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LEGAL NOTI CE

This report was prepared as an account of governnent-
sponsored work. Neither the United States, nor the Mritine
Adm nistration, nor any person acting on behalf of the Mari-
time Admnistration (ay makes any warranty or representation
express or inplied, wth res?ect to the accuracy conpl et eness,
or usefulness of the information, apparatus, nethods, or pro-
cess disclosed in this report naylnot infringe prlvately owned
rights; or (b) assunmes any liabilities with respect to the use
of or for damages resulting from the use of any information
apparatus, method, or process disclosed in this report. As
used in the above, “persons acting on behalf of the Maritine
Admi ni stration” includes any enpl oyee or contractor of the
Maritinme Admnistration to the extent that such enployee or
contractor prepares, handles, or distributes, or provides
access to any information pursuant to his enployment or
contract with the Mritinme Admnistration.



FOREWORD

This project presents the results of an R&D project initiated
by members of the Society of Naval Architects and Marine Engineers
Ship Production Committee, Panel SP-7.

The project was conducted by Puget Sound Naval Shipyard by
Steve Nelson, J. Dwight, Dale Heagy, D. Mortvedt, Bob Houghteling,
Frank Gatto (SP-7 member) and D. Coglizer. SP-7 Panel Chairman
was Lee Kvidahl and Program Manager was O. J. Davis, both of .
Ingalls Shipbuilding, Inc. The NSRP Administrator was Virgil Rinehart,.
Maritime Administration of the Department of Transportationm. '



A Word About the NSRP:

The National Shipbuilding Research Program (NSRP) has been
engaged in research related to improvements in shipbuilding in
‘the U. S. since 1973. The program is a cooperative effort
involving commercial and U. S. Naval shipyards and related
agencies, industries and educational institutioms.

Since the inception of the program in 1973 R&D projects
have been performéd with significant contribution in the areas
of facilities, environmental effects, outfitting and production
aids, design and productlon 1ntegrat10n, human resource lnnovatlor
SﬁipbulLalng SLaHUdrUb, WELULUg, industrial englneeflng, educatiot
and training, flexible automation and surface preparation and

4 A 14h 5 ivr—
coatings. A library and.bibliography of NSRP reports is main

tained at the University of Michigan, Transportation Research
Institute, Amn Arbor, Michigan.

The program is funded by cooperative agreement contracts by
the U. S. Navy and the Maritime administration of the U. S.
Department of Transportation.



ABSTRACT

The prjnciﬁ!es of flame straightening, long in use on plate
structures in shipbuilding, have been applied to. the problem of
precision alignment of fluid system piping in shipbuilding and
overhaul . Reduction of residual stresses by elimnation of
nechan|call% aPpI|ed stresses to pipes for alignnent prior to
wel ding or bolting in place is a desirable objective.

This project is a first effort to develop techniques of heat
control and patterns of heating to achieve alignment w thout
adverse effects to base netal. Extensive testing has been per- .
formed and results docunented to provide a data base for refir
ment of procedures to be used in ship production and overhaul .
It was not possible within available time and funding to reach
definitive conclusions on CRES pipes, however for carbon steel
and copper-nickel alloys, the report shows positive results. ,
No significant detrimental effects of repeated controlled heati
were found and sufficient bending is produced to warrant use of
flame bending of carbon steel and copper-nickel pipe in shipbuilding.

O J. Davis
SP-7 Program Manager
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1 BACKGROUND

1.1 Overview

This report describes the detail laboratory, analytical and hands-on
work performed. = The effects of flanme bending on pipe novenent are
examned in detail, The effects of flame bending on netallurgical and
mechani cal properties are also reported.

Al enpirical data (derived by experinentation) has been conpiled and is
located in the appendix. Sinple pipe novements can be calcul ated. A
nethod of torch heat calibration has been devel oped using precision flow

nmet ers.

This detail study should formthe basis of a practical shop document to
be witten, which allows the nmechanic to perform flame bending wth sone
assupaqce of a predictable result wthout damage to the pipe system
material .

The work has been funded by the SP-7 Wl ding Panel.

It is anticipated that a brief practical Wlding Journal Article may be
witten and submtted for publication during 1990.

1.1.1 Typical Flame Bent Pipe

For those panel nmenbers not famliar with flane bending pipe the
fol | owi ng sketches show some of the fundanentals.

PIPE LAYED OUT FOR VEE HEAT BENDING

t—— HINGE POINT

FILE: VEE_HT_1
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The bending heat pattern shown bel ow requires two torches be used
si mul t aneousl y. he heating pattern starts at the VEE TIP H NGE and
proceeds toward the w de section of the VEE PATTERN

PIPE CUT AND SPREAD OUT SHOWING DUAL VEE HEAT PATTERN

A

CUT LINE

1.1.1.1 Final Vee Heat Configuration

The final result is a pipe bent around a HNGE point. Figure
1.1.1.1 bel ow can be generated using the HOLT or Line Heat method.

AFTER HEATING WITH VEE TORCH PATTERN

==
o  m am

_________ Pipe Bend Angle

}

FILE:VEE_HT_3

FIGRRE 1.1.1.1



FLAVE BENDI NG
FI NAL REPORT

1.2 Literature Review

A detailed literature survey has been conpl et ed. .
formed through the Edi son Vel ding Institgpe by thengthfwgyI*%ﬁtqﬁna
Col unbus Chi o. Dr. H W Mshler, Senior Research Engineer provided

abstracts of 95 citations, nost of which were in Gernman.
copies of four (4) Ship Structure Cbnnfttee reports were pé%“ﬁ%gﬁefrom

Dr. Mshlerts personal library. These reports deal in detail with the
effects of flame straightening on ships structures.

1.2.1 Primary Concepts, Richard E HOLT '

Professor Richard E. Holt has witten the definitive article on flane

bending of structural shapes. This artic‘e expl ai ns }he prin?j al's
of thermal stress and strain along a single axi's (pertect conflihe-
ment) , along a single axis (variable confinenent) and biaxia

restraint.
Professor Holt identifies the spot heat as the basis of all heat
atterns. “Consider a circular spot heated to an elevated tenpera-

ure. The radial and tangential stresses in the hot zone wll be

compression equal to 0.5 a A TE. |[n the restraLnin% material the
radial stress wll be conpression with the tangential-Stress tension

as shown bel ow

a?
radial ¢, = -085 a A TE—
: r

2
tangential o, = -0.5 a A 'Z'Z:"a'—2
r

where E = nodulus of elasticity; a = radius of heated zope; r =
radi us at which stress is calculated; AT = tenperature difference

between hot zone and restraining netal; a= coefficient of thermal
expansion.” 2

The concepts of spot heats, |line heats (traveling spot) and vee heats
are examned in detail as related to structural shapes such as angle,
channel and I-beans.

Holt has determned that "the basic heat pattern for produci

n
in metal ob{epts is the vee heat". 3 professor Richard E Fb?t
quantifies this original work by Joseph Holt into a set of genera

rules and sinple equations.

a bend

‘1 Holt, R. E., Y“PRIMARY CONCEPTS FOR FLAME BENDING", Welding Journal, June 1971.
2 Holt, R. E., “PRIMARY CONCEPTS FOR FLAME BENDING", Welding Journal, June 1971. -
3 Holt, Joseph, Contraction as a Friend in Need, Joseph Holt, 1938.
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Mechani cal properties of structural steels were shown to inprove
after flame bending. Yield strengths were sllghtlrlabove the origi-
nal values and Utimte tensile strengths showed slight reductions.

"Properly placed heat patterns produce a residual stress pattern the

Is lower in magnitude and nore uniform than as-rolled material
Tests conducted by the US Army Corps of Engineers at Cear Al aska,
Shﬁﬁeg %he flame strai ghtened A36 beans were superior to the as
rolled beans.”

1.2.2 Flame Straightening & its Effect on Base Metal, SSC 198 °

This report is essentially a sumary of literature and basic netal -
Iurgg,a3300|ated with flame straightening on_various classes of shiy
bui 'ding plate steels. This docuient |iSts 70 references

1.2.3 Effect of Flame,& Mechanical Straightening on Properties of
el drents, SSC- 207

This research covered various steel Plate in the range fraom 40, 000
psi tensile to 100,000 psi tensile strength. One of “"the findings
Was, . . : :
o “Buckl ing-type distortion decreases drastically as the plat
t hi ckness increases, and it al nost di sappears when the plate thick-

ness exceeds about 3/8"."

Fracture transition tenperatures were determned for ABS-2 tyef R%at
in the as received and in the flanme straightened condition. a
strai ghtening tenperatures were very close to the experinental tem
peratures of "'the PUGET SOUND NAVAL SHI PYARD work. Their tenperature
were 1300 to 1400 degrees F.

As received ABS-2 plate have fracture transition tenperatures of +5Z
F. Flame straightened plate in this study had fracture transition
tenperatures of +70 F.

Their conclusion was that "w despread use of flame straightening on
pBs-2 steel is an acceptable procedure’. The carbon steél pipe” usec
in the Naval Shipyards are very simlar to ABS-2 grade steel

% Holt, R. E., YPRIMARY CONCEPTS FOR FLAME BENDING", Welding Journal, June 1971.

5 H. E. Pattee, R. M. Evans, and R. E. Monroe., "Flame Straightening and its Effect on Base Metal Properties”, Ship Struct
Committee Report No. 198 (August 1969)

6 H. E. Pattee, R. M. Evans, and R. E. Monroe., "Effect of Flame & Mechanical Straightening on Material Properties of
Weldments", Ship Structure Committee Report No. 207 (1970)
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2 OBJECTI VES

2.1 Shop or Field Calibration Mthod

To Devel op an accurate and sinple nethod of calibrating the heat output
of the flame bending heat source.

2.2 Travel Speed and Tenperature
To determne the relationship between torch travel speed and tenperature
gradi ent
2.3 Vee Heat Pattern Versus Pipe Deflection
Ip determ ne the relationship between Vee heat pattern and pipe deflec-
i on.
2.4 Miltiple Heat Effects
To determne the effectiveness of nultiple heats.

2.5 Experinental Process Measurenents

To determine a practical nethod of nonitoring the heat distribution,
using critical process paraneters such as, torch travel speed, path,
spot dianeter and torch heat output.

2.6 Practical Pipe Tenperature Measurenent

To investigate practical nethods for nmeasuring tenperatures in process
on the flane side, below red hot, for field applications.

2.7 Metal lurgical & Mechanical Property Effects .

To determne any detrinental effects of flame bending on the mechanica
properties and metallurgical structure of various alloys.

2.8 Internal Sea Water Contam nation Effects

To determne any detrimental effects of flane bending on pipe with ser-
vice related internal contam nation.

2.9 Final Engineering Report

To wite a detailed final engineering report.

2.10 Shop Working Instruction

To develop a practical shop working instruction for use on the produc-
tion shop floor.
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3 MATERI AL, EQUI PMENT & LABOR REQUI REMENTS

The primary purpose of this section is to describe in detail the experinen-
%al Fetup,lpaterlal, equi prent and recordi ng devices used to achieve the
inal results.

3.1 Material

3.1.1 Material Type Tested .
The alloys tested were:

Al | oy Nunber of test
heat s
A. Carbon steel 57
B. Copper N ckel (70/30) 72
C. Copper Nickel (90/10) 76
D. Stainless Steel 15
E. Mnel 5
TOTAL 225

3.1.2 Pipe Material Specifications (new pipe)

Al pipe was purchased new fromthe stock systemw th the exception
of the seawater contan nated pipe described in section 3.1.3. Pi pe

g}ﬁneter ranged from2" to 12", with wall thickness from 1/8" to

The use of stock system pipe material should represent a data base
| ine which can be translated for use by other Naval Shipyards.

3.1.3 Seawater Service Pipe Renoval (12" & 4.5" Dianeter)

Actual submarine main sea water (12" dianmeter) and auxiliary sea
water (4.5" diameter) pipe represents a worst' case condition for
contam nated pi pe.

The 4.5 and 12 inch seawater pipe was subsequently renoved in |engths
conmparable to the new pipe lengths

The piPe ends were sealed to preserve the internal contamnants until
the actual test work was perfornmed.
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3.2 Labor

3.2.1 Code 138 \el ding Engineers

Al'l hands on [ab work was perforned by J. Dwight, M. Dale Heagy, M.

Steve Nelson and M. Bob Houghteling. M. Derek Nbrtved} assis}ed
during certain phases of the work and was especially hel'pful” on final

review of results.

M. Frank Gatto was the Project Minager and provided detail technica

ui dance. . . . S
Steve Nelson and J. Dwight shared Project Engineer responsibili-

ties.
M. Douglas Coglizer provided financial and technical guidance for

the entire program

3.2.2 Shop 06 Electronics

M. Tony D Andrea of Shop 67 performed all electronic support work.
M. D Andrea performed all installation and setup of analog to digi-
tal conversion boards and perfornmed the initial calibrations of

LVDT " S

3.2.3 Code 260.2 Design Engineering Support

Code 260.2, Design Engineering, wote a detail instruction to have

4.5 and 12 inch dianeter Min Seawater Copper N ckel (70-30) pipe
removed from a submarine. Th%y sel ected EX-SSN618 which has been
service for approximately 20 years.

Code 260.2 personnel have been hel pful and maintained an interest |
the flanme bending study throughout the program
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3.3 Equi prent
3.3.1 Heat Source

80 80
TORCH 60 60
40 40
([ o 20 70 SUPPLY
i S — s
oxr | OO (O | eas
our our
Y—CONNECTION
FILE: FLOWMTR1.CGM TORCH

3.3.1.1 Oxy-Fuel Torch

A standard MAPP GAS + Oxygen Fuel torch was used through al
tests. This gas is the standard used in the Shipyard

3.3.1.2 OXY-Fuel Flow Meters

Flow rates are set, nonitored and controlled by precision flow
meters with “Y” fittings on the output side of ‘the flow meter

This configuration assures that each torch receives the same vol -
une of gas.



FLAME BENDI NG
FI NAL REPORT

3.3.2 Software

3.3.2.1 Lotus Freel ance

Lotus "Freel ance" was used to place all drawings directly into the
word processing program

3.3.2.2 CODAS Program SoftWare

Anal og to digital data conversions of pipe motion was recorded in
3 axis. The data was manipulated wusing the CODAS software. The
results of these real tine records were fed into lotus 1,2, 3
for graph generation.

The finish graphs are contained in -- appendix C

3.3.3 .Electronic

3.3.3.3 Real -tine Waveform Scrol |l er Board

The CODAS WFS-200 card was used to display the data in real time
.as it was gathered. This card works wth the METRA BYTE EXP-16
A-D conversion card (see section 3.3.3.2)

Pi pe movenment was recorded as each experiment proceeded. The. data
was real time on the conputer screen with up to 8 w ndows visi Pe

at one tine.

The CODAS real-time waveform scroller has software that allows the
user to di SP| ay data at different rates. The user can also | ook
at very small segments of the data if required.

The CCODAS circuit card and software elimnates the requirenent for
the user to wite programs. Progra 'ng s required if the METRA
BYTE EXP-16 is used wth out support hard/software.

3.3.3.2 Analog to Digital Conversion Card for the Conpag Conputer

The METRA BYTE EXP-16 card was installed and used in conjunction
with the real time waveform scroller board.

The function of this board is to convert the |ow voltage DC sig-
nals from various transducers such as LVDT" S and thernocouples to
digital signals which the conputer can process.
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3.3.3.3 Linear Voltage Displacement Transducers (LVDT)

The LVDT's used in all tests for measuring deflection of pipe wer
DC powered. These devices use a +/- 15VDC power supply and produc
a DC output of +/- 10V. This output is subsequently reduced to
+/~ 5VDC for use with the CODAS BOARD.

MEASURES LINEAR MOTION
ACCURACY TO .0001 INCHES.

AY

" LVDT ELECTRONICS \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘

N
PLUNGER MOVES IN BOTH DIRECTIONS

FILE: LVDT_1.COM

A general layout of the overall experimental gathering method car
be seen in the below sketch.

Signal
Test Stand Conditioner MetraByte
Analog
> TO
Low Voltage Digital
Power DAS—16F
Supply
Lotus Measure l
+
Lotus 1-2-3 ]
+  — Zenith or Compaq
Lotus Manuscript Computer
Engineering CUSTOMER
B
Report FINAL REPORT

FILE: PLAN_1

1N
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3.4 Mechanical Test Setup
The overall mechanical test setup is shown bel ow
LVDT BODIES PLUNGERS MOVE WITH THE PIPE

ARE FIXED.
!////////,PPE MOUNT
-

__ ) 4_’
< 1@!!!» N PIPE
\—ﬂ'—"* .

o CATHE BED 7

LVDT
SENSING
RING

FILE: LATHE_1

3.4.1 Thernocouple Plate Test Setup

Probl ens were experienced with the conbined LVDT + Thernocouple test
setup. It was discovered that the A-D conversion card requires jgp.-
lation of each channel. The thernocouple voltages are very |ow and
were affected by the conputer voltages.

Peak temperature readings were taken using a calibrated contact
pyroneter during the balance of the test work.

LVDT HOLDING

FRAME
l\\ [ COMPUTER

4 4)}

I v

P
THERMOCOUPLES

-0

LVDT WIRE TO
COMPUTER
TYPICAL 4 PLACES

FILE: PLATE_1
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3.5 Calibration of Torch Tenperature and LVDT Linear Mbtion

The calibration of torch tenperature output and LVDT'S linear notion was
performed using the follow ng detail procedures.

3.5.1 Torch Calibration

Various nethods of torch calibration were tried including therm
couP!es attached to pipe, plate and pipe rings. The vee heats were
applied and the record of tinme/tenperature was recorded. These
results were then plotted using lotus 123.

These methods of torch calibration using autonati
were too conplex and the results were difficult to
production procedure.

c data gathering
t to

ransiate I n a

3.5.1.1 Sinplified Torch Calibration

The final torch calibration method is sinple, direct and easily
translatable to the shop floor.

Calibration of the torch involves setting the flow neter shown in
section 3.3.1 to a preset value such as: 40 Oxygen and 35 Gas.

Both torches are ignited and the flames are held next to each
other for a conparison of length and color

ghF final calibration is done on a ring as shown in figure 3.5.1.1
el ow.

TORCH CALIBRATION RING

CONTACT PYROMETER IS
HELD AT INSIDE OF RING
FOR GIVEN TIME IN SECONDS.

:::::::tt\

FILE; RING_CAL.CGM

EACH TORCH HEATS THE SAME RING AND IS ADJUSTED UNTIL

THE SPOT IS HEATED TO THE SAME TEMPERATURE IN A GIVEN
NUMBER OF HEATS. THE RING IS QUENCHED TO AMBIENT
BETWEEN HEATS.

The above calibration is performed for each dianeter and wall
thi ckness. The calibration ring should be 4" to 6" in length

12



3.5.2 LVDT Linear Mtion Calibration

The LVDT's will measure linear motion with accuracies of +/-.0001
inches. The LVDT type selected for this project has a measur enent
range of 1.0 inch. "This LVDT style also neasures + and - novenent.

If the LVDT is used in the non calibrated node then the results a

vsk%ss in volts. The standard output for the systemis +5VDC to

Calibration of any LVDT involves translating this out put +/- voltage

into real engineering nunbers. Th f
whi ch wor ks aﬂth thegcrrms maveforﬁ1g%¥% IeP anr 8 aIPrwgranE

user to gather calibration data for each LVDT (or any other recording
device). See the below figure for the physical setup.

PLUNGER IS MOVED TO ZERO POSITION
PRECISION SHIMS ARE USED.

PLUNGER MOVED IN/OUT LVDT
UNTIL ZERO LOCATED.

\

PRECISION SHIMS A

< L
,\‘ ——

FILE: LVDT_CAL.CGM

13
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Calibration {5 acconplished as follows.

* The LVDT (one LVDT per channel) is adjusted to zero on the
conputer screen

* A small segnent of voltage is recorded at Zero.

*  The LVDT is repositioned to sonme given value. In our case a
preci sion shim of .0925 inches thickness was used. This results in
positive voltage. A small segment of voltage is recorded at this
positive val ue.

* The LVDT is again repositioned to a negative val ue using the
PrQC|S|on shims. A final small segnent of voltage is recorded at
his negative val ue.

W now have three (3) voltage readings for one LVDT channel

* The final step is to run the program cal | ed CODAS POSTACQ whi ch
allows the voltage readings to be converted to engineering units.

This snmall computer file 1s identified by a unique name such as
HEAT XX. CAL.

when data is gathered in a test the HEAT XX CAL file is Presepnt and
sets all test-data with the englneerlng.unltslyou defined. The
HEAT XX. CAL file elimnated time consumng arithmetic errors.

3.5.3 Data Gathering System Calibration

The Key Stroke instruction detailed in APPENDI X B was used throughot
calibration.

APPENDI X B can be used as a detail instruction in lieu of reading tf
CODAS POSTACQ instruction nmanual .

11
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4 LABORATORY TESTS & RESULTS

Iggiﬁﬁgfrinental work was conducted in the Code 138 Wl ding Laboratory

4.1 VEE Heat Testing

4.1.1 Tenperature Measurenent Techni ques

A primary problem for flane bending is the accurate neasurement of
heat input and the maxi mum tenperature reached during flame bending.

4.1.1.1 A Sinple Torch Calibration Solution

The torch calibration procedure has been previously described in
section 3.5.1 . A satisfactory torch calibration was considered
to be when both torches heated the same spot within +/- 25° F at a
given tine in seconds.

The nost efficient tine at tenperature for all 225 tests was 850°
F in 15 seconds.

The standard time at tenperature was derived by experinmentation.
The low tenperature tested was 850° F in 10 seconds and the high
temperature input tested was 1000° F in 15 seconds. The standard
was selected as 850° F in 15 seconds.

Each pipe dianeter, wall thickness and material type was tested
using the 850° F in 25 second standard calibration.

4.1.1.2 Maxi mum Pi pe Tenperatures

Consi derabl e concern was expressed about the effects of maxi mum -
teppera}ure on the chemical and physical properties of the pipe
material .

Maxi num pi pe tenperatures were measured ysing a contact pyroneter
on the top hot spot after conpletion of each heat. A record of
t he maximum tenperature was recorded on the heat work record.

15
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4.1.2 The Test Matrix

The material which received the nost testing was carbon steel. A
thlcaI series of tests were devised where only one test variable w
changed for each series. Note that this series used a 2", 4" & 6"
VEE WDTH.  No other variables were changed.

Al'l 225 tests used the same test matrix format.
A typical test series would be as shown in the table 4.1.3

4.1.3 TABLE SHOWING ONE TEST SERIES
8 Inch Diameter Carbon Steel Pipe, Schedule 40
15 Heats in ONE (1) test MATRIX

8 Heats in one test
Test Parameters Heats 36 Heats 31 Heats 26
through through through
40 35 30
Hinge Length
of VEE )
1 Inch 36, 37, 38, 39 31, 32, 33, 34, 26, 27, 28, 29
40 35 30
3 Inch
6 Inch
Vee Width
2 Inch 36, 37, 38, 39
40
4 Inch 31, 32, 33, 34,
35
6 Inch 26, 27, 28, 29,
30

Test heats 36, 37, 38 39 & 40 are identical heat input on the same

area of pipe. The reason for running identical heats on the sane

| ocation is to determne the progression of dinensional changes as

they occur over the (51 five heaf sequence. The second major reaso
;s tﬁ isolate netal lurgical damage, If any, to a localized-worst ca
ocati on.

1r



Table 4.1.3 (Continued) 8 Inch

40

Diameter Carbon Steel
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Pipe, Schedule

Test Parameters

Heats 36
through
40

Heats 31
through
35

Heats 26
through
30

Torch Tempera-
ture

850 deg / 10 sec

850 deg / 15 sec

31, 32, 33,

35

34,

26, 27, 28,

30

29,

1000 deg / 10
sec

1000 deg / 15

cor

-

Vee Spot Size

3/4"

36, 37,

40

38, 39

31, 32, 33,

35

34,

26, 27, 28, 29,

1/2 Overlap

Touching Spots

36, 37, 38, 39

14
40

=

31, 32, 33,
35

34,

26, 27, 28,

2MN
-~

29,

1/2" Space Spots

1" Space Spots

Line Heats

NONE

NONE

NONE

850 deg / 10 sec

OCEN Aam /7 1E mam
ooV Q&Y /7 19 S

1000 deg

sec

/ 10

1000 deg / 1

s

sec
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4,1.4 Relationship Between Vee Heat Pattern, Deflection and Shorten-
ing

Bef ore proceedi ng mﬁ}h th
a

. results, a review of terns and their |oce
tions on a typical f

e
me bending pipe may be hel pful

AFTER HEATING WITH VEE TORCH PATTERN
——l lt— /\ PARALLELSIM

| «— SHORTENING
\
\
\
\

SR

Pipe Bend Angle

PIPE LENGTH f ?
LENGTH —_— DEFLECTION
IS DISTANCE FROM .

VEE TIP TO VEE TIP.

VEE WIDTH

NOTE: THERE IS A MIRROR
IMAGE HEATED AREA ON THE
OPPOSITE SIDE.

————"

FILE:  VEE_HT_8

Pipe deflection "DV is defined as the lateral movement of the pipe
end.

Deflection "D" is defined as the sin of the pipe bend angle
times the pipe length.

D = sin(BendPipe) X (Pipelength)
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Pipe length is defined as the distance between the Vee H nge and the
end of the pipe.

Shortening is defined as shrinkage of the pipe at the center line.

EndTop + Bottornpipe
2

Shortening =

Pipe Bend Angle is self defined. This is an inportant neasurengnt
since it can be used to predict both deffectlogpand flange parallel-

I sm

?arallelisn1is defined as the sin of pipe bend angle times the diane-
er

D = sin(Bend PipeL) X (Pipe D aneter)

The hinge length, vee width and noving spot are the primary variabl es
which control novement on pi pe bénds.

19
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4,1.5 Typical Time / Mtion Plots

The Puget Sound Naval Shipyard I's the only shipyard which currently
flame bends pipe on a regular basis. Code 138 is present at each
flame bending production job to assist and monitor. Mst facilities
rely on a hlgh_y skilled smal| core group of nechanics to perform
this work. hiS core group of skilled nechanics are very good at
predicting the anount of pipe novenent. The enphasis in this study
on notion is an attenpt to build a significant data base sufficient
%otpredlctknany pi pe deflection questions and provide direction for
uture work.

Pi pe novenent (deflection and shortening% I's information which the
mechani ¢ nust have to predict what wll apﬁen when heat is applied
to the pipe. Oher factors of the job which are of inportance to tt
mechani ¢ are accessibility, pipe restraint, and safety.

There are 225 individual plots of novement. This data are contai net
I'n APPENDI X A

To assist the reader in understanding how a pi
heated, a tyglcal time versus novenent (deflec
in detail. he followi ng figures are actual t
obtained from a selected heat.

e noves as it is beitl
tion) plot is explaine
ime - deflection curve

N
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4.1.5.1 Time VS Deflection (Heat_31) 4" VEE, |" H NCGE

The X axisisnunmbered O through 14. This is time with each tick
nmark representing approxi mtely one (1) mnute. Qur sanple shows
this time base convention. The (c)onventlon on all the data in the
appendi x shows the time base as O to 280 which corresponds to Oto

14 mnutes. CQur first exanple plot shows the time base extends to
14 m nut es.

The Y axis is nunbered in Thousands of an Inch. The plot is a
record of movement in three axis. Four (4) transducers are used
to nmeasure X, Y, & Zwth two (2) transducéers on one axiS. The
result is four continuous |ine scans.

8" PIPE, 5/16" WALL

4" VEE, 1" HINGE

0.150
0.140 —
0.130 -
g}fg : COMBINED MULTIAXIS TIME vs MOTION PLOT
0.100 -
0.090 - . <«——— HEATING STOPPED
0.080 -
0.070 - lt——  START OF WATER QUENCH
0.060 —
0.050 -
0.040 - ™

0.030
0.020
0.010 i
0.000 —i

THOUSANDS OF AN INCH

-0.010
-0.020 —
-0.030
~0.040
~0.050 FILE: HEAT_31B.CGM
-0~060 ] i i ] I 1 1 ] 1 1

o 1 2 3 4 5 6 7 8 9 10 1

TIME ( MINUTES )

= TOP --=- SIDE PIPE == END TOP ———. BOTIOM PIPE

]
1 12 13 14

21
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4.1.5.1.1

THE “TOP" LINE.  The line marked “TOP" is a record of Pi pe
novement 25" fromthe VEE on the pipe top. Notice that the

pi ?e noves upward reaching .130" deflection w thin approxi-
mately 1.5 mnutes due to heating below the neutral axis. At
the 3’ mnute mark the pipe is back to O 3.5 mnutes the
pipe is deflected to a negative -.040" due to heating above th
neutral axis. THE WATER ING IS APPLI ED TO SPEED COOLI NG
AND THE PIPE IS TYPI CALLY WELL BELOW 950° F AT THIS PONT. Th
pi pe begins upward novenent and reaches O at approximately 7
mnutes. At 14 mnutes the Tp| pe is at equilibrium(cold)” and
has a permanent deflection of .037".

8" PIPE, 5/16" WALL

4" \EE, 1" HINGE

0.150

n1an _|
V. itV T

0.130
0.120 -
0.110
0.100 -
0.090
0.080 -
0.070

nnen
V.Juv

0.050 -
0.040 -
0.030 -
0.020 -
0.010 -

PLUS
\ LS

14 MINUTES

FINISH MOVEMENT
037" 7Y

pe

Wi

0.000
-0.010
-0.020 -
-0.030 -
-0.040
-0.050 -

THOUSANDS OF AN INCH

FILE: HEAT_31C.CGM

-0.060 T T T

.5 MINUTES

5 6 7 8 9
TIME ( MINUTES )

DITrQ
rLuo
1k

T

- !
!
I
/

3.5 MINUTES

1.5 MINUTES

NN
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4.1.5.1.2

IHE NEND TOP"™ LINE. The line marked "END TOP" goes negative in
less than 1 minute to -.010" due to lengthening the pipe below

the neutral axis. It then goes through 0 and then positive to

.043" at 3.5 minutes due to overall pipe length expansion. THE
WATER COOLING EFFECT TAKES PLACE and the pipe length shortens.

The pipe reaches its original length at approximately 6.5 min-

utes and is .020" shorter at 14 minutes.

8" PIPE, 5/16" WALL

0.150 4" VEE, 1" HINGE

0.140
0.130
0.120

01104 | MINUS H*
0.100 A
\

0.090 - END TOP LlNE '%

0.060 - COOLING
0.050 - r

0.040 -
0.030 -
0.020 - )
0.010 - FINISH MOVEMENT

0.000
-0.010 YT

-0.020 - \-....._‘ 030 \
-0.030
~0.040 1

14 MINUTES

THOUSANDS OF AN INCH

FILE: HEAT_31D.CGM

-0.050 :
-0-060 T 1 1 1] ] [ i ] 1 [} 1] ] 1
0 1+ 2 3 4 5 6 7 8 9 10 11 12 13 14
TIME ( MINUTES )
‘MINUS'HG— .PLUSiq PLUS ;
_—— 1

| W .
v \ w ! ;1
1 MINUTE 3 MINUTES 5 MINUTES 'I
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4.1.5.1.3

THE “BOTTOM PIPE" LINE The |ine marked "BOTTOM Pl PE" is the
measure of movenent at the pipe end bottom on the sane plane
as the pipe hinge. The novenent detail is read on this plot
line as described in the previous "TOP" and "END TOP".

This measurenent is always positive while the pipe is hot.
During cooling, the measurenent decreases and eventually is
negative reflecting a shortened pipe. The pipe end bottom
shortens |less than the pipe end top reflecting a change in
paral l elism

8" PIPE, 5/16" WALL

4" VEE, 1" HINGE

0.150
0.140
0.130

91 BOTTOM PIPE LINE s [
\

0.100
0.090 -
0.080
0.070 .

0.060 -
0.050 14 MINUTES

0.040 - TN WATER COOLING
0.030 - y s ,
0.020 - ™.,

0010 AN FINISH MOVEMENT

0.000 += o
~0.010 ~— —020" X
-0.020
~0.030
-0.040 - FILE: HEAT_31E.CGM
-0.050
-0.060 T T T T T T T T T

0 17 2 3 4 5 6 7 8 9 10 11 12 13 14

THOUSANDS OF AN INCH

o
ey
Se———d

1 MINUTE 3 MINUTES 5 MINUTES
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THE "SI DE Pl PE"
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This line shows operator technique apd

directly reflects the effect of relative torch notion, torch
P05|t|on and torch tenmperature. |f one o erato¥ hol ds t he

orch at a different distance fromthe pipe sur
wi Il show the result.

that put nore heat

ace, the plot

The net result of our sanPIe plot Is
that "SIDE PIPE" deflection was negative toward
into one (1) vee segnent. An jdeal heat

he operator

woul d be when the “SIDE LINE" returns fo zero.

0.150

8" PIPE, 5/16" WALL

4" VEE, 1" HINGE

0.140
0.130
0.120
0.110
0.100 -
0.090
0.080 -
0.070 5
0.060
0.050
0.040
0.030
0.020
0.010
0.000

SIDE PIPE LINE
~.003"

FINAL MOVEMENT RESULTING
FROM OPERATOR TECHNIQUE

THOUSANDS OF AN INCH

-0.010
-0.020 -
-0.030
—0.040
-0.050 -

-0.060

FILE: HEAT_31F.COM

4 5 6 7 8 9 10 11 12 13 14

TIME ( MINUTES )

—— SIDE PIPE
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4.1.5.2 The Rel ationship of H nge Size and Vee Wdth Versus
Def | ection

The fol l ow ng 9raphs Il lustrate how the pipe ends deflect upward
as the vee wdth and hinge length change.

Notice that there are five (5) lines which represent each heat.
The first groug of data (5) are the 1" hinges, the second group c
five (5) are the 3" hinges and the third group of five (5) are tf
6" hinges. Also note that nost data are grouped into very tight
clusters which indicates that the pipe end has noved the sane
anount each time it was heated.

4,1.5.2.1 FI XED (2") VEE SIZE with Increasing H nge

The following graph shows two (2) inportant results; First th
pipe material deflects apprOX|nateI%_the same anount each time
itisreneated and Second increasing hinge length results in

I ncreased deflection.

2" Vee with Increasing Hinge Size
g" Carbon Steel Pipe
Def [ ection
O.1

0.08

0.06

0.04

0.02
l -g'// FILE: 2V_136HB
!

1 INCH 3 INCH 6 INCH
Hinge Length
First Heat Secon:i Heat ThirdQHect Fourth Heat Fith Heat

Graph 4.1.5.2.1 shows 5 heats on 8" carbon steel pipe. Al
parameters were held constant except the hinge | ength was
I ncreased on each set.

The first heat (solid line / square boxes) does not follow the
other tight grouped data points. The (3) and (6) inch first
heat hinge deflections may be | ow because of restraint by the
smal | vee area versus the large hinge length. It has been
sngesLed that buckling may cause the differences in data
defl'ection after the first heat.

Heats 2, 3, 4 and 5 are verytight data sets and can be reliec
upon to repeat.
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4,1.5.2.2 FIXED (4") VEE SIZE with Increasing Hi nge

The follow ng graph shows the 3" hinge with a 3 vee to be the
best conbi nation when maxi num deflectron is required.

4" Vee with Increasing Hinge Size
8'" Carbon Steel Pipe

Deflection
0.11

0.1
0.09
0.08

o~ -

U.u/s
0.06 |
0.05 |

0.04 |3

0.03 ]
6 INCH

Hinge Length
) 9

First Heat Second Heot Third Heot Fourth Heat Fith Heat
= & - 3¢ ——

Gaph 4.1.5.2.2 shows 5 heats on 8" carbon steel pipe. Al
parameters were held constant except the hinge length was
I ncreased on each set.

You will note that the data is very tight on each set except
the 4" vee with a 6" hinge shows spread on the 2nd heat.

There apﬁears to be a relationship between the total area of
the vee heat surface and the hinge length. The heats with very
tight groups of data show a dinensionless ratio of from.005 to
.03.

CHinge Lenngth)
CTotalVee Arec)

This relationship could allow the user to ﬁredict a particular
combi nation of vee size and hinge length that may deflect the
same anount on each heat.
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4,1.5.2.3 VEE (6") FIXED H nge Increasing
6'" Vee with 1" Hinge Size
8" Carbon Steel Pipe

Deflection
0.1

]
0.08 {5

n
0.06 [
0.04 b NO DATA TAKEN FOR 6" VEE
' WITH 3" & 6" HINGES. !
0.02

FILE: 6V_136HB.CGM
|
© 1 INCH 3 INCH 6 INCH

Hinge Length
First Heat Second Heat Third Heaot Fourth Heat Fith Heat
= o L lC e

S

Gaph 4.1.5 .2.3 shows 5 heats on 8" carbon steel pipe. Al
araneters were held constant and the results for heats on
inge size 3" and 6" are mssing.

As in the other heats data sets are very close grouped.
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4.1.6 Discussion of Results on Vee Hi nges

It has been shown that vee heats zre predictable. There are some
general relationships that apply tgo <31||O| vee heats on pipe. The
primary parameters which control these relationships are:

H nge |ength

Vee w dth
Spot tenperature

Re\%grdl ess _of how these I\&arauneters. are adjusted, the finish pipe
ALVIAYS SHORTER AFTER HEATI

4.2.6.1 Relationship of H nge, Vee & Shortening

ggﬂfécﬂio”nges + narrow vees = paxi num shortening and m ni num

Short hinges + wide vees = ppxjnum spprtening at the End Bottom
and maxi mum shortening and maxi num detlecti on:

tl'iogr?s hinges + narrow vees = nininum shortening and nmini num def | ec-

Long hinges + wide vees = zero.(0) to nini '
Enngottcg)m and medi um defl ecti orgs.) m ni num shortening at the

Long hinges = higher residual stress, jncreased pi pe novenent and
greater Instability.

Wde vees = chance for increased buckling.

29
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4.1.7 Torch Travel Speed and Tenperature G adient

The average travel speed of the noving spot was in the range of 1.5
inches/mnute to 3.5 inches/mnute.

The overal| average was 2.5 ipm  The amount of upset (novement or
deflection) did not nove significantly outside of a groug_of data
|

poinés when the slower travel speed was conpared to the higher trave
speed.

The essential variable was spot size control ?ﬂd surroyndln% t enper a
ture of the support base metal of the pipe. Ihe operators dHMSded
the torch standoff distance to control spot size and color. 0 do
this they adjusted the travel speed in the range of 1.5 to 3.5 ipm

These val ues were calculated fromthe tine base on selected data
plots for 8" dianmeter pipe.

4.1.8 Determnation of Residual Stress
No experiments were conducted for measurenent of residual stress.
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4.2 Line Heat Testing

Line heats are made in using a series of straight line heating patterns
with the torch nmoving fromthe hinge area to the pipe top-or fromth
pipe top down to the hinge area.

The tests in our study placed the lines in an area that mrrors the ves
heat pattern area. Figure 4.2 is a typical LINE HEAT UP pattern

LINE HEATING PATTERN

HEATING DIRECTION UP

'YYYY!

LINE 4 LINE 4

LINE 3 LINE 3
LINE 2 LINE 2

\

FILE: LINEPAT1 LINE 1
START

Line heats have advantages when bending pipe Wth very thin wall thic
ness or pipe with diameters larger than 12" nches.

Line heats will reduce the tendency for pyckling. Vee heats will buckl
on thin wall and/or large diameter-thin wal| pipe.
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4,2.2 Effects of Miltiple Heats

This series of heats show four (4) different materials with three (:
different pipe dianeters.

ALL of these tests share a common vee size to hinge Size ratio. Al |
tests were made with a 30° vee and a correspondi ng hi n(rt;e. MAi nt ai n-

ing this ratio produces pipe novements with simlar values. “This
means that the shop can predict pipe novemrent with a reasonable

degree of certainty. The pi whi ch. h d '
from 2" to 8" dianster wth Garbonosteel " stainess stae, “30°30°
Copper N ckel and 90-10 Nickel Copper.

As the vee size to hinge ratio is changed "then the average group
hei ghts will change.

eel, Stainless Steel,

X2

DL,

b

XXX
NANNAN

DO

=

FILE: COMPARE® HEATS

4.2.3 Tenperature Measurenment Techniques

Line heats were nonitored for maxinum tenperature using the sane
met hod as was used for the vee heats.

33



FLAMVE BENDI |
FI NAL REPCH

4.3 Mechanical & Metallurgical Testing

One of the major objectives of this programwas to determ ne how nechan

ical and netallurgical properties are affected by the flame bending pro
cess.

A sinple method was_used to verify and conpare nechani cal and netal | ur-
ical properties. The nmethod involved selecting pipe specinmens fromth
est matrix which received high heat. The naxifmum peak tenperature was

recorded on each test pipe. his recorded test tenperature data was

used to select the pipe for nechanical and metal | urgical tests:

4.3.1 Mechanical Test Specinmen Renmoval Diagram

CUT #1 -

; CUT LINE

4 oW TEMPERATURE LOCATION @

BASE METAL @

g~ HIGH TEMPERATURE LOCATION @

FILE: VEE_HT_4 i e —
HARDNESS SURVEY, MICRO & THICKNESS

4.3.2 Tensife Strength, Yrefd Strengt’h &M crostructare

The table 4.3.2.1 shows the relationship between heating and fina
nechani cal properties. The specimens were removed fromthe BASE
METAL, H GH TEMPERATURE VEE LOCATI ON and the LOWN TEMPERATURE START
LOCATION.  This renoval sequence is shown in figure 4.3.1.

*Met al | ographi c eval uations of carbon steel, 90:10 and 70:30 CuN
and CRES are shown in Appendix B.
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4.3.2.1 Stainless Steel
PHYSICAL TEST SUMMARY For
300 Series (CRES) stainless Steel
Sample Series Tensile Specification
121 T.nad DT ") ATerad 3 A | = P SO
== EE 01~ L0 SR o N i wviigded il [cyulLL clielllLs
Base Metal 86,500 64% 75,000| 35%
131-1 ' .
Low 86,500 53% 75,000 35%
Temperature
131-2
High Temperature 87,000 58% 75,000| 35%
131-3

The tensile value differences between the original stainless steel
base netal and the heat affected stainless are. |ess than 1%

These val ues are less than the calibration requirenent for the
Tensil e Test Machine.

Elongation is related to grain size. The base netal has the
hlghest elongation with a relatively small grain size. The heat
affected tensile tests both show | ower elongation with |arger

grain size.

The ﬁhysical tests show that CRES (Stainless Steel) can be heated
En the range of 1000° to 1500° F with a small reduction in el onga-
i on.

These results are well within the acceptable requirements for CRES
(Stainless Steel) PIPE

An intergranul ar corrosion test was conducted on the nultiple
heated area of flame bent Stainless Steel pipe. The test was
conduct ed inaccordance with ASTM 262 Practice E

M. A Ruedibusch and M. Mke Allen. reported "ASTM 262 intergran-
ular corrosion test was conducted for 24 hours and the bars eval u-
ated. There was no sign of fissures or cracks which would
indicate the presence of intergranular attack." (7)

7 The Puget Sound Naval Shipyard, Quality Assurance Office, Laboratory Division; Report 90Ps00424, dated January 9, 1990.
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4.3.2.2 Carbon Steel
PHYSICAL' TEST SUMMARY For
carbon sSteel Pipe
.Sample Series . Tensile Specification
50 Load PSI Elongation Requirements
Base Metal 81,000 38% 60,000] 22%
50-1
Low 81,000 32% 160,000]| 22%
Temperature
50~-2
High Temperature 79,500 37% 60,000 22%
50-3

The tensile value differences betmeen t he orlglnal carbons stee
base metal and the heat affe ted ?arbon steel are less than 1%
These val ues are less than the calibration requirement for the

Tensile Test Machine. (In other—words the differences are insig-
nificant)

The carbon steel base_netal has slightly higher elongation with a
uniformgrain size. The heat affected tensile tests exhibit very
smal | grain size at the surface.

on. This
tensile
ne grarn

The resultant is graln anneal ed heat affected r g
region is charact zed y | owering of hardness MA% . th ?
strength na|nta|ned by the fine grain structure. I'S

I ndi cates higher inpact properties or toughness.

These results are well within the acceptable requirenents for Car-
bon Steel Pipe.
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4.3.2.3 Copper N ckel (90 / 10)
PHYSI CAL TEST SUMVARY For
90 / 10 Copper N ckel
Sampl e Series Tensil e Specificatic
76 Load PSI El ongat i on. equi remen:
Bas$6N?taI 40, 500 60% 38, 000 | 30%
Low 42, 600 34% 38,000 | 30%
Tengerature
6-2
H gh T?gpgrature 46, 000 47% 38,000 | 30%

The tensile values of the low and high tenperature heat affected

90/ 10 areas are 5% to 13% greater than the as received base netal.
The elongation values on both heat affected specimens are substan-
h{g{#&ﬁéess than the base netal, put still nmeet the specification

The 90/ 10 copper nickel base netal shows a |arge number of close

acked flow [ines. The heat affected pipe shows signjficantly
ewer flow lines indicating that the segregated conStituents are

going into solution as a result of multiple heats.

Lack of significant grain growth is an indication that the flame
bending tenperatures did not exceed that of the original pipe
processing annealing tenperature.

These results nmeet the mnimum acceptable requirenents for 90/ 10
Copper N ckel Pipe.
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4.3.2.4 Copper Nickel (70 /7 30)
PHYSI CAL TEST SUWARY For
70 / 30 Cbﬁger N ckel
NEW Pl PE
Sample Series Tensile _ Speci fication
121 Load PSI El ongati on equi rement s
Base Metal 121-| 57,000 31% 50, 000 | 30%
Low Ten?erature 56, 500 26% 50, 000 | 30%
121-2
H gh Tenperature 57,500 51% 50, 000 | 30%
121-3
70/ 30 Copper Ni ckel
SUBMARI NE MAI N SEAWATER PI PE
In Service for 20 Years
Sample Series Tensil e _ Speci fication
176 Load PSI El ongati on equi renment s
Base Metal 176-1I 57,500 28% 50, 000 | 30%
(note 8
Low Teqperature 51, 900 27% 50, 000 | 30%
176-2
Hi gh TeQPerature 60, 500 40% 50, 000 | 30%
176-3

The two charts above are shown together for conparison purposes.
Note that the all tensile values for both the NEW PIPE and the SEA
WATER SERVICE PIPE are within 10% The major change is on the NEW
Pl PE which shows an increased elongation in the high tenperature
zZone.

Three (3) of the Five (5) elongation test values are below the
specification mninum requirement. However these values were nea-
sured in a region of nixed heat treatment. Values taken in these
regions can be in error by +- 5% The |owest elongation value
was under the mnimm by 4%

8 Note: THE NEU MANUFACTURE BASE HATERIAL ELONGATION IS BELOW THE SPECIFICATION REWIREHENT AS RECEIVED FROM THE STOCK
SYSTEM.
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The mcrostructure of 70/30 Copper Nickel test sanples 121 (NEW
and_176 (Seawater) were evaluated by Metallurgists Mke Allen
Al Ruedebusch. Their report, Reference 8, states,tha%,“AS see
fromenclosures 4 and 5, there appears to be no significant 8|F-
ference between the sanples taken fromthe base metal or the HAZ
There al so _appears to be no difference between the NEW 70/30 and
the SEA WATER 70/ 30. (See Appendi x B)

e net result t hat j ng _has m ni num negative petal -
lurgical npact on the 70/30 COPPER NI CKEL pipe mcrostructure.

4,3.3 Effect of Cooling Methods On Mcrostructure

The nethod of cooling on all 225 heats eqPIo ed a circular water
cool i ng sequence when the pipe was bel ow 1000° F in the heated area

Pipe alloys in this study are not sensitive to réfid cool i ng bel ow
1600° F. ~ Maxi mum neasured top tenperatures were 1500° F.

No adverse netallurgical conditions were identified as a direct
result of the rapid water quench.

4.3.4 Material Thickness Changes

4,3.5 Surface Conditions after Flane Bending

The surface conditions of all 225 heats on 5 different material types
shows no significant surface damage.

The m crophotos support the visual exam nations.

4.3.6 Internal Sea Water Contamination Metallurgical Results

Metal | urgi cal exam nation was perforned on both new 70/30 Conner -

Ni ckel prpe and sea water service pipe. The internal surface con
tions arter multiple flane heats were conpared. No significant
differences were noted by the metallurgy departnent.

8 METALLURGICAL EVALUATION OF MICROSTRUCTURE AFTER FLAME BENDING PROCEDURE, Puget Sound Naval Shipyard, Code 134.6; Report
No. 89PS05135, Dated 19 May, 1989.
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4.3.7 Hardness Surveys

Sur face hardness neasurenments were t

aken from upaffected base neta
and fromthe heat affected zone of the

pipes. Table 4.3.7 details

the results..
Hardness Survéy Results
Readings are all Rockwell B scale
Pipe Stainless Carbon Copper Copper Copper
Material Steel (CRES) Steel Nickel Nickel Nickel
Tested (CFe) 90/10 70/30 (Submarine)
Pipe No. Pipe No. Pipe No. Pipe No. Pipe No.
131 50 76 121 176
Base Metal 80 Rb 82 Rb 28 Rb 39 Rb 47 Rb
Heat ' 55 Rb . 52 Rb 18 Rb 17 Rb 26 Rb
Affected to to to to to
Zone 71 Rb 75 Rb 22 Rb 58 Rb 50 Rb
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5 Future Work

5.1 Wite Shop Wrking Instruction

The shop working instruction should be a docunent which is no |onger
t han about 25 pages.

5.2 Develop Operator Qualification Procedure

Operator qualification procedures can be witten from the engineering
report in cooperation wth shop 56.

5.3 Cooling Methods

Only one nethod was used on the 225 tests of this study.
that was used in this work closely matches the method %sedTgﬁ BE&QPd

Sound Naval Shi pyard.

5.4 Effects of External Restraint

The experinmental work did not cover the effects of external restraint on
pi pe bendi ng.

5.5 Low Tenperature Flame Bending

Richard E Holt determined that the ideal f|ame bending tenmperature for
most structural alloys is in the range of 700 degrees

Wrk needs to be performed to verify that |ow tenperatures will work for

pi pe materials.

5.6 Thickening in the Flame Bent Area
More accurate values of thickening should pe made in the hot region.

5.7 Charpy Inpact Values

Li m tedwork has shown inpacts are inproved on sone materials but ad
tional work needs to be perforned on a broad range of naval materia

9 Holt, R. E., "PRIMARY CONCEPTS FOR FLAME BENDING", Welding Journal, June 1971.
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6 CONCLUSI ONS

6.1 Precise & Simple Torch Calibration

A nethod of oxyacetylene torch heat calibration has been devel oped using
precision flow meters and test ring

6. 2 Vee Heating Pattern VS Line Heating Patterns

Vee heats are nore predictable for snaller diameter pipe in the range. of
2" dianeter to 8" dianeter. Vee heats should be used as a first choice

by the shop.

The majority of-naval and commercial shipyard pipe flame bending .can be
performed using 3" VEE HEATS. This VEE Size wll produce significant
deflection with mninum buckling.

6.3 Line Heats on Large and/or Thin Wall Pipe

Line heats were found to be nore controll|able on Pipe diameters |arger
than 10 inches. Pipe with very thin wall in relation to its dianeter

shoul d be flame bent using the line heat nethod.

Line heats with a given surface heated area produce greater deflection
than the equivalent vee heat with the same heated surface area.

6.4 Dimensionless Ratio for Hinge / Vee Area

There is a relationship between the hinqe length and total surface area
of the vee heat. Wen the above two values yield a number from .005 to
03 then the mechanic can assune that each heat sequence will deflect

the pipe the same amount on each heat.

CHingel ength)
CTotalLVVeeArsa)

R

The nechanic can reheat pipe material in the sane area repeatedly and
obtain predictable novement.

6.5 ldeal Travel Speed

The ideal travel speed for nost small dianeter flame bending application
Is in the range from1.5 to 3.5 ipm
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6.6 Maxi mum Nunber of Heats on the Sanme Area

It has been determned by experinentation that no nmore than three (3)

heats should be applied fo the same area.  This maximumis not a netal -
lurgical limt but is determned by the pipe naterlavg tendency to

buckl e after the third heat.

6.7 Pipe Mvenent On Carbon Steel

Carbon steel noves approximately the sanme anount (with a given heated
area) each time it is heated in the same |ocation

6.8 Stainless Steel

The physical tests show that CRES (Stainless Steel) can be heated in the
range of 1000° to 1500° F with a small reduction in elongation and
limted nmetallurgical damage. ~ASTM 262 intergranular corrosion tests
were conducted wth no sign of fissures or cracks.

6.9 Carbon Steel Metallurgical Property |nprovenent
Carbon steel showed generally inproved overall physical properties.

6.10 Copper Nickel Metallurgical Properties after Flane Bending

FI ame bendi ng produces mninum netal | urgical damage on the 70/30 COPPER
NI CKEL pipe mcrostructure.

6.11 Effect of Flame Bending on Sea \Wter Pipe

There is no measurable metallurgical or mechanical Srﬂgerty di fference
between the NEW 70/30 and the SEA WATER CONTAM NATED 70/30 as a result

of flame bending.

There is a slight reduction in Tensile, Yield strength and el ongation on
both new and sea water flame bent pipe: The reduction is less than 1%

6.12 Dye Penetrant Testing

Each material type was PT tested after five heats and no evidence of
cracking was found on any of the material tested.
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6.13 Scaling and Flaking (internal)

90/ 10 copper nickel shows neasurable internal scaling and flaking after
flane bending. It is recomended that flanme bending on 90/10 not be.
performed unless purged durln% bending or flushed after bending. This
shoul d apply to all FEMA and hydraulic piping.

All other materials tested showed discoloration but did not scale.

6.14 Flow Meter Calibration

A flow meter may be substituted as the prinmary calibration nmethod once
the initial ring/flame length calibration is performed. Individual flow
meters will significantly reduce out of balance heat input.

6.15 Larger H nge Lengths

Tests show that |arger hinge |
8" pipe yield controllable de
0

, ections. Currenl nmethods use 2" hinge
| engths which are too snal

anths in the range of 4" to 5" on 5" to
r nost applications.

6.16 Optimum Average Vee and H nge Ratios

Most shop work can be acconplished with a 30° vee angle and hinge which
is 1/4 or (25% of the circunference:

6.17 Wien to Use Longer H nges

Longer hinges should be used when pipe shortening nmust be held to a
m ni-mum

6.18 Sea \Wter Pipe Bends

70/ 30 sea water pipe was tested using a standard AWS B4. O- 77 gui ded bend
test. There was no indication of cracking. Dye penetrant tests on this
material before bending showed no indications.

6.19 Trained Mechanics

Do not use personnel who have no formal flame bending training. Opera-
tors should train on simlar grades, diameters and wall thicknesses.
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6.20 Flame Bending of Stainless Steel (CRES)

Based on the test work Stainless steel can be flame bent with no signif-
i cant loss of nmechanical or metallurgical properties.
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APPENDI X A

CODAS Calibration Data Gathering Method

To start Data Gathering to Hard Disk

To stop Data Gathering to Hard Disk

To Display Data Gathering during Flane Bending Test
To Display the eight (8) Data Screen

A-1

A1

A-1
Al A2



CODAS CALI BRATI ON DATA GATHERI NG METHOD
ENTER SELECTION : (ie) 6 filename [with no ext ensi on]

SET COLOR MONI TOR: <CTL> <ALT> <BACK ARRON  [npnitor is now
showi ng a di spl ay.

TO START DATA GATHERI NG TO HARD DI SK

<F10> [monitor is now showing byte count in |ower right
hand corner]

TO STOP DATA GATHERI NG TO HARD DI SK

<F9> monitor is now showing final byte count in |ower
right corner

<Q TO RETURN TO DOS [monitor shows pronpt]

TO DI SPLAY DATA GATHERED DURI NG FLAME BENDI NG TEST

TYPE I N. POSTACQ fi |l enane. ext [ postacq is the nane
of the data di SP| a%/ and mani |puI ation program _The file nane is
the name given to the initial flame bend test.]

TO DI SPLAY TEE 8 DATA SCREENS

<SH FT &

<F1> [ enabl e the data cursor]

t<' <i -------- > > [position the cursor to the desired posi-
ion

<F4> [enable the final data gathering point]

<F6> [enabl es end of data gathering sequence]

SCREEN SHOWS: ENTER THE NAME OF DATA FILE:

_ Enter any nane that you want to use to identify this
particular data record. This file may be the whole test or part
of the test sequence.

Note: If the data is going to be used in LOTUS then an extension
of . VWK1 should be used.

_If the data is going to be printed directly, then use an
extension of . HCU.

ENTER FI LE NAME: <heat _X wk1>



MVENU APPEARS: [select #5 or #6]

INPUT] TEXT: [two lines of text can be input at this
poi nt
H T <RETURN>
W NDOW DI SPLAY RETURNS: [hit <@ to quit.
CAL| BRATI ON CONSTANTS: [y/n]
BACK TO DCS:
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PUGET SOUND NAVAL SHIPYARD
QUALITY ASSURANCE OFFICE
Laboratory Division

19 May 1989
Code 134.6 MFA: Ims
Metallurgy Branch Report No. 89PS05135
Subj:  METALLURGICAL EVALUATION OF MICROSTRUCTURE AFTER FLAME BENDING
PROCEDURE
Ref:  (a) American Society for Testing and Materials, Annual Book of ASTM
Standards, Volume 1.05, Designation A 262-86, 1987
Encl: (1% Photomicrographs of Pipe 131
Photomicrographs of Pipe 50

4) Photomicrographs of Pipe 121
5) Photomicrographs of Pipe 176

1. Five samples were provided by Code 138 for hardness testing and evaluation
of the microstructure. The samples were taken from sections of pipe that had
been cycled through a flame bending procedure. The cycle consisted of heating
from room temperature to approximately 1500°F and then water quenching. There
were a total of five cycles.

3% Photomicrographs of Pipe 76

2. Hardness. Surface hardness measurements were taken from the unaffected
base metal and from the heat affected zone of the pipes, see table below.

*Pipe sample was obtained from an inactive boat and had been exposed to

sea water.

Results of the Hardness Transverse
Area 131 50 76 121 176
Test ed Cres CFe 90/10 70/30 70/30
New New New New *
Base 80 82 28 39 47
Met al HRB HRB HRB HRB HRB
(Ave)
HAZ 71 75 22 58 50
(Range) to to to to to
55 52 18 17 26




Code 134.6 Report No. 89PS05135

3. Microstructure. Two samples were sectioned from each pipe to determine
what effects the flame bending procedure had on the microstructure, if any.
One sample was taken from the base metal and one from the heat affected zone.

Pipe 131:

Due to stainless steel’s susceptibility to sensitization, an oxalic
acid etch test was performed on this sample. ASTM Standard A 262, Practice A,
was used to determine what degree of sensitization the flame bending procedure
produced in the steel. As seen in enclosure (1), there is a difference
between the sample from the HAZ and the base metal. The base metals figure 1,
shows a step structure while the sample from the HAZ, figure 2, has a dual
structure with some ditching. This indicates that there is some sensitization
which increases its susceptibility to intergranular attack. While Practice A
cannptdbe used to reject the material, it does show that more testing is
required.

Pipe 50:

Enclosure 2, figures 1 and 29 shows that the flame bending Procedure
has a recrystallization effect on the carbon steel. The sample from the HAZ
has smaller grains near the surface, whereas the sample from the base metal
has uniform grain size throughout.

Pipe 76:

The flame bending cycle, for the 90/10, appears to alter the flow
pattern of the material. As seen in enclosure (3), figure 1, there are a
large number of flow lines present in the base metal sample. Figure 2 is from
the HAZ and the number of flow lines have been significantly reduced. There
is no indication of recrystal-lization-or grain growth.

Pipes 176 and 121:

As seen from enclosures 4 and 53 there appears to be no significant
difference between the samples taken from the base metal or the HAZ. There
also appears to be no difference between the new 70/30 and the sea water
70/30.
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4, Tensile Tests.

Report No. 89PS05135

TENSILE TEST RESULTS
SAMPLE | UTE | % ELONG. FAILED INSIDE | REQ'D
: KSI GAUGE MARKS | KRSI
Y N
. 131-1 86.5 64 X 75.0
131-2 86.5 53 X
131-3 87.0 58 X
50-1 81.0 38 X 60.0
50-2 81.0 32 X
50-3 79.5 37 X
76-1 40.5 60 X 38.0
76-2 42.6 34 X
76-3 46.0 47 X
121-1 57.0 31 X 50.0
121-2 56.5 26% X
121-3 57.5 51 X
176-1 57.5 28* X 50.0
176-2 51.9 27* X

REQ'D

ELONG.

35%

22%

30%

30%

*These values are

Metallurgist

Distribution:

L

Code 138(2 copies)

below the accepted minimum.

Head, Metallurgy Branch
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Figure 1, Base Metal
Etch: Oxalic 6A/cm?  500x

Figure 2, HAZ
Etch: Oxalic 6A/cm*  500x



Figure 1, Base Metal
Etch: 2% Nital 100x
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Figure 2, HAZ
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Figure 1, Base Metal
Etch: 10% NaCN, HOCOCOOH  100x

Figure 2, HAZ
Etch: 10% NaCN. HOCOCONH 10Ny
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Etch: 10% NaCN, HOCOCOOH  100x
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*NOTE:

TIME* vs PIPE DEFLECTION CHARTS

On Time Scale
0 - 280 = 14 minutes

i.e.

APPENDIX C

20 minor divisions equals 1 minute

Cu-Ni 90:10, 8" PIPE, 5/16" WALL
CHART # HEAT # TECHENIQUE

16 lst 4" Vee 6" Hinge
17 24

18 3d

19 4th

20 Sth

20 1st 2" Vee 3" Hinge
22 2nd

23 3rd

25 5th

26 ist 6" Vee 1" Hinge
27 2nd

28 3rd

29 4th

30 S5th

31 1st 4" Vee 1" Hinge
32 2nd

33 3rd

34 4th

36 1st 2" Vee

37 2nd

39 4th

40 5th

41 lst 4" Vee

43 3rd

44 4th

46 lst 6" Vee

47 2nd

48 3rd

49 4th

50 S5th

1" Hinge

3" Hinge

3" Hinge
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Continuation 1

CHART # HEAT # TECHNIQUE
51 ist 2" Vee 6"
52 2nd
53 3rd
54 4th
55 5th
56 lst 4" Vee 6"
57 2nd
58 3rd
59 4th
60 5th
Cu Ni 90:10, 8" PIPE,. 3/16" WALL
CHART # HEAT # TECHNIQUE
66 1lst 4" Vee 6"
67 2nd
68 3rd
69 4th
70 5th
71 lst 4" Vee 6"
72 2nd
73 3rd
74 4th
75 Sth
76 lst 27 Vee 6"
77 2nd
78 3rd
79 4th
80 5th
81 4th Line heat, 6"
82 4th
83 4th
84 4th
811 1st Line --- Heat Uphill,
812 2nd
813 3rd
814 4th
821 lst Line --~- Heat Uphill,
822 2nd .
823 3rd
824 4th

Hinge

Hinge

Hinge

Hinge

Hinge

Hinge

6" Hinge

6, Hinge

APPENDIX C

PAGE
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Continuation 2

CHART #

831
832
833
834

841
842
843
844

851
852
853
854

861
862
863
864

871
872
873
-874

881
882
883
884

891
892
893
894

Ht
Ht
Ht
Ht
Ht

901
902
903
904

962
963

972
973

91
92
93

95

HEAT #
Lst
2nd
3rd
4th

1st
2nd
3rd
4th

1st
2nd
3rd
4&th

1st
2nd
3rd
4th

1st
2nd
3rd
4th

1st
2nd
3rd
fth

1st
2nd
3rd
4th

Lst
2nd
3rd
4h
5th

1st
2nd
3rd
4th

2nd
3rd

2nd
3rd

TECHNIQUE
Line --- Heat Uphill, 6"

Line ---

Line

Line ---

4!1

Line

Line

- Line

Vee,

Line

Line

Line

Heat Uphill, 6"

Heat Uphill, 6"

Heat, Downhill,

Heat, Downhill,

Heat, Downhill,

Heat, Downhill,

APPENDIX C

Hinge

Hinge

Hinge

6" Hinge

6" Hinge

6" Hinge

6" Hinge

6" Hinge, Downhill

Heat, Downhill,

6" Hinge

Heat, Uphill, 12" Hinge

Heat, Uphill, 12" Hinge
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Continuation 3

CHART # HEAT #
982 2nd
983 3rd
992 2nd
993 3rd

1002 2nd

1003 3rd

70:30 Cu-Ni, 8

TECHNIQUE

--- Line Heat, Uphill,

--- Line Heat, Uphill,

-—- Line Heat, Uphill,

" PIPE, 3/16" Wall

CHART # HEAT #
101 1st
102 2nd
103 3rd
104 4th
105 5th

1061 1st

1062 2nd

1063 3rd

1064 4th

1071 lst

1072 2nd

1073 3rd

1074 4th

1081 lst

1082 2nd

1083 3rd

1084 4th

1091 1st

1092 2nd

1093 3rd

1094 4th

1101 lst

1103 3rd

CARBON STEEL PIPE,

TECHNIQUE

4" Vee, Uphill,

Line Heat, Uphill,

Line Heat, Uphill,

Line Heat, Uphill,

Line Heat, Uphill,

Line Heat, Uphill,

8" NPS, 5/16" Wall

CHART # HEAT #
1111 st
1112 2nd
1113 3zd

1114

4th

TECHNIQUE
Line Heat, Uphill,

6H

[=)]

APPENDIX C

12" Hinge

12" Hinge

12" Hinge

6" Hinge

Hinge

Hinge

Hinge

Hinge

Hinge

Hinge
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Continuation 4 APPENDIX C

CHART # HEAT ¥ TECHNIQUE PAGE
1121 i1st Line Heat, Uphill, 6" Hinge 73
1123 3rd _ 74
1124 4th 74
1131 i1st Line Heat, Uphill, 6" Hinge 75
1132 2nd 75
1134 3rd 76
1135 4th 76

N
1141 st Line Heat, Uplkill, 6" Hinge 77
1142 2nd . 77
1143 3rd 78
1144 4th 78
1151 lst Line Heat, Uphill, 6" Hinge 79
1152 2nd 79
1153 3rd 80
1154 4th 80

70:30 Cu Ni, 5" NPS PIPE, 1/4" WALL

CHART # HEAT # TECHNIQUE PAGE
121 lst 2.5" Vee, 3.75" Hinge, Uphill 81
122 "~ 2nd 81
123 3rd 82
124 4th 82
125 S5th 83

1261 1st Heat, UPhill 2.5" Vee, 3.75 Hinge 83

1262 2nd 84

1263 3rd 84

1301 lst Line Heat, Uphill, 3.75" Hinge 85

1302 2nd 85

1303 3rd 86

STAINLESS STEEL PIPE, 5" NPS, 1/4" WALL

CHART # HEAT # TECHNIQUE PAGE
131 lst 2.5" Vee, 3.75" Hinge, Uphill 86
132 2nd 87
133 3nd 87
134 4th 88

135 5th 88



Continuation 5

CHART #
151
152
153
154
155

HEAT #
1st
2nd
3rd
tth
5th

TECHNIQUE
2" Vee, 1.75" Hinge
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APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

4" VEE, 6" HINGE
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FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

4" VEE, 6" HINGE

APPENDIX C

THOUSANDS OF AN INCH
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APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16'" WALL

4" VEE, 6™ HINGE

THOUSANDS OF AN INCH
Q
[=]
G
]

FILE: HEAT_20D.CCM

i)
—— TOP PIPE

0.100

i
0 40 80 120

) i
160 200 240

TIME { FIFTH HEAT, FILE: Heat_20 ) a
-==--  SIDE PIPE === END TOP ==~ END BOTIOM
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2" VEE, 3" HINGE
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APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

" , 3" HING!
0.14 2" VEE, HINGE

0.13
0.12 -
0.11

0.1 -
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1
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0 40 80 120 160
TIME ( 2nd HEAT, FILE: Heat_22 )

—— TOP PIPE --=w-- SIDE PIPE «wmw=e END TOP «e——— END BOTTOM
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THOUSANDS OF AN INCH

T T
200 240
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THOUSANDS OF AN INCH

0.150

[PICTURE]

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

2" VEE, 3" HINGE
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THOUSANDS OF AN INCH

THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

‘6" VEE, 1" HINGE
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TIME ( 1st HEAT, FILE: Heot_26 )

SIDE PIPE === END TOP ~—— BOTTOM PIPE

8" PIPE, 5/16" WALL
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THOUSANDS OF AN INCH

THOUSANDS OF AN INCH

0.150

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

6" VEE, 1" HINGE
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THOUSANDS OF AN INCH

THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

6" VEE, 1" HINGE
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THOUSANDS OF AN INCH

IO

THOUSANDS OF AN INCH

|0

0.150

APPENDIX C
FLAME BENDING GRAPHS
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THOUSANDS OF AN INCH

THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS
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THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS
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THOUSANDS OF AN INCH

. . APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 5/186" WALL

2" VEE, 17 HINGE

0.150
0.140 -
0,130 4
0.120 -
0.110
0.100 -
0.090
0.080 -
0.070 -
0.060
0.050
0.040 4
0.030
0.020
0.010

FILE: HEAT_39D.CCM

0.000
-0.010 -
-0.020
—-0.030 4
-0.040 4
-0.050 -

-0.060

TOP

+ ¥ ¥ 1 i L L]

T T
40 80 120 160

TIME { 4th HEAT, FILE: Heat_39 )
-2 3pE PIPE —w== END TOP

T T Y
200 240

8" PIPE, 5/16" WALL

2" VEE, 1" HINGE

280

-u— BOTTOM PIPE

0.150
0.140 -
0.130
0.120
0.110 -
0.100 -
0.090 -
0.080 -
0.070
0.060
0.050
0.040
0.030 -
0.020 1
0.010

FILE: HEAT_40D.CGM

0.000
—0.010
-0.020 +
~0.030
—-0.040 -
~-0.050 -

-0.060

TOP

¥ + ) ] T

L] ]
40 80 120 160
A TIME ( 5th HEAT, FILE: Heat_40 ) x|

T
240

280

----- SIDE PIPE w=ee END TOP -—— BOTIOM PIPE

12



THOUSANDS OF AN INCH

THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS
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APPENDIX C
FLAME BENDING GRAPHS
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THOUSANDS OF AN INCH
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APPENDIX C
FLAME BENDING GRAPHS
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2

T
240

BOTTOM PIPE

280
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THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

6" VEE, 3" HINGE

(o]

FILE: HEAT_49D.CCM

A
g

TOP

T
240 280

T 1] ' i

) ¥ i
40 80 120 160 200

TIME { 4th HEAT, FLE: Heat_49 ) 8¢
SIDE PIPE wmee END TOP -—— BOTTOM PIPE

8" PIPE, 5/16" WALL

6" VEE, 3" HINGE

0.150
0.140
0.130 4
0.120 4
0.110 4
0.100 -
0.090 -
0.080 -]
0.070
0.060
0.050
0.040
0.030
0.020 -
0.010 ~
0.000 -
-0.010 +
-0.020 -
—-0.030
~0.040
-0.050

~0.060

FILE: HEAT_50D.CGM

TOP

B

i
240 280

X : o
VA

i ] 1]
40 80 120 160 200

TIME { Sth HEAT, FILE: Heat_50 ) g_
SIDE PIPE ==se END TOP — BOTTOM PIPE

C 16
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APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

2" VEE, 6" HINGE

FILE: HEAT_51D.CGM

Y T T
160 200 240 280

R}
120
A TIME ( 1ist HEAT, FILE: Heat_51 )
0 T SIDE PIPE === END TOP -—— BOTIOM PIPE

8" PIPE, 5/16'" WALL

" VEE, 6" HIN
0.150 2" VEE GE

0.140
0.130 i
0.120 - FILE: HEAT.52D.CCM
0.110
0.100 -
0.090 ~
0.080 -
0.070 -
0.060
0.050 -
0.040 -
0.030 ~
0.020 -~
0.010 -
0.000
~0.010
-0.020
-0.030
-0.040
-0.050 -
-0.060 T T T T T T
0 40 80 120

i
200 240 280

2D TIME ( 2nd HEAT, FLE: Heat_52 ) D
ToP S==-- SIDE PIFE ~=—= END TOP ==— BOTIOM PIPE

Y
160
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THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

2" VEE, 6" HINGE

0.150
0.140
0.130
0.120 +
0.110
0.100 -
0.090 -~
0.080
0.070
0.060
0.050
0.040
0.030
0.020
0.010 4
0.000
-0.010 -
-0.020 4
-0.030 ~
—0.040 -
-0.050 +

>

‘\_—n

~0.060

TOP

1)
240 280

' .
40 80 120

TME ( 3rd HEAT, FILE: Heat 53) [
SIDE PIPE === END TOP =—— BOTIOM PIPE

¥ 1

L] )
160 200

8" PIPE, 5/16" WALL

2" VEE, 6" HINGE

0.150
0.140
0.130
0.120
0.110 A
0.100
0.090
0.080
0.070
0.060 -
0.050
0.040 —
0.030
0.020
0.010 -
0.000 ~
-0.010 -
=~0.020 -
-0.030
~0.040 -
-0.050

FILE: HEAT_54D.CGM

o

-0.060

TOP

]
240 280

] 1 ]
40 80 120 160 200

TIME ( 4th HEAT, FLE: Hest_54 ) u
SIDE PIPE w=ee END TOP =—— BOTTOM PIPE

¢ 18
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THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL
0.150 2" VEE, 6" HINGE
0.140
0.130 -
g.:fg e FILE: HEAT_55D.CGCM
0.100 -
0.090
0.080 -
0.070 - %
0.060 -
0.050
0.040 -
0.030 /
0.020 ~ Y
0.010 - 4 ™ 0

0.000 -t 5 Y A
-0.010 I <
-0.020 -

-0.030 +
-0.040 -
~0.050 ~
-0.060 T T T T T

) 1
0 40 80 120 160

TIME ( Sth HEAT, FILE: Heat_55 )
ToP -£2=- SDE PIPE «=—= END TOP ~=— BOTIOM PIPE

i ¥
200 240 280

8" PIPE, 5/16'" WALL
0.150 4" VEE, 6" HINGE
0.140 -
0.130 +
0.120 - FILE: HEAT_56D.CCM
0.110
0.100 -1
0.090 - .
0.080 -
0.070 o
0.060 -
0.050 -
0.040
0.030 -
0.020 -
0.010 1
0.000
-0.010 - \ P
—0.020 -
-0.030 -
~0.040
-0.050 -
-0.060 Y Y T T T T
v} 40 80 120

TIME ( tst HEAT, FRLE: Heot_56 ) U
ToP -=-=- SIDE PIPE ===« END TOP ~&_  BOTIOM PIPE

1 ) 1
160 200 240 280
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THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

4" VEE, 6" HINGE

0.150
0.140 -
0.130
0.120
0.110
0.100 4
0.090 -
0.080
0.070
0.060
0.050 -
0.040 -
0.030
0.020
0.010

FILE: HEAT_57D.CGM

o

0.000
-0.010 +
-0.020
-0.030
~0.040
—-0.050

-0.060

TOP

)
240 280

) 1 )
80 120 160 200

TIME ( 2nd HEAT, FILE: Heat_57 ) ]

=e=e END TOP BOTTOM PIPE

8" PIPE, 5/16" WALL

4" VEE, 6" HINGE

FILE: HEAT_58D.CGM

3]

0P

TOP

SIDE PIPE

¥
240 280

L] L] ) 1 i
80 120 160 200

TIME ( 3rd HEAT, FILE: Heat_58 ) 0
=eme END TOP —-—— BOTTOM PIPE
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THOUSANDS OF AN INCH

0.150

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

4" VEE, 6" HINGE

0.140 ~
0.130
0.120 -
0.110
0.100 +
0.090 +
0.080
0.070
0.060
0.050 -
0.040 +
0.030
0.020 +
0.010 -
0.000

FILE: HEAT_59D.CGM

(o

-0.010 -
-0.020
—0.030 4
~0.040
-0.050

-0.060

TOP

0.150

SIDE PIPE

T T T
80 120 160 200

TIME ( 4th HEAT, FLE: Heot_58 ) B
we=e END TOP -==— BOTIOM PIPE

L] ] i o

i
240 280

8" PIPE, 5/16" WALL

4" VEE, 6" HINGE

0.140 -
0.130 +
0.120 -
0.110 —
0.100
0.030 -
0.080 -1
0.070 4
0.060 -
0.050 +
0.040 -
0.030 4
0.020 -
0.010 -

FILE: HEAT_60D.CGM

o

P b

0.000
~0.010 ~
-0.020 -
~0.030 -
-0.040
~0.050

-0.060

TOP

] ¥ 13
80 120 160 200

TIME ( Sth HEAT, FILE: Heat_60 ) |
wewe END TOP =~ BOTIOM PIPE

] 1 L ]

)
240 280
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THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL

4" VEE, 6" HINGE

0.150
0.140
0.130
0.120 ~
0.110 -
0.100
0.080
0.080
0.070 -
0.060 -
0.050
0.040 A
0.030
0.020 +
0.010

FILE: HEAT_60D.CCM

o)

0.000
-0.010 -
-0.020 -
—-0.030
~0.040
-0.050

s
fg
u

-0.060

TOP

1 i

¥ ¥ i
80 120 160 200
TIME ( Sth HEAT, FILE: Heat_60 ) =}

) L) L )

T
240 280

SIDE PIPE . =eme END TOP ~—~— BOTTOM PIPE

8" PIPE, 3/16" WALL

4” VEE, 6" HINGE

0.200
0.180
0.160
0.140 -
0.120
0.100 -
0.080
0.060
0.040 4
0.020
0.000 ~
~0.020 -
—0.040
-0.060

A

FILE: HEAT_66D.CGM

~0.080

TOoP

‘
240 280

] i ¥
80 120 160 200
TIME { ist HEAT, FILE: Heat_66 ) - L .
wwme END TOP -®— BOITOM PIPE
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APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

4" VEE, 6" HN
0.200 VEE, 6 HINGE

0.180 0
0.160 -

0.140
0.120 4
0.100 FILE: HEAT_67D.CCM
0.080
0.060 ~
0.040
0.020 -
0.000
—0.020 ~

-0.040 =

-0.060 -

-0.080 T T T T T T, T T
[ 40 80 120 160 200

A TIME ( 2nd HEAT, FILE: Heat_67 ) 'ﬂ
o &L SIDE PIPE wee END TOP ~—— BOTTOM PIPE

i
240 280

8" PIPE, 3/16" WALL, CU-NI

4" VEE, 6" HINGE

0.160 o

]
o
o
@
=3

) ] L]
0 40 80 120 160 200 240 280

TIME ( 3rd HEAT, FILE: Heat_68 )
TOP -===- SIDE PIPE =e=e END TOP ~-~ BOTTOM PIPE
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APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

4" VEE, 6" HINGE

0.200
0.180 -
0.160
0.140
0.120 <
0.100
0.080 4
0.060
0.040
0.020 -

FILE: HEAT_69D.CGCM

0.000
-0.020 ~
~0.040
-0.060 -1

1
(2

= N

-0.080

TOoP

¥
240 280

T T T .
40 80 120 160 200
TIME ( 4th HEAT, FILE: Heat_69 ) D

- SIDE PIPE =w== END TOP ~—-~ BOTTOM PIPE

8" PIPE, 3/16" WALL, CU-NI

4" VEE, 6" HINGE

0.200
0.180
0.160
0.140
0.120
0.100
0.080
0.060
0.040 -
0.020

(») FILE: HEAT.70D.CGM

0.000
-0.020 -
-0.040
~0.060 -

-0.080

T0P

T T T T T
240 280

]
40 80 120
TIME ( Sth HEAT, FILE: Heat_70 )

T T T
160 200

--é- SIDE PIPE =ese END TOP -Q— BOTTOM PIPE

C 24
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|©

0.200

APPENDIX C
FLAME BENDING GRAPHS

38" PIPE, 3/16" WALL, CU-NI

4" VEE, 6" HINGE

0.180 4
0.160 —
0.140 -
0.120
0.100 -
0.080 -
0.060 -
0.040 -
0.020
0.000

FILE: HEAT_71D.CGM

4]

FILE: HEAT 71D.CGM

—0.020 -
~0.040 -
-0.060 -

a
A

-0.080

TOP

T T 3 T T T T T T
40 80 120

L 1 ]
160 200 240 280

TIME ( 1st HEAT, FILE: Heat_71 )
SIDE PIPE —e—e END TOP -~ BOTIOM PIPE

8" PIPE, 3/16" WALL, CU-N]I

4" VEE, 6" HINGE

0.200
0.180
0.160
0.140 -
0.120 -
0.100

0.080 ~ ~

0.060
0.040
0.020
0.000

FILE: HEAT 72D.CCM

~0.020 ~
—0.040
~0.060 —

-0.080

TOP

] i { i ) T ¥ 1

T T T
40 80 120 160 200 240 280

TIME ( 2nd HEAT, FLE: Heot_72 ) D
SIDE PIPE —=—= END TOP -==  BoTIOM PIPE
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THOUSANDS OF AN INCH

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-—NI

4" VEE, 6" HINGE

0.200
0.180 -
0.160 -
0.140 -
0.120 4
0.100
0.080 —
0.060
0.040
0.020

-
'~

o

FILE: HEAT_73D.CCYH

2

0.000
-0.020
~0.040
-0.060

.\\—L’l

X A

-0.080

ToP

¥ L] ¥
40 80 120 160 200

TIME ( 3rd HEAT, FILE: Heat_73 ) D
mes= END TOP

T
240

SIDE PIPE -=-— BOTIOM PIPE

8" PIPE, 3/16' WALL, CU-NI

4" VEE, 6" HINGE

280

0.200
0.180
0.160
0.140 -
0.120 -
0.100
0.080
0.060
0.040
0.020

-
.

e

FILE: HEAT_74D.CCM

0.000
-0.020
—0.040
-0.060 -

-0.080

T0P

T T T T T T T T
40 80 120 160 200 240

TIME ( 4th HEAT, FILE: Heat_74 ) u
@ew=e END TOP

BOTTOM PIPE

280



THOUSANDS OF AN INCH

IO

THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS .

8" PIPE, 3/16" WALL, CU-NI /

4" VEE, 6" HINGE

FILE: HEAT_75D.CCM

TOP

0.150

200

a

+ i i ] ¥
80 120 160 240
TIME ( Sth HEAT, FILE: Heot_75 )

TOP

280

BOTTOM PIPE

8" PIPE, 3/16'" WALL, CU~NI

2" VEE, 6" HINGE

0.140
0.130 4
0.120
0.110 4
0.100
0.030
0.080 -
0.070 -
0.060 -
0.050
0.040
0.030
0.020
0.010 4
0.000

FILE: HEAT 76D.CGM

=0.010 -
-0.020 4
~0.030 +
—0.040
—0.050 —
-0.060

N

el

1
.

\Al'._,'

TOP

572, SIDE PIPE

40

i ¥
80 120 160

TIME ( 1st HEAT, FILE: Heat_76 )
~ase END TOP

00 240
|

==~ BOTIOM PIPE

280

ho 2o
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APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU—NI

2" VEE, 6" HINGE

0.150
0.140 -
0.130 -
0.120
0.110 -
0.100
0.090 -
0.080
0.070
0.060 -
0.050
0.040 -
0.030 -
0.020 4
0.010 =

FILE: HEAT_77D.CCM

0.000
-0.010 +
—0.020 ~
~0.030 +
-0.040 ~
-0.050 +

~0.060

TOP

T T
80, 120 160

TIME ( 2nd HEAT, FILE: Heat_77 )
w=me END TOP

T T T T
200 240 280

BOTTOM PIPE

8" PIPE, 3/16" WALL, CU=NI

2" VEE, 6" HINGE

0.150
0.140 +
0.130 -
0.120
0.110 o
0.100 +
0.090 -
0.080 -
0.070
0.060 -
0.050 -
0.040 -
0.030 -
0.020
0.010 -

FILE: HEAT_78D.CCM

0.000
-0.010 -
-0.020
—0.030 -]
=0.040 -
-0.050 -

A
A\

4
i
N\

|

Pay

-0.060

o

ToP

T ¥
80 120 160

TIME ( 3rd HEAT, FLE: Heat 78 )
—eme END TOP

L T

T T
200 240

hed

280

BOTTOM PIPE

C 28
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|o

. 0.150

8'1

APPENDIX C
FLAME BENDING GRAPHS

PIPE, 3/16" WALL, CU~-NI

2" VEE, 6" HINGE

0.150
0.140 -
0.130 -
0.120
0.110
0.100 +
0.020 4
0.080 -
0.070 -
0.060 —
0.050 —
0.040 -
0.030
0.020 -
0.010 4
0.000

©

FILE: HEAT_79D.CGM

—0.010
=-0.020 ]
~0.030
~0.040 —
~0.050 -

-0.060

ToP

) 1
120 160
TIME ( 4th HEAT, FILE: Heat_79 )
END TOP

8" PIPE,

2" VEE, 6" HINGE

T T
240 280

BOTTOM PIPE

3/16" WALL, CU-NI

0.140 +
0.130 +
0.120 —
0.110 -
0.100 -1
0.090
0.080
0.070 +
0.060
0.050
0.040
0.030 -
0.020 -
0.010 -

(o}

FILE: HEAT_80D.CGM

0.000
—0.010
—0.020 -
—~0.030
~0.040
—0.050 -]

~0.060

o

TOP

T T T T
120 * 160
TIME ( 5th HEAT, FLE: Heot_80 )
END TOP

T T

T T
200 240 280

=-—=— BOTIOM PIPE
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H

~
v

IF AN INC

THOU

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU—NI

FOURTH LINE HEAT, UPHLL, 6" HINGE

0.150
0.140 ~
0.130 +
0.120
0.110
0.100 H
0.090
0.080 +
0.070
0.060 -
0.050
0.040 -
0.030 -
0.020
0.010 4

FILE: HEAT_81D.CCM

0.000
~0.010
-0.020
—-0.030
~0.040 -
=0.050 -

-0.060

TOP

¥ ] i
8 120 160 200 240 280

A TIME ( 4th HEAT, FILE: Heat_814) x|
£~ siDE PIPE = END TOP “=- BOTTOM PIPE

8" PIPE, 3/16" WALL, CU—NI

FOURTH LINE HEAT, UPHLL, 6" HINGE

0.150
0.140 -
0.130 4
0.120
0.110 -
0.100
0.090 -

0080 -

Vs

0.070
0.060

nnen |

V.uaw T

0.010 4

)
/‘M— FILE: HEAT 82D.CCM

/

0.000
~0.010 -
=0.020 ~
-0.030 <
=~0.040

-0.050

J‘(A.,J\%/— =
N—

-0.060

TOP

40 80 120 80 200 240 280
A TIME ( 4th HEAT, FILE: Heat_824) g
-<==- SIDE PIFE masme END TOP -=3— BOTTOM PIPE
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0.150

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU~NI

FOURTH LINE HEAT, UPHLL, 6" HINGE

0.140 4
0.130
0.120
0.110
0.100
0.080
0.080
0.070 -
0.060 -
0.050 -
0.040
0.030
0.020
0.010

© FILE: HEAT_83D.CGM

0.000
-0.010
-0.020
-0.030 -
—-0.040 -
~0.050 —
-0.060

JoP

+
40 80 120

D TIME ( 4th HEAT, FILE: Heat_834) _Q
----- SIDE PIPE weme END TOP — BOTIOM PIPE

T T Y T T T T
160 200 240

8" PIPE, 3/16" WALL, CU=NI

FOURTH LINE HEAT, UPHILL, 6" HINGE

. 280

0.150
0.140 -
0.130 -
0.120
0.110 -
0.100
0.080 -
0.080
0.070
0.060
0.050 4
0.040
0.030 -
0.020 -
0.010
0.000

FILE: HEAT 84D.CGHM

-0.010
-0.020 4
—-0.030 4
~0.040 -
-0.050 -]

-0.060

TP

i
40 80 120

[ 1
160 200 240
TIME ( 4th HEAT, FILE: Heat_844)

280

----- SIDE PIPE ~=="END TOP = BOTIOM PIPE

21
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0.150

0.140
0.130
0.120 4
0.110
0.100
0.090 o
0.080
0.070 4
0.060 -
0.050 -
0.040
0.030
0.020 -
0.010
0.000 -

-0.010

-0.020 -

-0.030 -

~0.040

-0.050 -

-0.060

TOP

0.020 4

nAnin
YUY

0.000 ~
-0.010

aAnan

~0.020
~0.030
~0.040

=U.UoL

-0.060

TOP

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU—NI

FIRST LINE HEAT, UPHLL, 6" HINGE

J LN

SIDE PIPE

'o
m
W
N
o
=
>
—
U

U-—NI

280

FILE: HEAT812D.CCM

0

SIDE PIPE

] i i i i
80 120 160 240
TIME ( 2nd HEAT, FILE: Heot_812)

we=e END TOP BOTTOM PIPE

280

R

32
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0.150

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

THIRD LINE HEAT, UPHILL, 6" HINGE

0.140
0.130 -
0.120
0.110

FILE: HEAT813D.CCM

0.100
0.090 -
0.080 -
0.070
0.060
0.050
0.040 -
0.030
0.020
0.010 -

0.600

-0.010 -
—0.020

—0.030
—0.040
=0.050

—0.060

TOP

0.150

SIDE PIPE

T T T T T T
120 160

&
200

0.140 —
0.130 -
0.120 -
0.110 -
0.100
0.090 +
0.080 4
0.070 -
0.060 -
0.050 -
0.040
0.030
0.020 4
0.010 +

0.000
-0.010
—0.020 ~
-0.030 4
-0.040 +
-0.050

-0.060

TOP

40

80 240 280
TIME ( 3rd HEAT, FLE: Heat_813)

===a= END TOP -== BOTTOM PIPE

8" PIPE, 3/16" WALL, CU=NI
FOURTH LINE HEAT, UPHLL, 6" HINGE
FILE: HEAT814D.CGM

1 ¥ ) 4 i ¥ 1) { 1 ]
80 120 160 200 240 280
TIME ( 4th HEAT, FILE: Heot_814)

w==e END TOP -——BOTTOM PIPE

--A- SIDE PIPE
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0.150

0.140
0.130 A
0.120
0.110 4
0.100 4
0.090
0.080 A
0.070
0.060
0.050
0.040
0.030 -
0.020
0.010

0.000

-0.010 -
-0.020 -
—0.030
=0.040 -
~0.050

-0.060

ioP

0.150

0.140 -
0.130
0.120
0.110
0.100
0.080
0.080 -
0.070
0.060
0.050
0.040
0.030 -
0.020 -
0.010

0.000

-0.010
-0.020
-0.030
-0.040 4
-0.050

-0.060

TOP

APPENDIX C

. FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

FIRST LINE HEAT, UPHILL, 6" HINGE

FILE: HEAT821D.CGM

/ l‘u'\z

i
240 280

i i ) 1 T

) ]
40 80 120 160

A TIME ( 1st HEAT, FILE: Heot_821)
----- SIDE PIPE wae= END TOP -—— BOTIOM PIPE

T
200

8" PIPE, 3/16" WALL, CU—NI

SECOND LINE HEAT, UPHILL, 6" HINGE

FILE: HEAT822D.CGM

1]

L)
240 280

=]
\V\ f > —A
] ‘\ I
[
T i ] ] i i ] ] 1]
40 80 120 160
A TIME ( 2nd HEAT, FLE: Heat_822) [
-=--=- SIDE PIPE === END TOP == BOTTOM PIPE
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APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

FIRST LINE HEAT, UPHILL, 6" HINGE

0.150
0.140 -
0.130
0.120
0.110 -
0.100 -
0,090

0.080 -
0.070 -
0.060 -
0.050
0.040

0.030

0.020
0.010 -

FILE: HEAT831D.CCM

0.000
~0.010

~0.020 A

-0.030 +
~0.040
—0.050

-

-0.060 T

TcP

T T

) 4
80 120 160

TIME ( 1st HEAT, FLE: Heat_831)

SIDE PIPE weme END TOP BOTTOM PIPE

8" PIPE, 3/16" WALL, CU-NI

0.150
0.140 -
0.130
0.120 +
0.110
0.100 4
0.090

0.080
0.070
0.060
0.050
0.040
0.030
0.020
0.010

SECOND LINE HEAT, UPHILL, 6" HINGE

FILE: HEAT832D.CCM

0.000 -
-0.010 -
-0.020 -
—0.030 4
-0.040
~0.050

~-0.060

0
Top A

\7\ N
N
T ﬁ\M‘A

4

T —T— T T T T T
200 240

a

T T T
80 120 160 280

TIME ( 2nd HEAT, FILE: Heot_832)
=aw= END TOP

0

SIDE PIPE BOTTOM PIPE
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0.150

APPENDIX C
FLAME BENDING GRARHS

8" PIPE, 3/16" WALL, CU—NI

THIRD LINE HEAT, UPHILL, 6" HINGE

0.740
0.130 +
0.120 4
0.110
0.100
0.090 —
0.080 -
0.070
0.060 -
0.050 -
0.040
0.030 -
0.020
0.010

FILE: HEAT833D.CGM

0.000
-0.010
—0.020 -]
—0.030
~0.040
—0.050 -
-0.060

TOP

T )
40 80 120 160

A TIME ( 3rd HEAT, FILE: Heat_833)
----- SIDE PIPE ~w== END TOP

T T T T T

L)
200 240 280

-—B— BOTTOM PIPE

8" PIPE, 3/16" WALL, CU-NI

FOURTH LINE HEAT, UPHILL, 6" HINGE

0.150
0.140
0.130
0.120 +
0.110 -
0.100 <
0.090 -
0.080
0.070 -]
0.060
0.050
0.040
0.030 -
0.020
0.010 4
0.000

FILE: HEAT834D.CCM

o v

-0.010 1
—0.020 -
—0.030 4
-0.040 —
~0.050

~0.060

TOP

]
40 80 120

A TIME ( 4th HEAT, FILE: Heot_834)
----- SIDE PIPE =e== END TOP ~—=— BOTIOM PIPE

& i &
160 200 240 280
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APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU—NI

FIRST LINE HEAT, UPHILL, 6" HINGE

0.150
0.140 -
0.130
0.120
0.110
0.100
0.080
0.080
0.070 -
0.060
0.050
0.040 —
0.030
0.020
0.010
0.000

FILE: HEAT841D.CCM

-0.010 -
20.020 -
-0.030
-0.040 -}
-0.050 -

-0.060

TOP

AN

T
240 280

1 Ll i

¥ ) L
40 80 120 160 200

TIME ( 1st HEAT, FILE: Heat_841) D
SIDE PIPE =eme= END TOP -—— BOTIOM PIPE

8" PIPE, 3/16" WALL, CU—NI

SECOND LINE HEAT, UPHLL, 6" HINGE

0.150
0.140
0.130 4
0.120
0.110
0.100 -+
0.090
0.080
0.070
0.060 -
0.050
0.040 —
0.030
0.020
0.010

FILE: HEAT842D.CCM

0.000
-0.010
=0.020
~0.030
—0.040
-0.050

-0.060

TOP

14
240 280

] ) T
40 80 120 160 200

TIME ( 2nd HEAT, FILE: Heot_842) a
SIDE PIPE =eme END TOP -—=— BOTTOM PIPE

€ 38



THOUSANDS OF AN INCH

THOUSANDS OF AN INCH

IO

0.150

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

THIRD LINE HEAT, UPHLL, 6 HINGE

0.140 ~
0.130
0.120 4
0.110 -
0.100 4
0.0380
0.080 -
0.070
0.060 -
0.050
0.040 -
0.030
0.020 -
0.010
0.000

FILE: HEAT843DF.CCM

-0.010 ~
—0.020 4
-0.030 -
—0.040 -
~0.050 -

-0.060

TOP

0.150

40

SIDE PIPE

¥
80 120

T
160

T T T T T
200 240

TIME ( 3rd HEAT, FILE: Heot_843) a

END TOP

=-—~— BOTIOM PIPE

8" PIPE, 3/16" WALL, CU-NI

FOURTH LINE HEAT, UPHILL, 6" HINGE

280

0.140 ~
0.130
0.120 -
0.110 -
0.100
0.030 -
0.080
0.070 4
0.060
0.050
0.040 -
0.030 -
0.020
0.010

FILE: HEAT844D.CGM

0.000
-0.010
—0.020 ~
=0.030
~0.040
—-0.050 -

-0.060

TOP

1
80 120

T

T
160

T T T Y T
200 240

TIME ( 4th HEAT, FLE: Heat_B44) n

END TOP

~==—BOTIOM PIPE

280

Le W ot
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IO

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

FIRST LINE HEAT, UPHLL, 6" HINGE

0.150
0.140
0.130 -
0.120 -~
0.110 +
0.100
0.090
0.080
0.070
0.060
0.050
0.040 ~
0.030 -
0.020 -
0.010

FILE: HEAT851D.CCM

0.000
-0.010
=-0.020 -1
-0.030 +
-0.040 -
-0.050 -

-0.060 T

ToP 4=

]
240 280

) ¥ ) T

1 ]
40 80 120 160

TIME ( 1st HEAT, FILE: Heot_851) D
SIDE PIPE === ENO TOP -= BOTTOM PIPE

8'" PIPE, 3/16" WALL, CU-NI

SECOND LINE HEAT, UPHILL, 6" HINGE

0.150
0.140 4
0.130 4
0.120 -
0.110
0.100 +
0.030
0.080 A
0.070
0.060
0.050
0.040
0.030
0.020 A
0.010

FILE: HEAT852D.CGM

0.000 -
-0.010 4
~0.020 4
=0.030 -
—0.040
-0.050 -

-0.060 T

P

ToP £,

1
240 280

) 4 )
40 80 120 160 200
TIME ( 2nd HEAT, FILE: Heat_852)

SIDE PIPE ee== END TOP -g- BOTIOM PIPE
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APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

FIRST LINE HEAT, DOWN HLL, 6 HINGE

FILE: HEAT861D.CCM

TOP

0.150

----- SIDE PIPE

T
80 120

1)
160

TIME ( 1st, HEAT, FILE: Heat861 )

o= END TOP

T T
200 240

-g- BOTTOM PIPE

8" PIPE, 3/16" WALL, CU-NI

2nd LINE HEAT, DOWN HILL, 6" HINGE

280

0.140 -]
0.130
0.120
0.110 A
0.100
0.090 4
0.080 A
0.070
0.060
0.050
0.040
0.030 ]
0.020
*0.010
0.000

-0.010 -
-~0.020
-0.030
-0.040
-0.050 4

-0.060

ToP

i i
80 120 160

TIME ( 2nd HEAT, FILE: Heot_862 ) o

-== END TOP

T k]
200 240
BOTTOM PIPE

280
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|0

0.150

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU~—NI

3rd LINE HEAT, DOWN HLL, 6" HINGE

0.140
0.130 -
0.120
0.110 4
0.100 -
0.080 -
0.080 -
0.070 +
0.060 <
0.050 -
0.040
0.030
0.020 -
0.010
0.000

FILE: HEAT863D.CGM

-0.010 ]
-0.020
—0.030 +
=0.040 -
-0.050

-0.060

T0P

0.150

T
40 80 120

T
160

T T T T T
200 240

TIME ( 3rd HEAT, FILE: Heot_863) ]
SIDE PIPE ~=—- END TOP

——=—BOTTOM PIPE

8" PIPE, 3/16" WALL, CU~NI

4th LINE HEAT, DOWN HILL, 6" HINGE

280

0.140 -
' 0.130
0.120
0.110
0.100
0.090 -
0.080 -
0.070 -
0.060 -
0.050 -
0.040 -
0.030
0.020
0.010 -
0.000

b LT O

FILE: HEAT864D.CCM

~0.010 <
—0.020 4
=0.030
—0.040 -
~0.050

)

-0.060

TOP

;)//‘~."‘-----.
o 8 120

T
160

T T T T T
200 240

TIME ( 4th LINE HEAT, FILE: Heot 864 ) [

SIDE PIPE =w== END

TOP

——— BOTIOM PIPE

280
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APPENDIX C
FLAME

8" PIPE, 3/16" WALL, CU-NI

FIRST LINE HEAT, DOWN HILL, 6" HINGE

0.150
0.140 -
0.130 -
0.120
0.110
0.100
0.030 -
0.080 -]
0.070
0.060
0.050
0.040 <
0.030 -]
0.020
0.010

FILE: HEAT871D.CGM

0.000
=0.010
—-0.020 -
~0.030
~0.040 -
-0.050 -

-0.060

TOP

i
240 280

] ¥
40 80 120 160 200

TIME ( 1st HEAT, FLE: Heat871 } jui
mema END TOP

-é-- SIDE PIPE -== BOTIOM PIPE

8" PIPE, 3/16" WALL, CU—NI

SECOND LINE HEAT, DOWN HILL, 6" HINGE

0.150
0.140 4
0.130
0.120
0.110
0.100
0.090
0.080 -
0.070
0.060 -
0.050
0.040
0.030
0.020
0.010

FILE: HEAT872D.CCM

0.000
-0.010
-0.020
-0.030
—-0.040 <
~0.050

-0.060

opP

)
240 280

i ¥ 1
40 80 120 160 200

TIME ( 2nd HEAT, FILE: Heot_872)
& weee END TOP 'g- BOTTOM PIPE

BENDING GRAPHS

a4
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THOUSANDS OF AN INCH

IO

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU~-NI

THIRD LINE HEAT, DOWN HLL, 6" HINGE

0.150
0.140 -
0.130
0.120 4
0.110 H
0.100 +
0.080
0.080 -
0.070 -
0.060
0.050
0.040
0.030 -
0.020
0.010 4
0.000

—"/

FILE: HEAT873D.CCM

-0.010 4
~0.020 ~
—0.030 4
—0.040
-0.050 4

-0.060

"

TP

0.150

40

-é-- SIDE PIPE

T T
80 120 160

T T T T T
200 240

TIME { 3rd HEAT, FILE: Heot_873 ) U

=ams END TOP

==— BOTIOM PIPE

8" PIPE, 3/16" WALL, CU~NI

FOURTH LINE HEAT, DOWN HILL, 6" HINGE

280

0.140
0.130 4
0.120 -
0.110
0.100 ~
0.090 -
0.080 -
0.070 H
0.060 <
0.050 -
0.040 4
0.030
0.020 4
0.010 4
0.000 =
—-0.010
-0.020
—-0.030
-0.040 4
-0.050
-0.060

FILE: HEAT874D.CCM

TOP

£ e pre

) T

T
80 120

T
160

)

T
240

TIME ( 4th HEAT, FLE: Heot_874) D

=-== END TOP

-—~= BOTIOM PIPE

280
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0.150

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-—NI

FIRST LINE HEAT, DOWN HLL, 6" HINGE

0.140
0.130 -
0.120
0.110
0.100 -
0.090 ~
0.080 -
0.070 —
0.060 ~
0.050
0.040 -]
0.030 -
0.020
0.010 -
0.000 —
-0.010
-0.020 ~

0,030 4

-0.040 -
~0.050

A nen

FILE: HEAT881D.CCM

—V.uou

™oP

L i 1 4

i i 4 i
120 160 200 240 280

TIME ( 1st HEAT, FILE: Heat_881) 0

SIDE PIPE weme END TOP -—— BOTIOM PIPE

8" PIPE, 3/16" WALL, CU-NI

SECOND LINE HEAT, DOWN HiLL, 6" HINGE

0.150
0.140 ~
0.130
0.120 4
0.110
0.100
0.090
0.080 -
0.070
0.060 +
0.050
0.040
0.030
0.020
0.010
0.000 -
-0.010 -
—0.020
-0.030
~0.040
—0.050 —

FILE: HEAT882D.CCM

-0.060

ToP

]
40 80 120

.

]
200 240 280

-=w==- SIDE PIPE =e=e END TOP -—— BOTTOM PIPE

C 4s6
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0.150

APPENDIX C
- FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

THIRD LINE HEAT, DOWN HILL, 6" HINGE

0.140 4
0.130 -
0.120
0.110
0.100 4
0.090 ~
0.080
0.070
0.060 -
0.050 -
0.040
0.030 -
0.020 -
0.010 4
0.000

FILE: HEAT883D.CCM

>

-0.010
—-0.020 —
—0.030
=0.040 -
—-0.050 -

—0.060

TOP

0.150

1 i ¥
40 80 120 160 200

TIME ( 3rd HEAT, FLE: Heat_BB3) .
-==-- SDE PIPE =—- END TOP -=— BOTIOM PIPE

T
240

8" PIPE, 3/16" WALL, CU-NI

FOURTH LINE HEAT, UPHLL, 6" HINGE

280

0.140 -
0.130 -
0.120 4
0.110 4
0.100
0.080 -]
0.080 -
0.070
0.060 -
0.050 -
0.040 -
0.030 -
0.020
0.010
0.000
~0.010
-0.020
-0.030 4
-0.040
—-0.050 -

-0.060

FILE: HEAT884D.CCM

o
‘o
‘“

TOP

i
40 80 120

A TIME ( 4th HEAT, FLE: Heot_BB4)
-===- SIDE PIPE === END TOP -=- BOTIOM PIPE

T T T
160 200 240

280
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APPENDIX C
. FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU—NI

FIRST LINE HEAT, DOWN HILL, 6" HINGE

0.180
0.140
0.130
0.120
0.110
0.100 +
0.0%0 A
0.080
0.070 - .
0.080
0.050
0.040 4
0.030
0.020 4
0.010 4

FILE: HEAT891D.CGM

0.000
—0.010
-0.020
-0.030 -
~0.040
-0.050

-0.060

ToP

40 80

TIME ( 1st HEAT, FILE: Heot_831)

T T
120 160

e=== END TOP

T
200

a

T
240

BOTTOM PIPE

8" PIPE, 3/16" WALL, CU-NI

SECOND LINE HEAT, DOWN HILL, 6" HINGE

280

0.150
0.140
0.130 -
0.120 4
0.110 4
0.100 4
0.030
0.080
0.070
0.060
0.050
0.040
0.030 ~
0.020
0.010

FILE: HEAT892D.CCM

0.000
-0.010 +
~0.020
-0.030 -
-0.040 -
-0.050

-0.060

TOP

40 80

TIME ( 2nd HEAT, FLI
EN

T
120

T
160

£: Heat_892) a
D TOP == BOTTOM PIPE

1

T
200

T
240

280

AQ
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0.150

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

THIRD LINE HEAT, DOWN HLL, 6" HINGE

0.140
0.130
0.120
0.110
0.100 -
0.090
0.080
0.070 -1
0.060 —
0.050 -
0.040 -
0.030
0.020 —
0.010 +
0.000

FILE: HEAT893D.CCM

-0.010 4
-0.020
~0.030 4
—0.040 ~
-0.050

-0.060

TOP

0.150

¥ L i
80 120 160

T T T T T
200 240

TIME ( 3rd HEAT, FILE: Heat_893) n

==—< END TOP

-== BOTTOM PIPE

8" PIPE, 3/16" WALL, CU-NI

FOURTH LINE HEAT, DOWN HILL, 6" HINGE

280

0.140 -
0.130
0.120
0.110
0.100
0.090
0.080
0.070 -
0.060 -
0.050 -
0.040 -
0.030
0.020 -
0.010
0.000 -
-0.010
~0.020 ~
-0.030
~0.040 -
-0.050 +

FILE: HEAT894D.CGCM

T o

-0.060

TOP

40

SIDE PIPE

i
80 120

T
160

TIME ( 4th HEAT, FILE: Heot_894)

=== END TOP

T T
200 240

E_ BOTTOM PIPE

280
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APPENDIX C
. FPLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

4" VEE, 6" HINGE, DOWN HLL

0.200
0.180
0.160 -
0.140 ~
0.120
0.100
0.080 -
0.060
0.040 -
0.020 -

FILE: HEAT 91D.CCGM

0.000
—0.020 -
=-0.040
-0.060 -]

-0.080

TOoP

T T
240 280

¥ )
40 80 120 160
TIME ( 1st HEAT, FLE: Heat_91 )

]
200

SIDE PIPE =e== END TOP -—— BOTTOM PIPE

8" PIPE, 3/16" WALL, CU-NI

4" VEE, 6" HINGE, DOWN HilL

FILE: HEAT _92D.CGM

0P

T Y
160 200 240 280

4
40 80 120

A TIME ( 2nd HEAT, FILE: Heot 92)  []
SIDE PIPE e END TOP -=— BOTTOM PIFE

¢ 50
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APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

4" VEE, 6" HINGE, DOWN HLL

FILE: HEAT _93D.CCM

TOP

T T T T T T T Y T
40 80 120

i ¥ ¥
160 200 240 280

TIME ( 3rd HEAT, FLE: Heat_93 ) a
SIDE PIPE == END TOP -—— BOTIOM PIPE

8" PIPE, 3/16'" WALL, CU~NI

4" VEE, 6" HINGE, DOWN HILL

0.200
0.180
0.160
0.140 4
0.120
0.100 -
0.080 +
0.060
0.040 ~
0.020 -
0.000

FILE: HEAT _94D.CGM

-0.020
—0.040
—0.060 -

-0.080

TOP

T T T T T T T T T
40 80 120

1 ) i
160 200 240 280

TIME ( 4th HEAT, FLE: Heot_94 )
-=~-- SIDE PIPE ===e= END TOP -—— BOTIOM PIPE
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0.200

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU—NI

4" VEE, 6" HINGE, DOWN HLL

0.180 -
0.160 -
0.140
0.120 -
0.100 4
0.080
0.060 -
0.040
0.020 +

o

FILE: HEAT 95D.CGM

0.000
—0.020 4
-0.040
-0.060

) A

-0.080

TOP

L L) T

i
240 280

L} ¥ 1
40 80 120 160 200
TIME ( 5th HEAT, FILE: Heat_95 ) O

-—é— SIDE PIPE === END TOP —~—- BOTTOM PIPE

8" PIPE, 3/16" WALL, CU—NI .

FIRST LINE HEAT, DOWN HILL, 6" HINGE

0.150
0.140
0.130 A
0.120
0.110
0.100 4
0.080
0.080
0.070 -
0.060
0.050
0.040
0.030 -]
0.020
0.010 -
0.000 4
=0.010 <
-~0.020 —
-0.030
~0.040
=0.050 ~
-0.060

FILE: HEAT901D.CGM

TOP

]
240 280

] ) 1
40 80 120 160 200
TIME { 1st HEAT, FLE: Heat_901) =

--é- SIDE PIPE e==e END TOP -—— BOTTOM PIPE

C 52
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0.150

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

SECOND LINE HEAT, DOWN HILL, 6" HINGE

0.140 -
0.130 4
0.120 -
0.110 4
0.100 -
0.0380 -
0.080 4
0.070 -
0.060 -
0.050
0.040
0.030 -
0.020 -
0.010
0.000

FILE: HEAT902D.CGM

-0.010
—0.020
—0.030
—0.040
~0.050

-0.,060

TOP

0.150 <

] L) T

T T T T
40 80 120 160 200 240 280

TIME ( 2nd HEAT, FLE: Heat_902) o
SIDE PIPE =emw END TOP -—— BOTTOM PIPE

8" PIPE, 3/16' WALL, CU-NI

THIRD LINE HEAT, DOWN HILL, 6" HINGE

0.140 -
0.130 4
0.120 4
0.110
0.100 -
0.080 -
0.080 -
0.070 +
0.060
0.050
0.040 -
0.030 -
0.020 -
0.010
0.000

FILE: HEAT903D.CGM

~0.010
—0.020 4
-0.030 -1
-0.040 -
—-0.050

-0.060

TOP

+

)
240 280

1] ] 1 L]

i
40 80 120

T
160

n TIME ( 3rd HEAT, FILE: Heot_S03) E
- SIDE PIPE D

=== END TOP —-=-— BOTIOM PIPE

C 53
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APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU—NI

FOURTH LINE HEAT, DOWN HILL, 6" HINGE

0.150
0.140
0.130 4
0.120
0.110 4
0.100 -
0.090
0.080
0.070 4
0.060
0.050
0.040
0.030
0.020
0.010 -]

FILE: HEATS04D.CCM

0.000
-0.010
-0.020
—0.030
~0.040 +
~0.050

-0.060

TOP

L] ) 1 T k) i ) [

] ’
40 80 120 160

A TIME ( 4th HEAT, FLE: Heot_904)
----- SIDE PIPE === END TOP -—=— BOTIOM PIPE

T T T
200 240

8" PIPE, 3/16" WALL, CU~NI

SECOND LINE HEAT, UPHILL, 12" HINGE

280

0.150
0.140 —
Q.130 -
0.120
0.110 4
G.100 +
0.030
0.080 -
0.070 -
0.060 -
0.050 -
0.040 ~
0.030
0.020
0.010
0.000 -
-0.010
-0Q.020
~0.030 -
-Q.040 -
-0.050 <

0
FILE: HEAT962D.CCM

y=]
\/\/ )
V4

-0.060

TOP

T T T T T T y
40 80 120 160 200 240

A TIME ( 2nd HEAT, FILE: Heat_062) o
== SIDE PIPE === END TOP -—— BOTTOM PIPE

280

C sa
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THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

THIRD LINE HEAT, UPHILL, 12" HINGE

0.150
0.140 -
0.130
0.120
0.110 ~
0.100 -
0.090
0.080 ~
0.070 -
0.060 -
0.050 4
0.040 4
0.030 +
0.020
0.010 4

o]
FILE: HEAT963D.CCM

[}
pa)

N
N\

0.000 +=8—y
—-0.010 -
-0.020 -
—-0.030 ~
—-0.040
—0.050
-0.060

0

TOP

4

i ¥ ) L) ]
120 160 200
TIME ( 3rd HEAT, FILE: Heat_063) )

)
240 280

h | ——
0 80

SIDE PIPE ==ee END TOP ~—= BOTIOM PIPE

8" PIPE, 3/16" WALL, CU~NI

SECOND LINE HEAT, UPHILL, 12 HINGE

FILE: HEAT972D.CCM

o
o

TOP

) L] L1 1

¥ ] i
40 80 120 160 200
TIME ( 2nd HEAT, FILE: Heat_972) =

i
240 280

SIDE PIPE === END TOP —-—— BOTIOM PIPE
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THOUSANDS OF AN INCH

|O

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

THIRD LINE HEAT, UPHILL, 12" HINGE

0.150
0.140 4
0.130

0.120 ]
0.110
0.100 +
0.090
0.080 -
0.070
0.060
0.050 ~
0.040
0.030 -

00204

0.010 4
0.000

o FILE: HEAT973D.CCM

—-0.010
-0.020 -]
-0.030
-0.040
~0.050 -

-0.060

TOP

i ¥ )
40 80 120 160 200

TIME ( 3rd HEAT, FILE: Heat_973) A
=== END TOP =—— BOTTOM PIPE

r
240 280

SIDE PIPE

8" PIPE, 3/16" WALL, CU-NI

SECOND LINE HEAT, UPHILL, 12" HINGE

0.150
0.140 -
0.130 4
0.120
0.110 1
0.100 4
0.080 -
0.080 -
0.070 4
0.060 1
0.050
0.040
0.030
0.020 ~
0.010
0.000 -
—0.010

o]
&A

-0.020 -
-0.030 -
-0.040 - \
-0.050 |
-0.060 T 1 T T T T T T T 1) T
0 40 80 120 160 200 240 280
Pay TIME ( 2nd HEAT, FILE: Heat_982) O
TOP == SIDE PIPE === END TOP ~=— BOTIOM PIPE

C se6
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|O

0.150

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU~-NI

THIRD LINE HEAT, UPHLL, 12" HINGE

0.140 -
0.130
0.120
0.110 +
0.100 ~
0.090
0.080
0.070
0.060
0.050 -
0.040 —
0.030 ~
0.020
0.010 4

°

; B

FILE: HEAT983D.CCM

0.000
-0.010
-0.020 <
-0.030 +
~0.040
-0.050 -

EA

-0.060

TOP

0.150

i 1 i ‘ i

40 80

T Y T
120 160

T T T T T
200 240

A TIME ( 3rd HEAT, FLE: Heot 983) [}

----- SIDE PIPE

=== END TOP

~—— BOTIOM PIPE

8" PIPE, 3/16'" WALL, CU-NI

SECOND LINE HEAT, UPHILL, 12" HINGE

280

0.140 4
0.130 -
0.120
0.110 4
0.100
0.030 -
0.080
0.070
0.060
0.050
0.040 ~
0.030 4
0.020
0.010
0.000

FILE: HEAT392D.CGCM

-0.010
-0.020
-0.030
~0.040
-0.050 <
-0.060

TOP

T T T
120 160

T 1)
200 z40

TIME ( 2nd HEAT, FILE: Heat_992) a

---= SIDE PIPE

we=e END TOP

-== BOTIOM PIPE

280

|7
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TOP

TOP

APPENDIX C

. FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU~-NI

THIRD LINE HEAT, UPHLL, 12" HINGE

FILE: HEAT993D.CCM

L} L} ] ] ) ] ] ) ) ] i ] ]
40 80 120 160 200 240 280
A TIME ( 3rd HEAT, FILE: Heat_993) G
==-. SIDE PIPE @ END TOP ==— BOTTOM PIPE
8" PIPE, 3/16" WALL, CU-—-NI
SECOND LINE HEAT, UPHILL, 12" HINGE
FILE: HT..1002D.CCM
¥ L] i 1] ] [] ) 1] ] T ) 1 ]
40 80 120 160 200 240 280
A TIME ( 2nd HEAT, FILE: Heat_1002) n_
----- SIDE PIPE === END TOP BOTTOM PIPE

C ss
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IO

THOUSANDS OF AN INCH

APPENDIX C
FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, CU-NI

THIRD LINE HEAT, UPHLL, 12" HINGE

0.150
0.140 -
0.130 +
0.120
0.110
0.100
0.080
0.080
0.070
0.060
0.050
0.040
0.030
0.020
0.010
0.000
-0.010 -
-0.020 ~
-0.030 -
—0.040 -
~0.050
-0.060

0 FILE: HT_1003D.CCM

A

TOP

i
40 80 120

) L] 1

] L )
160 200 240 280

A TIME ( 3rd HEAT, FILE: Heat_1003) B
----- SIDE PIFE weme END TOP -= BOTIOM PIPE

8" PIPE, 3/16" WALL, 70/30 CU=N]

4" VEE, 6" HINGE

0.150
0.140 4
0.130 ~
0.120
0.110
0.100
0.090
0.080
0.070
0.060
0.050
0.040
0.030
0.020
0.010
0.000
-0.010
-0.020 ~
—0.030 -
~0.040
—0.050 -
-0.060

FILE: HEAT101D.CGM

ToP

T T T T T T T T T T
40 80 120

1 ) )
160 200 240 280

TIME ( 1st HEAT, FILE: Heat_101 ) _u
-===- SIDE PIPE =ame  END TOP =-— BOTTOM PIPE
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TOP

0.150

0.140 -
0.130
0.120
0.110
0.100
0.090
0.080
0.070
0.060
0.050
0.040 -
0.030
0.020 4
0.010

0.000

~0.010 +
=-0.020
~0.030 -
-0.040
=0.050

-0.060

TOP

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, 70/30 CU-NI

4" VEE, 6" HINGE, UPHILL

FILE: HEAT102D.CGM

] i L) ] ) 1 1] L 1 ] ] ] ]
0 40 80 120 160 200 240 280
A TIME ( 2nd HEAT, FILE: Heat_102 ) a
-==— SIDE PIFE wwma END TOP ==— BOTIOM PIPE
8" PIPE, 3/16" WALL, 70/30 CU-NI
4" VEE, 6" HINGE, UPHILL
FILE: HEAT103D.CCM
(o)
l"‘\
A
] l‘-
;] = (i
AW \. =
A
) ] 1] ) i ] ] i 1] ] 1} ] i
(o} 40 80 120 160 200 240 280
L\ TIME ( 3rd HEAT, FILE: Heat_103)
-==% SIDE PIPE ‘e END TOP -—— BOTIOM PIPE

60
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0.150

APPENDIX C

FLAME BENDING GRAPHS ,

8" PIPE, 3/16" WALL, 70/30 CU-NI

4" VEE, 6" HINGE, UPHILL

0.140
0.130 -]
0.120 -
0.110 -
0.100
0.080
0.080 -
0.070 4
0.060
0.050
0.040
0.030
0.020 -
0.010 -
0.000

o

FILE: HEAT104D.CGM

-0.010
-0.020 -
-0.030 +
~0.040
—0.050 ~

-0.060

TOP

0.150

i
40 80 120 160

A TIME ( 4th HEAT, FILE: Heot_104) A
----- SIDE PIPE w—= END TOP --T= BOTTOM PIFE

]
200 240 280

8" PIPE, 3/16" WALL, 70/30 CU-NI

4" VEE, 6" HINGE

0.140 +
0.130
0.120
0.110
0.100 -
0.030
0.080 -
0.070
0.060
0.050 —
0.040 -
0.030 -
0.020
0.010 4
0.000

FILE: HEAT105D.CGM

—0.010 -
—-0.020
-0.030
-0.040 -}
~0.050

-0.060

[ |
[

yas

T0P

) i +
40 80 120 160 200 240 280

A TIME ( 5th HEAT, FLE: Heat_105)
----- SIDE PIPE —— END TOP ~== BOTIQM PIPE

A1
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THOUSANDS OF AN INCH

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, 70/30 CU-NI

FIRST LINE HEAT, UPHILL, 6" HINGE

Q.150
0.140
0.130
0.120 -
0.110
0.100 -
0.030
0.080 -
0.070 -
0.060
0.050 -
0.040
0.030 ~
0.020 -
0.010 4

FILE: HT..1061D.CCM

0.000
-0.010
=~0.020 -
=0.030
-0.040
—0.050

-0.060

TOoP

i ) 1 T s ) )

]
40 80 120

A TIME { 1st HEAT, FILE: Heat_106b ) _a
----- SIDE PIPE e=e= END TOP = BOTTOM PIPE

T T T T T
160 200 240

8" PIPE, 3/16" WALL, 70/30 CU-—NI

SECOND LINE HEAT, UPHLL, 6" HINGE

280

0.150
0.140 -
0.130
0.120
0.110 4
0.100
0.090 ]
0.080 -
0.070
0.060 -
0.050 -
0.040 -
0.030 ]
0.020 -
0.010 -
0.000
-0.010 4
~0.020
-0.030 +
—0.040
-0.050

FILE: HT_1062D.CCM

~0.060

ToP

1 1 1 1 L 1 L1 L |l

L4 1 i
40 80 120 160 200
TIME ( 2nd HEAT, FILE: Heat 10620) (=)
BOTIOM PIPE

T
240

-===- SIDE PIPE =eme= END TOP

280
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THOUSANDS OF AN INCH

APPENDIX C

. FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, 70/30 CU~-NI

THIRD LINE HEAT, UPHILL, 6" HINGE

0.150
0.140 —
0.130
0.120 4
0.110 <
0.100 —
0.090
0.080
0.070 ~
0.060
0.050
0.040 +
0.030 4
0.020 -
0.010 4
0.000

o)
FILE: HT_1063D.CGM

AN o

—0.010
—0.020 <
—0.030 -
~0.040 <
=0.050

~0.060

TOP

) L] ¥
40 80 120 160 200
TIME { 3rd HEAT, FLE: Heot_10638) o}

¥
240

-=--- SIDE PIPE wwe=e END TOP ~=—-~ BOTIOM PIPE

8" PIPE, 3/16" WALL, 70/30 CU-NI

FOURTH LINE HEAT, UPHLL, 6" HINGE

280

FILE: HT_1064D.CGCM

ToP

T T U J 1

T T T
40 80 120 160 200

o) TIME ( 4th HEAT, FLE: Heot_10648) |
----- SIDE PIPE «=se END TOP 2=~ BOTTOM PIPE

1
240

280

C 63
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|O

0.150

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, 70/30 CU-NI

FIRST LINE HEAT, UPHILL, 6 HINGE

0.140
0.130
0.120 -
0.110
0.100
0.090
0.080 -
0.070
0.060 -
0.050 -
0.040
0.030 -
0.020
0.010 -

FILE: HT_1071D.CGM

0.000
=-0.010
-0.020 -
-0.030
—0.040 -
-0.050

-0.060

ToP

i ] i
40 80 120 160 200 240

A TIME ( 1st HEAT, FILE: Heat_10718) LS
=== SIDE PIPE ==ame END TOP -—=— BOTTOM PIPE

8" PIPE, 3/16" WALL, 70/30 CU-NI

SECOND LINE HEAT, UPHLL, 6" HINGE

280

0.150
0.140 4
0.130 ]
0.120 -
0.110 -
0.100
0.090
0.080
0.070 -
0.060 -
0.050
0.040 —
0.030
0.020
0.010
0.000
-0.010
-0.020 -
—0.030
~0.040 -
-0.050 -

FILE: HT_1072D.CGCM

-0.060

TOP

1 ) i
40 80 120 160 200 240

TIME { 2nd HEAT, FILE: Heat_10728) Zj
----- SIDE PIPE wese END TOP -—— BOTIOM PIPE

i

280

C 64
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APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, 70/30 CU-NI

FIRST LINE HEAT, UPHILL, 6" HINGE

[3) FILE: HT_1078D.CGM

ToP

0.150

il T
40 80 120 160

TIME ( 3rd HEAT, FILE: Heot_1073B)
----- SIDE PIPE =eme  END TOP === BOTIOM PIPE

i ]
200 240 280

8" PIPE, 3/16" WALL, 70/30 CU=NI

FOURTH LINE HEAT, UPHILL, 6" HINGE

0.140 +
0.130 4
0.120
0.110 -
0.100 —
0.030
0.080 +
0.070 <
0.060 +
0.050
0.040 -1
0.030
0.020 -
0.010 +

FILE: HT_1074D.CCM

0.000
~0.010 -~
—0.020
~0.030 -
—0.040
-0.050 -

-0.060

TOP

T T T T T T T T T
40 80

T T T T

120 160 200 240 280
A TIME ( 4th HEAT, FLE: Heat_1074B) D

-===- SIDE PIPE —e== END TOP === BOTIOM PIPE

C 65
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0.150

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, 70/30 CU-NI

] FIRST LINE HEAT, UPHILL, 6" HINGE

0.140 -
0.130 4
0.120 4
0.110
0.100 —
0.090 -
0.080
0.070 -
0.060
0.050
0.040
0.030
0.020 -]
0.010
0.000 +
-0.010
-=0.020
-0.030
—0.040
-0.050
—0.060

FILE: HT_1081D.CGM

\/J\‘u

TOP

L
240 280

¥ i ]
40 80 120 160 200

TIME ( 1st HEAT, FILE: HT_10818 ) a
-£2. SiDE PIFE === END TGP -~ BOTIOM PIPE

8" PIPE, 3/16" WALL, 70/30 CU~NI

SECOND LINE HEAT, UPHILL, 6 HINGE

0.150
0.140
0.130
0.120
0110 -
0.100 +
0.090
0.080
0.070 4
0.060
0.050 +
0.040
0.030
0.020
0.010 -
0.000 -
-0.010 -
~0.020 ~
-0.030 ~
-0.040 ~
-0.050 <

-0.060

FILE: HT_1082D.CGM

TOP

1
240 280

) ] )
40 80 120 160 200

A TIME ( 2nd HEAT, FILE: HT_1082B) u|
2. sipE PiPE ~—= END TOP -=- BOTIOM PIPE

C 66
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0.150

APPENDIX C

- ‘FLAME BENDING GRAPHS

8" PIPE, 3/16'" WALL, 70/30 CU-NI

3rd LINE HEAT, UPHILL, 6" HINGE

0.140 -
0.130
0.120 4
0.110 4
0.100 -
0.090 +
0.080 4
0.070 +
0.060 ~
0.050 ~
0.040 -
0.030
0.020
0.010 -
0.000

FILE: HT_1083D.CGM

-0.010
-0.020
-0.030 -
-0.040
-0.050 -

—0.060

T0P

0.150

1]
(o] 40 80 120

i [l i
160 200 240 280

. TIME { 3rd HEAT, FILE: HT_1083B) ju
----- SIDE PIPE === END TOP -=. BOTTOM PIPE

8" PIPE, 3/16" WALL, 70/30 CU-NI

FOURTH LINE HEAT, UPHILL, 6" HINGE

0.140
0.130 -
0.120 4
0.110
0.100 -
0.090 -
0.080 -
0.070 -
0.060 +
0.050 -
0.040
0.030
0.020
0.010
0.000

FILE: HT_1084D.CGM

-0.010
-0.020
-0.030 A
~0.040
~0.050

-0.060

joP

1
0 0 80 120

i [ )
160 200 240 280
TIME ( 4th HEAT, FILE: HT_1084B) =
-—--- SIDE PIPE === END TOP “=— BOTTOM PIPE

C 67



THOUSANDS OF AN INCH

THOUSANDS OF AN INCH

0.150

APPENDIX C

’ FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, 70/30 CU-NI

1st LINE HEAT, UPHILL, 6" HINGE

0.140 -
0.130 -
0.120
0.110 4
0.100
0.090
0.080 -
0.070
0.060 -
0.050 4
0.040
0.030
0.020
0.010

FILE: HT_1091D.CGM

0.000
-0.010
-0.020
—0.030
-0.040
-0.050

-0.060

TOP

0.150

1 ) i
40 80 120 160 200

A TIME ( 1st HEAT, FILE: HT_1091B) a
-—- END TOP -—— HOTTOM PIPE

]
240

8" PIPE, 3/16" WALL, 70/30 CU-NI

2nd LINE HEAT, UPHLL, 6" HINGE

280

0.140
0.130 4
0.120 -]
0.110
0.100 4
0.090
0.080 —
0.070
0.060
0.050

~0.010 <
-0.020 -
=-0.030
~0.040 -1
-0.050
-0.060

FILE: HT_1092D.CCM

0.040 | o

0.030 -}

0.020 - @d\\(

0.010 -}

0.000 - < AN
=3

TOP

i i Ll ¥ v

) 1 L)
40 80 120 . 160 200

TIME ( 2nd HEAT, FILE: HT_10928) O
«me= END TOP -=Z BOTIOM PIFE

] 1 1 )

Y
240

SIDE PIPE

280

C ss
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THOUSANDS OF AN INCH

APPENDIX C
JFLAME BENDING GRAPHS

8" PIPE, 3/16"'" WALL, 70/30 CU-NI
0150 3rd LINE HEAT, UPHILL, 6" HINGE
0.140 -
0.130 -
0.120
0.110
0.100 -]
0.030 -] o
0.080
0.070 -
0.060
0.050 -
0.040
0.030 -
0.020 -
oot0d/ - a
0.000 —F>== !
-0.010 v Q\A
—0.020
~0.030 1
~0.040
-0.050 - .
—0.060 T T T 7 T T T
0 40 80 120 160

A TIME ( 3rd HEAT, FLE: HT_1093B)
TOP “==-- SIDE PIFE wwme END TOP

FILE: HT_1098D.CCM

i ]
200 240 280

-—— BOTIOM PIPE

8" PIPE, 3/16" WALL, 70/30 CU-NI

4th LINE HEAT, UPHLL, 6" HINGE
0.150

0.140 -
0.130
0.120 FILE: HT_1094D.CCM
0.110 -
0.100
0.090 -
0.080 -
0.070
0.060 e
0.050
0.040 -
0.030 -
0.020
0.010
0.000 T

—0.010 ~
. ~0.020
~0.030
—0.040 -
—0.050
-0.060 T T T T T T T
80 120 160

TIME ( 4th HEAT, FILE: HT_1094B)
L1 - T— SIDE PIPE ——< END TOP ———  BOTIOM PIPE

i 4
200 240 280

(=]
E3
[=]

 co
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0.150

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 3/16" WALL, 70/30 CU-NI

1st LINE HEAT, UPHILL, 6" HINGE

0.140 +
0.130 4
0.120 4
0.110
0.100 4
0.080 ~
0.080 +
0.070 +
0.060 -
0.050 -
0.040
0.030 4
0.020 ~
0.010 4

FILE: HT_1101D.CCM

~ o

0.000
-0.010 -
-0.020 ]
-0.030
-0.040 -
~0.050
-0.060

; ‘A
TV —=&

0

TOP

T T T
40 80 120 160 200

TIME ( 1st HEAT, FILE: HT_11018) Y
-==-- SIDE PIFE eeme END TOP -=— BOTIOM PIPE

T T
240

8" PIPE, 3/16" WALL, 70/30 NI-CU

3rd UINE HEAT, UPHLL, 6 HINGE

280

0.150
0.140
0.130
0.120
0.110 -
0.100 -
"0.030
0.080
0.070
0.060 -
0.050
0.040
0.030
0.020
0.010
0.000
~0.010
-0.020
-0.030
-0.040
~-0.050

FILE: HT_17103D.CGM

TOP

T T
40 80 120 160

TIME ( 3rd HEAT, FILE: HT_1103B) =
=== END TOP —=_ BOTIOM PIPE

T T
240

£ SIDE PIPE

280

70
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0.150

APPENDIX C

FLAME BENDING GRAPHS

8" PIPE, 5/16" WALL, CARBON STEEL

1st LINE HEAT, UPHILL, 6" HINGE

0.140 4
0.130 4
0.120
0.110
0.100 —
0.090
0.080 -
0.070
0.060 ~
0.050
0.040 -
0.030 -
0.020 —
0.010
0.000 <
=0.010 -]
~0.020
-0.030
-0.040
—0.050 -
~0.060

FILE: HT_1111D.CCM

DDO

TOP

0.150

T ]
40 80 120 160

a TIME ( 1st HEAT, FILE: HT_1111B)
----- SIDE PIPE === END TOP -=~ BOTIOM PIPE

T T
200 240 280

8" PIPE, 5/16" WALL, CARBON STEEL

2nd LINE HEAT, UPHILL, 6" HINGE

0.140 ~
0.130 -
0.120
0.110
0.100 —
0.090
0.080 -
0.070
0.060 ~|
0.050 -
0.040
0.030 ~
0.020 -
0.010 +

FILE: HT_1112D.CCM

0.000
-0.010 4
—0.020
—0.030
~0.040 4
=0.050 -

~0.060

api

A\

TOP

T T T T T T T T
40 80 120 160 200

TIME ( 2nd HEAT, FLE: HT_11128) (]
----- SIDE PIPE === END T0P ~=— BOTIOM PIPE

T
240 280
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0.150

0.140
0.130
0.120 +
0.110 -]
0.3100
0.090
0.080 -
0.070
0.060
0.050
0.040
0.030 -
0.020 -
0.010

0.000

-0.010
-0.020 -1
-0.030 -
-0.040
-0,050 -

-0.060

TOP

0.150

0.140 -
0.130 +
0.120 +
0.110 -
0.100
0.030 -
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