction

heating, water was continuously circulated through the tube using a separate

PUMP.

Figure 8 illustrates the experimental set up with one of the steelI tubes in position in the induction coil. The terminals of the thermocouples

are connected to two, two-channel Honeywell Electronic 19 recorders. The

power to the induction coil was supplied by an Ajax Magnathermic Corporation's

induction machine, Model 23HT. This machine is equipped with a motor generator

set. The output voltage of the generator can be adjusted between 0 and 800

volts; consequently, the output current and the output power will vary between

o and 125 amps and 0 and 100 KVA, respectively. To improve the power factor,

the generator output circuit is equipped with an adjustable capacitor set.

The output circuit is also equipped with an adjustable transformer to match the

load voltage of the coil to the generator output voltage. The output frequency

of the generator is fixed at 10 KHz. The equivalent heating circuit used in

this equipment is schematically represented in Figure 9.

Prior to the actual experiment, several preliminary tests were run

(a) to improve the power factor of the generator output by adjusting the

capacitor in the circuit, and (b) to match the load voltage to the output

voltage of the generator by varying the transformer ratio. During the

individual heating of both steel tubes, output from all the four thermocouples

were recorded on Honeywell recorders. The current in the induction coil circuit
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Fig 8 Experimental Set Uip for Induction Heating of Tubes
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could not be measured due to the non-availability of suitable meter to measure

1000 amps at 10 KHz. However, the voltage across the coil was measured using

a Hewlett-Packard RMS voltmeter capable of functioning between 50 Hz and 3 ? Hz.

The output voltage of the generator was adjusted such that the tubes will be

K heated from room temperature to about.1000 C in about 20 seconds.

Computer-Aided Es'timation of Temperatures for Experimental Conditions

Since the current in the induction coil circuit could not be measured

directly, it was estimated by the following procedure:

From the skin depth of the tube, the load resistance was calculated

using the formula:

R=p ?r D (5)
5zc

where o is the electrical resistivity of the material

ID is the outer diameter of the tube
Z2. is the length of the induction coil

and 6 is the skin depth and is given by --

27 P

Using the transformer ratios, the equivalent load resistance RL in the

primary, Figure 9, was estimated from R, given by Equation (5). The inductance

X cwas calculated from the capacitor in the primary circuit. Since the circuit

was tuned up, it was assumed that the inductance of the adjustable transformer

primary, X pin Figure 9, is equal to X cand its resistance R pis negligible.

From the known primary input voltage E pand the resistance RL and inductanceX

the current in the primary 1 2 was obtained applying Ohm's law. The current in

the secondary, 1c) is the product of the primary current I12f and the transformer

ratio.

Also, since the secondary voltage was measured separately, the secondary

current I cwas estimated independently following the procedure described in

References 15 and 16. Both the estimated currents were close within acceptable

engineering accuracy.
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Using this estimated current value in INHEAT, temperatures at various

points in the tube were estimated. The formula given in Appendix B to estimate

the temperature rise due to induction heating is f or ideal heating condition.

* Because the practical conditions differ considerably from the ideal situation,

* an efficiency factor was introduced in Equation (B-lla) of Appendix B in

estimating the temperatures. This efficiency factor, which depends upon (a)

the coil design, (b) cross-sectional geometry of the copper tube forming the

coil, (c) air gap between the coil and the tube heated, and (d) physical

properties of the material being heated, was estimated as 50 percent in the

present tests. In a practical condition, the efficiency factor can be estimated

* by running a preliminary trial, measuring the temperature at a specific point

on the tube and comparing the results with the estimated temperature.

Comparison of Predictions with Experimental Results

* For comparison with the actually measured temperatures, the estimated

temperatures at different locations of the thermocouples were plotted along with

the measured temperatures. Figure 10 shows the temperature distributions in type

304 stainless steel. Estimated temperatures in thermocouples 1, 2 and 3 (refer

to Figure 7 for the locations of the thermocouples) are very close to each other

at all times. Measured temperatures in thermocouples 1 and 2 are similarly

distributed as the estimated temperatures, except for a slow response during the

early stages of heating. This slow response is attributed to the inertia effect

of the mechanical type recorder used in this experiment. With the use of optical

or some other quick response recorders, this discrepancy could be eliminated.

The measured temperature in thermocouple 3 is very much lower than the

estimated temperature. In the estimation procedure, temperature rise due to

induction heating is assumed to be uniform over the entire length of the induction

coil. However, when the length of the induction coil is shorter than the workpiece,

heat generated closer to the end of the induction coil is less than predicted, due

to end effects. Due to this well-known phenomenon, a provision has already been

incorporated in the computer programs to account for the variations in heat

generation along the axis of the coil; but due to the lack of any reliable data,

this particular feature could not be used in the present analysis. As a result,
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the estimated temperature distribution at the location of thermocouple 3 is much

higher than the measured distribution. In order to determine the true distribu-

tion of heat generation along the axis of the coil, it is necessary to run more

trials with a number of thermocouples along the entire length being heated.

A similar trend of deviations exhibited by thermocouple 4 (refer to Figure 10)

is purely a consequence of the difference between the measured and estimated

temperature distributions from thermocouple 3.

Figure 11 shows the temperature distributions in AISI 1045 steel.

Similar to the results in Figure 10, the retarded response of the measured

temperatures may be attributed to the inertia effect of the mechanical recording

device. Unlike in the stainless steel, the measured temperature distribution

from thermocouple I is very much lower than the estimated distribution. Although
the above discrepancy may be attributed to various factors associated with the

assumptions of the mathematical model and with the conditions of the experiments.

However, the main factor responsible for poor correlation between the predicted

and the experimental results near the lower end of the coil, Figure 12, is the

well-known "end effect". In the mathematical modeling of the problem, this end

effect was assumed to be negligible for the sake of simplicity and a one-dimen-

sional analysis was developed. A rigorous two-dimensional analytical approach,
L considering the end effect, may be very complicated and may or may not signifi-

cantly improve the end results. Hence, it is believed that a combined analytical-

empirical approach may be easier and more suitable for the present application.

Because of the end effects, the amount of heat generated per unit volume

near the lower end of the coil is smaller than that around the mid length of the

coil. Thus, the generation of induct ion heat, due to a uniformly spaced coil, is

not uniform along the length of the coil and will be as shown in Figure 12. This

pattern of heat generation may depend upon several factors, such as (a) size of

the tube, (b) magnetic properties of the material heated, (c) the frequency of the

heating current, (d) heating rate, and more importantly, (e) the coil design.

Neither analytical nor empirical results considering the end effects are available

in any reviewed technical publications. Hence, it is necessary to conduct experi-

ments with 105 mm, 155 mm, 175 mm and 8-inch diameter shell preforms to generate

the heat generation profiles. At this time, it is expected that in a given

installation (i.e., for a particular coil design), the size of the tube on the

heat generation pattern will have the maximum effect on heat generation and the
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* other process variables, listed above, will have negligible effects. By conducting

a planned set of experiments, the least important variables, influencing heat

generation in the shell wall, can be identified and eliminated from the list. '

Also, the heat generation patterns under various conditions of the effective

variables can be established. Once these profiles are determined, the computer

program INDHET can use these heat generation patterns as inputs and predict the

results more accurately than the predictions now.

ANALYSIS AND PREDICTION OF METAL FLOW IN NOSING

In nosing of shells, the shape of the outer surface of the shell follows

the die profile while the inner surface is not supported, as shown in Figure 13.

Thus, during the nosing operation, the part of the tube or shell within the die

zone can move either radially inward, or in the direction of the tangent to the

die profile, or in both directions, simultaneously. Under plastic state, metals

flow in the direction of least resistance; therefore, the metal flow in cold nosing

is affected by the frictional restraint at the die-workpiece interface and by the

work-hardening characteristics of the material being deformed. In hot nosing, the

metal flow depends upon the friction, the temperature of the workpiece and the

* speed of the die. In general, wall thickening increases with increasing friction,

and in fact, under severe friction conditions, the nosed tube or shell may shrink

in length instead of elongating.

Under this program, a mathematical model for predicting metal flow in

nosing of shells was developed. This model considers preform with uniform wall

thickness and utilizes Hill's general method of analysis for metalworking

processes (Ref .23-24) . Thus, the model is exactly valid for nosing of shells up to

105-mm size, which are usually nosed from preforms with uniform walls. For

larger shells, where the preform wall thickness is not uniform, this analysis can

be applied only approximately.
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Analys is

The first step in using Hill's method consists of choosing a class of

kinematically-admissible velocity fields (with h(a), the unknown thickness

function in a (see Figure 13) from which the best approximation will eventually

be selected. The associated stress distribution is determined using the flow

rule and the yield criterion, which will generally not satisfy all the statical

requirements. Therefore, a second kinematically-admissible velocity field, called

the orthogonalizing field, and which can be similar to the first velocity field,

is selected and the converse to the virtual work-rate principle is applied. This

results into a system of equilibrium equations and boundary conditions, suited to

the particular approximating velocity field and uniquely determining its best

member. The details of Hill's method and the analysis of metal flow in nosing of

shells using this method are included in Appendix C.

As given by Equation (C-15) in Appendix C, the thickness function, h(a),

of shell wall is defined by a second order ordinary differential equation. Using

the boundary conditions given by Equation (C-16) in Appendix C, Equation (C-15) can

be easily solved using a numerical technique. However, since the boundary conditions

are available at each end of the interval, some type of interative method is required

for numerical integration of Equation (C-15). For this purpose, initially two

guesses of h' (a 0) are made and the Equation (C-15) is solved by a fifth order

Runge-Kutta Method. Normally, these solutions will not satisfy the second of the

boundary conditions, Equation (C-16). Therefore, a third guess value of h' (a 0 )
is determined using the first two solutions by linear extrapolation such that the

projected error in h'(a 1) is zero, and the entire integration procedure is

repeated. This last step is repeated with last two solutions until the error in

h' (a 1) is within specified error bounds. Further, the Equation (C-15) is singular

when ao = 0, since r' (a - ao = 0) = 0. In this particular case, a solution can

be obtained by taking a 0as a small positive quantity instead of zero. The error

caused by this approximation is relatively small.

Based on the above analysis, a computer program, named NOSFLW, was

developed to predict metal flow during nosing of shells. The program NOSFL' is

coded in FORTRAN IV and requires approximately 25,000 8words of memory space in a
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CDC CYBER 70 computer. A typical run requires approximately 7.0 system seconds,

including 5.5 seconds on the central processor. All the input data to the

computer program NOSFLW are transferred through READ statements. These include

variables defining the geometries of the preform and nosed shell, the friction

shear factor at the die-workpiece interface, the velocity of the die, the flow

stress of the workpiece material and two guess values of the slope of the inner

profile at the base of the nose. As output, the computer program prints the

coordinates of the inner and outer profiles of the nose, the elongation due to

nosing, the maximum thickening of the wall and the estimated nosing load. The

computer printout also gives the velocity field in the deformation zone, i.e.,

the velocities, the strains and strain rates as functions of locations along the

nosed portion. A functional flow chart of the computer program NOSFLW is given

in Figure 14.

Parametric Study

In order to illustrate the application of the analysis and the

associated computer program, predictions were made for cold nosing of 105-mm

Ml shell from a tubular preform with uniform wall thickness. For this purpose,

the values of the input variables to the computer program NOSFLW were selected

from the engineering drawings (after including the finish machining allowances)

as given in Table 4.

Table 4 Dimensions for 105-mm Ml Shell

Outside diameter at the nose base = 108 mm

Radius of curvature of the nose ogive = 650 mm

Initial wall thickness of the preform = 12 mm

Axial length of the nosed portion = 150 mm

Distance of the ogive center from nose base = 25 mm
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Fie 14 Functional Flow Chart of the Computer Program NOSFLW



The friction shear factor at t:he die-workpiece interface was estimated

to be 0.05. The computer program predicts a maximum wall thickening of 68.34

percent and an elongation of 1.7 percent after nosing is completed. The actual

preform geometry and the predicted shell geometry after nosing is shown in

Figure 15. Although no experimental data were available for comparison, the

nosed shape in Figure 15 is in reasonably good agreement with the desired shape
$rr~ after nosing for 105-mm Ml shell.

As qtated earlier, depending upon the frictional restraint at the

tool-workpie_! interface, the shell length may increase or decrease as it

penetrates in the nosing die. As seen in Figure 16, at low values of the

* friction shear factor, the shell elongates due to nosing, whereas, at high

values of friction, the shell elongates in the initial stages of nosing and then

starts to shrink in length as penetration into the die is increased. This

predicted trend is in agreement with experimental observations reported in the

* literature (Ref .6).

During nosing, the shell-wall thickness invariably increases with

increasing penetration in the die and with increasing frictional restraint at the

*die-workpiece interface. Figure 17 illustrates this trend as predicted by the

* present analysis and the associated computer programs.

As a by-product, the present analysis also predicts the load required

during nosing of shells. Figure 18 shows predicted values of the nosing load

normalized with respect to area of cross section and the flow stress at the nose

base for various values of the friction shear factor selected in the present

study. The trend is in agreement with experimental observations (Ref.4). This

analysis is also capable of predicting the limiting conditions of the process.

As seen in Figure 18, a complete nosing operation will not be possible with a

friction shear factor larger than 0.07 due to local yielding at the nose base.

For this reason, good lubrication is essential in nosing of shells, apart from

obtaining a desired geometry after nosing.
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ANALYSIS OF STRESSES AND MATERIAL FAILURE
IN NOSING OF SHELLS

t Nadai (Ref.l) analyzed the stresses in nosing of shells. The analysis assumed

that the tube material is perfectly plastic and that the wall thickness does not

change appreciably during the nosing process. Onat and Prager(Ref.2) extended Nadai's

work and included the changes in the shell-wall thickness. However, both

analyses assume a preform of uniform wall thickness and calculate the state of

stresses at the end of the nosing operation. Therefore, in order to generate a

* load-stroke curve and treat preforms with nonuniform wail thickness, a step-by-

step approach of stress analysis is described in the following. In addition, the

following analysis is valid for real materials since it considers the flow stress

of the deforming material as a function of strain, strain rate and temperature.

A schematic diagram of nosing of shells is shown in Figure 19. The

length of the preform is divided into a number of segments. For nonuniform-walled

preforms, if the number of segments is sufficiently large, the variation in

ehickness along the length of the segment can be ignored, and the average thickness

of the segment can be taken as its uniform thickness. Using this simplification,

Onat and Prager's analysis can be applied to each element. If the preform has

uniform wall thickness, this simplication is not necessary. However, for the

sake of generality, the analysis was developed for nosing with nonuniform-walled

preforms.

The nosing operation can be simulated by moving the die over one segment

of the preform at a time. Thus, when a segment is inside the die, it is deformed

plastically and takes a new average thickness given by (3), if the shell does not

elongate, oar by Equation (4), if elongation due to nosing is considered. During

the next step, this segment is pushed further inside the die and a new element of

the preform is deformed for the first time. At each step, the stresses and the

thickness of each element are calculated. Thus, the nosing process is simulated

in a finite number of discrete steps.
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Fig 19 Schematic Diagram of Nosing of Shells
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Analysis of Stresses

Let us consider the analysis of stresses for element (1), Figure 19.

The analysis of stresses for the subsequent elements will be the same, except for

the boundary conditions which are to be determined from the known stress distribution

of the preceding element. The surface traction exerted by the die on the nose is the

normal pressure, p, and the friction shear stress, f - up, where is the

coefficient of friction. The meridianal stress and the circumferential stress
produced by these surface tractions in the thin-walled nose far exceed p and f
in absolute value. Therefore, the state of stress in the nose wall can be

treated as plane with the circumferential stress a and the meridianal stressc

a as the principal stresses. Since these principal stresses are compressive,
m
and since a can be expected to exceed a in absolute value, according toc m

Tresca's yield criterion,

a -a , (6)c

* o

where a is the material flow stress, and it is a function of the strain, strain

rate and tempezature. Equilibrium of forces in the meridianal and the circum-

ferential directions, together with Equation (9), yield the following:

dom - sina + u cosa
+ P = a(7)da m cosa - a/R

Integration above equation gives the distribution of the meridianal stress a asm
below:

a1Ibelow: m a'- e e ( - a) sina + a cosa e u(a - a1 ) d,

cosa - aIR
a (8)

where a' is the meridianal stress at a = a1 , the tip of the element under considera-

tion. For element (1), am = 0 at a = i With this boundary condition, the

meridianal stress a can be found as a function of a for element (1). For them

subsequent elements, the boundary condition at the leading end of the element

is given from the known value of a from the analysis of stre:'ses in the precedingm
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element. Thus, because the value of a mat the boundary of elements (1) and (2)

is known from the analysis of stresses in element (1), Equation (8) can be

solved to determine stresses in element (2). Similar procedure is applied to

subsequent elements. A detailed derivation of this stress analysis is given in

Appendix D.

In the calculations, the flow stress of each element considered as a

function of the strain, strain rate, and temperature. The strain in an element

is the cumulative strain. The strain rate is calculated from a simple velocity

field given in Appendix C. The temperature of an element will depend upon the

heat generated due to plastic deformation and friction, and the heat conduction

to the colder dies. The expressions for the strain, strain rate and the tempera-

ture of an element inside the die are also included in Appendix D.

Material Failure

In practical nosing operations, material failure sometimes occur and it

has been reported f rom various shell-f orging plants (Ref .6). In hot nosing, the

critical load is a function of the temperature distribution along the nose of the

fshell as well as the wall thickness to diameter ratio. Thus, if the temperature

distribution is not correct, local bulging at the base of the nose can occur due

to improper metal flow. This local swelling of the wall thickness can also occur

in the curved portion of the nose. To avoid this type of material failure, the

condition to be satisfied is that the meridian stress a at the base of the nose
m

should not reach the yield stress in pure compression at the nose base. Thus, to

avoid local bulging in hot nosing,

a< a at ~a (9)

In cold nosing, unless the shell is properly designed, it may buckle

under the forces necessary for nosing. In most cases, the shell wall is so thick

that the proportional limit of the material will be reached before the equilibrium

of the shell becomes unstable, and the local buckling will occur. The elastic

buckling of cylindrical shells is treated by Timoshenko. The critical stress

necessary to cause elastic buckling is given by the following formula:
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= E 2 (13)
cr r V3 (1 -v)

where E = modulus of elasticity

t h = thickness of shell

r = outside radius of shell

v = Poisson's ratio.

This formula is valid when the critical stress is below the proportional limit of

the material. Thus, at each step of simulation, both local bulging and elastic

buckling is investigated.

Computer Simulation

In order to facilitate the application of the stress and the material

failure analyses, a computer program, called NOSTRS, was developed to simulate

the nosing process. This computer program is capable of treating both cold and

hot nosing of shells. A function flow chart of the computer program NTOSTRS is

given in Figure 20. The computer program ZNOSTRS is coded in FORTRAN IV and

requires approximately 35,000 8 words of memory space in a CDC CYBER-70 computer.

A typical run requires approximately 16 seconds, including 9.7 seconds on the

* central processor. All the input data to the computer program NOSTRS are trans-

ferred through READ statements. These include variables defining the geometry of

the nosed shell, the friction coefficient at the die-workpiece interface, the die

velocity, the type of preform (uniform or nonuniform walled), the temperature

distribution in the preform, and the physical and thermal properties of materials.

The computer program begins with the calculation of the as-nosed shape

from the input dimensions of the nose portion. If the shell under consideration

requires a preform with nonuniform wall, the next step is to design the preform

shape and divide its length in a specified number of segments. The actual

simulation begins after this step. The die is moved on the topmost segment with

the specified velocity. This causes the element to deform plastically. At this

stage, the new average thickness of the element is calculated. Next, the average

strains and strain rate and the adiabatic heating in the element are calculated.

After considering heat transfer approximately, the new average temperature of the

element is estimated. At these calculated values of the strain, strain rate and

temperature, the flow stress is determined by interpolation or extrapolation,
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ST AT

Read in geometric parameters,
process variables and program

control parameters

1. Print all inputs
2. Calculate as-nosed shape
3. Calculate preform shape
4. Print as-nosed and preform

shape profiles

NSTEP = 1

1. Calculate wall thickness after deformation
2. Calculate strain and strain rate

3. Calculate heat generated and new temperatures
4. Calculate die pressure, circumferential and

meridianal stresses
5. If asked, print calculated values

Check for Local Yes SO
Enter Buckling SO

Calculate load and
die displacement

NSTEP - NSTEP + 11

ITO 
Yes

FiR 20 Functional Flow Chart of the Proeram NOSTRS
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from a table. Once the material flow stress is obtained, the stress distribution

in the element is determined from the stress analysis. The meridianal stress at

the current nose base is used to check for local bulging and also to check for

Euler's buckling. In addition, the load applied by the nosing dies is estimated .

t If no material failure is predicted, the die is moved to cover the next segment

of the preform and all the above steps of simulation are repeated until (a) nosing

is completed, or (b) material failure is predicted. In either case, appropriate

messages are printed and the simulation is stopped.

Parametric Study

In order to illustrate the application of the stress and material

failure analysis and the associated computer program, predictions were made for

cold nosing of 105-mm Ml shell, and hot nosing of 155 mm M107 shell. The dimensions

of the as-nosed shape for 155-mm M107 and 105-mm Ml shell are taken as given in

Tables 1 and 4, respectively.

The flow stress data for AISI 1045 steel under cold and hot-working-

conditions were taken from the literature (Ref.25). For cold nosing of 105-mm Ml

shell, the preform was considered to have uniform walls, since the wall thickness

is not uniform after nosing. The computer simulation was carried out for various

values of the coefficient of friction in the practical range with phosphate and

soap lubrication. The load-stroke curves for this shell, shownr in Figure 21,

reflect work-hardening of the shell material as it penetrates the die. It may be

of interest to note that the computer simatlation also predicts considerable warming

of the shell (150 C) due to nosing.

Since 155-mm M107 shell has uniform wall after nosing, a preform shape

for this shell was designed, as given in Table 3. The preforms for nosing of

this shell are normally preheated by induction heating. In the present study, an

experimentally measured temperature profile, ranging from 350 C at the nose base

to 900 C at the nose tip (prior to nosing) was used. The computer simulation was

carried out for various values of the coefficient of friction in the practical

range with graphite and water lubrication. The load-stroke curves for this shell

are given in Figure 22. The flow stress of the material was taken as a function

of local strain, strain rate and temperature, which was estimated after adiabatic

heating and conduction to the die. As the shell penetrated the die, cooling was

greater than the heating due to plastic deformation, and at the and of the

simulation, nose tip was considerably cooler than in the beginning of the
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simulation. This prediction is in agreement with observation in actual hot

nosing of 155-mm M107 shell. If the friction at the interface was increased

local bulging was predicted. This has also been observed in practical nosing

operations.

DEVELOPMENT OF AN OPTIMIZATION COMPUTER PROGRAM

A comprehensive computer program, named NOSING, was developed based

on the analyses of nosing operation under previous four sections. Basically, the

computer program NOSING is an integrated form of the computer programs INE-EAT,

NOSFLW and NOSTRS, and it is capable of determining the optimum process variables,

both in cold and hot nosing of shells. For a given shell, this program predicts:

(a) As-nosed and preform shape

(b) The temperature profile in the preform due to induction

heating prior to nosing

(c) The metal flow during the nosing operation

(d) The load-stroke curve for the nosing operation

considering the flow stress of the shell material

as a function of strain, strain rate and temperature

(e) The possibility of local buckling or Euler's buckling

during nosing.

In addition, the program also predicts whether the nosing can be

accomplished in single or multiple hits. A functional flow chart of the computer

program NOSING is shown in Figure 23. As seen in the flow chart, the program is

provided with options to bypass intermediate steps, if the necessary information

is read-in instead of being calculated.

The computer program NOSING can be used in both batch and interactive

modes and requires approximately 41,000O8 words of memory space. The input to the

program is made through NAMELIST IDATA, and the input variable can be read-in

either in SI units or the conventional (inch-lb-C) units, depending upon the user' s

option. The output from the program is printed in units in which the input is

read-in. To illustrate this feature and to describe the output from the computer

program NOSING, two typical brief outputs are given in Figures 24 and 25. The

output for cold nosing of 105-mm Ml shell is in SI units, as shown in Figure 24,

whereas the output for hot nosing of 155-mm \M107 shell is in the conventional
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Specified

No

Does the preform have Yes
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calculate elongation
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Call INTHEAT to calculate
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Call STRESS to
1. Predict load-stroke curve
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Fig 23 Functional Flow Chart of the optimization

Comvuter Program NOSING
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units, as shown in Figure 25. If a user desires more detailed output, such as

a printout at every stage of simulation, one can do by simply specifying an

-. - option for higher order of output. A detailed description of the computer

program NOSING, including its various subroutines and subprogram, and a list

of important variables is given in Appendix E. The instructions for preparing

input to the program are also included in Appendix E. By changing the input

variables selectively, the output from the computer program can be used in

determining an optimum combination of process variables.

EXPERIMENTAL EVALUATION

In order to evaluate the accuracy and capability of the computerized

mathematical models for predicting metal flow and stresses during nosing of shells,

laboratory experiments were conducted. These cold nosing experiments were nearly

equivalent to nosing of 105 mm M1 shells.

Experimental Details

Nine-inch long specimens were cut from cold-drawn mild steel (AISI 1018)

seamless tubing with 4-1/4-inch OD and 7/16-inch thick wall. The specimens were

annealed and shot blasted to remove scale. The remainder of the scale, developed

during annealing, was removed by machining the inner and the outer surfaces of the

tubular specimens. The sharp corners on the specimens were also removed by chamfering

both ends. All the specimens were marked and the dimensions (outside diameter,

wall thickness and length) were measured and recorded. The cleaned specimens

were then pickled, phosphated and coated with commercial soap lubricant at a

cold forging plant (Metal Forge, Columbus, Ohio).

The nosing die was machined from a 10-inch diameter x 11-inch long

piece of annealed H1-12 tool steel. The shape of the die cavity was machined to

correspond to the nosed portion of a 105 mm Ml shell. The die was so designed that

it can be bolted down to the base plate of Battelle's 700-ton 11PM hydraulic press.

The inner surface of the die was cleaned and polished with emery paper. The

die block was then heat treated and tempered to R c52-54. The scale developed

-- -- - ---------- c
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* during heat treating on the inner surface of the die block was cleaned by a wire

* brush, and then the inner surface was polished once again with emery paper.

The nosing experiments were conducted on Battelle's 700-ton HPM

hydraulic press. This press was instrumented for recording the load and the ram

displacement individually on a visicorder (light-beam oscillograph). The tool

* assembly for conducting the nosing experiments is shown in Figure 26. The nosing

die was kept stationary and the workpiece was pushed in as shown in Figure 26.

At the end of the nosing operation, the nosed piece was taken out of the die with

the aid of the ejector.

The inner surface of the die was coated with MoS2 spray prior to nosing.

The specimens were pushed to various depths into the die. The ram speed was also

increased from very slow (manual) to 80 inches/minute. The nosing load and the

ram displacement were recorded. Several of the specimens showed slight buckling

at the nose base near the end of the stroke. In fact, it was noticed that by

increasing the die penetration by 1/8-inch beyond the critical depth of penetra-

tion, local buckling at the nose base was initiated. However, since the shells
elongate due to nosing, the accurate nose profile could be obtained successfully

by depending on the elongation in length. At the end of nosing, the specimens

- were inspected and the diameter at the nose tip and the final length of the specimen

were measured. The test results are summarized in Table 5. Figure 27 shows a

lubricated specimen prior to nosing and several specimens after nosing. Specimen

Number 2 and 7 were cut along a diametral plane and the cross sections were marked

with lines at 1-inch apart along the axis, as shown in Figure 28. The outside

diameter and thickness of the nosed specimens along these lines were then measured.

Results and Discussion

The flow stress of annealed mild steel (AISI 1018) was determined earlier

at Battelle by conducting uniform compression tests. As shown in Figure 29, the

actual true stress vs. true strain curve (3--s) was approximated by the expression:

a = 37.0 (1 + 50 - 026 (14)

where a is the flow stress at an effective strain E. The relationship given by

Equation(14) was used in the computer program NOSING to calculate metal flow and

forces for the conditions of laboratory nosing experiments.
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Fig 26 Tool Assembly for Cold Nosing Experiments



r 67

02

w w w C 9J w 0 O a) a r. a:
.- w >- 0 >4 >4 0 .-4 0 r4 >4 .14 0 0

w z~I z -4 z -- I '- z z

~00
m 40c0 VI) L) 0D L(n Lii tii C0 C0 0 f~0 0 0 C1 c-i ii %D0 (N -.1 '0 Ln' '.0 Lii %D .4

M Z 4 -4 (N -4 -4 .-4 r-4 r-I r-4 ,-4 1-4 '-4 -4

02 L11

000.0 C 0 'D -It 0D C4 r- eni IT CN C7 C1

cc 0
4 -4

03 a)

0 02~ 4 C8 0 0' 0' 0' (0' 0 0' 0', 0' 0' 0O
Z0

0

-4 07
0 r. 41I

L4.

0) E- 1 r n H ) 0 V
-41 '.0 %. '0 r , I o ci C n 1

0) QW c'i ' Lii '0 o. Lii Ln Lii . .

1-o . .* .4 C 1 4 C

-H Z

41 0 (NJ4 0 0O 0> 0 Z- 0) 0 C0 ^n
Lr)~f 0 0 0> 0 0' 0 0 CD 0 0 0 00

0 0 0 0 0 0N C0 0 0 0 0 C0 a,

~ ' 0' .0' 0' Co 0' 0' 0' 0' 0' 0O

F..

0 021 
0 r - 14 t Ol 14 C-

o -4 0i CN C; (N. '0 CN- C-4 (N- 0' CD N

4H C IU C-4 (NJ (N c-u -4 (NI C0' C14 C14 ( 1 -4

0o -~4 4 -4 -4 .- 4 .4 .4 (ii -4 .4 .4 .4

'-4H

*H-

4)j z -4 -44
SW- (



a. 0

V..

Oili -

LlC



F

Specimen No. 2 Specimen No. 7

Fig 28 Cross Section of Specimens 2 and 7 After Nosing
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The metal flow model utilizes a constant friction factor mn (0 < mn < 1),

where the friction shear stress T at the die-workpiece interface is given by

m a//T. Since the value of the friction factor at the die workpiece interface

in nosing experiments were not known, predictions were made for several values

of friction factors. As seen in Figure 30, experimentally obtained elongation

in length fits well with the predicted values for m = 0.05. Therefore, for the

specimen number 2, the predictions of metal flow were made using this value of

friction factor. As seen in Figure 31, the predicted change in wall thickness

and length of the shell are in good agreement with the measured values.

The stress analysis, developed by Nadai (Ref.l), utilizes a constant

coefficient of friction i. Therefore, the load-stroke curves for nosing of

105 mmMl shell were generated at various values of the coefficient of friction

using the computer program NOSING. As seen in Figure 32, the experimentally

measured curves agree well with theoretically predicted curve for '4 = 0.1. It

is of interest to note that p 0.1 is typically used in cold forging analysis

of steel specimens with phosphate coating and soap lubrication. Further, using

u=0.1, the computer program NOSING predicted local buckling near the very end

of the stroke. Slight local buckling was also observed in several specimens.

Thus, the computer program NOSING is capable of predicting the load-stroke curve

in cold nosing with good accuracy and it is also capable of predicting local

buckling due to nosing. Similar evaluations of the computer program NOSING for

hot nosing conditions should be conducted in the future.
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APPENDIX A

HP-67 PROGRAMS FOR AS-NOSED AND PREFORM% SHAPE CALCULATION

* Two programs, one for calculation of as-nosed shape and another for

designing of preform shape prior to nosing, were developed on an HP-67

programmable hand calculator. These programs can be stored on magnetic strips

and can be reloaded easily.

The first program calculates the inner and the outer profile of as-nosed

shape from the nose dimensions. The program is capable of treating the following

two cases:

(a) When the nose profile of a shell is described by the

outside ogive radius (R )and the uziform wall thick-

ness (h ). In such a case, it calculates outside and
0

inside radii of the nosed portion at axial distances

from the nose base in increment of 1 inch. First the

axial distance is flashed, then the outside and the

inside radii of the nosed shape are flashed on the

calculator display.

(b) When the nose profile of a shell is described by the

outside ogive radius (R) and the inside ogive radius

(R ). In such a case, the outside surface is calculated

as before. The inside surface is defined by another set

of axial distances and corresponding inside radius.

First, outside surface coordinates (axial distance and

outside radius) and then the inside surface coordinates

(axial distance and inside radius) are flashed on tne

calculator display.

The listing of this program, the user's instructions, arnd the program

description are given at the rnd of this Appendix.

The second program in this Appendix calculates the preform shape in

order to obtain a certain shape after nosing. The calculations start at the

base of the nose and the preform wall thickness is calculated at axial distances
in increment of 1 inch. The axial distance from the base of the nose is flashed

first on the display of the calculator for five seconds, and then the preform

wall thickness at that location is calculated and also flashed for five seconds.
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At the end of the preform design calculations, if the coefficient of friction

( i) and the average flow stress (a) are stored in registers 5 and 6, respectively,

and the R/S key of the calculator is punched, the program also calculates an

estimated nosing load.

The list of this program, the user's instructions, and the program

description are also given at the end of this Appendix.

Preform Design

Let us consider an element of length dx at a distance x of the preform,

which becomes a segment of length ds after nosing. If the shell does not elongate

due to nosing, the constancy of volume of the element yields (Figure A-1):

2n r h dx = 27 r h ds , (A-1)

where h and h are the initial and final wall thicknesses, and the radius r iso0
*given by:

r = r - R1 (cosa - cosa)o 1 o

Since ds/da = cos(a - a 0), from Equation(A-l), we have:

h = (A-2)
o r cosa (a-ao )

If the shell elongates considerably, an element originally at x goes to

x + after the nosing, where is the axial displacement of the element. There-

fore, r, h, and ds must be measured at (x + ) when r and h are still measured
0 0

at x. Since

ds = d(x + ) cos(a - a )
o

where (a - ao) is the slope of the nose profile at (x - ), we have:
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Preform
e max

Boser

Fig A-i Configuration of Preform and As-Nosed Shape
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h = hr dA-3

o r ccs(- ) I .dx (A-3)
o 0

I IIf we assume that varies as a power function of x given as:

n

where e is the maximum extension occurring at the tip of the nose, then we have:max

hr n e
h =r ( ) [ + max x n-1] (A-4)0 r 0cosa - n

The constants n and e in the above expression must be estimated from experience.
max

At least one of them can be estimated rather closely as follows:

Since at the tip of the shell, the state of pure compression exists in

the circumferential direction, both the axial and the radial strains are equal to

half of the circumferential strain, Ec. The maximum circumferential strain at

the tip of the nose is given from reduction in diameter and twice as much as the

axial strain as below:

r - r 0 2 d-

c r cos(a I - t) d x x=Z1

ne
2 (1+ max)

cos(aI -o) aI

Therefore, n = - - _i- (A-5)
e 2 0
max

Thus, if e is known, h is given by Equations (A-,) and (A-5).
max 0



User Instructions
PROGRAM NOSE

I CALCULATION OF AS-NOSED SHAPE
: R 21 BI (ho R2 B ro

TEP N DATAJUNITS KEYS OATA;UNITS

1 Load Side 1 & Side 2 of Card _ -] ij_-
2 Input the known values ___--_F

* Radius of outside ogive curvature R (in) FA- -

* Distance of center of RI from _

Nose base (see Figure 1) B] (in)

9 Radius of inside ogive curvature RI) (in) -

9 Distance of center of R2 from -_--

nose base (see Figure 2) B2 (in)____

_ Outside radius at nose base r (in)

* Length of nosed portion Z (in) , -f
* Wall thickness at nose base _ __

or uniform wall thickness in nose h (in) f F-h

3 Calculate outside radius and 7
jj inside radius at various

axial locations along the nose 1 c

_ _ _ _ _ _ _ 777
Note: If R2 and B2 not available, insert _-- IZ
zeros for them. Then program calculatesL. 1--
inner and outer surface separately - 7 -]

Output Form: If R2 #0, B? #0 ___

x r ri Lo [1...2]17
0 ---_ --- -}

2 -- ---
etc L LI

jOutput Form: If R? 0,O B7 f !

0 -- o-0. -L L-
2 --- I]

_ _ _---__ _ _ _ _ _--___] F __
etc ___ __iir

771LII LII_
[11 )11 -_-... ..... 1

_ _ _ _ _ _ _ _ _' _ _ _ .. ... ..__ _-_'.._ _,_' _ ... , L. i . . ,,, _; -- 2 -. . .. .



A-6
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS

001 f LBL A I SIN -'

STO I .qTn 9

h RTN h _rT

"_ f LBL B 0_0 RT. A
• -STO 2 +

h RTN _ R . _ _

f LBLE _

STO 6 SIX -

h RTN _f__os10 f LBL D .H,;

STO 4 IRCL1 9
. hRTN f rns

.f LBfL E +

STO 5 070 R7T. '

? h RTN X
2 LBLf a CHS
STO 6 RCL 5
h RTN B+
2LBLf b 1RCL 7

020 STO 7
h RTN if -X-
qLBLf f Tq7

RCL 2 nTn F

RCL 1 ____gLBLf d
B B/R I  h RCI

f SIN -
_ RCL 2

STO 8 0 +

RCL 6 RCL I
h RCI

030 & x>. g SIN
- I

GTO Fe STO 9
DSP 4 f SIN

f -x- RCL 7
RCL 2_ 9 x
+ CH S

RCL 1 h RCI

g SIN- -I  f -x-

f RCL 9
040 CHS f CO";

RCL 8 RCL 9

f Cs f cn.o(
+
RrT. 1 1oo00.

BBR T. S

S R SI S2S S , 5 xO S

A - CH

050 qTO O

RCL 3 RCL 7

f x=0
GTO f d f --
RCL 4 110 f TS 7

-~ B/R_ GTO f, e

REGISTERS
0 1 2 3 4 [5 6 78 ]9

r R1  B1  R2  B 2  -ED z ha CIO 1 (a)

so :S S 2 S3 S4 $5 S6 S7 S8 'S9

A'I



Program LiSting
A- 7

STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS

g_ LBLf e
h RTN 170

120.

2 "180

t30

190

140

-. I200

150 _____________ _

210

160

220

LABELS - FLAGS SET STATUS
AB IC E0

_kB____E_0FLAGS TRIG DISP

a b c d e 1 ON OFF0o '- DEG 7- FtX :1i

1 2 3 4 2 1 "- GRAD SCI -

6 7 8 9 32'- RAD C ENGI 3 n-



Progrant iescription
A-8

Program Title CALCULATION OF NOSED SHAPES

Name Goverdhan D. Lahoti Date Aug 1, 1977

Address Battelle's Columbus Labs, 505 King Avenue

City Columbus State Ohio Zip Code 43201

Program Description, Equations, Variables, etc.

/ \7
/ r = r - R (cosa - cosa I )

o 1 O

r r.=(r -h) - R2 (cos. - Cosa)

' : .... i c = sn -I (B1/R1 )a. sioB/

a""- sin (B 2 /R 2 )

-l B + x
' aI =~ sin ( R-- -

1

S-l B2 +x

a2 sin (

Fig A-2

OperatingLimitsandWarnings When R1 2' d B2 are specified, the program computes

x, r and r in that order. When R2 and B2 are specified 0, (when not available), the

program computes x, r and x, ri pairs for outer and inner profile.

,:~~~~~ ~ ~~~~~~~~~~~~~~~~ A , ,'..d " . :...... .. ?.-- , .



User InshructiOns
A-9

'mnPROGRAM PREFORM

4 : NOSING OF SHELLS - PREFORM DESIGN AND LOAD

max rh

R o z 0 h b

S I INPUT OUTPUT

STEP INSTRUCTIONS DATA/UNITS KEYS DAT k UNITS

1 Load side 1 and 2 of card I
2 Input the known values

Radius or ogive curvature K(inch) -- R

Outside radius of shell ro(inch) LB__[ r,

Length of nosed portion Z(inch) C 7

___ Uniform wall thickness in nosed portion h(inch) hD____h

- __ Distance of center of ogive arc from the base

_ of the nose (see Figure 1) b(inch) b

__ Estimated elongation due to nosing emax(inch) j 1 e

3 Calculate initial wall thicknesses at various Li I

distances from the base of the nose

(increment of 1 inch) - = b= x/ho(inch )

4 After design of preform, calculation stops.

____ Input values for load calculation

Coefficient of friction u 2TO. 5
Average flow stress of material ,(psi) STO 6 (psi)

5 Calculate nosing load R--S [ P(lb)

[i- F.'i 'I _ _

.... i I

IZ] _717/_
___ __ ___ __ ___ __ ___ __ ___ __ __ ...L I -171
___ ___ ___ ___ ___ ___ ___ ___ ___ ___ __ ___ ___ F 7
____ ___ ___ ___ ___ ___ ___ ___ ___ __ iII I} I]
____ ___ ____ ___ ___ ____ ___ ___ ____ ___ ___ ___ ___ __ ii.iL u- _]
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STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS

001 f LBL A 31 2511 1 + 6
ST'U 3 Input R RCL 4 34 04
h RTN 35 22 _ 71
f LBL B 31 25 12 060 RCL 2 34 02
STO 2 33 02 Input r
h RTN 35 22 o RCL 0 34 00
f LBL C 31 5 13 LrT 7 1L n;
STO 3 33 03 Input I- 51
h RTN 3522 If COS 31 63

010 f LBL D 31 25 1__ _ _ 81 h o

_ STO 4 33 04 Input h bSP 4 23 0
h RTN 35 22 f -x- 31 81"
f LBL E 31 25 15 f ISZ 31 34
STO 5 33 05 Input b TO f c 22 31 13
h RTN 3522 __ ,TO f e 22 31 15
g LBLf a 32 2511 R_ LBLf d 32 25 i4
STO 6 33 06 Input e xRCL 3 34 03
,h RTN 35 22 max RCL 6 34 06
g LBLf b 32 25 12 -51

020 RCL 5 34 05 _ h RC_ __5 _

RCL 1 3401 _>V

"___ __81 b/R TO f --Z2--2i JgI -  32 62 c, - n A )23 0',

STO 7 33 07 o o80 f -X- -I .q
RCL 3 403C 8 '1 .. n
RCL 5 34 0Q5 if cn 31 F, :os : I
+ 61 ,L2r 7 l n7
RCL 1 34 01 IfCS - ir, cc-s

1 L (b+2)/R 51 0
030 g SN -  32 62 C 1 ' A nl

STO 8 31 OR X 1713

I RCL, 36 I2
f X>n ,o1 'll 81

GTO f d 22 31 14 090 V
g LBLf C 32 25 13 81
RCL 3 34 03 __HS 42

h RCI 35 34 _ 01
g x>y 32 81 61
GTO f e 22 31 15 __ CL 8 34 N

040 DSP 4 23 04 _ _ 7 34 07
f -x- 31 84 _5 (:, - -I )

RCL 5 34 05 1S 1 L
+ 61 71 7

_ RCL 1 34 01 100 .CT, S 14 0T3
"_ *81 (b+x)/R M

SNI 32 62 C. T. f I
STO 0 13 00 ,
f CO(S 31 61
Cns _2 _ _n

050 RCL 7 :'4 07 STO 9 33 2q
if COS _/ L6 cos i i R- 15 /
+ .. 61 0 CL 3 34 13RCL 1 3 4, O)l- a x/,

CHS 42 1 v x  35
RCL 2 34 02 6C 14 01O~

REGISTERS

0 12 345',a(3) R( r' : :'
h max

SO Sl S2 S3 S4 $_6_$..

A B 0C K_
I -I i . . .. ...
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Program Listing~A-11
STEP KEY ENTRY KEY CODE. COMMENTS STEP KEY ENTRY KEY CODE COMMENTS

X 71 iiO g TAN-1 32 64 8
h Rc _ STO 0 -- f33 O
+ 61 x RCL 8 34 08

* RCL 5 34 05 RCL 0 34 00
+ 61 + 61
RCL 1 34 01 RCL 0 34 00

81 (x+b)/R + 61
iT SIN- ' 32 62 a f COS 31 63

STO 0 33 00 RCL 8 34 08

f SIN 31 62 RCL 7 34 07
RCL 1 34 01 lee _ 51 (ac- o)
X 71 _ CL 5 34 05

RCL 5 34 05 X 71

h ABS 35 64

RCL 9 34 09 7 Q7
1 01 83

h yX 35 63 x - 81
RCL 6 34 06 a px _37 57
x 71 x 71

RrT. , 11, i) 190 c 47
71 c'rn '13 09

RCL 3 34,03 RC 0 34 O0
RCL 9 34 09 RCL 0 4 00
h vN 35 63 + 61
+ 81 RC . 34 .7

140 0 + 61
" + 61 f Cos 11 l6 cos (a + 28)

STO 9 33 09 RCL 9 34 09

RCL 0 34 00 + Alf COS 31 63 cos a ,;co 2 02

RCL 7 34 07 x 71
f CosLi cos c h i 3. 5 7)

-- 1

x... .W . h r7

RCL 1 34 01 RT, I__
X 71 x 71

150 RC'T. 2 IA n9 Rt"T 4 --- 34-&

4- A 1 -7-L
RCL 0 34 00 Rr-T A -14 Q6

RCL 7 34 07 L X 7 E

f COS 31 63 cos (a a FLh ANS TR
+ A f O-- 1,1 A4
RCL 4 34 04 If PTX 11 7

x 71 Ih 1RTM

R2 2 A4 7
!60 A RI

IWT. Q /.
y 71 h
DSP 4 23 04 0

f -x- i 1 84 "220

(:To f d 20 31 EN

a _ _ LBLf e 32 25 15

RCL 5 34 051 LABELS. FLAG S , SET ,STATUS

acDE0FLAGS TRIG DISP
ab c d1 e I ON OFF

0 0] [ DEG [] FIX 0]
0 ' 1 2 3 4 1 2 ' ' 1 cl [] G RAD [] SCI []

5'67 89 3 2 C3 3 RAO [] ENG []

3 3 C3 n-_



Program Description
A-12

Program Title Design of Preform and Calculation of Load in Nosing of Shells
Name Dr. G. D. Lahoti, Research Scientist Date 05/02/77
Address Battelle's Columbus Laboratories, 505 King Avenue
City Columbus State Ohio Zip Code 43201

Program Description, Equations, Variables, etc.

(1) When e = 0, no elongation

/h h hr
o r cos (a - ct)

1 0
/ -Awhere r =r - R(cosci - cos ci)_ , \o o

(1 0 sin- 1 (b/R)

ct sin 1 (b )

t(2) When e # 0, with elongation

'J- ~---- ____-,_t___

hr +d e
h 0 r cos (a-cx) (1+d)

0 703

Fig A-3 where e - e )nFi 1 max

If e is known, n= ( 2 " r) cos (a-o) -4max e mx 2 r 0o

hr ne n-l
orh O  roCos (a c) (a + a._!x n0 0n

(3) The nosing Load P is given as

P - 2Rhj tcos(a + 28) - e (i - o) cos(a 1 + 2s)

where a - tan i1i

Operatng Limits and Warnings (1) When length of the nosed portion is given in a full number
and a fraction, the preform calculations are carried out up to the full number only, and

the thickness at the tip should be determined by extrapolation. (2) When emax 0 0, the
initial thickness at the tip of the nose cannot be calculated. When (k -0 emax) is a full
number, the calculated value of h at the tip of the nose should be ignored. Correct

value can be obtained by extrapolation.
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APPENDIX B

TEMPERATURE DISTRIBUTION IN INDUCTIVELY HEATED TUBULAR COMPONENTS

Heat Generation Due to Induction Heating

Magnetic Field Intensity

In induction heating, the field intensity created by the alternating

current induces the heating current in the charge. Therefore, the distribution

of field intensity gives a direct indication of the distribution of heat and

temperature gradient in the charge.

Neglecting the minor variations due to end effects, flux variations

and flux leakages, the magnetic flux intensity surrounding the charge
(1-7) *satisfies Maxwell's equation

411 d2H + iLdH iHp4 r 0 (B-)
!%dr 2  r dr P 0 (B-1)

where H - magnetic field intensity surrounding the workpiece, oersteds

r - radius of test element, Figure B-i, cm (b < r < a)

a outer radius of the charge, cm

b - inner radius of the charge, cm

w - angular velocity of the alternating current, radians/sec

0 - resistivity of the material charged, ohm-cm

- permeability of the material charged, gauss/oersted

The solution of Equation (B-1) gives the value of H at any point inside the

charge. Its general solution is

H a A 1o(krV ) + B K0 (kr/h ) (B-2)

* Numbers in parentheses designate the references at the end of the appendix.
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where k2 . 41rwu - 2 fu
P 0

I ,Ko - Bessel's functions of first and second kind and of order zero

A,B - constants to be evaluated from boundary conditions.

At the outer surface, where r - a, flux intensity is maximum and is equal to

H . Therefore,0

H 0 A Io(a) + B Ko(a) . (B-3)

For simplicity in writing, I (kr/i?) and similar expressions are abbreviated

as Io(r), etc., in Equation (B-3) and subsequent equations. At the inner

surface, where r - b, no electro-motive force (emf) is induced.

E 1 aH 0 (B-4)
r-,b rr 4 r rb

where I r current density along the test element at a radius r.
Equations (B-2), and (B-4).

r r-b 0o0 .

Solving Equations (B-3) and (B-5) simultaneously yields:

A - H K (b)/[K (a) I (b) - Io(a) K (b)]
(B-6)

B " H I(b)/[Ko(a) Io(b) - Io(a) Ko(b)]

Power Loss in Heating

The heat generated in the test element at a radius r, thickness ar

and length DI, Figure B-l, can be calculated by considering the total current

in the element. The total current in the element is given by:
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HoH

rS

'Iir

Fig b ManicndEetiFel

Ineste na olwClne

~ n. - 0
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it I r r 61

1 H r
i-! 4w ar

1 r6

okr [A 1(r) + B K (r)] 6r U2 (B-7)
0 0

The resistance of the test element is

R 0 a r (B-8)
6r 62

where a - angle subtended by the element at the center.

The power loss or the heat generation rate in the element is given by.

p 1 12R ergs/sec
t

- p p a r [IA Io(r) + B K (r)12] 6r 6Z (B-9)

1672

Substituting (B-6) in (B-9)

H2 k2 pa r II(r) K Cr) 2

,12 W 0 0 0 J 'r 62 ergs/sec (B-10)

where - Io(b)/Ko(b)

1o(r ) - I (krv') -ber kr + i bei kr

K (r) - K (krrT) - ker kr + i kei kro o
II(r) - I (krrT) - (ber' kr + i bei' kr)/rT

0 0

Ko(r) - K (krr") - (ker' kr + i kei' kr)/r?

H - 0.4n N I /2/10 c c w

I - rms current in the induction coil, amp
c

N - number of turns in the coil
c

1w - length of the coil, cm
- enthofth cil•c
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o(r)- _ ,Kor) 2
Denoting Q = (a)  K (a) and substituting the values for

HH and k in Equation (B-10) yields:

4bc 2 -9
P -C ifmr Q Sr Si 10 watts. (B-l0a)

If the charge is heated for a duration of it seconds, energy expended in

heating the element is Pit watt seconds, or joules.

* Temperature Rise

Thus, the temperature rise, dO, in the element during the time it

is obtained as:
Pit iJ

dO - Cdr t c , (B-Il)

where C - heat capacity of the material charged, joule/kg-K

d - density of the material charged, kg/m
3

Substituting (B-10a) into (B-11)
2

de - 4w N CQt 10-3C (B-lla)

As one can readily observe, dO is a function of r only. That is, temperature

gradients are in the radial direction only.
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Heat Transfer by Conduction, Convection and Radiation

In order to predict the local temperatures, it is necessary to

consider the heat equalization due to heat transfer. Because of the com-

plexity of the phenomenon, it is appropriate to use the finite difference

method for solving the heat transfer equations. Thus, it will be possible

to take into account the heat loss due to conduction to the unheated por-

tion of the tube, and due to convection and radiation to the environment.

Generalized Difference Equations f or Heat Transfer

For the purpose of heat transfer analysis by the finite difference

method, a portion of the vertical cross section of the tube, shown in Figure

B-2, is assumed to be divided into a number of trapezoidal elements. The

outside surface of the tube assumed to be straight, and it may or may not

be tapered. The inner surface may be either straight or curved defined by

ii a set of X, Y coordinates of points on the curve. When the inner surface is
curved, intermediate points needed f or grid system are obtained by polynomial

interpolation.

Given these geometric entities, the length of the tube being heated, the

thickness at the nosing end, Hl in Figure B-2, the thickness at the reference loca-

tion, HO, the taper angle, 0. and the number of divisions in the radial and axial

directions, a grid system of trapezoidal elements is generated. The curved

portion of the inner surface of the tube in each element is approximated to with a

straight line, as shown in Figure B-2.

With reference to Figure B-3, during a time interval LAt, heat trans-

fer due to conduction takes place between the central element "0", and the adja-

cent elements "I" (left), "u (up), "r" (right), and "d" (down). The temperature

change in the volume element "0" after conduction during a time interval, At, is

given as the heat balance as follows:
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SR-i

-. (1,) H0 (MEND, 1)

-ARJi 1  -

ARt~ij
RC131

.,J j,~

A-j H

(t, NEND) (MEND, NEND)

Fig ro-2 Trapezoidal Elements in the Grid System
for Heat Transfer Analysis
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R-i

A-j ARi.j ,Ri ,j

I" I

I U

.ai t,j

a

Fig B-3 Representation of Cylindrical Grid System for Deriving
the Difference Equations of Heat Conduction
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k A ARI Az - e )
z ARi~ ij cos j. i-lj i,j

R RIIAt IJ 6z (9kr ARi~ ~ Ai+I,j cosrilx (i+l,j -i'j)

i-fl,j i+l,j

A

+At cos k ARJ. Ti  ( - . .)
Az u ,j ,j (i,j-l aj

+ kd ARJi,j+l Ti,J+ (i,j+l ei,j)

= AR i j Az RC i j rc (ei'j - e., j )  (B-12)

where, in addition to the dimensions given Figures B-2 and B-3,

9,,8 , = temperatures of the element (i,j) before and after

time interval At, respectivelyAkukd9k ,kr = thermal conductivities between the central
element "0" and the surrounding elements "u",

"d", "0, "r", respectively

RCi' j = centroid of the central element "O"

At = time interval during which heat transfer takes

place

p,C = Specific gravity and specific heat of the material

in the element (i,j)

Ti' j = (ARi'j j R + ARj_I + ARi+lj)/4

AR i~ j = (ARi~j + ARi+I9j)/2

Simplifying Equation (B-12) , the temperature e; of the element

"0" after time At is given by:
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i,j K ij [K 1ARi cosj - kr ARi j  cos~', j

A__ot k ARJ. Ti  + kd ARJ. Ti  )]

Az 2  AR.At ,j u,

ART

At ARI,je
r ARij cos i,eil j

At ARIi+.T,j

+z k

+ r AR i+l, j  coszii+l,j 8i+l,J

I i + &---t csi ku AFJi' T i 'j ei'j-I

+ kd ARPi,j+l Tij+iei+} (B-13)

where K = Ri,j RCi' j PC.

Stability Criterion

The coefficient of 8 1 4j cannot be negative. This case would be

physically absurd, since it would mean that the warmer the center element "0"

is before At, the colder it would be after At. Hence,

1 1 Fk9  ARI k ARIi+Ij
At AR K R cosa i, AR + os

2 u i2 ,j Ti,j d ,j+ii,+

+ Cosa1. (k ARJi T + k ARJ T (B-14)
Az 2 ud i.~ I+

m ... . .. .. . ... ..
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The above inequality determines the maximum allowable value of

At for given thermal conductivities and the element sizes. This is called

the stability criterion or the convergence condition, and must be satisfied

in order to eliminate rapid and uncontrollable computing errors.

Estimation of Element Properties

at Various Boundaries

Depending upon the location of a volume element, the boundary

conditions and the thermal and physical properties of that element would

vary. For example, an element which is in contact with air would also be

subject to convective and radiative heat transfer.

Elements in the Interior of Tube: Referring to Equation (B-13),

we have:

k9 = k = = kk = K = R Rr u d bili i,jl '

where kb, P, cb thermal conductivity, specific gravity, and specific

heat of the tube material, respectively.

Elements on the Front End of the Tube: The appropriate difference

equation for heat balance in the element "0", shown by the broken lines in

Figure B-4a, is the following:

Z At Az

AR Rij cosi j  i-lj i,j)

+ r At ARIi+I (z il
2 ARi+u'j  ,j cosii+l' j  i+l,j i'j

At

+ Lcsci j kd ARJi,~ TiJ 1 ( - e,)

+ (hf + hr) Ri~j  iAR At (0o - ili

- AR RC A C - e (B-15)
ij ij 2: pG , ,j i
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where, in addition to the quantities defined earlier,

h film heat transfer coefficient at the flat end surface

of the tube

h - coefficient of radiation

6eo0- the ambient temperature,

and hr, coefficient of radiation, is given by:

h a (T 2 + T 2) (T + T (B-16)
r 0 i-j 0

where E - emissivity of the surface

a - Stefan-Boltzmann's natural constant

ToT i = absolute temperatures of atmosphere and of the element,

respectively.

Thus, comparison of Equation (B-15) with Equation (B-12)

k2, k r = kb/'

kd kb

Az (ARJ Tk u  (h f + h r Ri, j  iR,j c°,F9i,j i,j Ti,j)

K = ARi,j RCi,j Cb/2

eij I W 6° M atmospheric temperature.

Elements at the Corners of the Tube. For an element at the outer

corner shown by broken lines in Figure B-4b, the heat balance yields the

following substitutions in Equation (B-12):
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k =kd kb/

(h + h) cos l. j  ARi+l
k C R,, - W. 1+ w .l
kr 2 i,j cosai, j  ARIi+, j

k h hf h rh) ARk u 2 Ri,j ARi,j Cosa i, ] /ARJij T i)]

K -- Ri,j RCi, j pbCb/ 4

el = ijl = 0

where h - film heat transfer coefficient at the free cylindrical surface of
c

the tube.

Similar expressions for the inner corner of the tube will be:

k d - kb/2

(h + h) cosa AR

. =  2 i,j cosai,j ARIi~

k . ... Ri  AR / (ARJi Ti
u 2 ,j i,j Cosai, iI,j ,

K - ARi, j RCi j b /4

0 ilj e i,j-l = °

t0
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Elements on the Inner and Outer Cylindrical Surfaces of the Tube.

For an element at the outer cylindrical surface, shown by broken lines in

Figure B-4c, the following substitutions are provided by the heat balance:

k, k b

k (h + r ) Rili Cosa t~
r -h c +h) i,j  ARIi+Ij cosi,j

ku " kd = kb/2

K -AR RC:" i~i ic,j 'b%/2

e+l,j  0

Similar expressions for the elements on the inner cylindrical

surface will be:

AR cosct
kt (h + h ) Ri~

Z c r i,j ARI~ ijCOSCL 'AR~i~ c~si,j

kr -

ku- kd- kb/2

K - ARi j RCi, j %Cb /2

i-lj i

ei -- es
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APPENDIX C

ANALYSIS OF METAL FLOW IN NOSING OF SHELLS

Introduction

In nosing of shells, the shape of the outer surface of the shell follows

the die profile while the inner surface is not supported. Thus, during the nosing

operation, the part of the shell within the die zone can move either radially

inward, or in the direction of the tangent to the die profile, or in both the

directions simultaneously. Under plastic state, metals flow in the direction of

least resistance; therefore, the metal flow in cold nosing is affected by the

* frictional restraint at the die-workpiece interface and by the work-hardening

characteristics of the material being deformed. In hot nosing, the metal flow

depends upon the friction, the temperature of the workpiece and the speed of the

die. In general, wall thickening increases with increasing friction, and in fact,

under severe friction conditions, the shell may shrink in length instead of

elongating.

In this Appendix, the metal flow in nosing of shells is analyzed using

the Hill's general'method of analysis 1 . This analysis is valid for straight-

circular tubular preforms with uniform wall thickness, as in the case of nosing of

105 mms and smaller size shells. For larger shells, where the preform wall thickness

is not uniform, this analysis can be applied only approximately.

Hill's General Method

The first step of this method consists of choosing a class of velocity

fields from which the best approximation will eventually be selected. These velocity

fields must satisfy all kinematic conditions. The associated stress (given by the

material constitutive law) is either determined uniquely, or at least to within a

hydrostatic pressure, if the material is incompressible. The associated stress

(1) R. Hill, "A General Method of Analyses for Metalworking Processes", Int. 3.
Mech. Phys. Solids, 11, 1963, p 305.
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distribution in the deformation zone of a chosen velocity field will generally not

satisfy all the statical requirements. A question that now arises is how to select,

from the considered class of velocity fields, that one which most nearly satisfies

the statical requirements.

Noting the converse of the virtual work-rate principle for a continuum,

the final selection criterion is that "the statical conditions can be regarded as

closely satisfied, overall, when

+ [(ni Ti n. + mkij wj dSC  (C-1)
f C

for a sufficiently wide subclass of virtual orthogonalizing motions w.". The

-3

surface S of the deforming zone generally consists of three distinct parts, S = SC+

SF +SIwhere SC is the material-tool interface, SF is unconstrained and SI is the

interface between the deformation and the rigid zones. In Equation(C-1), Tj denotes

the surface traction computed from the considered approximating field aij On

ij

surface S F there is ordinarily at most a uniform fluid pressure, p. The frictional

constraint over surface S C is represented by a constant frictional shear stress mk

(where k is the shear yield strength of the deforming material and m is a constant,

0 m < ), w is the local unit outward normal, and is a unit tangent vector

opposed to the direction of the relative velocity of slip in the approximating field.

Although the method is applicable, in principle, to all types of friction, the

representation of constant frictional stress is used here.

The orthogonalztng family of velocities n to be selected must be

sufficiently wide and should be just extensive enough to select a single approximating
velocity field from the particular class constructed to satisfy the kinematic condi-

tions. If the class of velocity fields were defined by equations involving an unknown

function of just one position variable, then the orthogonalizng family must also

involve an arbitrary function of one variable.

Once the family of velocity fields is chosen, the calculus of variations

technique is applied to Equtields wredine by equations. Then we obtain a

system of equilibrium equations and boundary conditions, suited to the particular
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approximating class and uniquely determining its best member.

Analysis

As shown in Figure C-l, consider a shell of outside radius r and uniform

wall thickness h being nosed by a die of ogive radius R, moving at a speed U. A

coordinate system (a,B,t), where a is the meridional direction, e is the circum-
ferential direction and t is the thickness direction, is selected. It is assumed

that c,B and t are the principal directions also. The inner profile of the nosed

*portion is described by a function h(a), which indicates the wall thickness in the

t direction at a given a. If r is the outside radius at a given a, a class of

approx.mating velocity fields having the following components is selected:

I
v = 1--h

ve =0 (C-2)

vt 2-t
rh

where r = R cosa - a, and the prime denotes a derivative with respect to a. These

velocities satisfy the condition of incompressibility given by

av v v
+ . . .+ h - 0. (C-3

r a + h aa

The velocity field given by Equation(C-2) also satisfies the velocity boundary

conditions. At the tool-workpiece interface, we have

vtt= O = 0 (C-4)

t-Q I I I I I I I
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Fig C-1 Configuration of Shell During Nosing
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At the free inner surface of the nosed portion

v th

Thus, the velocity field given by Equation(C-2) is kinematically admissible.

In order to determine the unknown thickness function h(a) in Equation(C-2),

we select the following virtual orthogonalizing velocity field:

w =(ac_)

a r

we =0 (C-6)

W _ '(01_) t ,
wt r

where (a) is an arbitrary function of a and has at least a continuous first derivative.

The prime denotes a derivative as usual. Rewriting the selection criterion given by

EquationkC-l) in terms of the (c,3,t) coordinate system, we have

f sro( awa +e w(A. r') +St 11 t 3wRS i o) +s R r R a v

f [awo] a~ dSI + fmk [w]jt= dSC (C-7)

0

where S , S0 ' St are deviatoric stress components, a is the meridiandl stress, V is

the volume of the deformation zone, SI is the area of cross section at the base of

the nose and SC is the area of contact between the shell and the die.
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r- b

Substituting Equation(C-6) into Equation (C-7), we get

I fr + SO  (-- +S - dV
R r r r r

I  r 1 o r0 - i f r

where T and T are the forces acting on the cross section at a = ai and a =a
1 01

respectively. Obviously, T is identically equal to zero and T is proportional to
1 o

force exerted by the dies. In the above equation, dV = (R - t) r de dt dc, and

dSC  2rr Rda. Upon substituting and integrating with respect to e, we get

F (a) 12(a) d a + IL O )d
R C L GRfa r~± d1

To 21 mk-Rf (a) d,

00

o th
where F(a) = (Sa - St ) (R - t) dt

o z e

G(a) = o (-S + S) r? (R - t) dt

Integrating the first term on the left-hand side of the above equation and rearrang-

ing yields

fl - F(aL + G(O) + mk R2 (a) da

Rf Ct d

0

+ F (a) = -a)lama T T (Cc-8)R L 1(J 1 T1  r1  o r0
00
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Since (a) is totally arbitrary, the Equation(C-6) is satistied when

d F(a) -G() =mkR (C-9)

together with

To --- ro F(a O
a R o

(C-10)

T,2

T3. jr 1 F(a 1 )

SinceT = 0, F( = 0. Equation(C-9) is a second-order ordinary differential

equation in h(a) and can be solved using the following two boundary conditions:

h(ao) = h
0 0

and

F(a )  0 (C-Il)

load T cosa

The components of the deviatoric stress S., S,, and St are obtained from

the Levy-Mises flow rule and the yield criterion. The yield criterion can be written

approximately in the form of

2- (C-12)
3!

where a is the material flow stress. If and are the strain-rate components,

from the flow rule

VE

s 0  hc-13)

St 2 -h' r
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Substituting Equations (C-12) and (,C-13) in expressions for F() and G(a), we

obtain:

F(a) =  h 1 + 2 h' r -

(C-14)

G() - g r h "-r R 2-)

4

Finally, substituting for F(a) and G(a) in Equation(C-9), the differential eauation

for the thickness function h(a) is given as follows:

(2R-h) r d rr dh r dh

dci (r')'

h+-R-h mR =0(C-15)

where r =R cosa -a

r' = - R sina (C-16)

r'' = - R cosa

The boundary conditions are:

h(c o 0 h°

h'() - [hr2] c 11 a )  2r

(from F(a1 ) - 0.)

Equation(C-15) is a second order ordinary differential equation defining

the wall thickness, h, of the shell along the meridional direction during nosing

operation. With the boundary conditions (C-16), it can be easily solved using a

numberical technique. However, since the boundary conditions are available at

each end of the interval, some type of iterative method is required for numerical

integration of Equation(C-15). For this purpose, initially two guesses of h' (a )

are made and the Equation.(C-15) is solved by a fifth order Runge-Kutta Method.
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Normally, these solutions will not satisfy the second of the boundary conditions(C-1 6 ).

Therefore, a third guess value of h'(a 0) is determined using the first two solutions
by linear extrapolation such that the projected error in h'(al) is zero, and the

entire integration procedure is repeated. This last step is repeated with last two

solutions until the error in h'(al) is within specified error bounds.

Further, the Equation(C-15) is singular when a 0 0, since r'(a 0 = 0) 0.O o

In this particular case, a solution can be obtained by taking a as a small positive0
quantity instead of zero. The error caused by this approximation is relatively small.

Ii
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ANALYSIS OF STRESSES IN NOSING OF SHELLS

A schematic diagram of nosing of shells is shown in Figure D-1. The

length of the nonuniform walled preform is divided into a number of segments.

If the number of segments is sufficiently large, the variation in thickness along

the length of a segment can be ignored, and the average thickness of the segment

can be taken as its uniform thickness. Then Onat and Prager's analysis can be

applied to each element. Once the element is inside the die, its new average

thickness is calculated from volume constancy, if elongation due to nosing is

* given.

Let us consider the analysis of stresses for Element 1. The analyses

for subsequent elements will be the same, except for'boundary conditions which

will be described later. Assuming that the shell does not elongate during

nosing, the rate of deformation in the meridianal direction, ~cvanishes:
m

m=0 .(D-1)

Therefore, from incompressibility condition, the rates of extension, i and
c n

in the circumferential and the normal directions, respectively, must have equal

absolute values, but opposite signs, the sign of corresponding to that of ac

the circumferential stress. Thus,

c i n < 0 (D-2)

Further, considering an elemental section at radius r =R cosa a (see Figure

D-1) and the thickness h, we have:

c r n h

where r and h are the instantaneous rates of change in r and h as this element is

pushed toward the apex of the die. From Equations (D-2) and (D-3), it is clear

that the product rh maintains a constant value during the nosing process. Thus,

rh -r 0h 0 (D-4)
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Fig D-1 Schematic Diagram of Nosing of Shells
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where r and h are the initial radius and initial thickness of the element.
0 0

Therefore, the variation in the wall thickness of the nose is given by:

Srh

h 0 O0 (D-5)
R cosa - a

The surface traction exerted by the die on the nose is the normal

pressure p and the friction shear stress f = pp, where U is the coefficient of

friction. The meridianal and the circumferential stresses produced by these

surface tractions in the thin-walled nose far exceed p and f in absolute value.

The state of stress in the nose wall can, therefore, be treated as plane with

the circumferential stress a and the meridianal stress a as the principalc m

stresses. Since these principal stresses will be compressive and since a can

be expected to exceed a in absolute value, according to Tresca's yield criterion,
m

we have:

ac =a - (D-6)

The equilibrium of forces in the meridianal and the circumferential direc-

tions give:

(rh a) + ha sina - rup =0

and rh a + ha cosa + rp = 0 (D-7)m c

Resolving Equation (D-7) to eliminate p, yields:

d (rh a ) + rh a + Rh a (sina + U cosa) 0 (D-8
dT M m c

The substitution of h from Equation (D-5) and a c from Equation (D-6) in Equation

(D-8) gives:

da - sina + V cosa
-a+ Pam  a (D-9)

dci m cosci - a/R
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Integrating for am , we get:

- da { f f(a) e 1 d da + C } (D-1O)a= e
m

- ins + p cosawhere f(a) = a sa - acs
cosa - aIR

Since at a = a1 , a = a', the specified value of the meridianal stress (which ism

zero for element 1), we have:

a
1S=e {~l- a f f(a) e ( 1 ) da} (D-11)

m

Once a is calculated for element 1 from the known boundary condition, a for
m m

element 2 and subsequent elements can be calculated.

Strains in Shell Nose

If Em ,c and e n are the strains in the meridianal, the circumferential

and the normal directions at a point where outside radius is r and wall thickness

is h, then:

E ds/dx
m

=-h -hn -h(D-12)

r - r
0

c r
0

where ds and dx are the final and initial length of a segment in the meridianal

direction. Since volume remains unchanged during plastic deformation, we have:

h ds

r h dx

or (em + )( c + 1) (Cn + 1) 1 (D-13)

Thus, if e and e are known from Equation (D-12), E can be determined fromTui c an n m

Equation (D-13). If y ,c and en are taken as the principal strains, the

effective strain is then given by:
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2 )3.2 +n)2 + )2

E 3 (C + (c - + (En E } (D-14)c2 n n m

Strain Rates in Shell Nose

If h and r are the wall thickness and the outside radius at a point in

the shell nose, the strain rates in the meridianal ( m), the circumferential ( c)

and the normal direction (&n) can be calculated from the velocity field given inn
Appendix C as follows:

.r' h'
_ + h_ }

em R 2S -R r2h rh2

1 r (D-15)

rh

1 h'
n rh2

where h' and r' are derivatives of h and r with respect to a. Since

h r
h R o and r R cosa - a,R cosa - a

R h r sina
0 0

(R cosm -a)!-

r -R sina

The effective strain rate is then given by:

• 2 2 2i
21 . - -¢2 - .n)2 + ,n m2 (D-16)

V~ ~C ~ + c C ~ n C
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Temperatures in Shell Nose

During nosing, heat is generated in the shell due to plastic deformation

and friction at the tool-workpiece interfaces. Simultaneously, heat is transported

with the moving material and heat transfer takes place. Some of the generated heat

remains in the product, some of it is conducted to the die, and some may even

increase the temperature of the material moving into the die. Thus, the general

problem to be examined is that of time-dependent heat flow in an incompressible

moving medium with heat generation in the medium.

In the present approximate analysis, it is assumed that heat is generated

uniformly in the shell wall due to plastic deformation and friction, and a

steady state of temperatures is reached after an initial period of transients. Since

the temperature gradients in the meridianal direction are not as large as in the

radial direction, heat transfer in the radial direction alone is considered. The

temperature increase due to heat generated due to plastic deformation is given by:

AT =ae/CP , (D-1 7)

where C and p are specific heat and density of shell material. Since friction

factor is very small in shell nosing, the energy due to friction at the tool-

workpiece interface can be neglected. The temperature decrease due to heat

conduction to the die can be estimated as:

A' 2K (T' - TO) At (D-18)
log (r d/r) "VpC

where K = Thermal conductivity of die material

T- T + AT, T = initial temperature

T 0= Ambient temperature

rd - Die outside radiidh

A- Time interval

V - Volume of the element.

Thus, temperature, Tf) of an element inside the die after time At is given by:
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T =T' -AT' (D-19)
f

* This procedure is repeated for each element at time intervals of At.

Pr
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APPENDIX E

DESCRIPTION OF THE COMPUTER PROGRAM NOSING

U The computer program NOSING is an integrated form of three separate

computer programs--INHEAT, NOSFLW, and NOSTRS--developed to determine the

* optimum process variables in hot and cold nosing of shells. In this inte-

grated form, NOSING can predict

(a) As-nosed and preform shape

(b) The temperature profile in the preform due to induction

heating prior to nosing

(c) The metal flow during nosing

(d) The load-stroke relationship during nosing, considering

the flow stress of the shell material as a function of

strain, strain rate, and temperature

(e) The possibility of local buckling or Euler's buckling

during nosing.

Thus, with the use of NOSING, generating data to plot performance curves is

relatively simple, and the process optimization for a given set of input conditions

can be easily established with a minimum number of computer runs.

All routines in NOSING have been coded as subroutines or function

routines. Hence, they can be used in a simple one-line structure or in a

superposed overlay structure as depicted in Figure E-1. In its present overlay

structure, NOSING requires 410008 memory locations. With one-line structure,

this requirement will increase to 530008 memory locations.

The computer program NOSING can be run both in batch and in interactive

mode. When run in interactive mode, the input data is tested for every foreseeable

error and the user is given an opportunity to modify the data, if necessary. In

the batch run, whenever the input lacks any vital data, the program stops after

printing appropriate error messages.
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This Appendix describes the functions of the various subprograms in

NOSING. After a brief description of the input procedure with suitable examples,

sample outputs from NOSING are presented to illustrate the output capalbility

of NOSING. In the following section, each subroutine is described in alpha-

betical order by its purpose, calling sequence, description of the variables

transferred as formal parameters, variables transferred through common blocks,

brief description of th! routine and the names of the calling, and the called

subroutines.

In Table E-l, on page E-31, all the variables transferred throigh th-

CO MON blocks are described in alphabetical order. Table E--, on page E-35,

summarizes the list of intermediate results written on a separate file facilitat-

ing program debugging, if necessary.

Input to the Program NOSING

All input variables necessary for process optimization are read via

the NAMELIST called IDATA. Supplying data by namelists has one major advantage.

In namelist inputs, only those variables that need changing are assigned values.

For this reason, those variables which have a fixed value most of the time are

assigned default values* by the system.

Input to the program NOSING can be either in SI units or in the

conventional (inch-lb-C) units. Output from NOSING will be in the units used

for input variables. However, all computations are performed internally in SI

units.

The variables included in the namelist IDATA are listed below.

Following the description of each variable, units, wherever applicable, are

given in square brackets. The default value of the variables, if any, is given

in parenthesis.

* Stored value for a variable. If the user does not assign a value, the

stored value will be automatically assigned to that variable.
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AL Axial length of the nosed portion [mm; inch]

AM Friction shear factor at the die-workpiece interface

(0.1)

AMBTEM Ambient temperature [C] (20.)

AMU Coefficient of friction (0.1)

BATCH Logical variable. To be set to FALSE to run the

program interactively (TRUE)

BILTEM Billet temperature [C] (AMBTEM)

Bl Axial distance of the center of arc Rl from nose base

[mm; inch]

B2 Axial distance of the center of arc R2 from nose base

[mm; inch]

COTIME Cooling time. Time required to transfer the billet from

the induction heating table to the nosing press [seconds]

DI Inside diameter of the rough turned shell at the nose

base [m(m; inch] (if DO and HO are given, DI = DO - 2 x HO)

DIEOD Outside diameter of the nosing die [mm; inch]

*DO Outside diameter of the rough turned shell [mm; inch]

(if DI and HO are given, DO = DI + 2 x HO)

EFFICN Efficiency of the induction coil [percent] (50.)

ELNG Estimated elongation during nosing. Will be estimated

by metal flow analysis unless the user assigns a value.

Present metal flow analysis is not valid for preforms

with nonuniform wall thickness. Hence, assign a value

to ELNG if the preform has nonuniform wall thickness.

[mm; inch]

FREQ Frequency of the induction heating current [cycles/sec]

GESS1 First guess of the slope of inner profile at the nose base

GESS2 Second guess of the slope of inner profile at the nose

base

HETIME Duration of induction heating [seconds]

HO Wall thickness of the preform at the nose base, or wall

thickness of the preform with uniform wall [mm; inch] (if

DO and DI are given, HO = (DO - DI)/2)
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IC RMS current in the induction coil. Real variable,

not integer. [Ampere]

IPRINT Printing option. Refer Table E-2. (-l)

ITER Maximum number of iterations to be performed during

metal flow analysis. (25)

LC Length of the induction coil. Real variable, not

integer. [mm; inch] (AL - ELNG)

NC Number of turns in the induction coil. Real variable,

not integer.

NDA Number of axial segments for stress analysis and

temperature estimation. (20)

NDOASN Maximum number of iterations to be performed during

temperature estimation. Useful during program

debugging.

NDR Number of radial segments for temperature estimation.

(6)

NSIZE Shell size in millimeters.

R1 Radius of curvature of the outside nose profile.

[mm; inch]

R2 Radius of curvature of the inside nose profile. [mm; inch]

SIUNIT Logical variable. To be set to FALSE when the input

data are in conventional (inch-lb-C) units. (TRUE)
TEMP Variable dimensioned 25. Temperatures in the preform.

To be supplied only when an estimation by finite-difference

temperature analysis is not desired. If supplied, there

should be NDA + 1 values, beginning from the base to

the tip of the nose.

UNIPFM Logical variable. To be set to FALSE when the preform

has nonuniform wall thickness. When UNIPFM is FALSE,

metal flow analysis will not be performed. (TRUE)

VELD Axial velocity of nosing die. [mm/sec; inch/sec]
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Input by Namelists

When entering data by namelists, the first column is always left blank.

Following a $ sign in the second column, the namelist name, IDATA, is entered

without any embedded blanks. Following at least one blank space after the name

of the namelist, various parameters are entered and are equated to their values

with commas between each parameter. The order in which parameters appear

within a namelist input is immaterial. The namelist data listing is terminated

by another $ sign. If the input exceeds one line length, the line is terminated

after a comma by entering a line feed using the line-feed (LF) key and not

the carriage-return key. Every continuation line is also started with a blank

space in the first column. The data listing is finally terminated by a $ sign.

In the batch run, every continuation card should have the first column blank.

Since any error in spelling the variable name is likely to cause abnormal

termination of the program execution, it is advisable to have a list of the

variable names included in the namelist while trying to run the NOSING program
~interactively.

The examples given below show alternative ways of putting the data
by namelists.

Example 1

b$IDATA DO = 6.2, DI = 4.9, AL = 11., LC = 10.5, SIUNIT = F,

b TEMP = 375., 425., 525., 575., 600., 650., NDA = 5$

(b denotes blank space)

Example 2

b$IDATA DO - 6.2, HO = 0.65, LC = 10.5, Ri = 65.5, IPRINT = 5,

bTEMP(l) = 375., TEXP(2) = 425., TEMP(3) = 525., TEMP(4) = 575.,

b TEM4P(5) = 600., 650., NDA = 5$

As seen from Example 1, the right side TRUE or FALSE for the logical variable

may be abbreviated to T and F respectively.

Error Recovery During the Data Input

Any error in the data input, such as (1) failure to enter the $ sign

at the end of the data list, (b) misspelled variable name, and (c) embedded
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blanks in the name of the variable will normally return the program control

oto the computer operating system, thereby causing an abnormal termination of

the job. However, a special software package called "Error Recovery Package"

is included in the NOSING system, which recovers the error and returns the

control to a point specified by the package. Thus, whenever an error occurs

while inputting the data by namelist, the message ENTER IDATA VARIABLES LIST

will be printed. In interactive run, the user can retype the list correctly.

In the batch run, after the data ends, a card with the word STOP in the first

four column, should be included to short the program in case of errors in the

input.

Output from the Program NOSING

Most outputs of NOSING are written directly on the OUTPUT file. However,

when the variable IPRINT is assigned a positive number, several intermediate

results are listed as described in Table E-2. To avoid lengthy output during

interactive run, these intermediate results are written on a separate file

called TAPE3. This special file TAPE 3 will be automatically disposed to the

line printer when the program execution is normally terminated. But when

abnormal termination of program execution occurs for any reason, the user

should dispose TAPE3 to line printer to obtain the intermediate results. During

the interactive run, type DISPOSE, TAPE3, PR=C or ROUTE, TAPE3, DC-PR, TID=C

when the system is in COMMAND mode. In the batch run, add either DISPOSE,

TAPE3, PR=C. or ROUTE, TAPE3, DC-PR, TID=C. control card after an EXIT. card

in the control cards stream.

The first output from the program NOSING is the input data as read-in,
as seen in Figure E-2. Other sample outputs as printed by NOSING are shown in

Figures E-3, E-4, and E-5. Figure E-3 shows the results after metal flow

analysis. Figure E-4 is a partial temperature distribution after induction

heating prior to nosing. Figure E-5 shows the as-nosed profile, the preform

geometry, and the stress and load distributions.

....L ______. I II II
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THE FOLLOWING ESULTS ARE FOR NOSING OF 155 MM SHELLS

T INPUT TO dE PPO3AM NOSING

, .OUTSi3. .IAE E R THE ROUGH-TURNED SHFLLINCH 6 .200

*INSIOF OIA4ETFF. OF THE zOtGI-TUt:NEO0 SHELLqINk-H = 4*930

WO'LL THICKNESS mT THE NOSE BASEINCH - .650

.AO-US OF CrVA7Ur Pi OF OUTSI[,E NOSF P,. OF.LEIN= 65.500

AXIAL UISTANCE OF CENTE- OF R1 FROM NOSE _ASEIN.= -5.259

AXI,, LENGTH OF THE NOS-D POZTION AFTFR NOSING,IN= 1i.010

I AXI4L IELO ITY OF THE NOI INHSC=000

4OUTSI'2E uIAMETEr- 3: THE NOSING 0IE,INrH 12o 00f

1 F.FI TI )N SHEAR FATO;, AT -IE-WOc.KPIECF INTERFACE 010

- COEFFICIENT OF F' TION' .050

NU_ER OF AXIAL.SFGMENTS FOk STRESS ANALY.LIS
ANO TE.PEPATURE EzTIMATION 10

I|

ESTIMATED ELONGATIIN DUE TO NOSING INCH .500

LENGTHI OF THE INOU;TION COIL INCH 00000

RM. CUmENT IN T- INDUCTION COIL 4MP '00.0oo

NUMGE, OF TUmNS IN THdE COTL -4.

SUCOPLy FREOUEN1CV CYCLES/SECOND = 1000).

BILLET T-MPERATOU'E Dk iO TO HFATING C , 20.0

.AM1IENT TEMPVZATU;" C 20.0

-------------- HEATING TIME SECONDS=~~o

COOL.ING TAME .SE.04S = 5.000
COIL EFFICIENCY PERCENT 50.0

:,._ NUMEEz OF RAOIA.L CIVISIONS FOR TEMP. ESTIMATION =

Fig E-2 Sample Input Data as Printed by NOSING

1 a I Q Ill I I I
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~I

TH( FOLLOWING PESULTS AR?.E FOP NOSING OF 105 MM SHELLS

THE - REF#0k M-Hi-S -UNIFORM WALLS OF- TH-I(CKNESS ""H-----------------------------------------

INPUT TO THE PROGRAM NOS1NG

-------------- U TSI-0 E OI E T-ER-OF -E ouG H-T -URNED -"SELL --8.-00- -

INSIDE OIAMETER OF THE ROLGH-TURNED SHELLMM 84.000

WALL THICKNESS I.T THE NOSE 6ASE9MM - 12.000
------- ----- -- - - --S " F --- ----------------F - -O S - --------------------- ---... 5 ; -0 - ... .. . . .. . . . .

OIU~~~bFCUR~~~ATURE R1 OF OUTSIDENOEROLM: 5o00
AXIAL DISTANCE OF CENTER OF Ri FROM NOSE -eASE M -25.000

AXIAL LENGTH OF THE NOSED PORTION AFTER NOSINGMM= 150.000
--------------- .. . . . . - ' - O - -Y --0 - -- - d -- -- --- ---- - - -------------- ------ . . . - " -- . . . . . . . . . .

AXIAL VELOLITY OF THE NOSING OIE,MM/SEC 2.0

OUTSIDE DIAMbETER OF THE NOSING OIEMM - 250.000

FRICTION SHEAR FACTOR AT DIE-WORKPIECE !NTERFACE = .010

NUM.ER OF AXIAL SEGMENTS FOP, STRESS ANALYSIS
ANO TEMPERATURE ESTIMATION £0

GUESS FOR SLOPE AT NOSE BASE(H*) 20.000
GUESS FOP, SLOPE AT NOSE BASE(H*1 z2. 000

t13 dC5T QLIi' P~4CLCA4&L8

Fig E-3 Sample Output After Metal Flow Analysis
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RESULTS FROM THE CONVERGED SOLUTION

OUTER SURFACE IN44ER SURFACE
_______ALFA__ WALL AXIAL RADIUS A XI AL RADIUS

THICKNESS EDI STANC E DISTANCE
DEG MM tIM MM Mm MM

2.204----2.000 0.000 54.000 0.000 42.009
3.546 12.494 15.199 53.237 14.426 40s767
4.887 13.007 30e375 52.118 29.267 39.158

....6.229 13.547 45.521 50.644 44.051-37.177
7.570 14. 124----0.629-48o816 58.768 34.815
8.911 14*748 75.689 46.635 73.405 32.065

10*253 15.433----0.694 44*102 87.948 28.915
11.594 16.196 105.636 41.218 10 2 .3831 25.353
12.936 17.060 120.507 37.985 116.668 21.358

--- 14.277 -18.059 135.297 34.405 130.844 16*904
1 5.618 1.24 0 50O00 a 3 0e4 80 144.82 0 1 1.951

ESTIMATED UNlT PRESSUPE (P/(,ASIGMA)) .405E+00

ELONGATION OF SHELL DUE TO NOSING,PERC"ENT= 4. 0111

MAXIMUM THICKENING OF SHELL WALL* PERCENT= 60.3299

VELOCITY qST;,AIN*AND STRAIN RATE DISTRIBUTION

ALFA AXI AL OUTER MERIOIANAL NORMAL STRAIN STRIAIN
DISTANC-E R-- A-dIUS -- L---T ---------------- RA t E--

DEG M" MM MM/S MM/S MM/MM i/S

2.204----0.000-54.000 25.000 519.401 0.*0 00 .052
-3.546 15. 199 53.237 24.356 522.377 .041 .054

----------- 4.8 87 -30.375 '- -52-116 ---- 23-886--- 5 36.2 59 .0------ 2 ------ 05W9-----
6.229 45.521 50.644 23:612 561.762 :125 *068
f-.57 0 60.629 48.oi16 23.496 600.612 0171 0 080
8.911 75.669 46*635 23.554 655ob6d .222 .095

.925 0,6 694 44102 - .23--602- 7 32*532 ---------21S ----------i1
11'. 54 0 5. 636 -41.:2-18 24.267 13e:.704 .343 .140
12*936 121. 507 3?. 9815 --24. 998-9-87.764 ------417 -------17- --------
14.277 135s297 34e405 26:073 12024768 :.5 01 .219
150618 150000 30.480 27. 625 1525.908 .600 .287

Fig E-3 (Continued)

2~HI 3li PAM 15S&T QIJALI? PRACIcCA AT
P" 00D" ftl*S.M TOD MC
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VALUE OF OELT kS LALULuTED SY HEATG3 = -11-03
1uNaEi ITCATIONS PEQUI;EU .. 6

Ii~r TEMPCOAT-,E OZI8$IiTT'l0 AFTEM iCUCTION HEATING AND PRIOi TO C30.ING

-- -- -- - - - -- - - - -- - - --- - - -- - - - -- - - - -- - --------------------------------------J -1 2 3 4 5
1 68 .d.7 699. 74 715-. 35 734,16 742 09

6 7.930 691.90 710.35 732.80 745.76
3 660.,_ _ 674_. 67 697.31 _25.70 T46.18
4 639.63 656.06 t32.37 717.91 746.91
5 b?0*29 631.50 669.28 710.46 747.66
- ----, . .04. -5 0 62?. 3 65 6. 2 7 n3.20 -74 .. 2- ......................................

7 590.67 607. 3 644.]3 696.09 748.77
8 574. 8 0 594.t7 6-13. 6 689.4 - 9--8 -. ............ ........... ...........
9 560,.23 580.55 621.2 683.56 749.57

tO 545. i0 567.0? 613.id 677.68 749.77
It-----02.25 524.90 57,1 65 3 49 75.39-- --- --- - ------.--.- -o., ---. a ---.t ------------------- . ....................................
t2 130.23 132.24 135.3 138.30 139.33
13 35.1 8 35.36 . .3 . . . .2 35 7
11. 21.50 21.52 21.51 21.53 21.5 2
45 20.12 20.12 20.12 20.12 20.12
16 20.01 20.ni 20.01 20.01 20.01

IEL 1 14a3----NUM 3iR OF 1T ERAT IONS RE QU liED FOR CO OL.I NG 4 4

TEMPERATU,E 0ISi'!6-UT.1N 0.-I10 , TO NOSINGt

1 2 3 4 5 -

2 60.36 637.79 690.5 689.16 682.25
3 670.6 678 a,9 063.74 6P 3.23 676.05
I. 656.31 666.95 674. 69 676.50 669.50
5 641. 1 65-4. 7 6P.57 670-O .44 664.02

6 627.64 642.01 656.85 665.14 659.54

*6 603. 71 620.23 640.69 655.59 652.03
3 95.31 610.39 633.10 651.28 6489

t0 56'. 115 599. 71 624.22 645.67 644.73
11 5---- - 36.36 553. 30 5 .6 601. o 07 6 1.19 ---- -------------------------

12 158.79 160.62 162.57 163.76 163.22
13 43*.3 43.86 44.00 44eQ.0 43.69 -- p
14 2?.93 22.96 22.97 22.97 22.95
1S . 20.29 20.29 20.29 20.'29- 720-29 --------------------------------------
16 20.02 20.02 20.02 20.02 20.02

Fig E-4 Partial Sample Output for Temperature Distribution in the
Preform Corresponding to inaut in Figure E-2



E- 12

AS-NOSED PoF!LE 0: THE ItHELL

V3AX!A 1. I NNEi A X1 XA L OU TEFR
SISTANCE QAU~IJS 04jSTANLE RAiU

INCH INC I INKCH INCH

10.039 .631& 11.000 1.263
9.750 .900 9.900 1.535

--------------------------------------- --------------------------------------------------
.8.661 10i49 6.800 1.786
7.571 1.379 7.700 2.018
6.482 1.5689 6.600 2o230
5,9 1.779 5.c;00 2.423

----- ---- ---- ---- 0-- - - -------- - - -- - - - - -- - - - -- - - - - -- - - - -
434 191 4.400 2.596-------

3.215 2 2.1134 3.300 2.750
o- _ -- --- 223 2 -0-0 - - --2. 8 8-6 - - - - - - - - - -

1. 037 2. 1 T I. 10 0 3.002
0. 000 2.41.5 0 .000 3.100

p. ~ ~ ~ ~ ~ 1 ~-------------------------------------------------------------------------------------------------------------

PREFORM1 FOR 155 M~I SHELL

- ---- ---- ---- ---- ---NO.-----0 MS-TA NE -T H-ICKN F SS RATUPE

n1 10.500 *288 900.000

11-3 8.:40 0 .378 775. 0 00
L; -------- i -35,0 ------ 426 - ff b0 700--------

:45 6.:3 00 .4 7 0 675.:00 0
6 5.250 .510 650.000

15 7 '..200 .51.6 6000000

5 57 - 50 00
m..9 2.100 :605 525. 000a

ii a00 0 65 0 3 75. 0 00

Fig E-5 Sample Output After Stress and Load Calculations
f or Input in Figure E-2

T!HIS PAS D116 WI iIT PSAMMU
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SSEG. 40. CIE DiSPL.,IN NOSING FORCEL8

2 2: 10 0E + 0'1 - .16 7E-+ 0 5

Pii

3 .315 oT W 01 -.4 1' 5- ----

S .6 -4" EIS O-L - 2 .I+ 06

------- ------ -- -- -- - - -- -- - - - -- -- - --------------- -----

2 .9400E+01 -94433E' 05

- ---------- --------- --- a --------- 0 5 0 -4 0 -------- • 7 6 - 0 S- ------------

----------------------. 53.----;6Ei------

.4

Fig E-5 (Continued)
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Details of the Computer Program NOSING

&The basic functions of the main program and the various subprograms

of the computer program NOSING are briefly described below.

Main Program NOSING

This main program, NOSING, serves essentially as a coordinating

routine. It initializes various input parameters, connects the input/output

files for interactive use, initializes the error recovery package, calls

various subprograms for preform design and stress analysis and finally disposes

TAPE3 to the line printer.

Function ANTE

Purpose: Calculates the integral of the meridianal stress

Function Reference: AINTGR = ANTE (Al, A2)

Al, A2 = Lower and upper limits of integral

Variables Transferred
Through Common*: ALFOl, AMU, DO

Description: * Calculates the integral using the Simpson's rule

Called by: STRESS

Function AXIDIS

Purpose: From the given set of coordinate data for points defining

the distribution curve, this function routine computes

the multiplication factor to estimate the actual amount

of heat generated at a given point along the axis of

the shell.

Function Reference: FACTOR = AXIDIS(J,DELZ)

J - Axial coordinate of the element under study

DELZ = Axial distance between any two successive elements

along the axis.

* All variables transferred through the COMON blocks are described in Table E-1.
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Variables Transferred
Through COMMON: NN, XX, ZZ

Description: * Any intermediate value of XX at the desired ZZ value

is obtained by polynomial interpolation using the

library routine AITKN.

Calling Routines: AITKN

Called By: INDHET

Subroutine BERBEI

Purpose: For a given value of X, computes the Bessel's functions

ber(X), bei(X), ber'(X), bei'(X), ker(X), kei(X), ker'(X),

and kei'(X)

Calling Sequence: CALL BERBEI(X,BERI,INDEX)

X = Coefficient of the Bessel's function

BERI = An array of eight elements carrying back the ber,

bei, ber', bei', ker, kei, ker', and kei' values

INDEX = When INDEX is set to zero, ber', bei', ker', and

kei' are not computed

Description: * All Bessel functions are computed by polynomial approx-

imations using the equations given in the Handbook of

Mathematical Functions, U.S. Department of Commerce

• Two sets of equations are used; one for values of eight

or less and the other for values greater than eight.

Called By: BESSEL

Function BESSEL

Purpose: Calculates the value of Q in Equation (B-10a) given in Appendix B,

wht.re
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f ' 2lo (r) - *Ko (r)
o- 0

I (a) -K (a)
0\

= I (b)/K (b)40 a

1(r) =I (kr/') ber kr + i bei kr

0 0

K (r) = K (kr/T) ker kr + i kei kro o

10(r) 1 0o(krr/) = (ber' kr + i bei' kr)/VT

Ko(r) = k (krri) = (ker' kr + i kei' kr)/I/
o o

a = Outer radius of the tube

b = Inner radius of the tube

r = Radius of the element under study

2 2
Sk (8,r f ) p

f Frequency of the induction voltage

i, o = Permeability and therzal conductivity of the

material charged.

Function Reference: Q = BESSEL(X,A,B,XK)

X = Radius of the element, r

A = Outer radius of the tube, a

B = Inner radius of the tube, b

XK= k

a,b,r, and k are already defined.

Calling Routines: BERBEI

Called By: INDHET
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Subroutine BILLET

Purpose: Computer the thermal, electrical, and magnetic properties

of AISI 1045 steel at a given temperature

Calling Sequence: CALL BILLET(TEMP,ATMTEM)

TEMP = Temperature of the element under study

ATMTEM = Atmospheric temperature

Variables Transferred

Through COMMON: AKB, CRB, DENSTY, HCB, HFB, IC, NC, LC, PERMEB, RHO

Description: * All material property data used in this subroutine, with

the exception of permeability, were obtained from the ASME

Handbook on "Metals Properties", McGraw Hill, 1954. Thermal

conductivity, heat capacity, and electrical resistivity for

AISI 1045 steel were not readily available. Hence, these

properties for AISI 1040 steel are used here as close

approximations.

* Thermal conductivity and electrical resistivity at a given

temperature are estimated by linear interpolation from the

stored set of discrete data.

* Permeability of magnetic materials vary considerably with

changes in the temperature, the magnetic flux density, and

the size of the billet. Adequate data to meet all the needs

of the present program are not available from any known

source of information. A rough approximation given by the
32400

formula = =2 + 1 is used, where H is the maximum
Ho 0

flux density.

Permeability remains constant at the saturated value for

temperatures up to 600 C. Beyond the Curie temperature,

which is 768 C for 1045 steel, permeability becomes unity.

The transition between 600 and 768 C is very sharp and is

approximated to a square function in this program.

Lf _ _
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Calling Routines: AITKN

Called By: HEATGB, HEATRN, INDHET

Subroutine DATAIN

Purpose: Reads the process variables and prints the supplied data.

Prints appropriate warning messages if the input is not

complete. During interactive run, enables the user to

re-assign values, if necessary.

Calling Sequence: CALL DATAIN

Variables Transferred
Through COMMON: AL, AM, AMBTEM, AMU, BATCH, BILTEM, BI, B2, COTIME, DI,

DIEOD, DO, EFFICN, ELNG, FREQ, GESSI, GESS2, HETIME, HO,

IC, IPRINT, ITER, LC, NC, NDA, NDOASN, NDR, NSIZE, RI,

R2, SIUNIT, TEMP, UNIPFM, VELO

Called By: NOSING

Subroutine DERIVA

Purpose: This subroutine supplies the second order ordinary

differential equation for variation in wall thickness

during nosing in the form of first and second derivatives.

This subroutine is given in the EXTERNAL mode.

Calling Sequence: CALL DERIVA (X,F,D)

X, independent variable

F(l), dependent variable

F(2), derivative of F(l), with respect to X

D(l), derivative of F(l), with respect to X (output)

D(2), derivative of D(l), with respect to X (output)

Called By: RK5
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Function FSTRS

Purpose: Calculates the required parametric values for the inter-

polation routine AITKN

Function Reference: A= FSTRS(MSTRN,MTEMP,T,ASTR,AC,AM,TEMP,STR,STRRAT)

MSTRN: Size of the strain array of the flow stress data

(input)

MTEMP: Size of the temperature array of the flow stress

data (input)

T: Temperatures at which discrete flow stress data

are available in the program (input)

ASTR: Strain values at which discrete flow stress data

are available in the program (input)

AC: Constant C in the equation

Flow stress = C (strain rate) m (input) (E-1)

AM: Exponent M in Equation (E-l) (input)

TEMP: Stock temperature (input)

STR: Strain in the stock (input)

STRRAT: Strain rate in the stock (input)

Description: * Calculate the intermediate parametric values for use by

the library interpolation routine AITKN.

* Call AITKN twice to estimate the values of C and m in

Equation (E-l).

* Estimate the flow stress substituting the values of C and

m in Equation (E-l).

Routines Called: AITKN

Called By: MATERL

Subroutine GRIDSY

Purpose: Generates a grid system for heat transfer calculations.

Also computes a number of parametric values used in heat

transfer calculations.
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Calling Sequence: CALL GRIDSY

(No formal parameters)

Variables Transferred
Through COMtON: AL2, ARI, ARJ, CTETA, CTETAB, DELZ, DI, DO, DRI, IPRINT,

MEND, NDA, NDR, NEND, OUTP, PHI, R, RC, RSLT, SC1, T, TSCR

Description: * Using the supplied data for AL2, PHI, DO, and DI

(Refer to Figure E-6), R. .'s are computed.

* From the values of Ri j , ARIi j , ARJi, j , ARix , 'itj

i,'j, Ti'j, and RC.,. are computed.

RC is the centroid of the element (i,j) as shown in
i'j

Figure E-6.

ARi'j is the distance between the center points of the

elements (i,j) and (i-l,j); i.e., !R.,j = R. . - Ril j

Ti~ = (AR. + AR + _1R4
ijl,j + i+l,j )/4.

* When IPRINT > 5, values of R are listed on the results

file RSLT or TAPE3

When IPRINT > 7, values of the centroids, RC, are listed

on the file RSLT.

When IPRINT > 8, values of ARI, ARJ, and AR are listed

on the file RSLT.

Note: The listed values of ARJ are the products of ARJ

and T; i.e., ARJij(listed) = ARJi j (computed) x T.

W When IPRINT > 9, cos a and cos oi,j are listed on

the file RSLT.

Calling Routines: AITKN

Called By: INHEAT

-.l
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The temperature distribution is written on the RSLT file,

after every cycle if IPRINT is set to 9, and is written

after every 10 cycle if IPRINT is set to any value between

3 and 9.

Calling Routines: BILLET, HEATRN, INDHET, TMPNT

Called By: INHEAT

Subroutine HEATRN

Purpose: Computes the change in temperature distribution due to heat

transfer. The same routine is used to estimate the tempera-

ture changes due to heat equalization during induction

heating and due to heat balancing during cooling.

Calling Sequence: CALL HEATLN

(No formal parameters)

Variables Transferred
Through COMMON: AKB, AMBTEM, ARI, ARJ, BILTEM, CRB, CTETA, CTETAB, DELT,

DELZ, DRI, HCB, HFB, INCODE, IPRINT, MEND, NEND, R, RC,

RSLT, T, TSCR

Description: * As described in Appendix B, equivalent ku, kd, kZ, kr,
k ei+l~. a e ij+l' and K are calculated for elements at

different locations.

* The temperature change in any particular element after heat

transfer is estimated by substituting the equivalent k's,

e's, and K in Equation B-12 of Appendix B.

* If IPRINT = 7 or IPRINT > 9, values of I, J, k k k

k K, cos a 9 a ' and three more local variableskrK, os i,j' %i,j' i,j

are listed on the RSLT file.

In case of unexpected results, values of these variables will

be helpful to figure out the cause of malfunction.

* Temperature values are transferred back to the "T" arrays

from the scratch "TSCR" arrays.
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Subroutine HEATGB

Purpose: This monitor routine computes the minimum time interval,

At, in order to satisfy the stability criterion, Equation

B-14 in Appendix B. By issuing calls to HEATPRN and INDHET,

this routine estimates the heat generation and equalization

during induction heating and during heat balancing while

the billet is transferred from the induction heating

equipment to the press.

Calling Sequence: CALL HEATGB

(No formal parameters)

Variables Transferred
Through COMMON: AKM, AMBTEM, ARI, ARJ, BILTEM, COTIME, CRB, CTETA, CTETAB,

DELT, DELZ, DRI, HCB, HETIME, HFB, INCODE, IPRINT, LC, MEND,

NDOASN, NEND, OUTP, R, RC, RSLT, T

Description: * Temperatures in all grid points are initialized by

assigning the value of the supplied billet temperature.

* The minimum time interval, At, is estimated by satisfying

the stability criterion at the most adverse forging condition.

* From the prescribed "heating time" and the "cooling time",

and the computed minimum time interval, At, numbers of

iterations required to cover the heating period and the

cooling period are calculated.

* The temperature distribution during induction heating is

estimated by repeated calls to INDHET and HEATRN.

The temperature distribution is written on the RSLT file

after every cycle if IPRINT is set to 9, and is written

after every 10 cycles if IPRINT is set to any value between

3 and 9.

The temperature distribution at the end of the induction

heating period is listed on the output file.

* The change in temperature distribution due to cooling

during the transfer of the billet from the heating equip-

ment to the press is calculated by repeating the calls to

HEATRN.
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Calling Routines: BILLET
Called By: HEATCB

Subroutine INDHET

Purpose: Calculates the amount of heat generated in induction

heating

Calling Sequence: CALL INDHET

(No formal parameters)

Variables Transferred
Through COMMON: CRB, DELT, DELZ, FREQ, IC, IPRINT, LC, MEND, NC, NEND,

PERMEB, R, T

Description: * Amount of heat generated in each element is calculated using

Equation B-lla in Appendix B.

* If IPRINT > 8, values of W, permeability, Q, CR3, Aa, and

k are listed in the RSLT file, where

(4 cc2 f At 
i0

- 3

W= L¢

CRB - C d

A6 - Change in temperature

Nc = Number of turns in the coil
Ic - Current in the coil, Amp

L = Length of the coil, mm

f = Frequency of the induction voltage, cps

Lt = Minimum time interval for heat transfer calculations

C - Thermal conductivity of the material charged

d - density of the material charged

k 2  . (87r 2f/P)

Calling Routine: AXIDIS, BESSEL, BILLET

Called By: HEATGB
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Subroutine INHEAT

Purpose: Coordinates the functions of all routines used for

temperature estimation

Calling Sequence: CALL INHEAT

(No formal parameters)

Variables Transferred
Through COMMON: AL2, DI, DO, HO, LC, MEND, NDA, OUTP, Ql, RSLT, SCI, T

Calling Routines: GRIDSY, HEATGB

Called By: NOSING

Subroutine MATERL

Purpose: Calculates the flow stress for AISI 1045 steel at different

temperatures, strains, and strain rates from the stored

discrete flow stress data. Also supplies the specific heat,

thermal conductivity, young's modulus, poison's ratio, and

density of AISI 1045 steel.

Calling Sequence: CALL MATERL (STRAIN, STRRAT, TEM, FSTRES)

STRAIN = Local strain in the material

STRRAT = Local strain rate in the material

TEM = Local temperature of the material

FSTRES = Estimated flow stress (output)

Variables Transferred
Through COMMON: ANU, DENSTY, E, SPHEAT, THCON

Description: * If the temperature is less than 500 C, flow stress is

calculated using the formula:

aM K () n  (E-2)

where j - average flow stress

C - average strain

K,n - constants

* If the temperature is more than 500 C, flow stress is

calculated using the formula:

C(E)m (E-3)
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where a = average flow stress

= average strain rate

C,m = constants.

For this purpose, true values of C and m are obtained from

the stored discrete data by interpolation. Function FSTRS

performs the interpolation using the library routine AITKN.

Calling Routines: FSTRS

Called By: STRESS

Subroutine NOSFLW

Purpose: In addition to coordinating the functions of all other

routines in the metal flow analysis section, this routine

solves the differential equation for thickness function.

Calling Sequence: CALL NOSFLW

(No tormal parameters)

Variables Transferred
Through COMMON: A, AL, ALFA, ALFO, ALFI, AM, Bl, B2, DI, DO, GESSI, GESS2,

H, HO, HP, IPRINT, ITER, NDA, RR, Rl, SIUNIT, ZZ

Description: The second order ordinary differential equation is solved

numerically by the 5th order Runge Kutta method. Since one

boundary condition is available at each end of the interval,

an iterative method is employed. That is, the solution is

started at the beginning of the interval by assuming a

value of the second boundary condition. If this solution

satisfies the boundary condition at the end of the interval,

then the assumed value at the beginning is the actual

value, and the calculated soiution is the required solution.

Otherwise, the second boundary condition at the beginning

is adjusted by linear interpolation until the boundary

condition at the end of the interval is satisfied by the

last calculated solution.

swat"
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Calling Routine: RK5, VELCTY

'alled By: NOSING

Subroutine NOSTRS

Purpose: Defines the as-nosed profile from the supplied data and

prints the geometry, calls PREFRM to define the preform

geometry and STRESS to estimate loads and stresses during

nosing.

Calling Sequence: CALL NOSTRS

(No formal parameters)

Variables Transferred
Through COMMON: AL, ALFA, ALFD1, ALFD2, AL2, Bl, B2, NDA, RRI, RRD, Rl,

R2, TEMP, X, XI, Z

Calling Routines: PREFRM, STRESS

Called By: NOSING

Subroutine PREFRM

Purpose: Defines the preform geometry from the known finish shape

Calling Sequence: CALL PREFRM

(No formal parameters)

Variables Transferred
Through Common: AL, ALFA, ALFOl, AL2, Bl, DL, DO, ELNG, H, HO, HP, NDA,

NSIZE, R, RI, SCI, SIUNIT, TEP, UNIPFM, Z

Description: * Nosing preform is designed using simple strain consider-

ations given by Nadai. The estimated elongation due to

nosing is distributed along the length by a power law.

Preform thickness is then calculated from volume constancy

requirements.

Called By: NOSTRS

Subroutine RK5

Purpose: This routine solves a system of first order ordinary

differential equations with given initial values, by a

fifth-order Runge-Kutta method. It has an automatic
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control of step size in order to minimize the number of

steps necessary ot obtain a prescribed accuracy. The

routine performs at least seven evaluations of the

derivative for each step.

Calling Sequence: CALL RK5 (X,Y,B,EPS,N,FI,FP)

X = a variable corresponding to independent variable

B = the size of interval

EPS = prescribed relative error. Recommended value,

10- 8 < EPS < 10
- 4

N = nuumber of equations to be integrated

FI = a real variable. Set FI < 0 when entering the

routine the first time

FP = the name of the routine supplied by the user to

evaluate the derivatives. DERIVA in this case.

Y = an array of dependent variable, the solution array

(ot'tput)

Note: This routine is valid for N < 25.

Called By: NOSFLW

Subroutine STRESS

Purpose: Calculates the stress and the load during nosing operation.

Calling Sequence: CALL STRESS

(No formal parameters)

Variables Transferred
Through COMMON: ALFA, ALOAD, AMBTEM, MU, ANU, DENSTY, DIEOD, DL, DO, E, EPS,

EPSRT, H, HO, HP, IPRINT, NDA, PI, R, RRI, RRD, RI, SIGC, SIGM,

SIGT, SIUNIT, SPHEAT, TEMIP, THCON, VELO

Description: * The stress analysis used here was given by Nadai and

modified by Onat and Prager. Basically, the nosing process

is simulated in a finite number of discrete steps. The

stresses at each step are calculated in each segment,

beginning from the free tip of the nose. At each step,

strains, strain rate, and temperatures are also calculated

in each segment and the flow stress of a segment is taken

as a function of the strain, strain rate, and temperature.
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Also, the local buckling or Euler's buckling is checked

at each step. In the end, a load-displacement table is

generated.

Routines Called: ANTE, MATERL

Called By: NOSTRS

Subioutine TMPRNT

Purpose: Lists the temperature distribution with an appropriate

caption on a prescribed file.

Calling Sequence: CALI TMPRNT(K,PROCODE,FILNAM)

K = Number of iterations completed

PRCODE = A code number to identify the caption to be

printed

FILNAM = File number on which the results are to be

printed

Variables Transferred
Through COMMON: MEND, NEND, T

Description: * The temperature distribution at the end of iteration "K"

is listed on the file "FILNA\f" with a caption designated

by "PRCODE".

Called By: HEATGB

Subroutine VELCTY

Purpose: This subroutine calculates the velocity field in the

deformation zone

Calling Sequence: CALL VELCTY

(No formal parameters)

Variables Transferred
Through COMMON: ALFA, DO, H, HO, HP, NDA, PI, RR, RI, SIUNIT, VELD, ZZ

Description: * Based on the assumed velocity field, the meridianal,

the circumferential, and the normal components of velocity,

strain rate, and strain are calculated for an assumed thick-

ness profile of the nosed position.

Called By: NOSFLW
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DESCRIPTION OF THE VARIABLES INCLUDED
IN THE COMMON BLOCKS

There are ten labeled common blocks in NOSING. In the description

given below, variables included in all these ten blocks are pooled together

and listed in alphabetical order. The number code given in parenthesis

following each variable name refers to the common block in which the particular

variable appears. Explanation of the number code is given below. Default

value of each variable, if any, is given in brackets below the variable name.

Units, wherever applicable, are also given after the description of each variable.

Code Common Block Name

1 NOSNG

2 PRFORM

3 MTLFLW

4 INDUCH

5 SCRACH

6 FLOW

7 PFSTR

8 HEAT

9 BILPRO

10 HETDIS
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Table E-l Description of Variables in Common Blocks

t

A(6) Radial distance of ogive center from shell axis.(mm; inch)

AL(l) Axial length of the nosed portion. (mm; inch)

AKB(9) Thermal conductivity of the shell material.(watt/m-K)

ALFA(6)(7) Angular location of a segment. (radian)

ALFO(3) Angular location of nose base.(radian)

ALFOI(7) Angular location of nose base at outside diameter. (radian)

ALFO2(7) Angular location of nose base at inside diameter.(radian)

ALFl(3) Angular location at the tip of the nose.(radian)

ALOAD(7) Nosing load at various die penetrations. (N, Lb)

AL2(7) Axial length of the nosed portion in the preform.(nmm;
(AL - ELNG] inch)

AM(l) Friction shear factor at the die-workpiece interface.
[0.011

AMBTEM(l) Ambient temperature.(C)

*[20]

ANU(2) Poisson's ratio of the shell material.

ARI(8) Average radius in I-direction. Refer to Figure E-6.

ARJ(8) Average radius in J-direction. Refer to Figure E-6.

BATCH(I) Logical variable. Set to false while running the program

[TRUE] in the interactive mode.

BILTEM(1) Initial billet temperature.(C)
[A~MTEM]
Bl(l) Axial distance of the center of arc Rl from the nose base.

(mm; inch)

B2(l) Axial distance of the center of arc R2 from the nose base.

(mm; inch)

COTIME(4) Time required to transfer the heated billet to the nosing
press.(seconds)

CRB(9) Product of heat capacity and density of the shell material.
(Joule/m 3 .K)
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Table E-1 (Continued)

CTETA(8) Cosine of angle a. Angle a is shown in Figure E-6.

CTETAB(8) Cosine of angle a. Angle a is shown in Figure E-6.

. DELT(8) Maximum time interval, At, for heat transfer calculations.

DELZ(8) Axial distance between two successive elements. Refer to
Figure E-6.

DENSTY(9) Density of the shell material. (Kg/m )

DI(l) Inside diameter of the rough turned shell at the nose base.
(DO - 2 x HO] (mm; inch)

DIEOD(2) Outside diameter of the nosing die. (mm; inch)

DL(7) Incremental displacement.(mm; inch)

DO(l) Outside diameter of the shell.(mm; inch)
[DI = 2 x HO]

DRI(8) AR shown in Figure B-3 of Appendix B.

E(2) Young's modules of the shell material.

EFFICN(4) Efficiency of the induction coil.(percent)
~[50]

- ELNG(2) Elongation of tube during nosing.(mm; inch)

L i EPS(7) Effective strain.

EPSTR(7) Effective strain rate.(i/sec)
2

FLOW(7) Flow stress.(N/mm , psi)

FREQ(4) Frequency of the induction voltage. (cycles/second)

GESSI(3) First guess of the slope of inner profile at the nose base.

GESS2(3) Second guess of the slope of inner profile at the nose base.

H(6)(7) Instantaneous wall thickness during nosing.(mm, inch)

HCB(9) Film heat transfer coefficient at the cylindrical surface

of the tube.(watt/m2 .K)

HETIME(4) Heating time. (seconds)

HFB(9) Film heat transfer coefficient at the flat end of the tube.
(watt/m2. K)

HO(l) Wall thickness of the preform at the nose base, or wall thick-
[(DO - DI)/2] ness of the preform with uniform thickness wall.(mm; inch)

HP(6)(7) Wall thickness of the preform.(mm; inch)

IC(4) Current in the induction coil.(Amperes)
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Table E-l (Continued)

IPRINT(l) A code used to print a number of intermediate results.

Values listed under the direction of this code are
summarized in Table E-2. When the end results are not
satisfactory, the intermediate results will be very helpful
to figure out the cause of program malfunction.

ITER(l) Maximum number of interactions to be performed during metal
[25] flow analysis.

LC(4) Length of the induction coil (mm).

MEND(8) Maximum coordinate value of an element in the radial
direction. Refer to Figure E-6.

NC(4) Number of turns in the induction coil.

NDA(l) Number of axial segments for stress analysis and temper-
[20] ature estimation.

NDOASN(1) A variable used to limit the number of iterations performed
in heat transfer calculations. When NDOASN is assigned a
value, the calculated number of iterations is ignored and
the heat transfer calculations are repeated NDOASN times.
Helpful while debugging.

NDR(l) Number of radial segments for temperature calculations
[6]
NEND(8) Maximum coordinate value of an element in the axial direc-

tion. Refer to Figure E-6.

NN(10) Size of the arrays XX and ZZ.

NSIZE(l) Shell size in millimeters.

OUTP(8) Name of the output file.

PERMEB(9) Permeability of the shell material.(Gauss/cersted)

PHI(8) Angle shown in Figure E-6.

PI(l) Value of 7 used in area, volume, and angle calculations.
[3.1415926541

Ql,Q2,Q3,Q4(5) Scratch variables. Used to transmit values between routines
in different segments.

R(7)(8) During preform calculations, radius of as-nosed shape at
various axial locations. During heat transfer calculations,
radial distance of the center of the element. Refer to
Figure E-6.

RC(8) Centroid of the element.

RHO(9) Thermal resistivity of the shell material (ohm-cm).
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Table E-l (Continued)

RR(6) Outside radius in the nosed portion. (mm; inch)

RRI(7) Inside radius in the nosed portion. (mm; inch)

RRO(7) Outside radius in the nosed portion. (mm; inch)

RSLT(8) Name of a temporary file, TAPE3, on which intermediate
results are listed when IPRINT is set to a value between
0 and 9.

Rl(l) Radius of curvature of the outside nose profile.(mm; inch)

R2(l) Radius of curvature of the inside nose profile. (mm; inch)

SIGC(7) Circumferential stress (N/mm2 ; psi)

SIGM(7) Meridianal stress (N/mm 2; psi)

SIGT(7) Normal pressure (N/mm 2; psi)

SIUNIT(l) Logical variable. Set to FALSE when the input data are
(TRUE] lb-inch-C units.

SPHEAT(2) Specific heat of the shell material. (J/Kg)

T(8) Temperature array. In the subprogram GRIDSY, T is used
as a scratch array

TEMP(2) An array of temperature distribution in the preform prior
to nosing.

THCON(2) Thermal conductivity of the shell material.(W/m.K)

TSCR(8) A scratch array to store intermediate temperature values.

UNIPFM(l) Logical variable. Set to FALSE when the preform has non-
[TRUE] uniform wall thickness.

VELD(l) Axial velocity of the nosing die. (mm/sec; inch/sec)

X(7) Axial location on outside surface of nosed portion. (mm; inch)

XI(7) Axial location on inside surface of nosed portion. (mm; inch)

XX(IO) X coordinates of the points defining the heat distribution
along the axis of the tube.

Z(7) Axial location of a segment.(mm; inch) In heat transfer
calculations, Z coordinates of the points defining the heat
distribution along the axis of the tube. (mm; inch)

ZZ(6)(10) In metal flow analysis, ZZ are the location of axial
segments. (mm; inch)
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List of Variables Written on the File TAPE3
for Different Settings of IPRINT

IPRINT is a variable included in the namelist IDATA. When IPRINT

is set to a value between 0 and 9, during program execution, several inter-

mediate results are written on a separate file named TAPE3. At the end of the

program execution, the file is automatically disposed to the line printer.

These intermediate results may be helpful to find possible errors if there are

any. The list of variables written on TAPE 3 for different settings of IPRINT

are summarized in this table. When IPRINT is set to a value, say 5, all the

variables corresponding to 5, in the table shown below, as well as those

corresponding to 5, will be written on TAPE 3.

Table E-2

IPRINT Setting Variables Listed

2* DELT and number of iterations required to estimate temp-
erature distributions at the end of induction heating and
after cooling from HEATGB.

3* Temperature distributions (i.e., 9i,j for i = 1 to MEND
and j = 1 to NEND) after each ten iterations during
induction heating and during cooling from HEATGB.

5* Radius of each grid (i.e., Ri,, for i = 1 to MEND and

j = 1 to NEND) from GRIDSY.

2 * ALFA, ZZ, RR, H, AND H' after each iteration from NOSFLW.

7 * Centroid of each grid (i.e., RCi,j for i = 1 to MEND and
j = I to NEND) from GRIDSY.

* i,j,ku,kl,kr,k,K,cos. .,cos. ,ileJ,' i . * and three other

variables for i = 1 to MEND and j = to NtI from HEATRN.

8 * ARIi,iARi,j,ARJi,j for i 
= I to MEND and j = 1 to NEND

from CRIDSY.
Note: Values listed under ARJi,j are actually the

product of ARJi,j and Ti, j .
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Table E-2 (Continued)

MPINT Setting Variables Listed

*W,P~ (permeability), Q, C, Ae, and K for each value of I and
F J from INDRET where

(W cNI) 2 f -3~

*C =Thermal capacity x density

k2 81, 2 w

9 *cosai, cosai~j foril1 to MEND and j =1 to NEND from
GRIDSY.

e eij for i = i to MEND and i = 1ito NEND after each
iteration during induction heating and during cooling
from HEATGB

*i,j,ku,kd,kl,krK,cosoai,j,j,coscai,j,j,eOi i and three other
variables for i =1 to MEND and j =1 to NEND from HEATRN.

L
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