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ABSTRACT 

An air conveying system uses pressurized air as a 

propelling force to lift and move articles. It is supplied by 

a fan into a plenum with a top surface that is a flat 

perforated plate. Air escapes through the openings, creating 

a layer that supports and drives the articles along. 

This thesis provides information on the lifting and 

moving forces. It summarizes the results of both analytical 

and experimental studies. Most of the effort is focused on an 

experimental procedure for measuring the actual forces on the 

objects being conveyed and data are used to verify the 

analytical models. 

The experiments are limited to straight holes and 

louvers located under the bottom of aluminum concave-bottom 

cans. In some tests, a flat disc has been fixed to the bottom 

of the cans. Measurements are made of the can motion on an 

actual section of conveyor.
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NOMENCLATURE 
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nN
 

> 
UP
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Q 

sectional area of hole 

cross-sectional area of the total clearance 

sectional area of the can bottom 

half of the thickness of the beam 

dimensionless discharge coefficient 

dimensionless friction coefficient 

width of the product 

drag force 

modulus of elasticity 

output voltage of bridge circuit 

input voltage to bridge circuit 

variation of the output voltage 

deflection of the beam 

force created by the fluid flow 

strain gage factor or sensitivity 

clearance between the can bottom and the deck plate 

clearance set before turning on the air supply 

height of the product 

moment of inertia 

half of the length of the beam 

distance from the can bottom to the beam 

mass of the product 

vill



M moment created by fluid flow 

P, supply pressure 

P, 

P. ambient pressure 

R, active strain gage 

R, active strain gage 

R, active strain gage 

R, active strain gage 

AR, fractional change in 

AR, fractional change in 

AR, fractional change in 

AR, fractional change in 

resistance 

resistance 

resistance 

resistance 

pressure inside the concavity of the can bottom 

of R, 

of R, 

of R, 

of R, 

T torque created by the fluid flow 

V, jet velocity through the opening 

V, air velocity escaping the concavity 

Van Can speed 

Greek Letters 

€ strain 

p density 

Oo stress 

Tc shear stress at the wall 
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CHAPTER 1 

INTRODUCTION 

1.1 RATIONALE FOR THE RESEARCH 

Expanding automation in manufacturing requires all 

types of conveying systems, and favors the development of new 

technologies, such as air conveying. This relatively new 

system of moving objects with air is, in many cases, 

succeeding other kinds of conveying systems such as belt 

conveyors. In fact, it is more competitive in terms of cost 

effectiveness, reduction of damage to products, and conveying 

speed. For example, it is used to move empty cans or bottles 

in the beverage industry; Kellogg Company also uses air 

systems to move packets such as breakfast cereals. 

Air conveying system design is difficult since 

the air flow involved is complex. There are an infinite number 

of variables involved, such as the possible patterns of the 

air hole, different shapes of products, etc.. Since few 

studies have been done so far, present designs are, most of 

the time, based on direct experimentation or trial and error, 

and so may not be optimum.



A strictly analytical approach is not feasible. Even 

though computer codes are being developed to predict three- 

dimensional unsteady turbulent flows, the complex geometry for 

an air conveying system would make the computational costs 

prohibitive to use in design. Furthermore, the calculated 

results may involve a great deal of uncertainty. 

Thus, a research effort is needed that combines both 

experimental and analytical approaches. The analytical 

approach will have to make use of flow models that involve 

Characteristic features rather than detailed numerical 

calculations. The models will need to be based on, and 

verified by, experimental results. 

1.2 THESIS OVERVIEW 

This research provides basic understanding of the 

phenomena involved in air conveying systems and information 

required for design. 

The main objective of this study is to calculate the 

air flow necessary to lift and move products as a function of 

their weight and configuration. The analysis will also include 

effects of two hole patterns, identical to those of the actual 

conveyor provided by Simplimatic Co. A model of product motion 

in the conveying system is also developed. 

Chapter 1 starts with the rationale for the research



that is relevant in both the present industry and the general 

advancement of knowledge. In the literature review, a few 

conveyor designs as well as related studies are presented. 

Chapter 2 covers the experimental procedure, which 

is in two parts. The first part reviews basic Wheatstone 

bridge theory and presents the arrangement of the strain gages 

used in the setup to measure flow forces on the products. The 

second part explains the can conveying speed measurements made 

on an actual air system with use of microsensors and a high- 

precision digital counter. 

Chapter 3 introduces analytical models for lifting 

products: one for products with concave bottom shape, and 

another for products with flat supporting bases. The variables 

involved are supply pressure, hole size , product supporting 

area and weight. A model of product motion in the conveying 

system is presented. 

In Chapter 4, the experimental results of the 

lifting forces on cans and discs are given, as well as those 

of the moving forces. Curves of the can motion speed on the 

conveyor are presented. A comparison of the analytical models 

with the experiments is made. 

Conclusions and recommendations are given in Chapter



1.3 LITERATURE REVIEW 

Very few technical reports on air conveying systems 

were found. In the past, firms designed conveyors by trial and 

error, and did not publish their results. Today, the research 

done within firms is proprietary. Therefore, neither trade 

journal references nor patents contain fundamental studies on 

lifting and moving products with air. However, several devices 

are described. 

As far as experimental and theoretical studies are 

concerned, J. J. Spillman(1985) published his experimental 

work on "an improved air-bed conveyor". Basic studies of 

lifting forces from single and multiple holes are described by 

Chandra (1987,90). The theory of externally pressurized gas 

bearings, also developed by Mori, Yabe and Ohnishi 

(1966,1971), might be applicable in some cases. 

1.3.1 AIR CONVEYOR DESIGNS 

The large variety of air conveyors shows that each 

design applies to specific products and applications. Patents 

provide pieces of information about existing conveyors. They 

give ranges of air supply pressure, and sometimes values of 

flow rates, but only for specific products being conveyed. 

Air conveyors could be classified into two



categories. In the first category (See Fig l.a) the plenum 

chamber is attached to the underside of the conveying table; 

air jets impinge on the bottom side of the conveyed products 

so that they ride on a cushion of air. In the second category 

(See Fig 1.b) the plenum chamber defines an inverted U-shaped 

conveying channel, such that the air jets go through both 

vertical sides of the channel, and impinge on the vertical 

sides of the products in the downstream direction. 

Lindstrom (1987) described an example of the first 

category. His objective was to design a conveying mechanism to 

transfer cups which are ejected vertically from a cupping 

press. The system, consisting of parallel conveying tables 

connected with a plenum, includes an air accelerator hood and 

a metal sensor at the inlet of each conveying lane. The patent 

discloses operating ranges for the air supply pressure in each 

lane of 4 to 8 in. of water (990 to 1980 Pa) and the air flow 

rate in the duct of approximately 200 SCFM (0.09 m’/s). The 

author mentions that "the rate, of course, will vary 

depending upon the object being moved ", but he does not give 

any theoretical analysis that could help to calculate new 

rates. Furthermore, no details about the holes or slots of the 

conveying lane are given in this document. 

Lenhart (1988) invented more complicated air 

conveying tables for containers. They are an assembly of
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different conveying sections. At the beginning of the lane, 

the conveyor supports a mass of containers which are then 

separated into two independent rows ,and later merge back into 

a single line. The arrangement of the air jet openings 

(vertical flotation jets, angled acceleration jets, divergent 

jets), and the supply pressure are different in each section 

of the conveyor. The apparatus is also provided with a top 

covering the section where cans separate into two rows along 

the side walls of the conveying table. A longitudinal row of 

driving jets positioned along each edge of the top cover 

Maintains the containers in the upright position. Then, the 

two rows are "brought into nesting relationship and into a 

triangular equilateral configuration". Acceleration jets and 

converging walls generate a high-pressure zone which 

transforms the triangle configuration into a single line 

configuration. For this conveyor, different jets are used 

(5/64, 7/64, 3/16 in. in diameter - 2, 2.8, 4.8 mm) at 

different angles( from 5° to 60° from the vertical). Depending 

on the plenum sections, Lenhart found a pressure of 

approximately 1 in. to 5 in. of water (250 to 1250 Pa) "to be 

satisfactory". 

In the two preceding patent documents,’ the 

connection between the blower and the plenum chamber was not 

shown. Futer (1983), however, considers it as a main feature 

in the conveyor design. 

The surface flow air conveyor, designed by Futer,



has an open wheel fan mounted within the plenum. The plenum 

communicates with the conveying surface; it is formed with a 

pod opening which enables the supply air pressurized by the 

fan to move upstream as well as downstream. The inventor 

claims that this new configuration of air supply yields 

better pressurization compared to conveyors with the wheel fan 

mounted in a scroll housing outside the plenum. The new 

structure results "in an increase in pressure from 1.9 inches 

of water gauge to 2.4 inches of water gauge in one example 

test installation". 

Others positive aspects are the reduction of the 

construction cost, the use of smaller electric motors, the 

mass production of modular sections of air conveying tables 

with plenums, which pod housings can be attached to, and the 

possibility to connect modular sections together. 

This document, however contains no details about the 

conveying surface, said to be formed with Coanda-effect 

directional openings. 

The conveyor invented by Lenhart (1983) illustrates 

the second category of conveying systems. The apparatus makes 

use of slanted air jets applied above the central line of the 

aluminum cans lying perpendicular to the downstream direction. 

The conveyor operates a horizontal transfer with no can-to-can 

contact on an inverted-U channel; i.e, whose top is closed and 

bottom is open.



A plenum chamber is attached to both vertical side 

walls of the channel, and air at a positive static pressure is 

forced through the slanted jet openings of the side walls into 

the U~shaped channel. To move containers apart from each other 

at a certain speed requires a pressure above and between the 

containers, at least 0.02 in. of water (5 Pa) greater than the 

ambient pressure . To maintain this condition, the size and 

the angle of the jet openings and the supply pressure in the 

plenum will be adjusted each time a different object is being 

conveyed. 

The patent document provides tables of data (can train 

speed, average air jet velocity, separation between the cans, 

etc.) for different values of angle jet, size jet, and supply 

pressure when operating with twelve fluid aluminum cans. For 

example, the best operation has been obtained with a 5/16 in. 

(8 mm) diameter jet at an angle of 9° from the horizontal, an 

air flow rate per jet of 1.85 CFM (8.7x10‘* m’*/s), a static 

pressure of one inch of water (250 Pa) at the open end of the 

cans, and 1.3 in. water (325 Pa) at the closed end. This 

results in an average jet vector transport velocity of 555 

ft/min (2.8 m/s), a delivery of 950 cans per minute with a 

speed of 216 ft/min (1 m/s) for the can train. 

But, those results cannot be used for another kind 

of container. Moreover, the patent document does not contain 

any theoretical analysis that could help to calculate the new 

speed of a different weight object in the same operating



conditions, or determine the operating conditions providing 

the required speed. 

A similar apparatus has been invented by Danler, et 

al.(1981), but for a different shaped container. In fact, it 

moves rounded bottom bottles that cannot be conveyed on air 

cushion tables. An air flow is still used as a propelling 

force. Bottles are suspended by their necks from suitable 

guide rails and are moved along the guide rails by overhead 

jets. As in the case of the previously described device, air 

comes from the side walls of the inverted U-shaped channel 

defined by the plenum. Instead of slanted jets, the plenum 

supplies air to a plurality of slots vertically oriented 

and lying in a row, along the length of the channel side 

walls. Thus, air jets are impinging on the neck portion of the 

bottles. The conveyor is also provided with side walls or 

curtain members extending along each side of the conveyed 

bottles so that they define a channel to confine the residual 

air that aids the directional air in moving the bottles. The 

patent disclosure does not contain experimental data for speed 

rates; it only mentions that the supply pressure in the plenum 

is about 5 in. of water (1250 Pa). 

In a word, these patents overview some of the 

numerous conveying apparatus designs. We notice that the usual 

operating air pressure is a few inches of water and the hole 

10



diameters do not exceed approximately 5/16 in. (8 mm). We 

have, so far, no information about the use of slots; however, 

much more information about the flow pattern is described in 

the next section. 

1.3.2 EXPERIMENTAL STUDIES OF AIR-BED CONVEYING SYSTEMS 

In preliminary experimental studies, Spillman (1985) 

described the flow behavior beneath a circular flat disc, and 

beneath rectangular base packets for different air-jet opening 

configurations. He develops a few formulae for the friction 

drag and momentum. He also calculates the length and the depth 

of the duct such that the constant axial air velocity and 

static pressure remain constant along the length of the duct. 

The flow behavior beneath a circular flat disc is 

described first. Air flows through a central hole drilled in 

a parallel supporting surface, which is set at different 

heights under the disc. The supply pressure is about 100,000 

Pa (40 in. of water). The results show that the pressure 

distribution depends substantially on the gap size between the 

disc and the supporting surface. Two opposite effects 

influence the pressure distribution. Friction creates a loss 

in static pressure, whereas the increase of cross-sectional 

area with increase of radius generates expansion effects. 

11



Friction effects dominate for gap sizes from 0.002 to 0.005 

in. (0.05 mm - 0.13 mm), while for bigger gaps (0.010 in. - 

0.015 in., 0.25 mm - 0.4 mm), an increase of pressure is seen 

in the inner part of the disc. Although the author claims 

that the pressure drop is well predicted by a theoretical 

analysis using air flow rates and friction coefficients, there 

are no derivations in this paper. 

In the case of large flow at the sharp-edged hole, 

a large pressure drop occurs just downstream the hole as the 

flow separates. In fact, friction and turbulence in this area 

cause a large pressure drop. Since they cannot be quantified, 

the actual volume flow is not that predicted by the theory. 

The higher the gap height, the higher the flow rate , but the 

smaller the supported weight. For example, no package of any 

weight can float at a height greater than 0.015 in. (0.4 mm) 

with an air supply pressure of 40 in. of water (100,000 Pa). 

Instead of a single hole, a row of closely pitched 

holes was tested as well as two parallel rows to support a 

rectangular plate. Air escapes from the front and the back of 

the plate. The pressure losses at the inner edge is less than 

at the outer edge because the flow between the rows is smaller 

than that at the outer edge of the holes. For this reason, 

there is a plateau of high static pressure between the two 

rows except at the front and the back of the plate. This 

provides a greater load-carrying capacity than that with only 

one row. 
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�t�h�e� �p�l�a�t�e� �v�e�l�o�c�i�t�y� �h�a�s� �b�e�e�n� �d�e�r�i�v�e�d�.� �I�t� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� 

�g�a�p� �h�e�i�g�h�t�,� �t�h�e� �v�o�l�u�m�e� �f�l�o�w� �r�a�t�e� �a�n�d� �t�h�e� �d�r�a�g� �c�o�e�f�f�i�c�i�e�n�t� 

�w�h�i�c�h� �i�n�c�l�u�d�e�s� �t�h�e� �t�h�r�u�s�t� �e�f�f�e�c�t� �o�f� �t�h�e� �a�i�r� �e�s�c�a�p�i�n�g� �f�r�o�m� �t�h�e� 

�u�n�c�o�v�e�r�e�d� �s�l�o�t�s�,� �t�h�e� �s�u�c�t�i�o�n� �e�f�f�e�c�t� �f�r�o�m� �t�h�e� �s�l�o�t�s� �a�h�e�a�d�,� �a�n�d� 

�t�h�e� �f�r�i�c�t�i�o�n� �a�n�d� �t�h�e� �e�d�d�y� �d�r�a�g� �o�f� �t�h�e� �o�b�j�e�c�t�.� �O�b�v�i�o�u�s�l�y�,� �t�h�e� 

�a�x�i�a�l� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �a�i�r� �v�e�l�o�c�i�t�y� �m�u�s�t� �b�e� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� 

�p�l�a�t�e� �s�p�e�e�d�.� �I�t� �i�n�c�r�e�a�s�e�s� �w�h�e�n� �t�h�e� �f�l�o�a�t�i�n�g� �h�e�i�g�h�t� �d�e�c�r�e�a�s�e�s�.� 

�T�o� �m�a�i�n�t�a�i�n� �a� �c�o�n�s�t�a�n�t� �a�i�r�-�d�u�c�t� �v�e�l�o�c�i�t�y�,� �t�h�e� �a�u�t�h�o�r� 

�p�r�o�p�o�s�e�d� �a� �d�u�c�t� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �w�h�i�c�h� �t�a�p�e�r�s� �f�r�o�m� �t�h�e� 

�i�n�l�e�t� �o�f� �t�h�e� �d�u�c�t� �t�o� �t�h�e� �o�u�t�l�e�t�.� �D�e�p�t�h� �a�n�d� �l�e�n�g�t�h� �f�o�r�m�u�l�a� �a�r�e� 
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�g�i�v�e�n� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �r�e�q�u�i�r�e�d� �f�a�n� �d�e�l�i�v�e�r�y� �v�o�l�u�m�e� �f�l�o�w� 

�r�a�t�e� �a�n�d� �t�h�e� �r�e�q�u�i�r�e�d� �p�r�e�s�s�u�r�e�.� 

�T�o� �c�o�n�c�l�u�d�e�,� �S�p�i�l�l�m�a�n� �e�n�d�e�d� �u�p� �w�i�t�h� �a�n� �"�i�m�p�r�o�v�e�d� 

�a�i�r�-�b�e�d� �c�o�n�v�e�y�o�r�"� �p�r�o�v�i�d�e�d� �w�i�t�h� �s�l�o�t�s� �t�o� �r�e�d�u�c�e� �c�o�n�s�t�r�u�c�t�i�o�n� 

�a�n�d� �o�p�e�r�a�t�i�n�g� �c�o�s�t�s�.� �H�e� �m�e�n�t�i�o�n�e�d� �s�o�m�e� �t�h�e�o�r�e�t�i�c�a�l� �a�n�a�l�y�s�i�s�,� 

�b�u�t� �h�e� �a�d�m�i�t�t�e�d� �t�h�a�t� �p�r�o�b�l�e�m�s� �o�f� �t�i�l�t�i�n�g�,� �f�o�r� �e�x�a�m�p�l�e�,� �c�a�n�n�o�t� 

�b�e� �p�r�e�d�i�c�t�e�d�,� �a�n�d� �"�t�e�s�t�s� �m�u�s�t� �b�e� �m�a�d�e� �t�o� �c�h�e�c�k� �s�a�t�i�s�f�a�c�t�o�r�y� 

�p�r�o�p�u�l�s�i�o�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s ��.� 

�T�h�e� �c�e�n�t�e�r� �o�f� �g�r�a�v�i�t�y� �o�f� �t�h�e� �p�a�c�k�a�g�e� �m�a�y� �n�o�t� 

�n�e�c�e�s�s�a�r�i�l�y� �c�o�i�n�c�i�d�e� �w�i�t�h� �i�t�s� �a�x�i�s� �o�f� �s�y�m�m�e�t�r�y�.� �T�h�i�s� �g�e�n�e�r�a�t�e�s� 

�t�h�e� �e�f�f�e�c�t� �o�f� �t�i�l�t�i�n�g� �o�f� �a� �p�a�c�k�a�g�e� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �s�u�p�p�o�r�t�i�n�g� 

�s�u�r�f�a�c�e�.� �T�h�e� �a�i�r� �f�i�l�m� �h�a�s� �a� �v�a�r�i�a�b�l�e� �t�h�i�c�k�n�e�s�s�,� �b�o�t�h� �i�n� �t�h�e� 

�t�r�a�n�s�v�e�r�s�a�l� �a�n�d� �t�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� �d�i�r�e�c�t�i�o�n�.� �T�i�l�t�i�n�g� �e�f�f�e�c�t�s� 

�a�r�e� �t�a�k�e�n� �i�n�t�o� �a�c�c�o�u�n�t� �b�y� �C�h�a�n�d�r�a� �(�1�9�8�7�,�8�8�,�8�9�)� �i�n� �h�i�s� �s�t�u�d�i�e�s� 

�o�f� �a�n� �a�i�r�-�f�i�l�m� �c�o�n�v�e�y�o�r� �p�r�e�s�s�u�r�i�z�e�d� �t�h�r�o�u�g�h� �s�i�n�g�l�e� �h�o�l�e�s�,� 

�m�u�l�t�i�p�l�e� �h�o�l�e�s�,� �o�r� �p�a�r�a�l�l�e�l� �s�l�o�t�s�.� 

�C�h�a�n�d�r�a� �i�n�t�r�o�d�u�c�e�d� �a� �v�a�r�i�a�b�l�e� �a�i�r�-�f�i�l�m� �t�h�i�c�k�n�e�s�s� �h�,� �|� 

�i�n� �t�h�e� �R�e�y�n�o�l�d�s� �e�q�u�a�t�i�o�n� �g�o�v�e�r�n�i�n�g� �t�h�e� �p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n� 

�i�n� �a�n� �e�x�t�e�r�n�a�l�l�y� �p�r�e�s�s�u�r�i�z�e�d� �a�i�r� �f�i�l�m�,� 

�b�P�)�,� �8� �6� �3� �3� �6�P� �1�  �� �.� 

�V�v� �b�y� 

�T�o� �s�o�l�v�e� �E�q�.� �1� �a�n�d� �t�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n� �e�q�u�a�t�i�o�n�s� 

�r�e�q�u�i�r�e�s� �u�s�e� �o�f� �t�h�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�e�t�h�o�d�.� �T�h�u�s�,� �u�s�i�n�g� �a� 

�d�i�s�c�r�e�t�i�z�a�t�i�o�n� �f�o�r�m� �o�f� �E�q�.� �1� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�r�r�e�l�a�t�i�o�n�s� �f�o�r� 
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�t�h�e� �r�e�c�o�v�e�r�y� �p�r�e�s�s�u�r�e� �i�n� �t�h�e� �c�o�n�v�e�r�g�i�n�g� �p�o�r�t�i�o�n� �a�n�d� �i�n� �t�h�e� 

�d�i�v�e�r�g�i�n�g� �p�o�r�t�i�o�n� �o�f� �t�h�e� �a�i�r� �f�i�l�m�,� �C�h�a�n�d�r�a� �c�a�l�c�u�l�a�t�e�d� �t�h�e� 

�p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n�,� �t�h�e� �v�o�l�u�m�e� �f�l�o�w� �r�a�t�e�,� �a�n�d� �t�h�e� �l�o�a�d� 

�c�a�p�a�c�i�t�y� �f�o�r� �d�i�f�f�e�r�e�n�t� �s�u�p�p�l�y� �h�o�l�e� �p�a�t�t�e�r�n�s�.� 

�T�h�e� �r�e�s�u�l�t�s� �s�h�o�w� �t�h�a�t� �t�h�e� �l�o�a�d� �c�a�p�a�c�i�t�y� �d�e�c�r�e�a�s�e�s� 

�w�i�t�h� �a�n� �i�n�c�r�e�a�s�e� �i�n� �a�i�r� �f�i�l�m� �t�h�i�c�k�n�e�s�s�,� �w�h�i�l�e� �t�h�e� �v�o�l�u�m�e� �f�l�o�w� 

�r�a�t�e� �i�n�c�r�e�a�s�e�s�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �i�t� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �t�h�e� 

�n�u�m�b�e�r� �o�f� �h�o�l�e�s�,� �b�u�t� �w�i�t�h� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �a�i�r� �r�e�q�u�i�r�e�m�e�n�t� 

�p�e�r� �u�n�i�t� �l�o�a�d�.� �"�A� �s�i�n�g�l�e� �h�o�l�e� �a�p�p�e�a�r�s� �t�o� �b�e� �t�h�e� �m�o�s�t� �e�f�f�i�c�i�e�n�t� 

�f�r�o�m� �t�h�e� �p�o�i�n�t� �o�f� �v�i�e�w� �o�f� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �a�i�r� �a�n�d� �p�o�w�e�r� 

�s�u�p�p�l�i�e�d�,� �a�s� �i�t� �h�a�s� �t�h�e� �s�m�a�l�l�e�s�t� �v�a�l�u�e� �o�f� �v�o�l�u�m�e� �f�l�o�w� �r�a�t�e� �p�e�r� 

�u�n�i�t� �o�f� �l�o�a�d� �l�i�f�t�i�n�g� �c�a�p�a�c�i�t�y� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �o�t�h�e�r� 

�c�a�s�e�s�.� �A�i�r� �s�u�p�p�l�y� �t�h�r�o�u�g�h� �p�e�r�i�p�h�e�r�a�l� �h�o�l�e�s� �h�a�s� �a� �t�e�n�d�e�n�c�y� �t�o� 

�i�n�c�r�e�a�s�e� �t�h�e� �a�i�r� �r�e�q�u�i�r�e�m�e�n�t� �w�i�t�h� �m�u�c�h� �l�e�s�s� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�l�i�f�t�i�n�g� �c�a�p�a�c�i�t�y�.�"� 

�A�s� �f�a�r� �a�s� �t�h�e� �t�i�l�t�i�n�g� �e�f�f�e�c�t�s� �a�r�e� �c�o�n�c�e�r�n�e�d�,� �t�h�e� 

�d�e�c�r�e�a�s�e� �o�f� �p�r�e�s�s�u�r�e� �t�o�w�a�r�d�s� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �p�a�c�k�a�g�e� �f�l�a�t� 

�s�u�r�f�a�c�e� �i�s� �s�t�e�e�p�e�r� �i�n� �t�h�e� �d�i�v�e�r�g�i�n�g� �p�o�r�t�i�o�n� �o�f� �t�h�e� �a�i�r� �f�i�l�m�,� 

�w�h�e�r�e�a�s� �t�h�e� �p�r�e�s�s�u�r�e� �d�r�o�p� �i�s� �m�o�r�e� �g�r�a�d�u�a�l� �b�e�y�o�n�d� �t�h�e� �o�u�t�e�r� 

�h�o�l�e�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �c�o�n�v�e�r�g�i�n�g� �p�o�r�t�i�o�n� �o�f� �t�h�e� �a�i�r� �f�i�l�m�.� 

�T�h�e� �a�n�a�l�y�s�i�s� �p�r�o�v�i�d�e�s� �p�i�e�c�e�s� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �l�o�a�d�-� 

�l�i�f�t�i�n�g� �a�i�r� �f�i�l�m�s�,� �b�u�t� �n�o�t� �o�n� �l�o�a�d�-�c�a�r�r�y�i�n�g� �a�i�r� �f�i�l�m�s� �s�i�n�c�e� 

�t�h�e� �m�o�m�e�n�t�u�m� �e�f�f�e�c�t�s� �o�f� �a� �p�a�c�k�a�g�e� �b�e�i�n�g� �c�o�n�v�e�y�e�d� �h�a�v�e� �n�o�t� �b�e�e�n� 

�t�a�k�e�n� �i�n�t�o� �a�c�c�o�u�n�t�.� 

�W�e� �m�a�k�e� �t�h�e� �s�a�m�e� �c�r�i�t�i�c�a�l� �o�b�s�e�r�v�a�t�i�o�n� �a�b�o�u�t� �t�h�e� 

�"�t�h�e�o�r�e�t�i�c�a�l� �f�l�o�w� �m�o�d�e�l�s� �o�f� �e�x�t�e�r�n�a�l�l�y� �p�r�e�s�s�u�r�i�z�e�d� �g�a�s� 
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�b�e�a�r�i�n�g�s�"� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �M�o�r�i�,� �Y�a�b�e�,�a�n�d� �O�h�n�i�s�h�i� �(�1�9�6�6�-�7�1�)�;� 

�t�h�e�y� �u�s�e�d� �p�o�t�e�n�t�i�a�l� �f�l�o�w� �t�o� �s�o�l�v�e� �f�o�r� �t�h�e� �p�r�e�s�s�u�r�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �p�a�r�a�l�l�e�l� �a�i�r� �f�i�l�m�s� �o�f� �u�n�i�f�o�r�m� �t�h�i�c�k�n�e�s�s� �i�n� �t�h�e� 

�c�a�s�e� �o�f� �c�i�r�c�u�l�a�r� �o�r� �r�e�c�t�a�n�g�u�l�a�r� �l�o�a�d� �b�a�s�e�.� 

�T�o� �c�o�n�c�l�u�d�e�,� �t�h�e� �t�e�c�h�n�i�c�a�l� �l�i�t�e�r�a�t�u�r�e� �o�n� �a�i�r� 

�c�o�n�v�e�y�i�n�g� �s�y�s�t�e�m�s� �i�s� �v�e�r�y� �l�i�m�i�t�e�d� �b�e�c�a�u�s�e� �p�a�r�t� �o�f� �i�t� �i�s� 

�p�r�o�p�r�i�e�t�a�r�y�,� �a�n�d� �n�o�t� �m�u�c�h� �r�e�s�e�a�r�c�h� �h�a�s� �b�e�e�n� �d�o�n�e� �s�o� �f�a�r�.� 

�I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �t�e�c�h�n�i�q�u�e� �o�f� �t�h�e� 

�p�r�e�s�e�n�t� �r�e�s�e�a�r�c�h� �h�a�s� �n�e�v�e�r� �b�e�e�n� �u�s�e�d� �b�e�f�o�r�e�.� 
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�C�H�A�P�T�E�R� �2� 

�E�X�P�E�R�I�M�E�N�T�A�L� �P�R�O�C�E�D�U�R�E� 

�A�n� �e�x�p�e�r�i�m�e�n�t�a�l� �a�p�p�a�r�a�t�u�s� �h�a�s� �b�e�e�n� �d�e�s�i�g�n�e�d� �t�o� 

�m�e�a�s�u�r�e� �t�h�e� �f�o�r�c�e�s� �a�p�p�l�i�e�d� �o�n� �p�r�o�d�u�c�t�s� �b�e�i�n�g� �c�o�n�v�e�y�e�d�.� �F�o�r� �t�h�e� 

�m�o�t�i�o�n� �s�p�e�e�d� �m�e�a�s�u�r�e�m�e�n�t�s� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �o�n� �a� �r�e�a�l� 

�c�o�n�v�e�y�o�r�.� 

�2�.�1� �E�Q�U�I�P�M�E�N�T� �D�E�S�C�R�I�P�T�I�O�N� �F�O�R� �F�O�R�C�E� �M�E�A�S�U�R�E�M�E�N�T�S� 

�T�h�e� �b�a�s�i�c� �p�r�i�n�c�i�p�l�e� �o�f� �a�i�r� �c�o�n�v�e�y�i�n�g� �s�y�s�t�e�m�s� �i�s� �t�o� 

�t�r�a�n�s�p�o�r�t� �p�a�c�k�a�g�e�s�,� �c�a�r�t�o�n�s�,� �c�a�n�s�,� �e�t�c�.�,� �o�n� �a� �t�h�i�n� �f�i�l�m� �o�f� 

�a�i�r�.� �A�i�r� �f�l�o�w� �t�h�r�o�u�g�h� �t�h�e� �o�p�e�n�i�n�g�s� �o�f� �t�h�e� �c�o�n�v�e�y�o�r� �t�r�a�c�k� 

�g�e�n�e�r�a�t�e�s� �t�h�e� �a�i�r� �c�u�s�h�i�o�n� �o�f� �t�h�e� �c�o�n�v�e�y�o�r� �t�r�a�c�k�.� �M�a�n�y� �f�o�r�m�s� 

�a�n�d� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �o�f� �h�o�l�e� �o�r� �s�l�o�t� �o�p�e�n�i�n�g�s� �e�x�i�s�t�;� �h�o�w�e�v�e�r�,� �w�e� 

�l�i�m�i�t� �o�u�r� �s�t�u�d�y� �t�o� �a� �s�i�n�g�l�e� �c�i�r�c�u�l�a�r� �s�t�r�a�i�g�h�t� �h�o�l�e� �a�n�d� �a� 

�s�i�n�g�l�e� �s�l�a�n�t�e�d� �o�p�e�n�i�n�g� �(�S�e�e� �F�i�g� �2�)�.� �T�h�e� �a�i�r� �f�l�o�w� �c�o�m�i�n�g� �o�u�t� 

�w�i�l�l� �b�e� �d�i�f�f�e�r�e�n�t� �i�n� �t�h�e� �t�w�o� �c�a�s�e�s�.� �A� �s�t�r�a�i�g�h�t� �h�o�l�e� �g�e�n�e�r�a�t�e�s� 

�a� �l�i�f�t�i�n�g� �f�o�r�c�e� �o�n�l�y�,� �w�h�i�l�e� �a� �s�l�a�n�t�e�d� �o�p�e�n�i�n�g� �d�e�v�e�l�o�p�s� �a�l�s�o� �a� 

�d�i�r�e�c�t�i�o�n�a�l� �m�o�v�i�n�g� �f�o�r�c�e�.� �O�n�e� �o�f� �t�h�e� �o�b�j�e�c�t�i�v�e�s� �o�f� �t�h�e� 

�r�e�s�e�a�r�c�h� �i�s� �t�o� �p�r�o�v�i�d�e� �b�a�s�i�c� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e�s�e� �f�o�r�c�e�s�.� �A� 

�s�y�s�t�e�m� �h�a�s� �b�e�e�n� �d�e�s�i�g�n�e�d� �t�o� �s�i�m�u�l�a�t�e� �t�h�e� �a�i�r� �f�l�o�w� �a�n�d� �t�o� 
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�M�e�a�s�u�r�e� �s�m�a�l�l� �f�o�r�c�e�s� �(�1� �g�r�a�m�-�f�o�r�c�e� �-� �0�.�0�0�9�8� �N�)� �w�i�t�h� �a�n� 

�a�r�r�a�n�g�e�m�e�n�t� �o�f� �v�e�r�y� �s�e�n�s�i�t�i�v�e� �s�t�r�a�i�n� �g�a�g�e�s�.� 

�2�.�1�.�1� �B�A�S�I�C� �A�R�R�A�N�G�E�M�E�N�T� 

�T�h�e� �a�i�r� �s�u�p�p�l�y� �b�o�x�,� �s�h�o�w�n� �i�n� �F�i�g�.� �3�,� �w�a�s� �b�u�i�l�t� �w�i�t�h� 

�a� �r�e�m�o�v�a�b�l�e� �t�o�p� �s�u�r�f�a�c�e� �t�o� �s�i�m�u�l�a�t�e� �t�h�e� �f�l�o�w� �u�n�d�e�r� �t�h�e� 

�o�b�j�e�c�t�.� �T�h�e� �c�l�e�a�r�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �b�o�x� �a�n�d� �t�h�e� �t�e�s�t�e�d� �o�b�j�e�c�t� �i�s� 

�a�d�j�u�s�t�e�d� �w�i�t�h� �m�i�c�r�o�m�e�t�e�r�s� �a�s� �e�x�p�l�a�i�n�e�d� �i�n� �s�e�c�t�i�o�n� �2�.�1�.�4�.� �I�n� 

�t�h�e� �p�r�e�s�e�n�t� �c�a�s�e�,� �a�n� �e�m�p�t�y� �a�l�u�m�i�n�u�m� �c�a�n� �i�s� �a�t�t�a�c�h�e�d� �t�o� �a� 

�h�o�r�i�z�o�n�t�a�l� �f�i�x�e�d�-�e�n�d� �b�e�a�m�.� �T�h�e� �s�t�r�a�i�n� �i�n� �t�h�e� �b�e�a�m� �i�s� �m�e�a�s�u�r�e�d� 

�w�i�t�h� �v�e�r�y� �s�e�n�s�i�t�i�v�e� �s�t�r�a�i�n� �g�a�g�e�s�.� �T�h�e� �d�e�f�o�r�m�a�t�i�o�n� �i�s� 

�p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �a�p�p�l�i�e�d� �f�o�r�c�e� �a�n�d� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o�r�q�u�e� 

�c�r�e�a�t�e�d� �b�y� �t�h�e� �f�l�u�i�d� �f�l�o�w� �i�s�s�u�i�n�g� �f�r�o�m� �a� �s�i�n�g�l�e� �h�o�l�e�.� �F�i�g�u�r�e� 

�4� �s�h�o�w�s� �t�h�e� �f�o�r�c�e�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �a� �s�i�n�g�l�e� �c�i�r�c�u�l�a�r� �h�o�l�e�.� �T�h�e� 

�d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e� �a�l�u�m�i�n�u�m� �b�e�a�m� �w�e�r�e� �s�e�l�e�c�t�e�d� �f�o�r� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �c�o�n�d�i�t�i�o�n�:� �a� �1� �g�r�a�m�-�f�o�r�c�e� �(�0�.�0�0�9�8� �N�)� �c�o�r�r�e�s�p�o�n�d�s� �t�o� 

�1� �m�i�c�r�o�s�t�r�a�i�n� �i�n� �t�h�e� �b�e�a�m�.� �S�t�r�e�s�s�,� �s�t�r�a�i�n� �a�n�d� �m�o�m�e�n�t� �o�f� 

�i�n�e�r�t�i�a� �a�r�e� �c�a�l�c�u�l�a�t�e�d� �t�o� �k�n�o�w� �t�h�e� �b�e�a�m� �d�i�m�e�n�s�i�o�n�s� �(�l�e�n�g�t�h�:� 

�1�2�.�5� �i�n�.� �(�3�1�.�8� �m�m�)�,� �w�i�d�t�h�:� �0�.�7�5� �i�n�.� �(�1�.�9� �c�m�)�,� �t�h�i�c�k�n�e�s�s�:� �0�.�0�5� 

�i�n�.� �(�1�.�3� �m�m�)�)�.� 

�T�w�o� �s�e�m�i� �c�o�n�d�u�c�t�o�r� �s�t�r�a�i�n� �g�a�g�e�s� �a�r�e� �f�i�x�e�d� �a�t� �e�a�c�h� 

�e�n�d� �o�f� �t�h�e� �b�e�a�m� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�a�,� �o�n�e� �o�n� �t�h�e� �t�o�p� �a�n�d� �o�n�e� 

�o�n� �t�h�e� �b�o�t�t�o�m�.� �T�h�e� �c�h�a�n�g�e� �o�f� �r�e�s�i�s�t�a�n�c�e� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� 

�a�p�p�l�i�e�d� �f�o�r�c�e� �u�n�d�e�r� �t�h�e� �c�a�n�.� �T�h�e� �s�t�r�a�i�n� �g�a�g�e�s� �a�r�e� �w�i�r�e�d� �i�n�a� 
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