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Abstract
In this study, a structural analysis was carried out to optimize
a composite material long shaft coupling by varying the disc
thickness and number of stacked plies. Then, performance
testing was conducted to verify reliability. The structural
analysis of GRIP disc thicknesses from 2.5T-3T and 3-5 plies
revealed that the stacking sequence of 4 plies with a thickness
of 2.75 was the safest. A prototype of the selected disc pack
was manufactured for torsional performance testing under
conditions of 2 mm axial displacement, an angular
displacement of 1˚, and torque of 6,200Nm. The performance
testing verified the analysis results. The final prototype of the
long shaft coupling was fabricated to verify the safety and
design of the major components. The prepared final prototype
was verified for lifespan reliability with a 1,000,000 cycle
durability test.
Keywords: Cooling Tower, Element Analysis, Composite,
Disc Coupling, Lighter Weight

INTRODUCTION
Cooling towers are mainly used in machinery and industrial
processes to reduce heat and control temperature. The largescale cooling towers used in industry are connected to piping
that circulates coolant, and the towers are typically installed in
outside open areas with access to air for circulation. Their
cooling performance is usually enhanced by forcing large
amounts of air to circulate through the tower using rotating
blades. [1]

A lightweight long shaft coupling composed of composite
materials is required to connect the motor and gearbox shafts
with the drive unit of the cooling tower. The axial
misalignment and transfer torque of such industrial couplings
have been characterized by. [2]
In addition to the functionality of conventional industrial
couplings, the long shaft coupling needs to be durable in a
corrosive environment, depending on the particular operating
environment, have robust structural characteristics, and be
able to transfer power by connecting with a rotating axis. The
use of composite materials for such cooling tower components
provides reduction in weight that can lead to reduction in
vibrations and bearing loads, and consequently extend the
system lifespan.
Numerous studies have been carried out using generic
structural mechanics to investigate the stress and safety
factors related to the maximum torque and maximum
displacement conditions of industrial couplings [3~6]. These
include optimal configuration studies for long shaft coupling
disc packs using finite element analysis. [7] Moreover,
various studies have been carried out on the application of
composite materials in the high speed shaft couplings of wind
turbines.[8~10]
In this study, based on the results of optimum flexibility
structure studies of the long shaft coupling disc pack, an
optimization structural analysis was carried out to investigate
the effect of the thickness and number of stacked plies of the
disc, which is a component of the composite material disc
pack. Then, performance testing was conducted to verify
reliability, and the results were used for a comparative
analysis. Also, performance testing was used to evaluate the
bonding strength of the flange in the spacer assembly,
depending on the material, where the carbon fiber composite
material applied to the winding tube and flange are bonded.

Long Shaft Coupling Structural Design

Figure 1: Shape and position of composite coupling for
cooling tower

The long shaft coupling is located between the driving motor
and gearbox in the cooling tower and is a functional part of
the cooling tower powertrain that transfers the high speed
rotational force from the motor to the gearbox. Figure 2 shows
the structure of the long shaft coupling. The major structures
of the high speed shaft coupling include the stainless steel hub
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of the axial connection, glass fiber composite material disc
pack, flange, and carbon fiber composite material winding
tube bonded spacer. Stainless steel and glass fiber composite
materials can be applied to the spacer flange. In this study, the
prototypes of various materials were bonded for fabrication
and then tested. The disc pack absorbs displacements resulting
from axial, radial, and angular misalignments, and transfers
the rated power in the operating environment of the cooling
tower. The spacer structure has low specific gravity
characteristics compared to steel materials, and this weight
reduction allows a connection with inter-axial distances of a
maximum 6,000 mm without bearing support. The long shaft
coupling, composed of composite material, can withstand the
corrosive environment typically found within the cooling
tower due to water vapor produced by the evaporation of the
coolant.

Figure 2: Structure of the long shaft coupling
Optimal Design Through Disc Pack Structural Analysis
Finite element analysis was conducted to assess the structural
safety and optimal design of the long shaft coupling disc pack.
The 3-dimensional design program CATIA V5 was used to
model the parts of the disc pack, followed by a structural
analysis using the finite element analysis software ANSYS.

To carry out the structural analysis, the disc pack structures
were selected according to the thickness and number of
stacked plies of the glass fiber composite discs, as shown in
Table 1.
Table 1: Disc pack structures for analysis
Case

2.50 T

2.75 T

3.00 T

3 Sheet

Case 1

Case 4

Case 7

4 Sheet

Case 2

Case 5

Case 8

5 Sheet

Case 3

Case 6

Case 9

Table 2: Boundary conditions for the analysis
Case

Load / Displacement

Values

1

Torque

6,200 [Nm]

2

Axial Misalignment

2 [mm]

3

Angular Misalignment

1 [deg]

4

Combination 1+2+3

The load boundary conditions included the 3 load conditions
of torque, axial misalignment, and angular misalignment. Also,
the final structure and its stability were assessed using the
safety factor determined from the maximum equivalent stress
when the combined load of the 3 loads was applied. Table 2
shows the input values of the structural analysis. Here, values
with a safety factor of 1.5 applied to the design conditions
were inputted as structural analysis load conditions, so that
harsh conditions were applied to the design of the optimal disc
pack structure.

Figure 2 shows the finite element model of the long shaft
coupling disc pack. The basic structure of the disc pack is
comprised of multiple glass fiber composite discs stacked
together and assembled with SOKET and BUSH of SUS
material.
For the load analysis of the disc pack component, each side
was connected to the SUS flange using bolts and the analysis
was configured so that analysis could be carried out
considering the actual operating environment.

(a) Torque boundary condition

(b) Axial misalignment boundary condition

Figure 3: Disc pack finite element model
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(Case 1) 2.50T, 3Sheet

(Case 2) 2.50T, 4Sheet

(Case 3) 2.50T, 5Sheet

(Case 4) 2.75T, 3Sheet

(Case 5) 2.75T, 4Sheet

(Case 6) 2.75T, 5Sheet

(Case 7) 3.00T, 3Sheet

(Case 8) 3.00T, 4Sheet

(c) Angular misalignment boundary condition
Figure 4: Boundary conditions of the long shaft coupling disc
pack
Table 3 shows the material properties of the glass fiber
reinforced polymer (GFRP) disc and SUS bush parts which
were used in the disc pack analysis.
Table 3: Input value for FE Analysis
Part name

Disc

Bush

Material

GFRP

SUS

Elastic modulus [GPa]

33.12

193

Poisson’s ratio

0.28

0.31

Yield strength [MPa]

-

207

Tensile strength [MPa]

210

586

Table 4 and Fig. 5 show the structural analysis results for the
combination 1+2+3 according to cases 1~9 of the long shaft
coupling disc pack. The structural analysis results for the disc
pack for each load condition of the long shaft coupling
showed that the structure with 2.75T thickness and 4 stacks of
the GFRP disc had the highest safety factor from the yield
strength to maximum stress ratio, and this structure was
applied to the final design.

Table 4: Maximum Stress & Safety Factor
(Combination 1+2+3)
Case

GFRP
Tensile
Strength
[MPa]

Max.
Stress
[MPa]

Safety
Factor

1

210

222.86

0.94

2

197.79

1.06

3

200.86

1.04

4

219.70

0.96

5

193.75

1.08

6

202.36

1.04

(Case 9) 3.00T, 5Sheet

7

218.18

0.96

8

196.64

1.07

Figure 5 : Long shaft coupling disc pack structural analysis
(Combination 1+2+3)

9

224.68

0.93
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Disc Pack Performance Test
Performance testing was conducted on the disc pack prototype
manufactured with 4 stacks of 2.75mm thickness GFRP discs,
based on the structural analysis results, to verify its reliability,
and perform a comparative analysis with the structural results.
Figure 6 shows the manufactured disc pack prototype.

Figure 7 : Disc pack torsional test result

Figure 6: Disc pack prototype (2.75mm, 4 plies)

Prototypes #1 and #2 were manufactured to have the same
structure as the designed structure, while a rubber coating of 1
mm was applied to the designed structure for prototypes #3
and #4, for enhanced external quality.

Table 5 shows the test results for the 4 prototypes. It was
observed that all the prototypes underwent failure and
deformation above 6,200Nm, verifying the stability of the
designed products. Also, it was determined that the rubber
coating on the prototypes had virtually no effect on the test
results.

Torsional testing was carried out by applying an axial
misalignment of 2 mm and an angular misalignment of 1˚ and
the torque at the point of failure and deformation was
measured.

Table 5: Maximum Torque of Torsional Test
Case

Max. Torque [Nm]

#1

766

#2

806

#3

730

#4

807

(a) #1 after testing

(b) #2 after testing

(c) #3 after testing

(d) #4 after testing

Figure 8 : Disc pack prototypes after testing
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Eq. (3) can be simplified so that Eq. (4) can be applied.

CFRP Spacer Design Considering Vibration
The design and product selection of a long shaft coupling with
a large distance between each end requires considering not
only the static strength of the product but the resonance from
the rotation. The lateral natural frequency of a long shaft
coupling fixed on both ends can be obtained using the
Rayleigh-Ritz method.

N c  k  946 

1



(4)

k = compensation coefficient according to the support type on
each end
k = 1 when only supported so that rotation is possible (k=1 for
long shaft coupling k=1)
k = 1.3 when both ends are fixed and assembled with a
rotating disc or flywheel

Figure 9: Lateral deflection

Nc 

30

g





(1)

g = gravitational acceleration (≈ 9.81 m⁄s²)
δ = vertical static deflection of the shaft when placed
horizontally
Nc = rpm
Since no mass is attached to the center of the shaft, the lateral
deflection can be calculated as shown below using the
equation for beam deflection under a distributed load.

Figure 11: Amplitude ratio

The allowable number of rotations under normal operation
cannot exceed 75% of the critical rotational speed.

N a  0.75  N c

(5)

Figure 10: Deflection of beam



5wL3
5qL4

384 EI 384 EI

The long shaft coupling must only be used after calculating
the critical speed and maximum length according to the
operating environment, and Table 6 briefly shows the
maximum rotational speed calculation data for the long shaft
coupling designed using the above equation.

(2)

w = Shaft weight
q = specific weight
L = Shaft Length

Table 6: Maximum rotational speed calculation for the long shaft
coupling

E = Young’s Modulus
I = Moment of Inertia
From Eqs. (1) and (2), the critical speed from the resonance
due to the rotation can be calculated.

Nc 

30 384 gEI



5wL3

(3)
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No

Description

Values

1

Tube Outside Dia.

159 mm

2

Tube Thickness

5.5 mm

3

Max. Length

4,350 mm

4

Deflection

0.16 mm

5

Critical Speed (Nc)

2,379 rpm

6

Na = 75%Nc

1,784 rpm
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A study that performed the natural frequency analysis and
critical speed evaluation based on the critical speed calculated
for the cooling tower long shaft coupling was previously
carried out.[7]
CFRP Spacer Torsional Test

Long Shaft Coupling Durability Test
The final prototype for the cooling tower long shaft coupling
was fabricated and the design safety of each part was verified
through analysis and testing. In order to investigate the
validity of the final design, a 1,000,000 cycle static durability
test was conducted.

The torsional strength of the carbon fiber reinforced polymer
(CFRP) spacer used for the cooling tower long shaft coupling
was investigated to determine whether failure and deformation
occurred at the maximum torque of 6,200Nm for the
prototype, which was manufactured according to the designed
dimensions. The testing was carried out with a torque limit of
about 6,800Nm considering the allowable strength of the jig
and bolts.

Figure 13: Prototype for the long shaft coupling durability
test

The prototype with the assembled GFRP disc pack and CFRP
spacer was installed in the testing machine and the test was
carried out under conditions of 2 mm axial misalignment, 1˚
angular misalignment, and 2,000Nm operating torque, where
1 cycle was 200 ~ 2000Nm (R=0.1).

(a) Initial Angle

(b) Final Angle

Figure 12: CFRP spacer torsional test result

Table 7: Maximum Torque of Torsional Test
Case

Max. Torque [Nm]

#1

6,787

#2

6,928

(c) Feedback Torque

The test results showed that failure and deformation did not
occur at the maximum torque of 6,200Nm, verifying the
safety of the CFRP spacer with regard to torsional strength.
Figure 12 and Table 7 show the test results.
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CONCLUSION
A design process, finite element analysis, and verification
testing were performed for various GFRP disc packs and
CFRP spacers, which are major components of the long shaft
coupling for cooling towers. The following conclusions were
obtained.
1) The finite element analysis was conducted for 9 design
cases of GFRP discs with varying thicknesses and
numbers of stacking ply. The analysis result revealed that
the 2.75mm thickness and 4 ply structure was the most
stable among them.
2) The disc pack prototype was manufactured based on the
design selected from the analysis results. Torsional
testing was carried out on the prototype with an axial
misalignment of 2 mm, an angular misalignment of 1˚,
and torque of 6,200Nm, and the test results verified and
validated the analysis results.
3) The Rayleigh-Ritz method was used to design the
dimensions of the CFRP spacer considering vibrations
and to calculate the critical speed.
4) Torsional testing was conducted on the prototype of the
designed CFRP spacer, which verified the safety of the
design.
5) The final long shaft coupling prototype was manufactured
and part designs verified for safety, and the endurance life
and reliability of the final prototype was verified during
1,000,000 cycle durability testing.
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