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Kurzfassung

Eine Methode zur kurzfristigen Leistungssteigerung von Gasturbinen ist das
Eindüsen flüssigen Wassers in den Ansaugbereich des Verdichters. Hierbei
handelt es sich um eine etablierte Technik, die in der Lage ist, Minder-
leistung, wie sie beispielsweise durch hohe Umgebungstemperaturen her-
vorgerufen wird, durch den kühlenden Effekt des verdunstenden Wassers
auszugleichen.
Allerdings sind die Auswirkungen auf das aerodynamische Verhalten der
Verdichterbeschaufelung nicht erschöpfend erforscht. Das Wissen um die
Einflüsse, die durch die Anwesenheit flüssiger Wassertropfen in der Verdich-
terströmung hervorgerufen werden, ist unverzichtbar in dem Bestreben, das
Potenzial dieser Technologie bestmöglich zu nutzen.
Ein verbessertes Verständnis der zugrundeliegenden Effekte trägt dazu bei,
Gasturbinen eine Leistungscharakteristik zu verleihen, die sie in die Lage
versetzen, den gesteigerten Flexibilitätsanforderungen, welche aus der stei-
genden Erzeugungskapazität erneuerbarer Energiequellen und den politis-
chen Rahmenbedingungen erwachsen, gerecht zu werden.
Um die Wissensbasis in diesem Bereich zu erweitern, werden in dieser Arbeit
die Ergebnisse experimenteller Untersuchungen an einer Verdichterkaskade
präsentiert. Die Beschaufelung der Kaskade ist abgeleitet von der Rotorbe-
schaufelung eines Axialverdichters. Die Versuche behandeln das Verhalten
der Beschaufelung bei variierenden Eintrittsmachzahlen, Wasserbeladungen
der Strömung und Anstellwinkeln der Beschaufelung.
Der Versuchsaufbau besteht imWesentlichen aus einem geschlossenenWind-
kanal, in dem die Kaskade montiert ist, und einem Phasen Doppler Anemo-
meter, einem laserbasierten Messsystem, das in der Lage ist, die Geschwin-
digkeit und Größe eines in der Verdichterströmung befindlichen Wassertro-
pfens, zu bestimmen.
Diese Arbeit umfasst die Beschreibung der Versuchsanlage, die Darstellung
der den Versuchen zugrundeliegenden, physikalischen Konzepte sowie die
Auswertung und Interpretation der Messergebnisse.
Die Auswertung der Ergebnisse basiert auf den Geschwindigkeitsmessungen
der Strömung in Ein- und Austrittsebene der Kaskade sowie im Schaufelka-
nal. Die Auswertung zielt darauf ab, die Einflüsse, die durch die Präsenz
der Wassertropfen in der Strömung hervorgerufen werden zu identifizieren.
Hierzu wird ein Vergleich zu einer Referenzströmung gezogen, die nicht mit
Wassertropfen beladen ist. Die Ergebnisse beinhalten qualitative Bewer-
tungen zum Verhalten des Wassers auf der Beschaufelung, die Analyse und



Bewertung der Geschwindigkeitsprofile im Kaskadenaustritt sowie die Un-
tersuchung des Folgeverhaltens verschiedener Tropfenklassen anhand der
Messungen im Schaufelkanal. Weiterführende Auswertungen bestimmen
den Verlustbeiwert, Abströmwinkel, DeHaller-Zahl und Stromschichtdick-
enverhältnis (AVDR) jeder Messreihe.
Die Ergebnisse zeigen, dass die in der Strömung vorhandenen Wassertropfen
die Aerodynamik der Verdichterströmung teilweise erheblich beeinflussen.
Hier sind zwei Haupteffekte zu nennen. Zum einen ein Strömungsablösun-
gen dämpfender Effekt, der den Betriebsbereich der Beschaufelung bei sehr
niedrigen Anstellwinkeln erweitert und zu verminderten Verlusten führt.
Zum anderen ein verlustverstärkender Effekt, der bei mittleren und hohen
Anstellwinkeln auftritt und primär auf den auf der Beschaufelung befind-
lichen Wasserfilm zurückzuführen ist.



Abstract

One approach for the power augmentation of gas turbines is to inject liquid
water into the compressor intake. This established technology, commonly
referred to as inlet fogging or overspray fogging, is able to overcome power
output deficits that occur in environments with high ambient temperatures.
This is achieved by the cooling effect that evaporating water exerts on the
intake air.
However, the effects of the application of this technology on the aerodynamic
behavior of compressor blades is not yet fully understood. The knowledge
of the influences that are provoked by the presence of liquid water droplets
in the compressor flow is vital for the endeavor to fully utilize the potential
of this technology.
An improved understanding of the underlying basic principles contributes to
adapting the performance characteristics of gas turbines to cater for increas-
ing demands for flexibility, which arise from a growing renewable generation
capacity in the grid and economic and political boundary conditions.
In order to broaden the knowledge base in this field, the results of ex-
perimental investigations, conducted on a linear compressor cascade are
presented in this work. The blades that were mounted in the cascade are
derived from the rotating blades of an axial compressor. The experiments
focused on the aerodynamic behavior of the cascade under varying bound-
ary conditions. The variables were: inlet Mach number, water load of the
flow and incidence angle.
The test rig comprises essentially a wind tunnel which contains the compres-
sor cascade and a Laser-Doppler-Anemometer, a laser based measurement
technique that is capable of recording the velocity and size of a water droplet
traveling through the wind tunnel.
This work includes the description of the test rig, the discussion of the un-
derlying physical principles as well as the compilation and interpretation of
the experimental results.
The compilation of the results is based on the velocity measurements at
the cascade’s inlet and discharge plane as well as the inter blade flow chan-
nel. The interpretation of the results aims at identifying the influences
provoked by the presence of water droplets in the compressor flow. In order
to achieve this, the water laden flow is compared to a dry reference flow.
The results include a qualitative analysis of the water movement on the
blade surface, the analysis of the flow in the cascades discharge plane and
the ability of different droplet classes to follow the flow in the inter blade



flow channel. Further investigations show the loss coefficient, discharge flow
angle, DeHaller number and the axial velocity density ratio (AVDR) of each
experiment.
The results show that the droplets present in the flow influence the aerody-
namics of the blades considerably on some operating points. Two main ef-
fects can be identified. Firstly, a dampening effect on flow separations, that
broadens the operating regime for very low incidence angles and reduces
losses. Secondly a loss increasing effect that can be primarily accounted to
the water film on the blade surface in the mid range of incidence angles.
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1 Introduction

The electric energy supply system is subject to constant change. Key in-
fluences are market conditions and regulatory boundary conditions. Both
have substantial influence on the profitability of certain power production
facilities. Recent developments in the global power production environment
have increased the attractiveness of power plant types that incorporate gas
turbines as main component.
Lower costs for natural gas in the United States of America due to novel
exploration techniques (fracking) increase the profitability of the operation
of gas fired power plants.
The transformation of the European power supply system towards a system
that is based on renewable sources like wind and solar energy, introduces
challenges to the electricity grid. Renewable sources show a higher volatility
in energy availability than fossil fired power plants. The exact prediction
of the energy availability from renewable sources still remains an unsolved
challenge. This increases the demand for an infrastructure that is able to
quickly adapt to the current power demand. Gas turbines, especially the
aeroderivate types, have this ability which make them a valuable asset in
the regulatory power market.
This background emphasises the impact of the optimisation of gas turbines
in terms of efficiency, power output and flexibility. One approach to reach
these targets, besides the conventional aerodynamic optimistaion, is inlet
fogging. Inlet fogging allows to cool the intake air by evaporative cooling
thus increasing the air mass flow rate and consequently the power output of
the gas turbine. Overspray fogging increases the amount of water injected
into the intake air beyond the border of saturation and allows a continuous
evaporation process that influences the compression process, which is then
also referred to as wet compression process. This reduces the compression
work needed and increases the gas turbine cycle efficiency. The effects of
water injection into the air intake of gas turbines have been mentioned as
early as the 1940’s, when Kleinschmidt [1] investigated the effects of water
injection on the gas turbine process.
Even though investigations have been undertaken to utilise the wet com-
pression process in flight applications, it is clear today that most of the
potential from the wet compression approach will be realised in stationary
gas turbines for power production. Practical considerations of wet compres-
sion lift the compressor into the focus of investigation as it is the component
to be most affected by water injection.
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The detailed influence of water injection on the gas turbine aerodynamics
has not yet been fully understood. A systematic test approach on the aero-
dynamic performance of different profile families has been introduced in the
laboratories of the NACA, the predecessor organisation of today’s NASA
in the 1950’s. The use of linear compressor cascades for the investigation
of the aerodynamic performance of any type of profile is established ever
since.

1.1 State of the Art
Since the 1940’s, when the first investigations in this field were undertaken,
the interest of numerous researchers was drawn to this subject and the
ongoing research has broadened since then. Today’s investigations are un-
dertaken for three main reasons.
The reduction of emissions of jet engines is a key element to limit the neg-
ative effects of increasing air and naval traffic especially in the vicinity of
airports or harbors. In this context the possibilities of reducing the emission
of NOX have been intensively studied under varying boundary conditions.
These studies focus on the application of water injection in aircraft engines
or naval applications (e.g. [2], [3]).
A deepened knowledge of the effects of liquid water droplets in a gas turbine
is also desirable for safety reasons. Investigations were conducted to assess
the aerodynamic effects of ingested rain in aircraft engines (e.g. [4]) as
heavy rain ingestion poses a threat to stable operation in descending flight
as reported in [5].
Another focus in this context is put on the possibilities to augment the
power output of gas turbines. Dietz and Flemming [6] have experimentally
investigated the effects of water injection on a turbojet engine and reported
a thrust surplus of up to 15% but at significantly increased fuel consump-
tion. Most publications today concentrate on stationary gas turbines in
simple and combined cycle power plants as the need for power augmenta-
tion, especially in warm regions of the earth, is a prominent challenge.
A comprehensive overview of the underlying climatic and psychrometic
properties is given in [7]. In this, Bhargava et al. discuss the attractiveness
of evaporative fogging due to its effectiveness and low initial costs and give
information on nozzle characteristics and practical considerations. Theoret-
ical and experimental aspects of wet compression are discussed in [8]. The
authors lift up the considerations to be made prior to installing a water
injection system, like compressor inlet temperature profile distortion, tran-
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sients and the reduction of the compressor’s surge margin. More practical
considerations for the operation of such systems are given in [9] and [10].
It has been found that the use of demineralized water is advisable and that
the size of the droplets has an influence on erosion phenomena.
Bhargava and Meher-Homji conducted an analysis of the power augmenta-
tion potential for different gas turbine types in [11]. The key findings of
their work are that a correlation exists between the key design parameters
of the gas turbine and the effect of water injection. They also state that
aeroderivative machines benefit more from water injection than heavy duty
gas turbines.
A comparison of the different power augmentation technologies has been
conducted by Bianchi et al. [12]. They report that all technologies yield a
percentage wise higher power boost than the corresponding change in heat
rate in gas turbine applications. An analysis of the power augmentation po-
tential that incorporates climatic boundary conditions is given by Chaker
et al. [13].
The above mentioned investigations take a result driven standpoint and are
motivated from a wholistic view. A common basis for all the effects men-
tioned above is the detailed thermodynamic and aerodynamic investigation.
The gas turbine process has been investigated by numerous research groups.
The thermodynamic performance of the wet compression cycle has been in-
vestigated by Zheng et al. [14]. They present a model to calculate the
wet compression process. Their conclusion is, that compression work can
be saved utilising water injection. Their findings can be summarized as
follows:
• The presence of water droplets in the intake duct reduces the com-
pressor inlet temperature.

• In a configuration, where droplet evaporation takes place inside the
compressor, necessary compression work is reduced and the compres-
sor discharge temperature is reduced at constant pressure ratio.

• Water injection leads to an increase of effective output of the thermo-
dynamic gas turbine process and a slight increase in efficiency.

• The effect of water injection depends on the properties of the injected
water. Small droplet diameters are desirable as these result in a high
evaporation rate.

Zheng et al. also compared different gas turbine cycles including regenera-
tive and inter cooled cycles [15]. The highest power output and efficiency
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could be seen for the regenerative cycle with water injection.
Roumeliotis [16] investigated the effects of water injection using an adaptive
performance modeling technique that allows to investigate different compo-
nent characteristics. The results from this research with respect to water
injection can be summarized as follows:

• The engine’s power output benefits from water injection even in low
ambient temperatures and ISO conditions.

• Lower droplet diameter and higher ambient temperature increase the
possible gain in power output.

• Water injection leads to a significant loss in surge margin and poses
the risk of erosion of the blades.

Water injection imposes changes on the compression process. The latent
heat of water causes an internal cooling during the compression due to the
evaporation. Different research groups have developed models to calculate
the wet compression process. They focus on the effects for the compressor
operation. Among these are Horlock [17], White and Meacock [18], Khan
and Wang [19] and Matz [20]. The key findings are:

• The evaporation of water droplets in the compressor lead to the off
design operation of single stages. The front stages are less loaded,
moving the operation point closer to choke conditions. The operation
point of the rear stages is moved toward overload and therefore a stall
condition.

• The irreversible entropy production is dependent on the droplet size
distribution.

• Droplet size also determines the evaporation rate and therefore the
compressor outlet temperature and necessary compression work.

• Compressor mass flow rate increases as the operating point of the first
stages is moved towards a lower pressure ratio and a higher volume
flow rate.

• The necessary compression work is reduced due to the continuous
evaporation of the droplets.

A recent investigation has been carried out by White and Meacock. They
applied a calculation model that takes a number of effects into account,
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such as the polydispersion of droplet sizes, droplet temperature relaxation
effects, slip velocity effects and the impingement of droplets onto the blades
and film evaporation to a generic 12-stage compressor. Their results show
that accounting for slip velocity effects leads to higher evaporation rates
due to higher heat and mass transfer rates. They restate the degradation of
aerodynamic performance of single compressor stages due to their off design
operation [21].
Potential benefits in terms of the compression process’ efficiency have been
identified by Eisfeld in [22].
Other recent thermodynamic investigations state that droplet evaporation
strongly depends on the diameter of the injected droplets and that it is a
main driver for cooling efficiency within the flow [15],[17],[8]. The result is
reduced compressor work and a higher efficiency.
Even though a substantial number of wet compression upgrades and retrofits
have been installed, the aerodynamic effects a droplet laden flow imposes
on the axial compressor are not fully understood. An investigation on the
aerodynamic behaviour of a compressor airfoil has been conducted by Eis-
feld and Joos [23]. The findings presented state that the effects of water
injection into a linear compressor cascade in terms of the loss coefficient are
beneficial in case of high blade loading and detrimental in case of low blade
loading.
Investigations that focus more on the operation map have been conducted
by Brun et al. [24]. They found in a thermodynamic analysis that wet
compression can result in a displacement of the operating point towards the
surge line.
The further development of computational fluid dynamics(CFD) applica-
tions and the increasing computing resources in recent years allows the
numerical investigation of increasingly complex models.
Sun et al. [25] investigated the 3D flow field of a compressor stage under
wet compression conditions using a commercial CFD code. They found a
stabilising effect for flow separations on the rotor blades suction surface.
Luo et al. [26] made an attempt to simulate the effects of water injection in
the near stall and choke condition. Their results show a dampening effect
with regard to flow separations that was most prevalent on the rotor blade’s
pressure side near choke condition.
In [27] Sun et al. used a 3D model of an entire gas turbine to calculate
the effects of water injection. They report that water injection leads to
an increased mass flow and power output as well as a higher compressor
efficiency. They could also identify an improvement for the flow separation
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behaviour on the first stage of the compressor.

1.2 Scope of this Work
The efforts of researchers in the field of wet compression in an axial compres-
sor have covered the thermodynamic effects thoroughly and the wet com-
pression process is well understood. The consequences for the operation of
gas turbines equipped with a water injection system have been investigated
and the possibility to augment the power output has been confirmed. How-
ever, the detailed aerodynamic effects on the compressor’s blades imposed
by the presence of liquid droplets in the compressor flow have not been fully
understood.
This knowledge is desirable to be able to match the blade geometry to fully
utilise the potential of wet compression. This knowledge is also beneficial
in an attempt to mitigate the negative effects of wet compression like the
overload of the late stages and the reduced surge margin as reported in [17].
Eisfeld [28, 22] has laid a solid, experimental foundation to increase the
knowledge in this field at the open loop wind tunnel that is located at the
Helmut Schmidt University of Hamburg. The wind tunnel is designed to
test compressor blade geometries in wet compression conditions. However
his research was restricted by the capabilities of the test rig that did not
allow the investigation of a wide range of operating points.
In order to further broaden the knowledge in this area, the test rig was
improved to allow the investigation of a wider range of operating points.
With the improvements, the test rig is capable to simulate the entire range
of stable incidence flow angles and inlet Mach numbers of Mamax,in = 1.2.
The scope of this work is to investigate the aerodynamic performance of
axial compressor blade geometries in wet compression conditions. In order
to achieve this, the geometry of an mid and outer cross section of an axial
compressor rotor blade was used to create a compressor cascade that simu-
lates a two dimensional flow. The resulting geometry was tested in a variety
of operating conditions. The variables were:

• Inlet Mach number: Ma = 0.71..0.89

• Water load: X = 0%...2.1%

• Incidence angles reflecting the entire range of incidence flow angles,
that result in a stable compressor flow
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The results deliver detailed information that can be used in the design of
blade geometries, that aim at the full utilisation of the potential of water
injection and inlet fogging. The results can also be used as a validation case
for numerical simulations.
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2 Experimental Setup
First systematic wind tunnel tests on compressor cascades were conducted
in the 50’s by the NACA [29]. Ever since, wind tunnel tests have been
an important source of information on the aerodynamic performance of
compressor blades as the optical accessibility provides the possibility to
utilise superior laser driven measurement equipment.

2.1 Infrastructure
All experiments were conducted at the Helmut Schmidt University in Ham-
burg, Germany. The Laboratory of Turbomachinery on campus possesses
an open loop wind tunnel.
The wind tunnel is operated through the continuous supply of compressed
air which is generated by two radial compressors with adjustable guide
vanes. The test rig can be operated with one active compressor, paral-
lel coupling of both compressors for high mass flow rates or serial coupling
for high pressure ratios. The maximal possible parameters are the flow rate
of V̇ max = 85000 m3

h for parallel coupling and a pressure ratio Πmax = 3.7
for serial coupling.
The compressed air is cooled down to an adjustable value just downstream
of the compressors and then fed into the settling chamber just upstream of
the wind tunnel. A bypass exists which leads directly to the off gas section.
The discharge ratio is adjusted by a butterfly valve. Another butterfly valve
is located in the off gas section. This configuration allows the operation of
the wind tunnel at the desired mass flow rate and pressure values indepen-
dently of the compressor’s performance map. Another advantage of this
setup is the possibility of continuous operation at stationary conditions.
The off-gas section consists of a diffusor, a water-separator-vessel and a
chimney. The flow is decelerated downstream of the test section by a diffu-
sor and led into the water separator which is equipped with sieve plates to
filter out the water droplets. The flow is discharged through the chimney
into the atmosphere further downstream.

2.2 Test Rig
An overview of the test rig is given in Figure 2.1. It comprises three major
components. The settling chamber is a cylindrical pressure vessel with a
diameter of 1.6m and built in sieve plates for flow equalisation. Thermo-
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Settling
chamber

Test section

Water separator
To off gas 
section

Main flow
direction

Acceleration
section

Diffusor

Figure 2.1: Test rig overview

couples and pressure probes are installed in the settling chamber to monitor
the total temperature and total pressure.
The acceleration section has a rectangular cross section of 100mm x 300mm
and is located at the outflow opening of the settling chamber. The mass flow
rate depends on the pressure inside the settling chamber and the properties
inside the test section.
The test section is equipped with a minimum of eight compressor blades in
a linear cascade configuration mounted between two circular windows made
of acrylic glass to account for optical accessibility.
An expansion step in the geometry prevents an influence of the wind tunnel
walls on the discharge flow angle. The position of the lowest blade is chosen
in a way that minimises the influence of the untreated boundary layer at the
bottom wall of the wind tunnel to a negligible level. This configuration has
been used by Ulrichs [30] and was again validated by Eisfeld [31]. Pressure
probes are mounted at the inlet and discharge plane of the cascade to mon-
itor the periodicity of the flow as depicted in Figure 2.2. Thermocouples
are mounted at the outlet, additionally. The ideal investigation of a flow
through a rotating machine in a linear cascade requires the development of
the investigated cross section into an infinite plane. As this is impossible,
the deviation from the ideal scenario has to be accounted for in the evalua-
tion of the test data. Recommendations are given in [32].
The restricted number of blades used in the linear cascade can lead to an
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Figure 2.2: Measurements taken in vicinity of test section

inhomogeneous incident flow, because the upper and lower blades may re-
ceive a misaligned incident flow. As the flow in the rotating machine can be
assumed to be identical for every blade passage, the aim is to have identical
flow conditions for every blade in the cascade. Due to this, the periodicity
of the incident flow has to be controlled. In this case this is achieved by the
measurement of the static pressure along the cascade.
The flow is likely to develop corner vortices on the suction side of the blades
at the side walls of the wind tunnel. This leads to a contraction of the free
flow area. This effect has to be evaluated and accounted for.
Moreover it is recommended by Hirsch in [32] that a minimum chord length
of 60 mm is used, as a greater scale increases the accuracy of measurement.
In the course of the experiments presented in this work, a chord length
of 50 mm is used, because the utilised measurement equipment allows for
good accuracy albeit. Additionally, a minimum of five blades is suggested
in order to improve the periodicity of the flow.

2.2.1 Angle of Incidence

The test rig is equipped with a mechanism that allows the variation of the
angle of incidence. The possible range of incidence angles is 20 degrees while
the design angle of incidence of the respective blade is chosen to be the center
position of the variation mechanism. The absolute position is displayed by
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(a) (b)

Figure 2.3: Incidence angle variation mechanism in neutral position (a) and
neutral position plus 5◦ (b)

a scale on the rotating part of the outer wall of the wind tunnel. The
accuracy of the adjusted angle is cross checked by the alignment of the laser
light source of the Phase Doppler Anemometer and a reference point on the
blade. The kinematics of the mechanism can be seen in Figure 2.3a and
2.3b.
A rotational movement of the right part of the outer wall is achieved by
a manual drive (not depicted). The rotation is translated by a bolt joint
into an axial movement of the upper and lower walls. The insularity of the
wind tunnel is maintained by the compensators. They consist of linear ball
bearings and a linear guide. The main upper and lower walls have cut-outs
that allow a part of the compensator to slide in. In that way the assembly
is able to adjust the length automatically depending on the axial position of
the main walls. Two additional bolt joints translate the axial movement of
the upper and lower wall into a rotation of the acrylic glass windows. The
center of rotation is the leading edge of the analyzed blade.

2.2.2 Boundary Layer Injection

In accordance with the recommendations in [32] the test facility is equipped
with a wall boundary layer treatment system to minimise the effect of free
flow contraction as reported in [28]. Various systems have been tested in
the past. The most common system uses a boundary layer suction system
that reduces the boundary layer thickness by an opening in the side walls
upstream of the cascade where an underpressure is applied. The underpres-
sure directs the flow close to the side walls into the openings. The result
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Figure 2.4: Boundary layer injection system: nozzle configuration

is a reduced boundary layer thickness and therefore a reduced influence on
the 2D flow.
Another configuration that aims at the same goal works with a similar con-
figuration but with an overpressure that is applied at the side wall openings.
The side walls of the wind tunnel used in this investigation have a slit nozzle
each that are formed to inject air into the wall boundary layer and refill the
velocity profile. The nozzles are supplied with pressurised air via a plenum
chamber as depicted in the nozzle configuration in Figure 2.4.
The nozzles inject the air tangentially thereby utilising the coanda effect

that fosters the attachment of the flow to the nozzle wall resulting in a well
aligned flow in the direction of the primary flow. The configuration consists
of an additional line of pressurized air that bypasses the settling chamber, a
butterfly valve and the nozzles. The configuration can be seen in Fig. 2.6b.
Depending on the compressor blade’s profile and the angle of incidence, the
flow rate through the cascade V̇ casc, which is dependent on the pressure in
the settling chamber psc, has to be adjusted. In order to achieve an even
span wise velocity profile for all operation points (flow rates), the individual
adjustment of the pressure in the injection system pis and in the settling
chamber is necessary. This is realised by the bypass configuration. The
maximum possible pressure in the injection system and the settling cham-
ber is the compressor’s discharge pressure (neglecting the pressure loss in
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(a) (b)

Figure 2.5: Measured inlet velocity profile without (a) and with (b) injection
as reported in [28]

the piping).
During operation, pis is usually the compressor discharge pressure and psc
in the range of 20% to 40% of that value which results in a mass flow rate of
about 15% of the total mass flow rate. The effectiveness of this system can
be assessed via the velocity profiles at the cascades inlet plenum as shown
in Figure 2.5a and Figure 2.5b. The spanwise velocity profiles illustrate the
boundary layer by a low velocity regime close to the side walls in case of a
non operating boundary layer injection system (Figure 2.5a) and with op-
erating boundary layer injection system (2.5b). The velocity profile clearly
shows a significantly reduced area of low kinetic energy fluid which tends
to produce flow separations. The boundary layer is reenergised. [33]

2.2.3 Water Injection

The water that is used during the experiments is supplied by the labora-
tory’s decalcification equipment which also supplies water to the labora-
tory’s steam generator. The decalcified water is fed into a reverse osmosis
rig that desalinates the water.
The reverse osmosis rig is capable of delivering V̇w, desal, max = 1m3/h at
a conductivity of 3...4 µS. The desalinated water is then passed through
a set of filters that reduces the water conductivity to < 2 µS. The outlet
of the filter is connected to the storage tank that has a storage volume of
2m3. A conventional low pressure pump feeds the demineralised water to
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(a) (b)

Figure 2.6: View into the settling chamber (a). Schematic of test rig con-
figuration (b).

the high pressure pump that increases the water pressure to operating con-
ditions of the nozzle manifold of pw = 200 bar. The manifold is a set of
pipes equipped with nozzles that form a uniformly distributed grid. In the
course of the experiments, the manifold was equipped with either 10 or 15
nozzles.
The nozzles were PJ10 pin jet type nozzles manufactured by BETE. The
spray characteristics produced by a PJ10 nozzle according to the manufac-
turer are given in Table 2.1. The nozzle manifold is positioned centrally
in the settling chamber facing the entrance of the cascade. A view into
the settling chamber from a downstream position (close to the test section)
showing the nozzle manifold can be found in Fig. 2.6a.
The result is a uniform water loading at the cascade entrance with a low
initial velocity of <2 m

s . Since the water injection is located s > 2 m up-
stream of the test section, a homogeneous water distribution is assumed for
the blades in the middle of the cascade. A typical droplet size distribution
at the cascade’s inlet plane can be found in Fig. 2.8.
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Figure 2.7: Pin jet nozzle bete PJ10

Table 2.1: Spray properties produced
by PJ10 nozzle at 200bar

Property Value
d10 5.8 µm
d32 20 µm
dv,0,1 12 µm
dv,0.5 27 µm
dv,0.9 43 µm
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Figure 2.8: Measured droplet size distribution at cascade inlet; total number
of droplets per node: 10000

2.2.4 Cascade Properties

Several authors have presented the theory of axial compressors in great
depth. Among these are Traupel in [34] and [35], Oertel in [36] and Aungier
in [37]. For this reason only a short overview over the basic principles of an
axial compressor will be given.
A single stage af an axial compressor is described by velocity plans as de-
picted in Figure 2.9. In this, c describes the fluid velocity in a fixed co-
ordinate frame, w is the fluid velocity in the coordinate frame that moves
according to the blade and ωr is the circumferential velocity as seen from
a polar surface view, while r is the distance from the center of rotation to
the respective surface. Plane 1 denotes the rotor entry plane and plane 2
is located between rotor and stator. The rotor rotates at a constant speed
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Figure 2.9: Axial compressor velocity plan

ωr. The total enthalpy rise for the flow through a rotor blade is given by
Euler’s turbine equation with u = ωr.

∆H = u(c2,c − c1,c) = Lu (2.1)

Lu is the stage work. The static enthalpy h is related to the total enthalpy
H by:

H = h+ 1
2c

2 (2.2)

The enthalpy change for the stator and the rotor are defined as:

rotor ∆h′′ = h2 − h1 = 1
2(w2

1 − w2
2), (2.3)

stator ∆h′ = h3 − h2 = 1
2(c21 − c22). (2.4)

The enthalpy difference over the entire stage is the sum of both terms ∆h =
∆h′ + ∆h′′. With the respective isentropic change of state over the entire
stage ∆hs, the stage efficiency (neglecting the exit losses) becomes:

ηu =
∆hs + c2

2−c
2
1

2
Lu

(2.5)
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In order to compare different compressor designs, the definitions of dimen-
sionless numbers is helpful. The most common are the stage work coefficient,
stage flow coefficient and the stage reaction.

ψ = ∆hs
u2 , φ = cm

u
, rk = ∆h′′s

∆h′s + ∆h′′s
(2.6)

In the case of a two dimensional flow, as in the investigations in this work,
the flow can be described by a set of properties that are independent of the
span wise flow direction. The governing properties are:

• Inlet velocity w1(y) = const.

• Inlet flow angle β1

• Discharge velocity w2(y)

• Discharge flow angle β2

• Wake momentum thickness δ2.

The coordinate system is chosen to be aligned with the incident flow as de-
picted in Figure 2.10 along with the above mentioned flow properties. The
values for w1(y) and w2(y) are recorded by a 2D Laser Doppler Anemometer.
This laser-based, non-intrusive measurement technique will be discussed in
chapter 2.2. The wake momentum thickness δ2 is determined in analogy
to the boundary layer with the threshold w2(y) < 0.99w̄2 as discussed in
chapter 3.1.1.
In the course of the experiments, two blade profiles are investigated. The
blade design of the blades is based on the work of Grein and Schmidt [38],
who have utilised the inverse design tool ISGAV-R to design the blade pro-
files. This design has been utilised in the first row of rotating blades of an
experimental axial compressor with the design parameters as summarised
in Table 2.2. The maximum design Ma number in the high speed regime
on the suction side of the first row of rotating blades Mamax = 1.07, the
accompanying magnitude of Reynolds number Re = 10 · 105 as well as the
high rotational speed show the relevance of this design for industrial appli-
cation.
The cascade is equipped with eight blades in the case of the middle cross
section and nine blades in the case of the outer cross section.
This work aims at the evaluation of a series of aerodynamic and perfor-

mance parameters of the linear cascade in connection with water injection.
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Table 2.2: Compressor design parameters

Property Value
Pressure ratio 2.03
Pressure ratio 1st stage 1.3
Mass flow rate 13.4 kg

s
Rotational speed 17000 1/min
Circumferential speed 345 m

s
Outer diameter 387 mm

Table 2.3: Geometrical data of the tested blade profiles

Property Middle cross section Outer cross section
number of blades 9 8
design deflection 13.9◦ 6◦
design inlet Ma number 0.77 0.89
design DeHaller number 0.76 0.74
chord length c 50mm 50mm
blade aspect ratio h/s 2 2
solidity c/s 0.76 0.76

These dimensionless parameters are necessary for the comparison between
different test cases or as a reference for numerical investigations. In the case
of a geometry that resembles the aerodynamics of an axial compressor, the
relevant dimensionless numbers are:

• DeHaller number Ha = w2/w1,

• Loss coefficient ω,

• Deflection angle ∆β = β1 − β2,

• Axial Velocidity Density Ratio AVDR.

For the evaluation of the performance parameters the flow has to be analysed
along the entire blade pitch. In good approximation the inlet flow properties
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Figure 2.10: Traverse nomenclature

are independent from the relative position to the blade. The values are
therefore simply averaged over the distance from blade to blade.

w̄1 = 1
s

∫ y+s

y

w1(y)dy (2.7)

β̄1 = 1
s

∫ y+s

y

β1(y)dy (2.8)

In this, s is the cascade pitch.
In contrast to the inlet flow is the discharge flow influenced by the wake
of the blade which causes an inhomogeneity in the flow that has to be
accounted for. Scholz [39] introduced an averaging method for this. The
mean discharge velocity is determined by:

w̄2
2 =

√
w̄2
2,m + w̄2

2,c (2.9)

=
(

1
s

∫ y+s

y

w2(y) sin(β2(y))dy
)2

+
(∫ y+s

y
w2
2(y) sin(β2(y)) cos(β2(y))dy∫ y+s
y

w2(y) sin(β2(y))dy

)2

.
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The mean discharge flow angle is obtained by:

cot β̄2 =
1
s

∫ y+s
y

w2
2(y) sin(β2(y)) cos(β2(y))dy(

1
s

∫ y+s
y

w2(y) sin(β2(y))dy
)2 . (2.10)

With this, the DeHaller number and the deflection angle can be obtained
directly.
The loss coefficient ω is traditionally defined as the total pressure loss coef-
ficient and was introduced by Lieblein [40] and can be found in more recent
literature as well (e.g. in [41]). In the experiments conducted here, the total
pressure could not be reliably measured due to the water droplet laden flow.
The liquid droplets in the flow prevent a reliable measurement with suitable
probes as they would block the probe openings.
A correlation of the loss coefficient and the wake momentum thickness was
presented by Aungier [37]. The correlation is given by:

ω = 2δ2σ
cos β̄2c

(
w̄2

w̄1

)2
. (2.11)

The comparability with total pressure based loss coefficients is not given
as discussed by Ulrichs [30]. A relative evaluation, that uses a reference
measurement, in the setup used here, is nevertheless possible.
The axial velocity density ratio AVDR describes the stream tube contrac-
tion from the cascade’s inlet to the discharge plane. It is given by:

AVDR = A1

A2
= ρ2
ρ1

sin β̄2
sin β̄1

. (2.12)

The contraction may have different sources. The design of the flow chan-
nel between the blades and the side walls determines the constructional
boundary conditions for this value. The higher the contraction of the flow
channel towards the blade row discharge plane, the higher the AVDR. This
aspect of the AVDR, which is not influenced by changing flow properties
is combined with aspects that are influenced by the flow properties in the
evaluation of the AVDR.
An important aspect of the AVDR that is influenced by the flow proper-
ties is the growing wall boundary layer from inlet to discharge plane. An
increased boundary layer thickness at the discharge plane reduces the area
of free flow, thus increasing the AVDR.



22 2 Experimental Setup

Another aspect of influence stems from the development of vortices due to
misaligned incidence flows or flow separations. These phenomena tend to
block parts of the flow channel, similar to the effect caused by the boundary
layer, resulting in an increased value for the AVDR.
Schreiber [42] reports that an increase of the AVDR results in an increase
of the deflection angle for transonic and supersonic flows. The AVDR also
has an influence on the blade loading and the loss coefficient as reported by
Köller [43]. According to him, a decreasing AVDR leads to a higher loss
coefficient due to the higher blade loading for high incidence angles which
decreases the range of incidence angles that result in a stable compressor
flow.
The influence of the AVDR has to be accounted for in the evaluation of the
flow parameters. A more elaborate discussion of the governing mechanisms
can be found in [44].
The evaluation of the AVDR demands the knowledge of the fluid density as
well as the inlet and discharge flow angles. The flow angles can be obtained
by the use of Equations 2.8 and 2.10. The determination of the flow density
is a challenge in a two phase flow due to the uncertainty of temperature
measurements in this type of flow.
Eisfeld [22] proposed a substitution for the fluid density utilising the knowl-
edge of the total temperature, velocity and loss coefficient. The ratio of the
temperatures is obtained by:

T2
T1

=

Ttot − w̄2
2

2cp

Ttot −
w̄2
1

2cp

 (2.13)

The ratio of the total pressure at the inlet and discharge plane is given by:

ptot, 2
ptot, 1

=
[

1−
(

1− w̄2
1

2cpTtot

) κ
κ−1
]
ω + 1 (2.14)

Equations 2.13 and 2.14 can be used for substitution in the calculation of
the AVDR.

AVDR =
(

sin β̄2
sin β̄1

w̄2

w̄1

)(
T2
T1

) 1
κ−1

(
ptot, 2
ptot, 1

)
(2.15)



3 Basic Principles
The experiments conducted for this work were designed to investigate the
effects of a two phase flow in a compressor cascade. In the following, the
principles of this type of flow are discussed.

3.1 Principles of Two-Phase-Flow
A two phase flow is only one example of multiphase flows. Crowe et al. argue
in [45] that the overarching term for this kind of flows is the multicompo-
nent multiphase flow. A component is a chemical species such as oxygen or
nitrogen. A dry airflow is consequently to be treated as a multicomponent
flow. In practice this is realized by using the physical properties that rep-
resent the mixture of the single components. The term phase refers to the
condition of aggregation of the component. These conditions of aggregation
can be gaseous, liquid or solid. The water droplet laden flow investigated in
this work consists of a multicomponent gaseous phase and a liquid dispersed
single component phase. It is therefore referred to as a gas-droplet flow.

3.1.1 Continuous Phase

Under the assumption of an adiabatic test rig and constant fluid properties,
the behavior of the continuous phase can be described by the Navier-Stokes-
equations in vectorial form. The Navier-Stokes equations are presented in
numerous publications in great depth, e.g. [46]. The equation of continuity
is given by:

Dρ
Dt + ρ

[
∂u

∂x
+ ∂v

∂y
+ ∂w

∂z

]
= 0. (3.1)

The equations for momentum in all three directions are:

x-direction ρ
Du
Dt = fx −

∂p

∂x
+
(
∂τxx
∂x

+ ∂τyx
∂y

+ ∂τzx
∂z

)
, (3.2)

y-direction ρ
Dv
Dt = fy −

∂p

∂y
+
(
∂τxy
∂x

+ ∂τyy
∂y

+ ∂τzy
∂z

)
, (3.3)

z-direction ρ
Dw
Dt = fz −

∂p

∂z
+
(
∂τxz
∂x

+ ∂τyz
∂y

+ ∂τzz
∂z

)
. (3.4)
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and the energy equation is given by:

ρ
DH
Dt = −

(
∂qx
∂x

+ ∂qy
∂y

+ ∂qz
∂z

)
+ U2

cp∆T

[
(ufx + vfy + wfz) + ∂

p
∂t+D

]
. (3.5)

In this D is the dissipation, given by:

D = ∂

∂x
[uτxx + vτyx + wτzx] + ∂

∂y
[uτxy + vτyy + wτzy]

+ ∂

∂z
[uτxz + vτyz + wτzz]. (3.6)

Gravity is neglected in this set of equations as the kinetic energy exceeds
the potential energy by far due to the high velocities in the investigated
flow.
The velocity of the turbulent flow can be defined as the sum of the regular
main velocity and the fluctuating, random part. This is formulated for the
x-direction as:

u = ū(x, y, z, t) + u′(x, y, z, t) (3.7)

and in an analogue manner for the y-direction and the z-direction. The
turbulence of a flow can then be determined by:

Tu =

√
1
3 (ū′2 + v̄′2 + w̄′2)

u∞
(3.8)

In the case of a (quasi-) two-dimensional flow Equation 3.8 can be rewritten
as:

Tu =

√
1
2 (ū′2 + v̄′2)
u∞

. (3.9)

The no-slip-condition at the blade surface demands that the velocity of the
flow perpendicular to the blade surface is vy=0 = 0. The velocity difference
towards the free flow is overcome by a boundary layer. The development
of this is determined by intermolecular friction. In the case of an airfoil
shaped body, in contrast to a flat plate, the pressure is a function of the



3.1 Principles of Two-Phase-Flow 25

position p = f(x). The equations that describe the boundary layer are
a special case of the Navier-Stokes-equations and are often referred to as
Prandtl’s boundary layer equations for compressible fluids. These equations
have been formulated in numerous publications (e.g. [47]).

∂(ρu)
∂x

+ ∂(ρv)
∂y

= 0 (3.10)

ρ

(
u
∂u

∂x
+ v

∂u

∂y

)
= −∂p

∂x
+ ∂

∂y

(
η
∂u

∂y

)
(3.11)

ρcp

(
u
∂T

∂x
+ v

∂T

∂y

)
= u

∂ρ

∂x
+ ∂

∂y

(
λ
∂T

∂y

)
+ η

(
∂u

∂y

)2
(3.12)

The pressure inside the boundary layer is independent from the distance
normal to the surface. The pressure gradient is exerted upon the boundary
layer by the free flow. It is given by:

∂p

∂x
= −ρ∞u∞

∂u∞
∂x

= ρ∞cp
∂T∞
∂x

. (3.13)

For the evaluation of the aerodynamic behavior of an airfoil or blade geom-
etry, the knowledge of the boundary layer properties is mandatory. These
properties are given:

displacement thickness: δ1 =
δ∫

0

(
1− ρ

ρ∞

u

u∞

)
dy ,(3.14)

momentum loss thickness: δ2 =
δ∫

0

ρ

ρ∞

u

u∞

(
1− u

u∞

)
dy, (3.15)

energy loss thickness: δ3 =
δ∫

0

ρ

ρ∞

u

u∞

[
1−

(
u

u∞

)2
]
dy. (3.16)

The displacement thickness describes the distance of displacement of the free
flow from the surface of the body due to the boundary layer. The momentum
loss thickness includes the mass flow in the evaluation and delivers therefore
information, as the name implies, the loss of momentum in the flow due
to the boundary layer. The kinetic energy loss is defined by additionally
including the information about the velocity distribution, which converts
the momentum equation into the equation for kinetic energy.
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3.1.2 Gas Dynamics

The test configuration used in this work leads to local velocities that exceed
the speed of sound. The development of shock waves and their effect on the
flow field has to be discussed, consequently. A shock wave can be normal
to the main flow direction. At an angle different from 90◦ in which case it
is referred to as oblique, or a bow shock which develops at the leading edge
of the blade at sufficiently high incident velocities.
Pressure disturbances travel at a characteristic speed through the flow field
which is defined by (e.g. [37]):

a2 =
(
∂p

∂ρ

)
s

. (3.17)

For perfect gases this can be rewritten as a =
√
κRT . In this κ is the ratio

of specific heats κ = cp/cv. From this it is easily visible that the speed of
sound increases with an increase in temperature.
If a series of pressure waves travels through a fluid, the first one will increase
the pressure and consequently the temperature of the fluid which results in a
higher speed of the subsequent waves. The following waves will consequently
catch up to the first wave. As this holds true for every subsequent wave
the marginal pressure increase of one single wave builds up to a shock front
with a substantial pressure increase over a few free lengths of path of the
molecules.
The change of state over a shock wave is irreversible. In the case of a strong
normal shock wave, the velocity is reduced from Ma > 1 to Ma < 1. The
governing equations to describe the change of state as a function of the
incident Ma number have been given by many authors (e.g. [48]).

p̂

p
= 1 + 2κ

κ+ 1
(
Ma2 − 1

)
(3.18)

T̂

T
=

[
1 + 2κ

κ+ 1
(
Ma2 − 1

)] [
1− 2

κ+ 1

(
1− 1

Ma2

)]
(3.19)

ĉ

c
= 1− 2

κ+ 1

(
1− 1

Ma2

)
(3.20)

These equations represent the special case of a perpendicular orientation of
the shock to the main flow direction. In many applications a shock will be
induced by the geometry of a body in the flow which is likely to provoke
an oblique shock. The relevant property of the incident flow is then the
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incident Ma number normal to the shock. When the angle between incident
flow and the shock is denoted by σ, the incident Ma number normal to
the shock is Ma⊥ = Ma sin σ. The change in incident Ma number normal
to the shock causes a change in flow direction as the velocity component
parallel to the shock remains unchanged. The change in flow direction is
denoted by Θ and can be correlated to the shock angle σ.

cot Θ = tan σ
( κ+1

2 Ma2

Ma2 sin2 σ − 1
− 1
)

(3.21)

In the case of an inter-blade flow in a transonic compressor cascade a shock
wave develops due to the blade geometry that induce transonic velocities.
The configuration in Figure 3.1 shows that the shock is in direct contact
to the boundary layer. As the shock is an abrupt deceleration of the flow
and consequently a pressure increase this means an increase in stress for
the boundary layer as discussed in the previous chapter. The boundary

x

y

Ma > 1
Ma < 1

shock

incident flow

discharge flow

boundary layer

Figure 3.1: Transonic flow conditions: interblade shock configuration

layer shock interaction that springs from this configuration can have differ-
ent consequences according to [47]. The presence of the shock can induce
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the transition to a turbulent boundary layer and can also induce a flow
separation. The key finding presented is, that a shock can fundamentally
change the boundary layer properties. A detailed discussion of the influence
the shock exerts on the boundary layer and the effects on the turbulence
structures can be found in [49].

3.1.3 Dispersed Phase

The influence of the dispersed phase on the speed of sound can be assessed
in two different ways. One way is to calculate the effective thermodynamic
properties of the mixture of the fluids. This has been proposed by Brennen
[50].

ah = aa

√√√√ 1 + χ
cd
cp,c

1 + χ
cd
cp,c (1 + χ)

(3.22)

Under the assumption that the relative velocity between the continuous
phase and the dispersed phase is negligible and the droplets are distributed
homogeneously, the speed of sound can be defined analogously to a single
phase flow. Oertel develops in [36]:

ah =

√(
∂p

∂ρ

)
s

=
[
ρ2
h

(
1

ρ2
da

2
d

+ χ

(
1

ρ2
aa

2
a
− 1
ρ2
da

2
d

)
−
(
∂χ

∂p

)
s

(
1
ρa
− 1
ρd

))]−0.5
. (3.23)

The development of this equation demands the absence of material transport
from one phase to the other and the change of state is isentropic.
In the case of water droplets in a dry air flow further assumptions can be
made. The speed of sound in water and the density is much higher than in
the homogeneous phase. With this Equation 3.23 can be rewritten:

ah = aa
1 + ρa

ρd
X

√
1 +X

. (3.24)

The assumptions made above are quite substantial and they only hold en-
tirely true for very fine sprays in flows that are not or very mildly acceler-
ated.
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The evaluation of both equations yields similar results. A significant change
in the speed of sound is not induced by water loads in the range of 0%...2.1%.
The resulting change in the speed of sound has been calculated to be < 1%.

3.2 Droplet Behavior
The droplet behaviour comprises three aspects. The droplet movement is
determined by the forces acting upon it causing an acceleration. The acting
forces also cause the second aspect of droplet behavior, deformation and
eventually breakup of the droplet. The underlying mechanisms for droplet
breakup will be discussed. A droplet that impacts on a solid object will
interact with the surface. The modes of interaction and the consequences
of an impact are the third aspect and will be described as well.

3.2.1 Droplet Movement

The dry air flow in a compressor cascade is subject to velocity gradients.
The flow is accelerated upon entering the cascade reaching the maximum
velocity in the high speed regime close to the suction side of the blade and
is then decelerated towards the discharge plane.
Droplets that represent the dispersed phase in a two phase flow will be
subject to relative velocities as their inertia leads to a lower acceleration.
The movement of a given droplet will be determined ultimately by the
sum of the forces that act upon it. This is formulated by the momentum
equation.

m
du

dt
=

∑
i

Fi (3.25)

In a uniform pressure field with a constant relative velocity between the
droplet and the carrier gas, the drag force that acts upon the droplet is
given by:

FD = 1
2ρcCD

π

4 d
2urel |urel| . (3.26)

Herein CD is the drag coefficient that is dependent on the shape and ori-
entation to the flow as well as the flow parameters such as Mach number
and Reynolds number. The relative velocity between the continuous phase
and the dispersed phase is denoted by urel. The equation of motion for a
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droplets given in [45]:

m
dv

dt
= 3πηcDurelf +mg. (3.27)

The acceleration due to gravity is denoted by g. The drag factor f is a
function of the Reynolds number and the drag coefficient.

f = CDRerel
24 (3.28)

The relative velocity demands the definition of a relative Reynolds number
for the dispersed phase. It is given by:

Rerel = ρcd |urel|
ηc

. (3.29)

The response time for a droplet to changes in velocity is given in [45].

τv = ρdd
2

18ηc
(3.30)

In this ηc is the viscosity of the continuous phase. With this Equation 3.27
can be reformulated:

dv

dt
= f

τv
urel + g. (3.31)

The following correlations for the drag factor f have been formulated under
the assumption of a spherical droplet.

f =

1 +
Re

2
3
rel
6 for Rerel < 1000

0.0183Rerel for 1000 ≤ Rerel < 3x105
(3.32)

This set of equations allows a description of the droplet movement in a
homogeneous flow field. In the case of a inhomogeneous flow field additional
forces have to be accounted for. The combination of these forces is known
in literature as the Basset-Boussinesq-Oseen equation (BBO equation). A
discussion of the terms of the BBO equation is given in the following.
The Faxen force accounts for the inhomogeneity of the flow. The correlation
for the three dimensional case is given by:

FFaxen = ηcπ
d3

8 ∇
2u. (3.33)



3.2 Droplet Behavior 31

In this, u is the flow velocity. This force reduces to zero for a homogeneous
flow field as the velocity gradients disappear. Additional forces act upon
the droplet due to pressure gradients. Under the assumption of a constant
pressure over the particle volume Vd the force can be expressed by:

Fp = Vd∇p. (3.34)

This force acts in the direction of the pressure gradient. If this force con-
tributes significantly to the motion of the droplet can be estimated accord-
ing to [45]. The pressure gradient in the continuous phase has the same
magnitude as the flow acceleration. This is expressed by:

dp

dx
∼ ρc

duc
dt

. (3.35)

The ratio of the pressure force to the force that is needed to accelerate a
droplet is then:

Vd
dp
dx

m
dud
dt

∼ ρc
ρd

duc
dt
dud
dt

. (3.36)

Under the assumption that the acceleration of the continuous and the dis-
persed phase are of the same order, and the ratio of the densities of the
dispersed phase and the continuous phase is in the order of 103, the pres-
sure force becomes negligible.
If relative acceleration of a droplet to the continuous phase takes place,
other forces have to be accounted for as well.
The virtual mass force describes the force that is required to accelerate the
fluid that is surrounding the droplet. The name of this force stems from the
analogy to adding a virtual mass to the droplet which would result in the
same correlation.

Fvm = ρcVd
2

durel
dt

(3.37)

The Basset force accounts for the delay in development of the boundary layer
with changing relative velocity. It is sometimes referred to as the "history"
term, because it depends on the acceleration history of the droplet. It is
given by:

FBasset = 3
2d

2√πρcηc
∫ 0

t

durel
dt√
t− t′

dt′. (3.38)
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The importance of the Basset force and the virtual mass force can be de-
termined by the evaluation of a combination of properties of the two phases
and the flow. Crowe et al. report in a summary of the results obtained by
Hjemfelt and Mockros (1966) in [45] that both forces become insignificant
for ρc/ρd ∼ 10−3 if (ηc/ρcωd2)0.5 > 6. In this ω is the frequency of the
oscillating flow. Following the discussion in [31] these forces become only
significant if a droplet travels through a shock wave which can only be the
case for a negligible span of time.
Yet other forces have to be accounted for that are not represented in the
BBO equation. The Saffmann force is induced by a velocity gradient over
the droplet. The velocity gradient leads to a rotation of the droplet which
results in a pressure distribution over the droplet. This ultimately leads to
a lift force due to a pressure difference between two sides of the droplet. It
was formulated by Saffmann and is given by:

FSaffmann = 1.61ηcd |urel|
√
Res. (3.39)

The shear Reynolds number is based on the velocity difference between two
opposite sides of the droplet.

Res = d2du

vcdy
(3.40)

Rotational movement of a droplet can also be due to collision with other
droplets or rebound from solid surfaces. This results in the Magnus force.
The correlation was derived by Rubinow and Keller and has been extended
to account for flow rotation effects in [45]:

FMagnus = π

8 d
3ρc

[(
1
2∇× u− ωd

)
× urel

]
. (3.41)

3.2.2 Droplet Deformation and Droplet Breakup

The compressor flow is characterized by large velocity gradients in all three
dimensions. In the case of the two dimensional flow in the linear cascade the
gradients are limited to the main (axial) flow direction and the meridional
direction. Large gradients exist at the stagnation point at the leading edge
of the blade, in the high velocity regime on the suction side and in the
deceleration zone in the inter-blade flow. This leads to a relative velocity
between the dispersed and continuous phase as the water droplet, due to its
inertia, has a limited ability to follow these gradients. The droplet size is the
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main factor of influence in this context. As there is, in real sprays, always a
droplet distribution present in the incident flow rather than a single droplet
size, an average value for the droplet size will be used in the following to
illustrate the behavior of all present droplets.
A number of different values are commonly used in this sort of setting,
depending on the application. A comprehensive overview of this and other
droplet atomisation topics is given by Wozniak in [51].

• d10 is the arithmetic mean value: d10 = Σdd
nd

• d32 or SMD is the Sauter Mean Diameter: d32 = Σdv
Σds

• dv10 indicates that 10% of the total liquid volume is distributed in
droplets smaller than this value.

• dv50 indicates that 50% of the total liquid volume is distributed in
droplets smaller than this value. This value is also called MMD or
mass median diameter.

• dv90 indicates that 90% of the total liquid volume is distributed in
droplets smaller than this value.

The arithmetic mean value is calculated as the ratio of the sum of all droplets
in the specific control volume and the number of droplets. The SMD is the
ratio of the sum of all droplet’s volume and all droplet’s surface.
The above mentioned relative velocity results in aerodynamic stress for the
single droplet and can be described by the Weber number We:

Wedis = urelddρda
σd

. (3.42)

In this urel is the relative velocity between the droplet and the surrounding
flow, dd is the droplets diameter, ρda is the density of the dry air and σd
the surface tension of the liquid water droplet in air. The Weber number
represents the ratio of the aerodynamic stress on the droplet and the surface
tension.
Another dimensionless number is the Ohnsorge number which contains the
relevant fluid characteristics of the droplet and can also be expressed in
terms of the Weber number and Reynolds number.

Oh = ηd√
ρdddσ

=
√
We

Re
(3.43)
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Herein is η the droplet’s dynamic viscosity.
The Ohnesorge number and the Weber number have been used by Pilch and
Erdmann to formulate the deformation and breakup time for the droplet.
They used a dimensionless time in the form of:

τ = turel
d0

√
ρd
ρda

. (3.44)

The deformation time can be found by using:

τd = 1.9(Wedis − 12)−0.25(1 + (2.2Oh)1.6). (3.45)

The appliccability for the droplet breakup time is determined by the Weber
number:

τdis = 6(Wedis − 12)−0.25 for 12 < Wedis ≤ 18 (3.46)
τdis = 2.45(Wedis − 12)−0.25 for 18 < Wedis ≤ 45 (3.47)
τdis = 14.1(Wedis − 12)−0.25 for 45 < Wedis ≤ 351 (3.48)
τdis = 0.77(Wedis − 12)−0.25 for 351 < Wedis ≤ 2670 (3.49)

Aerodynamic stress, characterized by the Weber number, leads to a defor-
mation of the droplet. For small Weber numbers this is a reversible process.
A critical value Wediss, crit = 12 has been stated by Schmelz in [52]. For
values around the critical Weber number, the droplet approaches its max-
imum diameter dmax. Above Wedis, crit = 12 droplet break up is initiated.

d0 dmax
Fdef

Figure 3.2: Droplet deformation process

Schmelz also investigated the progress of droplet break up. Different break
up modi exist and the occurrence is determined by the Weber number. A
summary is given in Figure 3.3
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FLOW
VIBRATIONAL BREAKUP  We 12≤

FLOW
BAG BREAKUP 12  We  50≤ ≤

FLOWBAG-AND-STAMEN BREAKUP 

50  We  100≤ ≤

FLOW
SHEET STRIPPING 100  We  350≤ ≤

FLOWWAVE CREST STRIPPING 

We  350≤

FLOWCATASTROPHIC BREAKUP 

We  350≤

Figure 3.3: Breakup mechanisms as determined by We number

• For We ≈ 12 an oscillating deformation of the droplet takes place.
The oscillations that develop at the natural frequency of the droplet
can overcome the surface tension and the droplet disintegrates into a
small number of relatively large secondary droplets. This phenomenon
is referred to as vibrational break up.

• For Weber numbers 12 < Wedis ≤ 50 bag breakup occurs. This
phenomenon is analogous to the bursting of a soap bubble that is
produced from a circular ring. The droplet is deformed and most of
the water is concentrated in a torus. In the center a thin film in the
form of a bag develops which quickly disintegrates due to aerodynamic
forces. The remaining torus then splits into a low number of relatively
large secondary droplets.

• Weber numbers of 50 < Wedis ≤ 100 lead to a faster deformation of
the droplet. This shortens the time period in which the water can
travel to the outer zone to form a torus. The result is a mixed mode
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disintegration where a central stamen of water exists in addition to the
torus and bag. This stamen is formed along the droplet axis parallel
to the approaching flow. After the breakup of the bag, the stamen
and torus disintegrate into a low number of relatively large secondary
droplets.

• Sheet stripping is initiated for 100 < Wedis ≤ 350. Water, in the form
of small droplets, is constantly transported from the droplet’s edge,
reducing it’s size. This is fostered by aerodynamic forces that deform
the droplet’s edge.

• Wave crest stripping is initiated for Wedis < 350 by small-wavelength
and large amplitude waves that are formed at the windward facing side
of the droplet. The wave crests propagate along the surface and are
constantly eroded by the action of the flow field. Catastrophic breakup
is triggered by long-wavelength and large-amplitude waves that pen-
etrate the droplet. The droplet disintegrates into several fragments.
These fragments undergo wave crest stripping as the Weber number
for the fragments is still sufficiently high.

3.2.3 Droplet Wall Interaction

The interaction of a droplet with a solid wall plays a key role in many tech-
nical applications like ink jet printing, fuel injection in internal combustion
engines or spray cooling.
First systematic investigations have been conducted as early as 1908 by
Worthington [53]. Over 100 years of research in this field has broadened
the knowledge and today the complexity of the accompanying phenomena
is illustrated by the identified number of influencing parameters. The out-
come of each droplet wall interaction is determined by the velocity, impact
angle, temperature, fluid properties, ambient pressure and temperature as
well as the surface properties. A more elaborate overview of the influencing
parameters is given in Yarin [54].
In the context of a linear compressor cascade, droplet wall interaction pri-
marily takes place on the blade surface. The curvature of the blade leads to
a broad range of impact angles and consequently to a broad range of impact
normal velocities. A set of dimensionless numbers is necessary to describe
the impact scenario as presented in various publications (e.g. [54]).

Weimp = ρdddu
2
d

σ
, Reimp = ρdddud

ηd
, Oh = ηd√

ρdσd
= We

1/2
di

Redi
(3.50)
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The droplet density is denoted by ρ, the droplet viscosity by η and σ is the
surface tension. The droplet diameter is represented by d and the velocity
by u. The Weber number describes the ratio of the inertial force to surface
force. The Reynolds number represents the ratio of the inertial forces to
the shear forces.
Rioboo et al. [55] investigated the droplet impact on a dry surface. The
influencing parameters were systematically varied. In the first phase of
droplet impact, referred to as the kinematic phase, the amount of water
that is driven into a lamella and away from the impact zone shows a scaling
behavior that only depends on impact velocity and droplet size. According
to Yarin [54], six different outcomes of a droplet impact on a dry surface
are to be distinguished.

• In the case of deposition, the droplet stays on the surface and spreads
to a maximum, driven by inertial forces. Surface tension causes the
final diameter of the resulting lamella to be smaller than the maximum
diameter. This is determined by the Weber and Ohnesorge number.

• Rougher surfaces and higher impact velocities cause a prompt splash
of the droplet. As in the case of deposition, a lamella spreads on the
surface. In addition to that, small secondary droplets emerge from
the spreading lamella of the droplet.

• Lower surface tensions lead to corona splash. The lamella detaches
from the surface and takes the shape of a crown. Small droplets
detach from the pointed edges of the crown.

• Receding breakup is characteristic for non-wettable surfaces. As in
the deposition scenario, is the lamella shrinking after reaching the
maximum size. During the shrinking process it breaks up into fingers
driven by capilary instabilities. Each of these fingers is capable of
further break up.

• If the remaining kinetic and surface energy of the lamella is sufficiently
high after the lamella reached the maximum size, the lamella shrinks
and pushes a part of the liquid upward from the surface in the shape
of a column. The rest of the liquid stays on the surface and spreads
out. This scenario is referred to as partial rebound.

• Rebound of a droplet is possible when the remaining energy is sufficient
to lift the entire droplet from the surface. The droplet stays intact.
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The distinguishing parameters for one of the scenarios to occur are a com-
bination of surface and liquid properties, impact and ambient parameters.
Receding breakup, partial rebound and rebound are relevant for low impact
Weber numbers and low wetability surfaces and therefore not of primary
interest for the work presented here.
Mundo [56] investigated the limits for deposition and splashing and formu-
lated the K-factor for the impact on dry surfaces:

Kimp = We0.5
impRe

0.25
imp =

(
ρ3
dd

3
du

5
d

σ2
dηd

)
. (3.51)

The threshold for deposition is given by Kimp < 57.7. Above this value
prompt splashing is taking place. A threshold for corona splashing has
not been given. In the context of a linear compressor cascade the most
important findings presented by Mundo [56] are:

• The critical K factor for splashing on a dry surface is independent of
the angel of impact for angles > 60◦

• Very high angles of impact (80◦...90◦) and high impact velocities lead
to chaotic break up of the droplet.

• The presence of a thin water film increases the critical K factor for
splashing. Thicker water films lead to higher values for Kcrit.

• Very low surface roughness (γ = RT � 10−3) results in higher critical
K factors, effectively suppressing splashing.

• The droplet impact velocity determines the velocity of the secondary
droplets.

The influence of the ambient pressure has been investigated by Xu et al.
[57]. The results from their experiments show that corona splashing can
be fully suppressed by lowering the ambient pressure. Below the threshold
pressure, the droplet is fully deposited. The threshold pressure increases sig-
nificantly for velocities > 2 m

s . The root cause for this phenomenon remains
unclear up to the present. The existence of this regime however suggests
that other characteristic regimes exist. The authors mention the case when
the speed of droplet impact approaches the speed of sound in the gas as
such a probable regime. The experiments were conducted in conjunction
with a glass surface.
Compressibility effects play a role when impact velocities exceed a certain
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threshold. Rein [58] and Lesser & Field [59] investigated droplets with
dd ≈ 200 µm impact at an impact velocity of 100 m

s . The resulting Weber
and Reynolds numbers are in the order of 104 to 105. Under these con-
ditions, shock waves are expected to propagate through the droplet. The
shock wave is initiated upon impact and travels through the droplet. It over-
takes the moving line of contact and this leads to spallation at the droplet
bottom. The strength of the shock wave plays a key role for the erosive
effects. It can be described by the Waterhammer equation pwh = ρdadud.
In this ad and ud are the speed of sound in the droplet and the droplet
velocity upon impact.
Heymann [60] calculated, that in oblique impact scenarios, the pressure can
be as high as 3pwh. In addition to the compressibility of the droplet, the
compressibility of the surface was included in more recent models, e.g. by
Surov & Ageyev [61].
The influence of the surface properties for the droplet behavior upon impact
on a solid surface has been investigated by several research groups. Stow
and Hadfield [62] studied the droplet impact on metal surfaces of varying
roughness. The result is a well defined critical velocity for splashing in cases,
where the roughness of the surface is small in comparison to the thickness
of any developing water film.
The outcome of the droplet impact on a solid surface is also influenced by
the number of droplets in a given control volume. Different research groups
have investigated the influence of the interaction of adjacent droplets on the
droplet impact outcome, e.g. Cossali et al. [63] found out that the interac-
tion of spreading lamellas can lead to the uprising of fluid jets. Richter et
al. [64] report that the interaction of two spreading lamellas lead to signif-
icantly larger secondary droplets.
The number of droplets that enters the cascade determines the number of
impingement events per time per unit volume and therefore, in the case of a
homogeneous spray with a single droplet diameter, the water mass per unit
time that is deposited on the blade’s surface. Above a certain threshold
of impingement events per unit time the spreading diameter upon impact
of the droplets exceeds the distance between the impact locations. The
impinging droplets connect and a water film develops. More detailed de-
scriptions of this behavior can be found in various publications (e.g. [65],
[66], [67]).
The presence of several droplets that impact on the surface can therefore
be treated as the impact on a partly wetted surface. As discussed in [54],
the complexity of the impact scenario also depends on the surface proper-
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ties. Especially the presence of a water film on the surface influences the
complexity of the splashing event. Splashing on thick water films will be
neglected in the following, because it is regarded as non relevant in the scope
of this study.
Yarin and Weiss [68] found a threshold velocity for splashing of droplets
that impact as a droplet train on a solid surface with the frequency f . It is
given by:

ud,crit = 18fimpηd

(
σ

ρd

)1/4
. (3.52)

For velocities above this threshold, which is independent of the droplet di-
ameter, splashing and crown formation takes place. Below the threshold
deposition takes place. According to [54], the independence of the thresh-
old velocity from the droplet diameter indicates that the crown originates
from the liquid lamella on the surface.
The impact of a single droplet on a pre-wetted surface was studied by Cos-
sali [69] and Rioboo [70]. They also found crown formation and therefore
splashing for sufficiently high impact velocities. The result of the exper-
imental investigations of Cossali et al. is a threshold value for K for the
droplet impact on a pre-existing film:

K > Kcrit = 2100 + 5880H1.44, (3.53)
0.1 < H < 1, Oh > 7 · 10−3.

In this the dimensionless water film thickness is H = h0/dd. The height of
the liquid film and the surface roughness play a key role in this discussion.
The threshold value for K decreases for higher surface roughness as the
propagation of the lamellae is hindered for sufficiently low ratios of liquid
film heights to roughness amplitude.
The complexity of the underlying phenomena mirrors to the numerical sim-
ulation of the relevant mechanisms which are not yet able to fully predict
experimental results.
Urban [71] investigated oblique droplet impact on a wetted surface experi-
mentally and numerically. Gomaa [72] reports on the possibilites to numer-
ically describe and predict the droplet impact on a wetted flat plate under
conditions which are relevant to the work presented here. He concludes that
relevant phenomena like the film thickness on the surface and the ejected
secondary droplets can be predicted but improvements of the model are
necessary.
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3.2.4 Droplet Entrainment

The deposition of water on the blade surface as a result of droplet impact
leads to a water film formation. Under certain circumstances, parts of this
water mass flow reenter the flow at the suction side of the blade. This
phenomenon is known as droplet carryover or entrainment.
There are different reasons for droplet carryover to take place [73].

• Droplets are knocked out from the water film at the crests of large
scale waves as a consequence of the dynamic effect of the surrounding
continouos phase on the water film. This is referred to as dynamic
carryover.

• Droplets are knocked out of the film by other droplets impacting on
the film. This is called droplet carryover.

It has also been noticed that the passage of a shock wave causes the entrain-
ment of droplets from a thin liquid film into the free flow under the action
of friction [74]. Archer investigated the process of shock droplet interaction
[75]. He reports the existance of different stages of the entrainment process.
The development of a vortex pair ultimately draws fluid into the flow field
and instabilities cause the fluid to atomize.
Milton reports in [76] that the fluid viscosity and surface tension plays a key
role in the entrainanet process. He tested different fluids and found that
wave building due to shear stresses took place for water and oil but not
alcohol or gasoline. He also estimated the velocity of the entrained droplets
to be 60%-70% of the free flow.
In the case of the experiments conducted for this work however the relative
velocity between fluid and shock wave is different from the situations de-
scribed above. The water that forms the liquid film impinges on the blade
and is then transported towards the trailing edge. The termination point of
the high speed regime is, in the case of a transsonic flow, the local position
of the shock. Therefore the relative velocity between liquid film and shock
is lower.

3.2.5 Water Film Formation

The impingement of water droplets on the blade surface leads to the splash-
ing of a certain fraction of the droplets. The further progression of the
impingement event is determined by the K-factor. Eisfeld [31] discussed
this in a comparable setting in the analysis of a droplet impinging on the
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leading edge of a compressor airfoil. He was able to visualize the splashing
of a droplet upon the impact on the leading edge in operating conditions
that are relevant for axial compressor operation.
The shape of the blade around the leading edge offers an impinging droplet
a variety of impact angles. A surface normal to the vector describing the
incidence flow can be found at the stagnation point leading to a an impact
angle of 90◦. An impact of the droplet further downstream will happen un-
der a smaller impact angle as determined by the contour of the blade. The
impact angle αimp = f(x) is therefore a function of the position x on the
blade which converges towards αimp,min = 0◦ when a droplet just touches
the blade’s surface on the suction side at the most elevated point of this
surface.
The impact scenario and especially the amount of water that is deposited
of the blade is determined by the impact angle. The amount of deposited
water influences the formation of the water film on the blade.
When a water film comes into existence it is driven towards the trailing edge
by shear forces that spring from the surrounding flow. These shear forces
increase with increasing distance from the leading edge due to the typical
Ma number distribution on the suction side of a compressor blade which is
dominated by a high velocity regime. This leads to an acceleration of the
water film.
Saber and El-Genk have investigated the behavior of accelerated liquid films
in [77]. They report the breakup of the liquid film into rivulets when the
liquid flow rate decreases below a certain threshold to maintain a continuous
film. The necessary liquid flow rate is referred to as the minimum wetting
rate (MWR). The minimum liquid film thickness (MLFT) is the film thick-
ness at breakup.
Both, the MLFT and the MWR decrease with increasing gas velocities. The
analogy to the test cases at hand becomes evident in Figure 3.4. The image
shows a close up photograph of the water film that develops on the suction
side of the outer cross section at the leading edge. The water film disinte-
grates into rivulets.
Analytical approaches to predict the point of film breakup have been

presented based on a force balance at the stagnation point by Hartley &
Murgatroyd [78], but these investigations did not incorporate the interfacial
shear at the free surface.
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Figure 3.4: Water film on suction side with rivulets

3.3 Measurement Techniques
Standard pressure probes and thermocouples are used to verify the bound-
ary conditions like periodicity and homogeneity of flow at the inlet and out-
let plane of the test section. The most relevant data is gained by the means
of optical, non-intrusive techniques. A two dimensional Laser Doppler and
Phase Doppler Anemometer is used to record the velocity components of
the flow. In the case of wet compression the droplet sizes are evaluated as
well.

3.3.1 Laser Doppler/Phase Doppler Anemometry

In the course of the experiments conducted for this work a two dimensional
Laser Doppler and Phase Doppler Anemometry (LDA/PDA) System by
Dantec Dynamics has been used. The working principle of this measure-
ment technique will be explained in the following.
Phase Doppler Anemometry (PDA) is an extension of the Laser Doppler
Anemometry. Both are laser light based measurement techniques that use
the doppler effect for non-intrusive measurements of velocity (LDA) and
size (PDA) of particles that are present in a moving fluid. In the case of
this work, the moving fluid is the continuous gas phase and the particles
are water or oil droplets. Both techniques rely on light scattering and re-
fraction and are therefore dependent on particles that reflect or scatter the
light. The consequence of this is, that the relative velocity between contin-
uous gas phase and the light scattering particles is sufficiently small to be
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able to judge the flow properties of the continuous phase. This aspect will
be addressed later in this chapter.
The theory of light scaterring and reflection on particles has been formulated
by Gustav Mie [79]. The underlying phenomenon for the type of measure-
ment conducted in this work is the scattering of light on a single droplet.
For the discussion, a basic model for the single incident ray of light and the
spherical droplet is introduced in Figure 3.5. The incidence of monochro-

incident ray of light
wavelength λl

droplet
diameter dd

scatter angle φ

Figure 3.5: Ligth scatter of polarized light on a single droplet

matic light of a certain wavelength λl on a single particle or droplet results
in the emission of scattered light. The scatter angle is denoted by ϕ. For
the following discussion it is assumed, that the incident light is polarized
and that its amplitude is perpendicular to the polarization direction. The
absence of any electromagnetic field is also assumed. The intensity of the
scattered light then varies with the scatter angle and can be determined by
the sum of the single amplitudes. A function for perpendicular polarisation
S1(ϕ) and parallel polarisation S2(ϕ) is given.

S1(ϕ) =
∞∑
n=1

anΠn(ϕ) + bnTn(ϕ) (3.54)

S2(ϕ) =
∞∑
n=1

anTn(ϕ) + bnΠn(ϕ) (3.55)
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The Legendre functions Πn(ϕ) and Tn(ϕ) are used here. In this, an and bn
are the partial wave amplitudes which can be obtained by:

an = 2n+ 1
n(n+ 1)

mΨn(yM)Ψ′(xM)−Ψn(xM)Ψ′(yM)
mΨn(yM)Ξ′(xM)− Ξn(xM)Ψ′(yM) (3.56)

bn = 2n+ 1
n(n+ 1)

Ψn(yM)Ψ′(xM)−mΨn(xM)Ψ′(yM)
Ψn(yM)Ξ′(xM)−mΞn(xM)Ψ′(yM) . (3.57)

In this, Ψn and Ξn are the Ricatti Bessel functions of the first and third
kind and the nth order. The number of partial waves that are included
in the evaluation determine the accuracy. An estimation for the necessary
number for an error < 10−7 is suggested:

n = xM + 4.05x
1
3
M + 2. (3.58)

The partial wave amplitudes are dependent on the Mie parameters xM and
yM. These are given by:

xM = πdd
λw

(3.59)

yM = mxM = np
nm

πdd
λw

. (3.60)

The refraction indices np and nm are valid for the respective medium in
combination with vacuum and can be combined to the refraction index m
that is valid for refraction from one medium to the other.
Using the equations given above, the intensity of the scattered light as a
function of the scatter angle can be displayed as in Figure 3.6a and Figure
3.6b (graphs provided by Dantec Dynamics A/S). The dependency of the
scattering behaviour on the droplet diameter in relation to the wavelength
is clearly visible. A droplet of the size in the order of the wavelength of
the light produces a more constant intensity of the scattered light over the
scatter angles than a droplet of a size dd ≈ 10λ. Highest intensities for
the scattered light are yielded for 0◦...30◦ in any case. The Phase Doppler
Anemometry (PDA) technique is an extension to Laser Doppler Anemom-
etry (LDA) which allows the determination of the particle size. Following
the same logic, the principles of LDA will be discussed first.
Basis for both measurement systems, LDA and PDA, is the coherent and
monochromatic laser light source. The emmitted light is split in two sepa-
rate beams which are aligned to form an intersection under the angle Θ as
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(a) (b)

Figure 3.6: Intensity of scattered light as a function of scatter angle for
dd = 1λ (a), dd = 10λ (b).(Dantec Dynamics)

interference 
fringe pattern

θ laser beam

spherical 
droplet

Figure 3.7: Principle of Laser Doppler Anemometry

shown in 3.7. The volume that is created by the intersecting light beams
is the measurement volume. The monochromatic nature of the two light
beams causes a fringe pattern of light and dark areas in the measurement
volume. The fringe spacing is determined by the wavelength of the incident
light and the angle of intersection. It is given by:

δf = λ

2 sin Θ
2

(3.61)

When a spherical droplet travels through the measurement volume, light is
scatterd with the frequency

fsl =
2ud sin Θ

2
λ

= ud
δf
. (3.62)
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With this the droplet velocity can be expressed as

ud = fslλ

2 sin Θ
2
. (3.63)

This argumentation explains the correlation of the frequency of the scattered
light and the velocity of the droplet but lacks the ability to determine the
direction of the droplet. For this reason a bragg cell is used as a beam splitter
to produce the two laser beams as the bragg cell applies a frequency shift
to one of the laser beams. This frequency shift results in a moving fringe
pattern in the measurement volume that is considered in determination of
the droplet velocity:

ud = (fsl − fs)λ
2 sin Θ

2
. (3.64)

Since the moving direction of the fringe pattern is known, this way the
ambiguity with regard to the droplet’s moving direction is overcome.
The advantage of this setup is the scattered light frequency’s independence
from the position of detection. The velocity reading is therefore independent
from the position of the detecting device as well and a calibration is not
necessary.
The frequency of the detected scattered light is independent of the detector’s
position but the phase changes with the alteration of the distance between
droplet and detector. This effect is used to determine the size of the droplet.
The Phase Doppler Anemometer uses two detectors as indicated in Figure
3.8. The angle ψ denotes their position which is turned out of the scatter
plane. The angle between the incident laser beams and the detectors is
denoted by ϕ. The signals that are recorded by the detectors are compared
and a phase shift can be correlated to the size of a particle as follows [80].
Let ∆Φ be the measured phase shift between the two detected signals.
Considering the setup discussed above the phase shift is then:

∆Φ = 2π
λ
ddβ

i
ϕ with (3.65)
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Figure 3.8: Principle of Phase Doppler Anemometry (Dantec Dynamics,
2006)
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The coefficient βiϕ is dependent on the dominant order of scattering. For
ϕ = 20◦...60◦, the first order of scattering is dominant. The known relative
position of the two detectors allows the measured phase difference between
the two detected signals to be correlated with the droplet diameter up to a
phase shift of 2π. Beyond this threshold the phase shift becomes ambiguous.
For this reason a third detector is positioned between the first two. The
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comparison of the signals alows to eliminate this ambiguity. A more detailed
description can be found in numerouos publications (e.g. [80]).
The practical setup of the system consists of a laser light source, a receiving
probe and a post processing unit as depicted in Figure 3.9. The LDA/PDA

Transmitting
 optics

Receiving optics 
with detector

Signal 
conditioner

Signal
processorPC

Laser light 
source

-Ar-Ion Laser - Beam splitter
- Frequency shift of 
  partial beam

- Photo multiplier
- Photo detector

- Amplifier
- Filter

- Spectrum analyser
- Correlator 
- Counter, tracker

- Data 
  visualisation

Figure 3.9: Principle setup of LDA/PDA (Dantec Dynamics, 2006)

has two main sources of uncertainty. The evaluation of the recorded Doppler
bursts has an uncertainty of ≈ 1% [81]. The slip velocity of the recorded
droplets relative to the surrounding flow depends on the Stokes number and
is the second main source of uncertainty. The evaluation of the maximal
uncertainty as suggested in [82] for a velocity of 280 m

s yields a value of
6%. Dring’s evaluation is based on a deflection of β1 − β2 = 25◦. Based on
the lower design deflection of β1−β2 = 6◦...13.9◦ in the test cases presented
in this work it is assumed that the uncertainty due to the slip velocity is
< 3%. The change in inlet Mach number due to water injection as yielded
by the evaluation of Equations 3.22 and 3.24. will therefore be neglected
in this study as the uncertainty of the measurement equipment exceeds the
calculated changes in a.

3.3.2 LDA/PDA Data Acquisition

Two types of measurements are conducted in the course of this work. The
determination of the cascade performance parameters is based on the mea-
surement of the inlet and discharge flow properties. The investigation of the
general alterations caused by water injection in the inter blade flow utilises
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data that is gained from the measurement of a two dimensional grid in the
inter blade passage.
In any case, the data acquisition for the 2D LDA/PDA is done in a point-
to-point scheme. A measurement grid is tailored for each measurement and
the anticipated flow properties, e.g. large velocity gradients, are incorpo-
rated in the definition of the measurement grid. For the evaluation of the
aerodynamic performance of the cascade, the data collection of the flow
properties at the inlet and at the discharge plane has to be conducted. For
this, a front and back traverse was defined, according to Fig. 3.10. The one-

design
deflection

angle

0.5 c

0.5 c 0

front 
traverse

y/t
-0.5

0.5

back
traverse

Figure 3.10: Measurement positions

dimensional grid consists of 100 points at the front and 140 points at the
back traverse. The resolution is adapted to the anticipated area of interest
by increasing the grid’s resolution to 5 nodes per mm at the back traverse
at 0 < y/t < 0.2 as this is the wake area that showed the highest velocity
gradients during test measurements.
In the dry case DEHS (Di-Ethyl-Hexyl-Sebacat) was injected as a seeding
into the flow by two aerosol generators. The diameter dv,90 of the generated
droplets is d̄d<1 µm. Droplets of this size follow the flow with negligible
deviation [82]. Therefore the dry flow can be considered as the reference
flow. 5000 particles are recorded for every position. In the case of water
injection, a total number of 10000 particles are recorded to guarantee a
sufficient number of particles in each droplet size class. In order to isolate
the influence of water injection on the air flow, only particles smaller than
2 µm are evaluated in this case. Droplets larger than 2 µm will not follow
the air flow without considerable deviation and will consequently not repre-
sent the air flow. The influence of large droplets on the air flow is therefore
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included in the evaluation of the small (<2 µm) droplets.
In the case of the investigation of the inter blade flow, a two dimensional
grid is used. The grid is generated by the use of a commercial grid generator
software as part of CFD applications. The grid used in the measurements
of the middle cross section is depicted in Figure 3.11. The blade contour is
illustrated by the blue contour line. The grids used in this work comprise
≈ 2000 nodes each. The resolution is locally adapted to the velocity gradi-
ents in order to minimise the discretisation error. Measurement directly at
the surface of the blade are not feasible. The laser light is reflected at the
blade surface leading to erroneous measurements. The minimum distance
of a measurement position to the blade surface is s > 1 mm.

Figure 3.11: Measurement positions in the investigation of the interblade
flow

3.3.3 Optical Measurement of Water Load

During the measurements a fraction of the injected water deposits on the
side walls of the intake duct. In a measurement setup that uses mass flow
rates to determine the water load this imposes an uncertainty that can only
be mitigated, by a complete mass balance over the entire test rig.
Due to the constructional circumstances at the test rig, this requires sub-
stantial efforts. A practical way to measure the water load in the test
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facility at the Helmut Schmidt University in Hamburg, Germany has been
described by Eisfeld [31]. He adapted an optical measurement technique
that relies on the scattering of light when traveling through a dispersed
spray with known properties. The scattering of the light leads to a loss in
intensity of the light beam. The comparison of the measured light intensity
with a reference intensity delivers the information on the water load. The
measurement principle is depicted in Figure 3.12. The setup consists of a
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Figure 3.12: Measurement setup water load

light source, a sending probe, a receiving probe and a computer to evaluate
the received signal.
The emitting and receiving probes are mounted directly opposite of each
other in the side walls of the test section. The light is passed through a
collimator to produce a light beam of defined diameter. The emitted light
has the known intensity distribution Is(λ). The intensity distribution of the
light beam at the receiving probe depends on the properties of the flow in
the measurement volume. In case of the dry air flow without water droplets,
the light intensity is defined as the reference function I0(λ). In case of the
water laden flow the intensity is reduced due to scattering on the water
droplets. The recorded light intensity I(λ) is evaluated by a spectrome-
ter. With the knowledge of the reference intensity function, the intensity
function as a result of the droplet laden flow and other parameters, the
correlation in form of the Bouger-Lamberd-Beer equation can be applied to
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yield the water load.

− 1
L

ln I(λ)
I0(λ) = 3

2Cv

dd,max∫
dd,min

Qext(dd, λ,m)γ(dd)
dd

ddd (3.66)

In this, Q is the coefficient of extinction according to Mie’s theory and Cv is
the water load to be determined. The volume density distribution γ(dd) is
gained from the PDA measurement that delivers the necessary values as a
direct output. A more elaborate description of this technique can be found
in [31].
This technique has been successfully used by Schatz & Casey [83] and Ren-
ner [84].

3.3.4 Shadowgraphy

Shadowgraphy is an optical method to visualise inhomogeneities in a trans-
parent medium. It uses the different optical properties of any inhomogeneity
in the surrounding medium in terms of transparency or light refraction be-
havior. In the test case at hand two inhomogeneities are present in the
flow. Firstly, the injected water droplets refract part of the incident light
resulting in dark spots on the image. Secondly, a shock wave develops un-
der transonic flow conditions that refracts the incident light. This is visible
as a dark structure in the shadowgraphy images. The setup consists of a
conventional DSLR camera, a light source and a collimator lens. The light

Table 3.1: Shadowgraphy setup properties

Property Value
Camera type Canon EOS 450D DSLR
Max. resolution of recorded picture 4272 x 2848 Pixel
Objective lens Macro 90mm F2.8
Distance to focus plane 0.3m
Maximum reproduction scale 1:1

source was a point flash lamp that produces mean illumination durations
of 8ns with a single flash of 9mJ . These parameters enable an efficient
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image acquisition in a fast traveling, high density spray. The flash light was
triggered by the DSLR. The whole setup is depicted in Figure 3.13. The

Collimator
lens

DSLR 
camera

Control
unitAir flow

Point light
source

Figure 3.13: Shadowgraphy setup

objective lens used in this setup is capable of reproduction scales of up to
1:1. This enables the setup to display droplets that are in the same order
of size as the camera chip pixels, (< 5 µm).
The whole setup is mounted on a traverse system to ensure an identical rela-
tive position among the setup’s components in every measurement position.
The traverse system and the image acquisition are controlled via separate
applications that run on a standard PC.
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The two phase flow through a linear compressor cascade differs from the
dry air flow in multiple aspects. In an attempt to identify the differences,
several experiments have been conducted that aim at the different aspects
of the flow.
All water droplets that are injected into the incident flow will interact with
the gaseous phase and vice versa. The mode and extent of this interaction
depends on the size and the relative velocity of the droplet to the surround-
ing flow at a given position in the test section. The effects of the presence of
the dispersed phase however alters the flow properties of the cascade. The
knowledge of these properties are key for the understanding of the neces-
sity of stage matching procedures that arise from the application of water
injection in multistage rotating machinery.
The experiments that have been conducted for this work can be divided in
three parts that each aimed at a different goal.

• The Phenomenological Experiments aim at the understanding of the
water flow on the blade surface and the identification of droplet dis-
integration phenomena. Focus points are the water film formation,
droplet disintegration due to aerodynamic forces, droplet entrainment
and the behavior of the water upon reentering the free flow at the
blade’s trailing edge. For these experiments, shadowgraphy and pho-
tography techniques are used.

• The Investigation of the Inlet and Discharge Flow Properties aim at
the understanding of the influence of water injection on the flow prop-
erties at the inlet and discharge plane in order to determine the per-
formance parameters of the cascade in each test case. For these exper-
iments the 2D LDA/PDA setup was used to record the flow properties
at the inlet and discharge plane of the cascade.

• The Investigation of the Inter-blade Flow aims at the deeper under-
standing of the alterations caused by water injection on the inter-blade
flow. For these experiments the 2D LDA/PDA setup is used to record
a grid of measurement points between the blades.

4.1 Phenomenological Experiments
Optical, non quantitative measurement techniques like shadowgraphy and
photography are used for the phenomenological experiments.
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Table 4.1: Phenomenological experiments conducted

Tested geometry Inlet Ma number Water Load β1
Outer cross section 0.8 1.3% 147◦...154◦
Middle cross section 0.78 1.3% 137◦...146◦

4.1.1 Investigation of the Water Film Formation

The investigation was carried out by the means of photography of the water
film formation on the suction side of the blades. Both geometries, the outer
and middle cross section were tested. A summary of the test conditions is
given in Table 4.1.
The incidence angle was subject to variation within the boundaries of

stable compressor flow. The tested range for the outer cross section was
(β1 = 147◦...154◦) and (β1 = 137◦...146◦) for the middle cross section.
The photographs in figure 4.1 show the suction side of the outer cross section
in the cascade configuration. The upper left picture represents the lowest
incidence angle of β1 = 137◦.
An area that is covered by a water film that originates from the leading
edge is visible. The water is supplied by depositing water droplets. Further
downstream this film deteriorates into rivulets that transport the water to
the trailing edge of the blade. The break up of the film is initiated when the
water film thickness falls below the minimum liquid film thickness (MLFT)
as discussed in [77]. At this point it is energetically favorable for the film to
break up into rivulets. The point of break up moves upstream with higher
incidence angles. Two phenomena contribute to this behavior which are
both triggered by the incidence flow angle.
The conditions in the boundary layer, that develops on the blade surface,
have direct influence on the water film as it is located inside the boundary
layer. A turbulent boundary layer exerts nonuniform stress on the water
film, causing non uniform film thickness, ultimately leading to the deterio-
ration of the film into rivulets when the MLFT is reached. The transition
of a laminar to a turbulent boundary layer is dependent on multiple factors,
the pressure gradient being one of these factors. The pressure gradient in-
creases with higher incidence angles. This leads to an earlier transition of
the boundary layer to a turbulent structure at higher incidence angles. This
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Figure 4.1: Water film formation on suction side of outer cross section.
Ma=0.8, X = 1.3%, β1 = 147◦...154◦

corresponds to the movement of the point of film deterioration to a further
upstream position for higher incidence angles.
The second factor of influence to mentioned in this context is the water
film thickness. The higher the initial water film thickness, the more intense
disturbances are necessary for the film to break up. This is dependent on
the amount of deposited water, which in turn is dependent on the droplet
impact angle and the impact velocity as discussed in chapter 3.2.3. The
amount of deposited water decreases with higher impact velocities. In this
context only the velocity component normal to the surface plays a role,
therefore the impact angle becomes key, which is dependent on the airfoil
geometry. The outer cross section allows for a larger area with relatively
low incidence angles (= low normal impact velocities for a higher amount
of deposited water) compared to the middle cross section.
The area in the vicinity of the side walls show a shorter water film at higher
incidence angles. The turbulent wall boundary layer causes an early transi-
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tion of the boundary layer on the blade. This leads to a significantly earlier
film breakup.
The water film formation on the surface of the second geometry (middle
cross section) can be seen in Figure 4.2. The upper left picture shows the

Figure 4.2: Water film formation on suction side of middle cross section
Ma=0.78, X = 1.3%, β1 = 137◦...145◦

water film at an incidence angle of β1 = 147◦. In comparison to the outer
cross section, the water film develops further downstream. This is the in-
fluence of the higher impact angles for the droplets in the area close to the
leading edge which leads to a lower fraction of deposited water.
The water film breaks up into rivulets further downstream in this configu-
ration as well, showing the same incidence angle dependent behavior as in
the previous case.
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4.1.2 Droplet Disintegration

A large fraction of the sum of forces that act upon a droplet in a compres-
sor flow stems from the acceleration and deceleration. The largest forces in
this aspect are triggered in transonic flow conditions, when a shock wave
terminates the high speed regime on the suction side of the blade.
Droplet breakup due to the exposition of a single droplet to a shock wave has
been reported repeatedly. The decomposition of non moving single doplets
due to the exposition to a shock wave in a shock tube has been investi-
gated by Boiko et al. [85]. Experiments on the behavior of liquid droplets
traveling through shock waves have been undertaken and it was found that
shock waves can result in droplet Weber numbers that are sufficiently high
for droplet breakup (e.g. [86]).
Chang and Kailasanath [87] used a numerical method to predict the in-
fluence of a shock wave traveling through a two phase flow. They found,
depending on the exact model used, that the shock wave was decelerated
by the presence of the dispersed phase.
The applicability of these results in the setting of a linear compressor cas-
cade is questionable due to the fundamental differences in flow properties.
In the setup at hand, the droplet is continuously accelerated upon enter-
ing the cascade and is then abruptly decelerated upon passing through the
shock that develops in the transonic test cases. The clarification of the pres-
ence of such droplet disintegration phenomenon in this setup was one of the
aims of this series of experiments as the droplet size distribution is directly
influenced by this, which in turn influences the cascade discharge properties.
In order to clarify the presence and the extent of droplet breakup, a series
of shadowgraphy experiments has been conducted.
The second mode of interaction of a droplet with the surrounding flow is the
secondary disintegration due to aerodynamic forces. Secondary disintegra-
tion is triggered by high aerodynamic stress which can be described by the
Weber number We. The Weber number is determined by the ratio of aero-
dynamic forces and the surface tension of the droplet (see Eq. 3.42). High
aerodynamic forces can be observed in areas where high velocity gradients
are present as the relative velocity directly influences the Weber number.
In the case of a compressor flow, the highest gradients in the free flow can
be found in the acceleration area upstream of the high velocity regime on
the suction side and at the termination point of the high speed regime as
depicted in Figure 4.3. In this, the Ma number of the inter blade flow of the
outer cross section at Ma = 0.8 is depicted for two incidence angles. The
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typical high speed regime is clearly visible on the suction side of the blade.
This regime is terminated by a high negative velocity gradient downstream
and moves upstream for higher incidence angles.
Shadowgraphy images were taken to visualise the droplet behavior in the

Figure 4.3: Simulated dry air flow: velocity contour plot Ma=0.8, β1 =
147◦vs β1 = 151◦

inter blade passage. Figure 4.4 shows the inter blade passage of the outer
cross section under transonic operating conditions. The shock that termi-
nates the high velocity regime can be identified by the dark structures that
spring from the suction side of the blade. The droplet distribution shows
a homogeneous character in the free flow, but is less dense in the vicin-
ity of the suction side. The droplet density in this area is reduced as the
droplet size classes that are not able to follow the flow closely, due to their
inertia are absent. However some large droplets are visible in this area.
These spring from droplet entrainment that takes place in the vicinity of
the shock. The abrupt deceleration of the surrounding flow causes an in-
crease in water rivulet thickness which in turn causes crest building that
results in droplets being carried away from the surface. Secondary droplet
disintegration events can be identified in Figure 4.5, which is a magnified
part of Figure 4.4. The shock in the central area of the picture terminates
the high velocity regime. Various droplet disintegration events in differ-
ent phases of the disintegration process can be observed. The location of
the events relative to the shock suggest an occurrence of the disintegration
triggered by aerodynamic forces in the acceleration regime upstream of the
shock wave as well as by the deceleration when passing the shock wave. The
typical shockwave-boundary-layer interaction is visible at the shock origin
as well, which leads to a thicker boundary layer further downstream as dis-
cussed in [49]. Figure 4.6 illustrates the streak formation at the trailing
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Figure 4.4: Shadowgrapy image of inter blade flow

edge of the blade. The deposited water is driven by the surrounding air
flow and travels towards the trailing edge of the blade where it reenters
the flow. The intensity of the streak depends on the incidence angle of the
flow and the design flow deviation of the blade geometry. Both factors have
an emphasising influence for higher values on the mass fraction of injected
water that is concentrated in the trailing edge streak. In comparison to
the surrounding free flow, the water travels at a low velocity, because it is
in contact with the surface of the blade and naturally develops a boundary
layer. This results in high relative velocities to the surrounding free air flow.
The consequence is the development of a shear layer on the border between
the streak and free air flow which causes the visible expansion of the water
streak further downstream.
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Figure 4.6: Streak formation in cascade discharge flow
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4.2 Investigation of Cascade Discharge Properties
The discharge velocity and the discharge flow angle are the main factors
for the determination of the loss coefficient. Therefore a detailed discus-
sion of these parameters has to take place. The detailed effect on the loss
coefficient and the AVDR will be discussed in chapter 4.3. The discussion
presented here solely focuses on the influence on the discharge flow as the
understanding of the underlying parameters is key for the discussion of the
more complex evaluation of the loss coefficient and AVDR.
The analysis of the discharge properties is based on the measurements along
the front and back traverse of the cascade. The 2D PDA system records
droplet motion and size. The flow is evaluated by the use of the droplets
d2 ≤ 2 µm to ensure a minimal deviation from air flow. The dry air flow
serves as a reference in these measurements.

4.2.1 Discharge Flow Velocity

The results presented below are based on measurements conducted on both
blade geometries that have been derived from the middle and outer cross
section of the rotor blade of an axial compressor, as discussed in chapter
2.2. Two different inlet velocities and water loads were tested over the entire
spectrum of incidence angles as summarized in Table 4.2. A convention for
the description of the different test cases will be used in the course of the
following discussion for better readability. The first character indicates the
used airfoil geometry (o = outer cross section, m = middle cross section).
The next three characters indicate the inlet Ma number. The last characters
indicate the water mass fraction. The code of this convention can be found
in Table 4.2 as well.

Airfoil Geometry 1: Middle Cross Section Fig. 4.7a shows the dis-
charge velocity profiles of case no. m078.0 at low incidence angles normal-
ized to the inlet velocity for better comparability. Velocities form a uniform
distribution apart from the wake in the area of −0.1y/t to 0.05y/t which
is characterized by a lower velocity. The mean values are close to 0.85 for
the lowest incidence angle tested. Mean discharge velocities decrease with
increasing incidence angles. This is due to the increasing flow deflection
causing higher pressure ratios. The wake thickness is highest for β1 = 137◦.
The presence of a flow separation on the pressure side is likely in this case
as the wake is extended to −0.2y/t. This and the high discharge velocity
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Table 4.2: Experiments conducted

Inlet Ma number Water Load β1 case no.
0.78 0% 137◦...146◦ m078.0
0.78 1.3% 137◦...146◦ m078.13
0.78 2.1% 137◦...146◦ m078.21
0.71 0% 137◦...146◦ m071.0
0.71 1.3% 137◦...146◦ m071.13
0.71 2.1% 137◦...146◦ m071.21

signals a misaligned incidence flow and consequently a small margin to-
wards instability of the compressor flow. The discharge velocities for case
no m078.13 at low incidence angles are depicted in Fig. 4.8a. In compari-
son to the dry case at low incidence angles the wake area shows a slightly
increased thickness. The position of the lowest velocity moves towards the
pressure side of the neighboring blade. A tendency towards higher discharge
velocities can be noticed for β1 = 138◦...141◦. The cascade flow of β1 = 137◦
incidence angle results in a smaller wake than in the dry case. Especially
the pressure side seems to benefit in this case as the shape of the wake area
is significantly altered at −0.2 < y/t < −0.1 while it remains unchanged at
y/t > 0.
Fig. 4.7b depicts the normalized discharge velocity for high incidence an-
gles. For β1 = 142◦ the prevalent trend of lower discharge velocities and
larger wake areas for higher incidence angles stays intact. The position
of the lowest velocity in the flow moves further towards the pressure side
of the neighboring blade. The shape of the wake structure indicates that
β1 = 141◦ and β1 = 142◦ still result in a stable compressor flow, but the
converging towards a maximum deceleration around w2/w1 = 0.7 suggests
an operation close to the stability limit. This behavior changes for the
higher incidence angles beginning at β1 = 143◦, which results in a higher
discharge velocity. For β1 = 143◦ the wake area is significantly enlarged and
displaced towards the pressure side of the neighboring blade. This is a clear
sign of a flow separation on the suction side. The flow separation results
in a reduced flow deceleration consequently in a higher discharge velocity.
For β1 = 144◦ the area of 0.05 < y/t < 0.5 shows an extended wake in
comparison to lower incidence angles. The velocity gradient over the entire
discharge traverse is reduced. This can be interpreted as the behavior of
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Figure 4.7: Case no. m078.0: measured normalized discharge velocity for
low (a) and high (b) incidence angles

a more turbulent flow. The lower discharge velocities for β1 > 143◦ as a
sign of higher dissipation is a supportive argument to this assumption. But
this theory cannot be proven as total pressure measurements could not been
conducted due to the inaccuracy of total pressure probes in droplet laden
flows. The highest incidence angles β1 = 145◦...146◦ result in a very similar
velocity progression at the discharge plane. It is dominated by the further
extension of the wake and, in comparison to β1 = 144◦, a non altered ve-
locity level.
Figure 4.8b depicts the discharge velocities for case no. m078.13 at high

incidence angles. The velocity progression for β1 = 142◦ outside the wake
area remains unchanged in comparison to the dry case. The values for
β1 = 143◦ are lower, showing an improved deceleration behavior over the
dry case. The difference between mean discharge velocity and minimum
velocity inside the wake becomes smaller. The wake is smaller than in the
dry case and is located at −0.12y/t to 0.07y/t. The absence of a wake dis-
location (as seen in the dry case) and the improved deceleration suggest an
improvement in terms of flow separation if not the absence of a detached
flow. Higher angles of incidence only have an effect on the wake which grows
with higher values for β1. The sensitivity of the discharge flow properties
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Figure 4.8: Case no. m078.13: measured normalized discharge velocity for
low (a) and high (b) incidence angles

to the incident flow properties is lower in the case of water loading. While
the shape of the wake shows significant differences for each incident angle in
the dry case, these differences diminish in the wet case. The extent of the
wake changes but the shape stays intact. This results in an almost identical
velocity progression for β1 = 142...146◦ in the area −0.5 < y/t < −0.1.
The fundamental shape alteration as seen in the dry case remains absent.
Moreover are the minimal velocities inside the wake area higher in the wet
case indicating lower momentum losses for β1 = 142...143◦. This behavior
changes for the highest tested incidence angles where the velocity defect
exceeds the values of the dry case.
The discharge velocity profiles for low incidence angles for case no. m078.21
are depicted in Figure 4.9a and will be compared to the previous case
(X = 1.3%) in the following. The measurements cover a smaller veloc-
ity spectrum while showing a generally higher level with the exception of
the lowest incidence angle. The deceleration ability for β1 = 137◦ has fur-
ther improved over the X = 1.3%-case resulting in lower velocities. This is
in accordance with the shape and size of the wake which is further reduced.
This supports the assumption of a supression effect on flow separations that
originates from the presence of water droplets in the flow.
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Figure 4.9: Case no. m078.21: measured normalized discharge velocity for
low (a) and high (b) incidence angles

Higher incidence angles (β1 = 139◦...141◦) result in higher discharge veloc-
ities than in the previous case. The progression for β1 = 138◦ only shows
small deviations. The extent of deviation increases with incidence angle.
The wake does not show a noticeable deviation to the previous case. Veloc-
ity readings for X = 2% and high incidence angles can be found in Figure
4.9b. The comparison with the previous case reveals a generally higher
level of discharge velocities. The behavior of a constant discharge velocity
for increasing incidence angles for β1 > 141◦ is still present. The velocity
progression inside the wake reveals a plateau of low velocities in the vicinity
of the trailing edge. This results from water that disintegrates from the wa-
ter film on the suction side of the blade and reenters the flow. The resulting
acceleration of the droplets and the dissipation caused by high relative ve-
locities lead to a larger velocity defect.
The discharge velocity profiles for low incidence angles of case no. m071.0
are displayed in Figure 4.10a. In comparison to case no. m078.0 the overall
similarity of the progressions has to be pointed out. The evaluation of the
DeHaller criterion delivers nearly the same values for β1 = 139◦...141◦. Min-
imal velocities inside the wake tend to be higher by > 3% (abs.). The shape
and position of the wakes do not show noticeable deviations. Differences
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Figure 4.10: Case no. m071.0: measured normalized discharge velocity for
low (a) and high (b) incidence angles

can be noticed for the lowest incidence angles. The cascade has a signifi-
cantly higher deceleration ability for β1 = 137◦ than in case no. m078.0.
This supports the theory of a flow separation on the pressure side in case
no. m078.0 which is amplified by higher inlet velocities and is consequently
less present with a lower inlet Mach number. The same development on
a smaller scale can be noticed for β1 = 138◦ where the DeHaller criterion
delivers lower values as well.
Figue 4.10b depicts the discharge velocity profiles for case no. m071.0 for
high incidence angles. While the incidence flow of β1 = 142◦ in case no.
m078.0 resulted in a well defined velocity progression with a well developed
wake, does the same incidence angle in this case lead to a flow separation
structure. This is indicated by the extension of the wake on the suction side
towards the pressure side of the neighboring blade. This behavior is ampli-
fied by higher incidence angles. The insensitivity of the discharge velocity
profiles to higher incidence angles as seen in case no. m078.0 is present in
this case as well.
In summary it can be pointed out that the cascade was more sensitive to-
wards misaligned incidence flows in case no. m078.0 and produced a stable,
presumably non detaching, flow for β1 = 142◦ which was not possible in
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Figure 4.11: Case no. m071.13: measured normalized discharge velocity for
low (a) and high (b) incidence angles

case no. m071.0.
The discharge velocity profiles for the case no. m071.13 and low incident

angles can be found in Figure 4.11a. In comparison to the corresponding dry
flow case an overall detrimental effect can be noticed. The mean discharge
velocities are higher and the wake thickness is increased for every incidence
angle. The evaluation of the DeHaller criterion results in higher values of
≈ 5%. The velocity defect w2,m−w2,min in the wake tends to be higher. The
location of the wake does not show a noticeable difference. A fundamen-
tally altered flow cannot be seen. The discharge velocity profiles for high
incidence angles are depicted in Figure 4.11b. The tendency of a detrimen-
tal effect continues to be present. The discharge velocities are higher than
in the dry case and the velocity defect in the wake is amplified by ≈ 5%.
This behavior can be explained by water that was deposited on the blade
and reenters the flow at the trailing edge. This water is accelerated by the
surrounding flow causing a higher velocity defect. The amount of deposited
water depends on the incidence angle. The extent of the velocity defect
depends on the incidence angle as well, consequently. A difference can be
noticed in the shape of the wake. While the dry test case results in a flow
separation that results in a large wake area that extends to y/t = 0.45, the
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Figure 4.12: Case no. m071.21: measured normalized discharge velocity for
low (a) and high (b) incidence angles

water laden flow produces a wake that is limited to y/t = 0.3. The reason
for this is an impulse transport phenomenon. Water droplets reenergize the
detaching flow due to their inertia resulting in a stabilized flow. The alter-
ation seen in the comparison of the cases m071.0 and m071.13 can be again
found in case no. m071.21 in Figure 4.12a for low incidence angles. The
cascade’s ability to decelerate the flow is further reduced by ≈ 2% (abs.)
and the wake thickness is further increased for β1 = 139◦...141◦. The posi-
tion and the shape of the wake do not suggest a fundamentally altered flow
pattern in comparison to the previous case.
The results for high incidence angles can be found in Figure 4.12b. A further
reduced ability to decelerate the flow can be noticed again. Corresponding
values for the normalized discharge velocity are consequently lower (up to
4%). The discharge velocities outside the wake show no sensitivity towards
incidence angles β1 > 141◦. This results in similar velocity progresions
at y/t = −0.5... − 0.1 for all incidence angles. The graphs diverge in the
wake area. For β1 > 142◦...143◦ a similar behavior to case no. m078.21
can be found which is characterized by the devolopment of a plateau shape
around the trailing edge. The discharge flow for higher incidence angles
(β1 > 144◦...146◦) is dominated by a large wake that is displaced to the
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pressure side of the neighboring blade. This behavior could be found in
case no. m078.21 as well, but not to the same extent. The reason for this
phenomenon has its cause in water that disintegrates from the suction side
of the blade and reenterd the flow. The increased sensitivity in this case can
be explained by the lower velocity and therefore lower specific impulse of the
surrounding flow which results in a higher relative impact of the droplets
on the flow.
The results show that water injection results in a multitude of alterations
in the discharge velocities. A summary of the effects for the middle cross
section is given:

• Water injection is able to stabilize detaching flows for low incidence
angles.

• Water injection leads to a limitation of flow separation on the suction
side under high incidence angles.

• Water injection results in a thickened wake. The reason for this is
threefold. First, the impacting water droplets disturb the boundary
layer causing an earlier transition, leading to a thicker boundary layer.
Second, the water reenters the flow at the trailing edge at low velocity
and decelerates the flow. Thirdd, the water that travels on the suction
side causes an irregular surface structure.

• The overall ability to decelerate the flow by diffusion is reduced by
the use of water injection.

• The extent of the stabilizing effect depends on the water load. A
higher water load has a higher stabilizing effect. Detrimental ef-
fects however, if present (as seen for (β1 > 144◦...146◦) in case no.
m071.21), are amplified as well. A suitable combination of velociy
versus water load determines the outcome.

Airfoil Geometry 2: Outer Cross Section The outer cross section
of the same blade design was tested in a similar manner. The test cases
are summarized in Table 4.3. A description of the test case convention was
introduced in Paragraph 4.2.1.
The variation of the incidence angle was limited by blockage in the o87.xx
cases. Figure 4.13a depicts the discharge velocity profiles for case no. o089.0.
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Table 4.3: Outer cross section: experiments conducted

Inlet Ma number Water Load β1 case no.
0.89 0% 149◦...154◦ o089.0
0.89 1.3% 149◦...154◦ o089.13
0.89 2.1% 149◦...154◦ o089.21
0.8 0% 148◦...154◦ o08.0
0.8 1.3% 148◦...154◦ o08.13
0.8 2.1% 148◦...154◦ o08.21

As seen in the previous cases, the discharge velocity shows an even distribu-
tion apart from the wake. The deceleration ability rises with increasing inci-
dence angles. The increase in deceleration is highest between β1 = 149◦ and
β1 = 150◦, where also the wake thickness is reduced. While the wake covers
an area of 0.01 < y/t < 0.17 for β1 = 149◦, it is reduced to 0.02 < y/t < 0.12
for β1 = 150◦. A reduction in velocity deficit w2,m − w2,min of ≈ 2% can
also be noted for this 1◦ increment. These indicators suggest that the tested
profile was operating close to the stability limit at β1 = 149◦. The velocity
profiles for β1 = 149◦ and β1 = 150◦ are similar to a large extent besides
the lower discharge velocity for higher incidence angles.
The discharge velocity profiles for case no. o089.0 at high incidence angles
can be found in Figure 4.13b. The trend of lower discharge velocities for
higher incidence angles stays intact. The velocity profiles tend to converge
for the highest tested incidence angles as it was seen in the test cases of
the middle cross section. The extent of the wake increases significantly for
incidence angles β1 < 152◦. The expansion of the wake solely takes place on
the suction side. The reason for this behavior can be found in the boundary
layer shock interaction that causes an increased boundary layer thickness.
This effect becomes more prevalent for higher incidence angles as the stress
on the boundary layer due to the increasing pressure gradient increases.
Figure 4.14a shows the discharge velocity profiles for case no. o089.13. The
identified influences of water injection that were present in the previous
cases can be again found in this case. For β1 = 149◦ the normalized dis-
charge velocity is increased by ≈ 3%. The wake thickness is decreased.
While the wake covered 0.01 < y/t < 0.18 in the corresponding dry flow
case it covers 0.02 < y/t < 0.17 in the current case. The velocity deficit in
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Figure 4.13: Case no. o089.0: measured normalized discharge velocity for
low (a) and high (b) incidence anlges

the wake increases as seen in the previous cases by ≈ 3%. Water injection
causes an isolated effect on the wake at incidence angles β1 = 150...151◦.
While the mean discharge velocities remain unchanged outside the wake, is
the velocity deficit w2,m − w2,min and the wake thickness increased.
The profiles of the normalized discharge velocity for high incidence angles
can be found in Figure 4.14b. The mean discharge velocity is not signif-
icantly affected by the presence of water droplets in the flow. The wake
covers a larger area for higher incidence angles, as seen in case no. o089.0,
but is still amplified over the dry case. The minimal velocities are lower in
this case but converge to the unchanged minimal value of w2/w1 = 0.55.
A higher water load of X = 2.1% causes a less effective deceleration of the
flow for β1 = 149◦ as seen in Figure 4.15a. The mean discharge velocity is
increased by ≈ 2% (abs.). The velocity deficit and wake thickness does not
change significantly. The higher incidence angles result in lower discharge
velocities but on a higher level than in case no. o089.13. The wake thickness
and position is not altered by an increase of the water load.
Figure 4.15b depicts the normalized discharge velocities for high incidence
angles. The results show, that the alterations caused by water injection in
the flow in case o089.13 can be found here as well in amplified form. The
thickening effect on the wake serves as a good example. The position of the
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Figure 4.14: Case no. o089.13: measured normalized discharge velocity for
low (a) and high (b) incidence angles

minimal velocity remains at y/t = 0.11. The velocity progression towards
the pressure side of the neighboring blade describes a lower positive gradient
the higher the water load is. This results in a heavily extended wake for
β1 = 154◦. The reason for this can be found in the amount of water that
disintegrates from the suction side of the blade. Upon disintegration the
water ligaments and droplets have a low velocity and consequently a high
relative velocity to the surounding flow. This distracts the airflow and leads
to possibly higher dissipation. Discharge velocities are higher than in case
o089.13 as seen for the low incidence angles.
The discharge velocity profiles for low incidence angles for case no. o080.0
are depicted in Figure 4.16a. The range of tested incidence angles could be
increased for inlet Ma number of 0.8 as the blockage effect as seen in case
no. o089.0 is not as prevelant. The DeHaller number for the β1 = 147◦ is
close to 1. This indicates that flow deceleration and pressure increase does
not take place. The cascade operates at the choke line. The wake shows an
expansion towards the suction side of the neighboring blade. This behavior
was also noticed in case no. m078.0. The discharge velocity profiles result-
ing from incidence angles β1 = 148◦...150◦ show a smaller wake thickness
and similar progression. The expansion cannot be noticed anymore. The
DeHaller number decreases with increasing incidence angles.
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Figure 4.15: Case no. o089.21: measured normalized discharge velocity for
low (a) and high (b) incidence angles

Figure 4.16b depicts the discharge velocity profiles for case no. o080.0 at
high incidence angles. The cascade operates in a similar way as seen in case
o089.0. The DeHaller number decreases with increasing incidence angles.
The wake thickness increases with increasing incidence angles. The velocity
deficit inside the wake is not as high as in case no. o089.0. A large dis-
placement of the wake as seen in the test cases of the middle cross section
at high incidence angles cannot be noticed.
Figure 4.17a depicts the discharge velocity profiles for low incidence angles
in case o080.13. The comparison to case no. o080.0 shows that water injec-
tion does not have a significant influence on the flow outside the wake. The
flow passes the discharge plane at the same velocity as in case no. o080.0.
A difference between the two cases can be found in wake thickness and ve-
locity deficit. Wake thickness is increased for β1 = 148◦...150◦ by 2...3% by
the presence of water droplets in the flow while it remains unchanged for
β1 = 148◦. The velocity deficit w2,m − w2,min is significantly increased for
all incidence angles by about 5%. The increased velocity deficit can again
be explained by water that disintegrates at the trailing edge.
The velocity profiles for high incidence angles in case no. o080.13 are de-
picted in Figure 4.17b. As seen for low incidence angles, is the deceleration
ability in form of the DeHaller number not noticeably influenced by water
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Figure 4.16: Case no. o080.0: measured normalized discharge velocity for
low (a) and high (b) incidence angles

injection of 1.3%. The values remain on the level of the dry case. The
differences are restricted to the wake. The velocity deficit is increased by
about 5% for all incidence angles. The wake thickness is increased for higher
incidence angles as well. But this effect cannot solely be reasoned with the
presence of water droplets in the flow, as this could be noticed in case no.
o.080.0 as well. The change in shape of the velocity progression in the wake
is similar to the structure seen in case no. o089.21 for high incidence angles.
The wake extends towards the pressure side of the neighboring blade and a
plateau shape becomes visible for β1 = 153◦ and β1 = 154◦. The reason for
this has been given in the discussion of case no. o089.21 (water disintegrates
from the film on the suction side of the blade).
The discharge velocity profiles for low incidence angles of case no. o080.21
are depicted in Figure 4.18a. In comparison to case no. o080.13 the dif-
ferences in the area 0.2 < y/t < 0.5 have to be mentioned. The discharge
velocity tends to be lower in this area ultimately jeopardizing the periodic-
ity of the flow. The recorded differences can be as high as 4% (abs.). This
influence deteriorates with increasing incidence angles.
The DeHaller number was not influenced (when taking case no. o080.0 as
a reference) by water injection of 1.3%. This changes for 2.1% water load.
The ability to decelerate the flow decreases for all incidence angles. The
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Figure 4.17: Case no. o080.13: measured normalized discharge velocity for
low (a) and high (b) incidence angles

velocity deficit is not changed by the increase in water load.
Figure 4.18b depicts the discharge velocity profiles for case no. o080.21 at
high incidence angles. The trend of a hampered deceleration by a water load
of 2.1% remains intact for higher incidence angles. Normalized discharge
velocities are 2...4% higher in comparison to case no. o080.13. A difference
can be found in the position and size of the wake which tend to be displaced
towards the suction side of the neighboring blade. Moreover is the size of
the wake reduced in this case for high incidence angles. The series of exper-
iments conducted with the outer cross section delivered results that differ
from the results of the middle cross section tests. A summary is given in
the following:

• A large deviation in the shape and position of the wake for the lowest
incidence angles as seen in case no. m078.13 could not be identified.
The reason for this may lie in the absence of a flow separation. This
would emphasize the assumption that water injection dampens flow
separations.

• A negative effect on the deceleration ability could only be identified
for a water load of 2.1%. A lower water load of 1.3% did not influence
the normalized discharge velocity.
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Figure 4.18: Case no. o080.21: measured normalized discharge velocity for
low (a) and high (b) incidence angles

• The effect of water that reenters the flow upon disintegrating from
the suctions side of the blade was visible for all water laden flows. It
is visible via a low velocity regime that is attached to the wake area
oriented towards the pressure side of the neighboring blade. This type
of structure has been visible in the tests of the middle cross section as
well.
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4.2.2 Deflection Angle

The discharge flow angle β2 contains information on the ability of the cas-
cade to divert the flow. In an attempt to analyze the effects of water injec-
tion on the cascade’s aerodynamic behavior, the discussion of the discharge
flow angle β2 is key. In order to include the incident flow angle in the discus-
sion, the deflection angle ∆β = β1 − β2 will serve as a basis. The incident
flow angle β1 is the result of the cascade position, which is adjusted utilising
the turning mechanism as described in chapter 2. The discharge flow angle
β2 is a direct output of the velocity measurements as the LDA/PDA records
both components of the velocity vector. The deflection angle is presented
as the difference β1 − β2 as presented in the cascade definitions.
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Figure 4.19: Case no. m078.0: measured deflection angle for low (a) and
high (b) incidence angles

Airfoil Geometry 1: Middle Cross Section Figure 4.19a depicts the
measured deflection angle for case no. m078.0 for low incidence angles. The
result for β1 = 137◦ shows a more volatile progression than it is seen for
the other incidence angles. The difference between the highest and lowest
value is 2.5◦ while it is 1◦ for all other incidence angles. The enlarged wake
thickness discussed in Figure 4.7a can be identified here as well by the larger
area of non uniform progression (−0.15 < y/t < 0.2). In comparison large
gradients indicate a disturbed flow structure and support the assumption
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of a flow separation on the pressure side of the blade as mentioned in the
discussion of the discharge velocities. Incidence angles of β1 = 138◦...141◦
yield parallel progressions. The mentioned deviation in the wake area is not
present.
The deflection angle progressions for case no. m078.0 at high incidence
angles can be found in Figure 4.19b. The analysis of the discharge flow
yielded by an incidence flow with β1 = 142◦ reveals a beginning flow sep-
aration on the suction side as seen in Figure 4.7b. This finds expression
in the dislocation of the wake towards the pressure side of the neighboring
blade. These locally increased flow angles stem from low axial velocities in
the respective areas. A fully developed flow separation can be found for
β1 > 143◦. Higher incidence angles still lead to higher velocities normal
to the main flow direction and hence to higher deflection angles. The dis-
location and extent of the wake increases with increasing incidence angles.
Figure 4.20a depicts the deflection angle progressions for case no. m078.13
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Figure 4.20: Case no. m078.13: measured deflection angle for low (a) and
high (b) incidence angles

at low incidence angles. The comparison to the previous case shows that an
incidence flow with β1 = 137◦ results in an over all similar deflection angle
but in a less volatile graph. The progression is well aligned with the pro-
gressions yielded for higher incidence angles. This finding is in accordance
to the identified dampening effect of water injection on flow separations.
Incidence flows with β1 > 137◦ result in parallel progressions. The shape of
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the wake differs from the dry case. The wake is enlarged and a local mini-
mum at y/t ≈ −0.05 becomes visible. This is due to a streak of water that
originates from the trailing edge of the blade. This streak of high density
spray dampens the local velocity normal to the main flow direction. This
leads to lower local deflection angles. This effect increases with increasing
incidence angles. The ability of the cascade to divert the flow is reduced by
10% or ≈ 1◦.
The deflection angle pogressions for case no. m078.13 for high incidence
angles are depicted in Figure 4.20b. The comparison to the dry case reveals
that the flow does not react as abrupt to increasing incidence angles as it
does in the dry case. Incidence flows with β1 = 142◦...146◦ still show signs
of flow separations (i.e. the local increase of deflection angles due to low
axial velocities at y/t = 0.1...0.2), but the transition is not as abrupt. The
deflection angles tend to be lower as seen for the low incidence angles.
The deflection angle progressions for case no. m078.21 at low incidence
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Figure 4.21: Case no. m078.21: measured deflection angle for low (a) and
high (b) incidence angles

angles are shown in Figure 4.21a. The alterations seen in case no. m078.13
(in comparison to the dry case) can be identified again in amplified form, i.e.
a local minimum of deflection in the area of the wake. The alignment effect
for the incidence flow of β1 = 137◦ can still be noticed via the parallelism of
all progressions. A displacement of the wake can be noticed for β1 = 141◦.
This is in agreement with the discussion of the discharge velocities of this
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case. The specific deflection angle is mildly decreased by the increase in
water load.
Figure 4.21b depicts the deflection angle progressions for case no. m078.21
at high incidence angles. The identified structures for the low incidence an-
gles can be found again. The local minimum in the wake area increases with
increasing incidence angles. The shapes of the progressions remain parallel.
The deflection angle progressions for case no. m071.0 are shown in Figure
4.22a. A difference to case no. m078.0 can be noticed for β1 = 137◦. The
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Figure 4.22: Case no. m071.0: measured deflection angle for low (a) and
high (b) incidence angles

mean value for the deflection angle is increased by about 2◦. Moreover is the
high volatility reduced and the graph is parallel to the graph resulting from
higher incidence angles. These differences can be explained by the lower in-
let Ma number which renders the cascade more tolerant towards misaligned
incidence flows. The incidence angle β1 = 138◦ results in a higher deflection
angle as well (≈ +1◦). This cannot be noted for β1 = 139◦...141◦. The well
aligned progressions for the lowest incidence angles in this case are an ad-
ditional indicator that the cascade was operating at or beyond the stability
limit in case no. m078.0 as the range of stable incidence angles broadens
with decreasing inlet Ma numbers.
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Figure 4.22b shows the deflection angle progressions for case no. m071.0 at
high incidence angles. The graphs show higher gradients than for the low
incidence angles and the wake areas are dislocated and enlarged. This has
been noted for case no. m078.0 as well and a flow separation on the suction
side was identified as a possible reason. The effect of a wider range of inci-
dence angles that result in a stable compressor flow, as seen for β1 = 137◦,
cannot be found for high incidence angles. The deflection angle progressions
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Figure 4.23: Case no. m071.13: measured deflection angle for low (a) and
high (b) incidence angles

for case no. m071.13 at low incidence angles are shown in Figure 4.23a. A
local minimum in the wake area as seen in case no. m078.13 can be found
again in amplified form. The difference between minimum and maximum
deflection angle is increased to 2.5◦. The comparison to the corresponding
dry case shows decreased deflection angles by ≈ 0.5◦. The comparison to
case no. m078.13 shows a higher level of deflection by ≈ 1.2◦.
Figure 4.23b depicts the deflection angle for case no. m071.13 at high in-
cidence angles. The results show similarities to the results gained from the
experiments at low incidence angles. The amplitude increases with increas-
ing incidence angles. This is again due to the amount of water that impinges
on the blade which is dependent on the incidence angle. The comparison to
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case no m078.13 shows a difference in the shape of the wake. While a local
minimum at y/t = 0 can be identified for inlet Ma number Ma = 0.71, this
is not the case for inlet Ma number Ma = 0.78. The lower inlet Ma number
renders the cascade more sensitive to flow separations on the suction side.
The evaluation of the discharge velocity revealed a dislocated wake towards
the pressure side of the neighboring blade. This leads to relatively high
axial velocities at y/t = 0 and consequently to low deflection angles.
The deflection angle progressions for case no. m071.21 at low incidence
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Figure 4.24: Case no. m071.21: measured deflection angle for low (a) and
high (b) incidence angles

angles are depicted in Figure 4.24a. The increase in water load leads to
an amplification of the effects identified in case no. m071.13. An increase
in volatility and amplitude of the graphs can be noted as well as a local
minimum in the wake area. The deflection angle remains at the same level.
Figure 4.24b contains the deflection angle progressions of case no. m071.21
at high incidence angles. The specific deflection angle is decreased by the
increase in water load. This finds expression in a smaller band of deflection
angles. This was seen for inlet Ma number Ma = 0.78 as well but not to
this extent. The reason for this amplification is a lower inlet Ma number
that results in a higher tendency towards flow separation. An increasing
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incidence angle increases the dissipation rate and the resulting deflection
angle has a deficit in comparison to the dry case. An increased water load
above a certain limit increases the dissipation.
The results of the discussion above can be summarized as follows.

• Water injection has a detrimental effect on the deflection angle. The
values are decreased up to ∆max = 2◦.

• A stabilization effect could be identified for low incidence angles at
high inlet Ma numbers which is assumed to stem from dampened flow
separation on the pressure side.

• A stabilizing effect for high incidence angles could not be identified.
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Figure 4.25: Case no. o089.0: measured deflection angle for low (a) and
high (b) incidence angles

Airfoil Geometry 2: Outer Cross Section Figure 4.25a depicts the
discharge flow angle for case no. o089.0 at low incidence angles. The graphs
are dominated by a uniform progression. The lowest deflection angle is found
for the lowest tested incidence angle. The specific deflection angle of the
cascade ∆β/∆β1 ≈ 1 remains constant for all incidence angles. A deviation
from the uniform progression can be found in the area that corresponds to
the wake in the discharge velocity profiles (i.e. Figure 4.13b). This deviation
is present for all incidence angles and is characterized by a locally increased
value. The higher values stem from low axial and radial velocities in the
respective area.
The discharge flow angles for case no. o089.0 at high incidence angles can be
found in Figure 4.25b. The structures that characterize the discharge flow
angle for low incidence angles can again be found in amplified form for high
incidence angles. A uniform progression apart from an area at y/t ≈ 0.1
(which corresponds to the wake) is present. The highest incidence angle
of β1 = 154◦ results in a displacement of the non uniform structure to the
pressure side of the neighboring blade as seen in Figure 4.13b for the wake.
Figure 4.26a depicts the discharge flow angle profiles for case no. o089.13
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Figure 4.26: Case no. o089.13: measured deflection angle for low (a) and
high (b) incidence angles

at low incidence angles. The comparison to the corresponding dry case
(o089.0) shows that apart from the wake area no difference in the shape
of the progression is caused by the presence of water droplets in the flow.
A reduction of the deflection angle of ≈ 0.5◦ can be found for β1 = 149◦
and β1 = 150◦. The area around y/t ≈ 0.1 shows a smaller influence of
the wake on the discharge flow angle. A structure that corresponds to the
wake is only barely visible for β1 = 149◦. The progression of the discharge
flow angle in the wake area becomes more volatile. Beginning at β1 = 150◦
high gradients become visible around y/t = 0.12. A reason for this may
be a shear layer that is located between the streak of water that develops
at the trailing edge of the blade (c.f. Figure 4.6) and the free flow. The
velocities on each side of the shear layer show considerable differences and
hence result in different flow angles.
Figure 4.26b shows the discharge flow angles for case no. o089.13 at high
incidence angles. The previously described alterations fostered by water
injection can be found again for high incidence angles in amplified form. The
area of low axial velocities and hence higher angles of deflection becomes
larger with higher angles of incidence and the deviation β2,m−β2,min grows
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to ≈ 2◦. The degree of volatility in the discharge flow angle progression at
y/t = 0.12 does not depend on the incidence angle. Figure 4.27a contains
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Figure 4.27: Case no. o089.21: measured deflection angle for low (a) and
high (b) incidence angles

the discharge flow angles for case no. o089.21 at low incidence angles. The
area of high volatility at y/t = 0.12 cannot be found for the water load of
2.1%. This might be due to the fact that more water reenters the flow at
the trailing edge in this case and a higher amount of water causes a larger
streak of high droplet density in the cascade discharge flow. The increased
size of the streak causes a different mixing behavior and hence a different
flow angle distribution. A final assessment of this flow structure cannot be
given on the basis of the data at hand as an investigation of the entire two
dimensional flow field with a sufficiently high resolution would be necesary
to obtain a reliable result on this aspect. The necessary effort to obtain
detailed data on this aspect however clearly exceeds the expected benefit
and scope of this work.
The area of higher deflection angles at y/t ≈ 0.02 shows higher gradients and
a larger deviation from the mean value. The deflection angle progressions
for case no. o089.21 at high incidence angles are depicted in Figure 4.27b.
The deviations seen in the discussion of the low incidence angles can be



4.2 Investigation of Cascade Discharge Properties 89

found again. The ability to divert the flow is reduced by about 0.5◦...1◦.
The highest deflection angles can be found at y/t = 0...0.1 which differs from
case no. o089.13. The streak of high density spray has a larger influence in
this case and fosters a corresponding region of low axial velocities (cf. Figure
4.15b) which in turn leads to higher deflection angles as the meridional
velocity is not affected by the streak at this location of the flow field.
Figure 4.28a depicts the deflection angle for case no. o080.0 at low incidence
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Figure 4.28: Case no. o080.0: measured deflection angle for low (a) and
high (b) incidence angles

angles. The graphs for β1 = 148◦...150◦ show a parallel shape as seen for
case no. o089.0. The wake can be identified by higher deflection angles
due to low axial velocities. The position of the locally higher deflection
angles correspond to the identified positions of the wake in the analysis of
the discharge velocities. An exception can be found for β1 = 147◦. The
discharge flow angle deviates towards the suction side of the neighboring
blade towards higher deflection angles. This is an additional indicator to
the assumption that the cascade was operating at the stability limit as seen
in the DeHaller number close to 1 for this operating point in Figure 4.28a.
The deflection angle progressions for case no. o080.0 at high incidence
angles can be found in Figure 4.28b. The trend of higher deflection angles
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for higher incidence angles stays intact as well as the position and the extent
of the wake. A larger structure of higher deflection angles can be found for
β1 = 154◦. This is in agreement with the increased wake thickness seen in
Figure 4.16b. The deflection angle progressions for case no. o080.13 at low
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Figure 4.29: Case no. o080.13: measured deflection angle for low (a) and
high (b) incidence angles

incidence angles are depicted in Figure 4.29a. The graph shown for β1 =
147◦ stands in clear contrast to case no. o080.0. The difference in shape
and position seen in the dry case cannot be noticed with water injection.
The progression is parallel to the results of the remaining incidence angles.
This implies that the flow structure that led to the disturbed deflection
angle progression in case o080.0 has disappeared. The nature of this flow
structure cannot be determined on the basis of the presented data, because
a sign of flow separation could not be identified in the discussion of the
discharge velocities. The value of the deflection angle is negative for β1 =
147◦ which again indicates that the compressor was operating at or beyond
the stability limit. Incidence flow of β1 = 148◦...150◦ yields similar flow
patterns as seen in case no. o089.13. The areas of higher volatility can be
found again in a similar extent for the same incidence angles. A sensitivity
of the formation of the determining flow structures seem to be insensitive
to the inlet Ma number in the tested range. The use of water injection
amplifies the highest measured deflection angle slightly which is due to lower
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minimal axial velocities that are measured for the droplet laden flow. Figure
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Figure 4.30: Case no. o080.21: measured deflection angle for low (a) and
high (b) incidence angles

4.30a depicts the deflection angle progression yielded in case no. o080.21 for
low incidence angles. Incidence angles β1 = 148◦...150◦ produce a similar
progression as seen in case no. o080.13. The values for the discharge angle
tends to be slightly lower for higher water load.
The discharge flow angle progressions for case no. o080.21 at high incidence
angles can be found in Figure 4.30b. The area of high volatile readings as
seen in case no. o080.13 at y/t ≈ 0.1 cannot be noticed anymore. The streak
of disintegrating water at the trailing edge dominates the discharge flow as
discussed in the cases with inlet Ma number Ma = 0.89. The cascade’s
ability to divert the flow is lowered up to 5% relative. The wake can be
identified in areas that are in agreement to the findings in the discussion of
the discharge flow velocities for all incidence angles.
The analysis of the deflection angle is a supplemental source of information
to the data gained from the discussion on the discharge flow velocities. A
summary of the information gained from the tests conducted with Airfoil
Geometry 2 (outer cross section) is given here:
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• The extent of flow alterations by water injection is determined by the
water mass fraction. Water load of X = 1.3% leads to a shear layer
in the discharge flow resulting in a highly volatile progression of the
deflection angle. It also leads to an alignment effect for the lowest
tested incidence angle. The overall ability of the cascade to divert the
flow is not affected.

• Water mass fraction of X = 2.1% leads to a wide streak of high
density spray that originates from the trailing edge. Turbulence that
is produced due to the relative velocity of water and air flow leads to a
higher diffusion rate and renders the highly volatile area seen with the
low water mass fraction invisible. The overall ability of the cascade
to divert the flow is lowered by ≈ 5% relative to the dry air flow.

4.3 Investigation of Performance Parameters
In the previous section the discharge flow properties were discussed in detail
in order to reveal the influences of a water laden flow on the aerodynamic
behavior of the tested compressor cascades. The application of these results
in the assessment of the aerodynamic performance however demands the
evaluation of dimensionless numbers. The knowledge of these is mandatory
for comparability and the calculation of multistage compressors. The most
important dimensionless numbers in this context are:

• Axial Velocidity Density Ratio AVDR

• DeHaller number Ha = w2/w1

• deflection angle ∆β = β1 − β2

• loss coefficient ω

A cross sensitivity of AVDR, loss coefficient and discharge flow angle exists,
as discussed in [88]. Based on this, an evaluation of the loss coefficient and
the discharge flow angle has to incorporate a discussion of the AVDR. A
higher value for AVDR leads to a negative bias for the loss coefficient and
the discharge flow angle as was stated by Köller in [43].
Misaligned incidence flows can result in corner vortices and/or flow separa-
tions. Both phenomena lead to a stream tube contraction and consequently
to a higher value for the AVDR. This is fostered by a larger deviation from
the design incidence angle.
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Figure 4.31: Influence of water injection on AVDR and loss coefficient.
Middle cross section at inlet Ma=0.78

The following discussions are based on the data gained from the measure-
ments of the inlet and discharge flow. Both geometries, the middle and the
outer cross section will be discussed.

Airfoil Geometry 1: Middle Cross Section The AVDR as a function
of the incidence angle of the cases m078.0, m078.13 and m078.21 is depicted
in Figure 4.31a. The readings for the dry case show an overall low level in
comparison to the wet cases. Starting from the lowest tested incidence angle,
the progression shows a negative tendency and reaches its global minimum
(AVDRmin ≈ 1.005) for β1 = 140◦. The values increase with increasing
incidence angles and reach a stagnating maximum (AVDRmax ≈ 1.06) for
β1 ≥ 143◦. An exception to the low values for AVDR in the dry case
can be found for the lowest incidence angle of β1 = 137◦. From the dis-
cussion of the discharge flow properties of case m078.0 we know that a flow
separation is a most likely scenario for this case. A consequence of this
is AVDR > 1.08 in the dry case which is considerably higher than in the
wet cases. Water injection leads to a reduced AVDR for both water laden
cases for β1 = 137◦. As discussed above, a lower value indicates a lower
contraction of the stream tube in the discharge plane. This emphasizes the
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Figure 4.32: Influence of water injection on discharge flow angle and De-
Haller number. Middle cross section at inlet Ma=0.78

dampening effect of the presence of water droplets on vortex generation and
flow separations as these (in addition to the wall boundary layer) lead to
the stream tube contraction.
The progression of the loss coefficient is depicted in Figure 4.31b. It follows
the typical shape with a global minimum of ωmin = 0.02 for β1 = 141◦.
A reduced value for ω is found for both water laden cases in comparison
to the dry case for β1 = 137◦. The AVDR is also lower in this case. A
lower AVDR indicates an increased flow deceleration, due to a low stream
tube contraction, that leads to higher stresses on the boundary layer on the
suction side of the blade resulting in higher losses. Considering this, the
positive effect on the loss coefficient can be accredited to the presence of
water droplets in the flow.
Negative effects of water injection in terms of an increased loss coefficient
for β1 > 137◦ can also be accredited to the presence of water droplets in
the flow. Wherever the loss coefficient is increased, the AVDR is either un-
changed or higher which, based on the discussion above, in tendency leads
to a higher loss coefficient. A different picture is drawn from the evaluation
of the discharge flow angle. The influence of the AVDR is clearly visible.
A high value of the AVDR for the dry case at β1 = 137◦ results in a lower
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Figure 4.33: Influence of water injection on AVDR, loss coefficient. Middle
cross section at inlet Ma=0.7

value for β2. High values for the AVDR lead to underestimated values for
β2 in the case of water load of X = 2.1%. Therefore it can be generally
stated for the evaluation of the middle cross section at inlet Ma number
Ma = 0.78 that the differences seen between the dry reference case and the
wet cases can be acredited to the presence of water droplets in the flow. The
analysis of the cross sensitivity of the AVDR and the discharge flow angle
as well as the loss coefficient clearly shows that the alterations, even though
positively influenced by the AVDR, still lead to over all negative effects.
The effects of water injection on the flow deceleration are depicted in Figure
4.32b. Flow deceleration is generally hampered by water injection. The val-
ues increase with increasing water load by up to 5%. An exception can be
found for the lowest incidence angle β1 = 137◦. The values for the DeHaller
number are decreased for the water laden flows. The AVDR for the water
laden flows at this incidence angle show lower values than the dry reference
flow. This suggests an underestimation of the DeHaller number and the
effect of the decreased value cannot be clearly accredited to the presence of
water droplets in the flow.
The evaluation of the AVDR, the loss coefficient, discharge flow angle and
the DeHaller number in the case of inlet Ma number Ma = 0.71 can be
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Figure 4.34: Influence of water injection on discharge flow angle and De-
Haller number. Middle cross section at inlet Ma=0.71

found in Figure 4.33a to 4.34b. In contrast to the previous discussion of the
flow resulting from an inlet Mach numberMa = 0.78, the AVDR is generally
increased in case of water injection in the range of 2...10 percent points. A
smaller increase of up to 4 percent points can be found for incidence angles
which result in a stable, non detached discharge flow (β1 = 137◦...142◦).
Beginning flow separations were identified for β1 ≥ 142◦. These flow sep-
arations are accompanied by higher increases of the AVDR as the stream
tube contraction in the discharge plane is increased. Higher incidence angles
result in an amplification of this tendency. A higher water mass fraction
leads in tendency to a higher AVDR.
The loss coefficient ω is increased as well. The data in Figure 4.33b show
an increase of up to 2 percent points while still showing the typical shape
progression for the loss coefficient with a global minimum of ωmin = 0.02.
This increase is however underestimated, considering the cross sensitivity
of AVDR and ω. The loss coefficient shows higher values even though the
AVDR is increased substantially which results in an underestimation of the
loss coefficient. This also renders the improved values for ω negligible, which
were found for β1 = 143◦ and β1 = 144◦ where the loss coefficient shows
lower values.
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The discharge flow angle is increased as a consequence of water injection of
X = 1.3% for the range of β1 = 137◦...145◦. This result can be accredited
to the presence of water droplets in the flow as the cross sensitivity of the
AVDR causes a negative bias for the discharge flow angle in this case. The
discharge flow angle is therefore underestimated. This results in a decreased
flow turning. The influence of the AVDR can be observed for the highest
incidence angles where the values for β2 tend to fall below the value of the
dry reference flow. This phenomenon can be directly linked to the behavior
of the AVDR in this band of incidence angles. The discharge flow angle β2
shows consequently lower values than the dry reference flow in the case of
X = 2.1% water injection.
The DeHaller number for this case is depicted in Figure 4.34b. A progres-
sion of decreasing values can be found for the dry case as well as the water
laden cases. Water injection results in higher values for the DeHaller num-
ber which has been found in the case of inlet Ma number Ma = 0.78 as
well. A diverging progression towards higher incidence angles can be found
in correspondence to the AVDR progression. The following can be stated
in summary of the evaluation of the performance parameters of the middle
cross section:

• Water injection leads in almost all cases to an increased loss.

• Water injection tends to hinder flow turning. The discharge flow angle
is increased by about 0.1∆βdesign.

• Water injection tends to hinder flow deceleration by 10...15% relative.

• Water injection tends to increase the AVDR.

• A scenario could be identified (Ma=0.78, β1 = 137◦) where a flow
separation on the pressure side, due to a negative incidence angle,
caused high losses in the dry case. This scenario benefited from the
use of water injection in terms of recorded losses.

Airfoil Geometry 2: Outer Cross Section The influence of the AVDR
on the loss coefficient, discharge flow angle and the DeHaller number in the
case of inlet Ma number Ma = 0.89 can be found in Figure 4.35a to 4.36b.
The values for the AVDR in the dry reference case follow a U-shaped pro-
gression with a global minimum for β1 = 152◦. The global maximum can
be found for β1 = 149◦. Water injection leads in tendency to a lower AVDR
in this case. The maximum decrease is 3%.
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Figure 4.35: Influence of water injection on AVDR, loss coefficient. Outer
cross section at inlet Ma=0.89

The loss coefficient ω (Figure 4.35b) follows the same typical shape as seen
for the test cases with the middle cross section. The global minimum
(ωmin = 0.014) can be found for β1 = 152◦. The progression found for
water injection of X = 1.3% shows a less volatile behavior. This reflects
the findings from the detailed discussions of the discharge flow properties,
where it was found that the water laden flow is less sensitive to alterations
of the incidence angle. For the lowest tested incidence angle the value is
increased by less than 1% point. Considering the overestimation due to the
cross sensitivity of the AVDR, this increase neglectible. For all other inci-
dence angles a considerably higher increase of the loss coefficient is found.
It can also be noted that the progression for X = 2.1% water load is almost
parallel to the dry reference case.
The discharge flow angle is slightly increased for water load of X = 1.3%.
This effect cannot be clearly accredited to the presence of water droplets in
the flow, as the AVDR leads, in tendency, to an overestimation of the dis-
charge flow angle in this case. The values for the higher water load do not
differ significantly from the dry test case. This results in an amplification
of the deflection angle, considering the influence of the AVDR.
The DeHaller number remains unchanged by water injection for the most
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Figure 4.36: Influence of water injection on discharge flow angle and De-
Haller number. Outer cross section at inlet Ma=0.89

incidence angles. An increase of up to 3% points can be found for β1 = 149◦
and X = 1.3%. Higher water load leads to higher DeHaller numbers.
The AVDR, the loss coefficient, discharge flow angle and the DeHaller

number in the case of inlet Ma number Ma = 0.8 are depicted in Figure
4.37a to 4.38b. The progression for the AVDR seen in the previous case can
be found again. A value of AVDR ≈ 1.03 has been recorded for the lowest
incidence angle tested (β1 = 147◦). For higher incidence angles a monotonic
progression unfolds which converges to a band of AVDR = 0.94...0.96. The
influence of water load increases for incidence angles β1 = 150◦...154◦ re-
sulting in differences in the AVDR of 2% points.
The progression for the loss coefficient follows the typical U-shape. A global
minimum of ω = 0.015 can be found for β1 = 152◦ which is unchanged from
the previous case (inlet Ma number Ma = 0.89). Water injection increases
the loss coefficient up to 1% point of 50% relative for β1 = 152◦. The con-
sideration of the cross sensitivity of the AVDR and the loss coefficient does
not have a considerable influence in this case as the values for the AVDR
diverge in both directions (for the water laden cases) from the dry reference
case and the loss coefficient is uniformly increased.
A shift of the minimal value for the loss coefficient of ∆β1 ≈ 1◦ towards
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Figure 4.37: Influence of water injection on AVDR, Loss coefficient. Outer
cross section at inlet Ma=0.8

low incidence angles can be noticed. The results of the evaluation of the
discharge flow angle can be found in Figure 4.38a. The dry reference flow
results in a monotonic increase of the values with increasing incidence angles
as seen in the previous case. The values for the water laden flows diverge
from the reference for incidence angles β1 ≥ 150◦, but this is due to the
AVDR. A higher AVDR leads to a lower β2 and vice versa. This can be
seen in this case.
The DeHaller number, as depicted in Figure 4.38b, follows a similiarly
shaped progression as in the previous case. Water injection of X = 1.3% has
no significant influence on the DeHaller number. A higher water load tends
to hamper the deceleration which results in higher vaues for the DeHaller
number of up to 6% points.
The evaluation of the dimensionless numbers for the outer cross section
showed significant differences in comparison to the middle cross section. A
summary is given here:

• Water injection has a more limited effect on the AVDR in comparison
to the middle cross section.

• Water injection increases the losses similarly to the middle cross sec-
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Figure 4.38: Influence of water injection on discharge flow angle and De-
Haller number. Outer cross section at inlet MA=0.8

tion (up to 50%), relative.

• Water injection hinders flow turning by about 0.1∆βdesign. This find-
ing is repetitive to the findings for the middle cross section.

• Water injection hampers flow deceleration by 5...7% relative.

• A scenario could be identified, where the negative effect of water in-
jecton on the losses is kept to a minimum for β1 = 147◦ and inlet Ma
number Ma = 0.8. This is in correspondence to the findings for the
middle cross section where the best results in terms of losses could be
found for the lowest incidence angles.

These differences may be determined by the presence of water on the suction
side of the blade. A certain fraction of water droplets in the incident flow
will impact on the blade and form a water film, as discussed in Chapter
4.1. The water film will desintegrate into rivulets upon reaching the MLFT
due to the acceleration of the surrounding flow and the resulting shear
stress. Rivulets have a greater height in comparison to a water film. The
increased height leads to increased aerodynamic forces on the water which
lead to desintegrating ligaments on the suction side. The position of the
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water film breakup into rivulets depends foremost on the water load, the
incidence angle and the inlet Ma number as these parameters determine the
Ma number distribution on the suction side. The water that reenters the
flow at the suction side is subject to high relative velocities as the ligament
originates from the boundary layer. This leads to an impulse transport from
the continuous to the dispersed phase and consequently to an increased wake
thickness.
This influence extends to the discussion of the deflection angle. The blade
geometry of the middle cross section is designed to divert the flow by 14◦
versus 6◦ for the outer cross section at design incidence angle. The relative
velocity normal to the main flow direction between the continuous phase
and the desintegrated ligaments is higher for the middle cross section as the
initial velocity of the ligaments is identical for both geometries thus leading
to higher impulse transfer rates ultimaltely leading to a more significant
influence of water injection in terms of the deflection angle on the middle
cross section.
These findings have to be discussed in the light of the application of water
injection in rotating machinery.

4.4 Investigation of the Inter Blade Flow
The results discussed above imply a significant influence of water injection
on the flow. In order to clarify the underlying phenomena additional mea-
surements have been conducted. The results can be found in the inter blade
Ma number distribution in Fig. 4.39. The measurements were conducted
at an incidence angle of β1 = 140◦ and Ma = 0.78 on the middle cross
section. The measurement grid comprises 2000 nodes and 10000 droplets
were recorded for each node in the case of water injection. A number of
5000 particles were recorded in the case of the dry air flow. The results of
the dry air flow are depicted in the top figure and serve as the reference
flow. The measurement of the Ma number distribution of the dry air flow
was conducted with DEHS as a seeding, as in the experiments regarding
the performance parameters. The measurement of the Ma number distribu-
tion in case of a water laden flow delivers the values for all droplets classes
during the same experiment. A post processing routine is applied to filter
the information for different droplet sizes. The Ma number distributions in
case of water injection are displayed in a point to point normalization in the
form ofMa/Maref for each droplet class. Each data point of the dry air flow
(DEHS) serves as a reference for the corresponding coordinate of the water
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laden flow for each droplet class. The different droplet classes are chosen to
represent different abilities to follow the air flow. The smallest droplet class
of 0 µm< dd < 2 µm represents the air flow. Droplets of this size will follow
the air flow with negligible deviation, as discussed. This is also well visible
in the contour plot of the smallest droplet class. The measured deviation
from the dry air flow in the undisturbed incidence flow is < 3%.
The data shows a compressor flow with a high velocity regime on the suction
side which is terminated by the deceleration as the free flow area increases.
The highest recorded velocities are close to Ma = 1. The wake originates
at the trailing edge and is characterized by low velocities. This behavior
can be generally found for the droplet laden flow, which is depicted for
the different droplet classes in the remaining subfigures of Figure 4.39, as
well. The contour plot of the normalized velocity for the smallest droplets
(0µm < dd < 2 µm) shows two major differences in comparison to the dry
air flow (DEHS). Firstly, the maximum velocity in the high speed regime
shows a deficit of about 15% for the lowest values. This influences the in-
cidence flow of the neighboring blade. Secondly, the discharge velocity is
about 10% higher. Other differences can be noticed. The incidence velocity
is about 2% lower just upstream of the leading edge (x/c ≈ 0.1). The in-
cidence velocity is influenced by the high speed regime on the suction side
of the neighboring blade. As the maximum velocity on the suction side is
reduced, the incidence velocity is reduced. It has to be pointed out however,
that the velocity deficit in incidence velocity is only a small fraction of the
deficit in the high speed regime (2% vs. 15%).
A velocity surplus can be noticed directly at the leading edge. This is due
to the droplet inertia. The continuous phase is decelerated abruptly upon
approaching the stagnation point at the leading edge of the blade while the
droplets remain travelling at higher velocities. The wake, characterised by
low velocities, tends to cover a larger area and originates not solely from
the trailing edge. The source of this low velocity regime is water that dis-
integrates from the suction side of the blade. The normalised discharge
velocities depicted in Figure 4.8a show the same values for the minimal ve-
locity in the wake. This seems to stand in contrast to Figure 4.39. The
reason for this is, that the discharge traverse was recorded further down-
stream were the flow properties are more aligned. The differences mentioned
above can be found in amplified form for larger droplets. Increasing droplet
size elevates the velocity deficit in the high speed regime and the velocity
surplus in the cascade discharge properties.
The Ma number distribution for the flow around the outer cross section for
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an inlet Ma number Ma = 0.89 is depicted in Figure 4.40. The incidence
flow results in a well developed transonic flow regime on the suction side.
The maximum Ma number isMamax > 1.1. The high velocity regime is ter-
minated by a shock that causes an abrupt flow deceleration at x/c ≈ −0.3.
The flow is further decelerated downstream. The wake originates at the
trailing edge and the suction side close to the trailing edge. A high inci-
dence angle in this measurement leads to high pressure gradients that cause
an increased boundary layer thickness. This causes the dominant wake
structure.
The comparison with the droplet laden flow shows no influence of the water
injection on the incidence flow. The normalised Ma number upstream of the
leading edge of the blade approaches unity for this entire area. A velocity
deficit of up to 15% is visible in the high velocity regime on the suction side.
The discharge velocity does not show a clear deviation from the dry case.
As on the pressure side of the blade, the deviations are comparably small
at > 4%.
The identified alterations can be found in amplified form for the larger
droplet classes. A larger droplet size leads to larger deviations. The ve-
locity deficit in the high velocity regime is increased in size and intensity.
A velocity surplus of up to 20% is recorded for the largest droplets in the
cascade discharge flow on the suction and pressure side.
The altered flow properties with regard to the velocity in case of water

injection have multiple symptoms. The largest deviations between the dry
and droplet laden flow can be found in areas of large velocity gradients.
The droplet laden flow tends to dampen velocity gradients. This can be ex-
plained by the coupling of the two phases. The density of water ρw exceeds
the density of air ρair by three magnitudes. Comparing a unit volume of air
and water, this results in a higher inertia for the unit volume water. Consid-
ering comparable pressure gradients in the flow field for both cases (water
laden and dry) this has to lead to a lower acceleration and deceleration for
water droplets of a sufficient size as the same pressure induced forces act
on a greater mass. This in turn leads to relative velocities between droplets
and surrounding air flow. This argumentation is supported by the trend
of larger deviations in the velocity readings for larger droplets. However
it has to be stressed, that all droplet sizes are present at the same time.
The measurements show, that considerable velocity difference develop be-
tween the droplet classes. Therefore, droplet-droplet interaction cannot be
neglected. The collision of droplets leads to an impulse transport between
the droplet classes. Assuming a homogeneous velocity distribution over all
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droplet classes in the incidence flow, only a comparably small, turbulence
driven number of collisions will take place. This number will increase with
increasing relative velocity between the droplet classes. For the incidence
flow the furthest upstream scenario of this sort is the high velocity regime
on the suction side. The acceleration of the small droplets causes collisions
with the larger and slower droplets. Impulse is transported to the lager
droplet classes. This explains the velocity deficit for the smallest droplet
class.
In summary the following can be stated:

• Water injection reduces maximum velocity in the high velocity regime
on the suction side of the blade.

• Water injection increases the rate of deceleration towards the the cas-
cade discharge plane.

• The above mentioned effects become more prevalent for larger droplets.

• The effects are also increased with higher design deflection angles of
the blade. A reason for this can be given with the increased droplet-
droplet collision probability. Larger force is needed to accelerate larger
droplets at the same rate in any direction. Large droplets will therefore
not only be less easy decelerated but also deflected. A relative velocity
develops therefore in two directions.
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5 Conclusion
A large fraction of investigations published on two phase compressor flows
incorporate theoretical work on the compression process. Thermodynamic
analysis focus on droplet evaporation models and how the resulting fluid
properties influence the compression process. Key aspects in this kind of
research are the shift in stage loading towards the later stages and the re-
duction in surge margin.
Recent publications deal with the aerodynamic effects caused by the pres-
ence of liquid water droplets numerically. Full three dimensional CFD mod-
els of entire axial compressors are presented.
Past experimental investigations however show, that these models are not
yet able to predict all identified aspects of the two phase flow. In order to
increase the knowledge on the aerodynamic performance of a compressor
cascade in a two phase flow, a series of measurements in a linear compres-
sor cascade was conducted at the wind tunnel test facility at the Helmut-
Schmidt-University in Hamburg, Germany.

5.1 Summary
This study aimed at the deeper understanding of the effects imposed by
water injection on the aerodynamic performance of two compressor blade
profiles. In order to achieve this, the incidence angle, the inlet Ma number
and the water load of the incidence flow was varied. The incidence angle
was varied within the limits of stable compressor flow. These limits were
given by compressor choke for low incidence angles and flow separations for
high incidence angles. Two blade geometries were tested. These geometries
were adapted from the middle and outer cross section of an experimental ax-
ial compressor rotor blade. Optical, non-intrusive measurement techniques
were applied. The key findings are:

• Water injection has multiple effects on the discharge flow properties.

• Discharge flow velocity increases in tendency.

• The deflection angle decreases in tendency.

• The loss coefficient is reduced for a low number of operating points
at lowest incidence angles, broadening the range of possible incidence
angles.
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• The loss coefficient increases for most high blade loading boundary
conditions.

There are however implications for the application of water injection to be
mentioned for machinery that is in commercial operation. Water injection
is widely accepted as a means for power augmentation. In these scenarios a
high power output and therefore a high air flow rate is desirable. This leads
to low incidence angles for the rotating blades. The experiments however
show that in exactly these scenarios the blade aerodynamics are positively,
in some cases mildly negatively, affected by the use of water injection in
terms of the losses which renders the use of water injection as a means for
power augmentation a reasonable action from this point of view. This fur-
ther emphasises the need for stage matching procedures.
The results show that water injection influences the mean deflection angle.
Considering a whole stage (rotor and stator) and a homogeneous incidence
flow, this will have multiple effects.
The following guide vane will be confronted with an altered incidence flow.
This will have an effect on the stability margin that depends on the design
of the following blade row.
Water impinges on the surface of the blade and deposits to a certain fraction
on the blade. The surrounding flow drives the water to the trailing edge
of the blade where it reenters the flow. This leads to a local concentration
of water in the discharge flow resulting in a locally altered discharge flow
angle and renders the assumption of a homogeneously distributed dispersed
phase not supportable. The extent of this effect is determined by the blade
geometry and the droplet properties.
In investigations of two phase compressor flows due to water injection one
has to distinguish the thermodynamic and aerodynamic influence. One has
to even distinguish between the effects for a single blade row, a whole stage,
the entire compressor and the entire gas turbine. The investigations pre-
sented in this work show, depending on the geometry, a reduced or a mildly
increased value for the aerodynamic losses for low incidence angles. A con-
nection to the consequences for the operation of water injection systems is
established. These consequences however do not touch upon the widely ac-
cepted negative effects on the surge margin of the whole compressor. Neither
do they hold information on the effects on the reported thermodynamic ben-
efit of water injection. The experiments are conducted in a linear cascade.
In a rotating machine, a certain fraction of the water will be transported to
the blade tip due to centrifugal forces. This might cause additional blockage
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and redistribution of the blade loading. This effect has no influence on the
results presented in this work.
A meaningful comparison to numerical results cannot be drawn at this point
in time as the numerical investigations that are known to the authors are not
yet able to account for important influences like the reentering of droplets
in the free flow from the suction side (entrainment) in a reliable manner.
In conclusion it can be stated that in order to fully utilize the potential bene-
fit from water injection into the compressor of gas turbines, stage matching
procedures have to be conducted that incorporate the influence of water
injection.

5.2 Future Prospects
The results of this work give insight into the aerodynamic behavior of axial
compressor blade profiles in a two phase flow. The presented data contain
information on the loss coefficient, AVDR, deflection angle and the DeHaller
number. The experiments conducted delivered answers to a number of open
questions and directed the interest to new research opportunities. For this,
the presented information can be utilised in multiple ways e.g. for the cal-
culation of compressor maps, stage matching procedures or as a validation
case for numerical models. Thermodynamic investigations on the wet com-
pression process can benefit from this data, as well.
Future investigations will focus on isolating the relevant factors of influence
like droplet size and blade geometry. The experiments show that droplet
coalition due to relative velocities between different droplet classes have an
influence on the cascades discharge flow properties. The isolation of the
behavior of uninfluenced droplets of a single droplet class will give a better
understanding of the influences of each class. This understanding needs to
be gained also in dependence of the blade geometry.
Another focus area is the detailed investigation on the behavior of the water
on the blade surface to provide further information to researchers that work
on numerical methods. To the author’s knowledge, no reliable model exists
at this point in time to predict the water behavior on the blade surface.
The knowledge of this will foster the understanding of water film - bound-
ary layer interactions that influence the blade losses.
Thermodynamic investigations can benefit from this data in the calculation
of the efficiency of entire, multistage compressors. These calculations can
be extended to gas turbines. The possibility to predict the behavior of the
compressor under two phase flow conditions is valuable asset in the design
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of water injection systems.
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