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Diagram of the Laminar Water Tunnel 

  

 

 Technical data  

 Type of channel: circulation channel 

construction: fiberglas-sandwich construction 

flow medium: water  

inertia type drive (400 kg)  

RPM-regulated motor (2.3 kW)  

transmission via belts 

contraction ratio 7.7:1 

Meßstrecke: 1.2 * 0.5 * 10 m, horizontal, an 3 Seiten verglast  

freie Wasseroberfläche  

10 textile screens  

temperature stability: less than 0.05 K/day (water)  

velocity range: 5 - 20 cm/s  

turbulence level (15 cm/s): 0.15% (0.01-10 Hz)        0.05% (0.10-10 Hz)  

Instrumentation : 

visualization of flows: hydrogen bubble instrumentation 

colour probe, laser light sheet instrumentation 

measurement technique: hot-film-anemometry (DISA 55M10)  

Laser-Doppler-Anemometry (2 components)  
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QUIET WATER TUNNEL 

  

Naval Undersea Warfare Center Division Newport 

	 	

Submarine Sonar Department 
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Quiet Water Tunnel Pump 

Table of Specifications for the Quiet Water Tunnel 

Attribute Attribute Value 

Maximum centerline velocity 20 ft/s (rectangular test section)  

80 ft/s (small circular test section) 

Pump Double suction centrifugal pump  

300-1786 RPM 

Motor 125 hp, 1786 RPM, ball-bearing, 480V 

3-phase motor 

Clutch None (Direct Drive) 

Speed control +/- 0.25% of free stream velocity via close-loop 

feedback system 

Maximum Reynolds number 16,700 in rectangular test section  

(Rθ = Uoθ/ν)  

68,000 in circular test section  

(Rd= Uod/ν) 

Boundary layer thickness 

(typical) 

1.2-inches (rectangular test section) Fully developed 

1.75 in. (circular test section) 

System Water Volume 2,000 gal 

Test Section Dimensions (inner)  12-inch (width-constant) by 4-inch (inlet) to 4.4-inch 

(outlet) by 72-inch (length) (rectangular test section) 

3.5-inch diameter by 324-inches in length (circular test 

section) 

	 	

	 	

	 Quiet Water Tunnel Pump 

 

 

 

 

 

 

 Upper Plenum and pump (from front to 

back) 
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Middle Plenum Chamber 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Rectangular test section (flow is right to left) 
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Lower Plenum Chamber 
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Pilot Water Tunnel | Aerodynamics 

 

 

Detailed Description | Aerodynamics  
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The following table contains the main technical data: 

Geometric dimensions 

Length: 3.0m, Height: 2.5m, Width: 0.8m 
Volume: 350l  

Dimension of test section  

Length: 0.6m, Height: 0.15m, Width: 0.1m 
PMMA windows 

Closed, at different pressure levels (p 6bar) 

Main flow data  

Velocity: u = 0.05- 15m/s with u = ±0.5% 
Temperature: T = 20- 80°C with T = ±0.25% 
Pressure: p = ambient- 6bar with p = ±0.5% 
Turbulence: Tu< 0.5% RMS 
Reynolds number: 
Re20°C= 1.5*10

3
 - 1.7*10

5
 

Re80°C= 3.8*10
3
 - 5.4*10

5
  

Pump system  

Centrifugal pump- 40kW 
AC drive motor with variable frequency converter 

Heater  

Electrical flow heater- 20kW 

 

Circulating Water Tunnel | Aerodynamics 
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Detailed Description | Aerodynamics 

 

  

 

The following table contains the main technical data: 

Main Dimensions 

Lenght: 7.5 m, Height: 3.0 m, Width: 0.8 m 
Volume: 6000 l  

Test Section  

Cross-section: 400 x 400 mm
2
, 

Adjustable floor up to a height of 20 mm 
Lenght: 1900 mm 
PMMA windows on each side  

Working Modes 

Open with free surface 
Closed, at different pressure levels 

Main Data 

Velocity: v = 0.1...15 m/s  
Reynolds number: Re = 4.10

4
...5 . 10

6
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24-Inch Variable Pressure Cavitation Tunnel (1940) 

 

Description of Facility:  

Vertical plane, closed recirculating, variable-speed, variable-pressure, open jet test 

section, closed jet test section, and semi-rectangular test section.  

Type of Drive System:  

1.22 m (48 in.) diameter three-bladed axial flow impeller with direct drive 6-pulse solid 

state variable speed DC drive system with digital closed loop control.  

Total Impeller Motor Power: 

559 kW (750 hp), 340 rpm  

Working Section Max. Velocity: 

17 m/s (55.8 ft/s, 33 knots)  

Max. & Min. Abs. Pressures: 

241 kPa (35 psia), 14 kPa (2 psia)  

Min. Cavitation Number: 

Sigma = 0.08 (at 2 psia & 33 knots)  

Instrumentation: 

Dynamometers for measuring steady & unsteady propeller forces on up and 

downstream shafts, 2-component force balance, hydrophones, pressure sensors, strobe 

lights, high speed photographic system.  

 

Type & Location of Torque & Thrust Dynamometers: 

1. Electric-cradle dynamometer located downstream outside the tunnel  

o Drive motor rating = 112 kW (150 hp) at 3600 rpm max.  

o Thrust range =  13,344 N ( 3000 lbs)  

o Torque range =  415 Nm ( 306 lb-ft) at 3600 rpm and  1424 Nm ( 1050 lb-

ft) at 1050 rpm  

2. Electric-cradle dynamometers located upstream & downstream outside the 

tunnel  

o Drive motor rating = 7.5 kW (10 hp) at 3600 rpm max.  

o Thrust range = 1334 N ( 300 lbs)  

o Torque range =  24 N m ( 18 lb-ft) at 3600 rpm  

3. Unsteady propeller force transmission dynamometer, 6-component waterproof 

strain gaged sting-balance located either upstream or downstream in the tail 

shaft housing approx. 76 mm (3.0 in.) from the propeller hub.  

o Drive motor rating = 7.5 kW (10 hp), 1800 rpm max. with this 

dynamometer  

o Steady Load Range  

� Thrust 0-1334 N (0-300 lbs)  
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� Torque 0-47 Nm (0-35 lb-ft)  

� Side Forces (vert. & horz.) 0-67 N (0-15 lbs)  

� Moments (vert. & horz.) 0-17 Nm (0-12.5 lb-ft)  

o Unsteady Load Range* (double amplitude)  

� Thrust 133 N (30 lbs)  

� Torque 4.7 Nm (3.5 lb-ft)  

� Side Forces (vert. & horz.) 13 N (3 lbs)  

� Moments (vert. & horz.) 1.7 Nm (1.25 lb-ft)  

*Blade frequency limitation of the sting-balance: 12 hz min., 200 hz max. Optimum 

propeller size range: Diameter = 250-300 mm (10-12 in.); Weight = 9-44 N (2-10 lbs)  

 

Propeller Size Range: 

Diameter = 450 mm (18 in.) max. 
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The Cavitation Laboratory  

�

 

Cavitation tunnel data:  
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Cavitation Tunnel 

 

The Cavitation Tunnel of CEHIPAR, is used to check and optimize propeller design by 

observing the cavitation inception and development, erosion risk, pressure fluctuations 

and noise generation. The tests can be performed with the propeller in free-stream, 

behind a screen simulating the ship wake, or introducing a dummy body (partial model 

of the ship hull). Non-conventional propulsors are also tested. 

The measurement system includes a Laser-Doppler anemometer for non-intrusive 

measurement of the velocity of the water. 

   

Specifications 

• Working section maximum flow speed: 11 m/s.  

• Variable static pressure: 1.22 - 0.22 atm.  

• Cavitation number range: 0.32 - 130.  

• Propeller models diameter range: 150 to 450 mm.  

• Wake flow simulation using wake screens and dummy models.  
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Type J25, Kempf & Remmers, Germany, intended for tests of propeller models.  

Specifications:  

Thrust ± 3000 N 

Torque ± 150 Nm 

Rate of rotation up to 60 rps 

Accuracy  ± 0,15%  

 

*��#�

����"
���������0���� 

Type H41, Kempf & Remmers, Germany, intended for tests of propeller models (including ducted 

propellers) in axial and oblique flow. When operating jointly with dynamometer J25, coaxial (counter-

rotating or tandem) propellers can be tested.  

Specifications:  

Thrust ± 2000 N 

Torque ± 100 Nm 

Rate of rotation up to 50 rps 

Propeller shaft inclination towards the flow ± 12° 

Accuracy ± 0,15%  

 

*��#�

����"
���������0���+ 

Type R46, Kempf & Remmers, Germany, watertight, intended for tests of propeller models behind ship 

Type K 15 B , Kempf & Remmers, Germany (vertical set-up), closed 

circulation, closed working section. 

����
���
�� 

Length (between vertical axes) - 12m 

B�����#���������� 

Min. cavitation number - 0.2 

Absolute pressure, max. - 200kPa 
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models in Measuring section No.2 

Specifications:  

Thrust 
± 400 

N 

Torque 
± 15 

Nm 

Rate of rotation 
up to 

50 rps 

Propeller shaft inclination towards the flow ± 18° 

Accuracy 
± 

0,15%  
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Type H36, Kempf & Remmers, Germany intended for tests of ducted propellers, rudders, hydrofoils and 

various axisymmetric bodies.  

Specifications:  

Measuring range along axes        

     

forces: 
 Fx = ± 2000 N;   Fy = ± 500 N;     

Fz = ± 2000 N; 

moments: 
Mx = ± 100 Nm; My = ± 800 Nm;  

Mz = ± 200 Nm; 

Accuracy ± 0,15%  

 

 

• Wake rake - fourteen Pitot-static tubes for measurement of axial flow 

distribution  

• 3-D Wake rake - six 5-hole Pitot tubes for measurement of 3-D flow distribution  

• Pressure transducers  

• Measuring amplifiers and filters  

• Electronic counters  

• Digital voltmeters  

• Digital frequency meters  

• High precision digital manometers  

• Laser Doppler anemometer  

• Strobe and video system  
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Lenght - 2.6m 

Width - 0.6m 

Depth - 0.6m 

Max. flow velocity - 14m/s  

Max. propeller diameter - 0.3m  

����
���
��� B�����#�����������

Lenght - 6m 

Width - 1.4m 

Depth - 0.7m 

Max. flow velocity - 4.5m/s  

Max. propeller diameter - 5m  
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SSC-SD High Speed, Low Turbulence Water Tunnel 

 

Specifications 

• Flow is produced by a mixed flow pump driven by a 100Hp (75kw) 
electric motor through an eddy current variable speed clutch. Speed 
regulation is better than 0.1% and can be directly computer controlled.  

• Maximum flow velocity is 15m/sec (30knots). The flow can be throttled 
by a butterfly valve so that flows as low as 0.075m/sec (0.15knots) can 
be produced.  

• A combination of flow straighteners, honeycomb, screens and a 
contraction ratio of 6.25, create a low turbulence level in the jet of 
0.16%, suitable for laminar flow studies.  

• Absolute pressure in the test section can be varied from 10 to 210kPa 
(1.5 to 30psia).  

• Models can be mounted on an axisymmetric sting , a flat plate or from 
the side of the jet.  

Available Instrumentation 

• Two component Laser Doppler Velocimeter (LDV) mounted on a 
computer controlled three axis traverse  

• Various pressure transducers, load cells and hot film transducers.  
• The LDV Argon-Ion laser can be reconfigured to make a laser sheet for 

flow visualization using fluorescent dye  
• Video cameras and tape recorders (SVHS and Umatic)  
• Nicolet 4094A digital oscilloscope  
• Hewlett-Packard 35665A Spectrum Analyzer  
• Strobe lights  
• General purpose data acquisition computer (16 A/D, 4 D/A, RS-232, 

GPIB) with direct network connection  
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The Emerson Cavitation Tunnel 
 

Tunnel Capabilities 

� Propeller tests in uniform and non-uniform streams.  
� Wake simulation using a wake screen including, if required, flat plate 

impulse measurements.  
� Wake simulation using dummy hull model including, if required, hull 

surface impulse measurements.  
� Tests with ducted propellers in uniform stream or with wake screens 

including measurements of duct thrust.  
� Controllable pitch propeller tests  
� Propeller model noise measurements.  
� Drag forces on submerged bodies.  
� Recording of nature and extent of cavitation, using still and video 

cameras.  
� Flow measurement using LDA/PDA.  

 
 

 

 

Specification 

Description  

Test section size(LxBxH) 

Contraction ratio  

Type of drive system  

Main pump power  

  

Vertical plane, closed circulating  

3.10 x 1.22 x 0.81m 

4.271 

4 Bladed axial flow impeller with thruster control 

300 Kw 
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Main pump rotational speed 

Impeller diameter  

Maximum velocity 

Absolute pressure range  

Cavitation number range 

242 rpm 

1.4 m 

15.5 knots (8 m/s) 

7.6 kN/m2 (min) to 106 kN/m2 (max) 

0.5 (min) to 23 (max) 

 

Dynamometer Specifications 

Type 1  

Max thrust  

Max torque 

Max rpm  

Type 2 

  

Max thrust  

Max torque 

Max rpm  

  

Kempf & Remmers H33 propeller dynamometer 

± 2943 N 

± 147 Nm 

4000 rpm 

Kempf & Remmers R45 with vertical 

adjustable drive system and suitable for 

placement inside of hull models 

± 687 N 

39 Nm  

4000 rpm 

 

 

Acoustic Specifications 

Type 

 

 

Location 

  

Bruel & Kjaer 8103 miniature hydrophone 

and associated instruments. 

 

In a water filled, thick walled steel 

cylinder placed on a 30mm Perspex window 

above propeller 
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GARFIELD THOMAS WATER TUNNEL  

Description Closed Circuit, Closed Jet 

Drive System 4-Blade Adjustable Pitch Impeller 

Motor Power 2,000-hp Variable Speed (1,491 kW) 

Working 
Section 
Maximum 
Velocity 

18.29 m/s 

Maximum and 
Minimum 
Absolute 
Pressures 

413.7 to 20.7 kPa 

Cavitation 
Number Range 

>0.1 dependent on velocity and/or J-range 

Instrumentation Propeller dynamometers, 5-hole probes, pitot probes, lasers, pressure 
sensors, hydrophones, planar motion mechanism, force balances, 
accelerometers, acoustics arrays 

Torque and 
Thrust 
Dynamometers 

Model internally mounted, 150-hp limit (111.85 kW) 

Propeller or 
Model Size 
Range 

Model size from 76.2-mm to 635.0-mm inner diameter 

Tests 
Performed 

Forces, flowfield, and pressure distributions on bodies of revolution, 
hydrofoils, propeller, etc.; cavitation performance and noise 
measurements of propellers, foils, hydrodynamic shapes, etc.; steady 
state and time-dependent force and torque measurements on powered 
models; flow visualization, body acceleration levels, shaft/body 
unsteady forces, and radiated noise 

Other Remarks The tunnel turbulence level is 0.1 percent in test section. Air content 
can be controlled as low as 1 ppm per mole. Measurement can be 
made of hydrodynamic functions for stability and control of 
submerged vehicles. A directional hydrophone system is used for 
relative acoustic measurements. 

Published 
Description 

Lehman, ARL Penn State Report No. NORD 16597-56, Fluid Dynamics 
Department, Applied Research Laboratory, The Pennsylvania State 
University, 1959. 

Marboe, R. C., et. al., "Hydroacoustic Research capabilities in the Large 
Water Tunnel at ARL-Penn State," Proceedings of Symposium on Flow 
Noise Modeling, Measurement, and Control, NCA-VOL 15/FED-VOL 
168, pp. 125-135, ASME Winter Annual Meeting, 28 Nov-3 Dec., 1993. 
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12-INCH WATER TUNNEL  

Description Closed Circuit, Closed Jet 

Test Sections 1. Circular 304.8 mm dia. x 762.0 mm long  
2. Rectangular 508.0 mm x 114.3 mm x 762.0 mm long  

Drive System Mixed Flow Peerless Pump 

Motor Power 150 hp (111.8 kW) 

Working 
Section 
Maximum 
Velocity 

24.38 m/s 

Maximum and 
Minimum 
Absolute 
Pressures 

413.7 to 20.7 kPa 

Cavitation 
Number Range 

>0.1 dependent on velocity 

Instrumentation Lasers, pressure sensors, hydrophones 

Model Size 
Range 

50.8-mm maximum diameter 

Tests 
Performed 

Steady state and time-dependent force and pressure 
measurements on unpowered models; noise measurements 
on cavitating models; three-dimensional flow problems 
(circular section); two-dimensional flow problems 
(rectangular section); axial-flow pump tests 

Other Remarks Independent gas control of air content; water filtration with 
25-micrometer filters; intermittent operation with drag-
reducing additive injection; partial neutralization of additive 
downstream of test section 

Published 
Description 

Lehman, ARL Penn State Report No. NORD 16597-56, 1959. 

 



 - 34 - 

 

 

 

6-INCH WATER TUNNEL  

Description Closed Circuit, Closed Jet 

Drive System Axial-Flow Pump 

Motor Power 25 hp (18.64 kW) 

Working 
Section 
Maximum 
Velocity 

21.34 m/s 

Maximum and 
Minimum 
Absolute 
Pressures 

861.9 to 20.7 kPa 

Cavitation 
Number Range 

>0.1 dependent on velocity and pressure 

Instrumentation Pressure transducers, lasers 

Temperature Ambient 

Tests 
Performed 

Effect of polymers on axial-flow pumps; surface roughness 
effects on cavitation; probe calibration 

Other Remarks Air content by vacuum pump; water filtered through 25-
micron filters as tunnel is filled 

Published 
Description 

Kaku, M.S. Thesis, ARL Penn State, 1962. 
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1.5-INCH ULTRA-HIGH SPEED CAVITATION 
TUNNEL  

Description Closed Circuit, Closed Jet 

Drive System Centrifugal Variable Speed Drive 

Motor Power 75 hp (55.9 kW) 

Working 
Section 
Maximum 
Velocity 

83.8 m/s 

Maximum and 
Minimum 
Absolute 
Pressures 

8,274.0 to 41.4 kPa 

Cavitation 
Number Range 

>0.01 dependent on tunnel velocity  

Instrumentation Pressure and temperature sensors, lasers. 

Temperature 16°C to +176°C 

Model Size 
Range 

12.7-mm maximum diameter 

Tests 
Performed 

Incipient and dissonant cavitation studies; development 
cavitation studies; cavitation damage 

Other Remarks Stainless steel tunnel; bronze pump; three filter banks for 
removal of water, acids, solid particles (10 micrometers) 
depending on fluid media 

Published 
Description 

Weir, Billet, and Holl, ARL Penn State TM 75-188, 1975. 

 

 

 

 

 

 



 - 36 - 

 

 

 

 

 

 

	 	

 

	>J"	>J"9��9��		

	 	

=0	>���	W��M�	~�!��	)"%,�		

 

 

 

 

 

 

 

 

	 	



 - 37 - 

��

	�*�	��	&	>.A	>J"	��	=0	>���	#�	
����	��8	
O���	�	=0	>���	W��M�	P����	)"%,�	#�	b�

		��	)C%��2	~�!��	�	)�S�	~�!��	#�	� �	=0	>���	@��'�	>����	~�!��	��	�*���	%h�	��	>J"

	���2	)"%,�3		

	=0	>���	)�S�	~�!��Z	 	

#�	=0	>���	%'	$+�	@�4	>����	%*#	)�S�	$�6A	c��	Z	 	

E[ 	n��ue%��	Z	v		

	��	%h�	����	���"	�	$ %+	�	���0	)�	��	$2%7	
�	��	=0	>���	��	�����	=0	$�6A	�*�

	<����	n��	 �*	 w���*%���+	n��	P��	 ��	 #�	=0	>���	 ��	 L��,�	 &	 ��2	)�	�����	 ����7

	$+�	%�	�%���2	%�	<����	P��	
�.C�	
2	���2	)�	@����+�3	 	

\[ 	j*��#0	^Y��uTest SectionZ	v	 	

	�	�'	c�+	���"	>_�	<%�V	@#����	;�!�/:�	�	j*��#0	����	D��	
�7��	�*�	��	333	���Q�'	�

�%�V	)�	��%A	�����*�	D��	��.����	��6�+	�����	)C%��2	<�'	��!��3	 	

i[ 	#�+	)Y(uHoneycombZ	v	 	

(����*	^*#��	<����	�*��	j*��#0	^Y��	��	=0	��*%�	$ %+	>�"�%�	��	��*%�	�	@���	$

	�4��	
�4��	 ��	)���40	�*%��2	�0	 3	$(����*	)*�/��	
�	n��	I+��	 @�4	��:*�	<��'

	�4��	)��	K+���	=0	>���	��	@����+�	<�%�	��*%�	�*�	�	$6��	3	�	�'	<���	��2	
�	�aC

	��4	)�	
�+�2	=0	��*%�	)���40	�	)�(����*	%�x	#�	<��.�#	
�L	
�.43		

	 	

 

	 	



 - 38 - 

H[ 	D#��uNozzleZ	v	 	

	��	�0	�	��2	)�	$"�*��	#�+	)Y(	
�7��	#�		��*��	$ %+	�	��*#	�:7	��	��	=0	��*%�	D#��

	�'�	)�	j*��#0	^Y��	
�	��*%�	��	)���40	����	��*��	�:7	�	L��	$ %+	��3	 	

m[ 	@���2	jM�	uDiffuserZ	v	 	

	��*%�	$ %+	j'�2	�0	 	
����	�	�%�V	)�	��%A	j*��#0	^Y��	#�	�,�	L��,�	
�7��	�*�

=0�4��	)�	3	 	

	$+�	@�4	@���	j*���	=0	>���	�*	��	�/��6A	�*�	)����	%*#	>�4	��3		

	 	

	 	

	>�4\[E	v
�6�	����	=0	>���	�*	#�	)*���		



 - 39 - 

	j*��#0	^Y��Z	 	

	
�	 %h�	����	
����	�0	 ��	
2	�4��	)�	j*��#0	^Y��	=0	>���	�*	��	$�6A	�*%��/�

�%�V	)�	��%A	9#L	;��*��#0	9�:��	��h��	3�#0	^Y��	<�%�	<��%-	
���	��8	$*� �	j*�

	$+�Z		

[ 	@���*�	#�	 ��	)"�2	
�S�"	��	<%�V	��%A	<�	
��V	
�	
,YA	�*��	j*��#0	^Y��	��	L��

	)���40	��	��*%�	@���*�	;���:�	��	;��S	�*�	%�x	��	�4��	
�4��	=0	>���	<�'

	$4��	��'��M�	��	)"�2	$A�	�'	<%�V	@#����	�	���	�'��(	@�%�'	<��*#3	 	

[ *%�	 ����l	��	 �4��	$(����*	B��2	 �*��	j*��#0	^Y��	>(��	 
�	 ����	 9���'	 ��	��

����	)���40	��8�	
����	<��	#�	��. 	9���'	��	��*%�3 

[ 	�0	��	)C%��2	<�'	��!��	)�"%V	��%A	��h��	
�	)"�2	<�d"	<����	�*��	j*��#0	^Y��

	�����	&	�4��	Z�����*�	D��	��.����	��6�+	&	�/:�+	)��	&	�/:�+	���"	�	3	333 

[ 	
�4��	<�	
��4	�	|��4	j4��	j*��#0	^Y��	#�	)�Y+	�*��	�����	;��S	��

��2	)+�%�	��	�0	;�%��g�	�	$*��	��	j*��#0	D��	������	%��*��#0	��	�4��3 

	��%�V	)�	��%A	@����+�	����	�	@�4	
�(�+	)���M�	P����	��	j*��#�	^T���Z		

E[ 	y�V��/8	j*��#0	^Y��Z		

	��	^T���	P��	�*�	��	��*%�	&	=0	D��+	����	$�,�	
��*�	
���	#�	���6'	
����	)�B���

	)�	
�"%V	%h�	��	@�%�	<�d"	���� 	
�	$�6A	�*�	B� 	�	���	�'��(	
��40	�'	
*��#	��

	>*����	!2%�	$�+	
�	�'	)���40	�*�	j*��#0	^Y��	��	$ %+	j*�!"�	��	���Q�'	��4

	)�	�%"	��	j*��#0	^Y��	#�	<%�V�!�	jM�	�	@�4��%�V3		



 - 40 - 

	)�	 @����+�	j*��#0	^Y��	P��	�*�	 #�	<��*#	=0	<�'	>���	;B���	�*�	 9���	 ����	 ��

����	<��*#	�%�	��2	�	���2	3	 	

\[ 	�%V	j*��#0	^Y��Z		

���6'	@����+�	>��A	)�7��	
�	L��	<�/� %+	��	�	@���	<	�%���2	!��	^T���	P��	�*�	3		��!��

	�4��	)�	%��2	!��	^T���	P��	�*�	��	;����3	 	

	 	

	>�4\[\v),�%�	j*��#0	^T���	#�	<�	
����		

	 	

	 	
��

	>�4\[i	v�%V	j*��#0	^T���	#�	<�	
����		

	 	



 - 41 - 

	@���2	jM�Z		

&	 @���2	jM�	
����	�����	)�	
2	��Y���'	)�	{�%(	��	���"	j*�!"�	 �	$ %+	j'�2	

	�4��	 3	jM�	��	 �*	�*	#�	$+�	����	�0	)V�!�	�	>���	P��	K67	%�	=0	<�'	>���	��

��4	@����+�	@���2	3	$ %+	��	�%�V	)�	��%A	j*��#0	^Y��	#�	�,�	@����'	@���2	jM�	�*

�	%h�	����	;��*��#0	9�:��	��h��	
�	j*��#0	^Y��	��	��*%�	
2	��	<��*#	��	$+�	
�4�

	j'�2	�*�	 ���Q�'	 &	 �'�	j'�2	 ��	=0	>���	<�/��6A	 %*�+	 ��	;����	 �	 @���	j'�2

	��	%��"	 �%*#	�%�V	)�	;��S	!��	n��	
�	���+�	K�+0	#�	<%�V���	��h��	
�	$ %+

	�4��	 ��*��	)��(	 ���"	 %V�	 �	 �4��	 
�4��	 ��%A	)JM��	 @�����	 ��	 �*��	n��	<����

	n��	��	���+��*��2	D���7�	����	����	�'	@%�	��	)V���(	�	3	 	

	
*��#	�0	 ��	 
2	$+�	 @�4	 @���	j*���	�0	;�JM��	 ��	 @���2	jM�	�*	%*#	>�4	 ��

	@���2	jM�	��	@���*�	|�%���uθ	v	@���2	jM�	D�T	�uL	v�4��	)�3		

	 	

	 	

��

��

��

��

��

��

��

��

	>�4													\[H	v	@���2	jM�	�*	#�	)*����0	;�JM��	�		

	 	

θ  

L  

1V  2V  



 - 42 - 

	n��	#�	�,�	L��,�	�	
�"�	��2	
�	 	k�!�	�	$ %+	%�		=0	<�'	>���	��	9��	@���2	jM�

	��	$ %+	 �	����	)�	 ��2	 
�	<�A	<�'	n��	 &	k�!�	=0	<�/����	 ��	 �%*#	 �%�V	)�	 ��%A

	�*	#�	D��+	$2%7	��7	��	;����	�	$ %+	j'�2	��h��	
�	 �aC	$+�	L��	 �/�0	)��%(

	#�	�,�	�#���*�	��4	)�	@����+�	n��3		

	jM�	��	@���*�	|�%���	
*��#	�'	�0	�	����	����	�/�	%������	�*	 �'	@���2	jM�	 	��

	@���2uθ	v	p����	@���*�	<��	<#%�	
*L	j*���	@�*��	
2	�4��	<�7	
�	�*��	�	�4��	)�

	D��,�	U�%M�	
*��#	@�4	9�:��	;������	)T	�����u	θ2	v	=0	>���	@���2	jM�	���	��	

q	^T���	 
�	$.6�	$ %+	�2	;�%��g�	
 ��	 
*��#	�*�	 &	 ��4	)�	 
�"%V	 %h�	 ��	 
���	

��4	)�	@���2	jM�	W��M�3		

	%�	@���2	jM�	#�	),Y��	%'	��	 ��	��*%�	$ %+	����	)�	 &	)��+���	����A	
�	
���	��

$+��	%*#	;��S	
�	j*��#0	^Y��	��	$ %+	K67	���0	Z	 	

�2211 VAVA =��

	
Y���	�*�	 ��21,VV�	 ��	��*%�	$ %+	K��%�	
�	%',Y��	$ %+	�	 @���2	jM�	#�	)

	&	��4��	)�	j*��#0	^Y��	��	��*%�21, AA�	����	^Y��	��	^T���		o�Y+	K��%�	
�	!��

��4��	)�	j*��#0	^Y��	�	@���2	jM�	��	%h�3���

�	 	

��

��

	>�4\[m	v��'	@���2	jM�	
����	�*		

	 	



 - 43 - 

	D#��Z	 	

���6'	#�+	)Y(	$�6A	#�	�,�	�	j*��#0	^Y��	#�	>.A	)C#��	<����	=0	<�'	>���	)����	3

	�'�	)�	>*���	j*��#0	^Y��	
�	��	�0	�	@����	$"�*��	#�+	)Y(	#�	��	=0	��*%�	D#��	3	#�

	��4	)�	@����+�	>�C�	��8	
�	=0	>���	��	D#��Z	 	

WC�[	$�6A	��	$(����*	��.6�	>�"�%�	�*	��:*�	��	&	��*%�	)�(����*	%�x	��!��	j'�2	

	j*��#0	^Y��	<����3		

=[	��*%�	)���40	��!��	j'�2	3	 	

{[	
�L	
�.4	�	 �'	<���	 ��	;����	 �	)�����*�	<�'���	j'�2	 �	��*%�	$ %+	j*�!"�	

	<��.�#3	 	

	�����	�*�	%�	D#��	%�l��	@���	
2	<%������	�*%��/�	RY+	��.���	K*%-	&	��2	)�	���,�	��

	&CR	&	u	�0	)��%(	^Y��	RY+	
�	D#��	<����	^Y��	RY+	$.6�	v$+�	3	���,�	#�	�,�

	�����CR	
2	$+�	�0	D�T	!��	�	D#��	>�"�%�	>�4&	�����	$��'�	
2	<%�*�	%������	��	

	��%l��	<#%�	
*L	
,+��	!��	 �	$ %+	>�"�%�	)�(����*	<��	 3#��	)7�%T	<�%�	��	#�	D

���	 @�%2	 @����+�	 	 ��8	��2	
�	)7�%T	 �	)��.+���	y��	 3	��2	 
�	)7�%T	y��	 ��

	$�,-�	)+�%�	��	 &	��'�	)�	��%A	=0	>���	��	��	�0	�	��#�+	)�	��	D#��	#�	)�2��	��8

���2	)�	���,�	��	D#��	
��/�	
�.4	D#��	��	��*%�3		

Y�	��	D#��	)7�%T	<�/4��	#�	)�*	
SB(	��Y�	
����	�����2	)�	
,C�Y�	��	�0	�	o%3		

	D���uMorel , 1975�	 v	@�%2	
O���	<����	�����	 ��	 �/C#��	
��/�	)7�%T	<�%�	 ��	)4��

	$+�3		



 - 44 - 

	)����	^���	;��S	
�	��	�0	>�"�%�	
C��,�	�	%,��	�	=���	$�6A	��	;��J�	��	D#��	>�4	

	$"%V	%h�	��	3	WY 	^Y��	>��	D#��	>�4	@���2	zM��	>�� 	��	�*�%����	>�"�%�	�*��	

	 ��	 �%�0	
2	��4	)�	>*�.�	%,��	
�	=���	
2	)���
l

x
X m=		���	�����	^���	����	!��	�	

	$+�	3	�'�	)�	)���Y�	c*���	
+	
���	)����	^���	
2	���	����	��(	;�.+���	��	D���	3

�%2	����	%*#	;��S	
�	��	D#��	>�"�%�	>�4	
C��,�	<�u	>�4\[�Z	v		

	 	

u\[Ev	 	

	 	

u\[\v	 	

	 	

	>�4\[�	v�'	
�	>J��	
+	
���	)����	��	#�	>S�7	D#��	>�"�%�		

	 	

&	I����	�*�	��X	D#��	<����	��	>�"�%�	WY 	
Y��	
�S�"	$.6�	&	umx	v&	D#��	D�T	
�l	&	

&	D#��	D�Tx&	>�"�%�	%�	^A��	U���	D�T	&	f	$.6�	
�	
�6���	��	�����	
2	�,�	����	^���&	
l

x	

X
l

x

l

x

X
f ≤−= &)(

1
1 3

2

l

x
X

l

x

X
f ∠−

−
= &)1(

)1(

1 3

2



 - 45 - 

	$+�	3	����	9��,�	��X<����	%YA	��4��	�	&		u1Dv		>�4	
����	;L��,�	�*�	D#��	D�T	�	

\[�	���4	)�	�+�		3	@%*��	^Y��	��	)*�'	D#��	)7�%T	<�%�	y��	�*�	
2	$+�	%2]	
�	9#L

)7�%T	<�%�	y��	�*�	
2	��2	)�	@��4�	D���	���	&	$+�	<�	!��	),�%�	^Y��	��	)*�'	D#��	

	�%2	@����+�	����	)�	3	<�	@%*��	^Y��	5�+�	%�	�Y(	�	),+	y��	$4��	
���	�*��	���

	��4	9�:��3	 	

	$+�	 	D#��	��.���	K*%-	���,�	�	=�M���	D���	y��	
�	D#��	)7�%T	��	
�7%�	��C��	3

����	^Y��	RY+	$.6�		#�	$6���. 	D#��	��.���	K*%-	&	W*%,�	N��Y�	RY+	
�	D#��	<

	$+�	�0	)��%(	^Y��	3	)�	>J��	j*��#0	^Y��	<����	
�	D#��	)��%(	
��*�	
�	
���	��

	^Y��	��,��	)C�	����	j*��#0	^Y��	 ��	<��6�	<��,��	D#��	)��%(	^Y��	�*�%����	 &	��4

	$6��	zM��	D#��	<����	3	)��%(	
C�C	�	n��	<%�V	��%A	>��	��,��	#�	��	�0	����	)�	�

2	�0	#����0	$+��		$+�	D#��	<����	
�	>J��	L��,�	
3		

	#�	)��%(	��*%�	)�(����*	 ��	D#��	)7�%T	 ���,�	 &	��.���	K*%-	=�M���	 #�	�,�	D���

	)�	)"%,�	�d"	�	�'	
�*!'	&	D#��	#�	)��%(	<#%�		
*L	$��M-	&	��*%�	j*���	&	D#��

����	�0	>�"�%�	 �	D#��	D�T	 ��	D#��	)7�%T	<�'	%������	 �	��2	��2	)�		 3	��/8	#�	D���

	!2%���	�0	j*���	�	)�(����*	���,�	��	
�	��	��(	
���	�4	����	L��	��	
2	)7�%T	���,�

��2	)�	)"%,�	D#��	)7�%T	��	�'���,�	�*%��/�	���� 	
�	��	�/�0	�	@�%23		

	D#��	)��%(	��	$ %+	>�"�%�	)�(����*	%�x	��!��u2

..

u	v	
Y���	;��J�	)�	W*%,�	%*#

	��4Z		

u\[iv	 	

	 	
∞

−
=

,2

2
2

.. )(

U

UV
u c



 - 46 - 

	
2V	D#��	@���*�	��	$ %+	&	um/s	v	&cU	��*%�	!2%�	��	$ %+	&	um/s	v	�∞,2U	@��4�	&	

	����	D#��	)��%(	$�6A	$+�	��*��	��	��*%�	$ %+	
�	u	b*��	%*#\	
�	@��4�	

	����	D#��	)��%(	$�6A3v	 	

��	<�� 	;�.+���	>�4	@���2	����	
2	<�	
+	
���	^����	<�%�	
2	���	����	D�

	;��S	
�	
2	����	@���*�	��	���"	K*%-	��	��6���	
�	#���	�/��	o�%T	&	���6'	D#��

	��4	)�	W*%,�	%*#Z	 	

u\[H[Ev		

u\[H[\v	 	

	 	

	<�'	b*��	%*#i	�	e	@���*�	���2	��	$ %+	
2	����	)T���	
�	@��4�	
C��,�	��	�*�	��	


�	D#��	$+�	%_2��7	�	>A��7	K��%�		 3	>�4	��\[�	�*	��	��*%�	$ %+	^*#��	

	��.���	K*%-	��	D#��CR=4&	 	D#��	<����	%YA	
�	D�T	$.6�	�	75.0
1

=
D

l		�+�	 &

	
.+���	N*%T	#�	�'	%*����	�*�	 &	$+�	 @�4�	
�	D#��	^Y��	��	I+���	$ %+	$.6�	

D#��	)��%(	$+�	��*��	 ��	$ %+u	
∞,2U

U av	 v	$+�	 @�4	
�"%V	%h�	 ���	N*%T	 #�	�'	 �	

���	@��0	$+��	j*��#0	 3	>A��7	�	%_2��7	$ %+	�0	��	
2	)T���	>�4	�*�	
�	
���	��

	��	K��%�	
�	$+�ex	�	ix���	@�4	@���	����	3	 	

2

,2

)(1
∞

−=
U

V
C e

pe

2

,1

)(1
∞

−=
U

V
C i

pi



 - 47 - 

	 	

	>�4\[�	vD#��	@���*�	<��	$ %+	^*#��		

 

	 �����piC		 ��4	)�	=�M���	 ������%�+�	)*���	 ���,�	 #�	 @����+�	 ��	 &	 3	������%�+�	 ���,�

	$+�	%*#	;��S	
�	@���*�	�*	<��	#�	<#%�	
*L	)*���	<�%�Z	 	

	 	

u\[mv	 	

	 	

	
Y���	�*�	��	
2pC	��4	)�	W*%,�	%*#	;��S	
�	�	@���*�	<��	���"	K*%-	&Z		 	

	 	

u\[�v	 	

	
2U	�	@���*�	��	$ %+	&	mU		$+�	^Y��	�*�	$+�	L��	��	$ %+3		

	��4	)�	W*%,�	%*#	;��S	
�	$C�7	�*�	��		#�C��*�	�� Z		

1.062/1 )Re10(35.0)( x

p

p
dx

dC
xC

−=

2)(1
m

p
U

U
C −=



 - 48 - 

u\[�v 

 

x	y��g�	<#%�	
*L	P�%4	#�	),-��	
�S�"	&	um	v	�υ	$+�	=0	)�������+	$�!C	&3	 	

	<�%�	D���		$"%V	%h�	��	��	%*#	<�'	K*%��	D#��	)7�%TZ		

E[ 	)�,*	&	��"�	)�	p����	%_2��7	���"	&	
2	$+�	<�	
Y��	�*�!�	��	��*%�	j*���

	���"	K*%-	
��O��piC95.0		$+�3		

\[ 	U���	���	���"	��*��%V	I+���	I+��	���"	��*��%Vpip CC 4.01 =	�	pip CC 8.02 =	

	��4	)�	@�#	���M�	u	>�4\[�v		)�,*Z 

u\[qv 

s	U���	���	
�S�"	&	21 , pp CC		�4��	)�	%��	K67	%�3	 	

i[	
�S�"	x	$+�	@�4	>����	$�6A	��	#�		3	j*���	
Y��	��	D#��	P�%4	
Y��	
�S�"	)�*

	#�	%��8�2	)�2	D�T	�*�	
2	 &ix		 u	 ��	D#��	P�%4	
�S�"	%_2��7	@���*�	���"	
2	)���

	$+�	v	�4��	)�u	>�4\[F	v	%��%�	�ix9.0		<%�*�	�	��4	)�	
�"%V	%h�	��0x	 &		
�S�"

	$+�	D#��	P�%4	��	<#%�	
*L	),-��3		
�L	�*%(0	>��	#�	����	)�	��	<#%�	
*L	P�%4

	$"%V	%h�	��	<��.�#	3	�*�%����Z	 	

u\[Fv	 	

	�aCpiC		��4	)�	W*%,�	%*#	;��S	
�	&Z	 	

	 I����	 ����	 ��%A	 ��\[q	 �	\[F	 
C��,�	 ��	\[m	��	 %*#	;��S	 
�	 
C��,�	�*�	 D��	|%T	

	��0	�'��(Z		

	 

υ

xUm
x =Re

s

C

dx

dC pip
4.0≈

ixxx 9.00 +=

2/102/3

2/102/1

)
9.0

(6.0

)4.0
9.0

()(

s

xx
C

C
s

xx
C

dx

dC
xC

i

pi

pi

i

pi

p

p

+
=

×
+

=



 - 49 - 

	
C��,�	D��	|%T	<�:�	&	
C��,�	�*�	����	��%A	��H[m	�*0	)�	$+��	%*#	;��S	
�	&	Z	 	

	 	

u\[EGv	 	

	 	

*�%-	<�%�	D���	;�%��g�		W��M�	��.���	K
1D

s		K67%�	��piC		���0	$+��	u	>�4\[q	v

	3	)��6���	&	���0	$+��	��(	;�.+���	#�	D���	
2	<%�*�	
:���2

..

u	
�	peC		�*	I+��	

	$�+�67	#�	)2�7	
2	$+�	@��+	)Y(	
Y���	;L�7	9���	��	$+�	D#��	
+��'	
�	�0	�2

		
22.0≤peC		&	$+�peCu )4.035.0(2

..

−=		$+�	3	&	$ %+	)�(����*	%�x	%_2��7	%V�		�aC

2.02

..

=u		�*��	�4��	%h���	j*��#0	^Y��	��	 &06.0≤peC		 ��4	=�M���	 3	D���	���Q�'

.A	>��A	$.6�	D�
1D

l		W��M�	<�'	D#��	<�%�Gr�m	�	Grqm	�	E	�	Er\m	
2	��2	)�	����	

	L��,�1
1

=
D

l	��4	)�	
�S��	3	 	

	 	

	 	

 

 

 

 

 

 

 

	>�4\[q	vD#��	@���*�	��	���"	��*��%V 

15/162/10 )Re10()
9.0

(7.0 x
i

pi
s

xx
C

−−+
=



 - 50 - 

	 	

	>�4\	[F	v	
Y��	��	D#��	P�%4	#�	
�S�"	K67%�	%_2��7	���"	��	D#��	P�%4	#�	
�S�"WY 		

	 	

	�	),+	;��S	
�	D#��	)7�%T	>7�%�	 &	 �4	 @��4�	 �/�0	 
�	 L��	 ��	 
2	).C�Y�	 
�	 
���	 ��

	$+�	%*#	<�Y(Z		

E[ 	5�7
1D

xi3		 	

\[ 	
.+���piC		
Y���	#�\[EG3	 

i[ 	
.+���X	%*#	
Y���	#�	@����+�	��	Z 

u\[EEv 

 

m�	D#��	<����	%YA	$.6�	
Y���	�*�	��		&	D#��	)��%(	%YA	
eii FFG ,,		����	<�'	$��2

	<�'	>�4	#�	@����+�	��	
2	���6'	<�,�\[EG	�	\[EE���4	)�	���,�		3	 	

6/12/12/13/13/22/1 )1()1( −=− −−
mmGFXX ie



 - 51 - 

	 	

	>�4\[EG	v���"	K*�%-	)��6���pipe CC ,�,�	)�	<�'	%������	
�	ei FF ,	 	

	 	

	>�4\[EE	v���"	K*%-	)��6���piC�,�	)�	%������	
�	iG	 	



 - 52 - 

H[	���,�	
1D

xi		>�4	#�\[q		

m[	>7�%�	 &	���	 �%��'	=���	%V�	E	 ��	H	<�%�	=���	
2	���4	��%��	),A��	��	X	�%��'	

	��43		

	D���
1

0

D

x		%��%�	 ��	Gr\	��	Gri	�	 	$+�	@�%2	��/����		<�	@#����	
�	D�T	�*�	��2	)�	����

	 ��4	)��	<��.�#	 
�L	�*%(0	 ��	��*%�	)�(����*	 %�x	 	
 ��	D#��	 
2	$+�	 3	���Q�'

	%����	j'�2	
 ��	��	��4	
"�-�	$��l	^Y��	��	D���2	�*	D#��	<�/���	
�	
2	��2	)�	
�S��

	��4	��*%�		)�(����*	%�x	��3		

	 	

	 	

	>�4\[E\v
����	�*	#�	<�,�	
+	)*���@�4	
�(�+	D#��		 	

 



 - 53 - 

	�'	<���	�	<��.�#	
�L	
�.4	I+��	��*%�	)���40	j'�2Z	 	

	�0	��	��*%�	U�Y(	�	$(����*	^*#��	<����	�*��	j*��#0	^Y��	��	��*%�	$ %+	>�"�%�

	��4��	����6�	I(	;��S	
�	3	$(����*	��4	)�	�'�%"	=0	>���	<�%�	n��	I+��	
2	)�0

��*%�	�*�	�	 	$6��  �	@����+�	<�%�		�4��	)��	K+���	=0	>���	�	 3	��2	
�	��	�*�	#�

	j'�2	%�	@�B 	��%�V	)�	��%A	D#��	�	��*%�	^Y��	#�	>.A	
2	<��.�#	
�L	
�.4	�	�'	<���

	���2	)�	$2%7	$+��	)Y(	������	��	!��	��*%�	U�Y(	&	��*%�	)�(����*	%�x	3	<���

	�	��'�	)�	j'�2	).���	)���40	#�	j��	 ��	<����	)���40	�'	���"	$"�	��:*�	
 ��

	<�'	$ %+	#�	%����	 ��	%�V�!�	<�/� 	%+	
2	&	 	���4	)�	��*%�	$/�	��	)V�!�	��.6�

���2	)�	��:*�	��	)�(����*	<����	$ %+	�aC	&	�'�	)�	j'�2	%��8�23		

���4	)�	j*��#0	^Y��	��	<���*����	��:*�	
 ��	%��2	>M�M�	��	�'	<���	3	 	

)�2	���"	$"�	<��.�#	
�L	
�.4	��2	)�	��:*�	 ��	u	<��.�#	
�L	
�.4	��	�'	
�#��	%YA

	$+�	%�V�!�	)��(	�'	<���	
�	$.6�	v	���	&	����	<����	$ %+	<��	)�2	%�l��	�*�%����	&

	��'�	)�	j'�2	��	).���	<�'	$ %+	&	�'	
�.4	D�T	$� 	
�3	 	

2	���"	$"�	��	��%�V	)�	��%A	�'	<���	#�	�,�	<��.�#	
�L	<�'	
�.4	L��,�	)���40	�	%��

	��4��	
�4��	��*%�	��. 	��7	��	��	<%��23		

	��4	)�	@����+�	<��.�#	
�L	
�.4	#�	I�"	L��	<�'	$ %+	��	�S�JM�	=0	<�'	>���	��

	�4��	)�	=0	D��+	
��*�	
�	
���	��	�	L��	<�'	$ %+	��	L��	�%*#	���	)��	��2	
�	<���	�

�l	�	$4��	��'��(	)V�!�	)��(	<�'	���"	$"�	�'	)���40	=0	D��+	����	
�	
���	��	���

	^"�	<��.�#	
�L	
�.4	���'	��	 ��	 �/�0	����	)�	�.C�x	�	���6'	�8�2	<����	$/�	��

����3	 	



 - 54 - 

	 	

	>�4\[Ei	v�'	
�	$.6�	<��.�#	
�L	
�.4	�	<���	��"%V	��%A	$�,A��		

	 	

YA	��	
2	��4	)�	@����+�	<��.�#	
�L	
�.4	��8	#�	=0	<�'	>���	��	L��,�	W��M�	<�'	%

	u	��4	)�	�2	%YA	��*%�	<��+��	��	v	j'�2	&	��2	�*�	$*!�		���	
�"%V	��%A	������	�*	��

	
�.4	<����	
��'�	��	��JM�	)���40	��:*�	#�	<%�V���	���Q�'	�	���"	$"�	��!��

	�4��	)�	<��.�#	
�L3		



 - 55 - 

	 	

	>�4\[EH	v#��	��	=0	>���	��	<��.�#	
�L	
�.4	I�"	�%���2		

	 	

���	 ��	<����	 
�	 U��%�	;����	 ��	 %'	 �*��	 !��	 <��.�#	 
�L	 
�.4	 
�	 U��%�	;����	 
.+

	
�	U��%�	;����	 !��	 �	�4��	)�	^Y��	RY+	@#����	 %��g�	$� 	
�	 
2	<��.�#	 
�L	
�.4

	%����	9�+	>J"	��	@���	�*�	��	&	���2	=�67	��	<��.�#	
�L	
�.4	D�T	��	D��+	$2%7

$+�	@�4	$.�S3		

�#��	^Y��	RY+	@%*��	�����	�4��	)���M�	D��4�	
�	$+�	����	<��.�#	
�L	
�.4	<�'	


	�4��	)�	���"	$"�	��!��	�*%��2	<����	
2	�4��	)�	@%*��	>�4	�*%�/�	
2	
�_�	�	^�%�	&

	3	9#L	;�!�/:�	�	$(�+	
�*!'	�����	$+�	�����	
2	)*�'	$*�����	$� 	
�	;�A��	)'�V

��	��	<��.�#	
�L	
�.4	$(�+	<�%�	<�%�	<%�*�	D��4�	#�	��	�*�4	)�	��.:�	<�	@%*��	^Y

	���2	@����+�	��h��	�*�3	 	

	 	

	 	

>�4\[Em	v)_�_�	^Y��	��	<��.�#	
�L	
�.4		

		



 - 56 - 

	����	�*	�	�L�"	&	������C0	�����	)���M�	<�'	b��	#�	$+�	����	<��.�#	
�L	<�'	
�.4

��4	
�(�+	K2%�3		

	 	

	 	

	 	

	>�4\	[E�	v��%2	b��	#�	<��.�#	
�L	
�.4		

	 	

	 	

	 	

	 	

	 	

	 	

	 	

��

��

	 b��	 #�	 <��.�#	 
�L	 
�.4�L�"	 	

	 	

 



 - 57 - 

	@�4	
O���	<��.�#	
�L	<�'	
�.4	
�	U��%�	)�"	;�JM��	D����	#�	
����	��8	%*#	��

$+�Z 

 

 

	 	

Specifications 

����������		� 
���
�		� ������� ���������

������������	
���
�����
�

����������
�����������
���������

�
�
���
���
	��	�����

���������
����

 ! ��"������������������
���#����

���$%�����
��

��&'�
�����

   
��

	>�4\[E�	v	<��.�#	
�L	
�.4	;�JM��	D���	<�L�"	$2%4	#�ANDER 

 

  

 

 

Module Dimensions 
Aluminum Components 

(Thickness) 

Available 

colors 
Joinery 

Width Length Thickness Core Face Liner 

48" Up to 

20'  

1/4", 1/2" 

(custom 

thickness 

available) 

¼" and  

½" cell 

honey-comb 

.040" 

and 

.060"  

.020" and 

.040"  

Std. PVDF colors 

and custom colors 

Custom 

extrusion 
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