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ABSTRACT

Knowledge of the flow characaristics of geomstrically similar vortex diodes of
different dimensions is essential in establishing the possible application of
miniaturized vortex diodes in the medical field. The objective of this study is to find
out whether Reynolds number and Eulers number are sufficient to describe the
vortex diode performance and to expetimentally verify the results obtained by finite
element analysis.

The steady-state, incompressible, three-dimensional, confined flow of water
through vortex diodes at low Reynolds numbers was numerically and
experimentally investigated. Three geometrically similar Plexiglas vortex diodes
were constructed and tested for flows at low Reynolds numb:rs. The pressure
drop across each diode was measured for various flow rates. Static characteristics
of the vortex diodes for both forward and reverse flows are presented.

The results indicate that in the Reynolds number range of 200 < Re < 3000
there is no noticeable scale effect on the static characteristics of the vortex diode.
The Reynolds number is defined by the average axial velocity in the axial pipe and
its diameter. The results also indicate that, due to the possible influence of viscous
effacts, the performance ratios are relatively small compared to those obtained at
higher Reynolds numbers, There is also good agreement between the numerical

and experimental results.
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Re

(K1.[K]

NOMENCLATURE

specific heat at constant volume, J/kg.K

axial pipe diameier, m

vortex chamber diameter, m

Euler number based on average velocity in axial pipe in equation 2.1
body force, N

chamber height, m

thermal conductivity, J/sec.m.K

pressure, Pa

heat source, J/sec.m?

radius, m

residual resulting from the use of approximations in equation 4.11
Reynolds number based on average velocity in the axial pipe in
squation 2.2

time, sec

temperature, K

velocity component, m/sec

tangential velocity, m/sec

average velocity in axial pipe, m/sec

weighting function in equation 4.12

distance, m

ctiffness matrices

X .



[m],[M] mass rnatrices

{u) gradient of u with respect to time vector
{u} nodal velocity vector

{s} source vector

Greek Symbgls

] inclination of manometer, degrees

A second viscosity cosfficient

T dynamic viscosity coefficient, kg/m.sec
p density, kg/m®

< dissipation term

Q element domain

Subscripts

a axial

ik coordinate directions

1,0 inlet and outlet

t tangential



CHAPTER |

INTRODUCTION

1.1 Subject of Investigation

This study deals with the steady-state, incompressible, three-dimensional
confined flow through vortex diodes. The study and development of vortex diodes
and other fluidic devices is known as Fluidics.

Fluidics is the technology that exploits the hydrodynamic propsrties of fluids to
eliminate or complement mechanical parts of equipment. This technology deals
with the art of moving and controlling flows of fluids using controllers, no-moving
part valves and pumps. The term Fluerics is used for the specific study of non-
moving part devices, while Fluidics is a somewhat broader definition which
includes peripheral equipment such as transducers and accelerometers. Fluidics
technology became first known in the early 1960s through the work done at the
Harry Diamond Laboratories in Washington, D.C. [W2]. The objective of the work
was to develop fluidic logic and control techniques as alternatives to electrical
control systems principally for military application. This work combined a
knowledge of control systems technology with that of fluid mechanics. The
technology of fluidics is based on the application of a number of fluid flow
phenomena, in particular those of entrainment, vortex flow and wall attachment,
which could be used singly, or in combination to sump, direct fluid flows and

contro! fluid pressure. Devices basad on the above technology are known as
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Fluidic devices. Fluidic devices, since they have no moving parts, infer high

reliability and long life.

The vortex diode was first well characterized by Zobel [F1}. Vortex diodes are
passive elements which offer a) low resistance to flow in one direction and b) high
resistance when ilow is reversed. The vortex diode consists of a short cylindrical
chamber with two ports. One port is tangential to the chamber and the other along
the axis. The operation of the diode can be understood from the following
discussion. In the revarse flow direction, the fluid enters the diode tangentially and
forms a vortex as shown in Figure 1.1. Due to the formation of the vortex,
centrifugal forces come into effect, which tend to push the flow toward the outer
wall, away from the centra! axial exit port. The pressure drop across the diode is
thus the sum of the resistance due to the adverse prassure gradient due to the
centrifugal effect and the frictional pressure drop. In the low-resistance direction
the fluid enters the chamber through the axial port without forming a vortex and

loses a small amount of pressure (Figure 1.2).

1.2 Motivation

The characteristics of the vortex diode have made it very attractive for various
industrial applications. In the nuclear industry, it has been used in fluidic pumping
systems for handling highly radioactive fluids and in the coolant system of gas
cooled reactors to prevent rapid depressurization in the event of a pipe fracture.

In the chemical industry it has been used for highly corrosive and other fluids that



3

are difﬁcult. to handle. Vortex diodes can be used in both compressible and
incompressible flow situations. Traditionally, the vortex diode was studied in
connaction wi.th flow at high Reynolds numbers. This may be attributed to the fact
that practical applications of diodes have been in areas of high flow rate.

The analysis of the flow through a vortex diode based on inviscid theory does
rot yield good results at low Reynolds numbers because, a* low Reynolds
numbers, the viscous effects on the flow are considerable and cannot be
neglected. The analytical investigation taking into consideration the viscous and
boundary layer effect is complicated ard hence with the development of numerical
techniques for solving the flow equations, it was decided to modal the vortex dicde
and investigate the flow numerically.

The motivation for the present study was to determine the performance of the
vortex diodes when they are miniaturized and used at low Reynolds numbers with
potential application in the medical field. In the medical field the application of a
miniaturized vortex diode was proposed to function as a shunt in draining the
cerebro-spinal fluid from the head to the abdominal cavity in persons with brain
hemosrhage. The presence of any geometrical scale effects was investigated by
studying the static characteristics of three geometrically similar vortex diodes. The
three-dimensional flow simulation package NISA/3D-FLUID™ package was used
to model and analyze the flow through the vortex diodes at low Reynolds numbers.
The pachage is based on the finite element method and was chosen since it can

handle complex geometries more conveniently than the finite difference scheme.



1.3 Objectives
The overall objectives of the present study were:

a) To experimentally determine the performance of the vortex diodes at low
Reynolds numbers.

b) To obtain the static characteristics of the vortex diode at low Reynolds numbers
using numerical technigues for solving the flow equations.

¢) To investigate the influence of any scale effect on the performance of the vortex
diode.

d) To compare the numerical results obtained using NISA/3D-FLUID™ with the

experimental results.

1.4 Format of Presentation

In the second chapter, the literature survey reviews the development of the
Fluidics technology and some applications of vortex devices. Some of the
performance parameters are also defined.

The details of the experimental set-up, procedure and results are described
in chapter three. Chapter four deals with the numerical study and the results
obtained are discussed. The conclusions and recommendations are provided in
chapter five. The appendices contain the uncertainty analysis, equipment table,

rotameter calibration curves and tables of data.



CHAPTER Il

LITERATURE SURVEY

This chapter includes a survey of the literature pertaining to the study of vortex
diodes. The material is presented in the following sections:
a) Fluidics
b) Vortex Flow Theory

c) Non-dimensional Variables and Characteristic Curves.

2.1 Fluidics

The concept of no-moving part fluid control devices was first announced by the
Harry Diamond Laboratories in 1960 under the name of Pure Fluidic Devices.
Fluerics and Fiuidics technology developed from this field.

Fluidics technology has objectives similar to those of electronics, but utilizes
the fiuidic dynamic phenomena instead of electron ballistics and field effects.
Fluidics can be divided into two main areas of study: Signal Control Fluidics and
Power Fluidics. In Signal Contro! Fluidics, the devices are usually operated with
air and are used to perform mathematica! functions to control some kind of
actuators which in turn control the process fluid.

In Power Fluidics, the fluid energy present in the process :luid itself is exploited
in no-moving part devices. These devices can be used in place of conventional

mechanical equipment such as pumps and valves, to provide in an improvement



in the reliability of the system. In Power Fluidics two signals are important: flow
and pressure. A wide range of fluid dynamic phenomena have been employed in
Power Fluidics to utilize the energy inherent in the fluid. Some of the phenomena
used are the fluid vortex, the directed jet and the Coanda effect. Elements or

devices which utilize the above phanomena are called fiuidic devices.

2.1.1 Fluidic Devices

Fluidic devices are control elements which operate without being dependent
on manual handling and extraneous energy and perform complicaied control
operations without using moving parts.

Fluidic devices meet the following conditions [P1]:
a) The element should not have moving parts.
b) The element should be controllable.
¢) The output rates should have dimensions suitable for practicat hydraulic

engineering.
d) Nozzles and pipes should be big enough to prevent plugging by soiling.
e) The shape of the element should be simple in order to reduce the production

cost.

The main advantages of fluidic devices are their high reliability, operation in
extreme conditions of temperature, safe operation in explosive atmospheres,
resistance to shock and vibration, and freedom from interference from radiation in

radioactive environments. In addition, the costs of the elements are low [E2].



Kirshner [K1) classified fluidic devices on the basis of the underlying fluid
dynamic phenomena affecting their operation. Devices which utilize the vortex flow
phenomenon for its operation are called vortex davices. The important types of

vortex devices are the vortex rate sensor, vortex diode and the vortex amplifier.

Vortex Amplitier

The vortex amplifier (also known as vortex triode) is a fluidic device which has
the function of modulating the total power output from a pipe supplying fluid. it
consists of a thin cylindrical chamber with three ports: a radial supply port which
supplies the main portion of the flow to the amplifier, a tangential control port which
supplies the flow which drives the vortex and an axial exit port through which all
flow leaves the amplifier (Figure 2.1).

The vortex amplifier has been used as, an hydraulic servovalve stage, a thrust
vector controller, a rate gyro, a pressure controller and a controller in the

ventilation system of radioactive enclosures.

Vortex Diode
The use of vortex effects in fluidic devices was first described by D. Thoma
[B2]. The vortex diode is essentially a vortex amplifier without the radial supply
port. Vortex diodes are passive elements which offer different resistances to the
fluid flow depending upon which direction it flows through the device. Zobel
improved the design of vortex diodes and his optimum design is regarded as the

best available compromise between good performance and ease of manufacture.
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The typical flow characteristics of the Zobel dicde are shown in Figure 2.2 and
Figure 2.3 [P1].

The deveiopment of other types of vortex diode have been reported by Sidhu
et al. [S1]. One design, refarred to as a Catherine wheel diode, has multiple
tangential ports, a thin radial diffusing chamber and either one or two axial ports.
Thin chamber diodes are generally more difficilt to manufacture and more prone
to blockage. For certain flow conditions the Catherine wheel diode is claimed to
have a performance superior to that of the Zobel diode.

George et al. [G1] experimentally investigated the flow patterns inside high
performance vortex diodes and developed a predictive technique to deduce the
distribution of tangential velocity using the static pressure distribution inside the
vortex chamber. Jacobs and Baker [J1] studied the transient response of vortex
diodes. They found that the transient response can be correlated with the time
taken for the initial volume of stationary fluid within the vortex chamber to be
displaced by the incoming fluid. Wormley [W2] presented a review on the static
and dynamic design techniques for vortex diodes and triodss.

Besides vortex diodes, other types of fluidic diodes have been developed,
namely the scroll diode, the cascade diode and the momentum fiueric diode. Baker
[B1] reported a comparative study of the different types of diodes and none of the
other diodes could match the overall performance of the vortex diode.

McGuigan et al. [M1] developed a method of reptacing the mechanical valves
in reciprocating pumps by a bridge-configuration of vortex diodes. Priestmar st ai.

[P1] point out the problem of cavitation in sortex diodes used in fluidic pumping
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systems. Syred and Roberts [S2] reported on the application of vortex diodes to

post accident heat removal systems in nuclear power plants.

The characteristics of the vortex diodes have made them very attractive to the
nuclear industry where they are fitted at the entry to the reactor core to prevent
rapid depressurisation of the reactor core in the event of a pipe failure. Beyond the
nuclear industry they have found application in the chemical industry to handle

highly corrossive and erosive fluids [E2].

2.2 Vortex Flow Theory
Knowledge of vortex flow theory is important for the proper design and
operation of cyclone dust separators, centrifugal burners, vortex devices and
plasma-flame stabilization. The prediction of three dimensional velocity profiles as
a function of the operating conditions and geometry of the vortex systemis a majer
consideration in analysis and design. The complexity of vortex motion and the
existence of secondary flows in the confining equipment have so far hindered the
complete understanding of the detailed mechanics of the vortex flow. The non-
linear character of the governing equations coupled with the complex boundary
conditions make the mathematical solution of the confined vortex flow a formidable
task [V1]. Many investigations have over-simplified the complexities of the flow and
only a few analyses have considered the effect of geometrical parameters.
The operation and behaviour of a vortex diode can be understood better with
a sound knowledge of confined vortex flow theory. Experimental and theoretical

results of the study of the confined vortex flow agree in the following important
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aspects [R1] :

a) The confined vortex flow is three dimensional in nature.

b) The tangential velocity component is predominran: and the radial velocity
component is very small in the entire vortex flow.

¢) An important radial flow toward the centre occurs in a region adjacent to the
wall. Some workers also measured a substantial axial flow in the maximum
tangential velocity component region.

d) The axial velocity may show a reversal near the axis of the vortex chamber.

@) The tangentiat velncity profile in the radial direction is composed mainly of two
regions: a peripheral region of quasi-free vortex ( where var = constant )

and a central part of quasi-forced vortex flow ( v = constantsr ).

f) In a vortex flow, there may be a helical shaped dynamic axis of rotation.

g) The angle of inlet flow may change the axial flow pattern, mainly naar the walls
of the vortex chamber.

h) The static pressure is high near the walls confining the vortex flow and
decreases drastically near the axis where it reaches its minimum.

Einstein and Li [E1] developed a theory for a single vortex in a frictionless fluid
based on the preservation of moment of momentum as fluid approaches the outlet.
This theory leads to infinite velocities at the centre of the vortex.

Wormley [W1] analysed the flow in the vortex chamber by the momentum
integral method and showed that the non-dimensional circulation distribution in a
short vortex chamber is primarily a function of the geometrical parameter BLC'

(Modified Boundary Layer Coefficient) for a specified end wall shear law and
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velacity profiles. The parameter BLC' contains the chamber aspect ratio, ratio of
outer periphery tangential to radial velocity, Reynolds number and end wall iriction
coefficient.

Kitsios and Boucher [K2] studied the effect of viscosity in confined vortex flow
and reported that, since the effect of viscosity becomes important near the end
walls, the decreased tangential velocities in the boundary layers reduce the
centrifugal action and the tluid is accelerated inward by the radial pressure
gradient. By continuity, this increase in the boundary layer velocity above the core
velocity is balanced by a decrease in the core radial velocity itselt. Depending on
the valve configuration and operating conditions, the radial velocity in a portion of
the core may go to zero {giving rise to a ‘rotating donut’) with all the radial tiow
occurring in the boundary layers.

Kotas [K3] conducted fiow visualization studies and the results demonstrated
the three-dimensional nature of the end wall boundary layer flow. Measurement of
radial velocities and radial flow balance proved the existence of the reverse radial
flow due to flow recirculation between the boundary layer and the main flow.
Measurement of the circumferential component of the velocity on the main flow at
different radii provided support for a power-law relationship between the velocity

and radius.
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2.3 Non-Dimensional Variables and Characteristic Curves

In evaluating the performance of vortex diodes several non-dimensional
variables are.considered. Some of the non-dimensional variables are Reynolds
number, Euler number, performance ratio and diodicity. Characteristic curves show
the relationship between Euler number and Reynolds number over a wide range
of diode opsration.

The subscript "reverse" in the equations below corresponds to the flow whersein
the fluid enters the chamber tangentially and forms a vortex. The subscript
“forward" corresponds to the flow wherein it enters axially and leaves the chamber

without forming a vortex.

Pressure Loss Coefficient (Euler Number) = Eressure Drop across Diode

0.5 pV?
(2.1)
- pVvd
Reynolds Number m 2.2)
Performance Ratio = (Eressure Loss Coefficient).y.me (2.3)

(Pressure Loss Coefficient),yar

(at the same Reynolds Number)

Diodicity = (Pressure Drop across Diode)..me (2.4)
(Pressure Drop across Diode),wam '

(at the same flow rate) .



CHAPTER ill

EXPERIMENTAL INVESTIGATION

3.1 Introduction

In this chapter a description of the experimental facility and the procedure is
presented. The objective of the investigation was to obtain the characteristic curves
for flow through vortex diodes in the range 200 < Re < 3000. The pressure drop
across the diode was measured using a manometer for different fiow rates
corresponding to the Reynolds number range under consideration. The flow rates
were measured using a set of four rotameters. The Reynolds number was based
on the axial pipe diameter as the characteristic length and the average velocity in
the axial pipe. The average velocity was calculated by dividing the flow rate by the
cross secional area of the axial pipe. From the flow rate and pressure drop
measurements, the non-dimensional pressure loss coefficient (Euler number)
corresponding to each Reynolds number considered was calculated. The
performance ratio for each Reynoids number was also calculated. The uncertainty
associated with each parameter is presented in Appendix A.

Experiments were conducted for both forward (without vortex) and reverse
(with vortex) flows for each diode. They were repeated for three geometrically

similar diodes. The test fiuid was water.

13
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3.2 Experimental Equipment

3.2.1 Geneial Test Facility

This section includes a general description of the closed flow circuit used in the
present study. The closed loop design permits the uze of a wide varisty of fluids,
howaver, for the present investigation, ordinary tap water was use? A schematic
diagram of the test facility is presented in Figure 3.1.

Water from a 50 cm x 50 cm x 30 cm reservoir at the floor level was pumped
to the upstream constant head tank at a heigiit of about 4 m. The constant head
tank is also 50 cm x 50 cm x 30 cm and is fiited with 2n overflow tube. The tank
was supported by a steel frame. Water from the tank passed through a set of
rotametars with regulating vaives before reaching the test diode. The rotameters
were fastened to the steel frame supporting the constant head tank. After passing
through the diode the water exitad to a collector tank. A thermometer was located
in the downstream collector tank. From the collector tank the water drained to the
reservoir from which it was pumped back to the constant head tank. The test diode
was fastened to a horizontal steel frame which could be adjusted for mounting the
different diodes. The pressure drop across the diode was mea:'!red with an
inclined tube manometer.

A list of equipment used with the least count and range is presented in

Appendix B.
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3.2.2 Rotameters

Four rotameters were used to measure the range of flow rates corresponding
to the Fleyﬂolds number range under consideration. The rotameters were
connected in series by means of 2 flexible plastic tubing. The flow rate could be
adjusted with ball valves located upstream of the rotameters or the plunger valves
downstream. All four rotameters were calibrated individually by measuring the
quantity of water collecied over a known period of time. The calibration curves
obtained by regression analysis of the calibration data are presented in Appendix
C. During an experiment the rotameters were flushed of any air bubbles and the

readings were recorded after allowing sufficient time for the floats to stabilize.

3.2.3 Manometer

An open tube manometer was used to measure the static pressure upstream
and downstream of the diode. Three pressure taps were located on the tangential
and axial pipes. The manometer was connected to the pressure taps using flexible
plastic tubing. In order to increase the sensitivity, the manometer couid be inclined
at any required angle to the horizontal. The inclination of the manometer was
measured with a digital inclinometer. The entire manometer was mounted on an
hydraulic lift mechanism which could be elevated or lowered to accommodate a

wide range of pressure measurement.

3.2.4 Vortex Diode

Three vortex diodes, made of Plexiglas, were used for this study. Figure 3.2
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shows an isometric view a typical diode. Each vortex diode was constructed from
three plates that were fastened together. The central plata contained the vortex
chamber and.the tangential port (Figure 3.3 and Figure 3.4}. The front wall plate
contained the axial port. The axial port was attached to the axial pipe and the
tangential port to the tangential pipe. The pressure taps were located on the
circular pipes upstream and downstream of the diode.

The three diodes were geometrically similar in all the critical dimensions. The
dimensions are presented in Table 3.1. The diodes were constructed with an

aspect ratio (h/D) of 0.4 and radius ratio (d/D) of 0.2.

3.3 Experimental Procedure

The lower reservoir was filled with ordinary tap water and the pump was
started to iransfer the water to the constant head tank. Once the constant tank
was full the excess water was returned to the reservoir through the overflow pipe.
The manometer was connected to the pressure taps on the diode by means of
transparent plastic tubing. The valves on the supply line were opened and the
system was flushed to purge air bubbles. Particular care was taken to ensure that
there were no bubbles inside the vortex chamber. The valve on the exit side of the
diode was then closed, thus forcing the wéter to flow through the manometer. The
tubing from the diode to the manometer as well as the manometer tubes were
purged thoroughly of any entrapped air bubbles. The rotameters were calibrated
by collecting the discharge over a known periad of time and weighing it.

The valves upstream of the diode were adjusted to provide the required flow
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rate. Sufficient time was allowed for the tlowmeter reading to stabilize. The
manometer readings corresponding to the lower menisci were also noted after
allowing suffic-:ient time for them to stabilize. The valve downstream of the diode
was adjusted, if necessary, in order to vary the level in the manometer. The
manometer was inclined at an angle of 5 degrees to the horizontal to increase its

sensitivity.

3.4 Results and Discussion

The pressure drops across each of the three diodes are plotted for different
flow rates. The pressure drops were plotted for both forward and reverse flows
(Figure 3.5 and Figure 3.6). The pressure drop across the smallest diode
increased at a higher rate than across the larger diodes.

For the same flow rate, the pressure drop across the diode for reverse flow is
greater than that obtained for forward flow. The pressure drop for the reverse flow
direction is greater than that for the forward flow direction because of the formation
of vortex in the vortex chamber before it exits through the axiai port. The pressure
drop increases at a greater rate for reverse flow than for forward flow.

From the measurements of flow rates and pressure drops across the diode,
the non-dimensional variables Reynolds Number and Euler Number were
calculated. The characteristic curves (Eu vs. Re) for all the diodes were drawn on
the same graph for comparison. The characteristic curves are shown for both

farward and reverse flows in Figures 3.7 and 3.8 respectively.
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During forward flow, the fluid enters axially and leaves through the tangential
port without forming a vortex. The Euler Number is found to decrease with an
increase in Réynolds number (Figure 3.7). This flow is analogous to flow through
a pipe with two 90 degree bends.

In the reverse flow direction, the fluid enters the circular chamber through the
tangential port and forms a vortex. The Euler number is found to increase with an
increase in Raynolds number (Figure 3.8). Flow through the three diodes could not
be studied for the entire range of Reynolds Number (200 < Re <3000) because of
the limitations in the ranges of pressure and flow rates that could be measured
with the equipment used in the experimental study. Empirical relationships betwaen
the non-dimensional parameters for the range of Reynolds number considered
showed that (Figure 3.9 and Figure 3.10):

For forward flow (no vortex):
In(Eu) = 24.23 - 8.38+In(Re) (3.1)
For reverse flow (with vortex):
In(Eu) = 3.13*Re (3.2)

When plotted on the same graph, the characteristic curves for the different
diodes show no noticeable variation both for the forward and reverse flows. The
variation or scatter in the data for the different diodes (Figure 3.7 and Figure 3.8)
can be attributed to the uncertainty in the non-dimensional variables due to
experimental limitations. Hence it can be concluded that there is no scale effect
for the operation of the diodes over the range of Reynolds Number under

consideration. The performance ratio shows an increasing trend with increases in
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Reynolds Number. Figure 3.11 shows an increasing trend in the performance ratio
with increases in Fieynerlds number. For tha Reynolds number range
200 < Re < 3000, the performance ratio is quite poor when compared to values
of 40-50 when Reynolds nurnbers approach magnitudes ot 10%. The performance
ratio is found to drop helow 1 for Reynolds number less than approx. 400, thus
offering higher resistance in the forward flow direction than in the reverse flow

direction.



CHAPTER IV
NUMERICAL. STUDY

41 Introduct‘ion

A cmputer simulation of a three-dimensional, steady state, incompressibie flow
through a vortex diode was carried out using the general purpose fluid flow
modelling pragram NISA/3D-FLUID™. A numerical solution to the fluid flow
problem was sought because of the lack of any closed form solutions to vortex
flow problems. The two most popular numerical schemes available are the finite
difference and the finite element schemes.

in the finite difference method the solution domain is divided into a grid of
discrete points or nodes and the governing equations for each node are written in
finite difference form. The solution is thus obtained by pointwise approximation.
This approach has several limitations because it is difficult to appiy to systems with
irregular geometry, unusual boundary conditions, or nonhomogenous composition.
The finite element method provides an alternative that is better suited for such
systems. In contrast to finite difference technigues, the finite element method
divides the solution domain into simply shaped regions or elements. An
approximate solution for the partial differential equation is developed for each of
these elements. The total solution is then generated by linking together or
assembling the individual solutions taking care to ensure continuity at the inter-
element boundaries. Thus the solution is obtained in a piecewise fashion. The use
of elements, rather than a rectangular grid, provides a much better approximation

for irregularly shaped systems. Further, values of the dependent variable can be
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generated continuously across the entire solution domain rather than at isolated

points [C1].

4.2 NISA/3D-FLUID™
NISA/3D-FLUID™ is a general purpose, interactive, fluid flow modelling
program. it can be Lsed for solving both boundary and initial value problems.The

equations of motion governing fiuid flow with heat transfer are given by the

Continuity equation

Lp =
at  dx, ) =0 (4.1)

Momentum equation

aui aui ap a auk a aui _1
Plas * Mgz = "o *ax, Mok, Tk PlE, e, T On
(4.2)

Energy equation

c,19L a:r 8T Ou, 8

* Uk T P, T

ax,’ + @ + pg, (4.93)

it uses the finite element technique for solving the equations which govern fluid
flow with heat transfer. The technique involves subdivision of the solution domain
into many smaller regions of convenient shapes, such as triangles, quadrangles

and hexahedrons and uses an approximation method to quantify the behaviour of
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each element. Suitable Iccal co-ordinate systems are specified for each element,
and the governing differential equations are replaced by an approximation using
values of the; dependent variables at the nodes. Using the Galerkin weighted
rasidual method, the govering differential equations are transformed into finite
element equations governing each isolated element. These local equations are
collected together to form a global system of algebraic equations including a
proper accounting of boundary conditions. The nodal values of the dependent
variables are determined from the solution of this matrix equation. The Gauss-
elimination method is used for solving the matrix equation. Figure 4.1 shows the
flow chart for NISA fluid flow analysis.

The NISA/3D FLUID™ program consists of three modules: Preprocessing,
Analysis and Postprocessing modules. In the preprocessing module the finite
elements are generated for the required geometry. The boundary conditions and
properties of the fluid are also specified in this section. In the analysis module the
finite element equations are solved and the nodal values of the dependent
variables are obtained. In the postprocessing module a graphical representation
of the results is obtained. The values of the dependent variables at the individual

nodes at the iniet and outlet sections can also be obtained in this module.
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4.3 Finite Element Modelling

The numérical simulation of asymmetric flow through the vortex diode was
carried out in the following phases:
4.3.1 Discretization

In this phase, using the preprocessing module, the three-dimensiorial geometry
of the smallest diode was modelled with the same dimensions as that of the test
diode. Due to difficulties encountered in specifying the boundary conditions, the
diode was modslled in two parts. The first part, which consists of the vortex
chamber, the axial port and the rectangular tangential port is shown in Figure 4.2.
The second part consisting of the transition from circular pipe to rectangular
tangential port is shown in Figure 4.3. To prevent a discontinuity in the calculated
values in the model, care was taken to ensure that the nodes at boundaries of
different geometric shapes matched with each other. The geometry was divided
into 1628 elements with 1898 nodes. The 8-noded hexahedral brick element
shown in Figure 4.4 was selected from the NISA/3D-FLUID™ etement library. The
element description is given in Table 4.1.
4.3.2 Boundary Conditions

A Dirichlet type of boundary condition was applied at the boundary nodes by
specifying the values of the three components of velocity. The walls of the diode
were spacified by giving a value of zero to all three components of velocities. For
the inlet nodes the average velocity at the inlet pipe, corresponding to the

Reynolds number of the flow under consideration was calculated and specified. Al
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other components were set to zero.

4.3.3 Finite Element Equatlons
NISA/3D-FLUID™ uses the continuity, Navier-Stokes and energy equations for
solving incompressible flow problems. The governing differenti.i equations for

incompressible laminar flow can be written as

-a;k- =0 (4.4)

du, dug, 9 d du;  du,
plogs * “k'3§;) - '5;% * ox, “‘(ax, ) axi)] *Pf: (45)

oT ar, _ @ or
PCviGE * % axk) - x, (k ax,’ *é+eg, (4.6)
d=p % + izl) .921 (47)

ox; Ox; Oxy

The objective of the finite element method is to approximate the differential
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equations by a system of algebraic equations. Within each element, the dependent
variabies, velocity, pressure and temperature, are approximated in terms of simple
polynomial shape functions. The coefficients of these polynomials are obtained
from the values of the dependent variable at the nodes. Mathematically, the

velocity, pressure and temperature in an element can be written as

uxt) = yut) (4.8)
p(x.t) = op(t) (4.9)
T(x,8) =07T(1) (4.10)

where the unknowns u,p and T are column vectors at nodal points and y,¢ and

@ are column vectors of the shape functions. Substituting these relationships into

the governing equations yields a set of equations of the form
Kw.00,u.pT) =R (4.11)
where R is the residual resulting from the use of approximations.
In order to obtain an optimat solution, which seeks to reduce the error (resisual
R) to zero, the Galerkin form of weighted residuals is used. This is done by
achieving orthogonality between the residual R and the weighting function w of the

element. This condition requires that is expressed as

fQ‘ (f.w) dQ = fn' (R.w) dQ =0 (4.12)

where w is the weighting function and Q. is the element comain.
The outcome of this method is analogous to curve fitting. Instead of fitting

functions to data, however, it specifies in an optimal fashion, the relationship
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between the coefficients of the polynomial shape function which satisfy the

underlying partial differential equation in an optimal fashion.

The resulting element equations consist of a set of algebraic equations that can

be sxpressed in the form

(ml {u} + [k] {u}l = {s} (4.13)

where [m] is the mass matrix, [K] is the non-linear stiftness matrix of the fluid, {u}
is the nodal velocity, {s} is the source vector, and {U} is the derivative of u with
respact to time.
4.3.4 Assembly and Solution

After the individuat elemei t equations were derived, they were linked together
to characterize the behavior of the entire system. The assembly process was
governed by the concept of continuity. After final assembly, the entire system can

be expressed in the form

(M {0} + [K] {U} = {S} (4.14)

where [M] and [K] are the assembled mass and stiffness matrices respectively.
{U}, {U} and {S} are the column vectors obtained after assembly of vectors {u}, {u}
and {s} from individual elements. A solution to the above equation was obtained

by the Gauss-elimination method of decomposition.
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4.3.5 Postprocessing
In this phase, a graphical representation of the resuits was obtained. The nodal
values of the pressures at the inlet and outlet pipe walls were obtained and the

pressure drops calculated.

4.4 Results

Numerical results were obtained for different Reynolds numbers varying from
200 to 3000 for flows with vortex (tangential entry) and without vortex (axiat entry)
tor Diode 1. The program was run on a Sun SPARCstation2™ with 32MB memory
and speed of 27 Mips. The total pressure drop across the diode, corresponding to
the pressure drop measured experimentally, was obtained by adding the pressure
drops across the two parts modelled separately. The average pressures at the inlet
and at the outlet were obtained by taking the average of four pressure readings
at four different wall nodes. When the model was analyzed with 3495 nodes
instead of 1898 nodes, a difference of 2% in the pressure was observed at Re =
1000. The pressure drop obtained was non-dimensionalized to give the Euler
number by using the velocity at the axial port as the reference velocity. The
characteristic curve was obtained by plotting the rasulting Euler number against
the corresponding Reynolds number.

Figure 4.5 and Figure 4.6 show comparisons of the pressure drops obtained

numerically and experimentally for the forward and reverse tlow respectively for
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Diode 1. There is a fairly good agreement between the experimental data and the
numericai results for both forward and reversa flows. The non-d'niensionalized
parameters v;rvere compared by plotting the characteristic curses for both
experimental and numerical values for the forward and reverse flow cases
raspactively in Figure 4.7 and Figure 4.8. At lower Reynoids numbers (Re < 1600)
the variation between the two curves is greater than at highe: Aeynolds numbers.
This difference can us attributed to the greater uncertainty in the experimental
values at lower Reynolds numbers,

The performance ratio of diode 1 was calculated for the range of Reynolds
numbers considered and plotted against Reynolds numbers as shown in Figure
4.9. The figure shows that performance ratio increzses with increasing Reynolds
number.

4.5 Discussion

The three-dimensional asymmetric finite element modelling and analysis of the
vortex diode for Reynolds numbers in the range 200 < Re < 3000 vialder' good
agreement with the experimental results. The numerical analysis by the finite
element method presents an excellent aiternative to the simplified anuytical
models obtained by assuming inviscid flow. Different shapes of the vortex diode
can be analyzed, e.qg., with nozzles or diffusers at the inlet and outlet, with vortex
chamber of different aspect ratios (h/D) and radius ratios (d/D) and their effects on
performance can be evaluated. This study can be usea far developing an optimum
design procedure. The effects of fluids wit ditierent properties (such as non-

Newtonian fluids} can also be studiad without extensive experimentation.
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CHAPTER V

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions
The conclusions from the present study can be summarised as follows:

1) There is no noticeable scale effect over the range of Reynolds numher
considered, i.e., the size of the diode does not influence the performance the
diode provided that geometric similarity is preserved.

2) The non-dimensional variables, Euler number and Reynolds number are found
to be sufficient to describe the flow characteristics.

3) From the experimental study empirical relationships were obtained between the
non-dimensional variables (Eu and Re) for the range of Reynolds number
considered.

4) For flows at low Reynolds Number the performance ratic of the vortex diode is
quite low thus limiting its application.

5) The results obtained by numerical modelling shows good agreement with
the experimental results. Thus numerical models could be used for studying the
characteristics of vortex diodes with different structural and flow conditions.

6) Below Re = 400, the performance drops below 1, i.e., the diode offers higher

resistance in the forward flow than in the reverse flow direction.
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5.2 Recommendations

Some recommendations for future studies are as follows:

1) The experimental study should be conducted with more accurate pressure
measuring and flow rate measuring devices to reduce the uncertainty.

2) Confined vortex flow patterns inside the vortex chamber should be studied by
flow visualization techniques.

3) The performance of the vortex diode should be studied with alternate or
modified designs which might offer a higher performance ratio at low Reynolds
number.

4) Studies should be conducted on the operation of vortex diodes with

non-Newtonian fluids.
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Figure 1.1 Reverse Flow

36



37

Mod [erjuaduef

MO piemioq Z'1L aJnbi4

1404 o1y



38

1404 |043U0) \/

seydwy Xepop g einbid

//l adod Addng

104 413



39

[Ld] mold premiog (8poig 19G0Z) eaIn) dlisusldeIeyD T eanbid

0l X8y

G 14 E A |

T 1 1 ¥

10

¢’
ng

ED

b0




40

[Ld

L'

] Mol esiensy (spoig |8qoz) eang onsuepeeyd €¢ eanbid

Ol X oY
9'0

S'0

ko

E'D

(Al

VD

a1l

Gl

0c

Ge

0E

GE

n3




41

13734008

Anoe4 1se] jo weibeig onewsyos L'e oinbBid4

1T081383)

yte] 10323][0)

aje}

apoiq 1a)do}

O

§J3jeme )0y

anl]
X0[J130)

yue) peaf ue)sue)

g




42

8poIq IS8l Jo me1A oulewos; Z'e einbyy




43

S

V7 A7 7 7y 7 7 AlZ

v - ¥ uonpas ¢'¢ anbid

7 77 777

N7
- \/
i\

%

—

7
7/

—'pgt ———pgL———"pg TI.

|




44

g - g uonoes ¢°e ainbyy

\A\\\\\\\\\\\\\\\\\
IN §
N N
(A4 \G s

I T AT T AV T

(LS L

r
L



45

S¢

(mo|4 piemio.]) eley MO|4 “SA doig einsseid g'g einbiy

E 8P0I0 —x— 2 9p0IQ —x- | opo1Q ——

114 S 1]

1 i

[ =4 =)
o [=]
< o
-

ed doip ainsseid




46

(mo)4 esiensy) etey mojd ‘sp doiqg einssald 9°¢ o1nb)y

€ 2POIQ —o— z °polQ —g- | apoIa ——
01 X S/ W ejes Mo}

<0l X 8d doip einsseiy




47

DOGE

(M0j4 PIEMIOZ) BAIND ONSUBEIEYD L'E 8Inbid

£ apOI0 —4— ¢ 3POIQ —— } 3PCI0 —
eH
000E 0052 0802 006} 0004 DoS 0
f ¥ I I I 1 Q
10t
462
n3

4 8€

114




48

00SE

(moj4 es1eAeY) eaInD onsueprIey) g'c embid

E 2010 —%— 2 @POI0 ——  § 9POI0 ——

ey
=m=m ==mm ===m aam_ ===_ a:m

_

181

402

4 0€

-1 0F

DS

n3




49

(mo14 psemio4) eaNng Jj-1seg

(en)ul*ge'8 - g2've = (NI)ul

6'c einbyy

n3



50

00S€E

(moj esienay) ann)d W-1seg - gr°g enbiy

ey*glL'e = (NI)Y)




51

0osE

Jequiny spioufey "/ ofled souewwioped HH'E aanBid

£ 8p0I0 —f~ 2 2POI0 —— | 3POIQ ——

ey
naam 00se cooe 0csk ooDi 00s

T ]

I L) [ 1

oljel adueulopad




52

el

peyn mojd siskieuy Mol N4 VSIN 1 enbid

yog Buissarasy 1504 3055

1S-4V510
fuissazny 1504

i

Sassadyy ||

NSS4 SN

dayg v sy

S350 S 115 SO |-ARK
1U3|J jLINE)

anbypay Busddag aun) Gursp
swiyorhy uns quginb3 2A10g

swo1yipen] Auepunzg Jeu2) 2005

'
l

su134pua] Asepunog

a3 A0a)
}

=

ST S} §135 SN U] 24035

s3I SS}Y1S AN
125|3 A0s3)

{uasy310y pazwiyd) Mg

0100 N AR0H) 20§

UOIJOT ILIUIH L0JJ3R0R

!

Buissadnsy 030

t
w3 ] VSIN

!

-
19130422 039
A B




Fr R ——

LRt
SRR
W et e
(‘pi‘-‘i‘«vﬁﬂz"" s
2 F/;’ bw:;?;f x *i‘,'":;_‘}

Ay,

/4;1{ ;
it

P A T
LA
ViV W5 a0 0

L;;

Wiy e Ly
2 APt

SRR o PiAm, -
I AT P e
SR T P\ B2 XS S
BTyt W A4
"“’.ns ;.‘!":/ﬁ;‘“".‘-.\ a’/f)ﬁlb // ..'
WA VPRI RIS
" * ,l'r.', ,/.‘ ,

EAI NS

»

3

/3
£

«
&

t

N ‘
"tr%?;

53

Figure 4.2 Finite Element Discretization of Vortex Chamber
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Figu'e 4.3 Finite Element Discretization of Tangential Iniet
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Element type

3 Dimensional element

Analysis type

Fluid

Degrees of freedom

3perncde: u, v, w

Shape

Hexahadron (Brick)

Number of nodes

Material properties

|

Density, viscosity, conductivity
and temperature

Nodal Boundary Conditions

Velocity components u, v, w at the
node

Table 4.1 Element Description
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UNCERTAINTY ANALYSIS



UNCERTAINTY ANALYSIS

The procedure developed by Kline and McKlintock [H1] was used for the
uncertainty analysis. The uncertainties in the variables were assumed to have the
same odds. The uncertainties in the primary experimental measurements were
estimated to be one half of the smailest division unless otherwise spacified by the
manufacturer. The uncertainty is denoted by ‘W' and subscripted with the quantity
being considered.

The uncertainty in the dependent variable R is expressed as:

_fer V¥ .({8rR .\ R .\
) () ()

1/2

(A1)

where R = R(X,, X,, . . . , X,) and W, W,, ..., W, are the uncertainties in the
measurement of x,, X,, . . . , X, respectively.

The retative uncertainty in R is obtained by rearranging the above equation and

to the form:
1/2
ﬂ‘.- OR W12 oR sz _a.i-?.’.!.'.z
R = (Tx:.-ﬁ) + (a—ch.T) + . . * axﬂ . R (A.Z)

In this section the uncertainty analysis in the guantities V, Ap,, Ap,, Re, Eu,, Eu,

and Performance Ratio for Diode 1 at a Reynolds number of £00 is considered.
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Axial Velocity V:

where d = (6.35 + 0.05) x 10° m

= (2.506 + 0.0925) x 10° m’/s .

W, _[(_a_ wp .

The relative uncertainty is given by:

Wy
- =

211/2
" |

(5] 4

which gives V= (0.07913 + 0.0032) m/s (+4.1%)

Head drop across diode (Forward flow) h
hy = 1y -
where h = (0.342 + 0.001) m
h, = (0.268 + 0.001) m

[

Wy

¢
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The relative uncertainty is given by:

2 2
Hne N Hng |t P
h, h, h,

1/2

(A.8)
which gives h, = 0.074 + 0.0014 m (+1.9%)
Pressure drop across dlode (Forward tiow) Ap,
Ap, = pghsind (A.9)
where @ =5 + 0.1 degrees
h, = 0.074 + 0.0014 m
p =998 + 0.119 kg/m®
1/2
dAD ® (3Ap 2 (aAp, Y
Wap, = [[ 'a’pf 'WP) M [ an: 'W”t) M) e (A-10)
The relative uncertainty is given by:
2 2 2 12
e (%), ”hr] (%) (A1)
Ap, p h, ]

which gives Ap, = 62.72 + 1.73 Pa (+2.7%)
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Head drop across diode (Reverse flow) b,

where h, = (0.189 + 0.001) m

h, = (0.103 + 0.061) m

The relative uncertainty is given by:

2 2
M Fe) | P
L 'hr hr

1/2
W,

hr

which gives  h, = 0.096 + 0.0014 m (+1.47%)

Pressure drop across diode (Reverse flow) Ap,

Ap, = pgh,sinf

where 6 =5 +0.1 degrees
h, = 0.096 + 0.0014 m

p = 998 + 0.119 kg/m®

(A.12)

(A.13)

(A14)

(A.15)
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aAp, Y (9Ap 2 (9Ap, Y
) [“Ep—"’v) *['ﬁn—"”hr) ( E

4

Ap,

The relative uncertainty is given by:

fa (el @l w

which gives Ap, = 81.97 + 2.03 Pa (+2.48%)

Reynolds Number Re

- _E'.I_d (A.18)

where  p =998 + 0.119 kg/m®
= {0.07913 + 0.0032) m/s
d = (6.35 + 0.05) x 10° m

i = (1.003 + 0.0103) x 10° Pa sec
[ dRe ) (aRe v) . (6;2; Wd) N (aaie .Wu)z:!l/z

(A.19)
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The reiative uncertamty IT r,.vm by: '/2

2 2
_W_d) [.i’v.) A.20
() (5 L )] e
which gives Re =500 + 19.5 (+4.2%)
Pressure Loss Coefficient or Euler Number (Forward flow) Eu,
Ap .
Ue = —__O.Sprvz (A.21;
where Ap, =62.72 + 1.73 Pa
p = 998 + 0.119 kg/m" .
= (0.07913 + 0.0032) m/s
oEu 2 9Eu 2 0Eu 2/
WE": = (——a Aptf . WAP:) + [_apf . Wp) + ( avf Wv)
' (A.22)

The relative uncertainty is given by:

W 2 @ 2 1/2
oo |, (Ho i)
Az @) @] e

Weuy _
Eu,

which gives By, = 20.09 + 1.73 (+8.63%)



Pressure L.oss Coefficient or Euler Number (Reverse flow) Eu,

A
Eu, = ——2t (A.24)

* 0.5pV?

where Ap, = 81.97 + 2.03 Pa
p =952 +0.118 kg/m?

V = (0.07913 + 0.0032) m/s

[+ 8B4 2 JdEu 2 dEu 2
o = llm—,""“m) % ") - ("57”] (A.25)

The relative uncertainty is given by:

) [Zlg;]z ' (%)2 ’ “[‘W—J)z‘ (A.26)"

which gives  Eu, =26.07 +2.23  (+8.56%)

Performance Ratio P.R.

_ Eu,
P.R. = o (A.27)

where Eu, = 20.09 + 1.73

Eu, = 26.07 + 2.23
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_fer.r. . ¥ 3P.R. 2
= (-——-"m,J * (_ﬁ:'wm,)l (A.28)

W =
F.R. dEu,

The relative uncertainty is given by:
2 2
= Weu, + Weu,
Eu, Eu,

which gives Performance Ratio P.R. = 1.29 + 0.156  (+12.15%)

Wp g
P.R.

(A.29)
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EQUIPMENT TABLE

DESCRIPTION MAKE LEAST RANGE
COUNT
Waighing Machine | Computer Electronic | 0.0001 kg | 0 - 2 kg.
Manometer T.EM. 2¢cm 0-60 cm.
Rotameter 1 Rota Oeflingen 0.15x10% | 0-3x
m¥/s 10° m¥s
Rotameter 2 Rota Oeflingen 0.18x 10° [ 0-45x
m¥/s 10° m¥s
Rotameter 3 Gilmont 04x10°% |0-16x
m®/s 10° m¥s
Rotameter 4 Gitmont 0.8x10° |0-25x
m/s 10~ m'/s
Stopwatch Cole-Parmer 0.01 sec. | 0-100
min.
Thermometer Fisher 1'C -20°C -
50°C
Inclinometer Sperry 0.1° 0 - 360°
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ROTAMETER CALIBRATION

The four rotameters used in the sxperimenial investigation were calibrated
using water at 21°C.
The equations of best-fit curves obtained by regression analysis for the

calibration data of the rotameters are given below:

Rotameter 1

Flow rate (m%/s) = 1.549 x 107 » Reading - 2.834 x 107

Rotameter 2

Flow rate (m%s) = 2.2906 x 107 » Reading - 3.866 x 107

Rotameter 3

Flow rate (m%s) = 1.6857 x 10° « Reading + 5.09 x 107

Rotameter 4

Flow rate (m%s) = 1.6356 x 10° x Reading + 1.754 x 10°
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EXPERIMENTAL DATA
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Diode 1
Forward Flow Average Temp. = 21°C

Flow Rate Pressure Drop
Across Diode
10® m¥s Pa.
0.94 17.06
1.12 19.62
1.37 26.44
1.65 32,42
1.91 43.51
2.27 54.58
2.31 57.99
2.38 59.11
2.55 63.98
3.10 89.20
3.51 111.72
3.99 140.17
4.62 177.85
5.19 223.77
5.42 230.26
6.04 299.43
6.88 359.08
7.72 433.44
8.92 553.27
10.90 799.15
11.80 92:.24
12.82 1045.45
13.71 1204.66
14.74 1377.52
15.80 1562.15
@
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Diode 1
Reverse Flow Average Temp. = 21°C

Flow Rate Pressure Drop
Across Diode
10® m¥s Pa.
1.37 23.04
1.65 33.26
1.73 36.68
1.84 43.50
2.01 51.18
2.27 65.70
2.38 69.94
2.67 93.83
2.75 95.55
3.10 129.67
3.21 140.86
3.62 - 174.05
3.99 220.07
5.19 401.98
7.10 860.63
7.97 1106.77
8.92 1401.57
9.75 1746.09
11.80 2779.12
12.82 3417.94
13.71 4107.34
14.74 4819.80
15.80 5804.22
=—_L—=lﬁ
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Diode 2
Forward Flow Average Temp. = 21°C

Flow Rate Pressure Drop
Across Diodie
10° ms Pa.
3.59 - 11.49
4.64 15.67
5.60 19.72
7.25 26.44
8.09 31.56
8.94 35.84
9.78 42.65
9.93 47.75
10.60 49.47
11.50 57.15
12.31 63.98
13.22 75.07
14.00 80.14
14.74 90.42
156.70 100.60
16.55 107.51
18.10 127.06
19.73 150.08




Diode 2
Reverse Flow Average Temp. = 21°C

Flow Rate Pressure Drop
Across Diode
10° m¥s Pa.
5.02 : 20.47
5.60 24.74
6.66 37.87
7.25 44.36
8.30 60.97
8.94 73.37
9.93 94.53
10.60 110.04
12.31 154.79
| 13.22 184.28
14.00 214.71
15.70 276.74
16.55 307.33
18.10 390.76
20.32 513.46
24.11 759.92
e ————  — —— — — —  ————— )
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Diode 3
Forward Flow
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Average Temp. = 21°C

Flow Rate Pressure Drop
Across Diode

10° m%s Pa.
9.93 11.93
11.50 16.19
13.22 19.17
14.80 24,91
16.55 29.06
18.10 35.18
19.73 39.71
21.40 49.09
23.00 55.04




Diode 3

Reverse Flow
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Average Temp. = 21°C

Flow Rate Pressure Drop
Across Dicde

10® m¥s Pa.
8.29 11.55
9.93 16.59
11.50 23.29
13.22 33.44
14.80 42.33
16.55 54.63
18.10 67.56
19.73 86.07
21.40 102.28
23.00 120.18




1966

1984

1988

1992

88

VITA AUCTORIS

Bomn in Calcutta, India on August 9.

Completed Higher Secondary School at Madras Christian
College Higher Secondary School, Madras, india in May.
Received the Degree of Bachelor of Engineering from Anna
University, Madras, India in June.

Candidate for the Degree of Master of Applied Science in
Mechanical Engineering at Univarsity of Windsor,

Windsor, Ontario, Canada



	A study of vortex diodes at low Reynolds number.
	Recommended Citation

	tmp.1363370417.pdf.iV_oI

