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ABSTRACT. 

Traditionally, piston pumps have been fitted with leather or rubber contact seals. The 
friction of the seal along the inside of the chamber however consumes a relatively 
high percentage of the force exerted by the lift rod and the seal also bas to be 
replaced regularly. An alternative sealing mechanism is being examined, which 
eliminates these problems. This mechanism is called hydrodynamic sealing, which in 
essence is sealing induced by the dynamics of the fluid in motion. Hydrodynamic 
sealing can be realized by discarding the leather or rubber seal and applying a 
geometry to the piston surface which induces resistance to the flow. 

Two types of seals have been examined, the so-called Laminar Seal and the Square 
Cavity labyrinth Seal. The Laminar Seal consists of two quasi-parallel plates whereas 
the Square Cavity Seal consists of a flat surface and a surface with a series of cavities. 
The former bas a eentering mechanism which is important in stahilizing the piston in 
its chamber. The latter dissipates the energy of the flow and is important in obstruc
ting the flow. 

Two laboratory models were constructed for the purpose of examining each seal. 
They served as useful visualization tools but were less successful in quantifying the 
fluid behavior. The fluid behavior was also simulated using the finite element 
computer packages SEPRAN and, to a lesser extent, ALGOR. An important observa
tion for the Square Cavity Seal was the occurrence of vortices in the cavities. This was 
consistent with earlier visualization attempts. The vortices are seen as essential in the 
leakage resistance. 

A possible hydrodynamic sealing alternative could incorporate both sealing forms: a 
tapered region for stahilizing effects and a labyrinth geometry for the obstruction of 
the fluid flow. 
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PREF ACE. 

The author of this report, a student at the Eindhoven University of Technology, has 
been simultaneously enrolled at the faculty of Technica! Physics, which offers an 
engineering programme, and at the faculty of Philosophy and Social Sciences, which 
offers the M.Sc. programme "Technology and Society"1

• All the course requirements 
had been fulfilled and all that remained were the respective thesis projects in order to 
complete bath programmes. The possibility of investigating a common research area, 
the first part being strongly technically-oriented and the second part placing a greater 
emphasis on the socio-economie aspects, was desirabie in the sense that the two 
research projects could complement and enhance each other; i.e. the whole being 
greater than the sum of its parts. Fortunately, a unique opportunity presented itself in 
the field of wind energy technology. The Wind Energy Group of the Faculty of 
Technica! Physics at the Eindhoven University of Technology was to embark on an 
joint research project on wind pumps tagether with the University of Reading in 
England and the Universidad de Los Andes in Bogota, Colombia. The author was 
affered the opportunity to fulfil the research requirements for the Faculty of Techni
ca! Physics within the framework of this project with the possibility of spending part 
of the research period in Colombia. Upon completing his work within this context, he 
would be able to extend his stay in Colombia and commence a socio-economie study 
of the wind energy sector, thereby completing the requirements for the course mode 
"International Technology and Development Studies". 

This report discusses the investigation carried out for the Technica! Physics research 
assignment. 

The Project. 

In the spring of 1990, the Eindhoven University of Technologyin the Netherlands, the 
Universidad de los Andes in Colombia and the University of Reading in the United 
Kingdom formulated a Joint Research Propos al on wind pump investigation titled, 
"International cooperation between Colombia, United Kingdom and the Netherlands: 
the development of an innovative 3S-pump. This Joint Research Proposal was 
submitted to the Commission of European Communities (CEC) requesting financial 
backing in the context of international scientific cooperation. In the summer of 1992, 

1 In addition to offering engineering programmes in the traditional teehoical disciplines, 
the university bas also recently introduced a new Masters of Science (M.Sc.) programme, 
"Technology and Society", in answer to the market demand for engineers that can relate the 
ever-increasing complexity of technology with socio-economie needs of society. The students 
enrolled in this programme are required to follow socio-economie and teehoical subjects in 
equal numbers, the latter of which in essence is a major at one of the traditional teehoical 
faculties. The M.Sc. programme consists of three course modes among which the course mode 
"International Technology and Development Science" focuses on international development 
issues. In order to conclude the programme successfully, a M.Sc. thesis must be completed 
based on a research assignment in a developing country. 
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the Joint Research Proposal was approved and the project officially cammeneed the 
151 of September, 1992. The duration of the project is 24 months and the contribution 
by the CEC is 150,000 ECUs. 

The overall target of the project is "to strengthen joint panicipative research innovation 
on wind pumps between the three universities mentioned in order to continue to create a 
wider network of common experlise and facilities in this palticu/ar field. The more 
specific aim of the project is to develop reciprocating, innovative lift pumps that can be 
coupled to Jaster running windmills of modem design, such as the Colombian GA VI O
TAS and JOBER designs and the Dutch CWD 2000 and CWD 2740 prototypes. The 
three areas of focus are relaied to S.TARTING the lift pump in light winds, to piston 
S.EALING and to the S.MOOTHING of the water output and rod loads when the pump 
operafes at speed - whence the designated name, the 3S-pump." 

In the area of starting, the problem is that the torque required to start a lift pump 
exceeds its required running torque by a factor of 3 to 4. This coupled with a 
relatively low torque output from the faster running turbine means that the equip
ment is unable to start pumping in light winds. To counter this problem the piston 
valve action may be modified, so as to reduce the pumps starting torque demand, 
either by making the valve buoyant or by letting the lift rod control the opening and 
closing of the valve. Either salution is thought capable of increasing the water output 
and water availability by 25%. Bath systems are being investigated. 

In the area of sealing, the problem is that the presently used leather cup seals require 
frequent maintenance, waste precious power and tend to piek up abrasive material 
which wears the lift pump cylinder. Two approaches to this problem are currently 
being investigated. One approach is the use of a pair of back-ta-back moulded seals 
which run in a modern cylinder lining keeping the abrasive material out of the space 
between piston and piston chamber. The second approach is geared towards hydrody
namic clearance seals, i.e. frictionless sealing. 

In the area of smoothing, the problem is that the hydraulic loads on the lift rods and 
the water accelerations occurring in the pump riser greatly increase with the speed of 
operation. Research seeks to identify the most convenient way of cambatting these 
effects either by making the pump double acting or by providing an air chamber or 
some hydraulic softness near the pump chamber. 

New concepts in pump designs need to be integrated into, and matebed to, the 
complete wind pumping system to assure good performance and reliability. Two 
Colombian and two Dutch designs will eventually be tested. 

Chosen solutions will need to satisfy the following criteria: 
1. the prototype must be appropriate for local rnainterrance and where possible 

for local manufacture; 
2. the prototype must be able to withstand corrosive and abrasive water using 

materials available in the country; 
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3. the prototype must be relatively cheap but nevertheless reliable and efficient. 

The know-how, innovation and experience gained in the project will hopefully 
contribute considerably to the world wide application of faster running wind pumps. 

The Topic. 

The investigational topic of the research assignment was one of the four scientific 
challenges of the CEC subsidized 3S-project, namely the sealing of a piston in a wind 
pump. In view of the existing problems of piston pumps equipped with traditional 
seals - such as the frequent replacement of the seals, the reduction of power owing to 
friction and their contribution to a large starting torque - two different solutions are 
to be examined. They are formulated as follows in the CEC project document: 
1. Hydrau/ie sealing'l, eliminating direct contact between piston and cylinder, in 

principle reduces maintenance and repair and starting torque. Hydrau/ie sealing is 
used in other appliances, but Ziterafure data do not cover the special hydrody
namic conditions (Reynolds-number) and the specific requirements of piston 
pumps driven by a windmill. 

2. Another methad to minimize wear is by using "back-to-back" sealing. One seal 
acts as such in the Zifting stroke of the pump, while the back seal in the downward 
movement is washed away into the main flow. In this way dirt is unable to cause 
abrasion of the cylinder wall and the seal itself. 

Upon implementation the methods must satisfy the following criteria: 
1. The water loss through a hydrodynamic seal must be only a small percentage 

of the pump flow rate. This percentage loss is to be determined by the investi
gation. 

2. There can be no abrasion of the pump parts and small particles must not clog 
the system. 

3. The pumping performance must be insensitive to small inaccuracies inherent to 
the production methods of the cylinder and piston parts. 

4. The manufacture of the pumping system must be kept simple. 

To meet the above criteria, the investigation will consist of the following aspects: 
1. More in-depth literature research on hydrodynamic sealing. 
2. Two-dimensional experiments to visualize the flow and relate the flow field to 

the measured pressure drop. 
3. Attempt to develop calculation methods to predict flow and pressure fields for 

different hydrodynamic seals. 
4. Choose a hydrodynamic sealing alternative which best satisfies the criteria de

manded. 

2 Henceforth, the term hydrodynamic sealing will be used instead of the term hydraulic 
sealing. 
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5. Evaluation of cylinder materials and power losses from using back-to-back 
se als. 

The sealing investigation was divided among the three project partners in the 
following way. The Eindhoven University of Technology, which also coordinates the 
entire project as the "lead institution", was in charge of the development of an 
analytica! model for the clearance seal. On the basis of this model laboratory testing 
would be carried out. The University of Reading was to perform laboratory testing of 
the back-to-back seal. The Universidad de los Andes was given the responsibility for 
evaluating the current sealing systems of the wind pumps to be installed, particularly 
the wind pumps of Colombian origin. Furthermore, the Universidad de los Andes was 
tasked with the ultimate goal of adapting a locally produced pump to incorporate any 
of the more promising laboratory-tested devices by the European partners. Finally, 
the adapted pump is to be field tested and its properties are to be compared with 
those of the original machine. 

The Investigation. 

The individual research project had to coincide with the priorities assigned to the 
Eindhoven University of Technology within the framework of the 3S-project since the 
author is a student at the university. Hence, the individual research was to be limited 
solely to the hydrodynamic sealing aspect; back-to-back sealing was not to be included 
in the investigation. Thus, as specified in the project proposal, the development of 
analytica} models for different hydrodynamic sealing alternatives and the subsequent 
laboratory testing thereof were to take priority. 

Hydrodynamic sealing had already become the subject of more intensive research 
over recent years at the Eindhoven University of Technology. The seal that bas 
received most attention is the Square Cavity labyrinth Seal. Four separate investiga
tions preeerled the present research initiative. They were successively undertaken by 
D.K. de Vries [1], E.I.A. van de Ven [2], D. van Hoof [3] and F. Boon [4]. De Vries 
and van de Ven did some analytica! work on labyrinth seals, which was complemen
ted by experimental results. Van Hoof and Boon constructed a two-dimensional 
laboratory model of a Square Cavity Seal which was used for visualization experi
ments. On their own initiative, the Universidad de los Andes had also done some 
analytica! work on hydrodynamic sealing. The Laminar Seal and the so-called 
Perforated Piston Seal were respectively investigated by F. Rojas [5] and F. Ospina 
[6]. 

The purpose of the current investigation was therefore to refine, combine and 
categorize existing theories, and if possible also supplement and corroborate them 
with other theoretica! developments found in the literature. The theoretica! work was 
furthermore to be supported and complemented by finite element computer simuiati
on programs. The programs were to simulate flow behavior in the hydrodynamic seal, 
i.e. in the interstice of the chamber and piston. In essence, the computer simulation 
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programs were to serve as a comparison and visualization tooi which would help 
understand the hydrodynamic sealing phenomenon. 

In line with the project expectations, laboratory testing was also to be done. The 
laboratory testing was to be the third investigational metbod complementing the finite 
element and theoreticaljanalytical approaches. By trying to align the three investiga
tional angles, conclusions were expected to be reached as to the technica! feasibility 
of the investigated alternatives. 

Apart from trying to assimilate the hydrodynamic sealing phenomenon on three 
different investigational levels, there was also an additional purpose to the investigati
on. The first part of the investigation was to be carried out at the Eindhoven 
University of Technology and was to be subsequently completed at the Universidad 
de los Andes in Colombia. This would have the very important function of increasing 
collaboration in at least one area of the project. This would help unify the thoughts 
on the issue of hydrodynamic sealing (at least between the two universities in 
question) in pursuit of the common goal of eventually installing an appropriate, more 
viable, sealing alternative in modern wind pumps. 

The author cammeneed his Technica! Physics research assignment on the 151
h of 

March 1992 on the topic of hydrodynamic sealing. The first four months were spent in 
Eindhoven at the University of Technology familiarizing bimself with the subject 
matter, and a start was made in analyzing flows in Square Cavity hydrodynamic Seals 
using the finite element program SEPRAN. The author continued his investigation at 
the Universidad de los Andes in Bogota, Colombia starting September 1st 1992. The 
following five months, until February 1st 1993, were spent developing the hydrodyna
mic sealing idea of the Laminar Seal, analytically, experimentally, and using the finite 
element program ALGOR. From February 1st until the end of his stay, June 151

h 

1993, the author worked on his research project for the Technology and Society 
programme3

• During this time the author continued to work on the hydrodynamic 
sealing topic but only when spare time allowed. 

The Report. 

The title of the present report is: 'The Application of Hydrodynamic Sealing in Wind 
Pumps". The report can be roughly divided into five parts, namely: the general back
ground; hydrodynamic sealing alternatives; computer simulation and experimentation; 
results and; conclusions and recommendations. 

The general background is discussed in the first two chapters: "Chapter 1. Introduetion 

3 The thesis report for this project, which is titled "The Dissemination of Wind Pump 
Technology in Colombia" will be submitted at the end of this year to the faculty of Philosophy 
and Social Sciences. 

xiii 



Pref ace. 

to the Wind Pump" and; Chapter 2. Introduetion to Hydrodynamic Sealing". In chapter 
1, the fundamental concepts of the wind pump, such as the rotor and piston pump 
characteristics, are discussed briefly. The concept of the leak hole, which is fundamen
tal to the development of hydrodynamic sealing criteria, is also discussed. In chapter 
2, the concept and definitions of sealing, particularly as applied to hydrodynamica! 
sealing, are explained. 

Two hydrodynamic sealing alternatives that have been examined are covered in the 
following chapters: "Chapter 3. The Laminar Seal"; and "Chapter 4. The Square Cavity 
Seal". The l..aminar Seal is the hydrodynamica! sealing idea developed at the Univer
sidad de los Andes, while the Square Cavity Seal is the hydrodynamic seal that bas 
been investigated at the Eindhoven University of Technology. These two seals have 
formed the spearhead of the investigation and receive particular attention. Much of 
the analytical work, particularly as concerns Square Cavity Seals, is based on the 
theoretica! works by Trutnovsky & Komotori [7] and Wuori [8]. Another sealing 
alternative is the Perforated Piston Seal. It is a novel idea developed at the Univer
sidad de los Andes but will not be discussed bere. 

The application of computer simulation and laboratory experimentation to the 
investigation is discussed in the following chapters: "Chapter 5. Simu/ation Programs"; 
"Chapter 6. Procedure /"; "Chapter Z Labaratory Models" and; "Chapter 8. Procedure 
//". In chapter 5, the two finite element software packages, SEPRAN and ALGOR, 
are described. Chapter 6 explains the manoer in which they were used to analyze 
hydrodynamic sealing. In chapter 7, the laboratory models are described; in chapter 8 
the experimental procedure is discussed. 

The results are discussed in the following two chapters namely: "Chapter 9. The 
Laminar Seal: Results" and; "Chapter 10. Tlze Square Cavity Seal: Results". Computer 
simulation and experimental results are discussed for both the l..aminar Seal and the 
Square Cavity Seal. 

The conclusions and recommendations are discussed in the closing chapter: "Chapter 
11. Conclusions. ". In this part, conclusions are drawn from the results obtained and 
recommendations are made for further research in this area. 
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Chapter 1. Introduetion to the Wind Pump. 

1.1 The Wind Pump. 

Water is a basic need of mankind, be it for dornestic purposes, for livestock or for 
irrigation. In most areas of the world water has to be lifted from rivers and wells 
using some kind of pumping system. One traditionally popular type of pumping 
system harnesses wind energy; this system is more commonly referred to as the wind 
pump. The first time man harnessed wind energy for this particular application was in 
Holland in the 15th century [9]. Windmills were used to drain swamps and lakes in 
order to reclaim new lands. Today the use of wind pumps has greatly declined in 
industrialized countries but it still finds widespread application in rural areas of 
Developing Countries. 

A variety of wind machines are currently being used for water pumping purposes. A 
convenient classification suggested by van Meel and Smulders [9] is made on the basis 
of the type of transmission between the wind rotor and the pumping device (see 
figure 1.1). 

1. Windmills driving piston pumps. The wind rotor 1s coupled mechanically 
(directly or through a gear box) to a piston pump. 

2. Windmills with rotating transmission. The wind rotor transmits its energy 
through a (mechanica!) rotating transmission to a rotating pump, for example a 
centrifugal pump or a screw pump. 

3. Windmills with pneumatic transmission. The wind rotor drives an air compres
sor. The compressed air is used for pumping water by means of an air lift 
pump (basically two concentric pipes), or a positive displacement pump 
(basically a cylinder with a few valves). 

4. Wind electric pumping systems. Wind electric generators are sometimes used 
to drive electric pumps directly (without being coupled to an electric grid). 

5. Windmills with hydraulic transmission. Water is most commonly used as the 
operating fluid in hydraulic transmission. 

Windmills driving piston pumps are by far the most common in use today. They are 
often referçed to as (mechanica!) wind pumps. It is this type that is being investigated 
within the 3S-project. In fact the aim of this project, besides acquiring know-how on 
the research topics mentioned, is to apply the results to four specific wind pumps. 

1.1.1 The Wind Pumps of the 3S-Project. 

The four wind pumps that are being improved are typical examples of modern small 
wind pumps. Two are manufactured in Colombia (the Gaviotas and Jober wind 
pumps) while the other two are Dutch designs (the CWD 2000 and the CWD 2740). 

1 
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Windmill driving a piston pump: 
most common type 

... ._.... 

Windmilt with a pneumatic transmission, driving 
an air lift pump: no moving partsin the well 

Windmill with a rotating transmission: 
low head/high volume 
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Wind electric pumping system: 
remote pumping, large flow rates 
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Windmill with 1 hydr.ulic transmission: 
experiments with remote pumping 

Figure 1.1. Types of wind pumps classified according to type of transmission [9]. 



Introduetion to the Wind Pump. 

Gaviotas Wind Pump. 
The Gaviotas wind pump was developed as part of a joint effort between the 
Gaviotas Centre and the Universidad de los Andes. Originally the design had 
sailwings but later these were replaced by five hollow alurninum blades. The rotor 
diameter is 2.05 meters. The Gaviotas wind pump is a downwind windrnill and does 
not require a tail for orientation. The pump coupled to the wind rotor is a differential 
pump that functions according to the double effect principle. In other words, water is 
pumped in both the upward and downward stroke. 

Jober Wind Pump. 
The original design of the Jober wind pump was based on the design of the Gavilan 
wind pump1

• The Jober wind pump has a ten-bladed rotor, 2.5 meters in diameter, 
made of sheet metal and galvanized steel. lt exhibits aerodynarnic characteristics 
similar to the Gaviotas rotor. The Jober pump however is of the single-acting type. 

CWD 2000 Wind Pump. 
The CWD 2000 wind pump, designed at the Eindhoven University of Technology, is a 
relatively small wind pump with a rotor diameter of 2 meters. It has six sheet metal 
blades. The design philosophy for this wind pump is the same as for all CWD wind 
pumps; i.e. it meets the criterion of the possibility of local manufacture in well
equipped construction workshops (with a skilied work force) and places emphasis on 
light weight cost effective construction. 

CWD 2740 Wind Pump. 
The original CWD 2740 prototype was developed at the Eindhoven University of 
Technology in 1978 under the name THE-1-2. It was later renamed the CWD 2740 
and a newer version was developed which was suitable for both surface and deepwell 
pumping. The CWD 2740 has a rotor diameter of 2.74 meters and 6 sheet metal 
blades. The transmission consists of a direct drive crank mechanism with an adjusta
ble stroke. 

1.2 The Wind Rotor. [10] 

A wind rotor is designed to extract power from the wind. At standstill, the wind rotor 
can not extract power and when the rotor moves at high rotational speeds the air is 
blocked, as it were, and again no power is extracted. Between these extremes there is 
an optimum rotational speed at which there is maximum power generation (see figure 
1.2). At a given wind velocity, the torque-rotational speed curve of a wind rotor can 
also be calculated (see figure 1.3) because there is a simple relation with the power 
which is given as follows: 

1 The Gavilan wind pump was a wind pump of Colombian design. 
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Introduetion to the Wind Pump. 

P = T·O (1.1) 

In figure 1.2, the torque can be deterrnined frorn the tangent angle of rotational 
speed axis and the line through the origin and a point on the power cutve. Frorn the 
power and torque curves, it is clear that maximurn torque values are obtained at 
lower rotational speeds than maximurn power values. For increasing values of the 
wind velocity, the power and torque cutves shift upwards and the points on the cutves 
corresponding to maximurn power values increase parabolically (see figure 1.4). 

The power and torque curves, as presented, are inconvenient for comparison purposes 
because they vary with the wind velocity V, the radius R of the rotor and the density 
of the ambient air. Power, torque and speed are thus made dirnensionless to give the 
power coefficient, torque coefficient and tip speed ratio respectively. These are given 
in the expressions below: 

c = p 

c = T 

Q·R 
). =-

V 

(1.2) 

(1.3) 

(1.4) 

with the rotor area equal to 1rR2
• A further relationship is obtained using equation 

(1.1): 

(1.5) 

The behavior of rotors with different characteristics can be exarnined at different 
wind velocitiès on the basis of the Cp-À and Cy.-l cutves. In figure 1.5, typical cutves 
are given for a multibladed and a two-bladed wind rotor. The rnultibladed rotors 
operate at low tip speed ratios, whereas two-bladed rotors operate at high tip speed 
ratios. The maximum power coefficient (at the so-called design tip speed ratio Äd) 

differs slightly for the two types of rotors. The torque coefficient on the other hand, 
differs considerably for each rotor, for bath starting and maximurn torques. 
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1.3 The Piston Pump. [10] 

A reciprocating piston pump essentially consists of a piston with a leather seal, two 
valves and a suction and delivery pipe (see figure 1.6). Some systems employ air 
chambers in order to reduce shock forces and smooth the flow. In the traditional 
piston pump the upper valve is generally situated in the piston; the lower valve, also 
called the foot valve, is located at a fixed position below the piston. Some current 
systems have a floating piston valve (matching valve) which enhances the starting 
performance of the pump. 

The principle of operation of the single-acting reciprocating piston pump is simple. 
When the piston moves downward in its chamber the upper valve opens and the foot 
valve doses. Provided the piston rod diameter is small, the flow output is practically 
zero and the piston moves freely through the water column. When the piston moves 
in the upward direction, the upper valve doses lifting the water above the piston, 
while the foot valve opens drawing water into the chamber below the piston. 

This piston-valve type pump can have a relatively simple design. It operates efficiently 
for a wide range of speeds and load capacities, and can be used in relatively deep 
wells. The pulsating discharge is on the average constant regardless of the height of 
the pumping head. This type of pumping system however, is prone to potentially 
darnaging vibrations. Furthermore, it has the inconvenience that for deep-well 
pumping, it must be set directly over the well. In addition, due to friction of the 
contact seals between piston and cylinder, there are significant mechanica! losses 
which affect the pumping performance. 

A piston pump, directly driven by a crank, exhibits a nearly sinusoidal displacement of 
the piston as a function of the angular rotation of the drive shaft (see figure 1.7); the 
result is a pulsating semi-sinusoidal water flow. The position of the piston zP is a 
function of the angular rotational velocity; with the time t and the displacement z 
equal to zero when the piston is at its lowest position: 

z = !s - !s·cosOt 
p 2 2 

Differentiating gives the velocity of the piston V P: 

V = .!. Q s ·sinO t 
p 2 

1.3.1 Behavior of anIdeal Pump. 

(1.6) 

(1.7) 

At low speeds the behavior of a pump is considered near ideal as accelerations are 
small compared to the acceleration of gravity, and friction and dynamic forces can be 
neglected. 
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The force, F P' acting on the piston is then equal to the weight of the water column 
resting on it: 

(1.8) 

where H is the static head, DP is the piston diameter, Pw the density of water and g 
the acceleration of gravity. 

This force is transmitted to the crank of the wind rotor by the pump rod and exerts a 
torque T, on the rotor shaft via the crank arm r, which is equal to half the stroke s. 
The result is that the ideal torque Tid' is sinusoirlal during the upward stroke and zero 
during the downward stroke (see also figure 1.6): 

(1.9) 

Tw = 0 for 1t < Q t < 21t 

Integrating the instantan~ous torque over a full cycle one obtains the expression for 
the average ideal torque Tid: 

(1.10) 

with '\75 being the stroke volume equal to 1/47TD/-s. It should be noted that the 
average torque is independent of the rotational speed of the rotor. 

-
The average ideal power Pid required is obtained from equations (1.1) and (1.10): 

Pw =OTw = QpwgH (1.11) 

-
where Q represents the average flow rate equal to nV'5/27T. It should be noted that 
this is the net hydraulic power needed to lift a head of H meters at an average flow 
ra te of Q m3 js. 

1.3.2 Behavior of an Actual Pump. 

In an ideal pump the required mechanica! power is equal to the net power needed to 
lift the water, i.e. the mechanica! power efficiency is 100%. In reality, the required 
mechanica! power is larger than the net power needed to lift the water because of 
mechanica! losses, such as friction between piston and cylinder, and hydraulic losses, 
such as flow friction losses in the valves. 
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The mechanical efficiency is defined as: 

p QpwgH 
TJ - lrydr - ---

IMCh - =-- -
p 1MCh p IMCh 

(1.12) 

-
~bere P hydr is the average power theoretically needed to lift the water column and 
p mech is the average mechanical power input driving the pump. 

The volumetrie efficiency is defined as: 

TJ - Q vol- --
0 V-

s 211 

(1.13) 

-
where Q is the average volumetrie flow rate and Vs is the stroke volume equal to 
Y,nrsD/. 

It should be noted that volumetrie losses are separate from the hydraulic losses 
connected with flow friction. Consequently, the volumetrie efficiency does not appear 
in power calculations. Figure 1.8 illustrates the mechanical and volumetrie losses in 
power-rotational speed and flow rate-rotational speed graphs. 

A relationship between the two efficiencies can be found by inserting equation (1.1) 
in the denominator and equation (1.13) in the numerator of equation (1.12): 

(1.14a) 
TO 

Using equation (1.10) as the average ideal torque, equation (1.14a) can also be 
written as: 

(1.14b) 

In the case of an ideal pump where TJmech = 1, the volumetrie efficiency would be 
given by the ratio of the real average torque to the average ideal torque: 

(1.15) 
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1.4 Coupling of Piston Pump and Wind Rotor. [10] 

lf a piston pump is coupled to a wind rotor, then for a given wind velocity the rotor 
will have a rotational speed such that the mechanical power of the rotor is equal to 
the mechanical power exerted by the pump. The working point is the intersection of 
the rotor curve (see figure 1.2) and the piston pump curve (see figure 1.8) which is 
depicted in figure 1.9. The flow rate q can also be determined from this graph. It is 
the power value on the hydraulic power curve which corresponds to the rotational 
speed at the working point divided by PwgH. 

The net hydraulic output as a function of the wind velocity can be determined from a 
series of rotor power curves. The overall wind to water efficiency of the system 
CPT7mech• can also be determined from the curves. (See figure 1.10). 

The wind speed at which the overall efficiency is a maximum is called the design 
wind speed V d of the system. At this wind speed the power coefficient Cp usually 
reaches its maximum value. It can be calculated by equating the net power supplied 
by the rotor with the nett hydraulic power needed to lift the water column. 

Filling the design wind speed and the design tip speed ratio in equation (1.4), one 
obtains the corresponding rotational speed. The maximum velocity of the piston at 
design wind speed is obtained from equation (1.7) for which sin nt = 1. The expressi
on is given as follows: 

V =.!.sÄdVd 
Pm.u. 2 R 

(1.16) 

A number of design variables of the 4 mentioned wind pumps (see section 1.1.1) are 
contained in table 1.1 in order to obtain an idea of the order of magnitude of these 
values. The corresponding values of the maximum piston velocity listed in the last 
column are important in determining sealing criteria for the pumping system. 

Radius Stroke Design Wind Design Tip Max. Piston 
R (m) s (m) Velocityl Speed Ratio Vel. at Vd 

vd (m/s) Ád (-) vpmax (m/s) 

Gavwtas 1.025 0.08 2.0 - 3.0 1.5 0.117- 0.176 

Jober 1.25 0.05 2.0 - 3.0 1.4 0.056 - 0.084 

CWD 2000 1.00 0.10 3.0 - 4.0 1.5 0.225 - 0.300 

CWD 2740 1.37 0.06 3.0 - 4.0 1.8 0.118 - 0.158 

Tabel 1.1. Design vana pumps. 

2 The design wind velocity depends on the size of the pump installed. 
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Introduetion to the Wind Pump. 

1.4.1 Starting Behavior. 

The simplest description of the starting condition for the wind pump is the static 
description, when the starting torque of the rotor T rotor is equal to the maximum 
torque required by the pump Tpump(max), at the starting wind speed Vst: 

(1.17a) 

From equations (1.3) and (1.9), this becomes: 

(1.17b) 

The maximum torque of the pump is 1r times the average torque (see equation (1.10)) 
and the average torque is equal to the torque T ct produced by the rotor at its wind 
speed (see Lysen [10]). 

1 2 CP._ 1 2 
C -p V AR= 1t---p VdAR 

T" 2 a st À 2 a 
d 

(1.17c) 

The starting wind speed can consequently be deduced as: 

(1.18) 

The starting wind speed is higher than the design wind speed. 

1.4.2 Piston Pumps with a Leak Hole. 

The starting characteristics of a reciprocating piston pump coupled to a wind rotor 
can be improved by drilling a small hole in the piston (see figure 1.11). The effect of 
this leak hole is that at low speeds, i.e. starting speeds, water that would otherwise 
have to be lifted leaks through the hole. This means that the pressure difference over 
the piston is low. Consequently, the required starting torque is also low. At high 
speeds of the pump however, the quantity of water leaking through the hole is small 
compared to the normal output of the pump, and the pump behaves like a normal 
piston pump without leak hole. The principle of the leak hole was an impetus bebind 
the hydrodynamic sealing idea, as discussed in the next chapter. 
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The pressure difference is given as: 

(1.19) 

where f is the friction factor and C is the velocity of the flow in the leak hole. For 
low piston speeds this velocity is given by the continuity of mass flow, as all the 
displaced water passes through the hole: 

(1.20) 

As the piston speed V P increases, the velocity C and the pressure difference p1 - p2 

will increase as well. At a given piston speed V P = V0, the pressure difference equals 
the static head: 

(1.21) 

The flow velocity in the leak hole becomes: 

C = ~ 2~H (1.22) 

and the velocity of the piston is: 

V = d
2 ~ 2gH 

o 2 I 
DP 

(1.23) 

The pump discharges when the piston speed vp ~ vo. 

The piston speed is at its maximum when 8 = nt = 1r /2, so the minimum rotational 
speed for pumping water is given by: 

O = Vo = ~~ 2gH 
0 

.!s .!sD2 I 
2 2 p 

(1.24) 

At higher rotational speeds the discharge starts at angles smaller than 1r /2 (see figure 
1.12): 
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(1.25) 

The average torques to drive the pump at speeds below and above no are given by: 

(1.26a) 

2 2 H2 - - 20 2 0 " T = Tid(-- + -(1 - -)· (1 - -) 
p 3 02 3 02 02 

0 0 

(0 > 00) 
(1.26b) 

The average discharge flow rate is: 

H - - 00 1t 
q = qid( - - <- - e )) 

0 2 ° 
(1.27) 

The volumetrie efficiency due to the effect of the leak hole is equal to the ratio of q 
and qid: 

(1.28) 

The mechanical efficiency is obtained from equation (1.14b): 

(1.29) 

The average torque and the volumetrie efficiency are grapbed in figure 1.13. It is 
apparent from the accompanying table that the curve of the mechanical efficiency is 
nearly identical to that of the volumetrie efficiency. In an ongoing student project at 
the Eindhoven University of Technology, E. Hermens discovered that the respective 
curves are similar if the relationship between the pressure difference and the leak 
hole velocity (see also equation (1.19)) satisfies the following relation: 
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(1.30) 

From figure 1.13, it is apparent that desired pumping conditions are obtained at njn0 
values above 7.5. This corresponds to volumetrie and mechanica! efficiencies of 
approximately 80%, which are acceptable. 

The average torque and the efficiencies of the leak hole are compared with other 
examples of pumps in tables 1.2, 1.3, 1.4 and 1.5. For an ideal pump and an ideal 
pump with starting hump, the rotational speed of the rotor is not sufficient to start 
the pumping cycle. The pump with the floating casu quo matching valve is well
matched; at low rotational speeds the piston is moving without pumping. The pump 
with leak hole is reasonably matebed to the wind rotor, however there is a loss of 
power, especially at low wind velocities. 

19 



1.0 1 - · -- -r- -- r -- -··r -- - r --- -- r ---r----~---r---r--r----r-T---l 

Î 
0.8 ---- ----· ·- ··- -· ----- --------- ~ -n () 

p 
Tlleak, mech Tlleak, vol 

~ Ho 0
id 

1 0.667 0 0 
0.6 2 0.935 0.366 0.342 

3 0.972 0.548 0.532 
4 0.984 0.649 0.639 
5 0.990 0.713 0.706 
6 0.993 0.757 0.752 
7 0.995 0.790 0.786 

0.4 8 0.996 0.815 0.811 
9 0.997 0.834 0.832 

10 0.997 0.850 0.848 
11 0.998 0.863 0.861 
12 0.998 0.874 0.872 
13 0.998 0.883 0.882 

n 14 0.999 0.891 0.890 
15 0.999 0.898 0.897 

0.2 
no 16 0.999 0.905 0.904 

17 0.999 0.910 0.909 
18 0.999 0.915 0.914 
19 0.999 0.919 0.919 
20 0.999 0.923 0.923 

0 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Figure 1.13. The average torque and efficiencies of a piston pump with a teakhole as a function of the relative 
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Chapter 2. Introduetion to Hydrodynamic Sealing. 

2.1 Sealing. 

Traditionally, contact seals in piston pumps (see figure 2.1 and figure 2.2) have been 
made out of leather and to a lesser extent rubber. The behavior and type of contact 
seal determine the efficiency of operation of the piston pump. In this regard there are 
various aspects which must be considered, namely energy losses due to friction, 
absorption of water, collection of particles, and the lifetime of the seal. 

The friction of the seal along the inside of the chamber consumes a relatively high 
percentage of the force exerted by the lift rod. This is aften increased due to impra
per assembly of the system. Minimizing this friction induced energy loss bas been a 
principle focus in previous investigations. 

When submerged in an aquatic medium, traditional seals, leather seals in particular, 
will absorb water and consequently gain volume and weight. As a result the seal will 
expand, thereby effecting the sealing operation; should the seal deform in its expansi
on it will affect the sealing operation. These seals are most likely to be damaged or 
torn in the curved areas. The seal is also frequently dislodged from its assembly 
position or forced inside out (the inside part becomes the outside part when the seal 
is rotated). This happens when the seal bas been improperly fitted or designed. 

Although the water that is pumped by a wind pump system is generally filtered, there 
can always be a certain amount of undesirable particles such as sand and gravel 
present. The type and nature of these particles are obviously determined by the site at 
which the pumping well is located. The presence of these particles can present 
problems when they wedge themselves between the seal and chamber, producing an 
abrasive effect that wears away the seal and the cylinder. Very aften the chamber 
must be replaced as well as the seal. 

However, a well-fitted and correctly assembied seal bas a relatively long lifetime. 
Along with the low purebase cost and easy assembly, this bas been an important 
reason why these contact seals still have a widespread application. 

2.2 Hydrodynamic Sealing. 
2.2.1 Historica) Development. 

Traditionally static sealing in machine construction bas been realized by fitting and/or 
pressing tagether the relevant parts so that contact is made, and then filling the 
remaining interspaces with an industrial sealant. For the sealing of rnaving machine 
parts elastic seals have been very common, but also other materials and construction 
farms have been applied successfully. The principle of sealing, for both stationary and 
rnaving parts, bas for the most part remained based on contact between the parts, i.e. 
contact sealing. Meanwhile however, as mechanica! precision in the construction of 
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machines bas increased the gap between weli-fitting parts bas consequently decreased 
and the application of sealing materials in many examples of rnaving parts bas 
become unnecessary. Instead lubricants are applied to the rnaving parts. Rifle 
hearings are one such example of rnaving machine parts that have moved away from 
full-contact sealing to this form of partial-contact sealing. 

The tendency away from full-contact sealing bas in eertaio cases led to no-contact 
sealing. In the case of no-contact sealing, there is, as implied, no contact between the 
machine parts although the distance that separates the parts is relatively small. There 
are many different forms of no-contact sealing; not only does it encompass parallel 
plates separated by a small gap but it can include complex geometrie shapes and 
forms. The sealing is induced by hydraulic or rather hydrodynamic ( dynamics of fluid 
in motion) effects and hence no-contact sealing is often referred to as either hydraulic 
or hydrodynamic sealing. For the purposes of this investigation and to avoid confusion 
no-contact sealing has been dubbed hydrodynamic sealing and will be referred to as 
such. 

2.2.2 Justification for Hydrodynamic Sealing. 

The reason for consictering the application of hydrodynamic sealing essentially lies in 
the desire to avoid friction between machine parts. Moving parts in contact generate 
energy losses due to friction and furthermore exhibit significant wear which requires 
frequent maintenance. Partially-sealed mechanical parts in movement suffer these 
effects as well, but to a lesser degree. The use of lubricants in partial-sealing however 
also bas its negative aspects. At high temperatures, induced by friction, the properties 
of the lubricant could become corrosive, less viscous, etc. and affect the smooth 
performance of the lubricated machine parts. 

The motive bebind the application of hydrodynamic sealing to wind pumps is three
fold. Firstly, the remaval of the leather cups or rubber washers will reduce the force 
necessary to drag the piston in the chamber and the overall energy conversion 
efficiency from the wind rotor to the water pump will increase considerably. Secondly, 
the required starting behavior of the piston will also be improved. In other words, the 
starting torque, which is generally much higher than the average torque of the pump 
in operation, will be reduced due to an effect which is analogous to the situation of a 
pump with a leak hole (see section 1.4.2). Thirdly, the maintenance of the wind pump 
will be drastically reduced because hypothetically there is no contact between the 
piston and piston chamber. The use of a leather cup or rubber washer requires 
frequent reptacement and the accumulation of abrasive particles wears the piston 
chamber. Assuming that the hydrodynamica! seal does not have an overly complex 
farm and that the manufacturing tolerances are nat required to be very small the 
production costs of the wind pump, particularly for mass production, will also 
decrease. 

The hydrodynamic seal in the wind pump is designed to stem flow from the high 
pressure chamber above the piston to the low pressure chamber below the piston. 
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This is done by generating hydrodynamic forces in the gap between the piston and 
chamber which is either realized by shaping the relevant surfaces or by redirecting the 
flow in the clearance. A paradox is that the hydrodynamic seal attempts to prevent 
the fluid flow through a passage, but it is this same fluid flow that induces the sealing 
characteristics. 

2.2.3 Hydrodynamic Sealing Alternatives. 

The study of hydrodynamic seals should commence with the investigation of laminar 
flows (of fluids or gases) between parallel plates separated by a small clearance. Th is 
starting point can be used as a stepping stone to study other, more complex, hydrody
namic sealing possibilities. Hydrodynamic lubrication technology also provides a very 
important theoretica! basis in the sealing analysis. In this report two of the of four 
hydrodynamic sealing possibilities under investigation within the framework of the 3S
project are examined. Below is given a brief description of the four hydrodynamic 
sealing alternatives. 

1. The Laminar Seal. This is the simplest hydrodynamic sealing alternative. It 
consists of two parallel or quasi-parallel plates between which the fluid flows 
(see figure 2.3). The theoretica! model corresponding to this seal is based on 
the Poiseuille and Couette flows; the flow is dominated by pressure and 
viscous forces. It is therefore elementary and didactic in the onderstanding of 
hydrodynamic flows. The Laminar Seal has been investigated at the Universid
ad de los Andes [5]. 

~~--------------------------~ 

Figure 2.3. The Laminar Seal. 

2. The Labyrinth Seal. This seal consists of one flat surface and one surface that 
has a series of grooves. Labyrinth Seals are sametimes subdivided into Square 
Cavity Seals (see figure 2.4) and Inclined Cavity Seals (see figure 2.5). The 
shape of the seal aims at dissipating the kinetic energy flowing from the 
clearances in the successive chambers. The likely occurrence of vortices and 
turbulence in the cavities makes it difficult to develop an accurate theoretica! 
model. The Square Cavity Seal in particular has been investigated at the 
Eindhoven University of Technology [1-4] and at the Universidad de los 
Andes. 
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Figure 2.4. The Square Cavity Seal. Figure 2.5. The Inclined Cavity Seal. 

3. The Perforated Piston Seal. Two-dimensionally this seal consists of two parallel 
plates, one of which bas an opening through which fluid from the high pressure 
chamber is ejected into the interstice (see figure 2.6). The three-dimensional 
analog, i.e. two concentric cylinders, has a number of apertmes symmetrically 
located circumferentially around the inside cylinder through which fluid is 
ejected into the annulus. This sealing alternative was an idea developed at the 
Universidad de los Andes [5,6]. 

7777777777777 
Figure 2.6. The Perforated Piston Seal. 

5. The Flexible Fingers Seal. This seal resembles the Inclined Cavity Seal in that 
it consists of one flat surface and one surface of successively alternate inclined 
protrusions and cavities (see figure 2.7). The difference however, is that this 
seal, as suggested by its name, has pliant protrusions. This hydrodynamic 
sealing alternative was proposed by the University of Reading in the United 
Kingdom. 
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Figure 2.7. The Flexible Fingers Seal. 

2.3 Leakage. 

The concept of leakage is of utmost importance for the proper evaluation of hydrody
namic seals. Consider a piston of diameter DP moving with respect to a cylinder of 
diameter De at a constant velocity V (see figure 2.8). 
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v, 

......... i ..... 

I 
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·····----··---··--- I -··---··--------· 
i o. 
I 
I 

Figure 2.8. The dynamic pum
ping system. 

Leakage, i.e. the flow in the gap between the piston and cylinder, can be approached 
in two ways: case A which considers leakage with respect to the stationary cylinder 
(see figure 2.9a) or case B which considers leakage with respect to the piston (see 
figure 2.9b ). The leakage flow ra te per unit length, q, consists of both a pressure
driven flow and a velocity-driven flow as depicted in figures 9. Note that for case A, 
the contribution of the velocity-driven flow is opposite to the pressure-driven flow. 
For case B, the velocity-driven and pressure-driven flows are in the same direction. 
Consequently, the flow rate per unit length for each case is different. 
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p 
p' p• 

Figure 2.9A. Case A. Figure 2.9B. Case B. 

The definition of the volumetrie leakage rate for a cylindrical piston in a cylinder is 
given by: 

(De + DP) 
Q = q 1t --''----___!;,_ 

I 2 
(2.1) 

The volumetrie efficiency, defined by equation (1.13), is given by: 

Qid- Q, = 1 - ~ 11..,, = 
Qid Qid 

(2.2) 

where Qid is the ideal pumping rate. 

For leakage case A, the ideal pumping rate IS defined with respect to the piston 
diameter: 

(2.3A) 

whereas for leakage case B it is defined with respect to the cylinder diameter: 

(2.3B) 

Using equation (2.2), the respective volumetrie coefficients can be written as follows: 

(2.4A) 
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(2.4B) 

For case A, the volumetrie efficiency T7voJ can be greater than one (T7vol ~ 1) if the 
contribution of the velocity-driven flow is larger than that owing to the pressure
driven flow. The volumetrie efficiency is 1 for the situation where the volumetrie 
column resting on the piston (or rather the volumetrie equivalent) is displaced 
upwards (see also [11]). Because of the fact that the piston diameter differs from the 
chamber diameter there will nonetheless be flow past the moving piston (given the 
pressure gradient), but this is not leakage in this case. Leakage more precisely, would 
be the additional fluid that flows past the piston whieh in fact is a portion of the 
volumetrie column resting on the piston which the piston is unable to displace 
upwards. 

For case B the volumetrie efficiency T7vol ~ 1 because the leakage flow rate per unit 
length is always q ~ 0. In this case the volumetrie efficiency is 1 when there is no 
pressure gradient and the piston is not in motion. All the fluid that flows past the 
piston is considered leakage. 

The difference between the two cases can be put into perspective using the following 
two illustrative comparisons: 
A. A piston with fully sealing traditional seal and a piston without traditional seal 

that have identical piston diameters are situated in chambers of different 
diameter (Figure 2.10a). The difference between the volumetrie upward displa
cements ( Q1 and Qh) is equal to the leakage ( QIA) in the piston-ehamber gap 
of the latter. 

(2.5A) 

B. A piston with fully-sealing traditional seal and a piston without traditional seal 
are situated in chambers of identical diameters (Figure 2.10b). The difference 
between the volumetrie upward displacements (respectively Q1 and Qh) is equal 
to the volumetrie leakage flow (Q18) between the piston and chamber of the 
latter. 

(2.5B) 
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.,. ____________ op,------------· 

•------------- De -------------• 1 

•------- OP ( = De ) -------• 2 1 

.,. __ ---------------- De; __________________ .,. 

Figure 2.10a. Identical piston diameters. 

.,. ____________ Dp,·········---• •--------- OPz ......... ... 

•------------- De -------------• •------------- De ------------·• 

Figure 2.10b. Identical chamber diameters. 
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When the gap between the piston and cylinder is very small (i.e. h < De ~ DP = D) 
and the contribution of the velocity-driven flow is negligible compared the pressure
driven flow, the leakage definitions, and consequently the volumetrie coefficients, of 
cases A and B are equal: 

T'1 = 1 - q1tD = 1 - _iq_ 
vol !.D2V DVP 

4 p 

(2.6) 

Although, strictly speaking the definitions for the volumetrie efficiencies are not equal 
for the two cases, the mechanica! efficiencies are the same. 

Both case A and case B are valid leakage definitions. It is however important to 
choose one approach that will serve as the universa! reference definition. It might 
therefore be more appropriate to use case B as our reference approach so that also 
volumetrie efficiency camparisans can be made with other pumping systems as for 
example in figure 1.14. 
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Chapter 3. The Laminar Seal. 

The Laminar Seal essentially consists of two parallel or two quasi-parallel concentric 
surfaces between which the flow phenomena are determined by laminar flow contri
butions: namely, the Poiseuille and Couette flows. 

p 

Figure 3.1. The Laminar Seal. 

In the analysis of the Laminar Seal, there are two basic relations: 

the continuity equation which can be written as follows: 

éJ(pu) + a(pv) + a(pw) = 0 ax ay az 

and the Navier-Stokes equation, of which the x-component is given below: 

àu àu àu àu 1 êJp J.L &u &u &u 
- +u- + v- + w- = --- + -(- + - + -) 
àt àx ay az p ax p ax2 ay2 az2 

(3.1) 

(3.2) 

If the flow is steady between the plates in the x-direction, the first term on the left 
hand side of equation (3.2) is zero. Assuming that the fluid motion is two-dimensional 
(see figure 3.1), the third component and third coordinate of the Navier-Stokes 
equation can be neglected. Furthermore, if it is assumed that the plates are infinitely 
long, i.e. h < L, the first term between the brackets on the right hand side of equation 
(3.2) can be neglected. The second and third terms on the left hand side of the 
equation can also be neglected provided that: 

u2 u puh h 1 h 
p-<J.L- .. -·-=-&·-<1 

L h2 J.L L 2 L 

where Re is the Reynolds number, based on the hydraulic diameter for two concen
tric pipes. The product of the Reynolds number and the proportion of the gap width 
to the gap length should be small, i.e. that the flow is governed by pressure and 
viseaus farces. This corresponds to the Stokes' laminar flow range and hence this type 
of seal has been dubbed the Laminar Seal. 
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The second component of the Navier-Stokes equation is also negligible because the 
variation of the pressure across the film between the plates is small compared to the 
pressure variation along the length of the plates and because the y component of the 
velocity, v, is of the order u ·h/L. The resulting relation is the so-called one-dimensi
onal equation for the Poiseuille flow: 

By integrating equation (3.3) twice using the following boundary conditions: 
u = u1 at y = 0; 
u = u2 at y = h, 
one obtains the following relation: 

u=-1-àpy(y-h)+h-yu +l~ 
211 àx h 1 h 

(3.3) 

(3.4) 

Equation (3.4) gives the velocity profile in the fluid film as affected by the dynamic 
viscosity f..L, the film height h, surface veloeities u1 and u2, and the pressure gradient. 
Making use of the two-dimensional continuity equation (equation (3.1) without the 
third term) by substituting equation (3.4) and integrating with respect to y with the 
following boundary conditions: 
v = 0 at y = 0; 
v = 0 at y = h; 
one obtains: 

a ph 3 ap a(ph) a 
-(--) = 6(u1 - u2)-- + 6ph-(u1 + ~) 
àx 11 àx ax ax 

(3.5) 

If u1 and u2 are constant, the second term on the right hand side of equation (3.5) is 
zero. Furthermore, assuming that the fluid is incompressible (p = constant) and the 
relative velocity of the two systems, u1 - u2, can simply be written as U, equation (3.5) 
becomes: 

(3.6) 

This equation is called the Reynolds equation. The Reynolds equation and the one
dimensional Poiseuille equation form the basis of the analysis of the Laminar Seal. 
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3.1 Parallel Plates. 

The pressure-driven flow in the gap between two parallel plates is given by: 

1 dp 
u(y) = --y(h - y)-

211 dx 
(3.7) 

where h is the gap width and dp/dx is the pressure gradient along the seal. Integrati
on of the equation gives the flow rate per unit length qP as a result of the Poiseuille 
flow: 

h3 dp q = ---
p 1211 dx 

(3.8) 

The velocity-driven flow for the laminar situation between two parallel plates moving 
with respect to each other with a velocity U is called the Couette flow. This flow is a 
special case of the Reynolds equation, when the pressure gradient is zero: 

The equation for the Couette flow is given by: 

u(y) = U y 
h 

Integration yields the Couette contribution to the flow rate per unit length qc: 

Uh 
qc = 2 

(3.9) 

(3.10) 

(3.11) 

By applying these equations of the flow contributions to case A illustrated by figure 
2.9a, the stationary cylinder, one obtains the following relationship for the flow in the 
gap: 

u(y) = _hy(1- I)dp + Iu 
211 h dx h 

(3.12A) 

The flow rate per unit length with respect to the cylinder is: 

35 



Cha ter 3. 

1 !J.p 3 Uh q = ---h +-
A 121.1 L 2 

(3.13A) 

in which ap = p+ -p-is the pressure difference over the lengthof the seal L. 

For case B illustrated by figure 2.9b, a reference frame fixed to the piston, the 
following relationships are obtained respectively for the velocity of the flow and flow 
rate per unit length with respect to the piston: 

(3.12B) 

1 !J.p 3 Uh q = ---h --
B 121.1 L 2 

(3.13B) 

The difference between equations (3.13A) and (3.13B) is equal to U ·h, which follows 
directly from the switch of reference system. 

A so-called pressure parameter, k, can be introduced which helps clarify the differen
ce. This parameter is defined as follows: 

(3.14) 

When k < 0, the direction of movement is in the direction of an adverse pressure 
gradient; i.e. the pressure increases in the direction of U. This situation corresponds 
to case A. When k > 0, the direction of movement is in the direction of a favourable 
pressure gradient, i.e. the pressure decreases in the direction of U. This situation 
corresponds to case B (see figure 3.2). Figure 3.3 depiets the velocity profiles for 
different values of k. 

According to the leakage definition of case A, there should be a value of k for which 
there is no leakage; i.e. the pressure-driven Poiseuille flow is equal to the velocity
driven Couette flow (see page 30). By defining the ratio y /h as 13 and combining 
equations (3.12A) and (3.13), one obtains the following expression for the local 
velocity profile: 

u(f3) = f3U(l + k(1- f3)) (3.15) 
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The Laminar Seal. 

Figure 3.3. Velocity profiles in terms of the pressure parameter kwhere u is the local velocity 
and y is the local position w.r.t. the Jower plate [5]. 

The net volumetrie flow rate for this case is defined as follows: 

1 

Q1A (I}) = J u(~)dA (3.16) 
0 

with dA the differential of the area for a circular annulus defined as: 

dA = 2rtRhdl} 

Integration yields: 

Q = _rc_h_R_U...!.(~3 _+_k.....!.) 
IA 3 

(3.17) 
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Equation (3.17) reveals that when k = -3 QIA = 0, i.e. the net flow is zero in the 
annular space with respect to the stationary wall. In other words, the volumetrie 
efficiency Tlvoi = 1. 

As mentioned in chapter 2, Tlvoi = 1 according to leakage definition B when there is 
neither a pressure gradient nor a rnaving plate. 

Conversely, there is no pumping flow when f1voi = 0. For case A this corresponds to: 

IUD I ~ [-1- !lp h3](1 + ~) - 2Uh(1 + ~) 
pA 31.1 L D,. D,. 

(3.18A) 

For case B this corresponds to: 

IUDels ~ [-1 llph 3](1- .!.) + 2Uh(1- ~) 
31.1 L D, D, 

(3.18B) 

Assuming that h < DP ~De = D equations (3.15) are respectively: 

IUDI ~[-1 llph 3]-2Uh 
A 31.1 L 

The difference between case A and B is a factor equal to 4 U ·h. If this factor is small 
compared to the first term, the pressure term, the two situations can be considered 
equivalent. 

PRACTICAL EXAMPLE 1. 

To provide an idea of what orders of magnitude one is dealing with, the above 
equations will be applied to a typical water pumping system. 

The parameters of the pumping system are the following: 
1. Pumping head: 0 ~ H ~ 40 m; 
2. Piston velocity: 0 ~ U ~ 1 m/s; 
3. Piston length: L = 0.05 m. 
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The pumping fluid, water, has the following material constants at a temperature T = 
17° C: 
1. Dynamic viscosity: IJ. = 10-3 Ns/m2

; 

2. Specific weight: r = pg = 9790 Njm3
• 

Th ere is a linear pressure gradient over the length of the piston ( ll. p = rH). 

The graphs in figures 3.4, 3.5 and 3.6 illustrate the relation of equation (3.17) and 
give an indication of the order of magnitude of the gap width for typical values of a 
pumping system. Only in extreme cases of low pressure head and high piston velocity 
values are acceptable values of the gap width obtained for the k = -3 condition. 
According to table 1.1, the maximum piston veloeities are in the range of 0.1 and 0.2 
m/s. This would mean that in order to satisfy the k = -3 condition, the gap width 
must be in the order of w-s meters. Figure 3.6 depiets the gap width as a function of 
the piston velocity for two random values of the pumping head. 

GAP WIDTH vs PUMPING HEAD 
The No-Leakage Condition; k=-3 (Case A) 
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Figure 3.4. Gap width vs pumping head (low velocity values). 
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GAP WIDTH vs PUMPING HEAO 
The No-Leakage Condition; k=-3 (Case A) 
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Figure 3.5. Gap width vs pumping head (high velocity values). 
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GAP WIDTH vs PUMPING VELOCITY 
The No-Leakage Situation; k=-3 (Case A) 
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3.2 Inclined Plates. 

For the situation where one plate is slightly inclined with respect to the other, a flow 
analysis using the Reynolds equation is still justifiable. If it is assumed that J.L is a 
constant, the Reynolds equation, equation (3.6) can be written as: 

(3.6a) 

Integration yields: 

h 3 dp = 6U11h(x) + C 
dx 1 

(3.6b) 

The Reynolds equation is applied to the situation depicted in figure 3.7, where the 
height of the clearance is a linear function of x given by: 

h - h 
h(x) = ax + b = ( L 0 )x + h

0 L 
(3.19) 

where L is the length of the clearance, and h0 and hL are the respective heights at the 
clearance ends. Note also that U is in the negative x direction. 

u 

L 

Figure 3.7. The Wedge: Slightly lnclined Plates. 

The pressure can be determined by integration of equation (3.6b ): 

f dp = f-6UJ.l-
1
-dx + f_!i_dx + C 

h(xi h(x)3 2 (3.6c) 
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The following boundary conditions are valid: 
p(L) = PL for x = L; 
p(O) = Po for x = 0. 
Integration of equation (3.6c) subsequently yields: 

C = 2(h- Po) (aL+ b)2 b2 
+ 12 J.1U(aL + b)b 

1 L (aL + 2b) (aL + 2b) 

C = p + 6UJ.1 ( (aL + b) _ 1) + (pL -Po) (aL + b)2 

2 0 ab (aL + 2b) aL (aL + 2b) 

Defining a dimensionless pressure, p ·, one obtains: 

p • = p • + p • = (p(x) - Po) = _!_ (Po + 1 )2 [ 1 - 1 l 
P c (pL -Po) Po <Po + 2) (P0 ~ +1)2 

6 u ll L 1 [ 1 1 (Po + 1) 1 l 
+ (pL- p0)~ Po <Po~ + 1) - <Po + 2) - <Po + 2) (p0 ~ + 1)2 

(3.20) 

where {3 0 = (hL - h0)/h0 and Pp• and Pc. represent the contributions of the pressure
driven and velocity-driven flows. 

In figures 3.8 and 3.9, the contribution of the two non-dimensional pressure terms p • 
are plotted versus the non-dimensional distance x· for val u es of {3 between 0 and 100. 
In figure 3.8 is graphed the pressure-driven term while in figure 3.9 is graphed the 
velocity-driven term. Note that the non-dimensional pressure p* = (p(x) - p0)/(PL- p0) 

and the non-dimensional distance x· = x/L. 

The flow rate between the two surfaces can be calculated from the following equation 
(see equation (3.13B): 

q = _h
3
(x) dp - uh(x) 

.r 12j.L dx 2 
(3.21) 

By inserting equation (3.6b) and the value of C1, one obtains the following expression: 

(3.22) 

The flow rate, Qx, is minimal when hL = h0• Any positive incHnation with respect to h0 

will result in a higher leakage flow. The possible advantage of the incHnation is 
therefore to induce a stahilizing force that will push the wedge away from the wall. 

42 



1.2 

0.8 

h0.6 

0.4 

0.2 

PRESSURE QUOTIENT vs WEDGE LENGTH 
Non-dimensienol Non-velocity Term 

--bolo_o "' 0 
-1-

~~~*-l~~~~~~~~~-f!!f--l!!f-~~~· ~-0 = 0.1 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
x• 

bo1o_O = 1.0 
-e-
be1o_o = 10 

"* bolo_O = 100 

Figure 3.8. The pressure-driven term with Po as parameter. 
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From figures 3.8 and 3.9, it appears that the velocity-driven term of equation (3.20) 
can be neglected because it is small compared to the pressure-driven term. The latter 
term is of the order 10·1 whereas the velocity term is of the order A *10-2 where A is a 
constant also of the order 10"2 if typical values for a pumping system (see practical 
example) are inserted. 

The total y-directional force in the clearance can be obtained by integration of the 
pressure: 

L ( ~ + 1)2 1 1 
F(y) = I (p(x) - p0 )dx = (pL - p0) 

0 L I (1 - )dx• 
o ~o<~o + 2) o (~0x" + 1)2 

(3.23) 

This equation is valid as long as the angle of the inclined plate, a = arctan (,B0·h0/L), 
is small; i.e. cos a ~ 1. 

An expression for the non-dimensional force is then given by: 

F• = __ F __ 

(PL- Po)·L 

( ~0 + 1) 

(~o + 2) 
(3.24) 

where a0 = 1/ ,80• The total force in the clearance as a function of ,80 is given in figure 
3.10. 
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3.2.1 Stability of a Two-Dimensional Wedge. 

In figure 3.11 the two-dimensional situation is illustrated of a double-sided wedge 
placed in between two plates. 

~--~----------------------------------. 

~ 
I I 

L 

--i '< 

' 

x 

>-_1 x 

Figure 3.11. A double-sided wedge placed in between two 
plates. 

When the wedge is centered, the total force in the left and right clearances is equal 
and opposite in magnitude. If the wedge is displaced a distance e perpendicular to its 
axis to an off-center position, then the total forces on the left and right side of the 
wedge follow from equation (3.24 ): 

• (a, + 1) 
F, =--

(2a1 + 1) 

p• = (a, + 1) 

' (2a, + 1) 

where: 

and € = e/h0• The nett force is thus: 

(3.25) 

(3.26) 
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-2tt0e 
F* -F· = ------------~----------

' r (2tt0 {1 - e) + 1)(2tt0 {1 + e) + 1) 

-2P0 e 

(2(1 - e) + P0)(2(1 + e) + P0 ) 

-2P0 e 

(3.27) 

This would suggest that when the double-sided wedge is eccentrically situated 
between the plates, the pressure forces will have a eentering tendency. Note that the 
parameters a0 and {3 0 are not a function of the eccentricity. In figures 3.12 and 3.13, 
the nett force is illustrated as a function of {3 0 for different values of the eccentricity. 
In figures 3.14 and 3.15, the derivative of the nett force to e is plotted versus {3 0 for 
different values of the eccentricity. 
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0.4 

0.35 

0.3 

':.. 0.25 
I ... 
1 0.2 
• :! 0.15 

0.1 

0.05 

NETT FORCE vs BET A_O 
Two-dimensional Eccentric Piston 

2 3 4 5 
~-0 

6 7 8 9 

Figure 3.13. The nett force vs ~0 with e as parameter. 

1.2 

,.... 0.8 ,.... 
(11 
Q. 
w 
"5 0.6 
......... 
• ... 
"0 
'-"0.4 

0.2 

0 

NETT FORCE DERIV A TIVE vs BET A_O 
Two-dimensional situation 

10 

---[ = 0.2 
-+-
[ = 0., ...... 
[ = 0.5 
-a
[= 0.! 

""*" E = 1.0 

[ = 0.0 

[ = 0.2 

[ = o., 

[ = 0.6 

E = 0.8 

E = 1.0 

0 10 20 30 40 50 60 70 80 90 100 
"_o 

Figure 3.14. dF*/de vs ~0 with e as parameter. 
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3.2.2 Stability of a Cone in a Cylinder. 

In figure 3.16, the three-dimensional situation of a piston in a cylinder is sketched. 
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The Laminar Seal. 

When the piston is centered in the cylinder the nett force on the piston will be zero; 
the piston is stable. If the piston is eccentrically positioned in the cylinder, the nett 
farces in the x and y directions are: 

F 2ft 
p• = ;r = _ _!_ J (1 + ex) cos6d6 

;r (pL- p0)·DcL De 
0 

(2ex + 1) 
(3.28) 

F 2ft 
F• = Y = _ _!_ J (1 + ex) sin6d6 

y (pL - p0) ·DeL De 
0 

(2ex + 1) 

where: 

ex = ex 0 (1 - e cos6) (3.29) 

and € = e/h0 and De is the diameter of the cylinder. The parameter a, as given by 
equation (3.29), is valid if the diameters of the cylinder and the piston are large 
compared to the clearance width h0 (De:::: DP = D > > h0). 

For the three-dimensional case, the nett force in the x-direction can be calculated as 
follows. Substituting {3 0 into equation (3.28), one obtains: 

• 1 
2J" 1 (2 ~0 + 2 -2ecos6) 

F = -- - cos6d6 
;r D 

0 
2 (~0 + 2 - 2ecos6) 

1 [ 211 Pocos6d6 2ft l 
= -- + cos6d6 

2D [ ((3 0 + 2 - 2ecos6) [ 

(3.30) 

The salution of the second integral of equation (3.28) yields zero. The first integral 
can then be rewritten in the following farm: 

211 
F• = __ 1_ Po J cos6d6 

;r 2D Po + 2 o (1 - _2_E -cos6) 
(110 + 2) 

(3.31) 

Consictering that € $ 1 and assuming that the parameter f30 > 0, then introducing: 

6 = 2e < 1 
(Po + 2) 

(3.32) 

the integrand can be developed into a MacLauren series. 
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(3.33) 

All odd eosine terms yield zero when integrated between 0 and 21r. The even eosine 
terms can be determined as follows: 

where 

(3.34) 

The salution is consequently given by: 

F* = __ 1_ l3o [ö 1t + 2 1t Ë (2n - 1)! ö2n-t] 
x 2D (3 0 + 2 ,..2 (2n)! 

(3.35) 

In figures 3.17, the three-dimensional nett force in the x direction is plotted vs {3 0• In 
figures 3.18 and 3.19, the three-dimensional nett force in the x-direction is plotted vs 
epsilon for different values of {30• 
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The graph in figure 3.17 has the greatest eentering effect when the parameter 130 lies 
between 1 and 2. Figures 3.18 and 3.19 indicate that the eentering force becomes 
greater as the eccentricity increases. The force in the x-direction appears to be a 
linear function of the eccentricity. Note that these eentering forces are induced under 
the assumption that the water is not displaced circumferentially by the displacement 
of the piston. 

From the calculations for the two- and three-dimensional situations, it is apparent 
that from a force standpoint the most suitable values for the parameter 130 is lie 
between 1 and 2. If 130 = 1, this would mean that the clearance width at the upper 
end is twice as large as the clearance width at the lower end. Consirlering that the 
clearance width values that are being considered (see graph in figure 3.4) are of the 
order 10·5, such values for 130 would be difficult to obtain because of toleranee 
restrictions. 

PRACTICAL EXAMPLE 2. 

The magnitude of the forces can be examined by filling in typical values for a piston 
in equation (3.35) and adjusting figure 3.17. The magnitude of the nett force in the x
direction is illustrated in figures 3.20 and 3.21 for respective pumping heads of 10 and 
32 meters. The parameters of the pumping system are identical to those in Practical 
Example 1 (page 38). 
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Figure 3.20. The magnitude of the force for a pumping head of 10 m. 
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Figure 3.21. The magnitude of the force for a pumping head of 32 m. 

3.3 A Recommended Design. 

The Laminar Seal. 

From the calculations above, it should be clear that under laminar conditions the 
leakage is minimal when the plates are parallel. Any open incHnation will augment 
the leakage rate. An incHnation of the plates however is beneficia} for the stahilizing 
effect, i.e. restoring the cone-shaped piston to a centered position within the cylinder. 
The farces are quite large and the possibility exists that the piston will start to 
asciilate in the lateral direction. 

The suggestion would therefore be to design a hydrodynamic seal which includes one 
or two wedge-shaped sections for stahilizing purposes. The sealing function would 
however have to be induced by other means. A possible piston form is illustrated in 
figure (3.22) whereby it is assumed that the Labyrinth Seal provides the sealing 
mechanism. 

Along the tapered sections, the pressure drop will have one of the forms illustrated in 
figure 3.8, depending on the value for /30• Assuming the two tapered regions are 
equally long and combined constitute one-fifth of the entire length of the seal, the 
combined pressure drop will also be one-fifth of the total pressure drop (follows from 
àp/L). For the piston in Practical Example 2 under identical conditions, this would 
mean that the total eentering farces as a result of the tapered regions would be one
twenty-fifth of the eentering farces indicated in figures 3.20 and 3.21, which is still 
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considerable. The advantage of an upper and a lower tapered section is the moment 
arm, which could align the piston in the event that the piston is tilted in its cylinder 
chamber. 
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Figure 3.22. A sketch of a piston farm with 
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Chapter 4. The Square Cavity Seal. 

The Square Cavity Seal belongs to the category of Labyrinth Seals. It essentially 
consists of two parallel surfaces, one of which has a series of grooves etched into it. 
Provided the velocity of the flow between the surfaces is not too low, the contractions 
and expansions could be effective in reducing the leakage rate by dissipating the 
kinetic energy in the successive chambers. The effect of these grooves is also assumed 
to diminish the influence of the passage width. The leakage is defined with respect to 
the cylinder (leakage case B). 

r---~-------------------------, 

77777777777777 

Figure 4.1. The Square Cavity Seal. 

4.1 Background. 
4.1.1 Criteria and Assum ptions. 

The calculations in chapter 2 indicate that parallel plates, as opposed to inclined 
plates, will provide the lowest leakage rate under Stokes laminar conditions. A Square 
Cavity Seal has a more complex shape and flow release will occur at the sharp edges. 
Nevertheless, it is believed that in the low laminar range, the Square Cavity Seal 
demonstrates a higher leakage rate. At higher Reynolds values in the laminar range, 
it might however provide more beneficia! results. G. Stacey [13] analyzed the criterion 
for an acceptable leakage rate for a number of wind pumps and expressed this as a 
value of the Reynolds value of the flow in the gap between the piston and cylinder. 
Values for the CWD 2000 wind pump are shown in table 4.1. 

I I CWD 2000 I 
Power (P) 12 

Speed (n) 0.62 

Head (m) Low (10 m) High (32 m) 

Piston Diameter (DtJ 81 mm 49mm 

Stroke (s) 47mm 40mm 

h·u = 0.1·n·D-s (eq. (4.5)) o.24 x w-3 0.12 x w-3 

Reynolds Number = 480 = 240 
able 4.1. Esttmat10n of the Keynolds Number l13 j. 
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The Reynolds number is defined as: 

Re= D,.·u = 2h·u (4.1) 
V V 

where Dh is the hydraulic diameter for two concentric cylinders, u is the mean axial 
flow in the annulus and v is the kinematic viscosity (JJ. / p ). The product h-u can be 
determined from the average flow rate definitions. 

The ideal average pumping flow rate is: 

2 
- De 
Q = nn-s 

p 4 
(4.2) 

where n is the frequency in cycles per second and s is the stroke of the piston. 

The mean leakage velocity, which occurs only in the upstroke, is given as follows: 
-- u 

Q1 = nD h
e 2 

The volumetrie efficiency, as discussed in Chapter 1, is given by: 

1lv = QP- Q, *100% 
Qp 

(4.3) 

(4.4) 

- -
If 80% is considered the minimal acceptable volumetrie efficiency, then Q 1 = 0.2 QP. 
Consequently, equations (4.2) and (4.3) yield: 

hu = O.lnDs (4.5) 

The calculations in chapter 2 furthermore indicate that for two parallelfinclined flat 
plates, the velocity-driven contribution is small compared to the pressure-driven 
contribution for typical wind pumping values. Figure 3.4 indicates that the clearance 
width would have to be in the range of w-s m to be of the same order of magnitude 
as the pressure-driven flow. Assuming that: 

- velocity of the piston, U = 0.1 mfs; 
- the length of the piston, L = 0.05 m; 
- the pressure head, H = 10 m, 

the proportion of the velocity- and pressure-driven contributions as defined by 
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equations (3.13) wil! yield the following quotient: 

6 J.L U L ". 3 x 10-10 

pgHh 2 h2 

If the gap width, h, is chosen as 104 m, which is near the clearance limits given the 
toleranee criteria, the velocity-driven contribution will be 3% of the pressure-driven 
contribution. Por the flow between parallel plates, this would mean that the Couette 
contribution can to a first order degree be neglected. Por a Square Cavity Seal, the 
Couette flow can be neglected altogether then because of the discontinuities of the 
geometry corresponding to each cavity and the flow release at the sharp edges. By 
neglecting the Couette flow, the flow behavior can be analyzed for stationary surfaces 
(no relative movement). 

Por a Square Cavity Seal, the question is also whether the flow in the clearance can 
be satisfactorily described by the Poiseuille flow. P. Boon [4] suggested that the 
discontinuities corresponding to each cavity disturbed the development to a fully
developed Poiseuille flow. As described by Hirschberg et. al. (14] there are three 
development stages. Pirstly, there is a separation region where the pressure drop is 
considered to be zero. This is followed by a region where reattachment occurs and 
the Bernoulli equation is valid (the pressure is uniform across the channel). When the 
boundary layer reaches a certain critica! value óc, one can assume a fully-developed 
Poiseuille flow (see figure 4.2). 

1~1 
1 separat10n1 bernoulli 
I rcrrion I flow 
1~,1 

I S I 

L 

Poiseuille 

fiü\v 

Figure 4.2. The development stages to the fully-developed Poiseuille flow. 

h 

Por thin ridged Square Cavity Seals, the fluid behavior can not be described by the 
Poiseuille flow. 
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4.2 The Theory.[7,8] 
4.2.1 The Pressure Consideration. 

Consider the Square Cavity Seal that consists of a straight wall and a labyrinth 
component formed of several chambers separated by dividing walls with the dimensi
ons depicted in figure 4.3. 

' 
' 

~~~._~~~~~~~~ 

/ 
/,' 

Figure 4.3. Pertinent dimensions of the Square Cavity Seal. 

The labyrinth component must be shaped so that the resistance to flow is as high as 
possible. When fluid flows into the first chamber it is assumed that it accelerates 
without loss in which case the following equation is valid [15]: 

(4.6) 

where Po is the total pressure before the first throttling ( the ridge-straight wall 
clearance), p1 the static pressure in the first throttling, w1 the velocity in the first 
throttling and p the density of the fluid which is assumed to be constant. The fluid jet 
in the ridge clearance propels into the labyrinth chamber and encounters a fluid flow 
moving at a lesser velocity. When the two flows mix, the velocity of the flow ejected 
from the throttling deercases and the resulting average velocity is w21, which remains 
constant because of the friction against the wall (see figure 4.4). If it is assumed that 
the mixing process takes place at constant static pressure, then the loss in total 
pressure, ll. p0, can be expressed as: 

ll.po = ! p(wl - w21)2 
2 
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Figure 4.4. Flow through a throttling. 

Hence, the pressure in the first chamber, p21 , can also be calculated by means of the 
energy equation: 

1 2 1 2 1 2 
P21 + 2PW21 = P1 + 2pwl - 2p(wl- w21) 

or more concisely: 

If ~ denotes the ratio w21/w1, then using equation ( 4.6) one obtains: 

P21 = Pt +<Po - Pt)24>(1 - 4>) (4.7) 

As the fluid approaches the second ridge clearance, it accelerates from velocity w21 to 
w2 without loss and thus is obtained: 

(4.8) 

If the throttling conditions in the Square Cavity Seal are successively identical, the 
veloeities in the successive ridge clearances can be considered equal: 
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Furthermore, if the successive chambers are equal in shape, then the ratio of chamber 
velocity to the throttling velocity is equal for successive chamber-ridge pairs: 

w21 = w(n+l)n = 4l 

wl wn 

and the difference between the throttling pressure and the chamber pressure is also 
equal in successive chamber-ridge pairs: 

Equation ( 4.8) can thus be written as: 

Pzt = P2 + <Po - PtHl - 412
) 

or in the more general form as: 

P(n+l)n = Pn+l + (Po - Pt){l - 41
2

) 

Equation ( 4.7) can now be written in the general form as: 

P(n+l)n = Pn + <Po - Pt)241(1 - 41) 

Eliminating P(n+l)n from equations (4.9) and (4.10) one obtains: 

Pn - Pn+l = {1 _ 4li 

Po-Pt 

The efficiency T'le for pressure recovery can be defined as: 

which can be written as (using the equivalent of equation (4.8)): 

60 

(4.9) 

(4.10) 

(4.11) 



Combined with equation ( 4.10), one obtains: 

2~ 
TJ.,=~ 

The Square Cavity Seal. 

(4.12) 

In an ideal Labyrinth Seal, the total amount of kinetic energy possessed by the fluid 
propelled between two chambers is dissipated in the second chamber. There is conse
quently no pressure recovery, meaning: 

and: 

TJ., = 0 

From equation ( 4.12) one then obtains ~ = 0 and substituting this value into equation 
(4.11) one obtains: 

Assuming the ideal labyrinth has n throttlings, the pressure drop across the seal will 
be: 

(4.13) 

The total pressure loss in a Square Cavity Seal is now assumed to be: 

Po - P" = (po - Pt) + (n - 1)(p,. - P,..l) - nfl(po - Pt) (4.14a) 

or rather: 

Po - P" = (po - P1)[1 + (n - 1)(1 - ~)2 - nfl] (4.14b) 

where !1 is a loss factor. 
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4.2.2 The Mass Flow Consideration. 

The mass flow per unit length through the Labyrinth Seal, m, is given by: 

m = phw". (4.15) 

where h is the throttling height and w m is the mean velocity of the flow in the 
throttling. The sharp edge causes the contraction of the fluid jet. The velocity of the 
fluid jet, wj, is consequently higher than the mean velocity, wm, in the throttling. Aso
called orifice coefficient, a, has been defined as: 

The mass flow per unit length can hence also be written as: 

Substituting wi from equation ( 4.6) for wj in equation ( 4.15a), one obtains: 

m = a.hv2 p !lp 

(4.16) 

(4.15a) 

(4.17a) 

If the orifice coefficient is a minimum, a0, then given a certain pressure difference PI 
- p2, the minimum mass flow rate will be: 

( 4.17b) 

For an orifice coefficient a larger than a0, the mass flow rate per unit length is: 

( 4.17c) 

where à "(p0 - PI) is the pressure recovery along the ridge clearance. Equating (4.16a) 
and ( 4.17), one can solve for the loss factor à: 

(4.18) 

Hence the total pressure difference across a Square Cavity Seal is: 
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(4.14c) 

4.2.3 The Optimum Square Cavity Design. 

In the design of Square Cavity labyrinth Seals, the length of the seal, L, the radial 
clearance, h, and the total pressure difference, (p0 - p0 ), are often given, and the 
design problem is to construct a Seal with minimum leakage. The design criteria are 
such that a seal must be constructed with a maximum pressure drop across the length 
of the seal. 

The total pressure difference is given by equation (4.14c). This equation can be 
rewritten in the form of a ratio, P, the ratio of (p0 - Pn) to (p0 - p1): 

2. 
2. «o 

P = 1 + (n - 1)(1 - ~) - n(1 - -) 
a" 

(4.14d) 

In order to attain the maximum pressure drop, the ratio P must have a maximum 
value. For a given number of throttlings, this would mean determining the optimum 
values for ~ and a. 

The optimum value for the orifice coefficient would be if a = a0• This would mean 
the third term in equation (4.14d) would be zero. According to Wuori [8], experimen
tal evidence would suggest that the minimum value for the orifice coefficient IS 

obtained when the ratio of the dimensions b to h is small (see figure 4.3): 

for !!_ < 0.486 
h 

From equation (4.14d), it would also appear that the ratio P would be larger for a 
minimum absolute value of the velocity ratio ~- The velocity ratio only has practical 
values between 0 and 1. The velocity ratio can neither have negative values (this 
would mean the flow in the chamber is opposite to the flow in the throttling) nor 
exceed the value of 1 ( this would mean the velocity of the flow in the chamber is 
larger than the velocity of the flow in the throttling). 

In deterrnining the value of ~' it is important to distinguish between laminar and 
turbulent situations of the jet flow in the throttling. The boundary layer on the wall 
and ridge alike will also influence the velocity of the flow. Therefore a distinction 
must be made between a laminar and turbulent boundary layer as well. 

63 



Cha ter 4. 

When Re < 200, the jet flow and the boundary layer flow are completely laminar. 
According to Trutnovsky [7] this case is of little interest because apparently parallel 
plates allow less leakage than a normal Square Cavity Seal under low Reynolds 
number laminar conditions. 

When the value of the Reynolds number is in the range 200 < Re < 1000, the jet 
flow is in the transition zone (from laminar to turbulent). A Reynolds value between 
1000 and 106 corresponds to a turbulent flow and a laminar boundary layer. Reynolds 
numbers larger than 106

, which are uncommon in Labyrinth Seals, indicate both a 
turbulent jet flow and boundary layer. For the purposes of application in a wind
driven piston pump, the Reynolds number is likely to range between values of 2 x 102 

and 1 x 103 (see also table 4.1). This is basically in the transition region of the jet 
flow. 

An "approximate" theoretica! model of the velocity ratio was developed by Trutnovsky 
& Komotori and Wuori for the three defined ranges. The present application takes 
place in the undefined transitional region nevertheless in order to obtain an indicati
on of the velocity ratio the jet flow bas been assumed to be turbulent. Therefore, the 
velocity is assumed to have the following proportionality: 

w. - x-o.s 
J 

(4.20) 

The boundary layer is laminar and the growth thereof thus bas the following proporti
onality: 

(4.21) 

Using equations ( 4.20) and ( 4.21), the following equation for the velocity ratio 1s 
found1

: 

(4.22) 

The above equation implies that for given dimensions h and B and a given Reynolds 
number there is a certain value for ~. For a given geometry, there must also be 
Reynolds value in the considered range for which ~ is a minimum and vice versa. It 
was intended to verify these results with experimental values from de Vries [1] and 
Boon [4], however lack of time did notpermit this. 

1 See [8] for derivation. 
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Chapter 5. Simulation Programs. 

5.1 Fini te Element Theory. [16] 

Finite element theory for the solution of partial differential equations (PDEs) have 
been discussed by mathematicians for over a century. However, it was not until the 
advent of high-speed digital computers that finite element solutions became practical. 
Today, the vast majority of computational fluid dynamic applications are based on 
finite element techniques. 

The finite element metbod is based on resolving approximate algebraic relations that 
represent governing partial differential equations. The solution of the governing 
partial differential equations is then realized by choosing base functions, arranging 
them in matrix form and solving them numerically. 

A partial differential equation is defined as the relation between an unknown function 
and its partial derivatives. In the two-dimensional case with a maximum of secoud
order derivatives, the relation is given as follows: 

au OU êPu êPu êPu 0 
I= f(x,y,u, ax' ay' ax2' ay2' axay) = 

(5.1) 

Generally, relation (5.1) is a non-linear relation and u and its derivatives might 
appear in product form. For didactica! purposes and furthermore considering the 
finite element applications pertinent to the present investigation, the finite element 
analysis will be confined to quasi-linear PDEs (i.e. linear second-order derivative 
terms): 

êPu êPu êPu OU au 
a(x,y)- + b(x,y)-- + c(x,y)- = g(x,y,u,-,-) 

ax2 axay ay2 ax Oy 
(5.2) 

of the elliptical type, i.e.: 

b2 - 4ac < 0 

An example of such a PDE would be the Navier-Stokes equation. Consider a 
stationary fluid flow in a two-dimensional domain n with perimeter r (see figure 5.1). 
For the laminar flow of a non-compressible Newtonian fluid with constant viscosity, 
the pressure and velocity relation is given by the following Navier-Stokes equations: 

(5.3a) 
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• y 
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Figure 5.1. Fluid flow in 
domaio 0 E R2• 

(5.3b) 

where u1 and u2 are the respective velocity components in the x and y directions and 
f1 and f2 are the respective force components in the x and y directions. Using vector 
notation the Navier-Stokes relation can be written as: 

IJ.~Ü = pü·Vü + Vp - pf 

where û = (u1,u2), the velocity vector and f 
the continuity relation: 

aul au2 . -
-+-=divu=O ax ay 

and the boundary conditions on r, e.g.: 

on r 

the system is solvable. 

(5.4) 

= (f1,f2), the force vector. Tagether with 

(5.5) 

The Navier-Stokes equation is a quasi-linear relation of the elliptical type. The first
order derivatives of the equation, which represent the convective acceleration of the 
fluid particles, are however non-linear. If these terms are omitted, which is the case 
for low Reynolds numbers of the fluid, the Navier-Stokes equation becomes the 
Stokes equation: 

66 



Simulation Programs. 

j.Lllil = Vp - pJ (5.6) 

The handling of the numerical salution is discussed in the next section. 

5.1.1 Finite Element Application to the Navier-Stokes Equation. 

Using the finite element method, approximate algebraic relations representing the 
continuity relation and the Navier-Stokes equation must be found. These two 
relations must be solved simultaneously because tagether they describe the fluid flow. 
The unknown quantities are the velocity components and the pressure. This analysis 
will restriet itself to stationary incompressible two-dimensional flow phenomena. 

FORMULATING THE STOKES EQUATION. 

Befare developing algebraic functions for the Navier-Stokes relations, one must first 
formulate an appropriate approximate relation for the Stokes equation. There are 
essentially three formulation alternatives: 
1. the velocity-pressure formulation; 
2. the stream function formulation; 
3. the stream function-vorticity formulation. 
In the computer simulation research that was undertaken, the velocity-pressure 
formulation was used. 

The velocity-pressure formulation of the Stokes equation and the continuity relation 
are given by following equations: 

__ 1 !lil + \lp = 1 
Re 

divil=O 

where 

Re = pUL 
j.L 

(5.7) 

(5.8) 

and for the present purposes f = 
valid: 

0. The following suppositions are also implicitly 

1. 
2. 
3. 

the flow is stationary; 
the characteristics of the medium are independent of the temperature; 
the flow is not turbulent; 
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4. the medium is Newtonian; 
5. the medium is incompressible; 

The advantage of this metbod is that it works directly with the physically relevant 
variables, the velocity and the pressure. The pressure does nat appear in the continui
ty relation, but plays an important role. The boundary conditions can nat be defined 
by the pressure; the pressure is determined implicitly from the velocity conditions. 

SOLVING THE APPROXIMATE NAVIER-STOKES EQUATION. 

The procedure is such that the set of algebraic relations corresponding to the Stokes 
equation and continuity relation are derived, whereafter the non-linear convective 
term is added to the set of relations. The new modified set of algebraic relations that 
represent the Navier-Stokes equations can subsequently be solved iteratively. There 
are various methods for doing this; the "direct method" and the "penalty function 
method" are the most common. 

The two simulation programs use the penalty function method. This metbod solves 
the velocity and the pressure separately and the continuity equation is indirectly 
introduced into the matrix equations. The continuity equation is essentially an 
additional condition of the Stokes equation corresponding to the minimalization 
problem. Subsequently, the Stokes relation is then reduced to a minimalization 
problem without an additional condition, by multiplying the continuity relation with a 
large penalty function parameter which is then added to the original equation. For a 
large enough value of the penalty function parameter, the approximate salution 
converges to the exact solution. The pressure is then easily deduced from the 
obtained values of the velocity. (See [16] for extensive derivation). 

The idea bebind the penalty function metbod is to replace this continuity relation 
with a relation between u and p of the farm: 

1 d' - 0 -p + IV U = (5.9) 
't 

where r is the large penalty function parameter. Instead of the original equation set, 
one obtains the following: 

_ _!_Aü + "ilp = J 
Re 

p = --r div ü 
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This is called tbe penalty function set. 

The assumption made regarding tbe relation between p and u is justifiable for r -+ oo 

because p bas a finite value in tbe entire domain n. The continuity equation tben 
remains valid. This furtbermore does not conflict witb tbe boundary conditions. The 
penalty function set tberefore converges to tbe original equation set for increasing 
val u es of tbe penalty function parameter r. 

5.1.2 General Remarks and Definitions. 

Consicter a region defined as n wbicb bas a number of subregions. One of tbe 
features of tbe finite element metbod is tbe possibility to divide a region into 
elements. This is called discretization of tbe area n. Generally, discretization is 
applied to eacb subregion separately (see figure 5.2). 

Figure 5.2. Division into 
elements (mesh) with three 
submeshes. 

Sucb a partition is called the mesh; the partition of a subregion is called a submesb. 
An element division is made by a mesb generator. One of the advantages of tbe finite 
element program is that the discretization can be refined in subregions of n. The 
division in subregions as well as the degree of refinement is determined by the 
program user. Refinements are usually done in tbose areas where tbe unknowns of 
the problem are strongly dependent on tbe position (steep gradients) so as to increase 
the reliability of tbe result. 

Once the mesb bas been generated, tbe problem tbat bas to be solved can be defined. 
The problem consists of tbe set of partial differential equations and tbe boundary 
conditions. The finite element metbod requires tbat for eacb unknown of tbe physical 
problem, there is a polynomial approximation. The number of nodal points of an 
element determines the highest degree of sucb an polynomial approximation. 
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5.2 The SEPRAN Computer Simulation Package. 
5.2.1 Structure of the Package. 

The SEPRAN simulation program contains a set of modules that are basic for any 
finite element user program [17-19]. These are: 
1. modules for mesh generation; 
2. modules for the prescription of various types of boundary conditions; 
3. modules for assembling a system of equations arising in finite element 

analysis using either the SEPRAN standard problem package or user supplied 
subroutines; 

4. modules for the salution of the set of equations; 
5. modules for the presentation of results in printed and/or graphical form. 

For some types of standard problems, easy-to-handle super-packages have been 
constructed with SEPRAN modules. The user can select any SEPRAN module and 
set up a salution scheme for various classes of problems: 
1. stationary or time dependent; 
2. linear or non-linear; 
3. fixed geometries or variabie geometries; 
4. geometries with special conditions, i.e. free surface conditions. 

The SEPRAN package claims to have the following advantages: 
1. flexibility in the sense that the user bimself programs the desired simulations 

and is not constricted by a given programmed menu; 
2. effectiveness of the algorithms because it bas integrated and implemented the 

most recent advances in numerical analysis for solving and building systems of 
equations; 

3. an ever increasing number of standard problems from various fields in physics 
and engineering; 

4. user-friendliness because the program consists of mesh generators and platting 
subroutines that are easy to eaU up and simple problems only require a few 
input data. 

5.2.2 Outline of a SEPRAN Finite Element Program. 

A finite element program is divided into 5 parts: 
Part 1. Generation of the mesh; 
Part 2. Problem definition; 
Part 3. Generation of the equations; 
Part 4. Salution of the equations; 
Part 5. Output of the solution. 

Generation of the mesh means the division of the region into elements. It also 
includes platting and checking of the mesh. 
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Information concerning the type of problem and the types of boundary conditions 
make up the problem definition. All input data is essentially concentrated in the 
generation of the mesh and the problem definition. 

The generation of the equations entails that the large matrix is computed. The large 
matrix is built, the large veetors are created and the effect of the boundary conditions 
on the right hand side of the matrix relation is incorporated. 

The solution can be either printed or plotted. Although parts 1 through 4 must 
necessarily follow in the order described, part 5, the output of the solution, can be 
arbitrarily requested. 

5.2.3 Programming Considerations. 

SEPRAN consists of a set of FORTAN subroutines that can be used in standard 
FORTAN 77 programs. The user bas to write bis own execution programs in which 
the arrays must be declared. Appendix A lists the most relevant subroutines, with the 
corresponding descriptions, used in the SEPRAN programs for this investigation. 

5.3 The ALGOR Computer Simulation Package. 
5.3.1 The Structure of the Package. 

There are a collection of programs which form the cornerstone of each ALGOR 
finite element analysis program by providing the user with a variety of tools for 
modelling, graphically adding finite element analysis parameters and visualizing 
analysis results [20]. 

The model can be designed using either an external drawing package such as 
AUTOCAD or the Superdraw 11 graphical module of the ALGOR package. This 
module also offers the possibility to manipulate objects such as lines, arcs and a 
variety of splines. Once the model bas been designed, simple two-dimensional and 
three-dimensional meshes can be generated automatically in the properly defined 
regions. Loads and boundary conditions can thereafter be added using menu-display
ed options. 

After completing the model in Superdraw 11, a decoder is selected from various menu 
options. For this investigation the decoding must be performed by the fluid flow 
analysis module. The decoder prepares the model for analysis and visualization using 
the SuperView module. Superview provides an environment for displaying and 
examining analytica! results. 
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5.3.2 Fluid Flow Analysis. 

The module for computational fluid dynamics solves fluid mechanics problems by the 
finite element method. The module is based on the penalty function method and 
solves for fluid velocity and pressure. The module can also solve two-dimensional 
viseaus flow problems using a steady-state analysis technique. 

There is an a so-called add-on module for transient fluid flow analysis. It is designed 
to simulate time-dependent flow problems. 
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6.1 Using the SEPRAN Finite Element Package. 

The idea to use the SEPRAN finite element package was proposed for the investiga
tion of hydrodynamic sealing in a Square Cavity Seal. The package was to comple
ment the already existing investigational data that had been accumulated by the four 
predecessors, D.K. de Vries, E.A.I. van de Ven, D. van Hoof and F. Boon. De Vries 
had provided a theoretica! foundation and along with van de Ven had supplemented 
this with some experimental work. Boon and van Hoof then raised the investigation 
to a visual dirneusion with their experimental apparatus. Boon succeeded in capturing 
the flow pattem in the experimentally-simulated Square Cavity Seal on video using a 
VHS video camera. The fluid flow clearly demonstrated significant vortex patterns 
that were assumed to effect the flow rate and the pressure along the entire length of 
the seal. The observed vortices were assumed to be an essential mechanism of the 
hydrodynamic sealing phenomenon. In order to complement the experimental results 
by Boon, it was proposed to make use of a finite element package. The use of such a 
package had the advantage of being a visual tooi that could provide conesponding 
numerical data. The SEPRAN package was opted for because of the advantages 
boasted in section 5.2 and because it is a readily available and commonly used finite 
element package at the Eindhoven University of Technology. 

In order to become familiar with finite element methods in general and the program
ming techniques of the SEPRAN package in particular, the investigational procedure 
of the fluid flow analysis in a Square Cavity Seal was done in a simple didactica! 
stepwise fashion. Initially, a uniform stationary Stokes flow1 was induced to flow 
between parallel plates of given length and gap width. Thereafter, a stationary Navier
Stokes flow and subsequently using iteration loops, a uniform time-dependent Navier
Stokes flow was induced between the parallel plates. The next step involved the 
introduetion of a square cavity in place of one parallel plate, with the following 
dimensional proportions (see figures 4.3 and 6.1): h:T:b:B = 0.2:0.8:1.0:4.0. Again, 
simulations were first done for a planar Stokes flow, then a stationary planar Navier
Stokes flow and thereafter for a planar time-dependent Navier-Stokes flow. Further
more, simulations were done whereby the flat upper wall was given a constant 
velocity relative to the lower cavity wall. The above mentioned simulations were run 
for various Reynolds numbers (based on the definition in equation (4.1)) below the 
value of 200. Above this value the numerical iterations of the finite element program 
do not converge. 

For each simulation run, the velocity profile, the stream lines, the isobars (the lines of 
constant pressure) and the vorticity lines are plotted. The values of the isobars are 
essentially the only relevant numerical values for this approach in analyzing hydrody
namic sealing. Examining the vorticity served the purpose of clarifying the flow 

1 The flows that were simulated with the SEPRAN finite element package were two
dimensional, incompressible and Newtonian. 
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patterns obtained2
• In certain cases, accuracy was obtained by applying mesh refine

ments. 

o:~l 10.8 1:' 
3.5 

l"gr20": = h:T:b:B = 0.2:0.8:0.5:3.5 I 
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i P-4-3-2:= h:T:b:B = 0.2:0.8:0.8:3.8 I 
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I SEPRAN:= h:T:b:B = 0.2:0.8:1.0:4.0 I 

Figure 6.1. The single cavity dimensions for de Vries' experimental piston 
example "gr20", Boan's experimental model P-4-3-2 and the SEPRAN 
example. 

6.2 Using the ALGOR Finite Element Package. 

The ALGOR finite element package was purchased by the faculty of Engineering of 
the Universidad de los Andes for a variety of engineering applications. The menu
style manageability resembling that of the AUTOCAD computer drawing package, 
makes the programming pre-requisite superfluous. This lends flexibility to its applica
tion in the sense that tedious systematic programming is avoided in favour of easily 
constructed simulation conditions that undergo, in this case, integrated fluid flow 
analysis. A two- or three-dimensional model design3 can be constructed, which can be 
imported from a number of computer drawing packages including AUTOCAD, or 
constructed by the ALGOR Superview module. The package integrated finite element 
methad is then applied to the design to obtain the simulated fluid flow. As a result of 

2 Ir. Voskamp at the Eindhoven University of Technology has been examining flow 
patterns (although not in the hydrodynamica! sealing context) in closed geometries using the 
vorticity approach. 

3 The simulation applications using ALGOR will be confined to two-dimensional models. 
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the rapidly obtained simulation results, this package can be effectively wielded in 
combination with experimentally obtained results. 

In this investigation the ALGOR finite element package had a triform purpose. 

Firstly, it was used to resolve basic conceptual questions through simple simulation 
models. In this way a better understanding was obtained of the leakage phenomenon 
for a moving piston and thus helped define the much discussed concept of leakage. 

Secondly, the package was indeed used as a comparison tooi to corroborate the 
results obtained by the laboratory models which are discussed in the ensuing chapter 
"Chapter 7. Labaratory Models". Tbe laboratory models were dimensionally duplicated 
using the ALGOR drawing module. By introducing the laboratory model velocity 
conditions as boundary conditions in the computer simulation model, numerical 
values for the pressure and the leakage rate were obtained. These were precisely 
those quantities that were measured in the laboratory (see chapter 7). These numeri
cal values could be extracted from ALGOR and grapbed using either of the spreads
heet programs QPRO or LOTUS. The computer simulation values could thereby be 
grapbed alongside experimentally and analytically obtained values. Hence, a threeway 
comparison could be realized. 

Thirdly, the ALGOR finite element package could also be used as a systematic 
investigational tooi to analyze hydrodynamic sealing, in particularly the Square Cavity 
Seal. Dimensional criteria for optimal sealing can not be derived on the basis of the 
existent theory on Square Cavity hydrodynamic sealing. 

6.3 Harmooizing the SEPRAN and ALGOR Finite Element Packages. 

Both the SEPRAN and ALGOR packages are being used successfully in a wide 
number of applications. Nevertheless, it is prudent to compare the two packages in 
order to obtain an idea of the "relative validity". This can be done by comparing two 
simulation examples with each other and also with experimental ones. Unfortunately, 
the circumstances would have it that both programs were not accessible simultaneous
ly. That is to say that the SEPRAN package is available at the Eindhoven University 
of Technology and the ALGOR package at the Universidad de los Andes. The 
simulation examples using each package were therefore run separately. 
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A number of general considerations should be taken into account upon designing a 
laboratory model for the purpose of investigating the hydrodynamic sealing phenome
non. Most importantly, the laboratory model has to allow for the measurement of the 
relevant variables that quantify the behavior of a seal, these being the leakage rate 
through the seal and the pressure difference the seal sustains. For the purpose of 
obtaining insight into the hydrodynamic sealing in a Laminar Seal, the marmer in 
which the pressure varies along the length of the seal is also an important quantity. 
The model has to be constructed such that fluid leakages other than in the zones 
which represent the seal, are avoided. The experiments performed with the model are 
furthermore to be realized under typical pumping conditions. 

7.1 General Considerations. 

The ideal laboratory model would have to consist of a piston with a surface geometry 
which oscillates within a cylindrical chamber (sleeve) by a crank or motor mechanism. 
The advantage is that the model would correspond to the actual geometrie design of 
the piston and would therefore allow the comparative evaluation with the currently 
used mechanica! seals. There are however a number of serious disadvantages. The 
velocity of the seal would not be constant in its linear displacement, which would 
make it probiernatie to incorporate the velocity as a design parameter. Obtaining 
information such as the variation of pressure along the length of the seal would be 
difficult owing to the oscillatory behavior of the system. Furthermore, it would be 
costly to obtain acceptable mechanica! tolerances constructing this model. This model 
also does not permit the visualization of the sealing activity. This model has too many 
unknowns at the present stage of the investigation, due to the dynamic behavior of 
the system, to be practical. Once a better understanding is obtained using a simpler 
model, the experimental investigation could continue using a dynamic model if 
deemed necessary. 

At the Universidad de los Andes, these considerations were taken into account in 
building a number of models for the purpose of investigating the hydrodynamic seals 
discussed. 

7.1.1 The Original Model. 

A laboratory model was built that consisted of a rotating disk of given thickness 
positioned between two plate casings in order to simulate simple flow conditions in a 
Laminar Seal (see figure 7.1). The disk rotated at a constant angular velocity whereby 
the perimetral surface edge also had a constant velocity. By placing another surface 
area of given geometry (henceforth to be called the test specimen) at a small distance 
from the rotating surface, one in essence had a dynamic no-contact two-dimensional 
piston-ehamber replica. By allowing a fluid to flow in the space between the two 
surfaces, hydrodynamic effects were induced and as long as the curvature (i.e. the 
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radius) of the disk was large with respect to the clearance width, it was assumed that 
the influence of the centrifugal force would be negligible. In order to represent 
different Laminar Seals, one simply altered the surface geometry of the specimen. For 
example, if one wanted to examine the Laminar flow between parallel surfaces, the 
geometry of the specimen would have to be a circular are concentric to the rotating 
disk. 

IN 
lJj 

Figure 7.1. Three-dimensional view of the 
original model with window. 

By successfully avoiding velocity gradients (varying velocity) in the model with the 
constant uniformly rotating disk, the velocity became a manageable and controllable 
parameter. The problem of mechanical tolerances of the gap clearance was avoided 
by using a more viseaus fluid (glycerine) and adjusting the gap width to preserve 
dynamic identity with the actual working fluid (water). The visualization of the flow 
was realized by placing windows in the plate casings (see figure 7.1). 

7.1.2 Assessment of the Original Model. 

The results obtained using this rotating disk model were of a qualitative nature. A 
number of useful observations were made that would determine the course of further 
investigation in this area. 

It was observed that the fluid drag in the gap between the two facing surfaces was the 
result of the movement of the rotating disk, just as the Couette theory discussed in 
Chapter 3 would indicate. Under certain conditions, namely higher rotational 
veloeities and smaller gap widths, the fluid drag of the rotating disk, i.e. the viscous
driven farces succeeded in sustaining the fluid column. 

Despite the intention of avoiding leakages in the system other than through the gap, 
it was observed that fluid escaped through various unsealed spaces of the apparatus. 
These crevices were assumed to have arisen as a result of the possible faulty align-
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ment of the disk on the axle and the torsion of the plate casings. In order to avoid 
these leakages, it was suggested that the following model be made of materials which 
allowed for greater manufacturing precision and which had smoother finished 
surfaces. These demands for the model would significantly elevate the construction 
costs, but could be partially compensated by sealing down the model. Sealing down 
would have the added advantage of diminishing vibrational effects and curtailing 
frictional losses, which manifests itself in the form of heat and consequently alter the 
fluid constants of the working fluid. lt is unknown to what degree the qualitative 
observations were influenced by these effects. 

7.2 Laboratory Model 1. 

Based on the assessment of the original rotating disk model, it was decided to 
construct an improved model without the inconveniences and disadvantages of the 
original model. 

The first improved experimental rig (figure 7.2) consisted of a rotating circular disk of 
120 mm diameter and 9 mm thickness made of plexiglass which was centrally 
positioned between two plexiglass walls. The axle, on which the disk was mounted, 
was linked to a rotating engine shaft with a PVC tube. A feeding hose lead from a 
fluid tank, at a height of 2 meters with respect to the bottorn of the rotating disk, to 
the spacing between the two plexiglass walls above and to one side of the rotating 
disk. Laterally to one side (the same side) of the disk, removable test specimens with 
different surface geometries could be accurately fitted between the plexiglass plates. 
The entire system was mounted on a firm base. The plexiglass material was transpar
ent and allowed the visualization of the fluid behavior. 

Glycerine was chosen as the working fluid because it has a larger viscosity than water, 
which allowed the dimensions of the gap between the disk and the test specimen to 
be increased while still maintaining fluid dynamic equivalence with water. The 
glycerine was allowed to enter the plexiglass apparatus through the feeding hose and 
whereupon it attempted to pass through the gap between the disk and the test 
specimen. The glycerine that traversed through this gap was led through a discharge 
channel under the two plexiglass plates. The glycerine was retained to the one side of 
the disk by two pointed blocks which were contiguous with the perimetral surface of 
the disk at locations above and below the disk center. These blocks impeded the 
rotating disk from dragging the glycerine to the other side of the disk. Nevertheless, 
some leakage squeezed past the blocks but this was minimal consirlering the high 
viscosity of glycerine. 

A series of glycerine-mercury manometers were placed along the length of the gap 
and just below the point of inflow of the glycerine. These were pegged against a 
wooden backboard with a unit scale in millimeters. The distribution of the pressure 
could be visualized from the consecutive mercury column levels or determined 
quantitatively from reading off the mercury levels with respect to their zero point. 
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7.3 Laboratory Model 2. 

Labaratory model 1 was constructed to investigate hydrodynamic sealing between 
(quasi-) parallel plates. A second model was built to investigate sealing in Square 
Cavity Seals. The two models were very similar in design but certain considerations 
advocated modifications in the construction of the second laboratory model. 

In laboratory model 1, the stationary test specimen was supposed to represent the 
piston form while the rotating disk represented the piston chamber. Hence, in 
experiments with an upward rotating disk, the simulation, strictly speaking, would 
have to be translated to a situation where the chamber was moving upwards against 
the pressure column. Furthermore, in an actual piston pump system the high (upper) 
and low (lower) pressure chambers are filled with the working fluid. In the experi
mental model, the high pressure chamber, i.e. the region between the plexiglass plates 
above the disk-specimen gap was filled with the working fluid glycerine, whereas the 
region below the gap was occupied by air at atmospheric pressure (see figure 7.2). 

In laboratory model 2, these considerations were attempted to be resolved. Instead of 
designing the piston geometry on the test specimen, it was designed on the rotating 
disk. The test specimen simply was a fixed concentric are while the axle and plexiglass 
plates were assembied in such a way so as to allow the removal and interchanging of 
disks with different surface geometries and radii. Essentially, the interchangeable 
disks were the new test specimens1. The entire model was hermetically sealed, i.e. 
the disk was sandwiched between the plates and enclosed by plexiglass laths along the 
borders of these plates. The working fluid, glycerine, entered the system via the 
feeding hose through a valve which was screw-threaded in an upper lath. A valve with 
an identical cross-sectionat opening was screwthreaded to a bottorn side lath. The 
system was filled with glycerine during experimentation so that an actual pumping 
system was simulated in the sense that the upper and lower pressure chambers were 
filled with the working fluid. There was one hitch that had to be resolved however. In 
order to isolate the two chambers properly a mechanism had to be devised to avert 
the pressure discharge being vented around the other side of the disk to the chamber 
of lower pressure. Two blocks with surfaces concentrically contiguous for a calculated 
are distance were positioned above and below the disk such that when a cavity passed 
the upper block, the lower block was contiguous with the ridge of the labyrinth and 
vice versa. Thus the two chambers were successfully isolated. Unfortunately, however 
they could not prevent the fluid transport in the cavity pouch around the disk. Upon 
opening both valves at the same time, the amount of fluid exitting from the bottorn 
valve could be translated to values for the leakage rate by subtracting the amount of 
fluid carried by the disk cavities. 

1 It should be noted that the Square Cavity geometries could be designed on the disk 
surface because of the concentricity. The Laminar Seal which in essence are quasi-parallel 
surfaces, can only be simulated during one rotation of the disk if the test specimen is designed 
on the disk. 
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The advantages of this second model are obvious. The model is a more accurate 
simulation of the piston pump system, making the results quantitatively and qualitat
ively more reliable. The disadvantage of this laboratory model is that the manufacture 
and interchanging of disks is costly and time-consuming. 
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8.1 Laboratory Model 1. 

Labaratory model 1 (section 7.2) was constructed for the purpose of investigating the 
so-called Laminar Seal discussed in Chapter 3. A number of test specimens that were 
to be placed opposite the rotating disk (see figure 7.2) were geometrically designed 
using design equations based on a theory described by F. Rojas [5]: 

h(x) = 
lkz=olll UL2 

rH(L -x) 

(8.1) 

where kx=O is the so-called pressure parameter discussed in chapter 3 and defined by 
equation (3.14 ), which is valid at point x = 0 along the se al. 

In designing the test specimens, four val u es for k we re used1
, namely k = -1, -4/3, -3 

and -6. Design values for the other parameters also had to be introduced into these 
equations. For the constants r and f..L, the specific weight and dynamic viscosity of the 
working fluid glycerine were respectively inserted. The length L of the seal was 
calculated as the are length of the disk along the gap. The design variabie x was the 
distance along the are length of the gap from the low pressure end at the bottorn to 
the high pressure end at the top. The design pressure head H was the height at which 
the glycerine tank was located with respect to the point x = 0 along the seal of 
laboratory model; this was 2 meters. The design angular velocity of the disk was 75 
rpm (revolutions per minute); this corresponded to a design velocity U equal to 0.471. 
The test specimens were fixed at the proper distance from the rotating disk as 
illustrated in figure 7.2 whereupon experiments could be performed. Appendix B.1 
contains the graphs and illustrations of the gap width as a function of the are length 
for the various values of k for a pressure head of 2 meters. 

For both experimental series, the pressure distribution along the length of the seal 
and the Ieakage flow were measured. The pressure distribution consisted of pressure 
values that were measured at successive distances along the seal using the mercury 
manometers. The pressure values were read off and determined with respect to their 
zero values (atmospheric pressure). The leakage rate with respect to the stationary 
test specimen (leakage case A) was determined from the mass of the fluid accumula
ted from the discharge passage within a given time span. 

1 Strictly speaking, this equation is only valid for k = -1, however test specimens were 
designed based on other values of k. In order to validate the experimental results with the 
theory, a correction equation was applied [21 ]. 
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8.2 Laboratory Model 2. 

Labaratory model 2 (see section 7.3) was constructed for the purpose of investigating 
the Square Cavity Seal discussed in chapter 4. The cavity grooves were designed on 
the disk surface as illustrated in figure 7.3. Experiments were performed with one disk 
of 6.0 cm radius and 18 cavities that had the following geometrie cavity proportions: 
T:b:B = 0.8:1.0:4.0 (see figure 4.3). Translated to SI values, the following is obtained: 
T = 0.42 cm; b = 0.52 cm; and B = 2.09 cm. These cavity proportions coincide with 
those of the cavity investigated with the SEPRAN simulation package (see chapter 6). 
The distance from a ridge to the concentric specimen (see figure 7.2), h, is 0.5 cm. 
This dimension must be converted for the situation with glycerine to the situation 
with water. 

The glycerine tank was placed at a height of 2 meters with respect to the discharge 
passage. The pressure was measured along the length of the seal using the mercury 
manometers. The leakage rate with respect to the stationary concentric are (leakage 
case A) was determined from the amount of fluid accumulated at the discharge 
passage within a given time span minus the product of the cavity volume, the number 
of cavities on the disk (18 in this case) and the revolutions in this time span. As 
mentioned in section 7.3, the latter is the fluid that is transported in the cavity pouch 
around the disk. This is not leakage through the seal. 

Visualization of the flow in the cavities was also realized by adding a dye to the 
glycerine and focussing a stroboscape on the rotating disk. 
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Chapter 9. The Laminar Seal: Results. 

9.1 Experimental Results. 

As indicated in chapter 8, the theoretica! basis for the design of the test specimens 
assumed a constant k value of k = -1 at x = 0. Nevertheless, test specimens were 
constructed for k values of -1, -3 and -6. The correction procedure and the compari
son with the experimentally obtained results are explained and discussed in [21]. 

Experiments were carried out for test specimens that had pressure parameter values 
of k = -1, -4/3, -3 and -6, and a design pressure head 2 m. The table below lists the 
set of experiments. For each experiment, the measured velocity of the rotating disk, 
Urn, was determined. These veloeities are listed in the table below. 

I Experiments 
11 

k = -1 I k = -4/3 I k = -3 I k = -6 I 
Hdes = 2.0 m um = 0.302 m/s Um = 0.509 m/s um = 0.565 m/s um = 0.526 m/s 

um = 0.402 m/s um = 0.829 m/s um = 0.5781m/s urn= 1.32 m/s 

Urn = 0.675 m/s 
Table 9.1. List of e xp enments. 

The rotational veloeities of the disk were supposed to coincide with the design 
rotational velocity, which was 75 rpm ( = 0.471 m/s). It was however difficult to 
regulate the velocity accurately due to the tuning precision of the motor. 

According to figure 3.3, there will be no net leakage rate with respect to the test 
specimens for values of k = -1, -4/3 and -3. In other words, the velocity-driven force 
will sustain the pressure column of glycerine and no leakage rates will be measured. 
For the k = -6 value, a leakage flow rate is expected. In fact, not one of the experi
ments yielded a leakage flow rate. This can be seen from the graphs in Appendix B.2, 
which depiet the pressure curves as a function of the length L for the different 
experiments. In each case, values of zero were obtained towards the lower end of the 
seal. This indicated that the manometers were measuring the atmospheric air pressure 
(see figure 7.2); i.e. there was no fluid in the lower region of the seal. The viscous 
forces sustairred the pressure column. 

The reason why the viscous forces dominated the pressure forces, even for the 
pressure parameter value of k = -6, was because the actual pressure of the glycerine 
column was not equal to the calculated pressure column rH. This can be observed in 
the graphs of Appendix B.2 as well. At the upper end of seal geometries, x = L, the 
pressure head values have been measured as being considerably lower than the design 
pressure head value of 2.0 meters. A number of sourees are responsible for the 
pressure losses, namely the friction of the flow in the feeding hose and fluid leakages 
through gaps of the laboratory model system. The actual pressure at the top end of 

1 Two experirnents were done fora rneasured velocity of Urn = 0.578 rn/s (0 =92 RPM). 
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the clearance, measured by the mercury manometers indicated the lower pressure 
column. 

In figure 9.1 below, the pressure head curves are given as a function of the seal 
distance for the k = -1 value. 
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Figure 9.1. The measured pressure head as a function of the distance along 
the seal. 

From these experiments, it is clear that for given dimensions and working fluid the 
viscous force can be large enough to avert a leakage flow with respect to the station
ary test specimen. This is evident from the zero values for the pressure head at the 
lower end of the seal. For the successively lower values of the pressure parameter k, 
more volume area in the clearance is filled with glycerine. Lower values for the 
pressure are also obtained because of more pressure losses due to leakages out of the 
system where the test specimen is located. Converting the measurements to the 
situation for water, the equivalent pressure head would be a factor 1.24 larger 
because: 

(9.1) 

and the gap width would be 35 times smaller (a factor 0.03 times smaller) because: 
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(9.2) 

This would mean that in order for the viseaus farces to be of the same order of 
magnitude as the pressure farces for water, the gap width must be of the order w-s -
104

, which agrees with the calculations made in chapter 3. 

Furthermore, the farm of the pressure curves between the quasi-parallel surfaces of 
the seal have a similar tendency (see figure 9.1) to those plotted in figure 3.8 for a 
wedge. This is possibly a minor qualitative confirmation of the calculations. 

9.2 Computer Simulation Results. 

A number of computer simulations were run using the ALGOR package. Initially, the 
simulations served as a means to analyze, verify and predict the flow phenomena in 
the Laminar Seal. A series of simulations were also carried out for the purpose of 
making a comparison with the experimental data discussed in the previous section. A 
two-dimensional drawing replica of the relevant section of the Iabaratory model 
(laboratory model 1) was designed using the Superdraw 11 module. The relevant 
section of the model was essentially the upper right quadrant of figure 7.2, which 
includes the area from the clearance between the test specimen and the rotating disk 
to the feeding hose. 

The boundary conditions inserted for the simulations were values for the velocity. On 
the boundary are representing the rotating disk, the boundary conditions were the 
tangential veloeities corresponding to rotational velocity. At the low pressure end of 
the clearance, x = 0, the boundary conditions corresponded to the velocity profile 
given by equation (3.15): 

u= luo + k(l - l.n 
h h 

(3.15) 

where k = kx=o· 

There are no boundary conditions defined for the feeding hose inlet. All other 
boundaries are stationary for the Iabaratory model during experimentation and 
consequently a velocity of zero is defined on these boundaries for the simulation. 

In figure 9.2 a comparison between simulation and experimental data are depicted for 
the case in which the design pressure parameter was k = -6 and the measured 
velocity of the disk was 0.536 mjs (n = 90 RPM). Running the simulation provides 
values for the pressure along the clearance. The simulation data curve for the 
pressure seems to correspond to the experimental data curve for low values of x. For 
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larger values, at the upper end of the clearance, the curve dives back down to zero. 
This is because the gravitational force was not taken into consideration in the 
simulation. 
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Figure 9.2. Camparing the data curves of the ALGOR simulation and of the 
experiments. 



Chapter 10. The Square Cavity Seal: Results. 

10.1 Experimental Results. 

As discussed in chapter 8, Iabaratory model 2 depicted in figure 7.3 was used to 
examine the flow in the Square Cavity Seal. The disk with a geometry of identical 
cavity proportions to the SEPRAN cavity geometry (see figure 6.1) was used to 
perfarm measurements. The gap width from ridge to concentric are was 0.5 cm. The 
mass flow rates and the pressure, given in terms of the pressure head, along the 
length of the seal was measured for three different values of the rotational speed of 
the disk. The results of the latter are depicted in figure 10.1 below. 

PRESSURE HEAO vs SEAL OIST ANCE 
Square cavity Seal 
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Figure 10.1. The pressure head as a function of the distance along the length 
of the seal. 

The pressure difference across the Square Cavity Seal is in the range of values as 
those obtained for the quasi-parallel Laminar Seal of Iabaratory model 1. This would 
suggest that the same pressure loss factors are present in the system. Sirree this 
Iabaratory model was well-sealed, it would indicate that the friction of the feeding 
hose is the probable cause for this loss. The distribution along the seal is nearly linear 
as would be expected. 

The amount of fluid that exited through the discharge passage was accumulated, 
weighed and converted to volumetrie flow rate data. The fluid presumably exitting as 
a result of the transport by the cavity pouch in its rotation was also calculated. The 
data is tabled in Appendix C. The calculations for the fluid transport, which is not 
leakage through the seal, was larger than the measured leakage through the discharge 
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passage. This could only mean that it was incorrect to assume that all the fluid 
transported in the cavity pouch, exits through the discharge passage; a portion 
probably was recirculated in the system. It would appear that the Iabaratory model as 
such was inapt for the calculations of leakage flows. 

The visualization using the dye and stroboscape proved effective in discerning a 
recurrent flow pattern. A vortex is induced at the top end of the cavities that form the 
Square Cavity Seal. This observation is consistent with the SEPRAN simulations and 
the visualization experiments of F. Boon [4]. 

10.2 Computer Simulation Results. 

As discussed in chapter 6, a series of simulations were realized with the SEPRAN 
finite element package. Numerous programs were developed leading up to the 
programs that would simulate the stationary (time-independent) as well as the 
instationary (time-dependent) Navier Stokes flow through a cavity. They served as 
building blocks of the eventual programs and are not all worth mentioning. Four 
programs will be discussed and are listed in table 10.1. The results to which will be 
referred are contained in Appendix D. 

I Simulations. 
11 

VST I STNVSEAL I STNVSl I SEALS I 
Re= 134 Re= 4 Re"= 4 Re= 40 
VST3 Re= 40 Re" = 40 t' = -r/10 ... 't 

* Parallel plates Re= 50 Re"= 400 Re 200 
* Stationary NV Re= 60 * one cavity SQ t. = 't /2 ... 5 "t 

flow * one cavity SQ Seal * one cavity SQ 
* Hor. uniform Seal * Stationary NV Seal 

velocity as * Stationary NV conditions * Instat. NV 
Bound. Conds flow * Vel. opper flat flow 

VST4 *Hor. uniform surface as * Hor. uniform 
* Mesh refine- velocity as Bound. Conds. velocity as 

ment of VST3 Bound. Conds. Bound. Conds. 

Table 10.1. L1st of simulat10ns 

The VST programs simulated the flow between two parallel plates. Because of the 
symmetry of the flow, only the upper half was simulated (see Appendix D.11

). A 
uniform velocity distribution at x = 0 is given as a boundary condition. The velocity 
profiles at three distances along the plates indicate that the flow develops towards a 
Poiseuille flow. According to data provided in [22], the inflow length LP, which is the 
length needed for the flow to become a Poiseuille flow, is in this case (Re = 134) 
given by: 

1 Note that the y-axis is scaled lOx larger than the x-axis in the illustrations. 
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L 
0.057 S _P_ S 0.088 

!hRe 
(10.1) 

2 

A inflow length for this case would be between x = 3.8 and x = 5.9 which would 
mean that at x = 9.0 there exists a fully-developed Poiseuille flow. A number of 
points have been calculated conform the Poiseuille profile: 

u = 1 - 4y2 (10.2) 

These have been plotted alongside the SEPRAN curves in Appendix C.l. The mesh 
refinement of VST3 in VST4 gives smoother and more accurate curves, and is 
necessary in order to obtain velocity profiles of fully-developed Poiseuille flow 
profil es. 

The STNVSEAL program examines the stationary Na vier Stokes flow through a 
single cavity Square Cavity Seal for different Reynolds numbers (conform equation 
(4.1)). The dimensional design and mesh division are illustrated in Appendix D.2. The 
flow was simulated for Reynolds values of 4, 40, 50 and 60. For Re = 4 the flow 
passes straight through the Seal. For higher values, beginning around Re = 40, a 
clockwise vortex flow is seen to be induced at the lower left corner of the cavity. This 
vortex is elongated for successively higher Reynolds values. There is no significant 
vortex activity and the flow practically passes directly through the Seal. This is evident 
from the nearly perpendicular isobars. Note that at the contraction corner where the 
isobars converge, the gradients are probably very large whereby accurate simulation 
proves to be difficult. The program did not converge for Reynolds values higher than 
60. 

The STNVSl program simulates the stationary flow through the single cavity Square 
Cavity Seal induced by the movement of the upper plate. In other words, the 
boundary condition for the velocity is applied to the upper plate. An asterixed 
Reynolds number correlates the flow to the velocity of the upper plate as opposed to 
the velocity of the flow. The movement of the plate induces a vortex in the cavity 
chamber. Successively larger veloeities of the plate push the vortex towards the right 
side of the chamber (see Appendix D.3). These types of simulations are encountered 
frequently in the literature. 

The SEAL5 program simulates the time-dependent flow in the single cavity Square 
Cavity Seal. The design and mesh are the same as those illustrated in appendix D.2. 
Different stages of the flow development are examined for Reynolds values of 40 and 
200 (Appendix D.4 ). Consider that: 
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B 
t =- (10.2) 

u 

where B is the length of a cavity/ridge pair (see also figure 6.1) and u is the velocity 
of the flow. For Re = 40, the flow was examined from t* = 1/10 * r to r for time 
intervals of 1/10 * r. For Re = 200, the flow was examined from t* = 1/2 * r to 5 * 
r. The streamlines, isobars and lines of constant vorticity indicate that the flow for Re 
= 40 develops towards a stationary situation after having travelled the length of the 
seal. There is one vortex at the lower left side of the chamber as in the stationary 
case (STNVSEAL) for Re = 40 depicted in Appendix D.2. The Re = 200 case 
likewise develops towards a more or less stationary state, but after approximately 4 ·r. 
At this point there is a vortex at the center of the cavity. there is considerably more 
vortex activity as can be observed from illustrations of the lines of constant vorticity. 

Although the simulation program does not converge in the range of Reynolds values 
that are desired (Re > 200; see table 4.1), a general idea of the fluid behavior 
travelling through a square cavity has been obtained. These simulations still have to 
be compared with similar simulations done with ALGOR and recorded in a report by 
J.M. Gonzalez2

• 

2 This report is yet to be made available. 
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Chapter 11. Conclusions and Recommendations. 

An attempt bas been made to examine the hydrodynamica! sealing phenomenon for 
application in a wind pump. Initia! theoretica!, experimental and finite element 
computer analysis bas been done to this regard. Two hydrodynamic seals were 
examined: the Laminar Seal and the Square Cavity Seal. 

The Laminar Seal is in fact a seal that consists of two quasi-stationary plates that 
functions in the Stokes laminar region. There are two types of flows which occur, a 
viscous-driven Couette flow and a pressure-driven Poiseuille flow. Depending on 
which reference system is used, the stationary chamber (leakage case A) or the 
rnaving piston (leakage case B), the viscous-driven flow will have either a negative or 
a positive sign as contribution to the positive leakage flow rate. In order to retain the 
possibility of comparison with other piston-pump systems, leakage case B is opted for. 
According to this definition, 80% volumetrie efficiency is considered the lowest 
acceptable leakage scenario. Based on this criterion, the viscous-driven contribution is 
of the same order of magnitude as the pressure-driven contribution based on typical 
wind pump conditions for gap widths in the order of 10·5 m. These widths are too 
small for manufacturing consideration. If the viscous-driven flow is neglected, it is 
valid to investigate flow through the seals for stationary surfaces. 

According to the so-called Reynolds equation the optima! leakage, under these 
laminar conditions, is obtained when the piston and chamber surfaces are parallel. An 
incHnation of the surfaces with respect to each other however, induces lateral 
eentering forces which could be a very important practical mechanism in a wind pump 
with a hydrodynamic seal. Apparently, the more eccentrically situated the piston in 
the chamber, the larger the eentering forces. A parameter {3 0 defines the incHnation 
with respect to the smallest gap width. The eentering forces are a maximum for a {30 
value between 1 and 2. Values in this range could create manufacturing problems. 
Values of {30 up to a value of 10 are consequently considered. Fora piston length of 5 
cm and a pumping head of 10 m, the forces are still considerable, in the order of 103 

N. For larger pumping heads, the forces increase. These large forces have prompted 
one to consider incorporating tapered regions on the piston surface for the simple yet 
important reason of stahilizing the piston concentrically in its chamber. Even if the 
tapered region(s) constitute(s) one-tenth of the length of the seal, the forces will still 
be in the order of 101 N. 

The Square Cavity labyrinth Seal is the second hydrodynamic sealing alternative 
investigated. The shape of this seal aims at dissipating the kinetic energy flowing from 
the clearancesin the successive chambers. For low Reynolds values, values below 200, 
the Square Cavity labyrinth is not expected to seal as well as two parallel surfaces, 
given the same gap width. According to calculations based on a volumetrie efficiency 
of 80% and typical pumping conditions, the Reynolds value will be in the range above 
200. Trutnovsky [7] and Wuori [8] have developed a theory which describes the flow 
through a labyrinth and make an initia! attempt to determine an optimum square 
cavity geometry at these Reynolds values. 
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Two laboratory models were constructed for the purpose of examining the flow in 
both types of hydrodynamic seals. These experimental models however, did not have 
the necessary precision to provide reliable results. In the end, they did serve as 
valuable visualization tools. The first model, with glycerine as the working fluid, 
demonstrated a situation where the viscous-driven flow sustained a eertaio pressure 
head. Conversion to values for water would give a gap width of the order 10-5 m, 
which bas also been calculated. Visualization of the second model using a stroboscape 
and fluid dye resulted in the observation of a vortex in each of the cavities of the 
seal. This is consistent with Boon's [4] visualization experiments and computer 
simulations done in SEPRAN and ALGOR. 

Computer simulation was realized with both the ALGOR and SEPRAN packages. 
The ALGOR simulations were used as a comparison tooi for the experiments. They 
however did not provide satisfactorily identical results. A number of simulations were 
realized with the SEPRAN program as well. From initial simulation of the flow 
between two plates, it was apparent that the density of the mesh was crudal to the 
accuracy of the results. A one-cavity geometry was examined using the program in a 
didactic fashion. Unfortunately, the SEPRAN program did not converge for Reynolds 
numbers above 200, the situation pertinent to pumping conditions. Nevertheless, an 
idea of the flow behavior was obtained with the simulations. 

The entire investigation bas generated some important ideas about hydrodynamic 
sealing. Further research is necessary in order to gain a better picture of the flow 
phenomena and obtain more well-defined criteria for a hydrodynamic seal in a wind 
pump. An attempt can be made to validate the theory of Trutnovsky and Wuori with 
experimental results. Furthermore, systematic investigation of different cavity 
geometries can be realized with SEPRAN. Although, the package does not converge 
for Reynolds values corresponding to those determined for an actual pumping 
situation, an indication of optimum cavity geometries can be obtained. By examining 
different geometries and pinpointing approximate Reynolds numbers at which 
convergence ceases to occur, cavity geometries that are conducive to vortex activity 
can be determined. This can be done for example with the already existing simulation 
program STNVSEAL. The vortex activity is seen as essential for the sealing mechan
ism. The most reliable results however, will most probably be obtained from experi
mentation of different cavity geometries - with tapered regions if so desired for the 
investigation of the eentering effect. A tapered region and a labyrinth region applied 
to the piston body might be promising as a useful hydrodynamic seal. 
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Appendix A. SEPRAN Subroutines. 

Below are a list of the subroutines that were used in the SEPRAN programs written 
for this investigation. For a detailed description of the parameters and input in each 
subroutine, one is referred to the SEPRAN user's manual and programmer's guide 
[17] and [18]: 

Subroutine START. 
Description 
This subroutine starts the process. 
START must be called in each SEPRAN program before calling other SEPRAN 
subroutines. 
Cal/ 
CALL START (ISTART, IROTAT, IOUTP, ITIME) 

Subroutine MESH. 
Description 
This subroutine generates the mesh. The information of the mesh is stored in array 
KMESH. 
Cal/ 
CALL MESH (ICHOIS, IINPUT, RINPUT, KMESH) 

Subroutine PROBDF. 
Description 
In this subroutine the problem definition and the types of boundary conditions are 
read and stored in array KPROB. PROBDF may be called more than once with 
different arrays KPROB1, KPROB2, ... in order to define more problems on the same 
mesh. Substitution of boundary conditions should be done with the help of subrou
tines BV ALUE and FIL.. 
Call 
CALL PROBDF (ICHOIS, KPROB, KMESH, IINPUT) 

Subroutine COMMAT. 
Description 
This subroutine computes the integer information of the large matrix. The salution 
metbod is chosen. 
Cal/ 
CALL COMMAT (JMETHOD, KMESH, KPROB, INTMAT) 

Subroutine BVALUE. 
Description 
In this subroutine essential conditions are filled in the salution vector. BV ALUE may 
be called several times, in order to fill more components of a vector, or to fill 
boundary conditions on different boundaries. The input of subroutine PROBDF must 
indicate that these boundaries contain essential boundary conditions. 
Cal/ 
CALL BV ALUE (ICHOIS, IDIM, KMESH, KPROB, ISOL, V ALUE, ICRV1, 
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ICRV2, IDEGFD, JSTAP) 

Subroutine FILlOO. 
Description 
In this subroutine the specification for the differential equations is stored in the 
arrays IUSER and USER. Subroutine FILlOO must be called for each standard 
element separately. Hence, most NELGRP calls of FILlOO are necessary before the 
call of subroutine SYSTEM. 
Call 
CALL FILlOO (IELGRP, lUS ER, USER, KPROB, lP ARM, IWORK, WORK) 

Subroutine SYSTEM. 
Description 
In this subroutine the large matrix and vector (right hand side) are computed. The 
effect of the boundary conditions is taken into account. 
Call 
CALL SYSTEM (ICHOIS, MA TR, INTMAT, KMESH, KPROB, IRHSD, ISOL, 

IUSER, USER, ISLOLD, IELHLP) 

Subroutine SOLVE. 
Description 
This subroutine solves a system of linear equations using a direct method. The L-U 
decomposition of the matrix will be stored. 
Cal! 
CALL SOLVE (IPOS, MA TR, ISOL, IRHSD, INTMAT, KPROB) 

Subroutine DERIVA. 
Description 
The subroutine DERIVA computes derived quantities of an input vector. These 
quantities may be computed in nodal points or in elements. 
When the quantities are computed in nodal points, quantities in common nodes of 
different elements are averaged. 
The derived quantities related to the solution of standard problems are described in 
the manual "Standard Problems" []. 
Cal! 
CALL DERIV A (ICHOIS, ICHELD, IX, JDEGFD, IVEC, IOUTVC, KMESH, 

KPROB, INPVCl, IUSER, USER, IELHLP) 

Subroutine STREAM. 
Description 
This subroutine computes the stream function tJr and the potential cp of a two-dimensi
onal vector v for various coordinate systems. 
Cal! 
CALL STREAM (ICHELS, IVEC, ISTRM, JPOINT, PSIPHI, KMESH, KPROB, 

INPVEC) 
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SEPRAN Subroutines. 

Subroutine PRINRV. 
Description 
With this subroutine a SEPRAN array with reals (coordinates, solution vector, right 
hand side vector or array of related quantities) is printed. At the user's choice the 
whole array is printed or only a special unknown. 
Cal/ 
CALL PRINRV (IVECTR, KMESH, KPROB, LAYOUT, NUMBER, TEXT) 

Subroutine PRINI2. 
Description 
The subroutine PRINI2 prints the contents of a part of an integer array, including the 
information contained in array IBUFFR. 
Cal/ 
CALL PRINI2 (KMPRB, IVECTR, ICHOIS) 

Subroutine PLOTVC. 
Description 
By calling this subroutine a two-dimensional vector field with two components will be 
plotted. Each vector is represented by an arrow with direction and length in accord
ance with the value of the vector. 
The vector can be derived from either one real, two real or one complex standard 
SEPRAN vector. 
Automatic sealing is possible. 
Cal/ 
CALL PLOTVC (IDGFDl, IDGFD2, IVCTRl, IVCTR2, KMESH, KPROB, 

PLOTFM, YFACT, FACTOR) 

Subroutine PLOTLN. 
See SEPRAN user's manual. 

Subroutine PLOTCl. 
Description 
With subroutine PLOTCl a number of contour lines (lines with equal function value) 
of the solution will be plotted - in two dimensions only. 
Cal/ 
CALL PLOTCl (NUMBER, KMESH, KPROB, ISOL, CONTLN, NCNTLN, 

PLOTFM, YFACT, JSMOOT) 

Subroutine FINISH. 
Description 
The subroutine FINISH doses certain files. The subroutine must be called at the end 
of the program. 
Cal/ 
CALL FINISH (ISTOP) 
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Appendix B: Results with Laboratory Model 1. 

Appendix B.l: Dimensions of the Test Specimens for H = 2.0 m. 

DESIGN PARAMETERS. 

H = 2.0 m; 

k = -1, -4/3, -3, -6; 

n = 75 RPM (U = 0.471 m/s); 

L = 0.06 m; 

J.L = 1.5 Ns/m2
; 

r = 1.24 x 104 N/m3
; 

T = 18°. 

103 



__ Ij~- _1\. .CJ M ____ ___ __ ___ _ _ _ _ _ _________ --·------ _____ -·--·--·-- __ _ 
-·· .. ~-.. ~- .. -· -. --· ·--·-··-· -- · .... 

\ 

f----~ i\~--~/\ t ... ,..11::~--~-~---~--~c~· \,./\.~,/11- f---1 ,---~~l \,.. .... ,·--·,l-----1- 111 .... ··.]1=~: ---- t···\ -- 1 r-- \ \/ _____ _ ____ r··- ·1. ____ 1 ·-----· ___ 1 ___ ..~ _ 1 •• ______ _ 

k = -1 
.... ····------ ......... --- .. 6 . ·------- ·-------- .... - -- ..... . .... ... -- -- -------- .. -- ------. 

,_ ,.-
~). ::J 

5--

4.5-

4 

3 -.:-, .. 
,_ 0 '-

.C 

2·-

Î - · ··----------------·-------·-r -·--------·-----·----------·-T·-·------------------·---r--·--------------------·-··--·r·--------· -- --·- ·---·---T-- --·--·-----------------

0 0. (}1 0. 02 0. 1]:3 0. 04 0. 05 0. 06 

:::< [rr1l 

--- ---· ·---------------------------········-·· ·-- ----- -· •......• --- . ·-- ······--·------ --------·-·· --- .. -------------------· ---- -----------·-·-··· -- --------------------·--· .....•... ·······--------------------------------------- ------· -· .... ----- --------



~ 
" ' " ' ' \ 

\ 
\ 

'. 
\ 

-J ,, 
~ 



,, ..,. -

; ! --

·--· 
~~~~·:;-

r , .. ; 
:_....__. 

i .. : 
t_.' _: 

\_i_\ 
~ 
I 

I ! ; 
~ 

~~:===· 

(0 

~------------------------------------------~() ld 

i 
i 

\I 
:i '. i i 

i i 
' 
i 

i i 
!I 
i l 

('<) i i 
-~ii 

:I 
:' 
:i 
:I 

11 i ! 

I 
ÎLO 

~~ 
I 
I 
I 

!...::t 
i-() 
!ö 
I 

i 

I 
l(Y) 
!() 
I . !() 

. . i 
:i ! 

~i\ 

l! I 
! : I 
i; \. 
: i (\J 
i i L() 
i ! i . 
i i I () 

i I I 
:' '! I ! I 
~ \ I 
i! i 
il ! ~ i: l () 

~ il t- • 

<:-r 11 I() 
\ l J J i I 

·· ... ____ .-I ll 
~~----~------~----~----~------~---~--~~ () 
~ ~ ~ ~ ~ ~ 

r• Ij' I'~ 
I I._, : ... tJ! 
L .J 

' .. .. ':;:,.. 





! 
I 

I 
! 

! r--------------------------------------.~· 
\ l 11 c5 

I I 1~~~ -~ -, -\·I ll!)o 
d : I ll l 
1 1 = il I o I! _/~ 11 · 

i\ i! ll'llji I I i I I I 
I! LLJ i! 
l i, ! -.J ! i 
I 1,! I~ : I "·:::- i I L 0 
! i ,' I I i · 
~~~ ii ,o 
'!I ( rl '' 1, L_ .. :1 

11 i i I, 
11 1

1 

1.~0\!l IM~ 
li: l !i LO_.t:. 
I! 1 ! I -
: I --:.~ 11 ! i 0 .... "' 
!! ~s-~ li -~ 
I! i I 
! I ( n I i 
i i LJ ) I! 
lil~ 11 i I :.......J- • I 

,,, Lul:: 11 
i! 

I. ; l ! ll 
1! ~=> 11 ...-j'J'. I I 

! i "'--.L_ I i 
i 1' i-r 1' 
I L...L. I! I -.J I i 
I I "'--l. i I 
I 11 l ! i i 
I \ .........__ ,/ ! 

1

1 ·,~--- l 
i 

i I 

La 
c5 

(: I 
~I ~--~--~--~--~--~--~----~--~~~ 

•I r- Ó Ó) eb ~ <b J.b ~ 
c-ci r- r-

,, i 
::c' 
I 

r: jll I 'l I • 
L'.-u·._d J q 



I 
I 

I 

I I 
~~ I 
~ . 

I 

/'---------~--- ·----....___ 
" "-...,," 

0 ,, 
~ 



-- ·····--·-·-·-.. ·-··-·-······ ------·-· ···--·-···-. ----- ---·. -----·- ··-·---·--·--·--·---·-··-----···--·-- ·-··-------·--···- ---······ ----------------·--· --- --· ····--------- ---···--·--·-···· ...•. ---·--···· ---···--·-------------------- --····--------···--·-·-- ·--· -· 

"r·--, .~,. 1--- . ..., r·· ··11 ____ -1--~---- r-·- c···. . .... ~· 1·-1···1 l -----.. l \ _..-- ·------~ f----~-----11\ I~----· -" 
·-- I •, _ _I I •, '• ' ---- ---- ___ I . ' I, 11 I 11 ---- I ., ,, I --- .... 1 ... ----.r-- •.. 1t--·.. ·./ __ ____ J. _ J 1,1 \1 ~---' __ I __ .. .i ...... l -.. ___ 

k ::: -6 
1 6- ----'~:::=--==-~=---=~=--=====:-.:.-.::=:-..:==:==---=----===--~=:::.::-..::::::.=::--=-...:::.:::::-:.:::===--==-.::::::::::.::=~~---------

14--

12-

,--1 1Q--t-=: 
(-
c 

'---' 

.c 8 

e-

4 ..... I I .. I I 

2-- ------,- ·----r-------.,-------r--------r-------1 
0 0.01 0.02 0.03 0.04 0.05 0.06 

>( [nl] 

------·· --------------



'0' 
I 

" ~ 



Appendix B.2: Pressure Head vs Seal Length Curves. 

I Experiments 
11 

k = -1 I k = -4/3 I k = -3 I k = -6 I 
Hdes = 2.0 m um = 0.302 m/s um = 0.509 mjs Um = 0.565 m/s Um=0.526 m/s 

Um = 0.402 mjs Um = 0.829 mjs Um = 0.578 m/s Um=1.32 mjs 

um = 0.675 m/s 

Table 9.1. List of e xp enments. 
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Appendix C: Leakage Rate Results. 

Experiment ExpRa01 ExpRa02 ExpRa03 ExpRa04 
n=168 rpm n=108 rpm n=l02 rpm n=102 rpm 

M (meas.) 0.0168 kg/s 0.0208 kg/s 0.0194 kgjs 0.0201 kg/s 
-
Q (conv.) 1.35x10"5 m3 js 1.68x10-5 m3 /s 1.56x10-5 m3 /s 1.62x10"5 m3 /s 
-
Q trans ( calc.) 2.99x10"5 m3 js 1.92x10-5 m3 js 1.81x1o-s m3 js 1.81x10-5 m3 js 
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Appendix D: SEPRAN Simulations. 

I Simulations. 
11 

VST I STNVSEAL I STNVS1 I SEAL5 I 
Characteristics Re= 134 Re= 4 Re"= 4 Re= 40 

VST3 Re= 40 Re*= 40 Re 200 
* Straight Pipe Re= 50 Re"= 400 * one cavity SQ 
* Stationary NV Re= 60 * one cavity SQ Se al 

flow * one cavity SQ Seal * Instat. NV 
* Hor. uniform Se al * Stationary NV flow 

velocity as * Stationary NV conditions * Hor. uniform 
Bound. Conds flow * Vel. upper flat velocity as 

VST4 * Hor. uniform surface as Bound. Conds. 
* Mesh refine- velocity as Bound. Conds. 

ment of VST3 Bound. Conds. 

Illustrations * Mesh *Curves * Vel. veetors * Streamlines 
* Vel. Veetors * Mesh * Streamlines * Isobars 
* Vel. Profile * V el. Veetors * Lines of const. 

at: x= 1, 3 * Isobars vorticity 
and 9 * Streamlines * Program Lis 

* Isobars ting 
* Streamlines Re= 40 

t" = •/10 ... 't' 

Re= 200 
t' = •/2 ... 5-. 

Table 10.1. List of simulations. 
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Appendix D.l: VST Simulations. 

The VST programs simulate the stationary Navier-Stokes flow through a straight pipe. 
Due to the symmetry of the flow, the flow is simulated in half the pipe. Two simuiati
on trials were run, both for a Reynolds value of Re = 134 (equation (4.1)), the latter 
be subjected to a mesh refinement. 

I 

3 

4 2 

1 

SEPRAN I SCALEX SCALEY 

1.000 10.000 

CURVES 

~~~GENIEURSBUREAU SEPRA 
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THE MESH 
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THE VELOCITY VECTORS 

SEPRAN 

VST3 

~~ ...... -----~ 
~~~~~~~~~ 

~----&-~~~~~~~ 

~~~~~~~~~ 
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THE VELOCITY PROFILES AT THREE POSITIONS ALONG THE PIPE 

t 

SEPRAN 

VST3 

0.2 

0.1 
~~~~~~~~~~~~~ 

cf.QJ 0.1 0.2 0 . .3 0.4 0.5 
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THE STREAMLINES 
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Appendix D.2: STNVSEAL Simulations. 

The STNVSEAL program simulates the stationary Navier-Stokes flow through a one 
cavity Square Cavity Seal for Reynolds values of 4, 40, 50 and 60 (equation (4.1)). 
The program did not converge for higher Reynolds values. 

CURVES 

9 8 7 
~ 0 .. 112 16 I I 

1 3 5 

2 4 

< 
,J 

~ 

"' "'" "' ........ K "" I". "' ""' "" "' "" ' " " """ ~"" K K ........ ' " ........ 
K ........ K ........ " ........ 

,..... ., 
........ " 

scoley: 3.750 
scolex: 3. 750 
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THE VELOCI1Y VECTORS 

Re= 4 

Re= 40 

Re= 50 

Re= 60 



THEISOBARS 

Re= 4 

Re= 40 

Re= 50 

Re= 60 



THE STREAMLINES 

Re= 4 

Re= 40 

Re= 50 

Re= 60 



Appendix D.3: STNVSl Simulations. 

The STNVSl program simulates the stationary flow through the one cavity Square 
Cavity Seal induced by the movement of the upper plate under Navier-Stokes 
conditions. Simulations were done for Reynolds1 values of 4, 40 and 400. The 
program did not converge for higher Reynolds values. 

THE VELOCITY VECTORS 

Re·= 4 

Re· = 40 

Re· = 400 

1 Note that the Reynolds values are based on the velocity of the plate and not on the 
velocity of the flow. 
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THE STREAMLINES 

Re*= 4 

I L_ __________________________ ~ 

es; __ 

Re· = 40 

Re* = 400 

0 



Appendix D.4: SEALS Simulations. 

The SEAL5 program simulates the time-dependent Navier-Stokes flow through the 
one eavity Square Cavity Seal for Reynolds values of 40 and 200 (equation (4.1)). The 
flow takes a time r ( = B/un) to travel through the eaviif. Under both Reynolds 
eonditions, simulation illustrations have been obtained at sueeessive time intervals in 
the flow development. Higher values of Reynolds eould not be examined beeause 
there was no finite element eonvergenee. The program listing is appended. 

Reynolds Number = 40. 

Simulation illustrations have been obtained for the flow development at sueeessive 
intervals of 1/10 * r, from ( = r /10 to r. Below is given the illustration of the 
velocity veetors at t' = r . 

. HU 

Reynolds Number = 400. 

. . 

- - . . . - . 
. . -.-- . . . . -.- . 

Simulation illustrations have been obtained for the flow development at sueeessive 
periods of 1/2 * r, from t' = r /2 to 5 ·r. Below is given the illustration of the 
velocity veetors at t' = 5 ·r. 

· · · · · "'"""'m~rmrm111 
.. UUUUL~: 

' ..... . ' ... ' . ' .. ' . ' ' ' . ' ' ' . ' ' ... . - . 

nn 

2 The parameter B is the length of one cavity-ridge pair. See also figure 6.1. 
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THE STREAMLINES: Re = 40 

t* = 1/10 * r 

t" = 2/10 * r 

t. = 3/10 * r 

t" = 4/10 * r 



t. = 5/10 * r 

( = 6/10 * r 

t. = 7/10 * 1 

( = 8/10 * r 



( = 9/10 * r 

( = r 



THE ISOBARS: Re= 40 

t" = 1/10 * T 

( = 2/10 * T 

( = 3/10 * T 

( = 4/10 * T 



( = 5/10 * 1 

( = 6/10 * 1 

1"=7/10*1 

( = 8/10 * 1 



t" = 9/10 * 1 

t" = 1 



LINES OF CONSTANT VORTICI1Y: Re = 40 

( = 1/10 * T 

~ 
I 

( = 2/10 * T 

~ I 
I 

I 
I 

I 

t• = 3/10 * T 

~ 
I 

' 

( = 4/10 * T 

J 

I 



( = 5/10 * r 

t. = 6/10 * r 

( = 7/10 * r 

( = 8/10 * r 



t' = 9/10 * ., 

-
f 

t' = ., 



THE STREAMLINES: Re = 200 

t" = 1/2 * r 

t"=l*r 

t. = 3/2 * r 

t"=2*r 



t• = 5/2 * T 

t" - 3 * - T 

t• = 7/2 * T 

0 

t" - 4 * - T 



t. = 9/2 * r 

t"=S*r 



LINES OF CONSTANT VORTICI1Y: Re = 200 

t• = 1/2 * T 

i 
e- ~ 

I 
I 
' 

( = 1 * T 

t• = 3/2 * T 

~:::=::====~~-----------===~:::::::::::::~=== 
tk I i :;::::::::o ----~ 

I 
~ 

I 

~ 

I 

I 
I 
! 

( = 2 * T 



L I • :::;= 

I 
I 
I 

( = 5/2 * T 

( = 3 * T 

c:--. -~----&------==s= 

l 
*;;" , 

c: 

I 

~ 
I 
i 

I 
' ' 

t• = 7/2 * T 

t"=4*r 

~ 

~ 
I 

J 

F 
I 
J 

I 

J 

I 



t. = 9/2 * 1 

i 
èc- f .§ 

·• 

t. = 5 * 1 

c: 



Work(2)=1D3 
Iwork(7)=1 
Work(8)=1D1 
Iwork(3)=12 

c========================================================================= 
c COPY EXISTING SOLUTION VECTOR P.G. 5.7 
c========================================================================= 

Call Copyvc(Isol, Isol1) 
Call Fil100(1, IUser, User, Kprob, 8, Iwork, Werk) 

c======================================================================== 
c BUILD THE MATRIX U.M. 5.4 
c======================================================================== 

Call System(-1, Matr, Intmat, Kmesh, Kprob, Irhsd, Isol, 
v Iuser, User, Isol1, Ielhlp) 

c======================================================================== 
c SOLVE SYSTEM OF LINEAR EQUATIONS P.G. 6.8 
c======================================================================== 

Call Solve(1, Matr, Isol, Irhsd, Intmat, Kprob) 
c======================================================================== 
c MAXIMAL DIFFERENCE OF SOLUTION VECTORS U.M. 5.8 
c======================================================================== 

c 

c 

c 

V 

Call Diffvc(O, Isol, Isol1, Kprob, Difmax) 
Multiple = !step/Factor 
IF (Multiple.EQ.1) THEN 

Numarr = 3*((Istep/10) - 1) + 3 
Write(*,*) Numarr 

Call Writbs(O, O, Numarr, 'Name', Isol, Ihelp) 
Call Writb1 
Call Deriva(1, 1, 

I sol, 
Numarr = Numarr + 
Write(*,*) Numarr 

IX, Jdegfd, 0, Ipres, Kmesh, Kprob, 
Iuser, User, Ielhlp) 
1 

Call Writbs(O, O, Numarr, 'Name', Ipres, Ihelp) 
Call Writb1 

Isol, 

Call Deriva(1, 4, IX, Jdegfd, 0, Ivort, Kmesh, Kprob, Isol, 
V Isol, Iuser, User, Ielhlp) 

Numarr = Numarr + 1 
Call Writbs(O, o, Numarr, 'Name', Ivort, Ihelp) 
Call Writb1 
Factor = Factor + 10 

ENDIF 
60 Write(Irefwr, 70)Nstep 
70 Format('Number of Iterations= ',I3) 
80 Write(Irefwr, 90)Difmax 
90 Format('Difference after iterations= ',F9.7) 

100 Continue 

c======================================================================== 
c PLOT OF TWO-DIMENSIONAL VECTOR FIELD P.G. 9.6 
c======================================================================== 
c 

c 

Call Plotvc(1, 2, Isol, Isol, Kmesh, Kprob, 2000, 1, 0) 
Values(1)=2D-1 
Values(2)=8D-1 
Values(3)=90DO 
Call Plotln(1, Ivalue, Values, 1, Kmesh, Kprob, Isol, 1, 

v 1, 'y-coordinaat', 'snelheid') 
Values(1)=3.8DO 
Call Plotln(1, Ivalue, Values, 1, Kmesh, Kprob, Isol, 2, 

v 1, 'y-coordinaat', 'snelheid') 
Values(1)=2DO 
Call Plotln(1, Ivalue, Values, 1, Kmesh, Kprob, Isol, 3, 

v 1, 'y-coordinaat', 'snelheid') 

3, 2000, 

3, 2000, 

3, 2000, 

c======================================================================== 
c COMPUTE THE PRESSURE (ichois=1) P.G. 5.4 



c======================================================================== 
c 
c 
c 
c 

Cal! Deriva(l, 1, 
v !sol, 

IX, Jdegfd, 0, !pres, Kmesh, Kprob, 
Iuser, User, Ielhlp) 

!sol, 

c======================================================================== 
c PRINT THE PRESSURE VALUES P.G. 8.4 
c======================================================================== 
c 
c 
c 

Cal! Prinrv(Ipres, Kmesh, Kprob, 4, o, 'Drukwaarden') 

c======================================================================== 
c PLOT THE CONTOUR LINES FOR THE PRESSURE P.G. 9.5 
c======================================================================== 
c 
c Cal! Plotcl(l, Kmesh, Kprob, !pres, Contln, -15, 2000, 1, 0) 
c 
c======================================================================== 
c COMPUTE THE STREAM FUNCTION P.G. 6.6 
c======================================================================== 
c 
c 
c 

Cal! Stream(l, !vee, Istrm, 0, Psiphi, Kmesh, Kprob, !sol) 

c======================================================================== 
c PRINT THE STREAM FUNCTION VALUES P.G. 8.4 
c======================================================================== 
c 
c Cal! Prinrv(Istrm, Kmesh, Kprob, 4, 0, 'Stroomfunktie') 
c 
c======================================================================== 
c PLOT THE CONTOUR LINES FOR THE STREAM FUNCTION P.G. 9.5 
c=========7============================================================== 
c 
c 
c 

Cal! Plotcl(l, Kmesh, Kprob, Istrm, Contln, -10, 2000, 1, 0) 

c======================================================================== 
c STOP THE PROGRAM P.G. 2.5 
c======================================================================== 
c 

Cal! Finish(!) 
Close(67) 
End 



Mesh2D 
Points 
Pl=(OoO, Oo8) 
P2=(0o5, Oo8) 
P3=(0o5, OoO) 
P4=(3o5 1 OoO) 
P5=(3.5, Oo8) 
P6 = ( 4 o 0, 0 o 8) 
P7=(4o0, 1.0) 
P8=(3o5 1 1.0) 
P9=(0o5 1 1.0) 
Pl 0= ( 0 o 0, 1. 0) 
Curves 
Cl=Line2(Pl,P2, Nelm=8, Ratio=l, Factor=3) 
C2=Line2(P2,P3, Nelm=l6, Ratio=l, Factor=lo5) 
C3=Line2(P3,P4, Nelm=25) 
C4=Line2(P4,P5, Nelm=l6, Ratio=3, Factor=lo5) 
C5=Line2(P5,P6, Nelm=8) 
C6=Line2(P6,P7, Nelm=6) 
C7=Line2(P7,P8, Nelm=8) 
C8=Line2(P8,P9, Nelm=25) 
C9=Line2(P9,Pl0, Nelm=8, Ratio=3, Factor=3) 
ClO=Line2(PlO,Pl, Nelm=6) 
Cll=Line2(P9,P2, Nelm=6) 
Cl2=Line2(P8,P5, Nelm=6) 
Cl3=Line2(P2,P5, Nelm=25) 
Surfaces 
Sl=Rectangle4(8,6,Cl,-Cll,C9,Cl0) 
S2=Rectangle4(25,6,Cl3,-Cl2,C8,Cll) 
S3=Rectangle4(8,6,C5,C6,C7,Cl2) 
S4=Rectangle4(25,16,C3,C4,-Cl3,C2) 
Meshsurf 
Selml=(Sl,S4) 
Plot(Numsub=4) 
Renurnher 
End 
Problem 
Types 
Elgrpl, (Type=400) 
Essbouncond 
Degfdl=CurvesO(Cl,C5) 
Degfdl=CurvesO(C7,Cl0) 
Degfd2=CurvesO(Cl,C5) 
Degfd2=CurvesO(C7,ClO) 
End 


