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Sponsor Background

e Client: Danfoss Turbocor

» Market leader in oil-free compressors for
commercial air conditioning systems.

» Combination of magnetic bearings and
variable-speed centrifugal compression to
achieve higher speeds and higher efficiency
than competitors.

» Danfoss needs a system to test compressor
motor performances.

» Their ideal solution: a motor generator
system Figure 1: Danfoss Turbocor TT500 Compressor
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Project background

*» Motor-generator systems: Couples two motors, one working as a
motor and the other one as as a motor load (generator)

* The generator is used to vary a desired load on the motor.
* A coupling conjoins the motor shaft to the generator shaft.

» Flexible coupling prohibits bending forces to transfer between
shafts.

» Excessive radial loads can damage the motors and possibly fracture
the coupling(s) and shafts.

» Motor-generator test rigs incorporate shaft alignment features.

» Vertical and lateral positioning must be adjusted accurately.
A motor/qenerator set
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Figure 2. Motor-generator
concept
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Motivation

Danfoss Turbocor will use the High Speed Motor Test Rig to test
compressor motor performance efficiency.

* By using a transducer, the output torque from the motor can be
monitored. These values can be compared to theoretical torque
values, calculated from the amount of supplied voltage/current.

Current method for testing is expensive and tedious.
* Requires compressors to be operated in chiller rooms.

Motor Test Rig
Concept Draft 1
Dec. 14, 2009
Lin Sun

Flexible coupling
|

Generator

Housing-Generator Housing-Motor

Figure 3. Motor-test rig concept draft
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Project Description

* Problem Statement: Danfoss needs a motor-generator system to
test compressor motor performances. Past testing methods are
unpractical. The solution needs to be simple yet still allowing
performance efficiency to be evaluated.

» Mechanical aspects:

* Design of the base stand and design/selection of all components
(couplers, adapters and torque transducer)

* Alignment system design and qualification
» Test rig needs to be able to qualify all TT-Series compressor motors
e Torques and angular speeds vary between models

Max Torque (Nm) | Max Speed (RPM)

TT300 22.8 37,762
TT350 38.0 30,598
17400 37.2 25,091
TT700 /3 17,000

Table 1: Danfoss TT-series compressor specifications
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Ideal Design

2 rigid couplers, 20 mm diameter steel dowels, 2 Flexible bellows couplers, 1 Torque
transducer (Magtrol 308/311), Ya inch thick 2x2 inch steel tubing(frame), transducer stand
to be welded to frame, steel tubing to be fastened with 2 inch hex bolts, 2 shaft extenders

« Cost of each transducer: $8,000. Clienthas requested an alternative design.

Figure 4: Ideal test rig design view

Thyeasha Joseph ENGINEERING TOMORROW M
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Final Design

A. Flexible coupler

B. Shaft

C. Rigid coupler

D. Compressor

E. Set screw bracket (lateral
alignment)

F. Frame

G. Screw jack

G F

Figure 5: Final design assembly

Thyeasha Joseph ENGINEERING TOMORROW M
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Components selected

» Shaft extender: SUA 050
e Steel, ASTM A108
* Length: 69.85mm
e Inner bore: 22.225 mm
o Shaft OD: 20.000 mm

Figure 6. Shaft extender SUA 050

* Rigid coupler: R2CC 075
» Re-machinable: Will be balanced and bored
by Danfoss
e Stainless Steel, ASTM A582
* OD: 44.45 mm, Length: 66.67 mm
® IDtransducer308/311:20 mm/10 mm
® ID¢haft308/311: 20 mm/20 mm

Figure 7. R2CC Rigid Coupler
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Components selected

* Flexible coupler: BK2 150 Bellows coupling
* 150 Nm rated torque
* 80,000 RPM rating
» Safety factor: 2.11
» Misalignment tolerances: 0.2mm lateral, 1°angu|ar, and 1 mm axial.

A? ;

Overall length  (mm) | A2 | 95 |107 144

E ISO 4762

Outside diameter (mm) B 81
Fit length (mm) C 36
Inside diameter possible D,/ 19-42
1 from@to @ H7 (mm) D,
=0 Fastening screw
e ISO 4762 M10
E
‘ Tightening torque of the 70
fastening screw  (Nm)
Distance between
p F 27
DIN or ANSI /| centerlines (mm)
keyway available Distance (mm)| G 1

Figure 8. Bellow coupling BK2 150

Thyeasha Joseph
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Components selected ‘

134mm

» Torque transducer: Magtrol 308/311
e Torgque measurement error: <0.1%.
» High speed applications: 50,000/32,000 rpm.
e Torque rating: 20 Nm/100 Nm.

» Laser alignment tool: TKSA 31
» Measuring error less: <5%.
e Accuracy of 10 um. .
» Reduces errors and system S \.
down time in alignment process.
e 6in clearance for rotation. Figure 8. Laser alignment tool TSKA 31
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Components selected ‘ .

e Shaft:
» Steel, ASTM A108 107.0£0.1 070401
e Connects rigid coupler to
flexible coupler.
Diameter accuracy: 25um

85.00+0.1

Figure 9: Shaft in the assembly

Figure 9. Shaft dimensions for scenario with torque
transducer Magtrol 308/311 and without the torque
transducer

Thyeasha Joseph ENGINEERING TOMORROW ?ggéﬁ
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Base frame design

e Base frame:
o 2x2x1/4"

e Support the compressor, torque
transducer and fix to the

ground.
e 1770
- 484.35 - - 313.20 + 484.35
I & o & P & -
DRF:
Q 1 )10
ol 1 12
- I + o+ -
385.80 132 220 335
+ 4+
-$ + -
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i o o L5 > » A
- 613.20
L 1715.20

Figure 10 & 11. Base stand dimensions and 3D view
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Base frame design

Maximum
Von Mises Stress Displacement

Stress von Mises (WCS) 3 453e+05 Displacement Mag (WCS) 1.034e-07
(Pa) 3.108e+05 (m) 9.307e-08
Deformed 2 762e+05 Deformed 8.273e-08
Scale 1.4505E+06 5 4176+05 Max Disp 1.0341E-07 7 2306.08

Loadset LoadSet1: BASEPLATET Scale 1.4505E+06 “
2.072e+05 - 6.205¢-08

-7 Loadset LoadSet1: BASEPLATET
1.727e+05 5171e-08
1.381e+05 4.136e-08
; gg‘;e*gf’ 3.102e-08
. . . : 4549*03 2.0686-08
e+

* Maximum Displacement: 0.1 um
0.000e+00

e Maximum Stress: 3.4 MPa

"Window1" - Analysis1 - Analysis1 E\

AVindow 1" - Analysis1 - Analysis1

Figure 12. FEA Analysis

Durval Marques
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Base frame components

Lateral alignment adjustment:

M8, pitch 1.25 mm
M10, pitch 0.75 mm

Figure 14: 3D view of brackets for

Figure 13: Set screws for horizontal alignment horizontal alignment

and screw jackets for vertical alignment

Durval Marques
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Base frame components

e Maximum stress: Stressvon Mises (ACS)
MPa
e Tab: 94 MPa (Load;et:LoadSeﬁ . SETSCREWBRACKETASSEMELY

* Bracket: 80 Mpa
*Yield strength of A36 steel: 250MPa

Stress von Mises (WCS)
(MPa)
Loadset LoadSet! : TAB

118.384
106.561
94,7387
§2.9162
71.0938
59.2713
47.4459
356264
23.8040
11.8815
0.15909

958528
90.0000
80.0000
70.0000
60.0000
50.0000
40.0000
30.0000
20.0000
10.0000
0.01302

Figure 15: Stress on the tabs Figure 16: Stress on the brackets

Durval Marques
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Base frame components

Vertical alignment adjustment:

Sh|m Stock:
Stainless steel
« Thicknesses of 13, 127 and
254 um.
« Tolerance: 0.8, 8, and 13 um.
« A=57mm, C=11mm, B=51mm

Figure 17, 18 & 19. Shim stock(left), shim dimensioning (center), shim location (right).

Durval Marques ENGINEERING TOMORROW M
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Base frame anchoring method

Frame Anchoring Method

* Harmonic resonance is susceptible if the system is mounted to a table

top surface.
e Solution: system will be designed for concrete fastening.
» Will be bolted to factory concrete floor to ensure safety.
» Concrete anchors will be used.

* M12 bolt, minimum of of 4 inch length to ensure fitting.

Figure 20. Concrete Anchor Bolt

Durval Marques
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Final design: Natural Frequency

* Maximum rotation speed: 40,000 RPM = 667 Hz
e For safety reasons the sponsor recommended 800 Hz.

» Based on the deflection we estipulate the frequency.

» For the system is 830 Hz, SF=1.24, the real frequency is smaller due
the flexible coupler, which decreases the stiffness.

m»
- ms

Y @ I - /,;_ W = {g(m1w1+m2w2+---} %
w, :
l

<
77777~ ] - 2 2
1 w- * o (m1w1 +mows +---
i‘

A
-
o

I e ] KA ] ; Figure 17. Natural frequency as a
(il f 2 d 3 - 4 " function of mass and deflection

Figure 21. Deflection analysis for natural frequency calculation
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Final design

» 1 Flexible Coupler
* BK2 150/38/38/A

¢ 38.1 mm bore

» 2 Rigid Couplers
* R2CC-150-150-S

Figure 22: Cut view of final design

e Inner bore: 22.225 mm

Increased natural frequenc
e Outer bore: 38.1 mm ‘ g Y

e« 2 Shafts e Small and thick shaft

Adjustable for the t
e Diameter:38.1 mm * Adjustable for the torque

transducer
° Length: 107 mm

e Easy manufacturing
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Safety Shielding

Component | Mass (kg) | Momentum |Impact Stress
(m*kg)/s Force (N) | (psi)

Flexible 70,086 2,249
Coupler

Flexible 0.012 .577 7,897 532.7
Coupler

Screw

Table 2. Safety shield impact analysis

e Material Selected: A36 Steel
*Yield Strength: 36,000 psi
e Brinell hardness : 149
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Gantt Chart

Task Feb 14,16 Feb 21, '16 Feb 28, '16 Mar 6, 16 Mar 13, '16 Mar 20, 16
O | Mode + TaskName v Duration ~||[S M T W T F S/S M TWTF S SMTWTFSSMTWTFSSMTWTEFSSMT
1 |_|/ Frequency Analysis 4 days I | '
2 b Frame Drawing 6 days I 1
Completion
3 b Bracket Drawings 6 days | |
4 # Shaft Drawing 6 days I 1
5 b Shim Analysis 4 days I |
6 # Safety shield frame 11 days I 1
7 b Danfoss drawing 1day 1
review
8 * Bolt Selection 4 days | |
9 b Order raw materials 2 days I |
10 b Order fasteners 2 days | |
1 b Seek machine shop 6 days |
for large mill
12 b Frame fabrication 6 days | 1
13 # Compressor install 2 days I 1
14 b TKSA 31 training 6 days | 1
15 b Alignment practice 3 days I 1
16 b Low speed testing 5 days I | :
17 * 4 Testrigassesment 3 days ——]
18 b Evaluate couplers 3 days | H
19 b Evaluate shafts 3 days | i
20 b Evaluate 3 days | H
compressors
2 # Further testingat  11days | 1

higher speeds

Figure 23. Gantt Chart, Spring Semester.
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Conclusion & Future work

 Frame material, couplers, and alignment equipment order will be
placed through Danfoss.

» Assembly and manufacturing will be done at Danfoss.
e The system will not be on resonance.
» Validate the natural frequency through a test.

» Validate the alignment system with assembled system.
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Insert data
(shaft length, shaft diameter,
shaft material density, elasticity
module, number of concentrated
masses and masses position)

Calculations
For each mass itis calculated the
deflection.

Yes l No

v
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Note: Fllet is intended to allow clecarence for weld.
F weld bead requires more clearence, the fillet may be
incracsed by o minimal amount.

Part4 o
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Assembly Process

e 1. Base frame: Welded components first.
» Cross members bolted.
2. First compressor is mounted (assistance
with crane required) to cross members.

3. Rigid couplers, steel dowels, and flexible couplers
are secured together to first compressor.

4. Second compressor is mounted to cross members,
and shaft is coupled to rotating assembly.

32 | Turbocor® | 8D Training - 2015 ENGINEERING TOMORROW M



Alignment Process

» Tool mounts to both rigid
Couplers after assembly.
Secured by using clamps.

e Shafts are rotated together,
as this happens the laser guides process
data.

e Live readings are displayed

directing the user which

direction to align system.

Horizontal correction - Top view

»

Angular

Perfect / target line misalignment

Parallel /offset

Feet values Feet values
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Pricing:

o 2"x2"x1/4" Steel quantity 26 ft. » SUA coupling (rigid) (2)

©*$110.88 * $80

o a"x2"x4" Steel bar. o 371060 Steel dowel shaft (2)
* $9.16 e $106.25

» BK2 coupling (flexible) o TKSA 31 Laser Aligner

° $289.40 e $2,155.00

» Fasteners: Provided by Danfoss

» Total: $2,936.94
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Safety Shielding Frame

» Safety shield framing, to be filled with steel plate.
» Plate thickness to be determined.
* Frame material: 90° angled steel.
e A=2" B=2" C=3/16"
* Dimensioned for assembly without transducer (transducer shown)

Safety shield frame

© 2014 Metels Depat
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