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Summary 

The purpose of this survey is to investigate if internal energy contained within steam can be 
converted into thrust with the help of a steam fed submerged Coanda nozzle. This thrust 
can be used for industrial processes or in case of a large thrust production, for propulsion 
applications. The nozzle can be fed with a variety of gasses or mixtures and can therefore 
be used for many applications, but when fed with steam additional thrust is measured, which 
results from the condensation of the steam. The unit can be used for several ejector tasks 
when fed with a variety of gasses. 

At first some definitions are provided and some assumptions for the calculations are made. 
With Bernoulli and Computational fluid dynamics the pressure distribution in the unit is es
timated. With this pressure distribution and an in or outflow speed, the produced thrust can 
be estimated with the help of a momenturn balance. This momenturn calculation is of course 
a simplification of the actual occurring process because some assumptions are made during 
the calculation. 

Because there is not much theory for these kinds of processes, a design is made in order 
to experiment with a test unit. The key design assumptions are explained, and with the help 
of the first law of thermodynamics the rough design dimensions are estimated on an energetic 
basis. The test setup is designed around the unit, with a thrust measurement device, an orifice 
plate steam flow meter and some piping. When the design of the unit is made, a specific unit 
theory can be extracted from the general energetic theory. 

After completion of the test setup, some thrust measurements are done. The experiments 
are dorre both with steam feed and with pressurized air feed. The pressurized air feed is a 
reference measurement, in order to be able to estimate the condensation effects on thrust 
production. The heating of the flow over the unit gives an indication for the efficiency of the 
unit. Error estimation is done in order to check the reliability of the measurements. 

The steam feed gives additional thrust due to condensation effects. However this increase 
is too little for the technology to become interesting for ship propulsion applications. The 
thrust is generated with the help of the differential pressure, between the lower pressure inside 
of the unit and the higher atmospheric pressure on the outside. 



Samenvatting 

Het doel van dit onderzoek is het bepalen of de energie die in stoom zit, met behulp van 
een ondergedompelde Coanda straalbuis kan worden omgezet in stuwkracht. Deze stuwkracht 
kan worden gebruikt voor tal van industriële applicaties en in het geval van een behoorlijke 
stuwkracht zelfs voor voortstuwing. De Coanda straalbuis kan gevoed worden door tal van 
gassen en hierdoor kan het apparaat gebruikt worden voor diverse toepassingen in de pro
cesindustrie. In het geval dat de Coanda straalbuis gevoed wordt door stoom, wordt er extra 
stuwkracht gemeten welke veroorzaakt wordt door de condensatie van de stoom. 

Allereerst dienen er een aantal definities gegeven te worden en een aantal aannames voor 
de verdere berekeningen. Met behulp van het Bernoulli theorema en numerieke vloeistof 
simulaties wordt het druk verloop in het apparaat afgeschat. Met behulp van een impuls bal
ans, een druk verdeling en een uitstroom snelheid kan de stuwkracht bepaald worden. Deze 
berekening is natuurlijk een vereenvoudigde variant van de werkelijk optredende fenomenen 
en zal dus slechts een benadering zijn. 

Aangezien er weinig literatuur voor handen is zal er een proefopstelling worden gebouwd, 
waar mee diversen experimenten gedaan kunnen worden. De voornaamste ontwerpaannames 
worden verklaard, en met behulp van de eerste hoofdwet der thermodynamica zullen ruwe on
twerp parameters worden bepaald. De proefopstelling wordt om het apparaat heen ontworpen, 
met een stuwdruk meting, een meetflens voor een stoom debiet meting en het bijbehorende 
pijpwerk. Nadat alle afmetingen vast liggen, kan uit de algemene energetische theorie een 
specifieke theorie voor het gebouwde apparaat gedestilleerd worden. 

Nadat de opstelling voltooid is, worden er diverse metingen gedaan. Deze metingen wor
den dubbel uitgevoerd, zowel met stoom als met perslucht voeding. De perslucht meting 
wordt gebruikt als een referentie meting om de extra stuwkracht die veroorzaakt wordt door 
de condensatie van de stoom vast te kunnen stellen. De opwarming van het water gedurende 
het passeren van het apparaat is een maat voor de behaalde efficiëntie. De meetfouten worden 
afgeschat om de betrouwbaarheid van de metingen te kunnen bepalen. 

Indien de voeding gebeurt met stoom, produceert het apparaat door de condensatie verschi
jnselen een grotere stuwkracht dan wanneer de voeding geschiedt met perslucht. Deze toename 
is bij lange na niet voldoende om scheepsvoortstuwing mogelijk te maken. De voortstuwing 
wordt veroorzaakt door het verschil in druk aan de binnenkant van het apparaat en de hogere 
atmosferische druk aan de buiten kant. 

i i 
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Normal symbols: 

a speed of sound [m s-1] 
A area [m2] 
Ae exit area [m2] 
Ai inlet area [m2] 
Ap projected area [m2] 
b width [m] 
CP specific heat at constant pressure [J kg-1K-1] 

Cp,w specific heat of water at constant pressure [J kg-1K-l] 

Cv specific heat at constant volume [J kg-1K-1] 

d distance [m] 
D diameter [m] 
De exit diameter [m] 
E elasticity modulus [Pa] 
F force [N] 
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F:-ne reaction force in iie direction [N] 
Fnet nett thrust [N] 
Fp pressure thrust [N] 

Fne reaction force [N] 
Fp pressure thrust vector [N] 
Fp momenturn thrust [N] 
df infinitesimally small surface area [m2] 
g gravitational acceleration vector [m s-2] 
g gravitational acceleration [m s-2] 
h enthalpy [J kg-1] 

he enthalpy at exit point [J kg-1] 

he,steam enthalpy of steam at exit point [J kg-1] 

hi enthalpy at inlet point [J kg-1] 

hi,steam enthalpy of steam at inlet point [J kg-1] 
I momenturn of inertia [m4] 
k kinetic energy turbulence [m2s-2] 

L length [m] 
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m mass [kg] 
m mass flow rate [kg s-1] 
me mass outflow rate [kg s-1] 
mi mass inflow rate [kg s-1] 
msteam steam mass flow rate [kg s-1] 
M Mach number [-] 
NVR ratio of exit velocity and inlet velocity [-] 
n unit normal to surface [-] 
iïi unit normal to inlet surface [-] 
fin unit normal to nozzle surface [-] 
fie unit normal to exit surface [-] 
p pressure [N m-2] 

Pa atmospheric pressure [N m-2] 

Pe exit pressure [N m-2] 

Pn nozzle pressure [N m-2] 

Pi inlet pressure [N m-2] 

Poo pressure at infinity [N m-2] 

p momenturn [kgm s-1] 
Pe change of momenturn due to outflux [N] 
pi change of momenturn due to influx [N] 
Pgen rate of momenturn production [N] 
Q heat added to system [W] 
Qi,conv heat added to conventional engine [W] 
Qi,jet heat added to jet [W] 
t time [s] 
f force vector [N] 
T temperature (oK] 
u speed [m s-1] 
V speed [m s-1] 
VlObars specific volume at 10 bars [m3kg-l] 

Ve exit speed [m s-1] 

Vn nozzle speed [m s-1] 

V i inlet speed [m s-1] 

Voo speed at infinity [m s-1] 
Vnozzle nozzle speed [m s-1] 

v speed vector [m s-1] 

v--; exit speed vector (m s-1] 

v-; nozzle speed vector [m s-1] 
vi inlet speed vector [m s-1] 

V volume [m3] 

':flow volume flow rate [m3s-1] 

V water water volume flow rate [m3s-1] 
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Greek symbols: 

"( 

fiTwater 

fikinenergy 

E 

TJ 

TJ 

TJaverall 

TJth 

TJthrust 

p 

Pw 
;; 

work 
coordinate 
height 
height at exit point 
height at inlet point 

specific heat ratio 
Temperature increase over the unit 
change in kinetic energy 
viscous dissipation 
dynamic viscosity 
efficiency 
overall efficiency 
thermal efficiency of diesel engine 
thrust efficiency 
density 
densi ty of water 
suspension force 
infinitesimally small volume element 

V 

[W] 
[mm] 
[m] 
[m] 
[m] 

[-] 
[KJ 
[kg m2s-2] 

[m2s-3] 
[kg m-ls- 1] 
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[kg m-3] 
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[N] 
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Chapter 1 

Introduetion 

1.1 Aims and Scope 

The purpose of this study is to determine whether part of the internal energy contained within 
steam can be converted into kinetic energy of the bulk fluid. This kinetic energy could be 
used for mixing, homogenous heating, aeration or even propulsion purposes, depending on the 
efficiency. When fed with steam, low conversion efficiencies will result in significant heating 
of the bulk fluid. In case of low efficiencies the application will therefore only be profitable 
when significant heating of the bulk fluid is desirable. When driven by a non condensing gas, 
for mixing or aeration purposes this heating is not present. 

The idea of creating thrust with a supersonic steam fed submerged Coanda nozzle is pub
lisbed in an artiele [14] about 11 Jet age steam propulsion". The claimed efficiencies are quite 
high and because of the good possibilities for heat recuperation and the lacking of rotating 
parts this technology is quite interesting. As the working principle is questionable and no 
further documentation is available, the idea was bom to investigate a transonic nozzle inde
pendently. 

A transonic nozzle was chosen because the flow through this nozzle automatically chokes 
at a mach number of unity which gives a good defined measuring condition. This in contrast 
to a supersonic nozzle, where the outflow speed is not limited, and therefore no maximum 
momenturn thrust can be determined. In the transonic case, when a fixed mass flow rate 
is assumed, the maximum momenturn thrust can be calculated with the help of the speed 
of sound. In the transonic nozzle the thrust measured minus the calculated maximum roo
menturn thrust, is the thrust produced due to condensation effects of the steam. When a 
supersonic nozzle has to be built, the edge where the converging and diverging part of the 
nozzle meet, has to be designed quite precise. To be able to determine the maximum roo
menturn thrust in the supersonic case, the outflow speed has to be monitored continuously. 
Further the transonic nozzle gives a opportunity to determine differences between a transonic 
and a supersonic nozzle, after comparison of the results. 

One of the major disadvantages of this system, especially for propulsion applications is the 
need for a steam boiler, which in general are large, heavy and sensitive to fouling. This boiler 
has to be installed on the ship with its auxiliary equipment, which costs a lot of space and 
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GRAPTER 1. INTRODUCTION 

starage capacity. Especially when seawater has to be used for the production of steam, be
cause a thorough pretreatment of feed water or a special boiler design has to be applied in 
order to maintain optimal efficiency and reliability. 

This report starts with an extensive introduetion in which some of the technica! terminol
ogy is explained or calculated. At fist the term thrust explained, subsequently a standard 
ejector is introduced, and with the help of the Coanda effect, the Coanda ejector is explained. 
With the help of an estimated pressure distribution, based on the Bernoulli principle and 
CFD streamline calculations, a momenturn balance analyses is clone to estimate the produced 
thrust. This analysis uses an simplified geometry and an estimated flow field within the unit, 
to calculated the reaction force from the flow field on the propulsion unit. 

In the second chapter the design of the experimental setup and the propulsion unit are ex
plained. An overview of the test setup is given and some components are illustrated in more 
detail. An explanation of the design calculations and the applied measuring methods are also 
presented in that chapter. Further a general theory based on the first law of thermodynamics 
is derived and a specific theory for the designed unit is extracted from that. 

In chapter three the experimental results are considered. The results consist of both steam 
and comparable pressurized air measurements, this to investigate the condensation effects of 
the steam. Error estimation is executed and plotted into the graphs to indicate the reliability 
of the measurements. 

In chapter four conclusions are drawn and several recommendations are stated. 

In the following section thrust production with a general propulsive duet is elaborated. 

1.2 Thrust production with a propulsive duet 

The thrust that a propulsive system delivers (figure 1.1) is the reaction force that the unit 
will experience as a result of the expelled mass and the occurring pressure difference over the 
unit. 

V~ f::::::::::::::::::::::::::: 
- ~~-vexit ----

pinlet =:::: ·-·-·-·-·-·-·-·-·-·-·-·-·-·- pexit -----=:::: l-------::::::::== 
p ambient 

Figure 1.1: Propulsive duet. 

The nett thrust is the sum of the momenturn thrust and the pressure thrust as can be seen in 
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CHAPTER 1. INTRODUCTION 

equation 1.1 for which a derivation can be found in appendix A: 

(1.1) 

The pressures used in this equation and in the rest of the report are relative to the ambient 
pressure. Therefore the ambient pressure has no influence on the produced thrust. The roo
menturn thrust is the gross momenturn thrust which is the momenturn leaving the propulsion 
unit ( rrie Ve = gross momenturn thrust), minus the momenturn drag which is the momenturn 
entering the propulsion unit (mi Vi = momenturn drag). 

Because a useful application for this steam fed Coanda nozzle could be ship propulsion, in 
the next section an estimation is made for the amount of thrust which is needed fora typical 
sailing vessel. 

1.3 Thrust production by a conventional maritime propulsion 
system 

In order to get a comparison, a thrust calculation is made for a ship. This to get an idea for the 
amount of thrust which the propeller of a typical ship engine can provide. This partienlar ship 
is taken, because of the experience of the author with this ship and therefore the availability 
of information concerning the propulsion system. 

A ship of 25 metric tons will needabout 20 seconds to accelerate toa speed of 2.5 [ms-1] with 
an installed mechanica! power of 53 [kW]. The calculated amount of thrust should be produced 
with the same amount of supplied energy, otherwise a practical ship propulsion application 
can not be found for this system. The needed thrust for the above defined ship is calculated 
below. First the integrated increase in momenturn during the acceleration is calculated: 

b..P = {
2° F. dt = {

20 
d(m · v(t)) · dt = m · v(t)\

20 = m · v(20) (1.2) 
Jo Jo dt o 

In this case the mean applied force is: 

F. = I. {T dP d ~ b..P = 25 . 103 . 2.5 = 3125[N] 
conv T Jo dt t b..t 20 (1.3) 

In order to get a fair comparison, the heat added to the engine has to be considered. This 
heat is added due to cambustion of fuel, the added amount of heat can be calculated, with 
the help of an estimated thermal efficiency of 30%, for the installed diesel engine [4]. 

. vV 53 
Qi,conv = - =- = 176.7 [kW] 

'Tfth 0.3 
(1.4) 

The overall efficiency of an outboard ship propulsion system is according to [14] not much 
higher then 12 %. When the overall efficiency of the considered sailing vessel is considered to 
be as low, which is very conservative assumption, then the mechanica! power provided to the 
propeller would be: 

Qi,conv · 'Tfoverall = 176.7 · 0.12 = 21.2 [kW] (1.5) 
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CHAPTER 1. INTRODUCTION 

The test setup, will be designed to run on 100 [kW] steam equivalent, this because the installed 
steam boiler in the laboratory is 1 [MW]. Therefore the steam boiler has some overcapacity to 
experiment with higher power supply, then the 100 [kW] for which the laboratory propulsion 
unit will be designed. This 100 [kW] is also comparable to the installed power of the consid
ered ship; therefore a comparison can be made. Further this 100 [kW] should be enough to 
give some measurable additional thrust due to condensation, even when the unit is designed 
way of its ideal operating point. An disadvantage of this set point is the fact that the water 
in the test tank will be heated considerably after some experiments. 

To be comparable with the conventional propulsion system the unit should deliver the fol
lowing amount of thrust, when fed with a 100 [kW] steam equivalent and a steam boiler 
efficiency of 100 %: 

Q . . t 100 
F = ~ · Fconv = -- · 3125 = 1768.5 [N] 

Qi,conv 176.7 
(1.6) 

In this equation Qi,conv is the amount of heat added to the diesel engine and Qi,jet is the 
amount of heat added to the submerged Coanda nozzle. When the unit delivers a thrust 
significantly below 1700 [N] with 100 [kW] steam provided, then ship propulsion applications 
are still out of reach for the technology. 

When the unit is not able to produce this amount of thrust, some other interesting appli
cations can be considered, this is done in the next section. 

1.4 Other applications then thrust production 

1.4.1 Heating and stirring 

In some industrial processes a medium has to be heated, mixed or a combination of both. 
This can be done quite easily by the injection of steam directly into the process. Steam can 
be produced quite clean and can therefore be hygienic enough to be used for food preparing 
purposes. When the steam is injected by a simple pipe the steam will heat the process up 
and only little mixing will occur. By introducing a simple nozzle the mixing capacities can be 
extended. By introducing a Coanda type ejector the steam will entrain more bulk fluid and 
expel it with higher speed out of the back side of the unit. This entrainment of primary fluid 
will enlarge the mixing capacities of the ejector. Because of the higher mixing, the heating 
will become more moderate and local overheating can be prevented. 

In the process technology a lot of heating and stirring in reactor vessels is done in order 
to get good reaction circumstances and a nice homogenous end product. One of the big ad
vantages in the process technology sector is the availability of steam and the possibility for 
heat recuperation. 

1.4.2 Ejector and injector 

When fed with pressurized air or any other gas or mixture, the unit can be used as an ejector. 
Ejectors are used in various industrial applications, for example for mixing gasses or for ere
ation of a lower pressure in various apparatus. As an injector the apparatus can also be used 
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CHAPTER 1. INTRODUCTION 

for injecting a fluid, particles or a gas into process equipment, operating at a pressure higher 
then atmospheric. 

An ejector is often used to augment thrust, to move a secondary fluid or to create suction. 
Conventional ejectors work on the principle of accelerating a fluid in a converging nozzle and 
use the hereby generated low pressure to draw in a secondary fluid into and trough the ejector. 
Often a diffuser is used to increase the pressure of the flow to the ambient pressure. 
The layout of a typical ejector can be seen in the picture 1.2. 

Figure 1.2: Typical conventional ejector geometry [16] 

1.4.3 Aeration 

Also aeration applications can be found for the designed unit , because it is not sensitive to 
fouling and it handles the bulk fluid carefully. This could be a big advantage in case of for 
example a bioreactor where cells can be damaged bye the stirring blades or a locally higher 
concentration of aeration gas. In chemica! plants aeration with a mixed variety of gasses is 
common practice, and therefore several applications can be found. 

In the next section the Coanda effect is explained and the possibility to construct an ejector 
with the help of this phenomenon is elaborated. 
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CHAPTER 1. INTRODUCTION 

1. 5 Coanda effect 

A jet which makes contacttoa curved surface has the tendency to follow the curvature of the 
surface, the Coanda effect, named after the discoverer Henry Coanda, a French engineer [13]. 

As the jet wants to separate from the curved surface, a small vortex would be formed be
tween the inner boundary of the jet and the wall [12]. Due to this vortex the static pressure 
at the wall would reduce to a value below that at the outer surface of the jet. This pressure 
difference would cause the jet to bend along the surface. For an attached jet, the radial pres
sure difference is balanced by the centrifugal force. Due to viscosity the jet loses momenturn 
and will separate from the wall eventually. 

1.5.1 Coanda ejector 

In the Coanda ejector the primary fluid emerges from a small opening in the ejectors body, 
follows a curved surface and drags the secondary fluid into the ejector. According to [13] the 
Coanda ejector has two main advantages over conventional ejectors. First, if used as material 
movers, the primary flow over the surface keeps the material away from the wall. Second, 
Coanda ejectors are more effi.cient then conventional ejectors, but for very small flow rates 
both ejectors have more or less the same efficiency. Further the pressure of the primary fluid 
can be less then in the case of a normal ejector, which in some applications is a big advantage 
because this high pressure is not available, or very costly. 

Figure 1.3: Typical Coanda ejector geometry [13] 

The velocity profile a considerable distance downstream of the exit plane is a parabalie pro
file. For the ejector of figure 1.3 the conesponding velocity profile is given in figure 1.4. The 
velocity profile in the specified planes can beseen as a function of the height [13]. 
The velocity profile in the ejector it self has steep gradients which disappear further at the end 
due to viscosity. As can beseen in figure 1.3, an other advantage is the lack of an obstruction 
in the flow channel, which will increase the performance. 
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140 

120 a--- Ptane 2 
Plane 3 

o-- Ptane 4 
100 • Ptane 5 -(,) 

Q) 
Cl) 80 -E ......... 

::::l 60 

40 

20 

04-.-~--r-~~~---T~-r~~--~~r-~ 
0 1 0 20 30 40 50 GO 70 80 90 100 

Y (mm) 

Figure 1.4: Stream profile in Coanda nozzle [13] 

For the design of the propulsion unit, it would be nice to be able to estimate the thrust 
production of certain geometry with water passing through. In the next sectien the produced 
thrust, corresponding to an estimated flow field and a simplified geometry will be estimated 
with the help of an estimated pressure distribution. 

1.6 Thrust calculation with an estimated pressure distribution 

In order to estimate the produced thrust, a momenturn balance can be used. For this mo
mentum balance the pressure distribution on the surface of the unit has to be known. The 
in and outlet speed also have to be estimated. At first the pressure distribution is estimated 
with the help of the Bernoulli principle. 

1.6.1 Pressure distribution estimated with Bernoulli principle 

A first approximation of the unit its thrust generation is made with the help of an estimated 
pressure distribution, according to the flow field. When observed along a stream line in a 
stationary and incompressible flow, the pressure distribution can be estimated with the help 
of the Bernoulli principle [5] : 

1 
p + pgz + 2pv2 =constant (1 .7) 
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CHAPTER 1. INTRODUCTION 

Wh en gravitational influences are neglected equation 1. 7 reduces into a summation of the 
static pressure (p) and the dynamic pressure (! pv2 ) : 

1 
p + 2 pv2 = constant (1.8) 

Consider a streamline from an infinitesimally water volume starting far away from the propul
sion unit, which travels trough the unit and ends somewhere in the tank, as can be seen in 
figure 1.5. 

Figure 1.5: Pressure estimation with Bernoulli principle 

Then the pressure on the inside surface of the unit can be estimated with the help of the 
Bernoulli principle. The pressure on the outside surfaces of the unit is considered atmo
spheric. Because relative pressures are used , the atmospheric pressure is set to zero as is the 
fluid speed at infinity. Mass conservation is used to calculate the in and nozzle flow speeds. 
With the help of 1.8 and an estimated outflow speed of 5 [ms-1], the pressures in the unit can 
be estimated. An indication of the local pressures can be seen in Table 1.1. 

Table 1.1: Relative pressures 

location speed [mç 1] relative pressure (p- Poo ) [Pa] 

00 0 0 

inlet 2.5 Pi = -! · 1000 · 2.52 = -3.13 · 103 

nozzle 2.5-5 Pn ~ -! · 1000 · 3.752 ~ -7.03 ·103 

exit 5 Pe = -~ · 1000 · 52 = -12.5 · 103 

A second estimation of the occurring pressures will he made in the next section with the help 
of Computational Fluid Dynamics calculations. This is of special interest in the converging 
nozzle area because the pressure estimation theory is in that spot quite rough and all the 
thrust is produced in that area. 
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CHAPTER 1. INTRODUCTION 

1.6.2 Pressure estimation with CFD Calculation 

In order to get a better estimation for the pressure distribution along the converging wall in 
the nozzle CFD calculations were done. To investigate if the steam respectively pressurized 
air has an influence on the flow field when streaming along the nozzle wall, two different 
boundary conditions where used. On the converging wallof the nozzle both the no-slip and the 
slip / impermeability boundary conditions were used to simulate the wall. This slip condition 
simulates a thin layer of gas which reduces the friction along the wall. First the Reynolds 
number of the estimated flow is calculated: 

Re = pveDe = 1000 · 2 · 0.032 = 6.4. 104 

'f/ 1 . 10- 3 (1.9) 

Because of the high Reynolds numbers the simulation with a transient axial symmetrie in
compressible Navier-Stokes in Femlab was incapable of simulating the actual flow. The in
compressible Navier-Stokes simulations where done with an inflow speed of 0.4 [ms-1], ap
proximately 2 times smaller then the actual occurring inlet velocity. The simulated Reynolds 
number is therefore also approximately 2 times smaller. This simplification will cause a dif
ferent flow field, but these figures can be used to get an indication of the occurring flow field, 
the dependency of the flow field with respect to applied boundary condition and the pressure 
distribution. In order to check if these simulations are reliable, two simulations are done with 
an turbulent k-E model, one with an inflow speed of 0.4 [ms-1] and one with 2 [ms- 1]. 
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Figure 1.6: Flow field, no-slip boundary condition, Vi =0.4 [ms- 1
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In figure 1.6 the streamlines and the pressure distribution in case of the no-slip boundary 
condition used for the converging part of the nozzle can be found , this picture shows the flow 
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field after 0.06 seconds. The vortices are shed from the nozzle edge and travel with the flow 
to the exit, this takes about 0.065 seconds . In figure 1.6 two formed vortices can be seen. In 
figure 1. 7 the streamlines and the pressure distri bution in case of the slip boundary condition 
used for the converging part of the nozzle can be found , this is also after 0.06 seconds. The 
outflow pressure is set to zero. Comparison of both figures yields that the flow field changes, 
but for the pressure distri bution on the converging wall the differences are not significant. The 
flow separation will occur earlier and more violent in the case of a slip boundary condition. 

Time:0.06 Surface. Pressure Arrow: Velocity field Mu 319.836 
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Min: -640.04 

Figure 1.7: Flow field , slip boundary condition, vi=0.4 [ms- 1] 

The influence of a small radius on the flow separation edge is investigated with the help of 
two simulations including a radius of 0.5 [mm] on the inner edge of the nozzle as can be seen 
in figure 1.8 and the same boundary conditions. This is done because in the actual unit this 
edge will have a certain radius, this in contrast with the simulations in figure 1.6 and figure 
1.7. The simulation results with radius can be found in figure 1.9, both with a slip and no 
slip boundary condition. 

The influence of the edge radius on the flow separation is significant in the case of a transient 
incompressible Navier-Stokes simulation, as is the applied boundary condition in the case of 
a rounded edge for vortex shedding. The pressure distribution over the converging wall is not 
sensitive to the applied boundary conditions or edge radius. 

Because of the high Reynolds number , the simulations are compared with a simulation with 
a k-E model which uses two variables, k which is a representation of the kinetic energy and 
t: which represents viscous dissipation . These simulations are not solved time-dependent and 
indicate a mean velocity and pressure field . The result can beseen in figure 1.10, both simu-
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Figure 1.8: Enlargement from figure 1.9(a), with a radius of 0.5 [mm] on the separation edge 
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(a) no-slip boundary condition, v;=OA [ms- 1], r= 0.5 [mm] (b) slip boundary condition, v ;= OA [ms - 1 ], r= 0.5 [mm] 

Figure 1.9: 0.5 [mm] nozzle radius influence 

lations are clone with a small radius of 0.5 [mm]. 

For the pressure distribution on the converging wall, the simulated radius, the applied bound
ary conditions and the used model have little influence. Both the used simulation methods 
give consistent nozzle pressures. It can be seen that the pressure varies along the converging 
wall between the minimal and the maximum pressure. This is the case in both the transient 
incompressible Navier-Stokes analysis as in the k-E model analysis. The pressure on the main 
area of the nozzle is closer to the higher inlet pressure then to the lower outlet pressure. 

In subsection 1.6 .3, the with the Bernoulli principle estimated pressure distribution will be 
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Figure 1.10: k-f. simulations 

used to approximate the produced thrust. A simplified geometry in combination with an esti
mated outflow speed and a simplified pressure distribution give an indication for the produced 
thrust. The pressure distribution on the converging nozzle wall will be approximated by a 
linear distribution between the maximum and minimum value. 

1.6.3 Momenturn Balance 

The thrust production with the unit-geometry and the conesponding flow field, can be cal
culated with the help of the momenturn equation. Two control volumes are used , one for the 
fluid and one for the unit. The integral momenturn equation according to [6] : 

(1.10) 

In case of a stationary, incompressible fluid when iJ is considered uniform and gravitational 
influences are neglected, the momenturn equation reduces into [6] : 

j [ pv(n. v)df = - j [ npdf (1.11) 

This equation in combination with the Bernoulli pressure estimation will result in an estima
tion for the produced thrust. First the fluid control volume will be evaluated to check if the 
assumed pressure on the converging nozzle wall balances the momenturn equation. 

Fluid control volume 1 

The first control volume is defined in tigure 1.11. 
Equation 1.11 for control volume 1 defined within the fluid becomes: 

(1.12) 
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Figure 1.11: Control volume 1 

With on the left hand side the momenturn contribution of respectively the inflow and outflow 
and on the right hand side the pressure contributions of inlet, nozzle and exit area. De term 
in equation 1.13 represents the pressure contribution of the nozzle. 

(1.13) 

In the case of a linear pressure distribution along the nozzle, belonging to the local speed 
calculated with the help of the cross-sectional area and mass conservation, the projected 
surface can he used for the calculation of the forces on the fluid in the ?Ïe-direction. With the 
help of an in product with the ne vector, the equation 1.13 can be transformed into a scalar 
representation in the ?Ïe-direction. 

(1.14) 

To estimate the pressure on the converging wall, the dynamic pressure from the Bernoulli 
principle is substituted into equation 1.14: 

(1.15) 

In 1.15 the mean local speed has to he calculated to approximate the pressure on the nozzle 
wall, this is clone with the help of mass conservation. From mass conservation and incom
pressibility the local speed trough the projection follows from 1.16: 

(1.16) 

combination of 1.15 and 1.16 yields: 

The terms from 1.12 are reduced, projected into the ?Ïe-direction and given in table 1.2: 
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Table 1.2: Reduced terms 

original vector term reduced scalar term in the ne-direction 

JJF; pvi(ni · vi)dfi = - 1pvfAi = -1p(~ve ) 2 2Ae = -~pv;Ae 

JJF. pv-;(ne · v-; )dfe = 1pv;Ae = pv;Ae 

- JJF; nipidfi = -( - 1piAi) = -( - 1 - ~pvf Ai)=-~ · j · 2pv;Ae = -jpv;Ae 

- ffFn nnpndfn _ 1 2A - 4PVe e 

- ffF. n epedfe = -(lpeAe) = -( -~pv;Ae ) = ~pv;Ae 

Substitution of the reduced termsin equation 1.12 yields a scalar equation for the momenturn 
balance: 

12 2 1 2 12 1 2 
- 2pveAe + PVeA e = -4pveAe + 4PVeAe + 2PVeAe (1.18) 

Equation 1.21 shows that t he momenturn equation for the fiuid is balanced, when the pressure 
is estimated with the bernoulli principle. The terms from this equation can be used for the 
momenturn balance in the next control volume where the reaction force on the unit, which is 
the produced thrust, will be calculated . 

Unit control volume 2 

To get an indication for the produced thrust a second control volume has to be evaluated . 
The control volume is chosen around the unit geometry and can beseen in figure 1.12(a). 

reaction force 
...................... 

.. . . . . . . . . . . . . . . . . . . . . 
(a) cont rol volume 2 (b) thrust production with experimental unit 

Figure 1.12: Control volume and actual unit 
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For the above defined control volume, the momenturn balance from equation 1.10 becomes: 

(1.19) 

With Fne the reaction force in ne-direction. 
Equation 1.19 evaluated in the ne-direction gives the following scalar equation: 

(1.20) 

After the substitution of the reduced term from table 1.2, equation 1.20 becomes the following 
equation because Pa is set to zero. 

(1.21) 

Therefore the estimated reaction force Fne = :Ïpv~Ae in the ne direction and this is also the 
estimated thrust generated with the unit. 

The theory stated above can be used to design the geometry for a propulsion unit. The 
actual design process for the test setup and propulsion unit will be elaborated in the next 
chapter. 

15 



Chapter 2 

Design of the experimental setup 

2.1 Introduetion 

In order to get an idea if the technology has as much potential as claimed by [14] and therefore 
could have a great future a test rig was built. A rough scheme of the test rig can be found 
in figure 2.1 and a more elaborated P.I.D. (Proces Instrumental Diagram) can be found in 
appendix D. 

p 

Feecl 
wo. ter 

Boiler 

DIN N'W 25 

beo. ring 

propulsion unit 

Figure 2.1: Overview of test setup 

When the propulsion unit was designed some choices had to be made, about how many stages 
and what geometry would be used. In appendix E two rough sketches can be found which 
evolved into the final design. When the exhaust gasses from the steam boiler contain enough 
kinetic energy they can be used to optimize the design with the help of the expansion of the 
exhaust gasses in an additional stage. In the 3-stage design a possible layout is presented 
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which includes three propulsion stages. Starting with the expansion of the exhaust gasses in 
the first stage, then adding the steam expansion stage behind it and use the decreasing volume 
of the condensing steam, to entrain bulk fiuid in a last separate stage. The choice was made 
for the 1-stage design, because the measurements are better defined which results from the 
lack of interactions between propulsion stages. 

The design of the unit was challenging because the lack of information, about the work
ing principle and efficiencies. Therefore some rough calculation had to be made to estimate 
the size of the unit and required machining precision. 

First the global dimensions and geometries are defined and subsequently the design choices 
and actual design will be presented. 

At the end of the chapter the expected behavior for the designed unit will be extracted from 
a general energetic balance found in subsection 2.2.2. 

In the next section, theory is presented to estimate the rough dimensions for the propulsion 
unit and steam nozzle. 

2.2 Dimension calculations 

There are some crucial dimensions that have to be estimated, the most important dimensions 
are the steam nozzle gap, the inlet diameter and the outlet diameter. First the nozzle diameter 
is calculated because this probably requires the highest machining precision, and the nozzle 
is therefore the most likely factor for constructive complications. 

2.2.1 Size estimation of the steam nozzle gap 

The minimal size of the steam nozzle is estimated, with the assumption that the flow will pass 
through the nozzle with a density conesponding to the initial pressure of ten bars. This is 
done in order to get a safe assumption for the critical machining accuracy. Starting with an 
analysis of the first law of thermodynamics applied to the steam boiler and piping shown in 
figure 2.2: 

(2.1) 

msteamhe 

Boiler Q 

Figure 2.2: System boundary boiler and piping 

Because no work is done, no significant amount of energy is converted into potential or kinetic 
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energy, when the piping prior to the unit is assumed to be significantly larger than the nozzle, 
and when no mass is lost, the above equation reduces in: 

rhsteam = 
he,steam - hi,steam 

(2.2) 

By multiplying with the specific volume at working conditions of the boiler, the volume flow 
can be estimated, this is only valid when the pressure drop in the piping is not significant. 

Vflow = rTLsteam · VlObars (2.3) 

In practise the pressure in the nozzle will be less then 10 bars and therefore the density will 
be lower then assumed, this effect will result in a need for a bigger nozzle areaandis therefore 
no problem for the machining of the unit. A rough estimation of the nozzle surface can be 
made from: 

A = V flow 

Vnozzle 
(2.4) 

By choosing the nozzle speed as the speed of sound, the smallest area for the nozzle can be 
calculated since we are talking about a choked transonic nozzle. 

According to [3], calculation of the speed off sound in steam of 1 MPa, with, "( = 1.327, 
vwbars=0.19444 [m3kg- 1] can be done with the help of equation 2.5: 

a=f! 
with 'Y the specific heat ratio defined as: 

equation 2.5 equals: 

a = V"fPVIObars 

The speed in the nozzle will therefore be set at: a = 507.96 ::::; 500 [ms - 1]. 

(2.5) 

(2.6) 

(2.7) 

Because acceleration will occur prior to the throat, the density will drop before reaching 
the throat of the nozzle. The specific volume of the flow at 10 bars is used in equation 2.3, 
and therefore the nozzle area should be at least the calculated amount. An adjustable nozzle 
is used to be able to set a mass flow and keep the inlet pressure at the initial value of approx
imately 10 bars. 

In the next subsection the main geometry of the bulk fluid channel will be determined. 
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2.2.2 Diameter and converging factor 

Before a final design can be made, an estirnation of the sizes of the inlet and outlet have to be 
made. These sizes will depend on the arnount of water entrained by the unit. A relation for 
the rnass flow rate will be derived with the help of the first law of therrnodynarnics. In figure 
2.3 the propulsion unit is presented, an inlet denoted with the subscript '1 ', an exit denoted 
with the subscript '2' and a stearn injection nozzle denoted with the subscript '3'. The figure 
is rotational symmetrie around the dotted line. 

A1,m1,h1,V1 

A3,m3,h3,V3 

Figure 2.3: Control volurne first law 

According to the first law of therrnodynarnics ( equation 2.1) and because no heat is added, 
no work is done and the potential energy change is not significant, this equation reduces to: 

(2.8) 

The rnass balance in the control volurne can be represented by subtraction of the surnrnation 
of inlet rnass flow rates frorn outlet rnass flow rates: 

for the stated control volume, equation 2.8 becornes: 

(2.9) 

(2.10) 

(2.11) 

The stearn which is injected in the nozzle has a certain enthalpy and a certain speed. For 
the calculation of the energy balance it does not matter if the actual speed of the stearn is 
calculated and used for the balance, or that an equivalent arnount of total energy contained 
within the stearn is used. The total arnount of energy is represented by the enthalpy which 
the stearn contained in the stearn boiler when it had a negligible speed. This is valid because 
the speed of the stearn in the nozzle is created at the expense of enthalpy, which follows frorn 
the first law, when no work is perforrned, no heat is added and when the potential energy is 
constant. This assurnption is of course only valid when the lossesin the piping and valves are 
negligible. Therefore 2.11 can be replaced with: 

(2.12) 
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Rearranging of terms and substitution of the inlet mass flow with the help of equation 2.10 
gives: 

(2.13) 

(2.14) 

Thus the energy which is added when the steam is injected, can be converted into kinetic 
energy of the flow and it can heat up the fluid. 

For the design of the unit, we now can set an inlet speed (which is the speed of the boat) 
and chose an outlet speed. Because the mass flow rate of the steam is rather small (0.036 
[kgs-1]) compared to the water flow rate, the steam flowrateis nottaken into account for the 
determination of the surface ratio. According to [11] the ratio between the ship and outlet 
speed, called nett speed ratio, should be in the order of 1.5 to 3 for a good efficiency. A NV R 
of two is chosen and therefore with mass conservation and a void fraction of zero, the inlet 
area should be two times the exit area. 

Ve 
NV R = Vi ~ 1. 5 "' 3 Ai = 2Ae (2.15) 

Because we are designing a propulsion unit, we have to determine at which speed we want 
the vessel to sail. A typical operating speed for a speedboat is in the order of 50 [kmh - 1]. 

Vschip ~ 50 [kmh-1] ~ 15 [ms-1] therefore Ve ~ 30 [ms-1]. 

In order to get such a high outflow speed, a inflow speed of 15 [ms-1] should be realized 
in the test setup in order to be fully comparable with the reallife application. In the labo
ratory it is more expensive to realize an enforced inlet speed for the unit and because it also 
has to generate thrust at startup, it was decided to do the experiments with no external en
forced inlet speed, although this decision could dramatically decrease the measured efficiencies. 

For further derivation the following relation is used which expresses heating of the bulk fluid 
in a measurable quantity: 

(2.16) 

Equation 2.16 in combination with 2.14 gives: 

rri3. h3- rriz. Cp,w. (Tz- Tl) - rri3. (hl+ VI) = ~rriz. (v~- vr) (2.17) 

Rewriting this equation gives an expression for the mass flow rate of water which has to pas 
trough the unit. 

(2.18) 

(2.19) 
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Rearranging gives: 

(2.20) 

(2.21) 

Therefore the water mass flow rate of water is: 

(2.22) 

Division of the water mass flow rate by the density gives the volume flow rate. In this case 
the density of water can be used (Pw = 1000 [kgm - 3]), due to the fact that the va por fraction 
a will be close to zero at the exit of the unit, because of the rapid condensation of the steam, 
and the negligible amount of air entrainment . 

(2.23) 

The outlet surface can be extracted, when the volume flowrateis divided by the water outflow 
speed: 

(2.24) 

With the help of equation 2.15 the inlet surface can be determined. 
As can be seen in equation 2.22 the water mass flow rate is a function of the outlet tempera
ture when the speeds are predefined on a design value. 
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(a) mass flow rate water (b) momenturn thrust 

Figure 2.4: Area plot: mass flow rate and thrust as function of exit speed and heating 
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From figure 2.4 can be seen that with less heating of the water, more mass is expelled from 
the unit, and that that amount of mass times the increase in speed wil! give the momenturn 
thrust that the unit delivers. Because this exit speed is coupled to the area, figure 2.5 gives 
an indication for the amount of area needed for a specific unit . 
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1i 
~ 0.004 

0.002 

30 30 
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.n".,.,IKJ 
v,lmls] 

(a) efficiency (b) area 

Figure 2.5: Area plot: efficiency and area as function of exit speed and heating 

From figure 2.5 can be derived that the needed area will increase with a decreasing speed and 
a decreasing heating of the bulk fluid and that the efficiency will increase at higher exit speeds 
and less heating. In appendix F the same data wil! be represented in a contour plot . 

The figures stated above are meant to be used for designing purposes only and can be used 
to choose an operation regime for the unit . An indication for the inflow and outflow areas 
can be extracted from the graphs and are a function of the preferabie in and outflow speed. 
These figures are extracted from the control volume given in figure 2.3 in combination with 
the first law of thermodynamics and a mass balance, and are therefore only based on energy 
and mass conservation. This means that not al the positions in the graph correspond with an 
actual physical operating point , they are just energetically possible. 

With a lot of testing or more fundamental insight and relations, these figures can be con
verted into figures corresponding with the actual occurring physics. When a certain power is 
provided to the propulsion system a certain outflow speed and a corresponding heating of the 
bulk fluid will occur, but this outflow speed or heating can not yet be predicted. In order to 
gain more insight, a test unit is built to investigate the physical behavior of a particular unit. 
In chapter 2.4 the 2d equivalent of the graphs for the built unit will be extracted from the 
general theory stated above. 

In the next section the design of the propulsion unit, setup and orifice meter will be pre
sented. 
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2.3 Design 

After the calculation of the global variables a design for the test set up can he made. The design 
of the unit and setup are modeled in a 3d rnadeling package, from which the working drawings 
can he generated automatically. During the building some design features are adapted in 
dialogue with the workshop for a more feasible production. 

2.3.1 Unit 

The shape of the propulsion unit is designed around the nozzle gap, the inlet diameter and 
the outlet diameter. 
The choice has been made to design the propulsion unit as a subsonic unit, because this is 
easier and cheaper to produce and in the case of a supersonic nozzle, the exit speed should he 
monitored in order to investigate if condensation energy is recuperated or that the propulsion 
is solely due to the momentum. Because of machining ease and availability the unit is made 
of brass, this material can he used under the occurring conditions, but will eventually show 
some harmless corroding marks. 
An adjustable steam nozzle is designed, to he able to change the gap and with that, because 
of the choked flow the amount of steam which is injected into the flow. 
The outlet is made of transparent synthetic material in order to he able to look inside the 
unit and to see where the injected steam condenses. The outlet is designed to he replaceable 
with other outlets to he able to investigate the influence of the outflow geometry. 
The unit is designed with an NV R of two which means that the outflow velocity is twice 
the inflow velocity in the case that both the vapor fraction is zero and that the amount of 
condensed steam is negligible to the amount of water entrained by the unit. The unit is 
connected to the test setup with the help of tree tapped holes. The steam is added through 
the hole in the top of the unit. 
In figure 2.6 the 3d model of the test unit is represented. 

(a) outside view (b) quarter section view of unit 

Figure 2.6: 3D model unit 
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2.3.2 Setup 

In order to get a measurement the propulsion unit has to be fixed into the water tank, on a 
cantilever which transmits the force of the unit to a gauge. The deflection of the cantilever is 
calculated in appendix B. The cantilever is mounted with the help of two roller hearings to 
diminish the effect of friction. The cantilever is made of stainless steal because it is partially 
submerged in a corrosive environment. 
The cantilever rests on a balance and the balance is set to zero with the help of the terra 
function. Because the cantilever hardly moves during the measurement, the measurement is 
considered static and the dynamic behavior is neglected. 

In figure 2. 7 the 3d model of the test rig is represented. 

(a) Test setup overview (b) Test setup backside 

Figure 2.7: 3D model test setup 

For the steam injection, piping has to be designed to transport the steam from the steam 
boiler to the test setup. 

A flow meter and some pressure gauges have to be included in the piping to be able to 
know what amount of steam and how much energy is injected during the measurement. 
The flow meter is chosen to be an orifice plate with mechanica! pressure gauge because of the 
very low density of the steam and air and therefore low pressure differences in for example an 
Prandtl tube, and because of the high temperature and pressure of the steam which makes an 
rota meter, gas meter or U-tube manometer difficult to use. 

Further a vortex shedding flow meter is built into the setup to get a second measurement 
for increased accuracy, but unfortunately the meter could not deal with the low flow quantity, 
in contrast with the working flow range stated in the manual. 

The bulk fluid is contained within a reservoir and the unit is mounted on the reservoir sub
merged in the bulk fluid. 
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2.3.3 Orifice flow meter 

The design of the orifice plate is done according to ISO 5167-1:1991(E) . There are a lot of 
different implementation versions of orifice meters, mostly depending on size and machining 
ease. The calculation of the meter can be found in appendix C. 

(a) Quarter section view orif'ice meter model (b) installed orifice meter with pressure gauge. 

Figure 2.8: Orifice fiange . 

The device is built with two so called fiange tappings at a distance of one inch up and down
stream of the orifice plate which has a f3 of 0.5 which means that the diameter is reduced to 
half. These tappings consist of small holes in the circumference of the pipe which distribute 
the local pressure into the buffer zone where the differences in pressure are smothered and 
where the differential pressure is passed on to the pressure gauge. This gauge has to be con
nected with the help of a pig tail to prevent the steam from coming into direct contact with 
the pressure gauge which could harm the membrane. The steam will condensate in the pig tail 
and the condensate will separate the steam from the gauge. The disadvantage of the pigtail 
is the fact that the condensed water can interfere with the pressure difference over the plate 
because the differential pressure can be as smallas 500 [Pa], equivalent to 5[cm] water column. 
Before the differential pressure gauge can be used to measure the pressure loss over the orifice 
plate the gauge has to be calibrated. 

For reference, a second meter which works with vortex shedding frequencies was installed. 
Unfortunately the flow was too small to be measured with enough accuracy. In order to 
check the reliability of the orifice meter, a calibration is done. Because of the high pressure a 
standard calibration displacement flow meter was not useable. Therefore the calibration was 
done with a large Mass Flow Controller with a maximum capacity of 2200 [nl/ min]. The flow 
measurement with MFC and the orifice meter , where consistent enough to rely on the orifice 
meter. The calibration with a steam flow was unfortunately not possible, because the tem
perature of the steam is higher then the maximum allowed operating temperature of the MFC. 

In the next section the 2d equivalent of the 3d graphs for the built unit will be extracted 
from the general theory derived insection 2.2.2 . 
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2.4 Unit characteristics 

2.4.1 Introduetion 

The 3D figures presented in subsection 2.2.2 contain design relations, extracted from an energy 
balance. After choosing a certain area these 3D figures can be reduced to a couple of 2D 
relations, for instanee in figure 2.5, when a constant area is assumed a line is found which 
indicates the exit speed belonging to a certain heating. The actual occurring water speed or 
the temperature increase over the unit, remain unknown. By measuring one of the both the 
other can be determined. 

2.4.2 Calculation 

The 2D figures can be extracted quite easily by substitution of v1 with the relation 2.25 into 
equation 2.24 

(2.25) 

Equation 2.24 becomes: 

(2.26) 

Rewriting 2.26 gives: 

rriJ · (h3- h1- ~(N~R)2 ) 1 2 1 V2 2 
Ae = Pw · V2 · 2V2- 2(NVR) + Pw · V2 · Cp,w · flT (2.27) 

Reshuffiing gives: 

(2.28) 

After tidying up, the following analytica! relation for b..T is found: 

. (h h 1(~)2) 1 2 1(~)2 flT = ffi3. 3- 1- 2 NVR _ 2V2- 2 NVR 

~·~·~·Cp~ Cp~ 
(2.29) 

With equation 2.29 the relation between outflow speed and temperature increase is fixed. 
Filling in the area, NV R and a range of temperature increases, determines the corresponding 
outflow velocities. For the figures below: NVR = 2, Ae=8·10-4[m] and b..T = 1- 10 [°K]. 
The steam flowrateis set to 0.036 [kgs-1], equivalent to 100 [kW] energy supply. This 0.036 
[kgs-1] operating point will also be extracted from further graphs. 
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Figure 2.9: Exit speed against f1T for 0.036 [kgs- 1] steam feed 

When a steam flow, an exit speed and an exit surface range are assumed figure 2.10(a)can be 
plotted: 
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(a) exit speed water as function of area and heating (b) exit speed water as function steam flow rate and heating 

Figure 2.10: Analytica! Ve to f1T for several Unit areas and mass flow rates 

The line belonging to an area of 8 · 10-4 [m] is the same as can be seen in figure 2.9 and is 
the actual line corresponding to the test unit, this area will be held constant in the rest of 
the report. In figure 2.10(b) the exit veloeities for different steam flow rates can be found . 
In figure 2.11 the mass flow rate as function of steam injection and temperature increase can 
be found, the graph on the right hand side is the graph corresponding to a steam injection of 
0.036 [kg/ s], being a 100 [kW] equivalent . 
Of course the same pictures can be constructed for the momenturn thrust because the exit 
speed is a function of the outflow temperature and the produced thrust is velocity increase 
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Figure 2.11: Exit mass flow rate water as function of the mass flow rate of steam feed 
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Figure 2.12: Momenturn thrust as function of the mass flow rate of steam feed 

times mass flow rate, as can be seen in the derivation in appendix A, leading to equation A.8. 
This momenturn thrust is higher than the actual occurring thrust because of the pressure 
difference over the unit as stated in subsection: 1.6.3. 
In order to estimate the efficiency the added kinetic energy has to be calculated first . 

.6kinetic energy 
TJ = . 

mput energy 
(2.30) 

The graph for the change in kinetic energy is not presented because it is the same graph as 
2.13, except fora factor. This factor is a function of the steam flow rate, and in case of a flow 
rate of 0.036 [kg/ s] the factor is 1000 which follows directly out of the 100 [kJ] added to the 
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10 

The lines in the figure 2.13(a) are only drawn for reasonable realistic values of Ve and t::..T . As 
can beseen in figure 2.13 the efficiency of the unit is only reasonable for very low temperature 
increase over the unit . In order to get a low temperature increase a large area or a high outflow 
speed should be realized . 

In figure 2.14 the expelled water jet can be seen. In the next chapter the actual physical 
operating point of the unit will be investigated . 

(a) front si de unit (b) backside unit, jet outflow (zoomed) 

Figure 2.14: Water jet being expelled from the unit. 
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Chapter 3 

Results and Discussion 

3.1 Compressed air thrust 

To estimate the influence of the internal heat contained within the steam on the thrust pro
duction, a reference experiment is clone with compressed air. Compressed air of approximately 
8.5 [bar] is added to the unitand the thrust is measured . 

First a theoretica! maximum thrust is calculated. 

Figure 3.1: Compressed air thrust 

The same mass flowrateis used in bath experiments and is set to the 100 [kW] equivalent in 
the steam case which leadstoa mass flow rate of: m = 0.036 [kgs-1]. The gas constant and 
the specific heat ratio are approximated at R = 287 and 'Y = f; = 1.4. The inlet velocity of 
the steam c.q. pressurized air befare the nozzle is optimized at zero Vi = 0 [ms-1], in order to 
get a maximum possible value. 
The speed of sound conesponding to the occurring conditions, is used for the exit velocity in 
the calculation. This because the flow will automatically choke on this speed and the calcu
lated thrust will therefore be the theoretica! maximum. First the speed of sound is calculated 
and after that the thrust with the use of equation 3.2. 

F 

a= [i!= JYRT = 343 [ms-1
] 

m( Ve - Vi) = 12.3 [Nj 
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The result of the equation 3.2 is the maximum reaction force, because without a transonic 
nozzle the flow will choke on the smallest passage on a mach number of unity (M = 1). After 
leaving the nozzle, the impuls will be transferred to more mass and the speed will drop. Al 
the impuls is considered to be directed in the x-direction, which again results in the highest 
possible efficiency. As can be seen in the calculation the maximum amount of thrust created 
in the nozzle by pressurized air can not be sufficient to propel a vessel when fed with this 
amount of fluid . 

Some experiments are done to check the thrust the unit provides, when fed with pressur
ized air. In figure 3.2 the relation between the produced thrust and the provided air flow rate 
is plotted. The air flow is controlled with the help of the adjustable nozzle, the smaller the 
gap, the smaller the air flow rate. This methode insures that the pressure before injecting 
is almost the same as the measured pressure in the piping, this pressure is also used for the 
orifice plate to determine the flow rate through the piping. 
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Figure 3.2: Air thrust, for pressurized air flow rates between 0.02-0.08 [kgs-1], with error 
estimation 

Fora better insight, the error of both the thrust as wel as the flow measurement are estimated 
and plotted into figure 3.2. The error in the thrust measurement is mainly generated by 
waves propagating and reflecting in the test tank. The flow measurement error is constructed 
from a fixed error, estimated during a long test run and a zero point shift, mainly due to 
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temperature changes and in the case of steam feed, condensation effects. The fixed error is 
the characteristic change for the parameter, during a couple of test runs which last longer 
then a characteristic measurement run. The zero point shift is the difference in differential 
pressure when no flow is present before and aftera measurement, and this error will therefore 
be different for every measured point. 

As can be seen in figure 3.2 at low mass flow rates of air, the unit does not function well, 
this is because the amount of pressurized air is to small to induce a proper flow field and 
at extreem low flow rates, the air wil escape from both sides of the unit which results in no 
produced thrust. 

From the figures a thrust efficiency can be calculated with the help of the theoretica! maxi
mum. This theoretica! maximum can be calculated with equation 3.2 for every flow rate. In 
the case of a pressurized air flow rate of 0.036 [kgs-1 J the efficiency results in: 

Fmeasured 10007 Fmeasured 10007 8 10007 6707 
'Tlthrust = * 10 = F * 10 ~ - * 10 ~ 10 

Fmaximum maximum 0.036[kgs-1J 12 
(3.3) 

And fora pressurized air flow rate of 0.08 [kgs-1]: 

_ Fmeasured 10007 _ Fmeasured 10007 ~ 24 10007 ~ 8907 
'Tlthrust - * 10 - * 10 ~ * 10 ~ 10 

Fmaximum Fmaximum o.os[kgs-1] 27 
(3.4) 

The unit functions quite well as an ejector when fed with pressurized air, but for propulsion 
purposes the amount of pressurized air has to be increased, and the overall efficiency includ
ing the compressor will remain low. From the above data can be concluded, that about eight 
Newton thrust is generated when 0.036 [kgs-1] is fed into the unit. Additional efficiencies for 
the steam experiments, presented in the next section, are probably due to the condensation 
effects of the steam. 

3.2 Steam Thrust 

In this section the results from the steam injection will be investigated. As can be seen in 
figure 3.3 the water will have a 6-8°[K] temperature increase during the passage of the unit, 
depending on the point of measurement. The temperature field leaving the unit is not quite 
homogenous, and therefore a considerable bandwidth in the measured temperature increase is 
developed. During the measurements the aim was to measure the highest outflow temperature 
in a relative short time to exclude the heating of the tank and still get an idea of the maxi
mum outflow temperature and with that an idea of the efficiency. In figure 2.13 the efficiency 
corresponding to the characteristic heating can be found for a range of steam flow rates. In 
figure 3.3 the heating is more or less constant which in combination with 2.13 indicates that 
for higher steam flow rates the energetic efficiencies are higher but still as low as 0.25%. 

In the figure 3.4 the relation between the thrust production and the fed steam flow rate is 
plotted. As can be seen the produced thrust is significantly higher then in the case of pressur
ized air feed, although it is still not near, to thrust production with conventional propulsion 
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Figure 3.3: Tout- Tin, flow rate range: 0.02-0.08 [kgs-1] 

machinery. 

The increasing efficiency occurring at higher steam flow rates, can be derived from the gain 
in incremental increase in thrust, when some incremental increase in steam flow rate is con
sidered, at succeeding increasing steam flow rates. 

An maximum measurement error for the steam thrust is also estimated. For the thrust mea
surement again mainly the waves interfere with the measurement and therefore produce the 
largest errors, although the produced waves are much smaller then before because of the 
lack of rising bubbles. The maximum flow measurement error is in the steam thrust case 
a lot worse then in the pressurized air case, because the zero point shift is larger. This be
cause both the temperature dependency as the condensation effects will be significantly larger. 

As can be seen in figure 3.4 the possible errors vary from point to point, this is because 
the zero point shift is noted during the experiment and taken into account for every data 
point. The estimated error is added and subtracted to the actual measured value to be sure 
that both possibilities are accounted for. This is necessary because it is never clear if the zero 
point shift is made on the way up, when increasing the steam flow rate or on the way down 
after the experiment. 

The thrust production in relation to the supplied mass flow rate is not a convenient way 
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Figure 3.4: Steam thrust 0.02-0.08 [kgs-1] 

0.07 0.08 

to campare it with conventional means of propulsion. For this comparison it would be more 
logical to express the thrust in relation with the added power. The mass flow rate can be 
quite easily converted into supplied power by multiplying it with the enthalpy of the supplied 
steam, as can beseen in equation 3.5. 

Qi,jet = msteam . h (3.5) 

This enthalpy is a function of the pressure of the saturated steam, and because the pressure 
changes during the experiments, this change in enthalpy is taken into account. To be able to 
calculate with the correct enthalpy, a fit is made over data from a saturated steam table [4]. 
This fit is valid for a pressure range of 0.4 till 1 [Mpa]: 

h = -52.45. p2 + 137.1 . p + 2693 (3.6) 

With these two equations the figure 3.4 can be converted to the figure 3.5 which does not 
differ much as the enthalpy does not change considerable during testing. 

Of course the efficiency defined in equation 3.9 is not honest in the case of steam injection, 
this because part of the energy released at condensation can be gained, and therefore this 
efficiency rises over 100 %. In equation 3.9 and 3.10 this momenturn efficiency is calculated 
with the speed of sound, calculated for the fed steam. First the speed of sound is calculated 
and after that the thrust for a steam feed of 0.036 [kgs- 1], with the use of equation 3.8. 
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Figure 3.5: Steam thrust 60-220 [kW] and error estimation 

The Bas constant, the specific heat ratio and temperature are approximated at R = 461, 
1 = zt = 1.327 and T=453 [°K]. 

F 

a= {i!= v'rfiT = 527 [ms-1
] 

m(ve- Vi) = 19 [N] 

Therefore the momenturn efficiencyfora steam flow rate of 0.036 [kgs-1]: 

_ Fmeasured 10001 _ Fmeasured 10001 ~ 15 10001 ~ 7901 
rJthrust - * 10 - * 10 ~ * 10 ~ 10 

Fmaximum Fmaximum 0.036[kgs-1] 19 

And fora highersteam flow rate of 0.08 [kgs-1]: 

(3.7) 

(3.8) 

(3 .9) 

rJthrust = Fmeasured * 100% = Fmeasured * 100% ~ 50 * 100% ~ 119% (3.10) 
Fmaximum Fmaximum o.os[kgs-1] 42 

The equations stated above, indicate that a small part of the condensation energy is converted 
into kinetic energy in the unit, because of the increased efficiency compared to the pressurized 
air case, although most of the condensation energy is used for heating up the entrained bulk 
fluid. 
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Chapter 4 

Conclusions and Recommendations 

4.1 Conclusions: 

The main conclusions we can make: 

The experimental setup is useful for thrust measurements, and applicable for a variety of 
supplied gasses. Thrust is measured accurate enough and most of the errors in the thrust 
measurement are due to propagating waves in the test tank. 

The expansion of a 100 [kW] equivalent steam, in this type of nozzle can not deliver enough 
thrust to propel a vessel, but it can be used for several other applications in the process tech
nology. 

When fed with pressurized air, the momenturn efficiency of the Coanda nozzle can be as 
high as 89%. Therefore this nozzle could be very useful in other process technology applica
tions, for instanee for aeration or other ejector purposes. 

Efficiencies and produced thrust can be estimated with the help of the first law of ther
modynamics when the heating of the bulk fluid is measured. 

The thrust on the unit is produced due to the pressure difference between, the negative 
pressure on the converging wall of the nozzle, and the atmospheric pressure at the outside of 
the unit. 

When fed with steam an increase in produced thrust is measured, the difference between 
steam and pressurized air is mainly due to usage of the internal heat contained within the 
steam. The increase in thrust is not sufficient for ship propulsion purposes, but can be very 
useful for several industrial processes. The water will undergo a temperature increase of about 
6-8 [°K] during the passage of the unit. This leads to an energetic efficiency of about 0.2 %. 
In order to become comparable with a conventional ship engine the efficiency needs to be 
increased approximately one hundred times. 
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The efficiency of the unit when fed with steam, increases when moresteam feed is supplied, 
a maximum is not yet measured, but will exist. A minimum of feed is also required in order 
to producesome thrust, when less steam is supplied the bulk fluid will only heat up and the 
fluid is expelled to both sides. 

Enthalpy changes of the supplied steam due to small pressure changes are not significant 
and can be neglected. 

4.2 Recommendations: 

In order to get one hundred percent increase in efficiency the physical working principle has 
to be understood and optimized significantly. A better insight can be obtained with a test 
setup, which investigates the condensation of a steam jet on a wall. 

Flow measurement could be optimized, the vortex meter is to large for these small flows 
and the orifice plate is vulnerable for temperature changes and condensation effects. The 
steam flow measurement with the orifice plate can be more accurate when a other beta ratio 
is used, when a smaller inner diameter is chosen the pressure drop will be larger and therefore 
the pressure drop measurement more accurate. 

With the current setup the maximum efficiency for this unit can be determined, and could 
give some insight in the optimal operating region for this unit. It could be that the steam 
boiler is to small for this experiment, in that case a smaller unit has to be designed and built. 

A more real experiment can be clone when the water which enters the unit already has a 
higher velocity. The mass flow rate will be higher and also the efficiencies and produced 
thrust can be enlarged. This can be accomplished with a tow tank, a closed loop setup or a 
real test vessel. 

The influence of waves in the test tank can be eliminated with a bigger tank, a closed loop 
test setup or a wave demper mounted in the test tank. 

An investigation into utilization in other operating fields of the process technology could 
result into nice practical applications for this type of ejector. 
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Appendix A 

Thrust derivation 
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Figure A.l: Propulsive duet. 

The momenturn contained within a volume is the integrated scalar product of p and v over 
the volume and in this chapter denoted with P. 

P = [pvdV 

An impulseis an instantaneous change in momentum, denoted by dP.[15] 
The change of momenturn in this volume is denoted by: 

d . . . 
dt P = Pi - Pe + Pgen 

In which Pi is the influx of momentum. 

and Fe the outflux of momentum. 
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APPENDIX A . THRUST DERIVATION 

Inside the volume momenturn is generated by the exertion of a force on the mass. 

In steady state: 

Combining A.2, A.5 and A.6 gives: 

Pgen = Fp 

.:!:_P=O 
dt 

(A.5) 

(A.6) 

(A.7) 

Therefore with conservation of mass the momenturn thrust in steady state can be denoted as: 

(A.8) 

In case there is a pressure difference over the propulsion unit , this pressure difference causes 
a so called pressure thrust: 

(A.9) 

Which reduces because, both the inlet and outlet area are perpendicular to the central axis, 
into: 

(A.lü) 

In which Pe = the pressure at the exit, Pi = the pressure at the inlet, Ae = the surface at the 
exit and Ai = the surface at the inlet. The nett thrust is the sum of the momenturn thrust 
and the pressure thrust: 

(A.ll) 

The momenturn thrust is the gross momenturn thrust which is the momenturn leaving the 
propulsion unit (me Ve = gross momenturn thrust), minus the momenturn drag which is the 
momenturn entering the propulsion unit (mi Vi = momenturn drag). 
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Appendix B 

Calculation of the setup deflection 

Calculation off the horizontal defiection of a vertically fixed cantilever as can be seen in figure 
B.1 , according to [2] . 

1000 [NJ 

Figure B.1: Load case 1 

The size of the cantilever 40x40x2 [mm]. 
Loading: F = 1000 [N], L = 0.3 [m], E = 210 * 109 [Pa] 
Moment of inertia for a massive bar: 

bl3 

I=-
12 

Moment of inertia for the cantilever of 40x40x2 [mm] is therefore: 

I= b~ - bf 
12 12 

Defiection for load case 1: 

40 

(B.1) 

(B.2) 

(B.3) 



APPENDIX B. CALCULATION OF THE SETUP DEFLECTION 

Moment of Inertia: I= 7.3365. 10-8[m4] 

Defl.ection: 8 = 2.6 · 10-3 [m] 

Defl.ection calculation of a horizontal dubbel supported beam. 

10 00 [NJ 

Figure B.2: Load case 2 

Diameter 015 [mm], Loading: F = 1000[N], d = 0.015 [m] 
Moment of inertia: 

Defl.ection for load case 2: 

7rd4 
I=-

64 

FL3 

8=--
48Eip 

Moment of Inertia: I= 2.485 · 10-9[m4] 

Defl.ection for load case 2: 8 = 1.078 · 10-3[m] 
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Appendix C 

Orifice meter 

For the measurement of the steam flow an orifice meter will be used. The calctllation and 
design of the meter will be done according to ISO 5167-1:1991(E) in combination with [1]. 
The symbols within this appendix are not included in the list of symbols, they are identical 
to the symbols used in [1] and will be explained within the appendix. 

C.l Pressure drop calculation 

The following relation for the flow Q can be found in ISO 5167-1:1991(E). 

Q ~ YQ; ~ CEAY ~ (C.1) 

With C the discharge coefficient, Y the expansion factor, E the velocity of approach, A the 
orifice hole diameter, p the density and p the pressure. 
If Pl~P2 2: 0.1 then compressibility can be neglected and Y will become 1. 

E 
1 

(C.2) J1- f34 

f3 
do (C.3) 
di 

Ko CE (C.4) 

Q Ko('éaf,)~ 4 p 
(C.5) 

m pQ (C.6) 

m = Ko (~do2) J2pó.p (C.7) 

The values of Ko can be extracted out of a table depending on the Reynolds number of the 
flow. f3 is the contraction ratio, do and di the diameters as defined within ISO 5167-1:1991(E). 

Re 
pUdi 

(C.8) 
fJ 

u Q 
(C.9) 

A 
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APPENDIX C. ORJFICE METER 

With , di = 0.06 (m), do = 0.03 (m), {3 = 0.5 and K 0 = 0.627. 

!1p = 

The calibration table for the used pressure gauge: 

Applied pressure (Pa] 0 1000 2000 3000 4000 5000 6000 
Druck PMP 4170 (V] 0.020 0.073 0.123 0.173 0.223 0.274 0.324 

... 7000 8000 9000 10000 11000 12000 13000 

... 0.373 0.424 0.474 0.524 0.574 0.624 0.674 

... 14000 15000 16000 17000 18000 19000 20000 

... 0.724 0.773 0.824 0.874 0.924 0.973 1.024 

C. 2 calculation of wall thickness 

Calculation of the wall thickness of the pipe. 
The diameter of the pipe is 0.06 (m), and is calculated as a thin walled tube. 
A pipe segment of 1 meter long is assumed for the calculation. 
The projected area of the pipe will be 0.06 · 1 = 0.06 [m2] 

(C.10) 

f-' 

f-' 

In case of a 40 [bar] pressure inside the pipe, the force on both sides will be 0.06·4·106 = 2.4·105 

(N]. 

(J (J 

Figure C.1: Wall thickness calculation 

The tensile strengthof RVS Aisi 3161 at 200[0 C] is approximately 200 (Nmm-2]. 

There for the needed surface will be 2·~0~
05 = 1200 (mm2

] . 

This divided by the length and the amount of sides will give 2~;ggo = 0.6 [mm] . 
Because of the small required thickness, the pipe will be limited by what is available in the 
market in combination with a thickness which can be machined properly. 
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Figure C.3: Calibration air 
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P.I.D. 
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Appendix E 

Preliminary sketches 
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Figure E.l : 3-stage ejector 
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Figure E.2: 1-stage ejector 
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Appendix F 

Contour plot energy balance 
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Figure F .l: Contour plot: mass flow rate, thrust, efficiency, area 
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Appendix G 

Find zero routine 

Besides the analytica! salution derived in 2.4.2 a check is clone with the help of Matlab. With 
the help of a standard Matlab find zero routine, the equation 2.26 can be solved, therefore it 
has to be rewritten in a way that it equals zero when the right value is found. Rewriting 2.26 
for the find zero function gi ves: 

(G. 1) 

When the calculated error is zero, the estimated speed is the correct speed belonging to the 
temperature increase. 

2 25 
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(a) Error for assumed D..T (b) Speed against D..T 

Figure G .1: Error against speed and speed against !::.T 

In figure G.1(a) the error belonging to the estimated speed for every stated temperature is 
plotted as a separate line. In figure G .1 (b) the temperatures and conesponding speeds are 
plotted. 
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