General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



ey
N

fr—,
LMSC D-059359

(NASA-CR-170738) HIGE-SFEID EICEINING (HSM) NB3=24727

CF SPACE SHUTTLE EXTEENAL TANK (F1) PANELS

Pinal Report (lockheed Missiles and Space

Coe.) 89 p HC AOS/MF AD1I CSCL 13H Unclas
G3/31 (3€CC

TASK A
FINAL REPORT

HIGH-SPEED MACHINING (HSM) OF
SPACE SHUTTLE EXTERNAL TANK (ET) FANELS

25 FEBRUARY 1983

Prepared for

MAY 1983
REGEIVED 7
oo NASASI Fagiuy, £

National Aeronautics & Space Administration
George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama 35812

&
&S

o ACCESS DEPT, @y

Prepared by:

Joseph A. Miller
Missile Systems Division
Lockheed Missiles and Space, Inc.
Sunnyvale, CA

Contract: NAS8-34508



chae il o

»

S —

LMSC D-059359

FOREWARD

Lockheed Missiles and Space Company, Inr.. is pleased to submit this Task A
final report to the National Aeronautics and Space Administration, Marshall
Space Flight Center in accordance with Contract Number NAS8-34508. The
program, summarized herein, covers Task A of the contract as it has been
adjusted since originally awarded. The changes made transferred the paragraph
"Identify Potential High-5peed Milling Procedures” from Task A to Task B
where it is entitled "High-Speed Milling Procedures and Times," and descoped
the Task A paragraphs entitled '"Analysis of Present Manufacturing Methods"

and "Time and Motion Study."

This submission is not intended to duplicate the Task B report and documents
primarily the findings of the Task A activities.,
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Section 1
INTRODUCTION

fhe External Fuel Tank (ET) of the Space Shuttle (Figures 1-1 and 1-2) is
not recovered after launch and a new one must be provided for each launch.
Currently, the external '"skin" panels of the tank are produced by machining
from solid wrought 2219-T87 aluminum plate stock approximately 1-3/4 inch
thick. The reduction of costs in producing External Fuel Tank panels is
obviously of particular significance.

This study, which is divided into Tasks A and B, was initiated to investigate
the feasibility of increasing production rates and decreasing costs of the

panels through the application of high-speed machining (HSM) techniques.
1-1 TASK A OBJECTIVES

Task A (the subject of this report) was designed to study potential production
rates and project cost savings achieved by converting the curremt conventional
machining process in manufacturing Shuttle External Tank panels to HSM techniques.
Savings were to be projected from the comparison of current production rates

with HSM rates and with rates attainable on new conventional machines. The

HSM estimates were also to be based on rates attainable by retrofitting existing
conventional equipment with high-speed spindle motors and rates attainable

using new state-of-the-art machines designed and built for HSM.
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Section 2
SUMMARY -~ TASK A

Lockheed Missiles and Space Company, Inc., contracted with the Marshall Space
Flight Center at Huntsville, Alabama to study the feasibility of transferring
the high-speed machining (HSM) techniques developed at LMSC for milling
aluminum missile parts to the machining of Space Shuttle External Fuel Tank
Panels,

The goals of Task A were to:

a. Investigate current machining techniques.

b. Using a production rate of 64 panels per month for 84 months as a
basis, compare current production rates and costs to projections
based on retrofitting present equipment to HSM.

c. Ccmpare current production rates and costs to projections based on
replacing bresent equipment with new HSM equipment.

d. Compare current production rates and costs to projections based on
replacing present equipment with new conventional equipment.

e. Perform an economic trade-off 7nalysis comparing various machine

options.

A gantry type milling machine presently being used to machine Shuttle Tuel
Tank panels was utilized as a basis for comparison in this study. Information
was gathered from several machine tool builders active in HSM, from HSM spindle

manufacturers, and from machine tool rebuilders.

Projected machining times and labor and machine investment costs were determined

for 41 specific machine tool configurations.

Findings of the study indicated that significant improvements in machining
production rates and cost over the present machine used as a basis

for comparison can be realized with new currently available state~of-the-art

HSM equipment. Using proven HSM equipment, production rates could be increased
from 3.9 panels per month currently to 73.5 panels per month. This increase

in production level could be accomplished using a one panel wide, two panel long

gantry-type mill with two 75 hp, 9,000 rpm spindies. The use of advanced HSM
2-1
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equipment (not fully proven but at a high confidence level) with two 100 hp
12,000 rpm spindles would increase production rates to 86.6 panels per month.
Projected rates for two panel wide machines are even higher, but the costs

are also higher. Projected rates for unproven HSM 150 hp, 24,000 rpm spindles
for both one and two panel width machines would push production rates still
higher if appropriate cutters were available.

By retrofitting two 100 hp, 12,000 rpm HSM spindles on the present
gantry-type mill, production rates could be increased from 3.9 panels to an
estimated 43.3 panels per month. Two machines thus converted would be needed
to achieve the 64 panel per month production requirement.

New conventional machines could be used to increase production rates from 3.9
currently to 87.6 panels per month. This level could be accomplished with a
two panel wide, two panel long gsntry~type mill and four 150 hp, 3,600 rpm
spindles.

The HSM panel machining times determined from the actual 4 foot by 8 foot
panel section machining performed in Task B correlated very closely with the
machining times projected in Task A. As an example, 6.0 hours was projected
in Task B to machine a full-size panel using a single 75 hp, 9,000 rpm spindle
machine. Using the detailed procedures determined in Task A, 5.9 hours was

estimated for the same situation.

Areas limiting production levels and that require further developnient are

cutters, chip removal, and panel loading and unloading.

2-2
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Section 3
TASK A EFFORT

The major efforts involved in Task A are as follows:

1)
2)
3)
4)
5)

6)
7)

8)

9)
10)

Survey present facilities.

Gather data on conventional machine and determine cost of
conversion to HSM and projected schedule.

Obtain conventional machining operation steps and times.
Assess new machines.

Determine cost and delivery schedule for new conventional
machine(s).,

Determine cost and delivery schedule for HSM machines.
Determine barrel panel machining times for new conventional
and new HSM machines.

Perform Economic Trade-Off Analysis comparing various
machine options.

Produce HSM implementation plan for each option.

Write a final report.

3-1
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4 TASK A TECHNICAL APPROACH

Following is a summarized description of the detailed steps involved in
the Task A study.

4=~1 SURVEY OF PRESENT FACILITIES

A visit was made to an existing machine vendor

where some of the Shuttle External Tank panels are currently machined.
The panel machining operation taking place on a gantry~-
type mill was briefly observed. Following is a compilation of the informa-
tion gathered regarding the machine and the various machining para-
meters involved in milling the panel.

Machine: Gantry type mill (in service’only 6 months since major rebuild)
(Navy owned)
144" x 480" table
X axis = 480" (40')
; axis = 144" (12')
Z axis = 12" (1')
Wilson 20 hp, 1800/3600 rpm, 440v, 3 phase spindle motor (only 13
hp available due to electrical overloading condition)
Axes motions at 240 ipm rapid and 200 ipm programmable (originally)
but currently capable of 200 ipm rapid and 150 ipm programmable
All axis drives (originally hydraulic) have been replaced with dc

electric drives

The gantry drive motors were:

Inland Motors

Industrial Drive Division

Radford, Virginia

Model TTF2-5306-201-B

Ser. 81D82-~50

2400 rpm max.

Cont (stall) 1lv, 146 amp, 60 lb-ft.
Peak (stall) 14v, 200 amp, 82 1lb-ft.

Controls: Allen Bradley Model 7320 CNC

4-1
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Cutter sizes and maximum cuts:

1) Roughing cutter: 5-1/4" dia, 4-flute, at 3600 rpm and 12 ipm
(average of .300" deep (.475 max)‘at full width)

2) Finishing cutter for bottom of pocker: same as roughing cutter

but only .100" deep

3) T-rib cutter: 4" dia, 6-flute, .625" or .725" flute height
(full width and full depth (.725) used at 3600 rpm and 40
ipm at top of T). Maximum radial depth of cut = ,575".

4) Profiling cutter for sides to T: 2-~1/2" dia, at 3600 rpm
and 40 ipm. (Assumed to cut 3/8'" radii at bottom of T, etc.)

This information was gathered in light of possibly retrofitting the machine
to HSM capabilities in addition to gaining a better understanding of how

the panels are presently being machined. In regard to a possible retrofit,
the new Allen Bradley Model 7320 CNC controls and the fact that the machine
had been recently rebuilt were felt to be definite positive points. A

point which was felt to be negative was that the maximum programmable gantry
feed was rated at 200 ipm but presently the machine was limited to operation
at a maximum of 150 ipm. A second negative point was that the electrical

power supply to the machine appeared inadequate and would need to be remedied.

The small (20 hp) spiadle motor installed on a machine originally designed
for a considerably larger motor(s) indicated that problems with machine vibra-
ticn may have been experienced with the larger motor(s). If so, potential

problems with retrofitting to high speed spindles could be expected.

4-2 COLLECTION OF DATA FROM MACHINE TNOL BUILDERS AND REBUILDERS

To obtain pertinent information regarding state-of-the-art HSM machines and
related equipment, machine tool and HSM spindle builders were contacted who
were known to be actively involved in the manufacture of HSM equipment of the

size and type being studied.

Information relative to new machines capable of machining the Shuttle External
Tank panels at conventional machining rates was also obtained. 1In all instances,
details were solicited regarding machine specifications, cost, and delivery

schedule.

4=2
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The general approach taken was to telephone the machine tool builder assuring
contact with the appropriate person and then follow up by letter with the

necessary details. In several instances, personal meetings were held.

One general large machine tool rebuilder was contacted regarding the possible

retrofitting of the present machine to KSM capabilities. Additional retrofit

information was obtained from the original manufacturer of the machine and

the Bryant Grinder Division cf the Excello Corporation (builder of HSM spindle
motors, )

4-3 SELECTION OF GENERAL MACHINE TOOL CONFIGURATIONS

The most common general approach to machining large panels such as those used
for the Shuttle External Fuel Tank (11' x 20') is to mount them on a stationary
horizontal table and to mount vertical (or a combination of vertical and
horizontal) spirdles on a moveable gantry. Considerably less moveable mass is
involved in moving a gantry over the part than in moving an entire table
capable of properly supporting such large parts, especially if the table is

large enough to mount more than one panel at a time.

A moveable gantry type machine with one or two spindles (Figure 4-1) machining
a one panel width (11') was the first general configuration considered in the

study. The machine presently being used to machine Shuttle Tank panels
fits into this categorwv.

The second general configuration of machine tool included in the study was
the same as the first emcept with a two panel length table (Figure 4-2).
The lengthened table would allow loading and unloading to take place without

interrupting the machining process.

A third general coniiguration considered was a gantry type machine capable of
machining a two panel width (22'plus) using two or four spindles (Figure 4-3).
This machine configuration was considered with both single and double length
tables.
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Basic Gantry-Type Machine With Lengthened Table to Allow

Loading and Unloading of Second Part

Figure 4-2,
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An additional variation of the gantry type machines included in the study was
a vertical spindle(s) for finish machining but separate horizontal spindle(s)
for rough machining.

The fourth general configuration considered (Figures 4~4 and 4-5) involves
machining panels that are mounted vertically. Either one, two. or four
horizontal spindles would be used to machine one or two panels at a time. A
decided advantage of mounting the panels vertically would be the relative ease

of chip handling through use of a conveyor at the base of the panel.

Descriptions of the specific machine tool configurations considered in the
study are included in Section 4-5.3.

4-4 DETERMINATION OF CUTTERS TO BE USED IN STUDY

The full potential of high-speed machining is still being developed. Spindles
with higher rpm and horsepower are being introduced on the market. Along with
these advances, however, is a definiic need for more advanced cutter designs

and cutter materials.

The most appropriate combinations of cutters, feeds, speeds, and depths of
cut to machine the tank panels were based on the following considerations:
a) Lockheed's background in HSM
b) The cutters utilized and demonstrated in Task B of this contract
c) The cutters presently in use at the existing vendor for machining
tank panels.
d) Information from sources including cutter manufacturers and machine
tool builders

For the purposes of this study, a combination of both a theoretical approach
(without limiting the cutting speed) and a practical approach was taken. For
the theoretical approach, the assumption was made that 1f cutters were not
yet available which could operate at the desired cutting speeds (sfpm),
technology would soon develop and provide them. For the practical approach

basically the same general cutter specifications (diameter and number of

teeth) as are presently being used were assumed for most of the machining

operations. The assumption was also made that proper adjustments in cutter

4-7
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angles and other details would be made to correlate with the higher cutting
speeds projected in the study. However, for roughing and finishing the pockets
between the T-ribs of the panels, calculations for different cutter diameters
were examined (See Section 5 and Appendixes A and B for details).

Substitutions for the 5-1/4 inch diameter-four toothed cutter presently in

use for both roughing and finishing included 1) a 14 inch diameter by 2.8 inch
wide roughing cutter to be used with the horizontal spindle motors; 2) a 2 inch
diameter, three~flute end mill for roughing, and 3) a 9 inch diameter cutter
for roughing and finishing., The 9 inch cutter would have the advantage of
finishing the entire width of the pocket in one pass thus eliminating tool
marks and potential mismatch in the bottom of the pocket.

Except for the very highest theoretical cutting speeds, the cutters and
accompanying parameters chosen were considered reasonable, but not necessarily
optimum. For example, more teeth for a given diameter might improve machining
time if ample chip clearance for the higher cutting speeds'could still be
provided.

Safety, especially at the higher cutting speeds, is an obvious concern
regarding any cutter development and usage. Brazed carbide'inserc-type cutters

were assumed for instances where insertable teeth might not be safe.

4~5 CALCULATIONS OF MACHINING TIMES AND PRODUCTION CAPACITIES

A required production rate of 64 Shuttle External Tank panels per month for

84 montls starting in 1985 was specified by NASA as a basis for this study.
The specific objectives of the study were to determine potential production
rates and cost savings from converting to HSM techniques from the conventional
machining process presently eﬁployed in milling the panels from 1.75 inch.
thick aluminum plate.

A consideration of all aspects of the panel production process was not within
the scope of this study. The results shown are intended for comparison with
only the appropriate portions of the total process. Estimated machining rates
for these portions of the present process are included. Examples of
machining operations not included in the comparisons are the preparation of the
outside or bottom of the panels and the drilling and tapping of holes. Beth

of these operations can be considered to take place on other equipment and are

not considered necessary to the study.

4-10
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The following sub-sections describe the considerations involved in projecting
machining times and production capacities for the general machine tool config-
urations described previously in Section 4-3.

4-5.1 Selection of Typical Panel

The panel specified for this study by the NASA Marshall Space Flight Center

and their prime contractor for the Shuttle Tank, Martin Marietta, was described
on Martin Marietta Drawing Number 8094200997. This panel is comparable to the
one from which the demonstration sample was machined as part of Task B. It is
1l feet wide by 20 feet long and is milled from 1l.75 inch thick 2219-T87
aluminum plate. Twelve longitudinal T-shaped reinforcing ribs are spaced 10.8
inches apart (Figure 4-6). An estimated 91 percent of the metal is removed.

The panel is machined from a premachined blank from which over half of the metal
has already been removed. However, for the purposes of this study, all machining
times including the references, are based on starting from a 1.75 inch thick
gsolid plate. '

4-5.2 Cutting Speed Limitations

As a basis for the study, projected machining rates and panel production capa-
cities were calculated without the restraints of cutting speed limitations
(expressed in surface feet per minute-sfpm). Essentially, the assumption was
made that cutters were available (or would soon become available) that would
allow the utilization of the full capacities of the machine tools. The tables

shown in this report are based upon this assumption.

In several instances, the cutting speeds calculated were substantially above
current demonstrated levels. Upon investigation,a smaller diameter cutter at
the same rpm but deeper axial depth of cut was found to remove a similar amount
of metal at a lower cutting speed (in currently proven range). For example,
the 2 ingh, 3=-flute end mill used in the 1590 hp, 24,000 rpm spindle machines as
a roughing cutter with a .508 inch depth of cut provided similar metal removal
rates as the 9 inch cutter with a .066 inch depth of cut on the same machines
(Table A-1, Appendix:A).
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The potential for obtaining cutters capable of the maximum cutting speed indicated

in this study (56,549 sfpm) was pursued further. A spnokesman for a major cutter
manufacturer involved directly in cutter development for HSM stated that a cutter
capable of machining aluminum at 56,000 sfpm is felt to be feasible. Cutting speeds
in aluminum at up to at least 28,000 sfpm have already been demohstrated successfully.

4-5.3 Specific Machine Tool Configurations Used in Study

Projected panel machining times and monthly productioﬁ rates were determined for the
following specific gantry type machine tool configurations. (The columns of the
tables showing the results are arranged in this order throughout the report):

a) Present conventional gantry type mill with one 20 hp, 3,600 rpm
spindle, and 200 ipm gantry feed (Figure 4-1).

b) Present conventional’ gantry type mill retrofitted with new HSM
100 hp, 2,600 rpm conventional spindle(s) (1 or 2) and 200 ipm gantry feed
(Figure 4-1).

c) Present conventional gantry type mill zetrofitted with new HSM
100 hp, 12,000 rpm spindle(s) (1 or 2) and 200 ipm gantry feed (Figure 4-1).

d) New Conventional gantry type mill with horizontal 100 hp, 3,600 rpm and
vertical 150 hp, 3,600 rpm spindle combination(s) (2, 4 or 8 spindles) and
300 ipm gantry feed for one panel width and 200 ipm gantry feed for two
panel widths (This configuration is similar to Figures 4-1 and 4-3 but
with both vertical and horizontal spindles).

e) New conventional gantry type mill with vertical 150 hp, 3,600 rpm spindle (s)

(1, 2 or 45 and 300 ipm gantry feed for one panel width and 200 ipm gantry
feed for two panel width (Figures 4-1 and 4-3).

f) New HSM gantry type mill with vertical 75 hp, 9,000 rpm spindle(s) (1, 2,
or 4) and 600 ipm gantry feed for one panel width and 200 ipm for two panel
widths (Figures 4-1 and 4-3).

g) New HSM gantry type mill with vertical 100 hp, 12,000 rpm spindle(s)

(1, 2, or 4) and 400 ipm gantry feed for one panel width and 200 ipm for
two panel widths (Figures 4~1 and 403).

h) New HSM gantry type miil with vertical 150 hp, 24,000 rpm spindle(s)

(1, 2 or 4) and 1,000 ipm gantry feed for both one and two panel widths
(Figures 4-1 and 403).

i) New HSM gantry type mill (same as 8) except calculations are made using

different roughing cutter.
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Machining times and production rates were also calculated for configurations
d) thru h) with two panel length tables. The lengthened tables were to
provide loading and unloading capability without interrupting the machining

process.,

The outputs from the vertical panel machines (Figures 4-4 and 4~5).are expected
to be comparable to the outputs 'attainable on the horizontal panel machines.
However, dcvelopment of the vertical panel machines has not progressed as far
as for the horizontal machines and a column feed rate ¢f 200 ipm was the
apparent maximum.

4=5.4 Machining Parameters (Appendixes A and B)

Cutters '

The study was based primarily on cutter sizes used for the present

operation. where applicable (Section 4-1 and 4-4). The cutters used for
roughing and finishing the pockets between the T-ribs were changed from the
5-1/4 inch diameter to 9 inches in most instances. For the combination hori-
zontal and vertical spindle machines, a 14 inch diameter by 2.7 inch wide
staggered tooth cutter with 8 teeth was used for roughing. Tiails cutter was
reportedly being used effectively on similar panels being machined at other
facilities A 9 inch diameter cutter in the vertical spindle was used for
the finishing.

Calculations were also made for roughing and finishing the pockets using a
5-1/4 inch cutter (as now used) on all of the machine configurations. The
results are not shown in the report since in all instances the time was greater
than when using the 9 inch diameter cutter.

Spindle Speeds

The maximum rpm available was used unless otherwise noted.

Horsepower Required

The metal removal rates are based on a full 100 percent of the rated horse-
power of the spindle motors. The amount shown was calculated by dividing the
cu in./min by a cutting efficiency factor of 4.0 cu in./min/hp (demonstrated
in Task B and in other instances of HSM).

4-14
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Chip Load
HSM research has defined optimum chip loads (chip per tooth) for milling

aluminuml. Chip loads of .007 inches for roughing and .003 inches for
finishing were taken from these recommended ranges and mainta.ned as con=-
stants throughout the study. Exceptions were the present operations
and a few other instances as noted where machine capabilities were limiting.
Number of Layers

The number of layers in which the metal in the pockets between the ribs was
rough machined was determined by computing the maximum cross-sectional area

of metal removeable based upon a cutting efficiency factor of 4.0 cu in/min/

hp and the available horsepower. The maximum axial depth of cut equivalent

for the full diameter (radial depth of cut) of the cutter was then calculated.
This maximum depth per pass was then divided into the total roughing depth of
1.525 inches (1.75"-.100" finish cut - .125" panel thickness). The figure was
adjustod to the next larger whole number and the 1,525 inch roughing depth was
divided into equal depth layers each of which was considered to be the depth of
cut (axial).

Number of Passes per Pocket

The number of passes per pocket was determined by multiplying the number of
layers by the number of passes per layer.

Depth of Cut (Axial)

(See Number of Layers)

Depth of Cut (Radial)

The full diameter of the cutter was used a» the radial depth of cut for the

vertical spindles. For the horizontal spindles the radial depth was calculated
depending on the number of passes required to achieve the depth of the pocket.
Table (Gantry) Feed Used

This value was calculated in each instance based on constant chip load, rpm,

and number of teeth in the cutter. The calculated value was used unless the
maximum capability of the machine was limiting. In such instances the exception
was noted.

Cu In./Min ~ Metal Removal Rate

The metal removal rate value in cubic inches per minute was based on the
maximum rate used and the full width of the cutter.

17, McGee et al, "Manufacturing Methods for High Speed Machining of Aluminum,"
Final Technical Report, Vought Corporation coatract No. DAAK-40-76~C=1329;
submitted to U. S. Army Missile Research and Development Command, February 1,
1978,
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Cutting Speed
This value was computed as the peripheral speed of the cutter at the given

rpm expressed in surface feet per minute (sfpm).

4-5,5 Chip Cutting Time for Each Machining Operation

Chip cutting time was considered to be only that time during which the
revolving cutter is actually engaging the workpiece. Detailed calculations

for each of the separate machining operations and for each machine configura-
tion considered are shown in Appendixes A and B. The cutter paths used are
considered reasonable but not necessarily optimum. Optimization of the cutters
and other parameters should yield even shorter cutting times. A summary of
these individual machining operation times and a composite total is provided

in Table 4~1.

The data (Table 4-1) show that as rpm is increased the total chip cutting time
is decreased. Theoretically, if a table feed of 1,344 ipm had been available
for the 150 hp, 24,000 rpm spindle machine, an additiomal .359 hours (21.54

minutes) per panel would have been saved.

The values shown in Table 4-1 (and Appendixes A and B) are based upon one
spindle operation. These one spindle values are expanded to the two and four
spindle levels by dividing the one spindle chip cutting time by two and by

four, respectively.

4=5.6 Total Machining Time

Machining time was computed to be the sum of chip cutting time plus between
pass cutter positioning time. The time allowed for positioning was adjusted
according to the maximum gantry feed available for the particular machine tool

configuration. Tool changes, operator break, and down times were not included.
Table 4~2 shows the estimated machining time per spindle for ome, two, and four

spindle machines. This separation was required because the gantry feed of the

four spindle machines is slower.
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4-5.7 Total Floor-to-Floor Machining Time and Monthly Panel Machining Capacity
Total floor-to-floor time was determined to be the machining time plus operator
break, fatigue, and personal time plus panel loading and unloading time. The
operator break, fatigue, and personal time was estimated at 20 percent of machin-
ing time. Panel loading and unloading time was included at the reported present
rate of 3.0 hours for the one panel width machines and an estimated 4.5 hours
(2.25 hours per panel) for the two panel width machines. As the loading and
unloading times were conridered to be different for one and two panel width
machines and also for one and two panel length machines, separate tables (C-1
through C-6) are shown in Appendix C for each of these categories. The monthly
panel machining capacity was computed by dividing the total floor-to-floor time
into the 325.5 hours per month total production time available on a two shift

basis. This 325.5 hours per month was determined as follows: o
Day shiit: 21 days x 8 hours/day = 168 hours
Swing shift: 21 days x 7.5 hours/day = 157.5 hours
Total for two shifts = 325.5 hours

Operator break, fatigue, and personal time have already been included in the
floor-to-floor time. However, maintenance and other down times have not been

allowed for.

A summary of total floor-to-floor machining time and monthly panel machining
capacity is given in Tables 4-3 and 4-~4.

It is noteable that in all instances the estimated monthly panel capacity
increases as rpm is increased unless the capacity i1s limited by the load and
unload time. It is also of interest that the estimated monthly panel capacity
increases for each number of spindles when the table is lengthened to allow

loading and unloading during machining.

4-6 ECONOMIC TRADE-OFF ANALYSIS

An economic trade-off analysis is a very important aspect of the High-Speed
Machining of Space Shuttle External Tank Panels study. Even though the HSM
process might be shown to produce panels faster, if the cost for producing the
panels by this means is too high the change could not be justified. The approach
taken to determine the estimated costs involved in machining panels using each

of the 41 machine tool configurations included in the study was to assess both
the machine investment cost and the machining time or labor figure. Some
additional manufacturing costs, such as panel premachining which were considered

to be essentially the same for each of the configurations, were not included in
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the comparison study.

The production requirements were specified to be 64 panels per month for 84
months (5,376 panels) starting in 1985. The costs were computed both per panel
and per the total 5,376 panels,

4-6.,1 Labor Costs Per Panel and Per 5,376 Panels

The labor cost per panel for each of the 41 configurations was determined by
multiplying the total floor~-to-floor machining time per panel by a constant
labor rate. An appropriate labor charge for the type of work and equipment
involved was estimated at $60 per hour. These labor costs are shown in Table
D-1 and D-2 of Appendix D. Also shown are the labor costs projected for the
total 5,376 panels if machined by each of the configurations.

4-6.,2 Machine Investment Costs Per Panel and Per 5,376 Panels

The costs of the machines were estimated by various machine tool builders. A
degree of interpolation was involved in costing certain specific machine tool
configurations. In the case of the retrofit machines, no value for the present
machine was allowed; only additional investment costs were figured. The

primary costs for the retrofits were for the HSM spindle motor systems.

The cost of the vacuum chuck system was, in some instances, included in the cost
of the machine. The estimates for installation and debug and test were deter-
mined from inputs from the machine tool builders and from Lockheed personnel

experienced in the area (Tables E-1 through E-6, Appendix E).

4-6.3 Combined Machine Investment Plus Labor Costs Per Panel and Per 5,376 Panels
The machine investment costs and the labor costs for the various machine tool
configurations are combined in Tables F-1 through F-6 of Appendix F. Both costs
per panel and per the total of 5,376 panels are shown. Summary comparisons of
these combined costs per panel are given in Table 4-5 and total costs for all

5,376 panels are given in Table 4-6.

Of interest is the indication that, for the new machines, the combined cost

per panel goes down as the rpm of the spindle motors goes up.
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4~6.4 Comparison of Monthly Panel Machining Capacities of Various
Machine Tool Configurations

Table 4~7 shows the projected monthly panel machining capacities of the 41
different machine tool configurations. Details are compiled in Appendix C.
The information in Table 4~7 is based on a 100 percent efficiency factor after

operator break, fatigue, and personal time have been allowed.

Additional time should be allocated for maintenance (commonly 10 percent or
hiiglier for conventional numerical control machining centers) and other misc-
ellaneous reasons. Furthermore, in this study no time has been allowed for
secondary machining operations such as drilling and tapping holes while the

part is still mounted on the machine, A realistic estimate of actual productive
machine time for the milling operation would be 80 percent. Table 4-8 shows

the projected monthly panel machining capacities of the 41 machine tool confi-
gurations at this 80 percent level.

4~6.5 Selection of Best Alternative Machine Configurations
Criteria used for selection were:
a) The machine must meet or exceed the production requirement of 64
panels per month (using the 80 percent efficiency lével),
b) The panels must be produced at the least reasonable combined total
machine investment plus labor cost.

¢) The machine tool configuration must be reasonably well proven.

Table 4-9 shows the 15 machine tool configurations selected which are expected
to meet or surpass the 64 panel per month production requirement. In addition
to the monthly panel capacity, the combined total machine investment and labor
costs are shown., Eight of the 15 configurations involve the 150 hp, 24,000
rpm spindle which at this time is felt to need further proofing before it can
be recommended. Table 4-10 shows the machine tool configurations selected

for each of the three following major categories.

a) Retrofit HSM
Two present gantry type , milling machines ach retrofitted with two

100 hp, 12,000 rpm vertical spindles)show a combined projected panel
machining capacity of 86.6 panels per month at an estimated labor plus
additional investment cost for the retrofit of $4,704,000 or $875 per panel.

4=25
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It is assumed that two saddles for mounting the spindles will be available
on each machine and that the new Allen Bradley #7320 controls recently
installed on the machine are capable of controlling the two spindles
simultaneously as reported.

b) New Conventional

The best choice for a new conventional machine is a two panel wide, two

panel long gantry type machine with four 150 hp, 3,600 rpm vertical
spindles. This configuration is projected to have a panel machining
capacity of 87.6 panels per month and have a combined total machine
investment plus labor cost of $4,464,000 or $830 per panel.

c) High Speed Machines (HSM)
Five different machine configurations appear to meet all three of the

selection criteria. Three configurations were identified involving the

the least cost.

A The two best choices are both gantry type milling machines with two spindles
§ and a single width, double length table. The two 100 hp, 12000 rpm
vertical spindle machine provides a capacity of 86.8 panels per month at

an estimated combined machine investment plus labor cost of $3,466,000 or
$645 per panel.

The other besy choice machine has two 75 hp, 9,000 rpm vertical spindles,
a capacity of 73.5 panels per month and is estimated to have a combined

machine investment plus labor cost of $3,343,000 or $622 per panel.

i
;
;
%
!
:
;
‘
]
.
;
é
i
-

The third lowest cost producing HSM configuration is the two panel wide,
two panel long, gantry type machine with four 100 hp, 12,000 rpm verticali
spindles. This machine has a projected panel machining capacity of 115.7
panels per month at an estimated combined investment plus labor cost of
$4,091,000 or $761 per panel.

4~7 IMPLEMENTATION PLANS

Before a decision on retrofitting existing equipment or purchasing new is made,

careful attention should be paid to several factors. Time should be allowed

in the implementation schedule for a detailed vibration analysis of the present
or other machine being considered for retrofitting. Estimated vendor

delivery times should be confirmed since delivery schedules can very noticeably

with work load.
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The following factors are involved and should be considered before the new or

retrofit machine is'fully ready for operation.

Retrofit Machine

The information in Figure 4-7 is provided as a guide for scheduling for a
retrofit HSM system to be installed on the present machine.

If a retrofit were to be made on this machine, schedule and budgetary provisions
should also be provided for the updating of the electrical power supply and
other items described in Section 5. The overall time from placing of order to

full production readiness is expected to approach 12 montiis.

New Conventional or HSM Machine

A scheduling and planning guide is provided in Figure 4~8 to be used for the
procurement, installation and readying of either a new conventional or HSM
machine. The lead times estimated by the machine tool builders contacted were
essentially the same for either type of machine. However, some variation

should be expected from particular machine tool builders. The ovarall time from
placing of order to full production readiness is expected to be at least

18 months.

Other Considerations

Other activities should take place concurrent with the installation. For example,

specific cutter determination and NC programming should be established.

4~-31
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SECTION 5

GENERAL DISCUSSION

5-1 COMPARISON WITH TASK B PROJECTED MACHINING TIMES

The 6.0 hours machining time projected from the 4 foot by 8 foot panel machined
in Task B (Table 6-1 of the Task B report) for the Cincinnati Milacron 75 hp
single spindle machine compares very closely to the 5.9 hours total machining
time estimated for the 75 hp, 9,000 rpm spindle machine (Table 4=2). The 4.48
hours projected in Task B for the 100 hp, single spindle machine also compares
very closely to the 4.75 hours total machining time determined in Task A.

The estimates in Task A and Task B were similar even though computed using

different procedures.

5-2 PRODUCTION RATE OF PRESENT MACHINE

The 3.9 panel per month baseline production rate of the present machine is
relatively low and is obviously limited by the low (20 hp) spindle motor. A
more realistic baseline might be 16.7 panels per month projected as obtainable
with a retrofit 100 hp, 3,600 rpm spindle (Figure 4-8). The 3.9 panel per
month baseline production rate was calculated using current parameters for

metal removal and assuming the starting stock to be 1.75 inch thick solid plate.

5-3 RETROFIT OF PRESENT MACHINE
When considering conversion of the present gantry type mill to HSM, the
following decision making criteria should be included.
a. The current capital investment value of this machine was not included
in this study. Only the additional retrofitting cost was considered.
b. The machine is approximately 20 years old but has been recently rebuilt
and a new control has been added.
c. The present electrical power supply to the machine is reportedly
capable of handling only 13 hp and will probably need to be replaced.
d. The gantry should operate at 200 ipm. Reportedly it can be operated
currently at a maximum of 150 ipm. This limitation would need to be
remedied.
e. Before a final decision to retrofit with large, powerful spindle motors
is made, a detailed vibration analysis should be performed to insure a
fully functional system. The presence of the current single 20 hp
motor instead of two 100 hp motors (reportedly original equipment)

may indicate problems of lack of rigidity and resulting vibrationms.

5-1
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f. A chip removal system should be defined and provided.

5~4 SELECTION OF GENERAL MACHINE TOOL CONFIGURATIONS

The best choice of the general machine configurations based on production capacity,
labor cost, and machine investment cost is the two panel length, gantry type
machine with two vertical spindles. Although the vertical panel machine concept
has better chip removal characteristics, none of the machine tool builders
contacted felt that it would be feasible to move the tall column required for

an 11 foot wide panel at the feed rates desired for HSM.

The 100 hp, 12,000 rpm spindle is the best choice of spindle. The projected
production capacity should be adequate and could be increased i1f the loading and

unloading time were reduced.

The 150 hp, 24,000 rpm spindle coupled with the 1,000 ipm gantry feed is theore-
tically capable of considerably higher production rates than the lower rpm
machines but the proposed designs need to be more fully proven. Furthermore,
cutters are not yet available which would allow full utilization of machine

potential.

The second choice of spindle is the well proven 75 hp, 9,000 rpm version.
However, the monthly production capacity of this machine is somewhat lower than
for the 100 hp, 12,000 rpm spindle.

Of the 41 machine configurations compared, 15 would be capable of meeting the
capacity requirements of 64 panels per month at varying combined labor plus
machine investment costs. However, eight of the 15 configurations involve the

150 hp, 24,000 rpm spindle which needs to be further proven.

5-5 CUTTERS

The study was based on the assumption that cutters are available (or shortly
wiil be) which are capable of operating at the cutting speeds of interest.
Availlability was based on contacts with machine tool builders and cutter manu-
facturers. However, for the highest cutting speeds indicated (especially
56,549 sfpm) cutters are definately not yet available.

5=-2



LMSC D-059359

5-6 CHIP REMOVAL
The volume of chips produced is in direct relationship to the machining metal
removal rate. At the very high metal removal rates under study, the removal

requirements for the chips becomes significant and dictates a need for mechanized
systems for chip removal.

The most highly recommended chip removal method for the gantry type milling
machines is by vacuum. The chips are collected from an inlet located at each
cutter and conducted to a common disposal point where coolant is reclaimed.

The cost of such a system 1s estimated to be from $350,000 to $400,000 per machine.
The cost for a chip removal system has not been included in the machine investment

cost figures in this study.

5-3
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Section 6

CONCLUSIONS

6-1 MACHINE TOOL CONFIGURATIONS
Based on the required 64 panel per month production rate (for 5,376 panels),
the following machine tool configurations, cost savings and production rates
are projected:
a. High Speed Machine (1) with (2) State-of-the-Art 75 hp High Speed
Spindles.
o $17,935,000 Cost savings
o 73,5 panels per month rate
b. High Speed Machine (1) with (2)Advanced 100 hp High Speed Spindles
o $17,812,000 Cost savings
o B86.6 panels per month rate
c¢. New Conventional High-Capacity Machine (1) with (4) Conventional
150 hp Spindles
o $16,814,000 cost savings
o 87.6 panels per month rate
d. Retrofit for (2) Existing Machines each with (2) Advanced 100 hp
High Speed Spindles
o $16,574,000 cost savings

o 86.6 panels per month rate

6-2 PROVEN HSM EQUIPMENT

Using proven HSM equipment, production rates cculd be increased from a baseline
of 3.9 panels per month to 73.5 panels per month. The equipment used would be

a one panel wide, two panel long gantry type mill with two 75 hp, 9,000 rpm
spindles. The comhined labor plus machine investment cost would be reduced from
$3,958 to $622 per panel. The total estimated savings of 5,376 panels would

be $17,935,000.

6-3 ADVANCED HSM EQUIPMENT

Advanced HSM equipment (not fully proven but at a high confidence level)

would increase production rates from the current 3.9 panels per month to 86.6
panels per month. Equipment would be a one panel wide, two panel long gantry
type machine with two 100 hp, 12,000 rpm vertical spindles. Labor plus machine
investment cost would be reduced from a baseline of $3,958 to $545 per panel
and estimated savings (on 5,376 panels) would be $17,812,000.

6-1
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6-4 MAXIMUM PANEL AND SPINDLES BENEFITS
A two panel vide, two panel long gantry type machine with four 75 hp or greater

HSM vertical spindles, would increase production rates from 3.9 panels per
month to 115.7 panels per month (limited by load and unload time). The combined

labor plus machine investment cost would be reduced from a baseline of $3,958

to $769 per panel for four 75 hp, 9,000 rpm spindles and have a projected total

savings of $17,142,000 for 5,376 panels. A comparable reduction with four
100 hp, 12,000 rpm spindles would be from the baseline of $3,958 to $761 per
panel at a projected total savings of $17,187,000.

6-5 RETROFITTING WITH HSM SPINDLES
Production rates could be increased from 3.9 panels per month currently to an

estimated 43.4 panels per month by retrofitting two 100 hp, 12,000 rpm

HSM spindles on the present gantry type mill. Two machines thus converted
would be needed to achieve the 64 panel per month production requirement. The
projected combined labor plus additional retrofitting machine investment cost
(two machine) would be reduced from baseline $3,958 to $875 per panel for a total
savings of $16,574,000 on 5,376 panels.

6-6 NEW CONVENTIONAL MACHINE

A new conventional machine could be used to increase production rates from 3.9

currently to 87.6 panels per month. This could be accomplished with a two
panel wide, two panel long gantry type machine and four 150 hp, 3,600 rpm
spindles., The projected combined labor plus machine investment cost would be
reduced from baseline $3,958 to $830 per panel at a total estimated savings of
$16,814,000 on 5,376 panels.

6-7 DEVELOPMENT HSM SPINDLES AND 1,000 IPM FEEDS

Extremely high production rates were indicated through use of HSM with 150 hp,
24,000 rpm spindle machines with 1,000 ipm gantry feed. However, these
machines (and cutters to utilize their full potential) are not sufficiently
proven to be recommended in this study. The potential of such a machine
however, indicates an $18,106,000 cost savings (5,376 panels) for a four (4)
spindle, two panel width, two panel length configuration. With unrestricted
gantry speed and load/unload times, production rates of 320 panels per month

were projected!
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6~8 HORSEPOWER EFFECTS
Horsepower was the dominant factor regarding the metal removal rate during the
rough machining operation regardless of rpm or cutting speed (sfpm).

6-9 DOMINANT FACTORS - METAL REMOVAL RATE
Rpm and gantry feed (ipm) were the dominant factors regarding the metal removal
rate during the finishing operations. The production capacity of the machines

increased as rpm and gantry feed were increased.

6-10 ADDED TABLE LENGTH
The addition of the second table length to allow machining to continue during

loading and unloading, increased the production capacity and decreased the

cost per panel in all i:..stances.

6~-11 LOAD/UNLOAD TIME
Loading and unloading time became a limiting factor at the high production

capacities even for the two panel length machines.

6-12 HORIZONTAL VS VERTICAL SPINDLES
The machines with horizontal spindles for rough machining and vertical spindles
for finish machining showed a lower production capacity and higher cost per panel

than for comparable machines with vertical spindles only.

6-13 PANEL MOUNTING
Machines with vertical mounting of panels would appear to be best suited for
convenient chip removal. At the current state of development, however, travel

rates for the moveable columns are not competitive with the gantry type machines.

6~14 CHIP REMOVAL
Chip removal is a very important comsideration. Currently, the most highly
recommended system for large horizontal panels utilizes vacuum removal techniques

that are proven and in use on other applications.and that can handle without

problem the large chip volumes typical of hsm.

s -
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MACHINING OPERATICN TIME

Rough Mill Pockets
Finish Mill Bottom of Pockets
Mill T-Ribs

Mill Edge of T's and Radii
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APPENDIX B

MACHINE RUN CALCULATIONS

Present Method - 20 HP, 3600 RPM
9 inch Cutter 8 Teeth, Retrofit 100 HP, 3600 RPM, 200 IPM
9 inch Cutter 8 Teeth, Retrofit 100 HP, 12000 RPM, 200 IPM

14 inch Cutter (Roughing), 9 inch Cutter (Finishing)
100 HP and 150 HP

9 inch Cutter 8 Teeth, 150 HP, 3600 RPM
9 inch Cutter 8 Teeth, 75 HP, 9000 RPM
9 inch Cutter 8 Teeth, 100 HP, 12000 RPM

9 inch Cutter 8 Teeth, 150 HP, 24000 RPM
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Table B~ PresenT Mathod — QO0HP 122,70, L5500 "PM

)

e B

MACHINE RUN CALCULATIONS
STD.
ITEM CuT- APP| TOT.| HRS. /] MACH.
NO. ELEMENT DESCRIPTION TER |LOC. |+OT}LOC.] INCH | OCC|TIHE
a b| ¢ d e] e
Mill Top of Tee, [ Fass Sl Q4o.0), 2014 | JA_|2,224
_ {8 /pin _ _ ,
Raueh Mill Packet dlayevs X A Pagcas 5 Vi slan],20/¢ }24/2)8R.256
' =R ipm i |
Einish Mill Froket 2 FPacze [EX4 240,00, 5214 12X/2| 7034
i /8 ipw | i 1 | J
Mill Undaw T- Rie R Passes | 4 [242:30},35942 12 %2 d o, 237
’ dopm  (.00/9"<hip /oa.:/) & Ffacth |
LM Eﬁgg of Tee y | Pasc 2L EMN 245,00, 00502l Rd |2.4/7
| 40 /pm (A.G*IAM'V\Q 4 Tanth) I
Mill Eaxrghe‘vy | Fass 26 g/o03, d022 | 1,258
4012M (A sumlina 47;».1'\')
Mill T?rz:eu- on. Tee T/ Pass 2"EM T, oo, 00054 24 | , 049
S0 ipm
2329
- 4
|
l Milline Time 15, 908
Culffev ReposiTion Loo02k X lr=sl L4543
_ Total Mackhininh TZole &hssc) | o463
(Using 4 Jalyerstiorw dnuahinag) _
{
! B}
|
|
| |
| |
. i [
! |
: |
« l
i
! i |
| ] i i !
| { ] !
| I i
i 1 l
1 f } |
] . : b
| | i
L |

TOTAL MACHINE PUN -
NOTE: a+b=cxdxes=f (Transter to rront Pagej

fI-02/2-2-50
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MACHINE RUN CALCULATIONS
STD.
NO. ELEMENT DESCRIPTION TER [LOC.}+0T}LOC.| INCH | OCC{TIME
a bl c d el e
Ml Top oFf Tan | Faze rAl 24a.2|, sni2| o2 |, 2
' 26 _iem
Zaial Ml Paakot .’.m,e.n Fal 240,98 002022 7% 02 L), 213
* ~”DO h-""\
Li-',m,h Mill PoekoT [ Pass | 1 240,001, 330191 "53], £R
E6 1D | ] 1 | 4
1M|H T-Rie 40 |5uf 5, 30), 22752 R A o, 23
43 )| D 4 Te&'f;\
IM-” 4¢. of Tee 2V 290,99),00039 | 24 12,545
‘f’ I B 4 I_g_e;f_’k |
Mill Pexiphawvy 2//a" glo.od, 03] | 1,232
42 ipwn 4 Teeth
Mill Taper on Tee | FPass a 3.00l, 000551 R4_| ,040
30 /pm 4 Teeoth
]

o [ HE ]
| iina Tipa | - )
' T - 7 [

i Cuitew @ggq;:‘i‘lon Jopake iox | 1239 ,.523
! [ { i
| Total Machining Tiine, :(h-f.-): | : | 10,475
! | [ | . {
| ! | ] ! |
| ]
J
i
| I
! | |
|
J ;
!
| !
] ) ;
l ! |
i t ] ! |
i | | i !
t | ]
i | |
] i |
1 ‘ |
' i [
! | 1 |

NOTE:

a+b=cxdxes=f

25-02/4-5-66

TOTAL MACHINE 2UN -

(fransier to rront rane)
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Takie B=3 27 iuiter. 2 Taoth, Rotrowit JOOHP, /2,020 AV, 22220
MACHINE RUN CALCULATIONS
STD.
ITEN |CUT- APP|TOT.|HRS./ MACH.
NO. ELEMENT DESCRIPTION TER {LOC. |+OT}LOC.] INCH | OCC|TIME
a bfc d el e
M)\ Tep of Tee | Pise 24 2analoveasy J= |, =30
T :oo ipm (003" chip lagd)
Rouah f t Z baynrs 2" 242,04, 000048 2 1241, 213
' -@zg.:oo Ipian (. 002" ahin lnad!
Elmigh 1] —uc et /| SPass 1.2 240,00 p08ezn] sz ) 2o
i ﬂxiﬁr 200 ipwm | ] J | |
ML TePlls =" I IR
/'f'} L‘?‘M _l
| :;’-.-(,!‘ of Tae = Vall ogadd bhaaals [ xral 572
144 ipen
Mill Ew 2% S, a2l /1, J72
Mil] Taper ow Tee 2 3,00], 00085 2 L o490
20 [ pw
-3
Ml“n; Time - {4,
< sition’ obast [ X | 209 | . 523
me (hlvg) L] 508
J B!
|
{ | .
i [
| NQTE: The crossed out feed rates were l | i
reduced due to the 200 ipm I i { |
—gantry feed limitation. ! !
|
|
t
t

NOTE:

£e-02/4-£-66

a+b=cxdxe=f

TOTAL MACHINE PUN -

(iranster to rront raqe)
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MACHINE RUN CALCULATIONS SareR
STD.
ITEM CuT- APP|TOT.|HRS. /] MACH.
NO. ELEMENT DESCRIPTION TER {LOC. {+OT}LOC.{ INCH | OCC|TIME
a bl c d el e
Mi “ Top AT 77?.'3. | Pass ' Qyz &350,59087 'R e
42 o 4 Fiuta.
Boyab M Preket 2 layers X 4 /aszas (4" S40093], 29008 [2%12 ) 2765
: 202 /oy 2 Toath l el
| e is) 1] ket ] Pa 12 | Taym |, s ) 53 I
i 432 (pin_ Z T_-_pw', n | ! ] |
MU g T Rl R frzzes | 24352103032 | =7 | 27 |
43 lom 4 Tonth aT 003" 2 0is Load ] {
Mi Ezie of Tes L Py A lef222],05039] 24 (2,244 ]
4% ipe & met, |
MUl Pasiphavy | Prss AR 519,901, 35259 o0
CE AT " 4‘ Taoth
Mill _Tapew own Te [ tass 2'en Too s 2t | 000
30 ipva
=55
| l
Milline T7ipm o (200 ipm) I 1 /0,953
Cuﬁa;:- E‘Q.?-:Slli'iah (for 4 Spindlle Mhchinds) (00as JK : IRGG AT
' Total Maclhinina ITivae s fva) C4 Spindlas)  {ijr7e
= I | |
| i } ]
! ! ; i i
| M///f{m Time (200 ipm for okl S;“P\J_é .Mag(ﬂ‘m&s.ﬂ i {r0,22%
Cutlee RorsgiFion 00187 X 12544 -l
' Ta'f‘a/ /"'lac.'&“hl"ng TUM" C“ﬂé} [ 'T:Z"Z'.'
|
!
|
! |
| | i
{ ! i
| i
! ] : t ]
;
: |
! |

|
|
{ |
{ i
1 [

] ; !

I j

| ' ——
TOTAL MACHINE PUN -

NOTE: a+b=cxdxes=f B=5 (franster to rront rane)

£6-62/4-£-66
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~ /Inr “ Ve, A —— Cemn L mta e e
:4—5 “? I & ) ' Vo Iy /& -r."fd. e P 1

MACHINE RUN CALCULATIONS

STD.
ITEM cuT- APP{ TOT.| HRS./ MACH.
NO. ELEMENT DESCRIPTION TER | LOC. {+OT}LOC.} INCH |} OCC|TIME
a bl ¢ d el e
Mr'l'f T a".‘ T, [/ Pass ‘?“ TAsges " L PR
Ph S . R Tt
Ty a “.. ;o ," S W et ' RS R ’-:'?-’:'
* ”:"‘: l. i ' LAY ;r
E_T‘:\'l‘_':‘* Wt ,5"\',l'fdj‘ ; e | ,'.‘J 'R S P
i 20y e AT a | | !
L =L SRR a0, 2057 e ad A !
«J.‘.'- z;m = L
e Sy ger 2w T | Py o e odos o] 24 [234a
7 o 4 Teeth z
Mill PP\-nsnh‘r\/ /| _Ficn S h T AN A
26 pe 4 Taeti
Mill Tgno_w- opn Tee / Piss 2" &4 2,200, 20987 24 1,040
20 [ pwa |
e
Ma el ot -.««_'T;mr’ /Spmd[ Cor. Sﬂgdﬂ Madhluad (230 sm -~
[ = Ml T e, . | I 9 LD
| Cu‘H"‘@r‘ l‘ﬂjm....’,-", 3 ,A825 X ‘/23] 1037
] “" At s e L s l CJ\PJ{L ! 7!
: [§ ! ] f i
|

AN RS 2R e

A
| Mne_k'mma T’M%Z pJ bd/e, €on [ arR -Sprhd/& [“I&chmvw (sao;pﬂ?

S Mg Trme | | ! 9,452
Cultows /Te nag! i am I ' . 0d/A7 Y A0 INCY
le‘/‘al Macninina Timls ¢ hids\ | i 2,75

-+ | !

]

et 8 .

- TOTAL MACHINE RUN =~

NOTE: a+b=cxdxe=f B-6 (Transter to rront rage)
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ey -G P e T e T e & Theeam
MACHINE FUN CALCULATIONS
STD.
ITEN {cuT- APP|TOT.|HRS./ MACH.
NO. ELEMENT DESCRIPTION TER | LOC. {+OT|LOC.| INCH § OCC{TIME
a bl c d el e
L T T ] Press > saolisatinel 13 ], 2
210 e .
ot ML rhelaT 22 Layerrr %12 Presel 2 a9, 0600 33|2 5% 2| 2. 262
* 504 pa i . '
\Fimish Mill Fockel / FPass 7 240,90], 299578 /X i3} 243
| L/l /o | | 1 N i 1
M T= Pl b - Fasses g 243,03}, 235,525 2], , "0
/08 ) pim L Tae™; |
M £aan .:*S Loaw [/ _Fase Tt 240 3, 2015 | D |, 2ot
/03 ‘ILH'\ « T g.];"‘L !
Ml Pewy;a / Pazs = 270,00, 9530 4, 92
lo2 m»; 4 Teetl
Ml Taper ow Tee / F2=s 2N [.2, 50l 08075 2 |, 2d2
20 :‘;nM |
T 42/
Machinina Time /Spindla +or 4 Spin [elMacllines! (Rdo/pmi?) ~ 4
‘ M llina_7ime, | l | 2l Fao
| CuT‘*'O M ol F_‘Ph"ll I'O’I\;‘AG | ,0425”3 X! | ’Iﬂhj'}ﬂ
! Tota | iMachiatina Tivhs (hrs) | { | | RS
~ | ] | ]
i [ [ [
| _eJnmmL Tivace /Eg'mlle. for [ oy A <‘pimc1/é. Mualehines ‘Benipm XA
i M///ma Time. il ‘ i ’ |_.246]
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' APPENDIX C

FLOOR-TO-FLOOR MACHINING TIME AND
MONTHLY PANEL MACHINING CAPACITY

One Spindle Machine - One Panel Length Table

Two Spindle Machine (Machining One Panel) -
One Panel Length Table

Four Spindle Machine (Machining Two Panels) -
One Panel Length Table

One Spindle Machine - Two Panel Length Table
Two Spindle Machine - Two Panel Length Table

Four Spindle Machine - Two Panel Length Table
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APPENDIX D

LABOR COSTS

Cost per Panel and Per 5,376 Panels -
One Panel Length Table

Labor Cost Per Panel and Per 5,376 Panels -
Two Panel Length Tables
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APPENDIX E

MACHINE INVESTMENT COST

Spindle (One
Panel Length

Spindle (One
Panel Length

Panel width) -
Table

Panel Width) -
Table

Four Spindle (Two Panel Width) -~
One Panel Length Table

One Spindle (One Panel Width) -
Two Panel Length Table

Two Spindle (One Panel Width) -
Two Panel Length Table

Four Spindle (Two Panel Width) =
Two Panel Length Table
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APPENDIX F

MACHINE INVESTMENT PLUS LABOR COSTS

Panel Length Table
Panel Length Table
Panel Length Table
Panel Length Table
Panel Length Table

Panel Length Tabla

- One Spindle

- Two Spindles

Four Spindles

One Spindle

‘Two Spindles

Four Spindles



%P ng
ORIGINAL PARD #
NF POOR QUALITY -

%

s[aueqd
p: (1] [l NI0S ‘€ A9T9*Y A296°Y AL08°9 b (X2 MOSTE p:r4: [ N q8LZC12 9L€°G/3Is0) [eI0]
. STaued
ASL0°T N9T6°T N908°C Azsze ALy A59 ‘g N806°C ATEO‘S ABLT 12 9/€£°G/31s0) 10qeT]
sTaued
ACBH T NSBHT MOI8“T MOTL T M090°C p: (1] kA4 Aewe Aig 0 9L€°G /350D Bupyoel
799 159 - 658 £26 99Z°1 60%°‘T 986 S%6 856°¢C Tduzd/3s0) [eao]
98¢ Sle TS S09 £88 866 s 9€6 8G6°E T3ueg/3Iso) ioqe]
9.7 9T LEE 81¢ £8¢€ 188 17 6 0 Ta2ued/3so) aujyoey
aipurds aup
YSTUFL ,,6] USTurd 3 | ysturg % | ysyurg 3| | ysturg s YSTULd ,,6 usTury % fusturgy g| fysturg % SHILIWVAVd |
ysnoy ,z] usnoy ,6] udnoy ,; | ydnoy 6] | usnoy ,,6|usnoy whl usnoy .6 | y8noy 6| hignoy ¢ ks1oaany
udx 000%z| wdx gooyz | wdx oozt fwda googd lwda 009¢€ | wda ppog fedx 000z1 | wdx oo9g| § wdax goog
dy oST dy 06T dy oGT: dy gz dy ost |94 0513001 dy 0ot dy 001 dy og
atpurds atpurds a1purds aTpurds] | atpurds | ystury
TEOTIISA] TEST3II9A | TedT3as) | Tesraaspy] lresraasy {103 319, Sut3stxy | Surastxa| § Surasixy
. Yydnoy 1oy
) *ZTa0H
ONINIHOVK Q33dS HOIH _ TVNOILNIANOD NSH *ANOD IN3SAUd
MAN 11404134
SNOIIVINOIANOD TOOL ANINOIVH
arpurds aug - 91qel yiSua Toued =uUQ

($) sTdPueq 9/€‘c 19d pue faueg aad loqe] SNy JusWIEIAU SUTYOEY paulquo) *T-4 9TqeL



ORIGINAL PAGZ 5
OF POCR QUALITY

sTaued
NLGZE AIE€ZE ABH0°Y AYL6°E M990°s ALL9°G AZSEC MzZo1°‘g - 9/€°5/3s0) TEI0]
sTaugd
NT1Z6°T NGH6H T ALBBT ACTICC p. (1 B4 N99T‘E AIv6°1 M000°€E - 9/€°G/3as0) 10qe]
sTaueq
N9ELT N9ELT NT9T°C AT98°T AT e ATIST ATTY AZ0T - 9/€°G /150D auryoey
909 6.8 £€SL 6€L Y6 960°T LEY LLs - Toued/iso) feiol
€8¢ 8.2 16¢€ £6€ T€S 685 19¢ 866 - Toued/aso) 1oqet |
(4% -£2¢€ 0% 9he 11y L9Y 9/ 6T - 13ueg/aso) supyoey K. -
arpurds omy,
YUSTUTd ,6] USTUTd ¥ | USTUFS ¥ | USTUFd %) | USTUTd F|USTUL] 6 YSTUry 9 | ystTurd 8§ { USTurd » SYALINVIVd
y3noy ,,z] ysnoy 6] u3noy ,G | usnoy ,6f | udnoy ,6fusnoy 41 yadnoy ,,6 | 48noy ,,6{ H8noy g Jeszoaany
udx go%Z| wdx 00oYc | wdx 0ozt jwda 0po6Y [mdx ggog | wda cooe Juda oozt | wda goog] J wdax goog
dy 0ST dy 0S1 dy got- dy ¢z dy 06T ‘|94 0sTY00T dy 001 dy 061 dy og
a7purds afpurds arpurds aTpurds} | 21purds | ysruyg
Ted13a3) Te91312A Teo21313) TedTIasp] [fed13a9) Ja03 -3aa) Sur3sTxy | Sur3istxXy Sur3sTxy
. ysdnoy 103
, "ZTa0H
ONINIHOVH (334S HOIH —\\‘ TVNOILNIANOD WSH *ANOD IN3IS3ud
M3IN 11404134
SNOIIWVINOTANOD 100L ANINIVRH
saTpurds om] - o74el yY3zBua] Taueqg oup .
SToued 9/C‘G 194 pue Tauel
a3g (§) asoj 10qeT snfq jusulsaaul QUIYDIEY PIULqUO)Y - aT1qel

t
’
W T



)

n
? N

1l

ORICGINAL P
OF POOR QUALIY

=5

3
sToueg
N66S°€E A8BS“E A80Z Y pllrAd A¢8S Yy A8YY S - - - 9/£°G/3Is0) TR0},
sTaueq
N000“T 1686 M60Z°T NCGECT AEBYT 648 T - - - 9L€°G/31s0) 10qET]
sTaoueg
N65S°T N66S°T A666°C A668°¢ A668°C A66S“€E - - - 9L€°G/3S0) durydel
699 L99 €8¢ 6L 258 €10°T - - - Toued/31so) [eIog
98T 81 Y44 rd%4 £1€ whe - - - T2ued/iso) roqeq
€8% £8Y 866G 6€S 6€S 699 - - - T2ued/3s0) auryoeR
9TPUrds 1noy
YSTUF] ,,6f§ USTUTg % ystury % Ystuga m USTUTd 3|ystury 6 YSTUIg ¥ | YSTULyg % Ysjuggy ® SWALINVEVA
usnoy ,z} ySnoy ,6) udnoy ,; | usnoy 6] | ysnoy ,6}usnoy Wl ysnoz ,6 § udnoy ,6) h8noy ,%c fesaa1any
udx 0ooyz| wdx goove | wdx goozt | wdx ooog ¥ fwda 009¢ | wda pggg wdx 000z 1T | wda gogg| J wdx ggor
dy ogT dy ost dy oot dy ¢/ dy o5t {d4 ost300T dy oot dy 001 dy ot
21putds aTpurds aTpurds atpuydsy | arpurds | ystuyy _
TedT3IaaA | -Tedfixs) Tedfr3x9) Teotria9 (8273387 j303 -ja9p uﬁﬂuwwxmh SuiysTxy Burystxy
} Yydnoy io3
’ *ztaop
" ONINIHOVKW Qd3dS HOIR ‘_ TVNOILRIANOD NSH *ANOD INISTUd
T MAN ’ 11404134 :

SNOIIWVINOIINDGD T100L ANINUIVH

saTpurds inog - arqer yiSuog Toueg aug

sTeued 9/¢*c I3g pue Taueg 13g
($) 3s0) 1o0qeT snyq uswlsaAuy QUTYDE paurquo)

‘t-4 °1qe]L



. i
sTaueg
N D IAYANA XE69°T Av86°¢ doegecy AYLT9 | AEYOL - - - 9/£°G/150) TeI0]
. mm - STaueqg
CoA | woret | usvocr q6€£8°T 58T T A6LL°E | AB6E“Y - - - 9LE°G/350D 10qe]
W, ku sTauegd
0w | OASHIT | NGH9°T ASHIT ASH0“T AS6Y°T ASH9“T - - - 9L£°G/350) urydey
3 ,
¥ w (419 T0S 1874 2L6°T L91°T 01e"T - - - Toued/1so) teio]
. DO
902 S6T (4% 544 £0L 818 - - - [Pued/iso) ioqeg
90¢ 90¢ 66€ (1]:1% %9Y 6% - - - Teued/1s0) surydey
atpurds sug
Y9TUEd 6] USTury v | ysturg % USTUTL 9 | USTUTd Ffysyurl g - USTUTJ 9 FusTurf 3| § ysyugq % SYILIRVAV
udnoy ,z] ySnoy ,6] u3noy ,g | uysnoy 6 | ysnoy .6 yd3noyg 41 uysnoy 6 { udnoy ,,6] hsnoy ¢ fesasaany
mdx 000¥z] wda 0o0yz | wdx 000zt Jwdx 0006} [wdx goog | wix coog [#d2 00021 | wdx gpgef § wdx goge
dy oST dy oSt dy oot dy ¢/ dy oSt |<u 0ST13001 dy oot dy oot dy oz
aTpurds a1putds arpurds aTpurds] | arpurds | ysturgy
TedoT1319\ )] Ted1339) TedT13aap | [ed13ae [edor319p 103 -319p ButasTxy |3urysixy BurasTxy
A ydnoy aoj
"ZTa0H
ONINIHOVH @Qd3dS HOIH _ TVNOLLRIANOD NSH *ANOD INISTUd
MaN 11403134
SNOIIVINOIINOD 7100 ANINIVH
a71purds sug - a1qer yiSua Toueq om], I
sTaued ¢/g°C 194 pue Toued 194
($) 350D 10qe] sn{g juswgseauy SUTYORK paurquoy -3 a[qel

4



ORIGINAL PAGE IS

OF POOR QUALITY

i
Qizswz) ] (isevye) iuLivee) saueg
N998°C N998°C An99%°E AEHE“E AGEG* Y ALYTCS - - - 9/€£°G/3s0D TeIO0,
0:4/99) (aLzs) (M616) sTaueg
896 1896 %896 ASHIT N8BT N66T°C - - - 9/£°G/3ase) aoqe]
‘sToueq
AB68 T A868°T AB6Y“T AB6TT A8Y9°C Aev6°e - - - 9L€ ‘5 /350D duTYIERR
(9sy) (15%) (9c9)
£ES £ES S%9 229 %v8 (S6 - - - T2ued/3Is0) T¥IOL
(e0T1) (86) (Lo
08T 08T 081 €1¢ 1s¢e 60Y - - - T2ued/iso) 1oqer
€SS X943 G9Y 60% €6Y 84s - - - T2ued/3s0) BUTYIZH
atpurds om],
Ystuid ,6] USTUFd 3 | ustul: YsTurd S | USTUT3 B{USTUT] .6 USTUTS % J USTUTd 9] § USTULd % SYALINVEVd
y3noy ,z} ySnoy ,,6] udnoy ,6 | udnoy ,6] | udnoy ,6judnoy , 41 ysnoy ,,6 { y8noy 6 HSnoy , %G fes3233aNn)
udx 0go%z] wdx 0Q0%z | mdx 00ozT | wdx 006§ {wda pp9e | wda o9g fudx 0Q0z1 | wda Qpog] § wda Qo9E
dy oST dy oSt dy 00T: dy ¢z dy o5t |du osTv00T dy 001 dy 001 dy oz
atputrds aTpurds arpurds atpurds] | @21purds | uysruyy
TeSTI3a3)A Te9T3I33A\ Teoraaap Teoriad [eOoT3a3A | 203 “1aap Suyystxy [SurisTXy ur3isTXY
. Yysnoy aoj
) "2ZTA0H .
ONINIHOVH QdddS HOIH ‘_[ TVNOTLNIANOD HSH *ANOD INISTud sowr3 peoyun
/peoT £q paITurf
NaN 11304913y Jou senTEA (XXX)
SNOIIVINOIANOD 1001 ININOVK
) satputds om] - 91qel yiSuo [aueg om] i
sToueg 9/€‘C 194 pue [aueg 13g
($) 3s0) 1o0qe] SN IUDWISIAU] JUTYOR paurquo) °G-J I3TqeL



L i e

ORIGINAL PAGE IS

(AT8TE) I6LT8E) (AT50y) | (A9ET*Y)
NEE9“E AEL9“E NEEE Y AEET Y AY9y‘y ATEE S sTauegd
- - - 9/£°G/31s0) TEIO]
60744 (i£92) (iv8¥) (3629) sToueg
A9ZL M9zL p: Y44 A9ZL ALS6 AT T - - - 9/£°G/3Is0) 10qE]
sTaued
AL06°T AL06°C M.09°¢€ NL0S°¢E AL0S°€E AL0T*Y - - - 9/£°G/3s0) BUTYIER
M (269) (06%) (190 (692
A i 9.9 949 908 L8L 0€8 166 - - - Tsued/Is0D TEIOL
mon (19) (6%) (06) (I
m GET SET GET . GET 8.1 60¢ - - - Toued/iso) ioqe]
.n.u. 1849 1849 TL9 759 259 8L - - - Toued/3s0) SUTYOER
aTpurds Inog
YSTUTS 6] USTUIJ % | usTurd % | ystury 3] | usturd s|uystury,e ystury ® Justurq 3] f usTuTy % SHILARVIVI
yanoy ,z}] y3noy ,6} u3now 6 | usnoy ,6f { udnoy ,6fudnoy 41 y3noyg ,,6 | yanoy 6| ji8noy , 36 Jesaa3ann
md1x gooyz§ wda gpove | wda 000ZT | wda ooom. udx go9g | wda oQp9¢ 453 00021 § wda gQy¢ udx pngg
dy osT dy oS1 dy o001 dy ¢z dy o¢t [du 0STR001 dy o0t dy 001 dy o¢
a[purdg arpurdg arpurds a1puyrdsy | atputds | ysturg
1BOTJ2A9A7 Teorlaep Teo13a3a Te91I329 [ed5Ti1a19, uou *JI9H\ wﬁum...ﬂnmm wﬂ..ﬂuw._unmm. uﬁﬂumﬂuﬁm
) ydnoy aojg )
) t *2TaoH
(WSH) ONINIHOVH Q3dds HOIH VNOLs . A0 1NSH “ANOD INISTUA
-2t sswr3} peorun
MIN 11404134 /peoT £q PoITWIT
SNOIIVNNOTIANOD I00L ININMOVH jou santep (XXX)
soTpurds 1nog — 27qe] Y3lSuoT T3ueq OM] .
syouwg GfC*T a9g pue [aued I9d ,
(§) aso) 1oqe] sSNTJ IJUSEASIAKRL SuryoeR pourquwo) -°9-jg ITqel

e et -y i el



	GeneralDisclaimer.pdf
	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001A14.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf
	0001C07.pdf
	0001C08.pdf
	0001C09.pdf
	0001C10.pdf
	0001C11.pdf
	0001C12.pdf
	0001C13.pdf
	0001C14.pdf
	0001D01.pdf
	0001D02.pdf
	0001D03.pdf
	0001D04.pdf
	0001D05.pdf
	0001D06.pdf
	0001D07.pdf
	0001D08.pdf
	0001D09.pdf
	0001D10.pdf
	0001D11.pdf
	0001D12.pdf
	0001D13.pdf
	0001D14.pdf
	0001E01.pdf
	0001E02.pdf
	0001E03.pdf
	0001E04.pdf
	0001E05.pdf
	0001E06.pdf
	0001E07.pdf
	0001E08.pdf
	0001E09.pdf
	0001E10.pdf
	0001E11.pdf
	0001E12.pdf
	0001E13.pdf
	0001E14.pdf
	0001F01.pdf
	0001F02.pdf
	0001F03.pdf
	0001F04.pdf
	0001F05.pdf
	0001F06.pdf
	0001F07.pdf
	0001F08.pdf
	0001F09.pdf
	0001F10.pdf
	0001F11.pdf
	0001F12.pdf
	0001F13.pdf
	0001F14.pdf
	0001G01.pdf
	0001G02.pdf
	0001G03.pdf
	0001G04.pdf
	0001G05.pdf
	0001G06.pdf

