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1
Introduction

As emission regulations on civil aviation rapidly become stricter new forms of propulsion will have to arise. As
a consequence, research into lower-emission alternatives to currently employed aircraft engines is growing.
A particularly interesting trend is the research into lean premixed hydrogen combustion in gas turbines. Such
a combustor consists of a swirl generator and fuel injection upstream of a mixing tube. As the name suggest,
this is where the injected fuel and air mix to form a near homogeneous mixture. Downstream of the mixing
tube is a larger-diameter combustion chamber, where the mixture ignites to ultimately generate power. Due
to the high mixing quality achieved with these combustors their potential for producing low NOx emissions is
great, but they have a major drawback. Their operating conditions make them prone to flame flashback, es-
pecially when a fast burning gas like hydrogen is used as fuel. This is a consequence of the relatively low axial
velocity on the centre-line of the mixing tube. A low axial velocity here provides limited resistance for a flame
to travel upstream into the mixing tube. This should be avoided at all times as this has a negative impact on
the combustion stability and could even damage the engine. Therefore the concept of axial air injection was
recently introduced. In this concept a non-swirling jet of air is injected on the centre-line of the mixing tube.
From first results, the solution appears promising in its ability to reduce the flashback propensity.

The purpose of this thesis is to further investigate the concept of axial air injection in a lean-premixed gas
turbine combustor. More specifically the research objective is formulated as follows:

"To determine the effects of axial air injection and swirl intensity on the flashback resistance of a lean-
premixed swirl-stabilised hydrogen combustor for axial- and radial swirl generators by conducting Com-
putational Fluid Dynamics and Particle Image Velocimetry."

Before this objective was formulated, a literature study was performed into the relevant topics related to the
subject. The results of this literature study and the full research definition are presented in chapter 2. Next,
the design methodology of the experimental model (and CFD domain) are presented in chapter 3. This is fol-
lowed by the presentation of the adopted methodology for the CFD campaign in chapter 4. The setup for the
PIV experiments and related processes are then discussed in chapter 5. Subsequently, the results from both
the numerical simulations and experiments are presented and analysed in chapter 6. Finally, conclusions are
drawn and recommendations for future research are made in chapter 7 and chapter 8 respectively.
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2
Theoretical Background

This chapter will provide relevant background information regarding the literature review. More specifically,
aircraft emissions and regulations, the AHEAD project, and NOx formation are discussed. A review of the
literature on the topics of hydrogen combustors, swirl-stabilised combustion, mixing quality, particle image
velocimetry, and flashback is presented in this chapter. Recent studies that combine these topics are dis-
cussed at the end of the chapter.

2.1. Aircraft Emissions
Over the last decades the demand for civil aviation has steadily increased. Between 1995 and 2015 the amount
of passenger kilometres flown with civil aircraft has nearly tripled, averaging a compound annual growth rate
of 5.4%. The International Civil Aviation Organization (ICAO) has forecasted this annual growth to stay above
4% up to 2045 [41]. Unfortunately, this increase in aviation demand also contributes to climate change. Cur-
rently about 2% of the global carbon dioxide (CO2) emissions are caused by the aviation sector [26]. However
CO2 is not the only emission responsible for anthropogenic climate change. Modern aircraft engines also
produce water vapor (H2O), nitrogen oxides (NOx), unburned hydrocarbons (UHC), carbon monoxide (CO)
and other substances that directly or indirectly contribute to anthropogenic global warming. It is estimated
that the total contribution of air traffic to man-made climate change is about 5% [64].

This figure is forecasted to remain at 5% or increase up to 15% by 2050 dependent on the scenario [3] & [57].
To avoid this worst case scenario technological advancements will have to be made in aviation, especially in
their propulsion systems. This is also recognized by Advisory Council for Aviation Research and innovation in
Europe (ACARE), who provide a network of strategic research with the goal of making the air transport vision
in Europe a reality. Therefore ACARE has set up specific goals to be met in 2050, called ’Flightpath 2050’ [4].
The first and most repeated goal of ACARE is the following:

"In 2050 technologies and procedures available allow a 75% reduction in CO2 emissions per passenger
kilometre and a 90% reduction in NOx emissions. The perceived noise emission of flying aircraft is reduced
by 65%. These are relative to the capabilities of typical new aircraft in 2000." [22].

Fortunately technological developments have been made throughout the history of aviation. Between 1968
and 2014 the compound annual reduction rate in fuel consumption per passenger kilometre is 1.3% [1]. If
this trend continues from 2000 to 2050, which is a course assumption, that would come down to a near hal-
vation of the fuel consumption per passenger kilometre. As CO2 is not a pollutant but a mere end product
of complete combustion of hydrocarbon fuels, it is fair to say the CO2 emissions are directly related to fuel
consumption. So CO2 emissions could be halved between 2000 and 2050, but a 75% reduction seems like a
very steep challenge. Drastic new concepts will have to emerge to meet this target. The current reduction
in fuel consumption is mainly possible due to improved aircraft engine efficiencies by increasing the engine
pressure ratio and turbine inlet temperature. However it is precisely these improvements that tend to increase
NOx emissions [23]. Through other technological advancements it may be possible to mitigate that drawback.
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2.2. AHEAD: Advanced Hybrid Engines for Aircraft Development 2. Theoretical Background

2.2. AHEAD: Advanced Hybrid Engines for Aircraft Development
The AHEAD project aims to accelerate the technological advancements by investigating the feasibility of an
unconventional aircraft powered by innovative engines [5]. AHEAD is short for Advanced Hybrid Engines for
Aircraft Development and is a partly EU-funded group of technical institutions and universities. A large part
of its research is aimed towards the development of a hybrid fuel aircraft engine. This contra-rotating turbo-
fan engine will be powered by both liquid hydrogen and biofuel. The cryogenic hydrogen will be combusted
in the first combustion chamber. The hot exhaust gasses of this combustion chamber then allow for flameless
combustion of biofuel in the second combustor. As a large amount of the produced power originated from
the combustion of hydrogen, the only CO2 emissions come from the flameless combustion of the biofuel.
NOx emissions also have the potential to be very low because the combustors are staged.

The current study is also part of the AHEAD research and will focus on the hydrogen combustion chamber of
the engine. It is obvious that significant CO2 reduction is possible with this engine configuration. The poten-
tial NOx reduction on the other hand is less evident. To understand this potential a closer look must be taken
at the formation of nitrogen oxides.

2.3. NOx Formation
In exhaust gasses nitric oxide (NO) is by far the most abundant species of nitrogen oxides. NO is mainly
formed through a mechanism referred to as the Zeldovich mechanism [87]. This mechanism is highly sensi-
tive to temperature of the exhaust gas and is therefore also referred to as thermal NOx. The chemical reactions
of the Zeldovich mechanism are presented in eq. (2.1).

N2 +O → NO +N

N +O2 → NO +O

N +OH → NO +H

(2.1)

The first reaction is the NO formation rate governing reaction as its activation energy is relatively high. There-
fore the reaction rate increases rapidly at high temperatures, typically 1800 K [84] [51]. This temperature de-
pendence is visualised using fig. 2.1.

Figure 2.1: NO concentration vs Temperature

Source: Zajemska et al.[51]

The formation of nitrogen dioxide (NO2), the second most abundant NOx species is governed by the con-
centration of NO. So a similar temperature dependence as presented in fig. 2.1 exists for NO2. It can thus be
concluded that NOx formation is greatly affected by temperature. In fact the reaction rates of the NOx forma-
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tion reactions increase exponentially with temperature.

At equal equivalence ratio the flame temperature caused by hydrogen combustion is higher than that from
kerosene combustion. This would provide for higher NOx emissions from hydrogen combustion compared
to kerosene combustion. However, hydrogen has much broader flammability limits than kerosene as illus-
trated in fig. 2.2.

Figure 2.2: Flame temperature vs Equivalence ratio for hydrogen and kerosene under flight conditions

Source: Brand et al.[13]

From this figure it can be observed that hydrogen has a significantly lower lean blowout limit. This is the
point where the ratio of fuel to air becomes too low to be combustable. Thus hydrogen can burn significantly
leaner and therefore at lower temperatures. This gives hydrogen combustion the potential to produce less
NOx emissions than kerosene combustion. This is only possible when the equivalence ratio of the combus-
tion can be controlled. Therefore lean premixed combustors are becoming more popular in research and
development. It should be noted that achieving perfectly premixed fuel and air is nearly impossible. In ac-
tual premixed combustors there will always be spatial and temporal fluctuations in the equivalence ratio and
therefore in temperature. For lean mixtures the local mixtures that burn closer to the stoichiometric condi-
tions (richer than the mean) will produce more NOx, while the leaner burning mixtures will produce less NOx.
Since the reaction rates of NOx formation increase exponentially with temperature, the richer mixtures out-
weigh the leaner mixtures in terms of NOx production. To minimize NOx production it is therefore desirable
to always burn at the overall equivalence ratio and thus to minimize any spatial or temporal unmixedness
[30], Besides the NOx aspect, it is also desirable to have a good mixing quality of fuel and air as this provides
for a more stable combustion [2].

Even though hydrogen has an extended lean blowout limit, there is a disadvantage that comes along with its
high reactivity. As hydrogen has a much higher burning velocity than hydrocarbon flames, hydrogen flames
are more prone to flashback than hydrocarbon flames. This increased flashback risk has to be taken into
account when designing hydrogen combustion chambers.

2.4. Developments in Hydrogen Combustor Design
Over the past decades hydrogen combustion research has become increasingly popular in the field of power-
and propulsion engineering. Figure 2.3 shows the amount of published documents related to the search term:
"hydrogen AND combust* AND ((aero engine) OR (gas turbine))" as found on Scopus.
As mentioned before. This increased popularity is likely driven by the stricter emission regulations on avi-
ation and power generation. From the relevant research performed there are two major design trends for
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Figure 2.3: Annual published hydrogen combustion related documents on Scopus as of August 2020

hydrogen combustion that are able to achieve low NOx emissions and therefore appear to be viable alterna-
tives to fossil fuel combustion. First is micromix combustion and second is lean premixed combustion.

2.4.1. Micromix combustion
Micromix combustion is quite different from most modern gas turbine combustion concepts in the sense
that there is not a single large flame in the combustion chamber, but there are many small ’micro’ flamelets
distributed over the combustion chamber. In contrast to lean premixed combustion, micromix uses diffusion
flamelets, providing an inherent resistance to flashback. Air is injected axially through air guiding planes. Per-
pendicular to these planes, hydrogen fuel is injected through distributed small ports (as a jet in cross-flow)
and immediately combusted, forming flamelets of approximately 10mm. The flow pattern develops into an
inner recirculation zone in the direction of the hydrogen jet and an outer recirculation zone on the other side.
This flow pattern is illustrated in fig. 2.4. A closeup of the fuel and air injection of one flamelet is presented in
fig. 2.5 [33][34].

Figure 2.4: Micromix flamelets and recirculation zones

Source: H. Funke [34]

A shear layer forms between the inner recirculation zone and the free exhaust jet at the level indicated by ycr i t .
The hydrogen jet must not penetrate this shear layer to ensure a very short residence time of the mixture,
ultimately leading to lower NOx emissions. If hydrogen would penetrate into the inner recirculation vortex,
the hydrogen-air mixture would react and recirculate, increasing the residence time, temperature, and NOx
emissions. Thus the recirculation zones do not partake in mixing, but merely assist to anchor the flame.
The major challenges for the micromix technology are a sensitivity to fuel contamination, manufacturing
complexity, and therefore cost.

2.4.2. Lean premixed combustion
Lean premixed combustion uses the large flammability limits of hydrogen to its benefit as discussed in chap-
ter 2. The air and fuel mix to a mixture with equivalence ratio near the lean blowout limit before combustion
to minimize NOx. A schematic image of this type of combustor is shown in fig. 2.6. In the schematic the air
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Figure 2.5: Micromix fuel and air injection

Source: H. Funke [34]

is injected axially and fuel is injected radially after the air has passed through a swirler. The gasses then mix
inside the premixer to a more homogeneous state. Finally the mixture passes through another swirler before
it is dumped in the combustion chamber, where it ignites. It should be noted that this is just one of many
possible configurations of lean premixed combustors.

Figure 2.6: Schematic of lean premixed combustor

Source: D. Dewanji [20]

Staged lean premixed combustion
Another common configuration of lean premixed combustors is the staged lean premixed combustor. This
concepts provides a solution for problems that may occur in lean premixed combustion. As the equivalence
ratio during lean premixed operation is close to the lean blowout limit the stability margins are small. A rela-
tively small oscillation can cause the flame to extinct. For premixed flames light-off and relighting is unreli-
ably compared to diffusion flames. Therefore the staged lean premixed combustor concepts uses a primary
zone that can be operated with a diffusion flame upstream of the secondary premixed zone. In fact this con-
figuration allows for four modes of operation as is shown in fig. 2.7 [52] [31] [85].

• Primary - In the primary operation mode all fuel is supplied to the primary zone where it is immediately
combusted in a diffusion flame with the incoming air. This mode is used for ignition and low loads.

• Lean-Lean - In this mode the fuel is supplied to both the primary and secondary nozzles. This ignites
the partially premixed flame of the secondary zone and is used for intermediate loads.
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Figure 2.7: Modes of operation on staged lean premixed combustor

Source: Meher-Homji et al. [52]

• Second-Stage Burning - For this third mode of operation the fuel supply to the primary zone is cut
off. The diffusion flame thus extincts in this zone and only a partially premixed flame in the secondary
zone remains. This flame is not fully premixed for this mode as the fuel-to-air-ratio is very high in the
secondary injector. This ’second-stage burning’ is used as a transient stage from lean-lean operation to
the final fully premixed operation.

• Premixed - In this final mode of operation the fuel supply is distributed mainly to the primary injectors.
The flame is now extinct in this zone so the fuel and air can form a homogeneous mixture. The primary
zone thus acts as a premixing chamber. The remaining fuel and air are also premixed in the secondary
injector and combust in the secondary stage together with the mixture from the primary zone.

2.5. Swirl-stabilised Combustion
To reach their desired power output gas turbines require high flow rates. Therefore the flow velocity inside the
combustion chamber is generally much larger than the flame speed. To still be able to maintain stable com-
bustion a flame stabilization mechanism must be adopted. A commonly used mechanism is recirculation. A
swirl generator can create a central (toroidal) recirculation zone where the local velocity is much lower. This
provides for a larger residence time, ensuring stable and complete combustion with relatively low emissions.
This section will look into swirl and its effect on the flow field inside a lean premixed combustor.

2.5.1. Swirl Generators
A swirler generates a tangential velocity component in the otherwise purely axial flow in the premixing tube.
There are three main types of swirl generators. The first type is referred to as a axial swirler. In an axial swirler
the axial flow can be deflected in tangential direction by guide vanes. The angle of the guide vanes affects the
degree of swirl. Figure 2.10 illustrates this type of swirler. The second type is by radial/tangential injection of
fluid in the axial flow. This type is referred to as a radial swirler and is presented in fig. 2.8. The final type of
swirler is one where a rotating mechanical device initiates a swirling motion to the flow. [78] This final type
is not very common in industrial application because of its complexity, but provides the benefit of adjustable
degrees of swirl and is therefore attractive for some experimental investigations [8].
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2.5.2. Central Recirculation Zone
The swirl creates a centrifugal force, forcing the flow outwards. This causes an outward radial pressure gra-
dient to arise. The core of the swirling flow is thus at relatively low pressure, while the flow near the wall is
at relatively high pressure. Once the flow reaches the combustion chamber the expansion causes the velocity
to decrease and the pressure to recover, causing a positive axial pressure gradient downstream. If the axial
pressure gradient, and thus the swirl, is large enough, a central toroidal recirculation zone forms with flow
reversal near the centerline.

Another way of understanding this phenomenon is by looking at the simple radial equilibrium and the con-
servation of angular momentum. A swirling flow in a cylindrical tube can be described by the simple radial
equilibrium, eq. (2.2). This means that tangential velocity component, axial velocity component, and pres-
sure are all only functions of radius. The swirling flow in the premixing tube essentially behaves as a solid
body rotation and is also known as a forced vortex flow. This means that the angular velocity (Ω) is constant
along the radius and that tangential velocity (W ) is expressed by equation eq. (2.3) [40].

p(ro , x)−p(0, x) = ρΩ2r 2
o

2
(2.2)

W =Ωr (2.3)

Equation (2.2) gives the pressure difference between the outside edge of the vortex core p(ro) and the center-
line p(0) at axial position x. Imagine the flow reaches the sudden expansion of the entrance to the combustion
chamber at x1. When it reaches x2 downstream of x1, the vortex has expanded radially. As its angular mo-
mentum is conserved the angular velocity decreases quadratically with increasing radius. The left hand side
of eq. (2.2) thus becomes smaller downstream of the sudden expansion, meaning that the pressure difference
between outer edge and centerline decreases. As the average pressure increases with increasing area in sub-
sonic flows, the pressure along the centerline must increase more that on the outside edge of the vortex core.
This leads to a greater axial velocity reduction on the centerline than on the outside, which can ultimately
cause a central toroidal recirculation zone if the effect is strong enough [35].

2.5.3. Swirl number
The Swirl number is a dimensionless number which helps to quantify the intensity of the swirl and can thus
give an indication whether a recirculation zone will be formed. The general definition of the Swirl number is
the ratio of axial flux of angular momentum (Gθ) to the outer radius of the annulus (ro) times the axial flux
of axial momentum (Gx ) and is given by eq. (2.4) [8] [79]. The equations for axial flux of angular momentum
and axial flux of axial momentum are given by eq. (2.5) and eq. (2.6) respectively. It should be noted that Gx

is also known as axial thrust and has the unit of N .

Sw0 = Gθ

roGx
(2.4)

Gθ =
∫ R

0
(W r )ρU 2πr dr (2.5)

Gx =
∫ R

0
2πrρU 2dr +

∫ R

0
2πr pdr (2.6)

In these equations U is the axial velocity component, W is the tangential velocity component, ρ is the fluid
density, and p is the static pressure in any cross section of the swirling flow. It is however difficult to obtain
the pressure distribution and exact velocity components of the flow. Therefore Beér and Chigier [8] suggested
the pressure term in Gx can be omitted once the flow inlet conditions of the swirler are used to obtain the
Swirl number. Equation (2.6) then reduces to eq. (2.7) and is only dependent on the axial velocity distribution
at the swirler inlet.

Gx = 2π
∫ R

0

(
ρU 2r

)
dr (2.7)
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For different types of swirl generators they were able to approximate the Swirl number based on the swirl gen-
erator geometry. For radial type swirlers the axial momentum flux of angular momentum can be expressed
using eq. (2.8). In this equation ṁ is the mass flow rate, σ is the ratio of the average tangential velocity com-
ponent to the average axial velocity component, and Lsl ot is the axial length of the slots through which the
fluid is radially/tangentially injected. The dimensionless number σ can be assumed fully dependent on the
swirler geometry and is approximated by eq. (2.9).

G
′
θ =σ

ṁ2

ρ2πLsl ot
(2.8)

σ(ψ) = 1

1−ψ
(

tanψ

1+ tanψ tan(π/n)

)
(2.9)

Here,ψ represents the blockage factor caused by the thickness of the vanes (t ) (eq. (2.10)), n is the total num-
ber of radial vanes, and α is the inlet angle of the vanes w.r.t. the radial direction. So α equal to zero would
indicate a purely radial inlet. A schematic of the radial swirler and its relevant dimensions is presented in
fig. 2.8.

ψ= nt

2πR1 cosα
(2.10)

Figure 2.8: Schematic section of radial swirl generator

Source: Adapted from J. M. Beér [8]

If axial momentum is assumed constant over the radius (ρu2 = const ) the axial thrust reduces to eq. (2.11).
The Swirl number then finally reduces to eq. (2.12) where A is the cross sectional area of the swirler exhaust.

G
′
x =πR2ρU 2 (2.11)

Sw = σṁ2

2π2R3ρ2U 2Lsl ot
= σA2

2π2R3Lsl ot
= σR

2Lsl ot
(2.12)

A variation on the radial swirl generator is the movable block swirl generator. This swirler allows for adjust-
ment of the Swirl number without replacing any parts. A schematic of the movable block swirler is presented
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in fig. 2.9. The ’lower’ blocks are all connected and can be rotated about the centerline. In this example, if
they are fully rotated in clockwise direction they block the tangential air inlet slots. The air is then only in-
jected radially and no swirl is generated. Rotating the blocks towards the opposite side opens up tangential
air injection slots and closes the purely radial slots at the same time. This angle of adjustment (ξ) is thus pro-
portional to the Swirl number. It is defined by eq. (2.12) in which σ is now given by eq. (2.13).

σ= 2π

nξm
sinα

cosα[1+ tanα tan(ξ/2)](ξ/ξm)

{1− [1−cosα(1+ tanα tan(ξ/2))]ξ/ξm}
(2.13)

Figure 2.9: Schematic of movable block swirl generator

Source: S. Terhaar [83]

For axial swirl generators the Swirl number can also be reduced under a few assumptions. If the vanes are
assumed thin and the axial velocity distribution is assumed constant over the radius eq. (2.5) and eq. (2.6)
reduces to eq. (2.14) and eq. (2.15) respectively.

G
′
θ = 2πρU 2 tan

(
φ

) R3
n −R3

h

3
(2.14)

G
′
x =πρU 2(R2

n −R2
h) (2.15)

In these equations φ is the vane angle w.r.t. the axial direction, Rn and Rh are the full tube radius and the hub
radius of the swirl generator respectively. These dimensions are also indicated in fig. 2.10. In the end, the
Swirl number for an axial type swirl generator can be approximated by eq. (2.16).

Figure 2.10: Schematic of axial swirl generator

Source: Adapted from Y. Huang [40]
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Sw = 2

3

[
1− (Rh/Rn)3

1− (Rh/Rn)2

]
tan(ϕ) (2.16)

An alternative configuration of the axial vane swirler is one with helical vanes in stead of straight vanes. This
helical vane shape is defined by eq. (2.17).

tanφ= r

Rn
tan(ϕ0) (2.17)

The vane angle at the trailing edge is thus greatest at the tip (φ0) and reduces towards the hub. This changes
the angular momentum flux and ultimately the Swirl number to the theoretical expression given by eq. (2.18),
in which the blockage factor ψ is defined by eq. (2.19).

Swhel =
G

′
θ

G ′
x Rn

= 1

1−ψ
(

1

2

)
1− (Rh/Rn)4

1− (Rh/Rn)2 tan(ϕ0) (2.18)

ψhel =
n

∫ Rn

Rh

t

cos(ϕ)
dr

(R2
n −R2

h)π
(2.19)

2.5.4. Vortex breakdown
When a confined swirling flow encounters a diffuser the axial velocity on the centerline is reduced. This de-
celeration increases with increasing Swirl number. Increasing the swirl further beyond a critical value gives
rise to sudden vortex breakdown (VB) [10], which causes a central recirculation zone to form [35] [40]. Beran
and Culick [10] used numerical simulations to show the hysteresis loop (fig. 2.11) in VB and consequent for-
mation of the recirculation zone. Vortex breakdown is thus not a gradual, but an abrupt phenomenon for an
increasing swirl intensity.

Figure 2.11: Hysteresis in minimum axial velocity in vortex core for variation in swirl parameter

Source: E.M. Greitzer et al. [35]

There have been many types of VB classified. Some authors have identified up to seven different types [29]
[40]. At high Reynolds numbers (Re > 104), Novak and Sarpkaya [59] found two types of VB prevailed: the
bubble type and the cone type. A schematic of the these VB types are presented in fig. 2.12 and fig. 2.13 re-
spectively. For bubble type VB the vortex core rapidly expands after reaching a stagnation point. Then, at
a larger radius, the flow collapses and gives rise to axial flow reversal. The axial velocity then turns positive
again close to the initial stagnation point and has the potential to continue as a new vortex core with a larger
radius. This final stage is not always observed though. Novak and Sarpkaya suggested that the cone type
originates from a rapidly precessing spiral type VB, which is commonly found at lower Re.

Billant et al. [11] investigated swirling jets being dumped into a larger reservoir. They observed the same two
distinct types of VB: cone and bubble VB. In contrast to Novak and Serpkaya it was hypothesized that the cone
type VB originates from the bubble type VB at very high Re, where the wake of the bubble is highly turbulent
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Figure 2.12: Schematic of bubble type vortex breakdown

Source: T. Jindelt et al. [42]

Figure 2.13: Schematic of cone type vortex breakdown

Source: P. Billant et al. [11]

and starts very close to the stagnation point. However this was not confirmed as both VB types were found
to occur seemingly at random occasion. Both types were also found to have axisymmetric and asymmetric
forms. The axisymmetric forms were observed at lower Re and the asymmetric ones at higher Re. The cause
between the distinction of the cone and bubble type was not explicitly found, but small instabilities in tem-
perature were suggested. Later, Terhaar [83] found that the inflow velocity profile caused the distinction. By
injecting a non swirling jet axially on the centerline of a swirling flow the author was able to influence the
vortex breakdown type. In fig. 2.14 the observed VB type is presented for a range of investigated primary swirl
numbers and amount of axial air injection (volume rate of non swirling jet to total volume rate (χ)). Inject-
ing a non swirling jet decreases the effective Swirl number. This phenomenon is shown by the resulting Swirl
number lines. It was concluded that a cone type VB is promoted at high primary Swirl numbers with relatively
large amounts of axial injection.

2.6. Flashback
Flashback is the process of an upstream propagating flame. This phenomenon occurs when the burning ve-
locity exceeds the flow velocity. Flashback must be avoided as it can cause significant damage to components
that are not intended to withstand the high temperature of flames; premixing tube and swirl generator for
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Figure 2.14: Observed vortex breakdown type for variation in primary Swirl number and axial injection

Source: S. Terhaar [83]

instance. Lieuwen [50] summarized the four distinct types of flashback: "turbulent flame propagation in the
core flow, flashback due to combustion instabilities, flashback in the boundary layer, and flashback in the core
flow due to alteration of vortex breakdown dynamics also known as combustion induced vortex breakdown
(CIVB)" [38]. This final form is of particular interest for this study and is depicted in fig. 2.15. Oberleithner [60]
found that for swirling lean premixed combustors this is the mechanism leading to flashback as instabilities
are suppressed by density stratification caused by heat release of the flame. It should be noted that for correct
operation of a gas turbine combustor flashback should be avoided, but not the VB as this also provides for
the recirculation stabilized combustion.

Figure 2.15: Flashback due to combustion induced vortex breakdown (CIVB): stable flame (A), flame moving upstream with the vortex
breakdown bubble (B)

Source: T. Lieuwen et al. [50]

Taamallah et al. [82] combined an experimental and numerical study to investigate the flow field in a swirling
combustor. The author found that the vortex breakdown at non-reacting conditions was of the cone type.
This vortex breakdown was preceded by a precessing vortex core (PVC) which originates at the swirler cen-
terbody. At reacting conditions this PVC starts rotating closer to the centerline with decreasing vorticity and
follows a solid body rotation. The axial velocity deficit on the centerline increases and ultimately causes CIVB
flashback as the vortex breakdown type changes from cone to bubble.

Burmberger and Sattelmayer [15] first proposed the concept of increasing the axial velocity on the center-
line by a non-swirling jet to reduce the flashback propensity. Later, Terhaar [83] proved the potential of this
concept by axially injecting air in the center of the swirling flow core. The combustion remained stable and
flashback was avoided. This was numerically replicated by Veiga López [27] with RANS CFD with fairly good
accuracy for non-reactive tests, but no reasonable predictability for the reactive tests. More recently, a LES
numerical study was performed by Mira [56] with good agreement to the experimental investigation.
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Figure 2.16: Axial velocity contours from LES simulation of a swirling lean premixed combustor: non-reacting (top), reacting (bottom)

Source: S. Taamallah et al. [82]

2.7. Mixing
Another important aspect of desired performance besides flashback safety is a high degree of mixing. As
mentioned in chapter 2 it is desirable to have a uniform temperature profile as this provides for minimum
NOx production and higher stability of the combustion. This can be realised by thorough mixing of fuel and
oxidant before combustion. Danckwerts [21] first introduced a parameter by which the mixing quality can
be assessed of a binary mixture. It is usually referred to as unmixedness and is based on the variance (σ2) of
the measured concentration of one specie in the mixture. This variance and therefore the unmixedness can
be evaluated both spatially (fluctuations in concentration in the area or volume of the temporally averaged
field) or temporally (fluctuations in concentration in time of every measured point) [2] [74]. The spatial- and
temporal unmixedness parameters are given in eq. (2.20) and eq. (2.21) respectively.

Ux = σ2
x

σ2
0

=
1

Ni−1

∑Ni
i=1

(
C∗(i )−C∗∞

)2

C∗∞
(
1−C∗∞

) (2.20)

Ut =
σ2

t

σ2
0

=
1

Ni Nt−1

∑Ni
i=1

∑Nt
t=1

(
C∗(i , t )−C∗∞

)2

C∗∞
(
1−C∗∞

) (2.21)

In these equations σ2
0 is the spatial variance of the concentration in the field just before the mixing process

has commenced. C∗∞ is the perfectly mixed (homogenized) concentration. The concentration at location i
at time t is represented by C∗(i , t ). The temporally averaged concentration at location i is represented by
C∗(i ). Ni and Nt represent the number of pixels (number of measured points in the field) and the number of
timestamps recorded of the mixing process respectively.

2.8. Particle Image Velocimetry
Particle Image Velocimetry (PIV) is a non-intrusive quantitative flow measurement technique that has its
roots in Laser Speckle Velocimetry (LSV) [24] and has known much development since [12]. The technique
is based on tracking the displacement of particles in the flow between short time intervals. These small par-
ticles are added to the flow and are known as seeding particles or tracing particles. Their displacement can
be tracked as they are briefly illuminated by two consecutive planar laser pulses and their scattered light is
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recorded by a digital imaging device (usually a CCD or CMOS camera) positioned perpendicular to the illu-
minated plane. A schematic of a PIV measurement system is presented in fig. 2.17 [32].

Figure 2.17: Schematic diagram of PIV system

Source: Z. Sun et al. [81]

When a seeding particle is carefully selected to accurately follow the flow, in the simplest sense, the veloc-
ity and in plane direction of the flow can be determined by dividing the displacement by the time interval
between two laser pulses.This form of individual particle tracking is actually a similar but different measure-
ment technique called Particle Tracking Velocimetry (PTV). In PIV, the velocity vector is not determined by
tracking a single particle, but rather by cross-correlation analysis of particle patterns in a smaller sub-domain
or interrogation window. The average particle displacement in such a window is determined by the correla-
tion peak found in the analysis. Knowing the image magnification and time interval between two consecutive
laser pulses, the average displacement can ultimately be converted to a velocity vector for that window. A
schematic of the processing of PIV images is given in fig. 2.18.

Figure 2.18: Schematic of processing PIV images

Source: LaVision [46]

Cross-correlation analysis requires an appropriate seeding particle density (number of seeding particles per
observation volume). If this figure is low PTV is more appropriate. For intermediate values, PIV can be em-
ployed [68]. If the seeding density is too high, individual particles overlap on the images and no accurate
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correlations will be found. Such high seeding densities are more applicable to LSV [66]. The effect of seeding
density on the image is presented in fig. 2.19.

Figure 2.19: Low seeding density (PTV) (a), medium seeding density (PIV) (b), and high seeding density (LSV) (c)

Source: M. Raffel et al. [68]

Besides a suitable seeding density, the type of seeding particle must also be carefully selected. One must take
into account the velocity offset between particle and flow and also the scattering effectiveness of the particle.
Ideally the particle velocity is identical to the flow velocity, but in reality there is a slip velocity that must be
minimized. That velocity can be estimated by equation eq. (2.22) where vp and v f are the particle and flow
velocity respectively. The particle radius is represented by rp , µ is the fluid dynamic viscosity, and ρ is the
density.

vp − v f =
2

9

r 2
p

(
ρp −ρ f

)
µ

d vp

d t
(2.22)

So if the particle and flow have identical density the particle follows the flow perfectly. This is achievable for
liquid flows, but not for gaseous flows. Therefore the seeding particles in gaseous flows often have a very
small diameter. Oil droplets of 1-3µm diameter and T iO2 are common examples while liquid flows generally
equip silver coated hollow glass spheres or something similar as tracers.

Table 2.1: Diameter and density of common PIV seeding particles

Particle Diameter Density
Vegetable oil 1-3µm 0.9 g /cm3

T iO2 0.2-0.5µm [32] 3.9-4.2 g /cm3 [45]
Glass hollow spheres 1-100µm [45] 0.06-0.8 g /cm3 [18]

The scattering efficiency of a seeding particle is proportional to the (particle-to-fluid) ratio of refractive in-
dices, the particle diameter, and inversely proportional to the light wavelength. A larger particle thus in-
creases the scattering efficiency, but also increases the slip velocity. Therefore a trade-off must be made
when selecting a seeding particle. The image resolution must then be adjusted for the particle diameter. A
pixel size of the recorded images should ideally be in the range of half a particle diameter [32]. If a particle is
much smaller than a pixel a systematic error known as peak locking occurs, which translates to a maximum
positioning error of 0.5 pixel as particle positions then tend to be rounded to integer pixel values [7]. An ex-
ample of under-resolved and well-resolved imaging is presented in fig. 2.20. If a particle is much larger than
a pixel the contrast of the image would suffer as individual particles may start overlapping.

Other considerations to be made for a successful PIV experiment are the laser pulse duration, the interroga-
tion window size, and the laser sheet thickness. The pulse duration or pulse width must be as short as possible
in order for the scattering particles to be captured as dots rather than streaks. This can generally be achieved
if the diameter of the particle is much less than the time it takes for a particle to move by one diameter. For
modern lasers this generally is not a problem as the pulse width is smaller than 10 ns [67].
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Figure 2.20: Digital imaging of small particles: under-resolved, leading to peak locking (left), well-resolved (right)

Source: F. Scarano [32]

For an optimal PIV experiment the in-plane movement of particles should be smaller than a quarter of the
window size to ensure enough particles stay within the frame during the two laser pulses and can be used for
cross-correlation analysis. On the other hand the interrogation window should not be so large that the parti-
cles in that window have vastly different velocities as this causes multiple cross-correlation peaks to arise [32].

As a design rule particles should not have more out-of-plane displacement than one quarter of the sheet
thickness [32]. Increasing the sheet thickness will increase the observation volume. This will ensure fewer
particles move through the sheet in between laser pulses, making it easier to cross-correlate the images. On
the other hand, it will also cause a worse resolution and increase the perspective projection error on the in
plane velocity caused by the out of plane velocity component. For highly 3-dimensional velocity fields this
systematic perspective projection error can be up over 15% [68]. The sheet thickness is generally set in the
order of 2 mm with the help of lenses for 2-dimensional (standard) PIV [49] [36]. The only way to completely
cancel the perspective projection error is to include the measurement of the third velocity component by a
more advanced method such as stereoscopic [86][25] or tomographic PIV (tomo PIV) [77][25].

2.8.1. PIV Optics
A dual-pulsed laser suited for PIV generally emits two near-circular laser beams with a diameter in the order
of 5-10 mm. This diameter depends on the pulse energy. The emitted beams need to be deformed to form
two thin overlapping laser sheets in the area of interest. This can be achieved by inserting specific lenses in
the laser light. Positive (convex) lenses (lenses that have positive focal length can be used to converge the
light, whereas negative (concave) lenses can be used to diverge the light. This is illustrated in fig. 2.21.

Figure 2.21: Converging vs diverging lens [28]

The beams emitted from the laser head are generally slightly diverging. To create a focal point near the area of
interest, effectively an extremely weak positive lens (convex lens with very far focal point) must be introduced
in the beam. A more practical solution is to use a combination of a concave and convex lens. Their spacing
and individual focal lengths govern the effective resulting focal point. When a focal point is created at the
desired location, the beam must be opened up to form sheet. This can be done with a cylindrical concave
lens. Cylindrical lenses only change the direction of light over a single axis compared to both axes for spheri-
cal lenses.
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2.9. TU Berlin Experiments
Reichel combined the topics discussed above in his research. The author experimentally investigated the
flow field, mixing quality and emissions of a hydrogen fueled, lean premixed, swirl-stabilised combustor with
axial air injection (AAI) in a fourfold publication [71–74] as part of the author’s PhD thesis [70] within the
framework of the AHEAD project at the TU Berlin. The investigated combustor was equipped with circum-
ferentially distributed axial fuel injection ports, tangential/radial air injection for swirl generation, centerline
AAI, straight premixing tube, and a sudden expansion to the cylindrical combustion chamber. This combus-
tor is presented below in fig. 2.22.

Figure 2.22: Schematic of the lean premixed combustor with axial air injection used by Reichel et al.

Source: T. Reichel et al. [70]

Reichel performed both isothermal and reacting experiments at two different Swirl numbers and two quan-
tities of AAI. The variation in swirl intensity were achieved by installing different blocking rings on the radial
swirler inlet, effectively changing the slot length (see eq. (2.12)). The quantity of axial air injection was con-
trolled by a variable diameter orifice on the centerline inlet. For the isothermal experiment, a plexiglass
model of the combustor was used and the hydrogen and air were both exchanged for water. For the flow field
analysis a 2D Particle Image Velocimetry (PIV) was performed with seeding in all streams. This experimental
setup is presented in fig. 2.23. The PIV results of the axial velocity component for a Swirl number of 0.9 are
presented in fig. 2.25. It can be observed that increasing the axial air injection quantity to a medium amount
has a significant effect on the axial velocity in the mixing tube, but not on the flow field in the combustion
chamber. Only with a ’high’ axial air injection quantity does the flow field in the combustion chamber change
towards a plug velocity profile.

For the mixing quality experiment a fluorescent rhodamine 6G dye was added to the water representing the
fuel and Planar Laser-Induced Fluorescence (PLIF) was performed with the same Nd:YAG 532 nm laser as was
used in the PIV experiment. In such an experiment a higher concentration of the fluorescent stream (in this
case fuel) in an illuminated cross-sectional plane emits more light and thus appears brighter on the recording
camera sensor. The PLIF setup is presented in fig. 2.24.

The reacting experiments employed the same PIV setup for the flow field and used OH- Chemiluminescence
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Figure 2.23: PIV setup of TU Berlin Experiment

Source: T. Reichel[74]

Figure 2.24: PLIF setup of TU Berlin

Source: T. Reichel[74]

Figure 2.25: PIV results of axial velocity component at Swirl number of 0.9 with varying axial air injection quantity: 0% (left), 7.5%
(middle), 12.5% (right)

Source: T. Reichel et al. [73]

to capture the flame location [72]. The reacting flow fields were quite different from the isothermal flow field
as the heat release significantly influences the flow. In fact, the axial location of the stagnation point leading
vortex breakdown moved upstream for all conditions when changing from non-reacting to reacting exper-
iments. Despite this, the axial location of VB (the upstream stagnation point) in the isothermal conditions
was found to be a good indicator of flashback resistance. This was determined because a downstream shift
in stagnation point in cold-flow conditions also lead to a downstream shift in reacting conditions. This met-
ric of flashback propensity in cold flow experiments is thus best evaluated qualitatively. Furthermore, it was
concluded that a high initial Swirl number was beneficial for both stability and mixing quality. Additionally,
from the reacting tests it was determined that increasing fuel momentum can cause the type of vortex break-
down to change from bubble to cone. This cone type is found to be less prone to flashback. It was also found
that at high initial swirl intensity and high amount of AAI the mixing quality improved compared to low AAI.
Finally, it was concluded that axial air injection suppressed flashback over the entire investigated operating
range [70].

2.10. Literature Assessment
The current study recognizes the great potential of the suggested combustor configuration by the AHEAD
project and wishes to elaborate on the research by Reichel. Three main points of improvement were identi-
fied in the concluded studies, which could be improved upon in future studies.
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The first remark with the concluded work is in the isothermal mixing part. It is implied that using water in
both streams resembles the mixing of gaseous hydrogen and air. At high Re flow this may generally be true as
the mixing is then governed by turbulence [55]. However in the boundary layer, where locally the Re is low,
mixing is governed by molecular diffusion [44]. The mass diffusivity of hydrogen in air is four orders of mag-
nitude larger than the self diffusivity of water [39], which could cause a significantly different mixing quality.
Therefore it is suggested that a combination of fluids is used with similar mass diffusivity as that of hydrogen
in air. For instance air could be dissolved into CO2 to simulate the mixing process with relatively safe and
cheap gasses while still achieving a similar interdiffusion coefficient [19]. Table 2.2 presents some relevant
diffusion coefficients and Schmidt numbers of gasses and liquids at approximately 10◦C . The Schmidt num-
ber is the ratio of momentum diffusivity (kinematic viscosity) to mass diffusivity. It thus gives an indication of
how large the effect of mass diffusion is on the mixing process, a smaller value indicating a larger effect. So for
the mixing of liquids, molecular diffusion has a much smaller effect than for the mixing of a highly diffusive
gas, like hydrogen, into air [44].

Table 2.2: Diffusion coefficients and Schmidt numbers of some gasses and liquids

Fuel stream Air stream Mass diffusivity [m2/s] Schmidt number [-]
Hydrogen (g) Air (g) 7.10E-05 [19] 0.21
Helium (g) Air (g) 6.58E-05 [19] 0.22
Air (g) Air (g) 2.20E-05 [19] 0.67
Air (g) CO2 (g) 1.48E-05 [19] 0.54
Water (l) Water (l) 2.30E-09 [39] 388
Ethanol (l) Water (l) 8.40E-10 [19] 1062

A second point of improvement would be the field of view. The flow field measurement was performed on
a single plane coinciding with the centerline of the combustion chamber. The flow field inside the mixing
tube is only investigated for a single Swirl number and in a single plane (see fig. 2.25). The flow field inside
the mixing tube is just as relevant as that inside the combustion chamber and ideally the three dimensional
flow field could be captured to learn even more. Capturing the tangential velocity component as well, would
allow for the effective Swirl number to be obtained from the experimental results. The mixing quality was also
investigated at only one cross-section downstream of the mixing tube perpendicular to the centerline. More
axial positions of the measurement plane, also inside the mixing tube, could give insight into the required
length of the mixing tube.

A final remark is that, both the swirl and AAI were set to only two different setpoints as the goal was to improve
an existing design and not to study the effects of the two phenomena. Evaluating more setpoints would give
more insight in the individual and combined effects of swirl and AAI. Additionally, the swirl intensity could
be varied by different swirl generator types. This could have a significant effect on the flowfield as the swirler
efficiency is heavily dependent on the type [8].

2.11. Research Definition
These three suggested points of improvement were deemed too sizable to be rigorously implemented in a
single MSc thesis. It was therefore decided to focus on the flow field analysis regarding flashback resistance.
Therefore, the research objective of this study is:

"To determine the effect of axial air injection and swirl intensity on the flashback resistance of a lean
premixed gas turbine combustor for axial- and radial vane swirl generators by conducting Computational
Fluid Dynamics and Particle Image Velocimetry."

To remain feasible, these relationships are investigated through isothermal (non-reacting) simulations and
experiments only. It should also be noted that the focus of this study is on the experimental work. The nu-
merical simulations in the form of CFD are mainly intended to support the results obtained from the PIV
experiments. The CFD simulations are thus of relatively low fidelity. Another limitation of this study is that
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it is not possible to perform this experiment with hydrogen because as of yet the permits and certifications
necessary to work with hydrogen are not in place at the relevant TU Delft facilities. For PIV experiments this
is not really a problem because many fluids including liquids can be used to simulate the hydrogen-air flow
field with good accuracy as long as the Reynolds- and Swirl number are similar. In fact multiple aerodynamic
PIV investigations have exchanged the gasses for liquids in isothermal experiments [80] [74]. The design of
the experimental setup is further discussed in chapter 3.

A number of research questions were also formulated to guide the study. These are listed below.

• What is the effect of the axial air injection on the flashback propensity?

• What is the effect of the Swirl number on the flashback propensity?

• What is the difference in flashback propensity between axial vane swirl generators and radial vane
swirl generators?

• How much does the Swirl number decrease along the mixing tube?

• What is the difference between the geometric Swirl number and the effective Swirl number for axial-
and radial swirlers?

• What is the effect of fuel momentum on the Swirl number?

• What is the effect of fuel momentum on the flashback propensity?
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3
Methodology: Design

In this chapter, the methodology regarding the design of the experimental model is discussed. First the goals
of the study and the design requirements are stated and explained in section 3.1. Following this, the design
procedure of the individual components is discussed in section 3.2. Finally, the adopted mass flow rates are
presented in section 3.3.

3.1. Design Goals and Requirements
The goal of the study is to determine the effect of the quantity of axial air injection (A AI ) and Swirl number on
the flashback propensity of the swirl-stabilised combustor. From literature the best indicator for this flash-
back propensity in cold flow conditions was found to be the axial location of the stagnation point, leading
the vortex breakdown. If vortex breakdown is present, this stagnation point is expected to be located near the
central axis of the mixing tube and on an axial position close to the sudden expansion from the mixing tube
to the combustion chamber or ’dump’ as seen in previous experiments [62] and simulations [27]. To obtain
this location of the stagnation point, at least the axial velocity component must be measured on the central
axis (or centerline).

The two investigated variables influencing this propensity of flashback are the AAI fraction of volume flow (Ψ)
and the Swirl number. The AAI fraction can simply be obtained by logging the input flow rates of the different
streams. The Swirl number requires considerably more effort. As the experimental model will be designed
to custom specifications, it is deemed too course of an assumption to accept the calculated geometric Swirl
number as the effective Swirl number. Therefore this Swirl number must be derived from the velocity compo-
nents of the flow field. More specifically, the radial profiles of the axial- and tangential velocity components
for at least one axial location inside the mixing tube must be obtained.

So an experiment is required from which the axial velocity component can be obtained for a range of axial lo-
cations and the tangential velocity component can be obtained for at least one of these axial locations inside
the mixing tube. A non-intrusive experiment is preferred for this measurement as such an experiment would
not change the flow field by inserting a probe in the enclosed flow. Delft University of Technology is well
equipped with the knowledge, equipment, and experience of Particle Image Velocimetry (PIV). Besides its
availability, PIV is an excellent technique to capture a velocity field as discussed in section 2.8 and is therefore
adopted as the experimental technique of choice. It will be applied twice: once on a plane coinciding with
the central axis through both the mixing tube and combustion chamber and once on a plane perpendicular
to the central axis inside the mixing tube. The first plane will be further referred to as ’centre-plane’ while
the second plane will be further referred to as the ’cross-plane’. The velocity components that can be ob-
tained from the centre-plane are the axial- and radial component. The velocity components obtained from
the cross-plane are the tangential- and radial component. It was decided that the Swirl number should be
measured just upstream of the dump as this rules out the influence of the mixing tube length in the measure-
ments. Upstream of this location the swirl intensity will be higher as the flow has encountered less friction,
but taking the measurement further upstream would neglect that fact.

23



3.1. Design Goals and Requirements 3. Methodology: Design

The study performed by T. Reichel et al.[70] is the only other significant study that deals with axial air injection
in swirl-stabilised combustor flows. That study adopted a radial vane swirler in the design. This study also
wishes to investigate what differences arise when adopting an axial vane swirl generator in combination with
axial air injection compared to a radial swirler. There could potentially be four main advantages associated
with this implementation of an axial swirl generator. Firstly, the design can likely become more compact.
Second, the effect of axial air injection on the flow field could be rather different as there is no significant
velocity component that impinges on the axial air jet. Therefore the effect of AAI on the flow field could be
stronger for a combustor with an axial swirl generator compared to a radial swirler. Thirdly, the pressure drop
generated over an axial swirler could be smaller compared to a radial swirler. Finally, the mixing quality could
potentially be improved with the use of an axial swirler. Therefore this study will make use of both radial- and
axial swirl generators.

Reichel’s study was also carried out in the framework of the AHEAD project at the TU Berlin. Therefore it is
desirable to stay close to the dimensions and parameters that were used in that study. It was decided to keep
the following parameters equal or similar to the TU Berlin experiments.

• Reynolds number - The Reynolds number (Re) is a dimensionless number indicating the level of tur-
bulence. For the isothermal and some of the reacting experiments this was set to 40,000 in Berlin. As
the cold flow experiments conducted in this study should simulate a flow field as close as possible to
the reacting hydrogen case, it is sensible to adopt this same Reynolds number. While Re definitely has
an influence on the velocity field, the effect on the mixing quality is even greater. As the mixing quality
will be investigated in a future study, it makes sense to design the model for the current study with this
in mind.

• Power - Similarly, the power level generated in the reacting case by T. Reichel at al. is a good indicator
of what power the experimental model in this study would generate, were it reacting. The power range
investigated at the TU Berlin was from 20 to 220 kW . Even though this is a wide range, it provides a
ballpark for the effective power that the combustor model should produce in case of reacting flow.

• Expansion ratio - The pressure gradient on the centerline over the sudden expansion ultimately gives
rise to the vortex breakdown. This pressure gradient is a function of the area ratio between the combus-
tion chamber and mixing tube. At the TU Berlin the diameter of mixing tube and combustion chamber
was 34 and 105 mm respectively. This gives an expansion ratio of just over 3 (w.r.t. the radii).

• Mixing tube diameter - Although not crucial, using a similar mixing tube diameter as in the previously
conducted experiments, provides for a good initial design condition. With a known mixing tube diam-
eter and Re the air mass flow (ṁai r ) can be obtained. For a given equivalence ratio (φ) or air-to-fuel
ratio, the fuel flow (ṁ f uel ) can be obtained. This fuel flow is directly related to the power output through
the specific heat of the fuel. With a similar mixing tube diameter and expansion ratio the combustion
chamber diameter is naturally also given.

Besides these requirements that force the design to be similar to experiments conducted by T. Reichel et al.
there is still considerable design freedom. To come to a suitable design that will allow to reach the goals of
the experiments, the following requirements were specified.

• Fluids - The fluids used for the experiments should be non-hazardous, and easily accessible. Moreover,
the mass flow rates of all streams should be controllable with the available mass flow controllers and
supply lines of the TU Delft facilities. As the experiments in this study are non-reacting cold flow only,
the fluid in the fuel stream does not have to be flammable. Using air in this fuel stream simplifies the
experimental setup considerably as it is readily available on supply lines. Furthermore, using air yields
far less issues considering health, safety and environment. The swirling air and axial air streams can
naturally remain air flows. Another benefit of using air is that the scattering efficiency of particles in
gas relative to water is much higher as the refractive index of water is considerably higher. It should
be noted that using air in these streams is different to the isothermal experiments conducted in Berlin
as water was used in all streams for those experiments. When the same dimensionless numbers and
parameters are used, the flow fields are similar in theory. However as mentioned before, a secondary
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goal of this setup is also to be applicable to mixing quality investigations. The accuracy of the mixing
experiments is higher for gaseous mixing than it is for liquid mixing [44]. Designing the experimental
model for gasses instead of water (or another liquid) will allow future research on the mixing quality to
easily re-use the model.

• Momentum flux ratio - The momentum flux ratio (J ) of fuel jets into the air should be kept constant
w.r.t. hydrogen fuel jets into air. When air is sent through the fuel injection ports in stead of hydrogen
its mass flow has to be adjusted to resemble a hydrogen jet into air. The appropriate metric to keep
constant for exchanging fluids is the momentum flux ratio of the fuel jet into the air stream eq. (3.1).
Air has a much higher density than hydrogen, so for a constant momentum flux ratio the velocity of the
air in the fuel stream should be reduced w.r.t. the velocity that hydrogen would have. When the same
geometry fuel ports are used, the velocity can only be reduced by reducing the mass flow of the fuel
stream.

J = ρ f uel u f uel
2

ρox uox
2 J f uel=ai r = J f uel=h2 (3.1)

• Mass Flows - All of the flows should not choke anywhere in the setup downstream of the seeding pots.
Choking will cause unwanted pressure gradients and instabilities that should be avoided.

• Equivalence ratio - The equivalence ratio should be variable from 0 to 1. This will allow to investigate
any equivalence ratio that is relevant for a lean premixed hydrogen burner.

• Axial Air Injection - The axial air injection quantity (Ψ) should be variable from 0 to 30% of the total air
mass flow. This range is considerably larger than the range that was previously investigated in Berlin
(Ψ= 0%,Ψ= 7.5% andΨ= 12.5%).

• Swirl Generator - The Swirl number (Sw) should be variable and should cover a range of 0.5 to 1.5. It
should also be measurable to verify that this swirl intensity is actually reached. This range is consid-
erably larger than the range that was previously investigated in Berlin (Sw = 0.7 & Sw = 0.9), which
was not verified. Furthermore this desired range should be generated by both a radial- and axial swirl
generator.

• Mixing tube length - The mixing tube should be at least 60 mm long and short enough to avoid auto-
ignition in a reacting case. Reichel et al. used mixing tubes of 40 and 60 mm and concluded the longer
was better w.r.t. mixing. A longer tube is preferred as this allows for even better mixing and gives the
possibility to investigate the flow development inside the mixing tube with greater resolution. On the
other hand, a mixing tube that is too long poses the risk of auto-ignition of the mixing gasses. This risk
is especially large when the mixing gasses are preheated [9].

• Combustion chamber length - The combustion chamber length should be long enough to enclose the
vortex breakdown. The bubble vortex breakdown typically extends up to approximately 3 mixing tube
diameters [82]. A combustion chamber of this length will introduce another pressure gradient at the
exhaust that will likely influence the flow field upstream, inside the combustion chamber. To avoid
this, the minimum combustion chamber length should be in the order of approximately 6 mixing tube
diameters.

• Materials - The mixing tube and combustion chamber should be optically accessible for the laser to
illuminate planes inside the tubes and for the cameras to capture the light reflected of seeding parti-
cles. Furthermore, all materials used for the production of the combustor model should be durable for
indoors use at room temperature and should not be damaged by the seeding particles.

• Modular design - The design should be as modular as possible. This is convenient in case a component
is damaged or has to be replaced for another reason. As two types of swirl generators are designed,
modularity is necessary to quickly interchange the components. Furthermore, a modular design will
allow for future studies to be conducted on parts of the design with ease.
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3.2. Component Design
This section covers the designs of the individual components, keeping in mind the formulated requirements.
The design of the mixing tube and combustion chamber is addressed in section 3.2.1. Section 3.2.2 and
section 3.2.3 discuss the designs of the radial- and axial swirl generators respectively. Finally, section 3.2.4
presents the design of the manifolds or flow distributors. Computer-aided design (C AD) models and techni-
cal drawings were created for all components using Dassault Systèmes CATIA V5.

3.2.1. Mixing Tube and Combustion Chamber
The mixing tube (MT) and combustion chamber require optic accessibility from multiple angles. Plexiglass
or acrylic was determined to be the most suitable material for these components. An off-the-shelve solution
was preferred. An external supplier had tubes available with an inside diameters of 36 mm and 104 mm with
a wall thickness of 2 mm and 3 mm respectively. These dimensions were used for the design as they meet
the requirements. The length of the mixing tube was chosen to be 100 mm. This relatively long tube provides
thorough mixing and allows for the investigation of the swirl intensity degradation over the axial distance of
the mixing tube. The combustion chamber length was set to 200 mm. The decision was made to keep the
combustion chamber relatively short so that a high magnification of the cross-plane inside mixing tube re-
mains relatively simple. A 150 mm extension tube was also designed to elongate the combustion chamber
for the centre-plane measurements. This extension ensures that there is no unwanted backflow or other up-
stream effects that influence the vortex breakdown.

Acrylic flanges of thickness 2 mm were added on both sides of the mixing tube and on the upstream side of
the combustion chamber. The flanges were glued to their respective tubes. The two flanges on the interface
between MT and combustor can be connected with M5 bolts. This ensures the modularity of the design. The
flange on the upstream side of the mixing tube is designed such that it can be connected to both the radial
swirler and axial swirler module. This allows the MT-combustor module to be used for all configurations of
the setup. Technical drawings of the tubes are presented in fig. 3.1 and fig. 3.2.

Figure 3.1: Technical isometric drawing of the mixing tube Figure 3.2: Technical isometric drawing of the combustion chamber

3.2.2. Radial Swirl Generators
Radial swirl generators deflect radially injected air, giving it a tangential component section 2.5.3. For the
design of the radial swirlers two concepts were possible: the fixed vane swirler fig. 2.8 and the movable block
swirler fig. 2.9. As a range of swirl numbers should be generated the movable block swirl number seems like
the preferred option. However this configuration was disregarded because the uncertainty of the experiment
is larger. The movable block has to be manually rotated and set to the desired swirl intensity. The accu-
racy and repeatability of this setting are both compromised. Furthermore the movable block-configuration is
much more prone too leaks than a fixed vane swirler. Therefore the swirl range has to be covered by exchang-
ing multiple fixed van radial swirlers.

26



3. Methodology: Design 3.2. Component Design

It was decided that six different swirlers were to be designed and produced to cover the geometric Swirl num-
ber range of 0.5 to 1.5 with an increment of 0.2 per swirler. From eq. (2.12) it can be observed that the geomet-
ric Swirl number is inversely proportional to the length of the vanes (Lsl ot ); shorter vanes generate a higher
swirl intensity. The other variables affecting the Swirl number are the exit radius, which is governed by the
mixing tube (RMT = 18 mm), and the dimensionless geometric parameterσ. This parameter is dependent on
the vane angle, vane thickness and the number of vanes. It was decided to keep sigma constant and to thus
to make the vane length the sole variable responsible for the change in swirl number. A total number of 16
vanes was chosen to have a well distributed swirl air inlet while the exit plane geometry is axisymmetric. A
reasonable vane thickness of 3 mm was chosen to provide some structural integrity. The vane angle was set
to 47.05◦. This results in a nicely rounded vane length from 30.0 mm for Sw = 0.5 and 10.0 mm for Sw = 1.5.
The relevant dimensions of the six swirlers are presented in table 3.1.

Table 3.1: Relevant dimensions of the radial swirl generators

Swirler ID SwGeo [-] No. vanes [-] Vane thickness [mm] TE vane angle [deg ] Vane length [mm]
R_SW15 1.5 16 3.0 47.05 10.00
R_SW13 1.3 16 3.0 47.05 11.54
R_SW11 1.1 16 3.0 47.05 13.64
R_SW09 0.9 16 3.0 47.05 16.67
R_SW07 0.7 16 3.0 47.05 21.43
R_SW05 0.5 16 3.0 47.05 30.00

Upstream of the swirler is the fuel distribution chamber. Four M4 holes are tapped into the upstream edge of
swirler to be able to connect to the fuel chamber. Fuel is injected through 16 1.6 mm holes evenly distributed
at 14 mm from the centreline. The axial air injector is also integrated into the swirler design. A 100 mm long
tube with inner diameter 10 mm runs along the centreline and exits at the plane with the fuel port exhausts
and the upstream edges of the radial vanes. The AAI tube inlet is tapered off slightly to make it easier to con-
nect the supply line of the AAI. The tube is 10 diameters long and the flow through it is turbulent. Therefore
it is a valid assumption that the flow exiting the AAI tube is fully developed [17]. A flange is connected to the
downstream end of the swirler. The holes in this flange align with the outer holes of the upstream flange of the
mixing tube and fit M5 bolts. All six swirlers are printed with an Ultimaker S5 using PLA filament. Technical
drawings of the radial swirl generator design are presented in fig. 3.3. The isometric views of the two extreme
cases are compared in fig. 3.4.

(a) Side view (b) Section view (c) Bottom view

Figure 3.3: Technical drawings of radial swirl generator Sw=1.5

It should be noted that in previous experiments by T.Reichel et al. fig. 2.22 the vane length itself was not
varied for the cases with a geometric swirl number 0.7 and 0.9. An effective reduction in vane length was at-
tempted by installing a blocking ring of specified dimension over the radial slot inlets. While this obstruction
does effectively decrease the length of the vanes (and thus the slots) at the inlets, the flow is free to expand
to the full slot length downstream of the inlet. The length of the slots at the exit is thus not reduced. There-
fore this method likely has a smaller effect on changing the Swirl number than intended. For this reason,
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(a) Geometric Swirl number = 1.5 (R_SW15) (b) Geometric Swirl number = 0.5 (R_SW05)

Figure 3.4: Technical isometric drawings of radial swirl generators R_SW15 (a) and R_SW05 (b)

interchanging swirlers with physically different vane lengths is the preferred design method.

3.2.3. Axial Swirl Generators
Different to radial swirl generators, axial swirlers deflect air in tangential direction from an initially predom-
inant axial velocity component. The decision was made to adopt helical vanes with increasing vane angle ϕ
along the axial and radial direction in stead of straight vanes. This curved blade design is a better aerody-
namic design as it reduces the risk of wall separation [65] and reduces vane passage wall wake effects [6].

The outer radius Rn was set to 18 mm to ensure a flush transition from the swirler to the mixing tube. The
hub radius Rh was governed by the axial air injection tube, which runs along the centreline with outer radius
6 mm. The number of vanes was set to 8 and the vane thickness was set to 2 mm. The tip angle at the trailing
edge (TE) of the vane (ϕ0) was the only variable changed to obtain different geometric swirl numbers. This
geometric Swirl number for the helical vane swirler was calculated using eq. (2.18). The dimensions of the
resulting six geometries are presented in table 3.2.

Table 3.2: Relevant dimensions of the axial swirl generators

Swirler ID SwGeo [-] No. vanes [-] Vane thickness [mm] TE tip vane angle [deg ]
A_SW15 1.5 8 2 60.90
A_SW13 1.3 8 2 58.07
A_SW11 1.1 8 2 54.45
A_SW09 0.9 8 2 49.68
A_SW07 0.7 8 2 43.28
A_SW05 0.5 8 2 34.55

On the downstream side of the swirler (on the same plane as the TE of the vanes) is a flange connecting to the
fuel injector via four sets of M5 bolts and nuts. The swirlers including the AAI tube and downstream flange are
3D printed using the same PLA filament as the radial swirlers. Six identical flanges were printed separately
and mounted on the planes coinciding with the upstream edge of the vanes with adhesive. This upstream
flange connects to the swirl air distribution chamber. The holes of the upstream flanges were aligned with
the downstream flange holes. This allowed the swirl air distribution chamber, swirl generator, fuel injector,
and mixing tube to be connected with four long M5 bolts, running the entire length of the components. This
configuration ensured the bending load of the horizontally mounted setup was carried by the bolts and not
the PLA. Technical isometric drawings of the the axial swirler excluding and including upstream flange are
presented in fig. 3.5a and fig. 3.5b respectively.
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(a) Geometric Swirl number = 1.5 (A_SW15) (without upstream flange) (b) Geometric Swirl number = 0.5 (A_SW05) (with upstream flange)

Figure 3.5: Technical isometric drawings of axial swirl generators A_SW15 (a) and A_SW05 (b)

3.2.4. Manifolds
Four different manifolds were designed in total: a fuel injector and swirl air injector for both axial and radial
swirl generators. As mentioned in section 3.2.3 the axial swirler configuration is equipped with a fuel injector
downstream of the swirler. This was designed as a 36 mm inner diameter and 70 mm outer diameter pipe.
Four equidistant chamfered edges were introduced on the pipe’s outer wall. A threaded hole was added on
each edge. Fuel is injected radially inwards into these holes through hose pillars, which can connect to four
air supply hoses. The length of the manifold is 30 mm to ensure equal length of the exit of the AAI tube to the
entrance of the mixing tube for both configurations. Four holes were drilled through the thick walls in axial
direction and align with the holes of the axial swirler and the swirl air injector.

The swirl air injector has a very similar configuration with only two differences compared to the fuel injector.
A wall was added on the upstream side, which has a hole just large enough for the AAI tube to fit through.
In assembled formation this hole was sealed with sealing tape. The manifold was also elongated to 60 mm
to give the injected air more space to settle before reaching the swirl generator vanes. Technical isometric
drawings of the two manifolds for the axial swirler configuration are presented in fig. 3.6.

(a) Fuel injector (b) Swirl air injector

Figure 3.6: Technical isometric drawings of the axial swirler module manifolds: fuel injector (a) and swirl air injector (b) (not to scale)
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The fuel injector for the radial swirler configuration is likewise very similar to the two manifolds for the axial
swirler configuration. The fuel injector is upstream of the radial swirl generator. Just like the swirl air injector
for the axial swirler module. an end wall was fitted on the upstream edge with a smaller hole for the AAI tube
to fit through. The for holes in axial direction were relocated and reduced to M4 size to fit onto the radial swirl
generators.

The swirl air injector for the radial swirl generator was designed to fit over the radial swirler. The swirl gener-
ator has 16 vanes. To ensure a decently uniform distribution, an air injection hole was positioned in line with
every second vane. This was realised through a large ring with an octagonal outer wall and cylindrical inner
wall. Four axial holes are introduced through the wall to connect to the swirler flange and mixing tube down-
stream and an adapter ring upstream. This adapter ring functions as a flange, connecting the upstream face
of the swirler to the swirl air injector. Technical isometric drawings of the two manifolds for the radial swirler
configuration are presented in fig. 3.7. All manifolds and the adapter ring were machined out of aluminium
by staff members from TU Delft’s DEMO and the High Speed Laboratory of the aerospace faculty.

(a) Fuel injector (b) Swirl air injector

Figure 3.7: Technical isometric drawings of the radial swirler module manifolds: fuel injector (a) and swirl air injector (b) (not to scale)

Technical isometric drawings of the two swirler modules including manifolds are presented in fig. 3.8 and
fig. 3.9. A side profile and section view of the two configurations including mixing tube and combustion
chamber are presented in fig. 3.10 and fig. 3.11. Technical drawings of all plexiglass and aluminum compo-
nents are presented in appendix A.
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Figure 3.8: Technical isometric drawing of the radial swirler moduleFigure 3.9: Technical isometric drawing of the axial swirler module

(a) Side view

(b) Section view

Figure 3.10: Technical drawings of the radial swirler combustor model with axial air injection

3.3. Mass Flows Rates
With the dimensions of the components fixed the mass flows rates of the three streams can be set. To achieve
a Reynolds number of 40,000 in the mixing tube, an air mass flow rate of 0.020 kg /s or 994 nl pm is required,
following eq. (3.2) and eq. (3.3). This total air mass flow excludes the fuel flow. The AAI fraction (Ψ) thus gives
the mass fraction (or volume fraction since densities are equal) of the AAI to the total air mass flow. The mass-
and volume flow rates for the different Ψ settings is given in table 3.3. Note that originally, the plan for the
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(a) Side view

(b) Section view

Figure 3.11: Technical drawings of the axial swirler combustor model with axial air injection

experimental campaign was to varyΨ from zero to 25% in steps of 5%. However, this range was extended and
locally refined for some cases based on initial results form these experiments.

vai r = ReMT µai r

DMT ρai r
(3.2) ṁai r = vai r AMT ρai r (3.3)

Table 3.3: Air flow rates at different settings of the AAI fraction

Ψ [-] ṁswi r l ai r [kg /s] V̇swi r l ai r [nl pm] ṁA AI [kg /s] V̇A AI [nl pm]
0 0.0203 994 0 0
0.025 0.0198 969 0.00051 24.8
0.05 0.0193 944 0.00102 49.7
0.075 0.0188 919 0.00152 74.5
0.1 0.0183 894 0.00203 99.4
0.15 0.0173 845 0.00305 149.0
0.2 0.0162 795 0.00406 198.7
0.25 0.0152 745 0.00508 248.4
0.3 0.0142 696 0.00609 298.1
0.35 0.0132 646 0.00711 347.8
0.4 0.0122 596 0.00812 397.4

Similar to the air streams, the fluid in the fuel stream is also air at room temperature in stead of hydrogen.
To keep the momentum flux ratio constant between the two scenarios, the momentum flux ratio of the hy-
drogen case must first be determined from the densities and velocities of the hydrogen fuel and air eq. (3.1).
The hydrogen velocity eq. (3.5) is obtained through the stoichiometric air-to-fuel ratio of hydrogen using the
chemical equilibrium in eq. (3.4). The velocity of the hydrogen fuel is calculated using the mass flow eq. (3.5)
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in eq. (3.6), where A f p represents the flow through area of the fuel ports. The product of the density and
squared fuel velocity yields the momentum flux of the hydrogen fuel. The momentum flux of the cold air in
this study should be equal to that momentum flux. The velocity and mass flow rate of the air injected through
the fuel ports is calculated using eq. (3.7) and eq. (3.8) respectively.

2 H2 +4.762(0.21O2 +0.79 N2) −→ 2 H2O +3.762 N2

AF Rstoi ch = 4.762
(
0.21 M wO2 +0.79 M wN2

)
M wH2

(3.4)

ṁ f uel ,H2 =
ṁai r

AF Rstoi ch
ϕ (3.5) v f uel ,H2 =

ṁ f uel ,H2

A f p ρH2

(3.6)

v f uel ,ai r =
√(

v f uel ,H2

)2 ρH2

ρai r
(3.7) ṁ f uel ,ai r = v f uel ,ai r A f uel por t s ρai r (3.8)

In equation eq. (3.5) ϕ represents the equivalence ratio, which is varied from 0 to 1. Computing these equa-
tions for that range gives the air mass flow rate through the fuel ports for different conditions. It was decided
to use a fixed (effective) equivalence ratio of 0.6 for most setpoints. This represents a completely reasonable
scenario for lean premixed hydrogen combustion. For several cases the fuel flow will be reduced to zero and
increased to the stoichiometric condition, where ϕ = 1, to investigate the effect of fuel momentum on the
flow field. These fuel flow setpoints are presented in table 3.4.

Table 3.4: Fuel flow rates at different settings of effective equivalence ratio

ϕ [-] ṁ f uel ,ai r [kg /s] V̇ f uel ,ai r [nl pm]
0 0 0
0.6 0.00136 66.3
1.0 0.00226 110.6
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4
Methodology: Numerical Simulations

Numerical simulations are often a much more accessible and cheaper way to perform engineering studies
compared to experimental work. In the field of fluid dynamics, computational fluid dynamics (CFD) can pro-
vide a very helpful insight into, and make prediction of, the actual flow field. These predictions can guide de-
sign decisions to improve the final design. For this study CFD, in the form of steady-state Reynolds Averaged
Navier Stokes (RANS), was thus employed to check and guide the designs of the swirl generators and the fea-
ture of axial air injection. This chapter will discuss the methodology of the numerical simulations performed
in the form of CFD. These simulations were carried out using different software packages from ANSYS 19.2.
The first section (section 4.1) reviews the meshing of the domains. This is followed by the pre-processing
in section 4.2 and the solving of the simulations in section 4.3. Finally, the post-processing is discussed in
section 4.4.

4.1. Meshing
The first step in any CFD analysis is the generation of a mesh for the domain and that is to be investigated.
The domain is derived from the combustor model geometry (see chapter 3). For this study it was decided
to have the domain cover all the volumes where fluid would flow from all the air inlets into the combustor
model (including manifolds) up to the combustor exhaust. This domain was divided up into multiple seg-
ments or subdomains: eight for the radial swirler combustor model and six for the axial swirler combustor
model. A structured mesh (usually O-grid) was then created for each subdomain using ANSYS ICEM CFD.
The total number of nodes that could be solved in ANSYS was limited to 512,000 for this study. The following
subsections will present and briefly discuss the meshing of the most relevant subdomains.

4.1.1. Combustor Module
For both axial- and radial swirl generators the combustor module (mixing tube and combustion chamber) are
identical. The geometry of this module was governed by the inner diameters of the two tubes. A hexahedral
mesh was iteratively created for this subdomain with a final total number of 175,572 nodes. The iterations
were made to change the number of nodes and to improve the quality of the mesh. As the full radial swirler
combustor model domain is larger in volume and is more complex, this domain required more cells than the
axial swirler combustor model. In fact, the mesh of the combustor module for the radial swirler had to be
scaled down slightly (to 148,340 nodes) in order to stay under the 512,000 cell limit. For both the minimum
spacing stayed identical with 0.1 mm at the mixing tube wall and an expansion ratio of 1.2. This small spacing
was applied to properly resolve the boundary layer of the mixing tube.

CFD has issues solving if the flow at the outlet is recirculating. Therefore, to ensure no backflow occurs at the
combustor exit, a course exhaust mesh was created. This mesh was equal in diameter to actual combustor,
and practically extends the tube by 200 mm. Its refinement is not critical so only 7,280 nodes were used for
this exhaust mesh. The combined meshes are presented in fig. 4.1. The quality and other important metrics
of the meshes are given in table 4.1. From this table it is clear that the mesh quality was not harmed by scaling
down slightly for the radial swirler geometry.
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Figure 4.1: Combustor module mesh

Table 4.1: Mesh quality of combustor module subdomains

Mesh Nodes [-] Mean quality [-] Min. quality [-] Angle [deg] AR [-] Skewness [-]
Combustor module (R) 148,340 0.933 0.713 48.6 140 0.834
Combustor module (A) 175,572 0.938 0.718 48.4 132 0.831
Exhaust 7,280 0.883 0.635 49.7 3.02 0.879

4.1.2. Radial Swirl Generator
The radial swirl generator was divided into three subdomains: The swirling air injector, the radial/tangential
vane passages, and the swirler core. The swirling air injector contains the eight air injection nozzles and is
equal for all radial swirler geometries. The vane passages are of different length for each geometric Swirl
number, but the six different (H-grid) meshes each have very similar quality. The core is also identical for
each radial swirler geometry. This is the domain that connects to both the AAI tube and fuel ports upstream
and to the mixing tube downstream. The individual mesh characteristics of the radial swirl generator are
given in table 4.2. The mesh with geometric Swirl number 0.9 is illustrated in fig. 4.2.

Table 4.2: Mesh quality of the radial swirl generator subdomains

Mesh Nodes [-] Mean quality [-] Min. quality [-] Angle [deg] AR [-] Skewness [-]
Swirl air inj. 100,480 0.924 0.506 30.42 15.7 0.614
Swirler vanes 126,720 0.855 0.561 34.11 17.4 0.551
Swirler core 51,800 0.920 0.742 47.88 11.1 0.805

4.1.3. Radial Swirler Fuel Injector
The fuel distribution and injection happens upstream of the radial swirl generator. This fuel path was sep-
arated in two segments to simplify the meshing of the domain. The first part is the fuel injection manifold,
which is an annular mesh that contains the four air injection nozzles. The centre of the manifold is not part
of the domain as this is where the AAI tube is positioned. The second part of the fuel injector is the sixteen
fuel ports, which run inside the structure of the radial swirl generator in axial direction. The merged mesh is
shown in fig. 4.3 and the quality of the meshes is presented in table 4.3.
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Figure 4.2: Radial swirl generator mesh Figure 4.3: Radial swirler fuel injector mesh

Table 4.3: Mesh quality of the radial swirler fuel injector subdomains

Mesh Nodes [-] Mean quality [-] Min. quality [-] Angle [deg] AR [-] Skewness [-]
Fuel inj. 51,760 0.862 0.525 30.42 11 0.423
Fuel ports 17,520 0.782 0.514 53.37 8.99 0.962

4.1.4. Axial Swirl Generator
The axial swirl generator was meshed as eight curved vane passages using H-mesh topology. Although the
topology is equal for all geometric swirl numbers, the geometry is quite different. The tip angle of the vanes
is much larger for the Sw = 1.5 swirler than for the swirler with Sw = 0.5. This causes the cell skewness and
minimum angle to be strongly affected and the overall quality to decrease for the higher Swirl number cases.
The mesh qualities of the extreme axial swirl generators are presented in table 4.4. The mesh of the geometry
with highest Swirl number is displayed in fig. 4.4.

Table 4.4: Mesh quality of the axial swirl generators

Mesh Nodes [-] Mean quality [-] Min. quality [-] Angle [deg] AR [-] Skewness [-]
A_SW15 vanes 96,000 0.855 0.458 27.3 46.5 0.465
A_SW05 vanes 96,000 0.915 0.823 55.4 32.8 0.822

4.1.5. Axial Swirl Generator Manifolds
The swirling air manifold and fuel manifold are very similar for the axial swirl generator. Both are also closely
related to the radial swirler fuel manifold, especially the the axial swirling air manifold since both have the
AAI tube running through the centre. Since the meshes are so similar their qualities are likewise analogous as
shown in table 4.5. The axial swirler fuel injector mesh is presented in fig. 4.5.

Table 4.5: Mesh quality of the axial swirl generator manifolds

Mesh Nodes [-] Mean quality [-] Min. quality [-] Angle [deg] AR [-] Skewness [-]
Swirl air inj. 77,152 0.876 0.504 24.8 5.43 0.474
Fuel inj. 64,320 0.851 0.526 31.7 5.42 0.571

4.1.6. Axial Air Injection Tube
The tube that provides the axial air injection is identical for both radial- and axial swirl generator modules. It
is a relatively small geometry and straightforward geometry: a long narrow tube with a slightly tapered up-
stream end. The mesh characteristics are listed in table 4.6. The cells with the relatively low minimum quality
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Figure 4.4: Axial swirl generator mesh (Sw=1.5) Figure 4.5: Axial swirler fuel injector mesh

are in the tapered end. The cells in the remainder of the tube, especially in the boundary layer, are of high
quality.

Table 4.6: Mesh quality of the axial swirl generator manifolds

Mesh Nodes [-] Mean quality [-] Min. quality [-] Angle [deg] AR [-] Skewness [-]
AAI Tube 4,628 0.807 0.466 51.2 6.26 0.944

4.1.7. Combined Meshes
Adding all meshes of the subdomains together for the two swirler geometries gives an overview of the total
meshes and their qualities. The full meshes of the combustor models with radial- and axial swirl generators
are presented in fig. 4.6 and fig. 4.7 respectively. From table 4.7 can be observed that despite the significantly
different geometries, the total mean mesh qualities are nearly identical. The mesh of the radial swirler com-
bustor model, which stays just below 512,000 cells, has its minimum quality cells in the first millimeters of
the AAI tube, far away from the region of interest. For the axial swirler these worst cells are at the tip of the
swirler vanes. It is also these cells that bear the largest skewness (value closest to zero). It was already shown
in section 4.1.4 that the quality of these cells is highly dependent on the geometric swirl number. For future
studies the mesh of these vanes could be further refined to reduce any error. For both models, the maximum
cell aspect ratio (AR) is found at the exit of the combustion chamber. The aspect ratio can typically go up to
much higher values (over 10,000), especially in the boundary layer, without any solver issues [88]. So based
on the mesh qualities there was no reason to expect any significant errors or issues during solving, albeit the
meshes could be somewhat finer to improve accuracy.

Table 4.7: Mesh quality of the axial swirl generator manifolds

Mesh Nodes [-] Mean quality [-] Min. quality [-] Angle [deg] AR [-] Skewness [-]
Radial total 508,528 0.897 0.466 30.4 140 0.423
Axial total (Sw=1.5) 424,952 0.892 0.458 24.8 132 0.465

4.2. Pre-Processing
Once the geometry is specified in the form of a mesh, the next step in CFD simulations is to define the do-
main and the fluid inside it in pre-processing. This was achieved by establishing the boundary conditions
(BCs) (see section 4.2.2) and choosing the appropriate fluid models (see section 4.2.3). However, first the
subdomains must be merged using domain interfaces, which is described in section 4.2.1 All of these pre-
processing operations are performed in CFX-Pre.
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Figure 4.6: Radial swirler combustor model mesh

Figure 4.7: Axial swirler combustor model mesh

4.2.1. Domain Definition
The created meshes of the subdomains have to be connected properly to be able to solve the entire domain.
As mentioned before the radial swirler model consists of eight subdomains whereas the axial swirler model
has six. Therefore the radial models require seven domain interfaces and the axial model requires five. The
areas of the interfacing surfaces generally match perfectly, with the only exceptions the upstream and down-
stream faces of the radial swirler fuel ports. However the location of the nodes do not match perfectly on
any of the interfaces. This is not a problem as general grid interface (GGI) connections were be used. The
mutually overlapping surfaces of an interface are then automatically connected using GGI connections. The
conservative interface flux model is used to match the mass and momentum fluxes on each side of the in-
terfaces. All interface types are set to general Fluid-Fluid connections. The created domain interfaces for the
radial swirler combustor model and axial swirler combustor model are listed in table 4.8 and table 4.9.

4.2.2. Boundary Conditions
There are three main boundary condition types (besides domain interfaces, which could also be categorised
as BCs) that must be specified to characterize the domain. These are inlet-, outlet-, and wall boundary con-
ditions.

For the combustor model there were multiple locations where inlet boundary conditions needed to be spec-
ified. This model has three different inlets for both the radial swirler and axial swirler configuration: swirl air
inlet, axial air inlet, and fuel inlet. All three inlets were specified using the mass flow rates as determined in
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Table 4.8: Radial swirler model domain interfaces

Domain interface ID Interface side 1 Interface side 2
DI_R1 AAI tube outlet Swirler core inner inlet
DI_R2 Fuel injector outlet Fuel ports inlet
DI_R3 Fuel ports outlet Swirler core outer inlet
DI_R4 Swirl air injector outlet Swirler vane passages inlet
DI_R5 Swirler vane passages outlet Swirler core radial inlet
DI_R6 Swirler core outlet Combustor module inlet
DI_R7 Combustor module outlet Exhaust inlet

Table 4.9: Axial swirler model domain interfaces

Domain interface ID Interface side 1 Interface side 2
DI_A1 Swirl air injector outlet Swirler vane passages inlet
DI_A2 Swirler vane passages outlet Fuel injector outer inlet
DI_A3 AAI tube outlet Fuel injector inner inlet
DI_A4 Fuel injector outlet Combustor module inlet
DI_A5 Combustor module outlet Exhaust inlet

section 3.3. For both air inlets the mass flow rates for these inlet BCs were taken from table 3.3, given the set-
point to be simulated. The mass flow rate for the fuel inlet boundary condition was fixed to 1.36x10−3 kg /s,
representing an effective equivalence ratio of 0.6 for all investigated setpoints. For the two different swirler
configurations all six geometric swirl numbers were considered from zero up toΨ= 25% in steps of 5%. This
resulted in a total of 2x6x6 = 72 setpoints to be investigated.

The outlet boundary condition was more straightforward as it was identical for each of the twelve full meshes.
This outlet BC was obviously specified on the combustor exhaust outlet plane. The condition was specified
as an average static pressure of 101,325 Pa (atmospheric) over the surface.

Finally, the wall boundary condition was applied to all other domain surfaces. They were specified to be no-
slip walls. This condition most accurately simulates viscous flows such as being investigated in this study.
Furthermore all walls were assumed smooth. For the walls inside the plexiglass and aluminium components
that assumption is likely valid. However, some error may be introduced with this assumption over the walls
of the 3D printed components. On the other hand, during the pre-processing phase of the CFD investigation
no parts were produced yet, making it harder to set the actual wall roughness.

4.2.3. Fluid Models

The fluid models are the final domain characteristics to be set. The entire domain was defined as containing
air at room temperature and atmospheric pressure. No temperature change was expected so the heat transfer
models was disabled (set to isothermal). Buoyancy also plays a negligible role and was therefore disabled.

The turbulence model defines how the unclosed Reynolds stress tensor (turbulence term) in the RANS equa-
tions is approximated [16]. The most widely used models are two-equation models that model the turbulence
kinetic energy (k) and the specific turbulence dissipation rate (ω) or k and the turbulence dissipation rate (ε).
The k −ω model works particularly well in the near wall region of viscous flows and is therefore suited for
internal flows. However it tends to be sensitive to inlet free stream turbulence properties. In these free stream
locations the k −ε model is therefore preferred. A combination of these two models is the shear stress trans-
port (sst) model. This model uses the k−ωmodel in the inner boundary layer and switches to the k−εmodel
in the outer boundary layer and free stream [53]. This sst turbulence model thus uses the best of both worlds
and is therefore renowned in industry [54] and was also selected for these CFD simulations.
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4.3. Solving
The fully defined problems were subsequently solved using CFX-Solver Manager. The solver stop criterion
was set to reduce the residuals (RMS) to 10−6. This value was deliberately set lower than was expected, to not
stop the simulation too soon. RMS values of up to 10−4 would also be accepted. For the problem to converge
quickly, initial conditions play a crucial role. Poor initial conditions can cause the simulations to converge to
a non-ideal location or not at all. All 72 setpoints are expected to form a range of flow fields, for which two
neighboring setpoints are not too different. Therefore the initial conditions of a solver run could be set to the
resulting conditions of the previously converged setpoint. This saved a huge amount of time. An example of
the residuals RMS values during a full solving run is shown in fig. 4.8. From this figure it can be observed that
all momentum, mass, and turbulence residuals RMS dropped below 10−5 within 40 iterations and seemed
to have fully converged by 100 iterations. Nonetheless, the simulation was only terminated after approxi-
mately 50 further iterations as the actual errors converge somewhat slower than the residuals [37]. Sill, this
was much faster than when no other initial conditions were used than automatic domain initialisation. In
that case, convergence generally took in the order of 700 iterations.

Figure 4.8: R_SW 15_Ψ10% CFD solver residuals RMS

The timescale was another factor that could be controlled to accelerate the convergence. For every run this
was initially set to automatic with a conservative length scale option. When convergence of a setpoint was
steady, but relatively slow, the timescale control was adjusted mid-run to a local timescale factor of five. This
increases the timescales locally in regions where the length scale is also larger.

4.4. Post-Processing
The solver results file could directly be exported to CFD-Post. Here the specific results of interest were vi-
sualised. First, a centre-plane cut out was made on which the axial velocity component was plotted with
contours. This image was overlain with vectors to also be able to observe the radial velocity components as
well, which allows for a intuitive comprehension of the flow with vortex breakdown and recirculation zones.
An example of the centre-plane flow field is presented in fig. 4.9. From this image, the axial location of the
stagnation point could easily be logged in CFD-Post.

The other parameter of interest was the effective Swirl number. This value was investigated at 2 mm down-
stream of the mixing tube entrance and 6 mm upstream of the dump to the combustion chamber for all
cases. It was also recorded for a sweep of points along the entire mixing tube for a few cases with high geo-
metric swirl numbers. The 3D velocity components were available for the entire domain. Therefore, the Swirl
number was calculated using alternative forms of eq. (2.5), eq. (2.11). These alternative forms contain area
integrals and are given in eq. (4.1) and eq. (4.2).

Gθ =
∫ (

(vt an r ) ρ vax
)

d A (4.1) Gx =
∫ (

(|vax | r ) ρ vax
)

d A (4.2)
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Figure 4.9: R_SW 15_Ψ10% CFD results: centre-plane axial velocity and vectors

Note that the absolute value of vax was used for one of the terms in eq. (4.2). This was done to ensure that the
Swirl number still gives a meaningful value in case there is local flow reversal. In that case vax would be neg-
ative, but its sign would be neglected when squaring the term if none of the terms were taken as the absolute
value. The ratio of the two axial fluxes and the mixing tube diameter ultimately gave the Swirl number (see
eq. (2.4)).

42



5
Methodology: Experiments

The methodology of the conducted Particle Imaging Velocimetry (PIV) experiments is presented in this chap-
ter. In the first section (section 5.1) the experimental setup is discussed. Next, the system calibration and
initialisation is treated in section 5.2. Then, section 5.3 and section 5.4 discuss the acquisition method and
processing operations applied to convert raw images into vector files. Finally, the post-processing operations
conducted in Python are reviewed in section 5.5.

5.1. Experimental setup
The working principles of PIV were covered before in section 2.8. This section focuses on how the PIV mea-
surement technique was applied to the designed combustor model and what equipment was used. To obtain
the Swirl number 2D PIV has to be performed twice: on the centre-plane of both mixing tube and combustor
and on the cross-plane of the mixing tube.

5.1.1. Flows and Seeding Control
All three air flows to the combustor model must be independently controllable. This was achieved by using
three mass flow controllers, suitable to the operating range (see fig. 5.1). The total volume flow rate of the
swirl air and axial air streams combined was set to 994 nl pm. For the vast majority of the cases the fuel flow
is set to 66.3 nl pm, which is just over 6% of the total volume flow. For this reason, it was decided that only the
two air streams would be seeded and not the fuel stream. As the experiments will be cold flow and relatively
few small particles are required, DEHS oil is best suited as seeding particles. The TU Delft high speed labo-
ratory has this oil available along with appropriate seeding generators (or seeding pots) produced by PIVTEC
(see fig. 5.2). These pots generate particles of 1.0 µm diameter when operated correctly with DEHS [63]. To
get the right particle size and density, the pressure and mass flow rate through the pots must be controlled.
Therefore a variable bypass system was created over the pots. A schematic diagram of this air flow and seed-
ing system is presented in fig. 5.3.

5.1.2. Laser and Optics
A Quantel EverGreen2 Nd:YAG dual-pulse laser emitting at 532 nm was selected to illuminate the seeding
particles in the flow. The pulse energy of this laser goes up to 200 m J with a pulse width smaller than 10 ns
and a repetition rate up to 15 H z. The laser head is power and cooled by an external control unit. Therefore
the laser head is relatively compact, which allows it to be easily integrated into the experimental setup. The
two laser beams emitting from the laser head were measured to be approximately 9 mm in diameter approx-
imately 2.5 metres from the head. A set of different lenses was used to change the slightly diverging beams to
two thin overlapping laser sheets in the area of interest. In total five lenses were used. Their relative spacing
to the upstream optic (s) and their focal lengths ( f ) are given in table 5.1.

From experience it was decided to install the laser head quite far from the location where the sheet must be
formed. This makes it easier to acquire a thin near parallel sheet in the region of interest. The combination
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Figure 5.1: Mass flow controller by Bronkhorst

Source: Bronkhorst[14]

Figure 5.2: Seeding generator by PIVTEC

Source: E. Roosenboom[75]

Figure 5.3: System diagram of the controllable mass flow and seeding

Table 5.1: PIV optics used to form the laser sheet

Lens ID s [mm] Type f [mm] Function
L1 33 Spherical -75 Diverge Beam
L2 83 Spherical +150 Converge Beam
L3 ∼3500 Spherical -30 Diverge Beam/Spread Sheet
L4 31 Cylindrical +50 Create Sheet
L5 35 Cylindrical -30 Spread Sheet

of the first two lenses (L1 and L2) causes the beams to be nearly parallel, but slightly converging at approx-
imately four metres away. This distance was realised with the use of the 45 degree mirrors. The first mirror
reflected the beam horizontally and the second was directly below the region of interest and reflected the
laser beam vertically up. Just downstream of the second mirror was the third lens (L3). This spherical lens
caused the beam to diverge again in all directions. The divergence over one axis was countered by L4, which
ensured a sheet is formed with a focal point in the region of interest. This focal point is the sheet minimum
thickness and was measured to be 2 mm. The final lens (L5) was just downstream of L4 and spread the sheet,
making it long enough to cover the entire region of interest. All lenses were mounted in square cases which
could be easily aligned with each other. To switch between the centre-plane and cross-plane setup, only L4
and L5 had to be rotated by 90 degrees. This caused the sheet to spread perpendicular to the other setup.
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5.1.3. Cameras and Timing Unit
To capture the scattering seeding twice over a short time time interval, a dual shutter camera was used. A
LaVision Imager sCMOS CLHS was selected as it is well suited for PIV with very low noise, quick repetition
rate, and a high spatial resolution of 2560x2160 pixels that are 6.5x6.5 µm in size [48]. The sCMOS camera is
also quite compact and can be mounted on the frame with the combustor model and laser optics, perpen-
dicular to the laser sheet. The imager is illustrated in fig. 5.4.

For the centre-plane measurement the area of interest spans 200 mm in axial direction. This covers the entire
mixing tube and the first 100 mm of the combustion chamber. To increase the spatial resolution of this field,
it was decided to utilise two cameras: one for the mixing tube and one for the combustion chamber. This al-
lows one camera to capture 100 mm on 2560 pixels, which gives a maximum resolution of 25.6 pi x/mm. The
field of interest for cross-plane measurement is a circle with diameter 36 mm. This can easily be captured on
a single camera while maintaining a high spatial resolution. However, to capture this plane the camera would
have to be downstream in the seeded flow. To avoid blemishing the lens or damaging the camera a mirror
was positioned between the combustor and lens at 45 degrees in the flow, reflecting the light 90 degrees hori-
zontally. The mirror was 270 mm downstream of the combustor exhaust and was assumed not influence the
flow in the region of interest. With this setup the camera and lens could remain out of harms way.

Finally, to control the laser and camera(s) a Programmable Timing Unit (PTU) by LaVision was used and
controlled working on DaVis 8.4.0 software. When a measurement was taken the laser pulse interval and fre-
quency were set in DaVis (see section 5.2). These settings were then controlled by the PTU, which regulates
the trigger timing of the laser pulses and camera shutters so that they coincide. The PTU is shown in fig. 5.5.

Figure 5.4: LaVision Imager sCMOS CLHS

Source: LaVision[48]

Figure 5.5: LaVision Programmable Timing Unit

Source: LaVision[47]

A schematic drawing of both PIV setups including the combustor model, laser head, laser optics, laser sheet,
mirrors, and camera(s) is presented in fig. 5.6 and fig. 5.7. The relative distances between the laser optics is
changed to present the setups more clearly. All illustrated components were mounted on a specifically de-
signed and produced rigid aluminum frame for the experiments.

Figure 5.6: Schematic drawing of centre-plane PIV setup Figure 5.7: Schematic drawing of cross-plane PIV setup
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5.1.4. Exhaust
A final important component of the setup was the exhaust. Because the air was seeded with DEHS it was
necessary to ventilate to avoid the seeded flow fogging up the TU Delft facility. This was achieved by mount-
ing a 400 mm diameter fan in front of an exhaust hole in the wall. The exhaust of the combustor model was
mounted such that it faced directly towards this fan. To diminish any upstream swirling effect of the fan,
200 mm long honeycomb structure was mounted in front of the fan acting as a flow straightener. With a dis-
tance of 1.7 m between the combustor exhaust and the flow straighteners, it was assumed that the upstream
effect of the fan would be negligible. This was later confirmed a valid assumption when the experimental data
was investigated. The bare exhaust fan is shown in fig. 5.8 and the fan as used in the experiments is shown in
fig. 5.9.

Figure 5.8: Exhaust fan Figure 5.9: Cross-plane setup including exhaust fan

5.2. Systems Initialisation
This section will cover the steps taken to properly prepare the setup for the acquisition of the images for PIV.
More specifically, the camera calibration, laser timing, flow seeding quality, and the reduction of reflections
is discussed.

5.2.1. Field of View
For the centre-line setup, both sCMOS cameras were equipped with f = 105 mm lenses. The cameras were
mounted on the frame with the camera focusing on the mixing tube slightly more forward to increase the
magnification. A calibration paper was inserted in the combustor at the centre-plane to measure the field of
view, and the resulting spatial resolution. The two images taken by the cameras of the calibration paper are
presented in fig. 5.10. These images were used to set the origin of the reference frame and to set the scaling of
the two cameras.

For the radial swirler model, the field of view of the mixing tube was found to be 97.9 mm in axial direction
from 97.3 mm upstream of the dump to 0.6 mm downstream of the dump. This yields a magnification of
0.170 eq. (5.1) and a spatial resolution of 26.1 pi x/mm eq. (5.2). However, the effective field of view was
slightly smaller as the laser sheet was obstructed by the nut and its matt-black cover on the bottom side of the
mixing tube, connecting it to the swirler module upstream. This caused the light to be blocked and thus the
effective field of view to be reduced by a triangle shape on the upstream end of the mixing tube extending to
approximately 89 mm upstream of the dump on the bottom of the tube. The flanges connecting the mixing
tube to the combustion chamber are directly below the laser sheet, but still form and obstruction as the light
cannot pass directly through them without changing direction. Therefore the bottom ends of these flanges
were covered with matt black tape. This caused the effective field of view to be reduced to approximately
4.5 mm upstream of the dump. When switching to the axial swirler model, the field of view was recalibrated.
The magnification was nearly identical and the field shifted slightly downstream with 0.2 mm.
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(a) Mixing tube calibration image (b) Combustion chamber calibration image

Figure 5.10: Calibration papers captured by the two centre-plane cameras

M = di m

dob j
(5.1) Res = Npi x

dob j
(5.2)

The second camera, focusing on the combustion chamber, had a total field of view of 108.3x91.3 mm starting
at 0.8 mm upstream of the dump to 107.5 mm downstream of the dump and running from 43.2 mm below
the centreline to 48.1 mm above the centreline for the radial swirler model. With a inner radius of 52 mm,
the combustor is thus not fully captured to the walls. This is not an issue for this experiment as the focus is
on the stagnation point near the centerline. Besides, the near wall data is heavily distorted due to reflections
and warping images through the curved plexiglass tube. Applying eq. (5.1) and eq. (5.2) again, yields a mag-
nification of 0.154 and a spatial resolution of 23.6 pi x/mm in the combustion chamber. Similar to the other
camera, this effective field of view was also decreased slightly by the flanges. For this camera the obstruction
causes the most upstream illuminated location to be at 1.2 mm downstream of the dump. This camera was
also recalibrated when switching to the axial swirler setup. This resulted in a nearly identical magnification
and a shift in field of view upstream by approximately 0.1 mm and down by 1.3 mm, bringing the centreline
closer to the centre of the image. For both swirler models, the total centre-plane effective field of view thus
runs from 89 mm upstream of the dump to 107.5 mm downstream of the dump with a gap from −4.5 mm to
1.5 mm w.r.t the dump.

For the cross-plane setup a single camera was positioned perpendicular to the combustor model with a 45
degree mirror in between the two. An f = 180 mm lens was used to achieve a large magnification of the area
of interest. A calibration paper for the cross-plane was inserted in the mixing tube at 6 mm upstream of the
dump. The entire cross-plane was in the field of view for both radial and axial swirler models. However there
was a small change in scaling between the two models as the mirror had to be repositioned. The calibra-
tion images taken with the camera for both swirler models is shown in fig. 5.11. The resulting magnification
and resolution of the cross-plane were 0.291 and 44.8 pi x/mm for the radial swirler model and 0.281 and
43.3 pi x/mm for the axial swirler model.

5.2.2. Camera Focus
The cameras were manually focused on the seeding particles in the sheet. In order to capture all particles
in the sheet in focus, the depth of focus must be larger than the sheet thickness. For all scenarios the ap-
proximate sheet thickness was 2 mm. The depth of focus (DOF) is given by eq. (5.3) [32], in which λ is the
light wavelength and f# is the F-stop (a camera setting indicating how far the lens aperture opens). During
focusing this F-stop was set to the minimum value of 2.8, This yields a DOF of 0.96 mm for the mixing tube,
1.14 mm for the combustion chamber, and 0.4 mm for the cross-plane. These minimum DOFs are smaller
than the sheet thickness of 2 mm, which allows accurate focusing on the sheet. When acquiring data the DOF
should be larger than the sheet thickness to capture all particles in the sheet in focus.
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(a) Radial swirler model calibration image (b) Axial swirler model calibration image

Figure 5.11: Calibration papers captured by the cross-plane camera

Another parameter to take into account when focusing is the apparent size of the particles on the sensor (dτ)
eq. (5.4) [32]. As a design rule this size should be larger than two pixels in order to avoid peak locking. This
apparent size is a function of the actual particle size on the sensor eq. (5.5) and the diffraction size eq. (5.6),
which are in turn dependent on the F-stop and the magnification. For the centre-plane cameras the F-stop
was set to 11 to achieve a dτ of over two pixels. For the cross-plane an F-stop of 8 sufficed.

DOF = 4.88λ f 2
#

(
M +1

M

)2

(5.3) dτ =
√(

dg eom
)2 + (

ddi f f
)2 (5.4)

dg eom = M dp (5.5) ddi f f = 2.44λ(1+M) f# (5.6)

5.2.3. Timing
Once the camera setting were fixed, the first trial measurements could be conducted. To be able to cross-
correlate the two consecutive images, the laser pulse interval (d t ) must be chosen appropriately. If the d t is
too long, too many illuminated particles in the first frame will not be illuminated in the second frame and
vise versa. In this case, many particles will have travelled through the laser sheet because of an out of plane
velocity component. This can especially be a problem for the swirling flows in this study as the out of plane
velocity component is relatively high. On the other hand, decreasing d t will decrease the distance a particle
can travel in-plane between two laser pulses. As a consequence the accuracy of the resulting vectors will be
reduced. In traditional PIV this was a larger problem. Generally particles were designed to travel 1/4 of the
interrogation window size.

However, with the more modern multi-pass cross-correlation technique the interrogation window size and
location can be varied. Therefore the spatial resolution is significantly improved and reliable vectors can still
be generated for particle displacement of only a few pixels [76]. As the DaVis software, that was employed
for this study, is equipped with this multi-pass technique, it was possible to use a d t as low as 6 µ s for the
highest swirl cases. It was varied up to 15 µ s for other measurements. For every newly installed swirler, the
d t was varied for a few quick measurements. The correlation peaks for these measurements were compared,
after which the optimum value of d t was chosen for the full measurements. It was possible to adopt a single
d t value for the both mixing tube and combustion chamber in centre-plane measurements. This allowed
the two cameras to capture the images simultaneously, which saved an enormous amount of time. The total
number of images taken for a setpoint was set to 500. For the centre-plane measurements this comes down
to 1000 images, each with 2 frames. The acquisition frequency was set to 15 H z. The correlation peaks were
continuously evaluated for completed measurements. When a problem was found, one of the parameters
that could be varied to fix it, was the pulse interval.
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5.2.4. Seeding Quality
Another parameter that can have a strong effect on the correlation peaks is the seeding density and distribu-
tion. For each setpoint the bypass valves of the seeding generators had to be manually adjusted to find a good
distribution of the seeding between the two seeded streams. For example, when going from 5% to 10% AAI,
the amount of flow through the swirl air seeding pot reduces. As a consequence its bypass valve should be
slightly further closed to get similar flow and pressure through the seeding generator, and thus similar seed-
ing density in that stream. In the same scenario the flow through the AAI seeder doubles. As a consequence
the bypass valve should be further opened to reduce the flow and pressure through the seeder. An example
of poorly distributed and improved seeding is presented in fig. 5.12.

(a) Poorly seeded flow: too high on swirling air and too low on AAI (b) Well seeded flow: well distributed seeding density

Figure 5.12: Calibration papers captured by the cross-plane camera

5.2.5. Reflections
The final major improvement that was made to the PIV setup was the reduction of reflections. Since a bright
light (laser) was aimed on a curved surface that is not perfectly transparent, there were unwanted internal
reflections of the laser sheet. Due to imperfect alignment of the sheet with the tubes, these reflections occur
in other directions than perfectly vertical. These internal reflections could cause particles to be correlated
from other locations than the original sheet. To avoid this, matt black foil was applied on the far half (from
the centre-plane camera’s point of view) of the wall of the mixing tube and combustion chamber. Besides
internal reflections, reflections from other components or materials could also cause bright spots on the cap-
tured images. These spots make it harder or even impossible to distinguish between individual particles. In
the worst case, very bright sports could over-saturate and damage the camera sensor (blooming). To avoid
this, the matt black foil was also applied to the nuts and bolts of the setup that could reflect the laser light.
The aluminum manifolds close to the plexiglass components were also spray painted in matt black to reduce
reflections of their surface. The actual combustor model as used for the radial swirler centre-plane measure-
ments is presented in fig. 5.13. For the cross-plane measurements the foil on the inside of the tube obviously
had to be removed to be able to fully illuminate the mixing tube. An image looking upstream into the com-
bustion chamber for this setup is presented in fig. 5.14. From this image the matt black foil on the upstream
flange of the mixing tube and relevant nuts and bolts can also be observed.

Figure 5.13: Centre-plane setup with reflection reduction Figure 5.14: Cross-plane setup with reflection reduction

To reduce light pollution further, all experiments were conducted with dimmed ambient lighting and all cam-
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eras were equipped with a green light filter. This blocks light at all wavelengths and only lets a narrow band
of green light wavelengths through.

5.3. Acquisition
The original test matrix consisted of the same 72 setpoints as intended for CFD (two swirler types, each with
six geometric Swirl numbers and six different settings ofΨ). However this would take too much time to exper-
imentally investigate. Because, of all variables, switching between swirlers would take the most time, half of
the swirlers were discarded. Three axial swirlers and three radial swirlers were selected, each with geometric
swirl numbers 0.7, 1.1 and 1.5. On the other hand, different Ψ settings were relatively quick to implement
for a new recording. Therefore, it was decided to expand the test matrix with higherΨ setpoints until vortex
breakdown was destroyed or another limit was reached.

During the entire duration of the experiments, the low fuel flow was not switched off. The two seeded flow
were reduced to zero between every run. This was necessary for two reasons. First, DEHS oil droplets started
forming on the mixing tube wall after approximately a minute of running the seeding flows. This had to be
carefully cleaned between every run to not decrease the quality of the next acquisition. Second, switching
off both air flows ensured that no hysteresis effect was present in the experiments, which is important with
respect to vortex breakdown (see section 2.5.4). At the start of every run, the swirling air was introduced and
stabilized first, before the axial air was introduced. Therefore, the swirl intensity was always maximum before
it was decreased to the desired setpoint.

5.4. Processing
All acquired data sets from experiment went through a list of operations to be processed from a set of raw
images to an averaged vector file. In this section all of these operations, that were performed in DaVis 8.4.0,
will be discussed.

5.4.1. Masking
All raw data sets together formed a huge amount of data. To speed up the processing of these data sets, as a
first step the size of the images was reduced by masking out the irrelevant areas in the images. Especially for
the centre-plane images of the mixing tube and for the cross-plane images, this significantly reduced the size
data sets for the further operations. Figure 5.15 shows examples of the masking profiles for the mixing tube
and centre-plane and cross-plane images. The area outside of the blue masking profiles was discarded for the
remainder of the operations. This reduced the data size to be further processed by 45% for the centre-plane
measurements and 49% for the cross-plane measurements.

(a) Centre-plane masking of mixing tube (b) Cross-plane masking of mixing tube

Figure 5.15: Masking profiles for raw images
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For the centre-plane setup the masking profile was only created once and could be used for all images. How-
ever, for the centre-plane setup, a specific mask was generated for every single data set. This was necessary as
between acquisition runs the any seeding deposit that stuck to the surface of the mirror was removed, which
moved the mirror ever so slightly. Normally this would not be a problem if the mask were slightly larger than
the object. It was however decided that the mask should perfectly enclose the relevant mixing tube cross-
section without margin. This was done so that the exact cross-section centre location was recorded in pixel
coordinates. This location was required for the vector decomposition as described in section 5.4.5.

5.4.2. Background Subtraction
Once the masks were created the intensity was filtered temporally by subtracting the minimum intensity of
every pixel over 99 images. This time-filter of 99 images was applied symmetrically over the image range.
The effect of this operation is a background intensity subtraction. This results in a set of images where back-
ground noise and reflections are removed. The time-filtered result of fig. 5.15a is presented in fig. 5.16. From
this image can clearly be seen that the bright spots of the image are reduced. The bottom right bright spot
is a consequence of internal reflections and is not completely removed with the background subtraction op-
eration. This shows that the reflection in a part of this region is too strong to be removed. The variation in
intensity captured from this reflection is thus higher than the intensity of the individual particles. These re-
gions will likely not be able to find a solid cross-correlation.

Figure 5.16: Background subtraction of the centre-plane mixing tube (time-filtered)

5.4.3. PIV Vector Calculation
As mentioned before, the PIV vector calculation uses a multi-pass cross correlation method. More specifi-
cally, a decreasing size variant is used. In this algorithm, the interrogation window (IW) is relatively large for
the first passes which ensures the in plane particle displacement is not too large to be captured. For every
pass the IW is shifted to find the best initial guess of the vectors in that area. These initial vector guesses are
then further refined by more passes of smaller new IWs. The size of the final IWs and the overlap between
them determine the final resolution of the obtained vector field. For all PIV vector calculations, three passes
were first performed over square IWs of size 128x128 pixels with a 50% overlap. Then two more passes were
performed over circular 32x32 pixel IWs with a 75% overlap. The final overlap of 75% on the 32 pixel IWs yields
a vector resolution 8x8 pixels or approximately three vectors per mm for the centre-plane measurements and
5.5 vectors per mm for the cross-plane measurements. The resulting vector field from this operation for the
mixing tube in fig. 5.16 is presented in fig. 5.17. In this image the vector density is reduced by a factor 8 for
clearer distinction between the vectors.

5.4.4. Averaging
The final operation for the centre-plane measurements (and second-to-last for the cross-plane measure-
ments) is the temporal averaging over 500 images. This operation is performed as this study focuses on the
averaged flow field for a certain setpoint. There generally was locally significant variation between instanta-
neous frames, but investigation into this is reserved for future studies. The averaged vectors for the mixing
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tube example (R_SW 15_Ψ20%) are presented in fig. 5.18. Both images have the axial velocity component dis-
played as the background of the vectors. Comparing the two images, it can clearly be seen that the averaged
vectors show a more axisymmetric plane with reduced maximum velocity. The regions where the reflections
were strong, show a poor correlation indicated by axial velocity near zero.

Figure 5.17: Vector field for single image Figure 5.18: Averaged vector field from 500 images

5.4.5. Vector Decomposition
The vectors obtained from the multi-pass cross-correlation are decomposed into a format of x- and y-velocity
components by default. For the centre-plane measurements this is very useful, as the axial velocity is then
equal to vx . The vector files are thus exported as vx and vy components for every (x, y) coordinate separated
by eight pixels. However, for the cross-plane measurements the more relevant vector component is the tan-
gential velocity component (vt an). To obtain this component the vectors had to be decomposed into vt an

and vr . This was done by converting the domain into polar coordinates, which required the origin location
in Cartesian coordinates. This location was obtained for each cross-plane measurement from the masking
operation section 5.4.1. The tangential- and radial velocity components were then obtained as two scalar
fields that were ultimately exported.

5.5. Post-Processing
The averaged vector and scalar fields that were exported were further processed using a custom Python script
to locate the stagnation point (section 5.5.1) and to derive the Swirl number (section 5.5.4). This section
discusses these operations.

5.5.1. Stagnation Point Location
To obtain the location of the stagnation point, first the averaged centre-plane vector fields were imported and
converted to a convenient data format. They were then plotted similar to the vector images shown in DaVis,
with vx on the background. Next, a contour plot was created for the contour where axial velocity equals zero.
This contour plot was overlain with the vector field and showed the zero axial velocity contour in bright red.
For all setpoints no flow reversal was found inside the mixing tube. The contours were thus only visible for
the combustion chamber centre-plane fields. A Gaussian filter was applied over the contour to get rid of any
outliers or potential small recirculation islands. The result was a relatively smooth contour of the recircu-
lation zone. This contour plot is shown for an example case in fig. 5.19. The contour clearly indicates the
central recirculation zone and also identifies part of the toroidal outer recirculation zone. The most upstream
stagnation point of the inner recirculation zone is of interest for this study. The coordinates for the contour(s)
were listed for a range within 20 mm of the centreline to remove the contours of the outer recirculation zone.
The most upstream coordinate of this list was then recorded as the stagnation point location for this setpoint.

For a few cases the contour of the inner recirculation zone was interrupted near the upstream edge of the field
of view of the combustion chamber. This indicated that the actual upstream stagnation point was located in
the ’blind spot’ between the mixing tube and combustion chamber. If this was the case the two contours
profiles in the combustion chamber were extended upstream by extrapolation. The intersection of the two
extrapolated curves then indicated the location of the upstream stagnation point. An example of this method
is presented in fig. 5.20.
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Figure 5.19: Vector field of the combustion chamber incl. contour Figure 5.20: Stagnation point from contour extrapolation

5.5.2. Radial Profile of Axial Velocity
From the centre-plane of the mixing tube at any axial location, a radial profile of the axial velocity compo-
nent could be obtained. The location of interest for this profile was at x = −6 mm, the axial location of the
cross-plane measurements. Only a single profile from centre to wall is required to obtain the Swirl number.
Even though there were two profiles available for every setpoint: going up (N) or down (S), neither profile
had accurate vector result in the near wall region due to warping and reflections. Therefore the wall region
had to be recreated by extrapolating the existing profile from the point where data was being lost up to the
wall, where velocity is assumed equal to zero due to the no-slip condition. Dependent on the two profiles
this extrapolation was either performed on a single smoothed profile or on the (smoothed) average of the two
profiles.

For example, the radial profiles of the radial swirler with geometric swirl number equal to 1.5 and no axial
air injection (R_SW 15_Ψ0%) was nearly perfectly symmetrical over the centreline, but the lost wall region
was significantly larger on the lower half than on the upper half (see fig. 5.21a). For this case the recreated
wall region was appended to the ’best’ profile in stead of the average of the two.The shape of this appended
near-wall profile was optimized to match the mass flow rate. This was possible, because the physical mass-
flow rate was measured (converted from the volume flow rate) during the experiments and the resulting axial
velocity profile could be integrated using eq. (5.7) to obtain the mass flow rate as well. Obviously, these mass
flow rates should match under the condition that the smoothed axial velocity profile is equal to the averaged
axial velocity profile for the entire cross section. This final condition was assumed to be true as the centre-
plane vector field was obtained from 500 images. The resulting smoothed axial velocity profile is presented
in fig. 5.21b.

ṁtot =
∫ R

0

(
2π r vax ρai r

)
dr (5.7)

On the other hand, the the axial velocity profile of the A_SW 11_A AI 0 setpoint was more asymmetric about
the centreline, but does have similar sized distorted wall regions (see fig. 5.22a). These profiles were thus
first averaged and then improved near the wall. The resulting smoothed profile was also shaped to match the
mass flow rate and is presented in fig. 5.22b.

5.5.3. Radial Profile of Tangential Velocity
Similarly, a radial profile of the tangential velocity was also required to ultimately determine the Swirl num-
ber. The tangential velocity component was imported as a scalar field in Cartesian coordinates. The origin
of the Cartesian coordinates still spawned from the initial calibration (scaling) of the cross-plane setup. The
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(a) Raw axial velocity profile (b) Raw and smoothed profiles

Figure 5.21: R_SW 15_A AI 0: Radial profiles of axial velocity

(a) Raw axial velocity profile (b) Raw and smoothed profiles

Figure 5.22: A_SW 11_A AI 0: Radial profiles of axial velocity

location of this origin was thus corrected to the origin location as found in section 5.4.1. Next, the Cartesian
coordinates were converted to polar coordinated by eq. (5.8) and eq. (5.9).

r =
√

x2 + y2 (5.8) θ = tan−1
( y

x

)
(5.9)

The scalar field of tangential velocity was then plotted in polar coordinates. The field for the previously used
example A_SW 11_Ψ0% is presented in fig. 5.23a. The positive direction for tangential velocity in this plot
is in the counter-clockwise direction. This plot is derived from images taken through a mirror, looking up-
stream into the mixing tube. So the vector fields should be interpreted as looking downstream through the
mixing tube. Finally, the cross section scalar field was reduced to a single averaged radial profile. This radial
profile did not require any gaps to be filled as the image was not distorted by curved surfaces or reflections.
Therefore the values were also captured with good accuracy in the near wall region. The averaged radial pro-
file is presented in fig. 5.23b together with the smoothed axial velocity profile.

5.5.4. Experimental Swirl Number
With the radial profiles of axial- and tangential velocities known at the axial position x =−6 mm, the experi-
mental Swirl number can finally, be calculated using eq. (5.12). This was achieved through the integration of
the profiles to obtain the axial flux of angular momentum eq. (5.10) and axial thrust eq. (5.11).
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(a) Tangential velocity field (b) Axial and tangential velocity profiles

Figure 5.23: A_SW 11_A AI 0: Tangential velocity

Gθ =
∫ R

0

(
vt an r ρ vax 2π r

)
dr (5.10) Gx =

∫ R

0

(
ρ v2

ax 2π r
)

dr (5.11) Sw = Gθ

Gx R
(5.12)
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6
Results and Analysis

This chapter will present and analyse the results from both the numerical simulations and the conducted
experiments. The results from CFD simulations will first be treated in section 6.1. Next the results from
the PIV experiments will be separately discussed in section 6.2. Finally, the results of the numerical and
experimental campaign are compared in section 6.3.

6.1. Computational Fluid Dynamcis
The CFD results gave a first indication of the swirl generators’ performances before the experimental cam-
paign. Note that the individual results should be treated with apt skepticism as the performed CFD simu-
lations were of relatively low fidelity and conducted using RANS. However, the results provide compelling
insights on a qualitative level. The results regarding the Swirl number are first analysed in section 6.1.1 and
section 6.1.2. Then, section 6.1.3 presents and discusses the CFD results regarding the flashback propensity
based on the axial location of the stagnation point.

6.1.1. Effective Swirl Number
The geometric Swirl numbers were based on theory and the location at which they are met is supposed to be
at the plane just downstream of the trailing edge of the swirler vanes. However, the relevant Swirl intensity for
this study is the measured Swirl number from velocity components just upstream of the sudden expansion
(dump) from mixing tube to combustion chamber. Therefore the geometric Swirl numbers have no other
function than to identify the swirl generator of interest. All Swirl numbers for varying AAI quantity (Ψ) at
6 mm upstream of the dump extracted from the CFD simulations are presented in fig. 6.1. It should be noted
that not all 72 original setpoints were simulated. Simulations were generally not solved when the previous
case (with 5% less Ψ) did not show vortex breakdown. These cases without vortex breakdown were consid-
ered less relevant for this study.

From the setpoints that were solved, a number of observations can be made. First of all, for all swirl generators
the effective Swirl number decreases with increasing amount of axial air injection. Looking at the equation
for the Swirl number (eq. (2.4)), this decrease must be caused by a decreased ratio of axial flux of angular
momentum (Gθ) to axial thrust (Gx ). Interestingly, the axial thrust actually decreases slightly, while the nu-
merator decreases drastically. For example, Gθ decreases by 45% and Gx decreases by 6.7% for R_SW 15 from
zero to 25%Ψ. The tangential velocity fields in the mixing tube for these two extreme cases are presented in
fig. 6.2. From this figure it can clearly be seen that the tangential velocity is low for both near the centre-line
and that the AAI has a significant effect of the tangential velocity component near the wall. This suggest that
the non-swirling jet on the centre-line introduces a strong shearing flow that traverses throughout the entire
radius of the mixing tube.

A second observation that was made from fig. 6.1 is that for equal geometrical Swirl number, the radial swirl
generators have a higher effective Swirl number. Based on these results the axial swirler with geometric Swirl
number 1.5 generates the same effective Swirl number as the radial swirler with geometric Swirl number 0.9.
This implies that the used theoretical design rules are too conservative in predicting the swirl number. The
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Figure 6.1: CFD: Swirl numbers at x =−6 mm vsΨ

(a)Ψ= 0% (b)Ψ= 25%

Figure 6.2: Tangential velocity fields of R_SW 09 at x =−6 mm

difference could also be associated to the errors in CFD. The averaging of the Navier Stokes equations in the
RANS simulations is likely to under-predict large flow deflections that occur in the axial swirler vanes. An-
other factor that could contribute to this offset is the mesh quality. The structured meshes were of decent
quality, but the lowest quality occurred in the axial swirler vanes. The meshes could be more refined at these
locations of large flow deflection. In the mixing tube, the mesh was reasonably fine near the wall with a di-
mensionless wall distance (y+) of approximately 13.

Finally, fig. 6.1 implies that radial swirler geometry is slightly more sensitive to an AAI input than an axial
swirler geometry. This implication is based on the comparison between R_SW 09 and A_SW 15, which have
nearly equal effective swirl numbers atΨ= 0. For the radial swirler the gradient is slightly steeper compared
to the axial swirler, especially for stronger AAI. This suggests that the AAI in the radial swirler has a larger effect
on the swirling flow near the walls of the mixing tube. This could be caused by the outlet flow direction of
the swirler vane passages. Contrary to the axial swirler geometry, the flow at these outlets has a strong radial
component, directed towards the non-swirling jet on the centre-line. This could cause more mixing between
the swirling air and the AAI, which ultimately has a larger impact on the effective Swirl number compared to
axial swirlers.
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6.1.2. Swirl Number Degradation
All Swirl numbers seem significantly lower than the geometric Swirl numbers, but a large part of this is due
to the fact that the Swirl number decreases along the axial direction of the mixing tube. This happens due
to viscous forces acting on the flow, predominantly decreasing the tangential flow component. This Swirl
number degradation is shown for some cases in fig. 6.3.

Figure 6.3: Swirl number degradation along mixing tube Figure 6.4: R_SW 15_Ψ0%: Gθ and Gx along mixing tube

This figure shows that the swirl degradation is significant as it decreases by over 40% for the higher geomet-
ric Swirl number cases. Even so, the effective swirl numbers at the mixing tube inlet are still well below the
expected geometric swirl numbers. This could be explained by the simulation errors discussed above. As
mentioned before, this quantitative offset is no reason to worry as the qualitative results are more significant.

Another interesting feature of the swirl degradation is that it appears to be nearly perfectly linear. This makes
sense because the encountered viscous friction forces are nearly constant along the mixing tube. The slope
also does not seem to be affected by the introduction of AAI, confirming that the Swirl degradation is gov-
erned by the wall friction in the mixing tube. The slope of the degradation does seem to become steeper in
the final section of the mixing tube. This suggests that the formation of vortex breakdown has an upstream
effect on the Swirl number, through the adverse pressure gradient. This drastically changes the axial veloc-
ity flow field, which changes the axial thrust (Gx ). The development of Gx and Gθ along the mixing tube for
R_SW 15_Ψ0% is given in fig. 6.4.

It can clearly be observed from this image that the axial flux of angular momentum decreases continuously
and gradually along the entire length of the mixing tube, this is due to viscous friction forces between the wall
and the swirling flow. The axial thrust similarly degrades gradually along the mixing tube in the first three
quarters of the tube. This is consequence of the changing axial velocity profile, which is due to the centre-line
void of the AAI tube being filled. However, in the last quarter of the mixing tube the axial thrust increases as
the upstream effect of vortex breakdown decelerates the flow on the centre-line. The rise in axial thrust causes
a steeper decrease of the Swirl number as seen in fig. 6.3. This reasoning is supported by the swirl degradation
of A_SW 15_Ψ20% as this is the only case in this figure which does not experience vortex breakdown and its
Sw slope remains linear throughout the entire mixing tube.

6.1.3. Flashback Propensity
The investigated metric for flashback propensity in this isothermal study is the axial location of vortex break-
down (VB). Specifically, the upstream stagnation point leading the vortex breakdown. This location was
recorded for all simulated setpoints that experience VB in fig. 6.5.

Firstly, fig. 6.5a shows that an increasingly strong axial air injection shifts the stagnation point downstream
for all swirler geometries. This is caused by the increase in axial velocity near the centre-line with increasing
Ψ. In a reacting case this increased axial velocity will provide more resistance for the flame to travel upstream.
Therefore, this trend indicates that the concept of axial air injection works to decrease flashback propensity
and thus improves flashback safety.
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(a) All recorded stagnation points (b) Close up of axial- and radial swirler with equal swirl intensity

Figure 6.5: CFD: Axial locations of stagnation points vsΨ

Secondly, the same figure shows that with increasing swirl intensity, the stagnation point of VB shifts up-
stream. This is only logical because the axial velocity near the centre-line decreases for increasing swirl in-
tensity as is illustrated in fig. 6.6a and fig. 6.6b. Based on this, one could say weaker swirlers are are less likely
to experience flashback along the centre-line in reacting cases. This may be true, but a higher swirl intensity
has two main advantages: an improved mixing quality because of larger shear forces and an increased sta-
bility of the recirculation zones and thus of the flame. This latter advantage is already visible from A_SW 07
in fig. 6.6b and fig. 6.6c. The stagnation point is far downstream (indicating flashback safety), but the vortex
breakdown is very weak. With only a minor amount of AAI the vortex breakdown is destroyed and no recir-
culation zone is present anymore. This causes a flow field very similar to a jet being dumped into a plenum,
which is equally undesirable as flashback for performance.

(a) A_SW 15_Ψ0% (b) A_SW 07_Ψ0% (c) A_SW 07_Ψ5%

Figure 6.6: Axial velocity fields of mixing tube and combustion chamber at centre-plane

From fig. 6.5a one could be quick to assume axial swirl generators have a more downstream stagnation point
than radial swirlers. However this would be wrong, since the legend labels are based on geometric Swirl num-
bers alone. From fig. 6.1 it was concluded that R_SW 09 and A_SW 15 have a near identical effective Swirl
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number. Therefore, it makes sense to compare these two swirler geometries as shown in fig. 6.5b. From these
two curves, the opposite appears true. The stagnation points of the radial swirler lie further downstream than
those of the axial swirler. This suggests that the radial swirlers have a lower flashback propensity.

Furthermore, up to Ψ = 10% the curves are nearly parallel, corresponding to their equal swirl intensity. Be-
yond that, the stagnation point of the radial swirler shifts slightly further downstream compared to the axial
swirler. This agrees with the increased sensitivity of the radial swirler geometry toΨ shown in section 6.1.1.

6.2. Particle Image Velocimetry
In the experimental campaign the same variables were investigated. The results of that campaign are pre-
sented in this section. Specifically, the effect of AAI on swirl intensity is discussed in section 6.2.1. Next, the
swirl degradation along the mixing tube is analyzed for a few swirler geometries in section 6.2.2. The, the
results regarding flashback propensity based on the axial location of vortex breakdown are presented in sec-
tion 6.2.3. Finally, in the experimental campaign a brief investigation was also conducted on the effect of fuel
momentum on the flow field. These results are presented and analysed in section 6.2.4.

6.2.1. Effective Swirl Number
As described in section 5.5 the determination of the Swirl number required results from both the centre-plane
and cross-plane. By mathematically comparing the axial velocity profiles with the tangential velocity profiles
of the averaged results, the Swirl number was obtained. All Swirl numbers at 6 mm upstream of the dump are
presented in fig. 6.7.

Figure 6.7: PIV: Swirl numbers at x =−6 mm vsΨ Figure 6.8: Axial- and tangential velocity profiles

Similar to the CFD results, the effective Swirl number decreases with increasingΨ. This is the consequence of
the changing axial- and tangential velocity profiles, which determine the axial fluxes of axial- and tangential
momentum. For R_SW 15 the two velocity profiles are presented in fig. 6.8 for zero and 35%Ψ. From this
figure it can clearly be observed that the axial velocity on the centre-line is increased significantly with the
introduction of AAI. To maintain the conservation of mass, the axial velocity near the walls is decreased. As a
consequence the axial flux of axial momentum or axial thrust is decreased by 18%. This alone would increase
the swirl intensity, but the tangential velocity is also decreased drastically over the entire radius. These tan-
gential velocity profiles also show that the maximum tangential velocity is closer to the wall for the case with
AAI. This suggests that the swirling flow is squeezed between the shear layer of the non-swirling jet and the
wall. The tangential velocity is still reduced over the entire radius. So the effect of the AAI is not confined to
the region near the centre-line alone, but its shearing effect is stronger here than near the wall.

It is not only this viscous effect that causes the Swirl number to decrease with increasing AAI. Another signifi-
cant cause is the reduction in angular momentum when AAI is increased. For a radial vane swirl generator the
angular momentum generated can be easily approximated by considering the vane passage outlets as jet noz-
zles with a fixed angle and a known mass flow rate through them. When 10% AAI is introduced, the tangential
velocity of these jets is reduced by 10%, which reduces the angular momentum by 10% following eq. (6.1).
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This same equation was used to calculate the relative angular momentum near the mixing tube outlet at
x = −6 mm for a uniformly assumed density distribution. For varying Ψ the resulting angular momentum
relative to the case without axial air injection is presented in fig. 6.9. From this figure it can be observed that
the angular momentum reduces nearly 50% more at the outlet of the mixing tube than at the outlet of the
swirler. At the outlet of the swirler no viscous effects have started to reduce the tangential velocity and only
the inertial effect of reduced angular momentum decreases the Swirl number. At the mixing tube outlet the
viscous effects between the AAI jet and the swirling air have further reduced the angular momentum. From
this image it can thus be concluded that AAI reduces the Swirl number due to viscous forces and an inertial
effect, which is twice as large as the viscous forces.

L = I ω= m r 2ω= m r 2 vt an

r
= m r vt an ∝

∫ R

0
(vt an ρ 2π) dr (6.1)

Returning to fig. 6.7, it is also observed that the radial swirl generators have a higher effective Swirl number
compared to the axial swirl generators for the same geometric Swirl number. This is in agreement with the
CFD results (see section 6.1.1), but to a different extent. From PIV it appears that the effective Swirl number
of A_SW 15 is nearly identical to that of R_SW 11. There is thus some error in the design theory or the designs
themselves. This will be further explored in section 6.2.2.

Furthermore, where CFD results suggested the effective Sw of the radial swirlers was slightly more sensitive to
a change inΨ than axial swirlers, PIV results cannot confirm this. Looking at the two swirler types with nearly
identical swirl intensity (A_SW 15 and R_SW 11), no clear distinction can be made in gradients. The effec-
tive Swirl numbers are nearly identical for these two swirlers for any value of Ψ. When comparing A_SW 11
and R_SW 07, which also have similar swirl intensity at x =−6 mm, the opposite implication could be made.
From these two curves, the axial swirler model appears to be somewhat more sensitive to AAI than the radial
swirler. However, based on all results this difference in sensitivity is determined inconclusive.

A final thing to note from fig. 6.7 is that irrespective ofΨ no vortex breakdown was generated below an effec-
tive Swirl number of approximately 0.5 near the dump. From the available result this limit is also independent
of the swirler type. Note that not all setpoints in this figure experienced vortex breakdown. Only the data
point connected with a line represent a condition where VB was observed. The separate points (for example
the points beyondΨ= 7.5% for A_SW 07) do not generate recirculation zones.

The error bars shown in fig. 6.7 are based on the standard error on velocity caused by averaging 500 images
(see eq. (6.2)) and a particle displacement uncertainty of 0.1 pixel since no peak locking was present (see
eq. (6.3)) [61]. The Swirl number is calculated using four velocity components so the error increases and
becomes more significant. However, the total magnitude is small enough to distinguish between curves. It
should be noted that there are more known errors that cannot be quantified like the misalignment of the jet
with the centre-line and the data in locations of high reflection.

SEav g ,U = σUp
500

(6.2) SEdi spl acement =
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d t
(6.3)

6.2.2. Swirl Number Degradation
The Swirl number degradation was briefly investigated using PIV to get an idea of the effect of a different
mixing tube length on the swirl intensity. This required translating the cross-plane laser sheet through the
mixing tube to record the tangential velocities. This was done for two different swirler geometries (A_SW 15
and R_SW 15) with either zero or 20%Ψ. The additional axial locations that were investigated were 86, 66,
46 and 26 mm upstream of the mixing tube dump, besides the standard 6 mm. The results are presented in
fig. 6.10.

Note that for the axial swirler case the point at −86 mm was deleted as the data for the axial velocity was cor-
rupted at this location. Nevertheless, the three cases still show a clear trend. Similar to the CFD results, the
swirl degradation is very linear up to the final section of the mixing tube, where the upstream effect of vortex
breakdown influences the axial thrust significantly.
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Figure 6.9: PIV: Relative angular momentum at the swirler outlet
and at the mixing tube outlet(x =−6 mm) for R_SW 15

Figure 6.10: PIV: Swirl number degradation along the length of the
mixing tube

The magnitude of effective Swirl number close to the swirler exit gives some insight into the accuracy of the
theoretical models used for the swirler design. Following the linear degradation further upstream, shows that
the radial swirlers actually generate more swirl than they were designed to do. The geometric Swirl number
is likely over 1.6 at the swirler outlet plane. On the other hand, the axial swirler generates significantly less
swirl than it was designed for. Following the trend, the Swirl number would still likely remain under 1.3 at the
mixing tube entrance. This could be the consequence of a few factors. First, between the swirler outlet and
mixing tube entrance, a 30 mm long fuel injector is positioned. Even without injecting fuel, this would already
degrade the swirl intensity over its length. Although, taking into account the gradient, the Swirl number would
not reduce much over the 30 mm (approximately 0.035). Second, the fuel injection itself for the axial swirler
acts as four radially impinging jets, which cause a shearing effect and decreases the axial flux of angular
momentum and thus the Swirl number. This will be further discussed in section 6.2.4. The final reason for
the offset in effective- and geometric Swirl number for axial swirlers is that the tangential velocity component
from the outlet plane of the vanes is somewhat smaller than the trailing edge vane angle itself. This is true
because the vane passages are not infinitely thin. Especially towards the tip the vanes have relatively large
spacing.

6.2.3. Flashback Propensity
The purpose of AAI was to decrease the flashback propensity along the centre-line. The performed experi-
ments in this study were cold flow so flashback itself was not recorded. The metric to evaluate the flashback
propensity from cold flow fields was suggested in previous literature: the axial location of the upstream stag-
nation point of vortex breakdown.

Axial location of stagnation point
The axial location of vortex breakdown was thus recorded for all investigated setpoints. The obtained results
from the PIV experiments are presented in fig. 6.11.

The first thing to note from this figure is that generally for increasingΨ the stagnation point of vortex break-
down shifts downstream, as was expected. However, there are a few exceptions to this trend. The stagnation
point of the radial swirler with geometric Swirl number 1.5 shifts downstream slightly when increasing Ψ
from zero to 20%. Increasing Ψ further to 25 and 30% appears to break the trend as the stagnation point
moves slightly upstream. With even more AAI (Ψ > 30%) the stagnation point shifts significantly further
downstream. After investigation it was concluded that the two irregular data points were caused by jet mis-
alignment. This can be seen from the mixing tube centre-plane vector fields in fig. 6.12. The misalignment
itself is likely the cause of an unintended channel blockage or reflections in the mixing tube.

The effect of axial air injection on the centre-line axial velocity is evident from the difference between fig. 6.12a
and fig. 6.12b. The deficit from the case without AAI is removed for the first 70% of the mixing tube length
when 20% AAI is introduced. The axial velocity is increased, but the effect of the AAI barely reaches to the
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Figure 6.11: PIV: Axial locations of stagnation points vsΨ

(a) R_SW 15_Ψ0% (b) R_SW 15_Ψ20%

(c) R_SW 15_Ψ30% (d) R_SW 15_Ψ35%

Figure 6.12: Mixing tube centre-plane vector fields

aft part of the mixing tube and thus only slightly affects the location of the stagnation point. The 30% jet
(fig. 6.12c) does not have the same effect because it is misaligned and impinging on the bottom wall. As a
consequence, the axial velocity profile is quite asymmetrical and the stagnation point is found further up-
stream than expected. The same is true for the case ofΨ= 25%. It should also be noted that the unexpected
upstream movement could also be affected by poor extrapolation of the contour as explained in section 5.5.1.
This method was necessary for these data points because the stagnation point lies in the blind spot near the
dump. Fortunately, the jet misalignment is virtually removed for higher Ψ. At 35% (fig. 6.12d) the axial ve-
locity deficit is completely removed and the stagnation point shifts significantly downstream. This change in
axial velocity profile was already shown in fig. 6.8.

Another anomaly in fig. 6.11 is the stagnation points of A_SW 15 at medium AAI strength. At these setpoints
the vortex breakdown has a different shape than most other cases. The cross-plane vector fields of the com-
bustion chamber for a few cases are presented in fig. 6.13 for comparison.

In the Ψ = 10% case (fig. 6.13a) the vortex breakdown causes a central recirculation zone with a most up-
stream stagnation point very close to the centre-line. This is the flow field that occurred in nearly all of the
setpoints with vortex breakdown. However, for the A_SW 15 case (andA_SW 11 to a lesser extent) the flow
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(a) A_SW 15_Ψ10% (b) A_SW 15_Ψ15%

(c) A_SW 15_Ψ20% (d) A_SW 15_Ψ30%

Figure 6.13: Combustion chamber centre-plane vector fields

field developed differently when increasing Ψ further. At Ψ = 15% (fig. 6.13b) a trident-shaped flow field
arises, in which the most upstream stagnation point lies away from the centre-line. It appears that the non-
swirling jet does not mix as much with the swirling air as in other cases. This leads to a clearer distinction
between the jet and swirling air when the dump is reached. The jet then stays on the centre-line while the
swirling air expands and develops into vortex breakdown. For Ψ = 20% (fig. 6.13c) the flow field is similar
but less symmetric. This explains why the stagnation point is found relatively far upstream compared to its
neighboring setpoints. The trident profile changes back to the regular bubble vortex breakdown at higherΨ
(fig. 6.13d), before eventually destroying VB all together. As of yet there is no explanations for this reduced
mixing interaction between the jet and swirling air for these cases with a trident-shaped velocity profile. The
explanation cannot be found in the swirler type geometry because in this study these profiles were only found
for some axial swirlers, while T. Reichel found a similar profile for a radial type swirler [70].

In section 6.2.1 it was found that the swirl generators R_SW 11 and A_SW 15 have nearly identical Swirl num-
bers for any amount of axial air injection. To compare the difference in effect of Ψ on the stagnation point
location between the radial and axial swirlers, these two swirl generators are thus selected. From fig. 6.11 it
is observed that the two swirlers are equally sensitive to a change in Ψ, bar the trident-profile anomaly dis-
cussed above. Even though, the curves are nearly parallel over the entire range of Ψ there is an offset. This
offset is thus unrelated to the value ofΨ, but must be related to the swirler geometry itself. The flow field in
the mixing tube for the cases without AAI are presented in fig. 6.14.

A major difference between the two flow fields is clearly visible in this figure. The radial swirler has a sig-
nificantly lower axial velocity component near the centre-line than the axial swirler. Along the entire mixing
tube the axial velocity on the centre-line does not rise above 7 m/s. On the contrary, the axial velocity on the
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(a) R_SW 11_Ψ0 (b) A_SW 15_Ψ0

Figure 6.14: Mixing tube centre-plane vector fields: axial vs radial swirler

centre-line does not fall below 16 m/s for the majority of the mixing tube of the axial swirler model. In fact,
there is hardly any axial velocity deficit on the centre-line. Along nearly the entire length of the mixing tube
the axial velocity profile is virtually uniform. Close to the dump, upstream effects start to play a role and the
axial velocity profile becomes more pronounced as shown in fig. 6.15.

Figure 6.15: Axial- and tangential velocity profiles: axial vs radial swirler

The tangential velocity profiles of the two swirlers are not too different. Both logically have zero tangential ve-
locity at the axis of rotation, but the radial swirler has a larger gradient towards the wall than the axial swirler.
Furthermore, the radial swirler has its maximum axial velocity closer farther from the wall, while it is also
slightly larger than that of the axial swirler.

The main difference in axial velocity is the value on the centre-line. It is considerably higher for the axial
swirler with nearly 10 m/s compared to 1.4 m/s for the radial swirler. The likely cause for this difference is
that the outlets of the radial swirler vane passages are located at r = R. There is a radial inwards velocity com-
ponent at this outlet, but it is not strong enough to significantly penetrate to the centre-line. On the other
hand, the axial swirler vane passages run from r = R

3 to r = R. Therefore, a large axial velocity component
is also introduced relatively close to the centre-line. The difference in centre-line velocity between the two
swirler types translates to a stagnation point location approximately 3.5 mm further downstream. Based on
the metric of axial location of stagnation point, the flashback propensity is thus only slightly lower for the
axial swirler compared to the radial swirler. However, this metric suggests that the R_SW 07 and A_SW 15 are
nearly equally resistant to flashback. Therefore, the mixing tube centre-plane is presented for this setpoint in
fig. 6.16.

The differences between this axial velocity and that of R_SW 11 are very minor. On the centre-line the axial
velocity is relatively very low. Even at x =−6 mm the axial velocity is only 1.7 m/s, which is barely higher than
that of the radial swirler with a higher geometric Swirl number and much lower than the axial swirler. In a
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Figure 6.16: R_SW 07_Ψ0%: mixing tube centre-plane velocity field

reacting case, such a low velocity on the centre-line will probably provide very little resistance to flashback,
especially in the case a fast burning fuel like hydrogen is used. Therefore it is decided that the metric of axial
location of stagnation point cannot solely be used to compare the flashback propensity of all swirlers, espe-
cially not between different swirler types.

Axial velocity at mixing tube outlet
A new metric of flashback propensity is proposed to evaluate the cold flow performance of swirl-stabilised
combustors: the axial velocity on the centre-line at the outlet plane of the mixing tube. This metric will also
be more stable when switching between non-reacting and reacting flow, than the axial location of vortex
breakdown since the conservation of mass- and momentum must be satisfied. For all investigated cases that
experienced vortex breakdown this proposed metric was recorded at x =−6 mm (the most downstream avail-
able location in the mixing tube). These results are presented in fig. 6.17. The errorbars on the data points are
based on the 0.1 pixel displacement uncertainty and the error introduced by averaging 500 images. The total
standard error is given by eq. (6.4).

SEtot =
√

SEav g ,U
2 +SEdi spl acement

2 (6.4)

Figure 6.17: Axial velocity on centre-line at x =−6 mm Figure 6.18: Axial velocity profile on centre-line

Based on this new metric, an increased amount of axial air injection still yields a lower flashback propensity.
This is no surprise because the axial velocity on the centre-line obviously increases with increasingΨ. A few
exceptions are visible that can be explained by the same reasons as provided for the original metric. The most
important difference between the original and new metric is that based on this new metric the axial swirl gen-
erators are considerably more resistant to flashback for an equal geometric Swirl number. This is true for the
entire range ofΨ. The radial swirlers can reach higher levels ofΨ and still achieve stable vortex breakdown,
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but axial swirlers do not require such a strong AAI to reach an equal level of flashback propensity in the first
place. Looking at R_SW 11 and A_SW 15, the axial swirler requires approximately half the level ofΨ to reach
the same level of flashback propensity. To further highlight the difference between the axial and radial swirl
generators the axial velocity profile on the centre-line is presented in fig. 6.18 for the two swirler types with
equal effective Swirl number.

From these axial velocity profiles it is evident that for the same level of Ψ axial swirlers have significantly
higher axial velocity on the centre-line. In fact, the axial velocity profile of the axial swirler without AAI is
nearly identical to that of the radial swirler withΨ= 10%. For these setpoints the axial velocity on the centre-
line is near 20 m/s for the majority of the mixing tube length. Considering a hydrogen turbulent flame speed
in the order of 2 m/s (highly dependent on equivalence ratios and pressure [69],[43]), the potential of AAI to
avoid flashback is shown to be great. Note that in fig. 6.18 A_SW 15_Ψ10% was excluded as the data in the
majority of mixing tube was corrupted. Finally, the initial rise in velocity in A_SW 15_Ψ20% is also due to
distorted data at the mixing tube entrance. This region does thus not represent reality.

Besides a more realistic differentiation between the flashback propensity of axial and radial swirlers the new
metric in fig. 6.17 also shows that even a small amount of axial air injection has a beneficial effect on the
flashback safety. Even a relatively weak AAI will increase the axial velocity on the centre-line, while the axial
location of vortex breakdown may not change. This is especially evident from the comparison for R_SW 15
between fig. 6.11 and fig. 6.17. Following the original metric flashback propensity does not reduce before
Ψ= 35%, but based on the new metric the flashback propensity is immediately reduced with a very weak AAI.
It is expected that any AAI will help to prevent flashback in reacting environments. Therefore it is advised to
adopt the proposed metric as the primary one to determine flashback propensity.

Another conclusion that could be drawn from fig. 6.17 is that higher geometric swirl numbers are more prone
to flashback. This also makes sense as the axial velocity deficit on the centre-line is larger for higher swirl in-
tensity. Nevertheless, one should take into account that higher swirl intensity also provides more stable vortex
breakdown. So a trade-off has to be made between combustion stability (regarding recirculation zones) and
flashback resistance. When designing a swirl-stabilised combustor this cannot be overlooked. For such a
combustor design it is advised to minimizeΨ as this degrades the swirl intensity the least. As a consequence,
this allows for a swirler design with the lowest possible geometric Swirl number, which generates the least
pressure drop.

6.2.4. Effect of Fuel Momentum
A brief investigation was performed into the effect of fuel momentum on the flow field. For radial swirl gen-
erators fuel is injected axially at the same plane as the AAI tube outlet. For axial swirlers the fuel is injected
radially, 10 mm downstream of the swirler (and AAI tube) outlet. This section will explore the effect of the fuel
momentum on the swirl intensity and flashback propensity.

Swirl number
It was expected that the fuel injection in both swirler geometries caused the swirl intensity to decrease since
the fuel does not have a tangential component. In fact the fuel jets have a shearing effect that degrades the
Swirl number as shown in fig. 6.19.

The decrease in Swirl is thus nearly linear for the radial type swirler and not insignificant. The effective Swirl
number at x =−6 mm decreases by approximately 15% when introducing stoichiometric fuel flow rate com-
pared to no fuel. Unfortunately, there was no data obtained on the centre-plane of axial swirlers. However,
the tangential velocity profiles are recorded at x =−86mm and presented in fig. 6.20. The effect of the radial
fuel jets is clearly visible as the location of maximum velocity shifts towards the centre-line with increasing
fuel momentum. Furthermore, the maximum tangential velocity decreases for all cases. In fact, for the case
with axial air injection, the tangential velocity decreases over the entire profile. As a consequence the circu-
lation (area integral of angular velocity [35]) at this location decreases by 11% for theΨ= 20% case compared
to only 1% for the case without AAI. This can be explained by the fact that swirling flow is squeezed between
the AAI and fuel jets. It experiences a large amount of shear force and decelerates as a consequence.
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Figure 6.19: R_SW 15_Ψ0%: effect of φ on Sw at x =−6 mm Figure 6.20: A_SW 15: tangential velocity profiles for varying φ

Flashback propensity
Regarding flashback propensity, it was expected that the fuel injection in radial swirlers caused the low axial
velocity on the centre-line since the distributed fuel jets form a shear layer separating the outside swirling
air with the inside AAI (or void in caseΨ = 0%). The axial velocity fields in the mixing tube are presented in
fig. 6.21 for R_SW 07_Ψ0% for varying fuel momentum.

(a) No fuel (φ= 0) (b) Stoichiometric fuel (φ= 1)

Figure 6.21: R_SW 07_Ψ0: Mixing tube centre-plane vector fields: effect of fuel momentum

Figure 6.21a shows that the axial fuel injection does not cause the void near the centre-line since the axial
velocity is even lower near the centre-line when no fuel is injected. In fact, the fuel jets appear to fill the void
when no axial air is present, which suggests that increased fuel momentum decreases the flashback propen-
sity. This was confirmed by fig. 6.22 and fig. 6.23, which present the effect of fuel momentum on the original
and new metrics for flashback propensity.

Both metrics suggest that fuel momentum helps to reduce flashback propensity. For both metrics the ef-
fect is slightly larger when the effective Swirl number is lower, but significantly larger for cases where AAI is
introduced. Similar results were also observed by Reichel et al. in Berlin [71]. This larger sensitivity in the
R_SW 07_Ψ20% case implies that the fuel jets do form a shielding layer between the axial air and swirling air
as was expected. This layer causes the axial air jet to be disrupted less, which leads to a higher axial velocity
at the mixing tube exit and ultimately to a reduced flashback propensity. However, another important effect
of increased fuel momentum should be taken into account: the increased flame speed for equivalence ratios
closer to unity. Even though the axial velocity on the centre-line may increase this positive effect on flashback
resistance may be overcome when the hydrogen flame speed increases more. Therefore the turbulent flame
speed of hydrogen for varying equivalence ratio as found by Morones [58] is overlain with the axial velocities
on the centre-line as found by PIV. These results are presented in fig. 6.24.

From this figure it can be observed that the increase in turbulent flame speed is of similar magnitude as the
increase in axial velocity of the flow. For higher Swirl numbers, increased equivalence ratio (and thus fuel
momentum) causes barely any net effect on the flashback propensity. For lower Swirl numbers, the increased
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Figure 6.22: Effect of φ on axial location of stagnation point Figure 6.23: Effect of φ on axial velocity on centre-line at x =−6 mm

Figure 6.24: Effect of equivalence ratio on axial velocity on the centre-line at x =−6 mm and on the turbulent flame speed of hydrogen

axial velocity appears to outweigh the increase in flame speed, yielding a positive net effect on the flashback
resistance. It should be noted that the turbulent flame speed of hydrogen is highly dependent on the flow
characteristics, among which the level of turbulence. The increase in flame speed with equivalence ratio
could thus be different for this combustor model in reacting conditions than is projected in fig. 6.24. Never-
theless, this data provides a ballpark figure and shows the increased flame speed cannot be ignored.

Based on the explanation that the axial velocity on the centre-line increases with increased fuel flow because
of the shielding effect of the fuel layer, axial swirlers could be negatively influenced by increased fuel momen-
tum with respect to flashback propensity. For these swirler geometries the radial fuel jets will probably cause
more interaction between swirling air and axial air, disturbing the non-swirling jet on the centre-line. The
increased flame speed then likely dominates and further contributes to an increased flashback propensity.

6.3. Comparison: PIV vs CFD
In this section the similarities and differences between the numerical and experimental results are high-
lighted. The effective Swirl numbers for varyingΨ from both PIV and CFD results are presented in fig. 6.25.
The major difference between the PIV and CFD results is a significant offset in magnitude. With no axial air
the R_SW 15 swirler has a 67% higher effective swirl number than was expected by the CFD simulations. For
its axial counterpart this offset is even larger with 74%. For lower geometric Swirl numbers the offset is less
extreme but still very significant: 45% and 27% for the R_SW 07 and A_SW 07 respectively. This considerable
offset is likely caused by averaging errors and approximations in the solving of RANS equations. Other factors
like the mesh quality could also play a significant role as mentioned in section 6.1.
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Figure 6.25: Effect ofΨ on Sw for PIV and CFD Figure 6.26: Swirl number degradation for PIV and CFD

On the other hand, the gradients are quite similar in the sense that they are all nearly linear irrespective of
the swirler type. However, there is a small variation in the actual slope between CFD and PIV. The effect ofΨ
on the Swirl number is slightly larger in reality than was expected from CFD. This slight under-prediction in
sensitivity is likely caused by the same averaging errors as mentioned before.

Another similarity between CFD and PIV can be found in the swirl degradation along the mixing tube as pre-
sented in fig. 6.26. From this figure can be observed that the offset in effective Swirl number already originates
before entering the mixing tube. The relative offsets between CFD and PIV hardly change along the mixing
tube length. This implies that the viscous forces that decelerate the tangential velocities are properly solved
in the CFD simulations.

Figure 6.27: Effect ofΨ on axial location of stagnation point for
PIV and CFD

Figure 6.28: Effect ofΨ on axial velocity on centre-line at x =−6
for PIV and CFD

The significant offset in effective Swirl number magnitude translates to a similar difference in flashback
propensity. The flashback propensity based on the original and new metric is presented fig. 6.27 and fig. 6.28
respectively. Figure 6.27 shows that the effect of AAI on the axial location of stagnation point is over-predicted
considerably by CFD. Vortex breakdown is not sustained aboveΨ= 15% for either axial or radial swirler, while
PIV showed VB was sustained up toΨ= 35%. This is likely a result of the under-prediction in effective Swirl
number by CFD. It is interesting to note that CFD did not predict a flow with vortex breakdown with a stagna-
tion point further downstream than 17 mm or a centre-line axial velocity above 15 m/s near the mixing tube
outlet, while PIV showed VB with stagnation points up to 71 mm downstream of the dump or double the axial
velocity on the centre-line. This difference can be similarly attributed to the Swirl number predictions.
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A difference independent of the Swirl number prediction is the offset between axial and radial swirlers. In-
terestingly CFD results suggested that for the same effective Swirl number (R_SW 09 and A_SW 15) the radial
swirler has a more downstream stagnation point as well as a higher axial velocity on the centre-line at x =−6
than the axial swirler. This implied radial swirlers had a lower flashback propensity. This is the opposite of
what the PIV results showed. From those results, it was concluded that axial swirlers are less prone to flash-
back for equal effective Swirl numbers (R_SW 11 and A_SW 15). This disagreement is likely a consequence of
the prediction of axial velocity near the centre-line. From fig. 6.6a it can be observed that the axial velocity for
the axial swirler is simulated to be much lower than was found with PIV. For the PIV case, which even had a
considerably higher effective Swirl number, there was hardly any centre-line velocity deficit observed, while
this void clearly is predicted by CFD.

Ultimately, the experimental results should be considered leading. So conclusions with respect to the flow
field, will be drawn based on the PIV data.
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7
Conclusions

The aerospace industry is looking for propulsion- and power alternatives to traditional gas turbine aero-
engines that burn kerosene. This research is driven by emission regulations that become ever stricter in order
to reduce global warming. Breakthroughs in this field of research could have a major impact as civil aviation is
a significant contributor to greenhouse gas emissions. A potential alternative fuel that completely eradicates
CO2 emissions is hydrogen. Hydrogen combustion does still emit NOx, but these gasses can be significantly
reduced by thoroughly mixing the fuel with the oxidant before combustion (lean-premixed combustion). A
concept that can achieve this is the swirl-stabilised combustor. In this concept a swirling air flow is used to
mix with the fuel in a mixing tube before the flow expands in a larger combustion chamber, forming recircula-
tion zones. These recirculation zones are crucial for the combustion stability and performance. The primary
weakness of this combustor concept is that the flow has a low axial velocity near the centre-line of the mixing
tube. This feature makes the concept prone to the upstream propagation of the flame or ’flashback’, which
can be damaging to the upstream components.

To prevent flashback in the swirl-stabilised combustor the axial air injection (AAI) concept was introduced
recently [70]. In this concept a third flow is added next to the fuel and swirling air (generated by a radial vane
swirler). The additional flow is inserted as a non-swirling jet of air on the centre-line of the mixing tube. This
jet increases the axial velocity component of the flow on the central axis in an attempt to prevent the flame
from propagating upstream. The flashback propensity in non-reacting tests was measured by the axial lo-
cation of stagnation point leading the central recirculation zone. The initial results of the axial air injection
concept were encouraging. Therefore this study wishes to complement to the research into AAI. In this study
the effects of axial air injection and swirl intensity on the flashback propensity were investigated by means of
a CFD analysis and an experimental campaign in the form of PIV.

In order to conduct the experiments a combustor model, suited for cold flow, was designed and produced
with variable AAI quantity. The design was also kept modular so that different types and different intensity
swirl generators could be interchanged. The completed models were also converted into meshed CFD do-
mains for a number of steady-state RANS simulations.

The results from the CFD campaign showed that effective swirl intensity is significantly reduced by the axial
air injection. This is a consequence of the strong shearing effect between the AAI and the swirling air. The
results also showed that the effective Swirl number produced by the radial swirl generator was slightly more
sensitive to a change in AAI. On the other hand the swirl degradation through the mixing tube was nearly
identical between swirler types and also appeared independent of AAI. On the other hand, a large differ-
ence between the two swirler types was seen in their location of the stagnation point. The axial swirler type
showed a consistently further downstream stagnation point than the radial swirler for all investigated frac-
tions of applied AAI. From the CFD results it can thus be concluded that AAI does have a positive effect on the
prevention of flashback. Furthermore, this effect is similar for both axial and radial swirlers, but axial swirlers
already have a considerably further downstream stagnation point when no AAI is applied. This makes axial
swirlers less prone to flashback than radial swirlers, irrespective of the amount of applied AAI.
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The PIV results showed a very similar behaviour regarding the effect of AAI on the swirl intensity. Contrary
to CFD, from the PIV results no difference in sensitivity was observed between the two swirler types. An-
other conclusion to be drawn from the effective Swirl numbers is that vortex breakdown does not occur for
a Swirl number lower than 0.5 at the mixing tube exit. This statistic is independent of AAI and swirler type.
On the other hand, the axial velocity on the centre-line was found to be highly dependent on the AAI, as was
expected. This lead to a downstream shift of the stagnation point with increasing AAI, in agreement with
the CFD results. The sensitivity similarity between axial and radial swirlers was also very analogous to the
CFD results. However, different to CFD was the axial location of the stagnation point for higher Swirl num-
ber cases, which hardly changed. From PIV results the effect of axial air injection only appeared to have a
significant effect on the axial location of the stagnation point for a large fraction of AAI. Based on this metric
it was concluded that the flashback propensity is hardly affected for cases with high Swirl numbers and that
the flashback propensity of axial swirlers was lightly lower than for radial swirlers. However, the centre-plane
velocity fields of radial and axial swirlers were found to be vastly different with a much higher axial velocity
on the centre-line for axial swirlers. Therefore a new metric for the flashback propensity was proposed: "the
axial velocity on the centre-line at the mixing tube exit".

This new metric was also presented for all investigated cases. Based on this metric it was shown that even a
small amount of AAI does contribute to the flashback safety and that there is a significant difference between
the axial- and radial swirler flashback propensity.

Furthermore, the effect of fuel momentum on the swirl number and flashback was also investigated from
which it was concluded that increased fuel flow decreases the effective Swirl number due to increased shear
and that increased fuel flow decreases the flashback propensity as the axial velocity on the centre-line is in-
creased and the stagnation point is further downstream.

To summarise the conclusions, the research questions formulated in section 2.11 are answered below.

• What is the effect of the axial air injection on the flashback propensity?
Axial air injection increases the axial velocity near the centre-line over the entire mixing tube. Even a
small amount of axial air injection causes an increase in axial velocity on the centre-line at the mixing
tube exit. For example a velocity of 1.3 m/s there was increased to 6.7 m/s by applying 10% AAI. Any
gained velocity at this location provides more resistance to a flame propagating upstream. Therefore
AAI decreases flashback propensity.

• What is the effect of the Swirl number on the flashback propensity?
An increased swirl intensity inherently has a lower axial velocity on the centre-line. As a result more
AAI has to be applied to achieve similar axial velocity. Therefore a higher Swirl number increases the
flashback propensity. However a higher Swirl number also provides higher combustion stability, which
is crucial.

• What is the difference in flashback propensity between axial vane swirl generators and radial vane
swirl generators?
Axial swirl generators have a considerably higher axial velocity near the centre-line for any AAI com-
pared to radial swirl generators. For example a radial swirler with 20% AAI has nearly equal axial velocity
on the centre-line at the mixing tube outlet as an axial swirler with no AAI. Therefore the axial swirler
has significantly lower flashback propensity.

• How much does the Swirl number decrease along the mixing tube?
In PIV the 100 mm long mixing tube used in this study lead to a decrease in Swirl number from approx-
imately 1.6 to 1.2, a 25% decrease for the radial swirler with highest geometric swirl number. In CFD
this same swirler had it Swirl number reduced from by nearly 40% (from 1.2 to 0.7).

• What is the difference between the geometric Swirl number and the effective Swirl number for axial-
and radial swirlers?
In PIV the radial Swirl number was measured to be 1.6 at the mixing tube inlet whereas its geometric
Swirl number was calculated at 1.5, an under-prediction of 0.1. For the axial swirler with geometric Swirl
number 1.5 the most upstream location where the Swirl number was obtained is at 34 mm downstream

74



7. Conclusions

of the mixing tube inlet, which is another 30 mm downstream of the swirler exit. Here it was measured
to be just above 1.2. This may have been close to 1.3 at the swirler outlet, which would still be 0.2 less
than the geometric Swirl number. Note that the uncertainty of this last statement is relatively large.

• What is the effect of fuel momentum on the Swirl number?
Additional fuel momentum degrades the tangential velocity, which translates to a reduced axial flux of
angular momentum and thus a reduced Swirl number. For radial swirlers this effect caused a decrease
in Swirl number from 1.33 to 1.14 (−15%) for an increase from no fuel to effectively stoichiometric fuel.

• What is the effect of fuel momentum on the flashback propensity?
Additional fuel momentum increases the axial velocity on the centre-line and thus decreases flashback
propensity. For radial swirlers the effect is amplified with increasing AAI, because the fuel jets form a
separating layer between the non-swirling jet on the centreline and the swirling air coming in from the
vane passage outlets at the wall. This causes the AAI jet to degrade less over the length of the mixing
tube, improving flashback safety.
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8
Recommendations

In this chapter the research is reflected upon and points are highlighted that could improve this study if it were
to be repeated. Additionally, advice for future research that could complement this study is provided. This ad-
vice is aimed towards developing this swirl-stabilised combustor concept into an actual aircraft propulsion-
and power unit.

8.1. Research Reflection and Improvement
• CFD mesh

The mesh quality for the domains in this study was decent but could be further improved. A first step
would be to refine the mesh at areas of major flow deflections. A more refined mesh inside the swirler
vane passages for instance would more accurately capture the flow deflections created by the swirl
generators. Furthermore, a more refined wall region would more accurately capture the viscous effects
in the boundary layer. This would lead to a smaller y-plus than 13 which was currently obtained over
the mixing tube walls.

• Axial air injection tube
The AAI tube that was used was 3D printed and integrated in the swirl generators. It was 10 diameters
long, which makes it valid to assume a fully developed flow at the exit of the tube. However, any error
there could be reduced by simply elongating the tube. Furthermore the tube could also be improved by
making it more rigid. During the experimental campaign it was observed that the flow field was quite
sensitive to any tube deformation. If the tube was bent in any direction, the exiting jet would have an
offset angle w.r.t. the centre-line, which had a significant impact on the velocity field.

• Axial swirler fuel injector
The fuel injection of the radial swirler was designed for a specific momentum flux ratio from which the
mass flow rate of the fuel stream was derived. This mass flow rate was also used for the axial swirler
fuel injector. However this fuel flow was distributed over four larger holes in stead of 16 smaller holes.
Therefore the momentum flux ratio of the fuel between the radial and axial swirler was not conserved.
To conserve this properly, the axial fuel injection should be similarly well distributed over 16 holes of
equal diameter as was designed for the radial swirler.

• Axial swirler effect of fuel momentum
Related to the fuel injector is the effect the fuel momentum has on the flow field. This was not properly
investigated for the axial swirl generators as no centre-plane measurements were taken for varying
fuel due to limited time available for the experiments. It would be interesting to investigate this fuel
momentum effect on the axial velocity profile, especially to see if it is the radial velocity component of
the fuel injection which fills the mixing tube centre-line void seen in radial swirlers.

• Boundary layer thickness inside mixing tube
For the axial velocity component the boundary layer region of the mixing tube was not accurately cap-
tured. The profile of the velocity here was unknown, but currently generated to comply with the conser-
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vation of mass. This profile shape could be improved if a second requirement was added. For example,
the boundary layer thickness could be estimated using empirical relations. This could change the ve-
locity profile to a more realistic shape and therefore improve the accuracy of the calculations based on
the velocity profile.

• Effect of Hysteresis
Vortex breakdown is a process with a strong hysteresis effect (see section 2.5.4). In this study the mass
flow rates of the AAI and swirl air were increased in the same order for all setpoints. Therefore the effect
of hysteresis is excluded, but not investigated itself. Reaching the setpoints again by switching the order
of the air mass flow streams around would likely yield a slightly different velocity field. The difference
between the two velocity fields would define the hysteresis effect. Understanding the magnitude of this
hysteresis effect could have a significant impact on the operability of the combustor.

• Uncertainty Quantification
The uncertainty in the PIV experiments was currently quantified for velocity based results from the
standard error caused by pixel displacement uncertainty and the standard error caused by averaging
500 images. This uncertainty could be expanded by the standard error caused by camera noise and
image scaling. Furthermore the uncertainty on position based results could also be quantified based
on similar factors.

8.2. Recommendations for Future Research
• Variable axial air injection diameter to control velocity

For the current study a fixed diameter AAI tube was applied. The AAI magnitude was varied by changing
the mass flow rate. This obviously increased the axial velocity component on the centre-line. However,
this velocity could also be adjusted by maintaining a constant mass flow through the AAI and changing
its diameter via a variable orifice for instance. This could generate even higher axial velocity compo-
nents on the centre-line with less mass flow through the AAI tube. Consequently, the variable diameter
AAI could potentially lead to less degradation of swirl intensity by the AAI for the same reduced flash-
back propensity.

• Reacting flow CFD simulations
So far the flow field has only been investigated for isothermal flow. Designing and producing a com-
bustor suitable for the high temperatures realised in combustion is significantly more costly than the
isothermal combustor model used for this study. Therefore it is highly recommended to first conduct
reacting flow CFD to get an idea of how the isothermal flow field would translate to a reacting flow field
and what magnitude of thermal gradients can be expected.

• Reacting flow field experiments
Before conducting the reacting flow experiments with the intended hydrogen, it is advised to first con-
duct experiments with methane (CH4). This gas is more readily available for experiments and is easier
to control and predict than hydrogen. Once a level of confidence is reached on the behaviour of the
reacting flow field, hydrogen can be used as the fuel.

• Mixing quality investigation with hydrogen
Another important part of the swirl-stabilised hydrogen burner is the mixing quality. The better this
mixing quality is, the lower are the NOx emissions. The mixing quality could be determined from
reading the NOx emissions of the reacting flow combustor. However it is recommended to conduct
an isothermal mixing quality investigation as well to exclude any other variables influencing the NOx
emissions.

• Mixing tube length variation
Also related to the mixing quality is the length of the mixing tube. Its length could be varied to investi-
gate the effect on the mixing quality, but also on the AAI effectiveness and swirl degradation. A shorter
mixing tube will ensure less swirl degradation and will have a higher axial velocity on the centre-line,
but will have lower mixing quality. Furthermore, the mixing tube should not be too long to avoid auto-
ignition. There will probably be an optimal mixing tube length that gives the desired mixing quality
and optimizes the effect of AAI.
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• Dilution holes implementation (to prevent boundary layer flashback)
The flashback propensity investigated so far is the vortex breakdown induced flashback on the centre-
line. However, the flow velocity in the boundary layer is also very low locally. At certain conditions this
could result in boundary layer flashback. To avoid this boundary layer dilution holes, which blow air
along the boundary layer, could be introduced in the mixing tube walls to lean out the boundary layer.

• Combustor geometry optimisation
Once all combustor parameters are sufficiently understood, the geometry of the combustor can be op-
timised. Parameters like the combustion chamber diameter to mixing tube diameter can be optimised
as well as the actual shape of the expansion zone. Furthermore, swirl generator vanes could also be
aerodynamically optimised to produce the desired swirl intensity for minimum pressure drop.
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