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Structural Design and Performance of CFRP Coupling for Cooling
Tower Drive System

Byung-Ha Kim

Department of Refrigeration and Air-Conditioning Engineering, The

Graduate School, Pukyong National University

Abstract

Owing to the light weight, the high strength and stiffness, as well
as high corrosion resistance, fiber reinforced plastic composites are
widely used in the area of aerospace, marine, automobile, chemical
plant, civil construction, wind power plant. The cooling tower drive
system is another area that composite materials are actively applied
recently. In cooling tower a long shaft coupling is located between
the drive motor and a gear box which is connected to the fans.
To reduce the concentrated load in the middle, the long metal
shaft coupling usually employs a bearing for the load distribution.
The metal shaft causes noise when rotating in high speed due to
the vibration or resonance caused by the deflection of the long
shaft. Another problem of the metal shaft is the corrosion
weakness in the saturated wet air condition inside the cooling
tower. The above mentioned problems of metal coupling can be
solved by replacing with carbon fiber reinforced composites.
Moreover the excellent fatigue resistance can greatly improve the
fatigue life of the composite coupling. In order to develop
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composites coupling for cooling towers, a light-weight tube of
carbon/epoxy composites was manufactured by filament winding
process. When used for a rotating part, the composites tube should
have straightness in the axial direction, because a small deflection
in the tube will cause noise and vibration-induced structural failure.
The straightness of a composites tube depends on the mandrel
deflection, therefore, the effect of mandrel size was identified to
minimize the deflection. The structural analysis was carried out to
determine the optimal fiber direction and stacking sequence. For
the accurate finite element analysis the basic material property as
an input data was obtained by mechanical testing of the specimens
which was manufactured by the same process of the pipe
manufacturing. The disc pack is an important component in
couplings because it transfers torsional moment of the drive motor
to the coupling and then to the shaft of the gear. Based on the
requirement of flexible material property and high strength of
carrying torsional moment, the disc pack of 6 bolting holes and 3
sheets of composites with [0/0/90/0/0] lamination stacking sequence
has been designed and manufactured by RTM process. Torsional
testing and finite element analysis based on the failure criteria of
laminated composites have been carried out to identify the effect
of stacking sequence of glass fiber/epoxy prepregs on the torsional
moment and stiffness of a disc pack. Torsional testing results
showed that at torsional moment of 1500Nm, the 90° ply failed by
tension, which initiated the failure of the disc pack. The
experimental results were agreed favorably well with those of finite
element analysis. The structural analysis of four cases of stacking
sequences revealed that the highest torsional moment was the case
of [0/90/0/90/0] sequence, and the sequence of [0/0/90/0/0] showed
the highest torsional stiffness. One of the most important

- Xii -



parameters determining the static and dynamic mechanical behavior
of a coupling under torsional loading is the torsional stiffness. In
this study, torsional characteristics of the composites tube such as
torsional stiffness, strength and maximum twist angle were
identified for [£6/90/+0/£0/90] stacking sequence with the variation
of winding angle (0) and the tube diameter and length. The
structural analysis was carried out to compare the predictions of
torsional stiffness with that of the experimental results. From FEM
analysis the optimal winding angle that gave the maximum
torsional moment and minimum twisting angle of the composite
tube was 45°. Although the maximum torsional moment was
achieved in the case of stacking sequence involving the 45°
winding angle, [£15/90/£15/£15/90] will be the optimal stacking
sequence when considering the improvement of longitudinal
stiffness of the composite tube.
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Nomenclatures

: Lengh of a mandrel [m]
: Young’s modulus [N/m?]
: Moment of inertia [m*]

: Moment of inertia of a mandrel with [m4]

a solid section

: Moment of inertia of a mandrel with [m4]

a tubular section

: Outer diameter of a mandrel [m]

: Inner diameter of a tubular mandrel [m]

: Thickness [m]

: Length of a composite tube [m]

: Torsional moment [Nm]
: Polar moment of inertia [m*]

: In-plane shear modulus [N/m?]
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Greek symbols

ot

s

Wt

Maximum deflection of a mandrel
Distributed load

Deflection of a mandrel with a solid
section

Deflection of a mandrel with a tubular
section

Distributed load of a mandrel with a
solid section

Distributed load of a mandrel with a
tubular section

Torsional stiffness
Twisting angle
Winding angle

- XV -

[m]
[kg/m]

[m]

[m]
[kg/m]
[kg/m]
[Nm/rad]

[rad]
[degree]
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Figure 5 Basic pattern of filament winding.

Figure 6 Schematic of filament winding process.
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Figure 7 Typical filament winding machine.
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Figure 8 Mandrel for filament winding.
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Table 1 Dimension of tube section mandrel (unit: mm)

OD (D) 64 80 100

ID (d) 50 65 80
Thickness (t) 7 7.5 10
Length (L) 3200, 4200, 5000

Table 2 Deflection ratio of mandrels with different diameters

D (mm) d (mm) T (mm) 6+/6¢

64 50 7 1.61

80 65 7.5 1.66

100 80 10 1.64
FHoWsae) s14o] Agsta LolE WA we)

WshE Figure 100 vhsb Aok oAtz Zol7 25 270
47 100mme} ¥ el

- [ =
= Aol A5s & F A
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Figure 9 Maximum deflection of a tubular section mandrel with
various diameters. (length: 5000mm)
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Figure 10 Maximum deflection of a tubular section mandrel with
various length. (diameter: 80mm)
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Figure 12 UD composite plate for test specimen.
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ASTM D3171-15 (Standard Test Methods For Constituent
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Figure 13 Measurement of composite sample weight using a
precision balance.
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Table 3 Results of fiber volume fraction of the composite sample

. Fiber Fiber Resin Resin .

Composite weight | volume | weight | volume Void

No. dens1t¥ f g fracti & g fracti fraction
/cm raction raction action raction [% ]
le [%] [%] [%] [%]

1 1.493 68.1 56.5 31.9 39.7 3.8
2 1.489 67.4 55.8 32.6 40.5 3.7
3 1.500 68.4 57.0 31.6 39.5 3.5
4 1.493 67.8 56.2 32.2 40.1 3.7
5 1.491 67.2 55.7 32.8 40.8 35
6 1.499 68.5 57.0 31.5 393 3.7
Avg. 1.494 67.9 56.4 32.1 40.0 3.7
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Table 4 Standard test specification.

Specification Title
) ASTM Standard Test Method for Tensile
Tensile D3039/D Properties of Polymer Matrix
Test 3039M - 08 Composite Materials
Standard Test Method for
. ASTM Compressive Properties of Polymer
Compression D3410/D Matrix Composite Materials with
Test 3410M - 03 Unsupported Gage Section by
Shear Loading
ASTM Standard Test Method for Shear
In-plane D5379/D Properties of Composite Materials
Shear Test 5379M - 05 by the V-Notched Beam Method

Hel wpel o] HAA v&E SAE Hola vE stk vy =
A YeERth (Figure 16). 90° ¥rake] oAl o] ¢
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Figure 14 Drawing of 0° tensile test specimen.
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Figure 15 Drawing of 90° tensile test specimen.
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Figure 16 Tensile stress-strain of 0° specimen.

Figure 17 Failed 0° specimens after tensile test.
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Figure 18 Tensile stress-strain of 90° specimen.
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Figure 20 Drawing of 0° compression test specimen.
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Figure 21 Drawing of 90° compression test specimen.
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Figure 22 Compressive stress-strain of 0° specimen.

Figure 23 Failed 0° specimens after compressive test.
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Figure 24 Compressive stress-strain of 90° specimen.

Figure

25 Failed 90° specimens after compressive test.
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AsE BAT (Figure 27).
Figure 26 Drawing of in-plane shear test specimen.
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Figure 27 In-plane shear stress-strain of 0° specimen.
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Figure 28 Failed specimens after in-plane shear test.
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Table 59 Astarh. 2 gtel 235 obe] A EEAAE

ekl Aojth Table 5= W3 HdAm 7[A4 54/ 2
e Bggee] FxuA A Qo z A
Table 5 Mechanical properties of UD wound composites
. Elastic .
Ortl.enta- Modulus S(tlrve[%i;h Pﬁftign
ion (GPa)
0° 127(£1.0) 2474(x125) 031
Tensile ( +0 01)
90° 6.8(%0.3) 29.6(%1.4) .
0° 101(£1.0) 593(x76)
Compression
90° 7.0(£0.3) 92.9(+1.2)
In-plane Shear 4.47(£0.11) 63.0(£0.8)
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(b) 6=30°

(c) 0=45°

Figure 30 Failure index distribution with variations of stacking
sequence.
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(a) Entire length (b) End section
Figure 32 Composites pipes.
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Figure 33 Cross-section of a composite tube.
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Figure 34 Deflection measurement of a composite tube.

Table 6 Comparison of deflection results between composites
pipe and mandrel. (unit: mm)

Measured Data 1.43 1.52 1.64 1.56 1.58

Average 1.546

Prediction 1.21
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Figure 38 Press for RTM process.
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Figure 39 Epoxy characteristics determined by DSC analysis.

- 59 -

Temperature (T)



T L ¥ T
- 27 X C

= o < W = U T W W oo
® % T oy &%mmmﬁﬂb1
. — =3 ) = ol ©
oy 0| Zo o = o wm mog T Na
X o X " ~ Hr = 2 Y
o W = o T Mm 2 L
Q@.%% Nﬂz%_éw,yuq
T 5 o= a ° M < > "

m o < o v I ) o|/
— X 0 ~ ™ 9 L..w g T Hp d m
e Xz 7 EjfZT;aﬂm;

o ™ . T o - A

w %%w@mﬂaﬂ%megé%ﬂ

[ E_E ol ﬁ 85 ._ﬂou o ol Z N =< JU ‘UF
< N h%hhmbfaﬁ_ﬂﬁ%
o @%Mﬂ%Aﬂ%Araw%%@a
= X o R T 0 NG my &R e
i s o < T o o o B o g5 A

Y T T N _ w oa0a e
= m.# < o M MM r i T T < ® mﬂ £l ]
B moN Mo ™ ) ww = W T Il
) ﬁawﬁuggm mak%ﬁi@%
Al Q%Eﬁgg%%ﬂ;j monqqﬂg
) Mxn "oy nmo g © 1 w M X0 Y Lﬂ 1| %
SR _qa@_z_;%%a
o r mw . T w5 M Joo < g & T
T ® wog 2 B o £ = oy B
K T .._mo E 0 = fimt uE \_ﬂi
Moo s i
= [ B D

® 9 o 1r

- 60 -



(a) Torsional test system

(b) Data recording display

Figure 40 Torsional test machine.
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Table 7 Lamination stacking sequence in a sheet

Case Lamination Stacking Sequence
1 0/0/90/0/0
2 0/90/0/90/0
3 0/90/90/90/0
4 +45/-45/0/-45/+45

Table 8 Mechanical properties of UD prepreg composites

Elastic Strength | Poisson
Orientation | Modulus (MP%) Ratio
(GPa)
0° 49.1 1268
Tensile 0.28
90° 9.5 55.9
' 0° 41.4 968
Compression
90° 10.76 171.4
In-plain Shear 3.8 60.2
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Figure 43 Solid model for FEA analysis.
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(a) Flange loading point

---: Connected to left flange
---: Connected to right flange

(b) Bolt area of a disc

Figure 44 Boundary conditions.
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(b) 0/90/0/90/0

(c) 0/90/90/90/0 (d) +45/-45/0/-45/+45

Figure 45 Stress distribution of a disc pack for various stacking
sequences.
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(a) 0° ply compression

(b) 0° ply tension

(d) 90° ply tension

Figure 46 Failure index distribution.
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Table 9 Dimension of filament wound composites tube

Winding Inner diameter | Thickness Length
angle (0) (D), mm (t), mm (L), mm
1720
- 64 31 o3
2500
100 3.0 3450
64 3.1 1040
45° 80 3.2 1074
100 3.0 3450

- 75 -



of HAAE AAsAE FAES 18 P 24 P& AHESHA
o 194 &2 H& FA FeAzt EE FHolx
= FA deAE A dol &gkt Ab&ske FHjolv =
9]ak2 Ashland A} 2 Bostik AFe] FH &S AF&-319)
Figure 49+ A4 E Algd¥H<l ASTM DI1002 (Standard
Test Method for Apparent Shear Strength of Single Lap
Joint Adhesively Bonded Metal Specimens by Tension
Loading)oll A3 A1H =S HolF11 9t} Figure 502 3
A= AIY A AlEe] F RA7E EYE BEes 2 Ao
W G A H2Ale] FAFo] g EeEE As B

ATt

- 76 -



190,5
»H 12,7 //0.08]A
<
n
N
—h 25,4 25,4

(a) Single-lap-shear test specimen

1016 mm @ 0254

(400" & 0.01)
7

3 [

I T—
|
{

l

1

B

5.4 men
& 0254
{10007
£10.000)

1778 mm & 1175
(70" & 0.125)

FiG. 2 Standard Test Pansl
(b) Test panel

Figure 49 Dimensions of test specimen and panel.

- 77 -



0

Table 10~13 2 A¥A= Al A3 d F7e A

ARERE Al e HAAE 23S A3 Aotk

Table 10 Shear strength results of Type 1 adhesive bonded specimen

Width Overlap Length Maximum Load Strength
(mm}) mm) (N) (MPa)
1 25.40 12.70 3356 10.4
Fl 25.40 12.70 3824 11.9
3 25.40 12.70 5124 15.9
L 25,40 12.70 5186 16.1
5 25.40 12.70 4946 15.3
6 25,40 1270 5080 15.7
7 25,40 12.70 4890 15.2
Mean 25,40 12.70 4629 14.4
Maximum 25.40 12.70 5186 16.1
Minimum 25.40 12,70 3356 10.4
Standard
Deviation 0.00000 0.00000 72980343 2.26240
Coefficient
of Variation 0.,00000 0.00000 1576493 15.76493
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Table 11 Shear strength results of Type 2 adhesive bonded specimen

Width Overlap Length Maximum Load Strength
{mm}) (mm} (W) (MPa}
1 25.40 12.70 6884 21,3
2 25.40 12.70 7137 2.1
3 25,40 12.70 7364 22.8
4 2540 12.70 7362 2.8
5 25,40 12.70 7456 23.1
[ 25.40 12.70 7318 22.7
7 25,40 12.70 GGED 20.7
Mean 25,40 12.70 773 22.2
Maximum 2540 12.70 7456 231
Minkmum 2540 12.70 G6ES 20,7
Standard
Daviation 0.00000 0.00000 286.48221 0.88810
Coefficient
of Varsation 0.00000 0.00000 3.99401 3.99401

Table 12 Shear strength results of Ashland adhesive bonded specimen

Width Overlap Length Maximum Load Strength
{mm} (mm) (N) (MPa)
1 25.00 12.70 7581 3.9
2 25.00 12,70 7482 23.6
3 25.00 12.70 GB74 1.7
4 25.00 12,70 7674 4.2
5 25.00 12.70 7473 23.5
Mean 25.00 12.70 417 134
Maximum 25,00 12,70 7674 4.2
Minimum 25.00 12.70 6874 21.7
Standard
Deviation 0.00000 0.00000 314.35339 0.99009
Coefficient
of Variation 0.00000 0.00000 4,23822 4.23822

Table 13 Shear strength results of Bostik adhesive bonded specimen

Width Owerlap Length Maximum Load Strength
(rmim) (rmim) (M) (MPa)
1 25,40 12.70 2609 8.1
2 25.40 12,70 2582 B.0
3 25.40 12.70 2694 8.4
4 25.40 12.70 2270 7.0
5 25.40 12.70 2334 7.2
3 25.40 12.70 2117 6.6
7 25.40 12.70 2018 6.3
Mean 25.40 12.70 2375 7.4
Maximum 25.40 12,70 2694 8.4
Minimum 25.40 12.70 2018 6.3
Standard
Deviation 0.00000 0.00000 260.08176 0.80626
Coefficient
&1 Vararion 0.00000 0.00000 10.95225 10.95225
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Figure 51 Shear strength of various adhesive types.
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Figure 54+ E3A 72 W4 (64mm)= ¢ e 2= (

(c) Data recording display

Figure 53 Mounting of the specimen.
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(a) Attached metal hub to the (b) Bonded composite
composite flange flange to the tube

Figure 57 Solid model for FEA analysis.

(a) Fixed end (b) Loading end

Figure 58 Boundary conditions.
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