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ADS in Oil & Gas Industry, reciprocating
Compressors, Turbo-Gas Engine Inspections
Alignment
Overview:

The following are examples of the results of measurements in the Oil & Gas Industries involving
reciprocating Compressors, HP Steam Turbines, Turbo-Gas Engine Inspections and Alignments
Bull gearset alignment Crank Case level and flatness and Tunnel-bore alignment.

3D Laser Tracker Inspection Measurement and Adjustment Monitoring Tasks:
The Ammonia turbo compressor HP was partially disassembled for overhaul during the Turnaround
March2016.

The HP compressor is a horizontal split case design and was removed to Workshop and
disassembled for Inspection measurements (Split mating faces, Seal and Bearing Tunnels) and
adjustment of Labyrinths Seal positions to Bearings CL.

Measurement work on the Steam Turbine (Bottom-Case location - in-situ at operational site; Top-
Case at IPL Workshop) was similar to that of the Turbine.

Additionally, an axis of shaft rotation in-situ of the LP Compressor (between the HP Compressor
and the Steam Turbine) was determined relative to the Steam Turbine CL.

The split line Faces are analysed for Flatness mapping and have been mathematically assembled to
assess space/gap characteristics.

Bearing tunnels alignments are determined and labyrinth seals and diaphragms between each stage
adjusted and monitored to provide As-found and As-left alignment information.

Preliminary results and information were provided as required throughout the project.
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Steam Turbine TC603 — Measurement Layout at Operatlonal site & Workshop
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HP Compressor — Bottom-Case & Top-Case layout during measurement &

3 . N . - >
Significant machining striations - undulations £0.005inches on Top Split Face

©2006-2016 Advanced Dimensional Solutions Pty Ltd. Inherent techniques, processes, or formats used in the preparation/presentation of the results and of this
document are commercial/in confidence and remain the property of ADS.

Print date:

12/07/16 Page 4 of 24

ADS Oil industry Compressors Turbo-Gas engines - OVErview

ADS Quality System is certified to 1ISO9001:2008


http://www.a-solution.com.au/
mailto:ads@a-solution.com.au

Advanced Dimensional Solutions Pty Ltd

Ph +61 438 412865 Web Email
Reference: ADS Oil & Gas Industry, reciprocating Compressors, Turbo-Gas Engine Inspections Alignment - overview

HP Compressor — Measurement Layout at Workshop

i Labyrinth seals
Adjustment monitoring
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Tunnel and Diaphragm alignment

LP Turbine TC603 Bottom Case CL Alighment (disassembled)

0,015 AS-LEFT 10Mar16 wrt Finall: CL Labs 2-4 to 12-13 AS-LEFT 10Marl6 wrt Final2 CL Spherical Brg Seats2-1
Horizontal Alignment (inches) D X Y z
CL Labs? 3 4 12 13 at Exhaust Face -0.010 0.000 0.004
C Final Bearing2 Sphere Seat (Exhaust-E) 0.000 0.000 0.000
-0.010 54.327,-0.010 Brg2 Sphere Centre at Bore2 CL -0.0005 0.000( -0.0009
- C Ex Oil Lab OB (top-half) 0.000 1.417| -0.014
a C Ex Oil Lab OB (bottom-half) -0.007 1.425| -0.007
k C Final Bearing2 Sphere Seat 0.000 5.837 0.000
=m.005 DT 57 5SS C Final Lab14 -0.009 12.744 0.000
=] C Final Lab13 -0.008 15.620 0.003
N 50.627,-0.003 C Final Lab12 -0.007 18.126 0.005
% b N b do IR ﬁ’@@ ot 0002 C Final Lab11 0.011 24.386 0.005
&5 000 (Ds-066-6-00— G‘S <5 18.126,0.000 ) . O—o geomoon/ | ] C Final Lab10 (fixed) -0.011] 30329 -0.029
% 12.744,-0.00115.6%0, 0.000 v 63 789.-0W* 0.001 C Final Lab9 -0.002 41.811 0.003
< 41.811,0.002 74.971,0.002 C Final Lab8 -0.006 50.627| -0.004
) 1425,0.003 C Final Lab7 -0.012| 54327  0.002
O6.005 C Final Lab6 -0.007 57.949 0.004
= CL Labs2 3 412 13 at Exhaust-E C Final Labs 00021 63./89] 0.000
3 C Final Lab4 -0.001 65.829 0.002
a == Final Labrinth Seat Centres AS-LEFT € Final Lab3 -0.001 68.063 0.005
ge_o 10 2309: 8488 5107, 0.000 C Final Lab2 0.001 71.837 0.007
v ) C Final Lab1 0.003 74.971 0.008
;/o =®=Final Labs 1-3 Seat centres (Steam-E) C Final Steam-E IB Oil Lab 0.001] 79.104] 0.010
I C Final Bearingl Sphere Seat (Steam-E) 0.000 82.734 0.000
U:J.Ols Brgl Sphere Centre at Borel CL -0.0001 82.734 0.0009
C Final Lab10 (Fixed), 24.386,
0.017
0.020
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HP Compressor — Top-Case Flatness
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Mame: |Compressor TopCase Split Flatness=0.028 inches

] Compressor
Motes: TopCase Split

bMeasured disassembled. SplitFace Up (relaxed) Flat";’liig'ozs
Dispalyed mathematically-assembled ready b4 bolting
~ve “ectors Down=high on face touching Base-Face 1st
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HP Compressor - Space/Gaps at mathematical Assembly — view3
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Gas Compressor Engine Base Frame Alignment - Measurement layout

Real-time screen display of X,Y,Z coordinates reducing to zero target >>.
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Crank CL Heights and Web Dimensions & Deflections

Line
B::Crank CL
X Y z
Begin 0.000 0.000{ 0.000
End 0.000|4695.572| 0.000
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Modern 3D technology for installation and Refurbishment of Crank Casing Frames

Most traditional and current measurement techniques seem to lack definitive methodology and procedures for adjusting compressor and engine base frames
during installation and refurbishment tasks. The goal is to establish the frame base and split face level and flat to achieve optimum crank tunnel bore bearings
alignment so that the crank shaft and con-rod journals are aligned during operation.

There is no doubt that 3D Laser Trackers are the most appropriate and efficient measurement systems for full compressor alignment and many other
rotating/reciprocating machines refurbishment/rebuild projects, commissioning work, overhauls and repairs requiring precision measurement.

The Laser Tracker can readily replace or complement traditional methods of alignment as it is time saving, very high precision, and provides 3D alignment,
shape and position in a single coordinate system so that all data and results can be related in detail.

The ability of laser trackers to carry out real-time measurements becomes especially important when adjusting the crank casing when it is necessary to reduce
web deflection. The Tracker dynamic measurement capability allows rotational axis determination for alignment, runout, position, shaft straightness and
perpendicularity.

Vibration, Resonance and Deflection

The complete machine hall is subject to significant noise, vibration and resonant effects during operations. Alignment measurements were made initially with
all adjacent (KVGR A-D) machines in operation. During fine adjustments of the ADS Phasel: Base frame Alignment Survey -Adjustments, the adjacent D-
KVGR machine was turned off to dampen and reduce vibration effects. The vibration effects on E-KVGR with all adjacent machines operating were seen to be
at least twice that as when D-KVGR machine was turned off.
With (all A-D-KVGR on), at least four resonant frequencies could be identified (measured with the Laser Tracker and felt) at various locations on and around
the E-KVGR casing - (from actual only very preliminary analysis): :

1. arapid (~10Hz) wave with amplitude ~+0.008in,

2. aslightly longer wave (~8Hz) with large amplitude ~+0.034in,

3. asimilar wave (~8Hz) with smaller amplitude ~+0.0033in, and

4. athumping trend (~0.2Hz) with unknown amplitude.
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Reciprocating Compressors for Petroleum, Chemical, and Gas Industry Services
API STANDARD 618 SIXTH EDITION, DECEMBER 2013
7.7.4.6 Baseplates shall be designed and built to adequately support the weight of the compressor, driver and accessories and to avoid resonance with any possible excitation frequency.
7.7.4.14 If specified, a dynamic analysis of the baseplate, including a modal analysis and forced response analysis shall be performed. The modal analysis shall establish that mechanical natural
frequencies of the baseplate are separated from the significant excitation frequencies by at least 20%. The following loads, accounting for magnitude, phase, and frequency shall be considered:
a. forces and moments due to reciprocating and rotating machinery;
b. acoustic-pulsation shaking forces in vessels and piping; and,
c. forces due to driver torque.
The forced response analysis shall demonstrate that the calculated vibration levels at any particular forcing frequency at any point on the baseplate shall not exceed the following:
a. for a vibration frequency less than or equal to 10 Hz, a maximum displacement of 100 um 0 - peak (4 mil 0 - peak)
b. for a vibration frequency greater than 10 Hz, a maximum velocity of 4.5 mm/s RMS (0.175 in./s RMS) If specified, a written report of the analysis shall be provided.

The above frequencies are all below 20hz which is in the infrasound region of sound, below the "normal” limit of human hearing, so is inaudible.

A standard (microphonic) noise detection device that measures decibels will usually not pick up low frequency infrasound (<20Hz). The study of such sound
waves is referred to sometimes as infrasonics, and hearing protection, e.g. ear muffs and ear plugs, offers little protection against infrasound exposure.
Infrasound is not heard, it is felt. Infrasound vibrations can be felt in various parts of the human body sometimes with unpleasant or detrimental effects.
Infrasound travels unimpeded over long distances with virtually no attenuation, is ground-clinging and is not uncommon in the vicinity of operating heavy
machinery such as rotating gas compressor engines with reciprocating or rotating masses. At certain resonant frequencies and pitch, infrasound damages matter
- causing foundation deterioration such as delamination/cracking of grout composites; damage to the surrounding structures leading to eventual damage to
equipment such as machine bearings and misalignment.

Resonance:

1. There should be no resonance; that is, the natural frequency of the machine(s) - foundation-soil system should not coincide with the operating frequency
of the machine (330rpm =5.5Hz for E-KVGR). In fact, a zone of resonance is generally defined and the natural frequency of the system must lie outside
this zone.

2. The natural frequency of the foundation—soil system should not be whole number multiple of the operating frequency of the machine(s) to avoid
resonance with the higher harmonics.

3. The vibrations must not be annoying to the persons working in the shops or damaging to the other precision machines. The nature of vibrations that are
perceptible, annoying, or harmful depends upon the frequency of the vibrations and the amplitude of motion.

4. The additional reinforced mat under the machine block foundations increases the natural frequency of the foundation design by distributing the mass
over the larger area.
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5. The geometrical layout of the foundation may also be influenced by the operational requirements of the machine. The failure condition of a machine
foundation is reached when its motion exceeds a limiting value which may be based on acceleration, velocity or amplitude.
6. In addition, operators of reciprocating compressors often monitor vibrations of the compressor base relative to the foundation (sometimes called “frame
movement”) as a measure of the foundation and machine-mounting condition and integrity.

Deflection
The effect of concrete floor deflection (at operator console as well as on the loading bay) on the instrument reading at 12m away due to the weight of a person

close to the instrument. At 39feet (12m) deflection was 0.006” (0.15mm). This observation is purely for future reference when working around these machines
and provides an indication of the high precision capabilities of the Laser Tracker technology.
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Bull Gear details [ Tootorum

R3

: : Operation direction of

Rotation

Bull Gear R1

Bull Gear Bearing Journal - CL Positions and Alignment

BG at Index2 position Y (DEtoNDE) | X (right) | Z (Up) | Diameter |Cylindricity T . s
-15.152 -0.011 | -0.127 '
BG Brg Journal DE 38.562 -0.003 -0.118 177.601 0.023
92.276 0.004 -0.109
756.083 0.047 -0.045
BG Brg Journal NDE 782.021 0.049 -0.053 177.584 0.063
807.959 0.051 -0.061
Bull Gear Tooth Drum & MID Groove - CL Positions and Alignment - \:.\;
BG at Index2 position Y (DEtoNDE) | X (right) | Z (Up) Diameter | Cylindricity . ' L ‘
2003701 0252 1 -0.330 Clearances BG Journal to As-found bearings:
BG Tooth Drum DE 282322 | -0.385 | -0.331 | 1158.841 0.086 DE = 0.248mm; NDE = 0.265mm
364.275 -0.516 -0.332 y
BG MID Groove 392.767 0.0301 0.0246 1073.049 0.046 Sl
421.542 -0.100 -0.099
BG Tooth Drum NDE 503.211 -0.132 -0.111 1158.736 0.053
584.881 -0.164 -0.123
Face Alignment| Horz Vert
BG Tooth Drum DE Face (mm/m)| 0.030 0.148 Tooth Drum, MID Groove &
Face Alignment| Horz Vert Faces measured with bearing
BG MID Groove Face )
(mm/m)| 0.055 0.096 caps on before disassembly.
BG Tooth D NDE F Face Alignment| Horz Vert BG at Index2 position
ooth Brum ace (mm/m)| 0.146 | 0.19
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Crank Base (As-Found 21Mar11)

Deviation of Crank Base to a Level Plane

XHead Stage2

XHead Stage3

[3887/8329 = 46.67%]

XHead Stage1

Motor - Rotor Shaft CL |

Vector Group Properties k. tij
I

Collection: B

Name: Deviations Crank Base to Level Plane
i Ll
Notes Coupling ] J < '@

8 >
Compressor

Components Included in Vectar North (Y)
Cx oy mz
Stafistics for MagZ

Max: 1.6243 Nurn: 8329 @

Avg 0.0597  StdDev from Zero: 0.7909 &
Min: -1.9995  StdDevfrom Avg: 0.7886
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Pre-Grout Crank Face Flatness - Pre-Grout Bridge Dimensions

Deviations from Final Pre-Grout Crank Face

High points above the plane deviations point up, +ve,
Low points below the plane deviations point down, -ve
Flatness = 0.0040 inches

) Auto (Points () Okjects  @)Vectars () Instruments
Collection: D
Group: Crank Face Flatness deviations
. Wector: D:Final Crank face posd:56
Vector Group Properties X d 0.0000
a: 0.0000
0.0023 ’

1.
2.
3.
4.

Collection: D

F 19/97 = 0.00%)
Mame: Crank Face Flatness deviations

Pre-Grout Bridge Dimensions

SN A\ Date| 8-Oct-11
\\ : Imperial|Nominal Actual |Deviation
Bridgel 18.000| 17.9980 -0.0020
Bridge2 18.000| 18.0007 0.0007
Bridge3 18.000| 18.0013 0.0013

hotes

Deviations from Final Pre-Grout Crank Face
High points above the plane devistions pointup, +ve,
Low points belowthe plane devistions point dawn, -ve
Flathess = 0.0040 inches

Components Included in Vector
(m]3 Oy
Statistics for MagZ
Mes 0.0017 Murn 97
Avg 0.0000  StdDev from Zero 0.0010

Min 00023 StdDevfrom Avg 0.0010

Wz

;rzzvh; Magnification; 40000 = Bridge4 18.000| 18.0017 0.0017

Bridge5 18.000| 17.9981 -0.0019
Bridge6 18.000| 18.0001 0.0001
Bridge? 18.000| 18.0009 0.0009
Bridge8 18.000| 18.0000 0.0000

(©)Blotches + Anows FIBERSiEE) 2 0 =

[ |Label Vectors With Values || Show Outof Tal. Only

Color Bar a1 Frame

Show Percentages

7] Show nA
o in view 7] Show Fractions

Collection: D

Name: Frame Bore CL Pos3

[ SetBaseColor | [ Repot | [ Colorisation |
[ otee | [ wem ] [ oo | Mo WORKNGFRaME Tolerance| 1800.000 ( *0.002
Crigin: Point D Bare CL Pos3Cardinal Paints 4. .
. Frimatry &uis: +. Line: D-Bare CL Fos3 |
Secnndary Avis +2. Line: Bpl_AP| 3675 Level Meas 7|
g * Final Pre-grout carmect CL distances via thrust face :‘
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Post-Grout Base Deflection
ost-Grout Base Deflection Wl : ' " _ (N - I /|~
i 12-0@-123 petedt > : 3 5’4}!’ !-!_;s AI' - \'
" A » — — -

Bolt ID dZ (inches) . w——
P1 0.0005 : : '
P2 0.0010
P3 0.0005
P4 0.0010
P5 0.0010
P6 0.0002

P7 0.0008
P8 0.0010
P9 0.0010

P10 0.0002
P11 0.0001
P12 0.0010
P13 0.0010
P14 0.0010
P15 0.0002

P16 0.0000
P17 0.0010
P18 0.0008

P19 0.0002
P20 0.0007
P21 0.0010
P22 0.0010
P23 0.0003
P24 0.0001

P25 0.0008
P26 0.0010 h ; . _ ) i i
D27 0.0010 v o) y Bolt Positions anti-clockwise starting RH of Coupling

P28 0.0009 ' e . All Base Deflections are <.0.0010in
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Assembly photos
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Overview

The Purpose of ADS 3D Laser Tracker Services was to establish a single 3D coordinate reference system to measure the positions, alignments and orientations
of the machine and all its critical components As-found (Hot & Cold).This was then used to control all the machine components during the foundation
rectification and re-grouting to apply Corrections :- Level & position the Compressor, Motor re-positionings and alignment-to-Compressor, locate the
Intercooler/Aftercooler Cylinders and pipe-alignments relative to the Final Assembled Compressor position and orientation.

Measurement Phases Summary:
1. Phase 1 Baseline 3D Survey-As-Found HOT:
a. Machine operating fully and at running temperature
b. Stable 3D reference network establishment
c. As-Found 3D positional references on each component for thermal growth, fluid-flow-load monitoring and repositioning at re-assembly.
2. Phase 2 Re-measure 3D Survey-As-Found COLD:
a. Machine fully operational, stopped & cooled
b. As-Found Motor & Compressor position, level and alignment
c. As-Found Rotational CLs of Motor and Compressor
d. Location of A/C & Cooling Cylinders 4, 3 &1.
Remove Pipe-work; relocate A/C & InterCooling Cylinders 4, 3 &1; Lift Motor; Lift Compressor, Foundation repair & Grout Rectification work
ASSEMBLY:
Reposition and align machine components and grout to Final Assembled Compressor position and orientation

3. Phase 3 Motor relocationl 3D Laser Survey
a. Reposition Motorl with sole plates attached prior to grouting j-bolts etc
i. 3D Laser live-jacking/positioning
4. Phase 4 Compressor 3D Laser Survey
a. Level and Position Compressor prior to grouting
i. 3D Laser live-jacking/positioning
b. Measure Rotational CLs of Compressor and Motor Coupling Face & Centre
c. Remeasure Level and Position of Final Compressor after scabbling and overnight settling
d. Measure & monitor Rotational CL of Final Compressor

..........
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5. Phase 5 Final Locations of Cooling Cylinders 3D Laser Survey
a. Reposition Cooling Cylinders 1, 4 &2 and compatible to Final Compressor
b. Reposition A/C compatible to Final Compressor
c. Measure Rotational CLs of Compressor
6. Phase 6 Motor relocation2 3D Laser Survey
a. Reposition Motor2 post grouting with final shims
b. Measure Rotational CLs of Motor and Compressor

Thermal growth, Pipe fluid-flow-loading & Rotational effects
The establishment of a single 3D coordinate reference system enabled the measurement of the Machine:
1. operating fully and at running temperature(Hot)
2. followed by its shut-down (stopped and still Hot) and
3. then, in its Cold static state.
The fluid-flow-loadings of air, oil and water in various pressure & temperature conditions affect the dimensional and alignment states of the various machine
components.
1. The fluid-flow-loading effects (pipe strain) tend to be dominant
a. maximum 3.7mm at the AfterCooler cylinder (discharge end)
2. The Thermal effects (especially the top of the Compressor)
3. The Rotational effects. (Motor)
There are insufficient data to differentiate explicitly the contribution of each effect so there will be combined effects for each point or component measured 3D
dimensional variations.
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InterCooler & AfterCooler Cylinders re-positioning to Final Compressor

General Repositioning parameters to locate IC/AC
Cylinders compatible to Final Compressor

Cylinder ID dX=E dY=N | dZ=UP

InterCooler Cylinder 4 0.66 -0.09 -3.32
InterCooler Cylinder 3 0.41 -0.05 -1.92
InterCooler Cylinder | 0.44 0.31 1.69
AfterCooler Cylinder 0.71 -0.09 2.95

Each of the Intercooler/Aftercooler Cylinders was repositioned exactly (on average within 0.1mm in 3D) to
conform to the new final levelled Compressor by transforming their original As-Found Cold state 3D-positions
(with pipes still attached to the As-found Compressor) to the Final Levelled re-grouted Compressor.

The validity of the transformations and final locations of the Cooler Cylinders is confirmed by the accurate pipe-alignments, relative to the Final Assembled
Compressor position and orientation. All pipe work assembled without rework, refitting or shifting - saving many hours during assembly.
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InterCooler & AfterCooler Cylinders re-positioning — Pipe-work Alignment

Pipe alignment on AfterCooler
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InterCooler & AfterCooler Cylinders — dX & dZ component vectors for Hot to Cold
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Methodology

3D Laser Tracker

A laser tracker is a portable co-ordinate measuring machine (CMM) for situations where the item to be measured can be touched or a reflector
attached to it. The "Tracker' is leading edge technology for applications where the item to be measured is too large for a conventional Coordinate
Measuring Machine or is not able to be taken to a CMM. Spatial Analyser software provides many of the functions common to CMM software
including: GD&T (Geometric Dimensioning and Tolerancing), Inspection, CAD to part comparison/inspection and 3D Survey Network Analysis.

<= Our API, Leica or Faro instruments use very high accuracy tracking 3D laser interferometers and high precision absolute distance meter. Hand held

spherical reflectors are used to measure to individual points or to scan whole surfaces. Each Laser Tracker is ideal for the rapid calibration of
robots, machine tools, assembly jigs and fabricated components. Reproducibility of a coordinate is £0.005mm/m (2 s ) within a 35 metre sphere
from a single instrument position. By measuring to reference targets multiple instrument locations can be accurately related to enable large or
complex items to be completely measured in a single 3D coordinate system. The API Laser Tracker can be transported easily as accompanied
baggage for urgent rapid deployment.
The high speed capabilities of the system mean that 1000 points per second can be recorded at a tracking speed of up to 4 metres per second.

A Hidden-Point Rod can be used to measure points located well out of line of sight of the laser tracker. This enables measurements to be made without

disassembling the machine.

A real benefit during assembly, positioning and adjustment is the real time screen display of X,Y,Z coordinates reducing to zero target.
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