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The layout and structure of the dissertation
The thesis consists of six chapters. The first chapter introduces the topic and motivates the
work. The second chapter goes through the relevant literature and the third chapter sum up the
results obtained during the project. Both chapters are divided into the natural order of the SCR
system, first explaining the mixing step and then the flow phenomena in the catalyst system.
For a detailed explanation, the reader is encouraged to go through the attached papers. Chapter
four lists further work and chapter five summarises the findings and relates it to the scope of the
thesis. Chapter six presents the work done in corrugated and smooth pipes, which is out of the
context for the development/improvement of the flow in SCR systems.
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Abstract
The present thesis concerns experimental and numerical investigations of flow related to
Selective Catalytic Reduction (SCR) systems on large low-speed two-stroke (LSTS) marine
diesel engines. These SCR systems are used to remove NOx (mono-nitrogen oxides). These
engines undergo large changes these years, where the allowed emissions, especially NOx , are
decreased with up to 80%. These restrictions force the shipping industry to radically optimising
or changing their engines. This thesis focus on two aspects of the SCR system. First the
optimal way of predicting the mixing of a tracer gas into the main gas, related to the mixing of
the reductant into the exhaust gas. Secondly how to uniformly distribute the mixture onto the
catalyst surface with a minimum of pressure loss, related to the utilisation of the entire catalyst.
Three experimental setups are created for these investigations. The first is for mixing of
gases in pipes. The second and third setups are for investigating the flow in scale models of the
SCR reactor, where the second one use steady flow and the third one use pulsation flow.
The first experiment on mixing of gases in pipe flow is performed at two different Reynolds
numbers, Re = 50000 and Re = 100000. The setup consists of a long pipe with the inner
diameter D = 0.2m, where the upstream conditions to the injection point can be changed. At
the injection point methane (CH4 ) is injected as a tracer gas at the centerline into the bulk flow
of air. The measurements are conducted 5D and 10D downstream the injection point. The
turbulent pipe flow is ensured with a vena contracta created at the sharp-edged inlet, making
the flow less dependant on the Reynolds number. The upstream conditions to the injection
point can be changed to: a 10D straight pipe, a 90◦ bend connecting two 10D straight pipes
and a 10D straight pipe with a mixer plate mounted 2D upstream the injection point. Laser
Doubler Anemometry (LDA) is used to measure the velocity in lines along the pipe diameter.
At the same locations, the concentration of methane is determined with the use of probe-based
Fourier-transform infrared spectroscopy (FTIR). A model is constructed numerically, with two
different Reynolds Averaged Navier-Stoke (RANS) turbulence models: the SST k-ω model and
the k-ε model. Both the RANS models fail to predict the change of inlet conditions. The k-ε
model fits the experimental results the best. A scale resolving RANS-LES hybrid, also called
detached eddy simulation (DES) model is also tested. It predicts concentrations profiles close
to the measured results. This is important knowledge for the engine designer since trustworthy
mixing predictions are needed.
A scale model for the SCR reactor is created, with steady-state airflow as the main fluid. The
model has an inlet diameter (d = 0.104m) and a sudden expansion which expand to a diameter
of 2.79d within a length of 0.5d. In this expansion, massive flow separation happens and an
object can be placed here for improving flow uniformity further downstream at the catalyst.
The object is denoted a flow distributor. Different inlet conditions are tested; a straight pipe, a
straight pipe with a 90◦ bend and a straight pipe with two 90◦ bends mounted in a out-of-plane
configuration. Two different catalyst dummies can be placed downstream of the expansion. One
using a single mesh to model the pressure resistance of the first catalyst layer (mesh dummy),
and one using a bundle of straws to model the exit flow from several catalyst layers (straw
iii

dummy). The velocity field is measured with Stereoscopic Particle Image Velocimetry (PIV)
in front of the mesh dummy and behind the straw dummy. The results show that the flow
distributor improves the flow uniformity to an acceptable level. Furthermore, when changing
the inlet condition from a straight or a bended inlet, to an out-of-plane bended inlet or an inlet
with the flow distributor inserted, the uniformity is unaffected of the inlet conditions. This is
very important knowledge for the engine designer, since this gives more freedom for laying
out pipes in the tightly packed engine room. When looking at the flow upstream of the mesh
dummy using the straight inlet an instability for the flow is observed. This instability is seen as
a locking effect between two of the three channels in the flow distributor, where the main part
of the flow uses one channel, observed up to ≈ 200s. This locking effect could have a negative
effect on the catalyst performance and would be time-consuming to model numerical.
The third scale model is similar to the second model, where the difference is that the flow is
incompressible, pulsating and the inlet pipe diameter is d = 0.04m. For this model, the effect
of the amplitude and the frequency of the flow is tested to simulate the pulsating flow coming
from the engine exhaust manifold. The results show, that for a quasi-static setup the amplitude
and frequency does not affect the flow.
The models are also constructed numerically, where the experimental results to some extend
are predicted correctly. The flow distributor is optimised with the numerical adjoint solver. The
optimised flow distributor has a slightly higher flow uniformity at a lower pressure drop.

iv

Resumé (abstract in Danish)
Denne afhandling omhandler eksperimentelle og numeriske undersøgelser af flowet i Selektiv katalytisk reduktion (SCR) systemer tiltænkt langsomtgående totakts skibsdieselmotorer.
Disse motorer er udsat for kraftige stramninger i forhold til de tilladte emissions niveauer af
kvælstofilte (NOx ). NOx gasserne skal reduceres med op til 80%. Dette stigende krav tvinger
skibsproducenterne til radikalt at optimere eller ændre motorerne. Denne afhandling ser på to
dele af SCR processen. Først hvordan man optimalt kan forudse opblanding af en sporgas i en
hoved strømning relateret til opblandingen af en reduktant i udstødningsgassen. Dernæst hvordan man fordeler opblandingen jævnt, hastighedsmæssigt, udover hele overfladeindgangen til
katalysatoren. Begge dele bør ske med et så lille tryktab som muligt for hele processen.
Tre eksperimentelle skalamodeler er bygget for at lave disse undersøgelser. For et første en
model for at bestemme opblandingen af gasser i rørstrømninger. Den anden og tredje model er
til at undersøge strømningsfænomenerne relateret til SCR reaktoren. Den anden model er med
konstant strømning, hvor den tredje er med pulserende strømning.
Den første skalaforsøg er for at undersøge opblanding mellem to fluider. Modellen består af
et lang rør med rørdiameteren D = 0.2m, hvor forskellige indløbsbetingelser kan testes: Et lige
rør, et 90◦ bukket rør samt et lige rør eller et lige rør med en mikser plade placeret indeni. Reduktanten kan simplificeres til en sporgas, i dette tilfælde metan. Den er indsprøjtet i centerlinjen
af det lange rør med en L-formet probe. Proben er placeret 10D nedstrøms for rørindgangen, og
der er yderligere målt 5D og 10D længerne nedstrøms. Målingerne af hastighederne er fortaget
med Laser Doppler Anemometry (LDA) i linjer på tværs af røret. De samme steder er den probe
baserede Fourier-transform infrared spectroscopy (FTIR) teknik brugt til at måle koncentrations
profilerne af metan. Modellen er lavet numerisk, hvor to forskellige Reynolds Averaged NavierStoke (RANS) modeller: en SST k-ω model og k-ε model. k-ε modellen klarede de skiftende
indløbsbetingleser bedst. En Hybrid RANS-LES model er også testet. Denne model forudser
koncentrations profilerne tæt på de målte.
Den andet skalaforsøg er af SCR reaktoren hvor fluiden er luft med konstant hastighed. Modellen har en indgangs rørdiameter d = 0.104m og en pludselig ekspansion, der ekspanderer
over 0.5d til en diameter på 2.79d. I denne ekspansion vil strømningen separere fra væggen,
og derfor kan et objekt (flow fordeleren) blive placeret i ekspansionen for at forbedre jævnheden af hastigheden længere nedstrøms. To forskellige katalysator modeller er testet, den ene
model bruger et net til at gengive tryktabet for et lag i katalysatoren (net model), hvor den anden ligner det realistiske strømningsbillede og bruger to net samt en del sugerør til at gengive
trykket for flere lag (sugerørs model). Der er testet med tre forskellige startbetingelser, et lige
rør, et lige rør inklusiv et 90◦ buk og et lige rør inklusive et ud-af-planet buk. Hastigheden er
bestemt ud fra Stereoscopic Particle Image Velocimetry (PIV), foran net modellen og bagved
sugerørsmodellen. Resultaterne viser at flow fordeleren forbedrer uniformiteten til et acceptabelt niveau. Ydermere viser resultaterne, er at når man skifter indgangsbetingelserne fra et
lige eller et bukket rør, til et ud-af-planet buk eller har objektet monteret, opnås jævn hastighed
på en måde hvor indgangsbetingelsen er lige gyldig. Med målinger lige efter flow fordeleren,
v

før net modellen, er det vist at strømningen kan låse sig til bestemte mønstre. Dette betyder,
at størstedelen af flowet kun bruger dele af flow fordeleren. Denne effekt vil påvirke SCR systemet negativt, i form at formindske NOx fjernelsen. Ydermere vil tidsforbruget være stort for
at simulere dette numerisk.
Den tredje skalaforsøg minder om det anden, hvor forskellen er at flowet er inkompressibelt
og pulserende. Ydermere er modellen mindre, hvor indgangs rørdiameteren er d = 0.004m. For
denne model er indvirkningen af amplituden og frekvensen testet. Dog var der begrænsninger
for opstillingen, hvilket gjorde at strømningen kun var kvasistatisk, og derfor havde amplituden
og frekvensen ingen indvirkning.
Modellerne er testet numerisk, hvor de målte resultater er forudsagt til en vis form for præcision. Flow fordeleren er optimeret med den numeriske adjoint løser, hvor den er blevet optimeret til at opnå en smule højere jævnhed for hastigheden på katalysator overfladen, men mest
af alt med et formindsket tryktab.
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Chapter 1
Introduction
1.1

Project motivation

Emission limit [g/kWh]

Pollution from modern technologies and lifestyle seem to change the world faster than ever
before. Goods and food are produced where costs or the environment are best suited, often with
huge distances to the place of use (Pachauri and Reisinger (2007)). This leads to the need of
cost-effective and environmental sustainable ways of cargo transportation. By far the cheapest
way of cargo transportation is with large marine vessels. This transportation type stands for
approximately 90% of the goods traded worldwide (Smith et al. (2015)). These vessels are
powered by large low speed two-stroke (LSTS) diesel marine engines, which stand for 2.5% of
the worlds total emissions of CO2 or equvilent as shown by Smith et al. (2015); Olmer et al.
(2017). LSTS diesel marine engines are also a major contributor to the emission of Nitrogen
oxides (NOx ). NOx is an umbrella term for the binary compound of nitrogen and oxygen,
where the most common from the diesel proces is NO, NO2 and N2 O. NOx is suspected to
cause different diseases in human beings (Anenberg et al. (2017)). The NOx contributes to the
formation of acid rain, which destroys plant, and to the creation of smog. N2 O can deplete
the ozone layer, and it is a 298 times stronger greenhouse gas than CO2 as documentet in
Pachauri and Reisinger (2007). For these reasons a lot of work is being done to minimise
the NOx pollution. The International Maritime Organisation (IMO), an organisation under the
United Nations (UN), have introduced regulations to limit the amount of NOx as seen on Figure
1.1. From the year 2000 a specific limit of emission, Tier I, was set. The limit was decreased

15
10
5
0

0

Tier 1

100

200
300
RPM
Tier II
Tier III
Engine range

Existing

Possible future areas

Figure 1.1: The IMO regulations, where the ’Total weighted cycles emission limit’ corresponding to the
different RPM are shown to the left. To the rigth the areas where Tier III is currently effective, including
future areas by IMO (2017) are shown and grafically modified from the illustrated by MEproduction
(2018).
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in year 2011 with Tier II, and in year 2016 IMO decreased the limit of emission with 80% with
Tier III. The limits are imposed on for all new produced ships of a certain size (IMO (2017)) and
only in the waters around the United States of America (USA). The Baltic Sea and the North
Sea are included in the year 2021. Furthermore some of the major European harbours have set
strict regulations on NOx pollution (IAPH (2008); van Aardenne et al. (2013)).
Reducing the emission levels was first introduced in the USA around the mid-1970. This was
done to limit the large pollution in the major cities and ports (EPA (1970)). The first attempts
to have a transportable exhaust gas aftertreatment system was investigated, and the Selective
Catalyst Reduction system (SCR) was applied to cars (Brück et al. (1995)). In the early 1990,
the first regulations on the emission were approved in the EU (Directive (1991)). The regulations are gradually tightened, and this is a further motivation for reducing the emission level.
The key problem is, that SCR system is expensive, and for ships, it takes up valuable cargo
space. Therefore a compact and cheap solution is needed for marine SCR. This requires good
flow control. It makes the manufactures, owners and/or users bend the rules to save money on
behalf of the environment. This has recently been seen for diesel cars (EPA (2015)), where
diesel engines were artificially changed to emit less emissions. New studies of emissions from
the automotive in situ, reviewed by Anenberg et al. (2017), show that there is a differences
with up to 50% from the laboratory test to the actual emissions from the engine. For obtaining better solutions, further development has to be done and here numerical models are a key
element in the optimisation process. Numerical models need calibration against experiments
either for in situ models or for scale models. This is the motivation for the project, where the
creation of a trustworthy experimental database is necessary to improve these numerical models
for the optimisation process. The project also aims to test a new flow device, that can improve
NOx removal by improving the flow uniformity at the substrate.

1.2

Methods to decrease emission of NOX

NOx is created in the combustion process at high temperatures, see Figure 1.2. There are two
main concepts to avoid NOx emission: to prevent the creation of NOx or to reduce the amount
of NOx before it is emitted. To prevent NOx creation, the ignition temperature can be decreased
in the combustion chamber or/and the amount of oxygen lowered. This can be done in different
ways. One method is Exhaust Gas Recirculation (EGR). Here the exhaust gas is recirculated
into the ignition chamber, replacing the O2 with CO2 , which has a higher heat capacity, which
again reduces the temperature in the compression phase. Furthermore the reduced O2 content
will reduce the peak temperature of the ignition.
A second solution is to reduce the NOx content afterwards. This is often referred to as an
exhaust gas aftertreatment, where one of the used systems is the Selective Catalyst Reduction
(SCR). Here a reductant is mixed into the exhaust gas, which then is lead through the catalytic
substrate in the SCR reactor. The reaction is converting the harmful NOx into dinitrogen (N2 )
and water (H2 O). The process can theoretically remove up to 100% of the NOx content. For
the SCR process to work optimally the temperature has to be in a certain interval. Furthermore,
the catalyst material in the substrate will become inactive over time and needs to be changed.
Both solutions can be applied on stationary power plants, in the automotive industry or in
the shipping industry. For the shipping industry, another issue is, that there is a high level of
2
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Figure 1.2: Diagram where the conventional diesel combustion process is shown in red combined with
regions marked where soot and NOx are created. The equivalence ratio ϕ, is a ratio between fuel and air.
The diagram is graphically based on the work done by Kamimoto and Bae (1988); Dec (2009); Soloiu
et al. (2013), and only serve as an example.

sulphur in the fuel and soot from the combustion process. This hard environment ages both
systems faster. The present work will focus on the exhaust gas aftertreatment system related to
an SCR system.

1.2.1

Selective Catalytic Reduction System

The SCR system is a diesel oxidation catalyst, often mentioned as DOC and e.g. reviewed by
Russell and Epling (2011). The working principle is schematically shown in Figure 1.3. It can
be divided into two main steps; a mixing step and a removal step. In the mixing step, a reductant
is injected into the exhaust gas. The reductant for the SCR catalyst is ammonia (NH3 ) and can
be injected as pure ammonia or a water-ammonia combination. For the automotive industry
urea which decomposes mainly into ammonia is used. The injection happens upstream to the
catalyst converter. The mixture will first react when in contact with the surface of the substrates,
Exhaust gas

Substrate with catalytic surface

Ammonia injection

’Clean gas’

NOx +O2 +NH3 ⇒ N2 +H2 O

Figure 1.3: Schematic representation of the removal of the NOx from the exhaust gas (simplified),
with the flow going from left to right. The colour of the dots indicate the molecules from the chemical
reaction.
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which work as a catalyst for the process. Inside the catalyst converter, the chemical process
happens and NOx is oxidised into dinitrogen and water. For the system to work optimally the
reductant has to be fully mixed into the exhaust gas before reaching the catalyst. Otherwise, the
reaction will not take place, and the exhaust gas will still contain NOx , unless a longer/multiple
substrate(s) is used to compensate by adding extra volume for the mixing to occur. This will
increase both the costs, the complexity and the unwanted pressure loss in the catalyst converter.
Different types of catalyst material and carriers can be used as reviewed by Brandenberger
et al. (2008). Here the most common is the vanadia/titania as described by Topsoe et al.
(1995a,b). The common thing for them all is, that multiple reactions take place at the same
time. For some of these reactions sulphur block the active spots of catalyst surface on the
substrate. Thus the catalyst material will over time become inactive. Soot can be built upon
the substrate which then has to be blown free. Both effects lead to the need for changing the
substrates.
In practice, the exhaust gas is contained in pipes and guide from the engine to the mixer and
further to the catalyst converter. An overview of the physical realisation of the SCR process is
shown in Figure 1.4, where the flow of the mixture is shown. The design criteria are based on
the optimal removal of NOx , from a chemical perspective. Therefore, for the chemical reaction
to take place, the single molecules of the entire mixture have to be in contact with the catalyst
surface of the substrates. This is characterised by the residence time (tr ). The residence time
is the average time of which a fluid element takes residence in the substrate, defined as the
total volume of the fluid in the substrate (Vs ) divided by the fluid volume flow (Qs ). Therefore
tr = Vs /Qs . The optimal residence time is obtained, when the desired NOx is removed with as
small a volume and pressure loss for the catalyst converter as possible. By the definition, the
residence time is proportional to the volume of the substrate, where the length of each channel
(l) in the substrate is scaling inversely proportional to the diameter (d) squared (Vs ≈ lπd2 ). In
order to limit the space, the volume flow rate has to be lowered. The decreased volume flow also
lower the pressure loss because it is proportional to the velocity squared (pdyn = 1/2ρvs2 , where
the velocity is vs = Qs /(πd2 )). To do so the cross-sectional area of the flow is increased. The
increased cross-sectional area still has to have the same uniform volume flow rate, to function
optimally. This is shown by Martin et al. (1998b), where a maldistribution of the flow wear
down the catalyst material unevenly and is expected not to remove the desired amount of NOx .
This reveals a great problem: to distribute the mixture uniformly over the entire entrance to the
substrate.
Mixing step

Exhaust

Reducing step

Clean gas

Figure 1.4: A sketch of the mixing and reducing steps in the catalyst system. The injection is shown
as a small black box, where the reductant (red) is injected and mixed (purple), before the reducing step,
where the gas is cleaned (turquoise).
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Turbine inlet temperature in deg. C

One solution is to use a small angle diffuser, where no flow separation happens at the walls
as shown by Patterson (1938). This is not possible due to space restriction in the engine room,
where the length of the small-angle diffuser creates a too large volume. Wide-angle diffusers
can also be used to expand the flow, but here guide vanes have to be placed inside the wide-angle
diffuser to obtain uniform flow after the wide-angle diffuser as Bella et al. (1991). The wideangle diffusers also have a relatively long length, so to obtain an even more compact design a
sudden expansion can be used. Here separation will occur, and for improving the uniformity,
obstacles can be placed in the expansion as shown by Lemme and Givens (1974). This will be
more elaborated in Chapter 2.
Another issue with the SCR system is, that the working temperature of the catalyst material has to be above 330◦ C for the catalyst converter to work optimally (Brandenberger et al.
(2008)). In the run-up process for the engine and when running at low loads, the temperature of
the exhaust gas, and therefore also of the substrate is too low, as shown in Figure 1.5. The temperature depends on the engine load and the specific temperatures are not necessarily the same
for all engines but serve as an example here. The low temperature in the run-up of the engine
is for LSTS engines not a great issue because they are not started up that often, compared with
the actual running time.
There are mainly two different concepts of the SCR system for LSTS marine diesel engines:
a low-pressure and a high-pressure SCR system. The low-pressure SCR system is mounted
downstream the turbocharger before the exhaust gas is led out into to air. The high-pressure
SCR system is mounted upstream the turbocharger. The low-pressure SCR is easy to install
on working engines. The disadvantages are that it occupies more space than the high-pressure
SCR. Space is a scarce resource on a ship. Another challenge for the low-pressure SCR system
is to maintain the correct working temperature since the exhaust gas is reduced significantly
in temperature through the turbine of the turbocharger. For the high-pressure SCR system, the
pressure drop in the SCR system is important, because the lost pressure before the turbocharger
decreases the efficiency of the entire engine. The benefit of a high-pressure system is, that the
working temperature can be achieved without an additional burner setup which the low-pressure
SCR system needs. The higher pressure also allows piping to be narrower due to a higher gas
450
400
350

Typical turbine inlet temperature
SCR requirements

300
250
200
20

40

80
60
Engine load in %

100

Figure 1.5: An example of the inlet temperature of the TC as a function of the engine load, compared
with the required temperature by the SCR system (modified from Gram (2013)).
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density. A schematic of the flow through the high-pressure SCR system on an actual engine is
shown in Figure 1.6, where also the different steps of the SCR system are shown.
LSTS engines are large and only produced in small numbers. This makes full-scale engine tests expensive, and it is difficult to get sufficient test time for parameter studies (Poulsen
(2009)). The SCR process itself is also difficult to probe due to high pressure and temperature
as well as its transient and multiphase nature. Therefore Computational Fluid Dynamics (CFD)
and experimental work on the model scale are used to get a basic understanding of the vital
phenomena and influence of different key parameters.

Mixer

Reactor

Substrate

TC

Figure 1.6: A rending of the 6 cylinder LSTS marine diesel engine, from Gram (2013), where the light
grey is the high-pressure side SCR system and the red arrows indicate the flow direction. The size of the
engine can be seen from the size of the railing along with the engine. The substrate is seen on the right
(from Topsoe (1997)). There will be up to five different layers of substrate.
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1.3
1.3.1

Project Scope and Objective
Project Background

The present project concerns the flow in geometries, related to selective catalyst reduction
systems on large low-speed two-stroke marine diesel engines. The project is part of the European Union research program Hercules-2, which is funded by the European Union’s Horizon
2020, see Hercules-2 (2018a). The present project is part of the work package group (WPG)
IV: Near-Zero Emissions Engine. Dealing with work package 8 (WP8): Integrated SCR and
Combined SCR & Filter, see Hercules-2 (2018b).
The Hercules projects were initiated in 2002 as a long term research and development program. The program is a collaboration with the two major large low-speed two-stroke marine
diesel engines manufacturer MAN Energy Solutions and Wärtsilä, which together hold 90% of
the worlds large low-speed two-stroke marine diesel engine marked (Hercules-2 (2018a)). The
program also includes many European universities and relevant industry partners. Hercules-2
is the next phase running from 2015-2018, with special focus on decreasing the emissions to
ensure lifelong reliability and economy.
The present work is carried out together with MAN Energy Solutions, where Jens Dahl
Kunoy (CFD responsible) and Lone Schmidt Mønsted (WPG leader), have been the primary
contact persons.
The main purpose of the present project is to achieve an understanding of the mixing capabilities and the flow phenomena in SCR systems. The purpose is also to establish a database of
experimental results, that can be used for validating different numerical models and thus obtain
better and more cost-efficient reduction of NOx .

1.3.2

Project Scope

The work is based on experimental investigations. Numerical investigations are done in
close collaboration with Research Engineer Jens Dahl Kunoy at MAN Energy Solutions and
master student Christian Agular Knudsen during his master thesis. The authors’ contribution is
clarified at the beginning of each numerical section.
The experimental investigations are limited to measure at laboratory conditions with air or
water as the main fluid resembling the exhaust gas. The SCR system is a scale-down model
with iso-thermal conditions. Measurements of the flow profiles are done with non-intrusive
optical measurement techniques such as Particle Image Velocimetry (PIV) and Laser Doppler
Anemometry (LDA). To determine the mixing capabilities, the concentration is measured with
an intrusive Fourier-transform infrared spectroscopy (FTIR) probe.

1.3.3

Objectives

The objectives for the project is to experimentally investigate important flow challenges related to large scale SCR system. This is done by building one or several experimental scale
models. The focus is on the mixing step and the reducing step. For the mixing step, different
7
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cases resembling industrial mixing cases, are tested. For these cases, the velocity profiles and
the concentration profiles at different locations are wanted to validate an equivalent numerical
model. The numerical model is built on an industrial approach, with an out-of-the-box ready
model. For the reducing step, the velocity is measured spatial, to give an understanding of the
uniformity. It is important to test the dependencies of different inlet conditions and of an object
for improving the uniformity of the velocity. The object is denoted as a flow distributor and is
optimised for better use in the SCR process. For the SCR process the pulsation effect for the
engine is also tested to ensure, that a steady boundary condition approach could be used for
understanding of the flow.
The measurements are collected in a database including geometry, boundary conditions and
measurements. With this database, it is possible to validate numerical simulations.
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Chapter 2
Literature review
This chapter goes through some of the literature relevant for the two steps of the SCR system:
mixing of two fluids and flow distribution after an expansion. These two steps are the two main
parts of this chapter:
– The first section describes the literature for the mixing of a gas (reductant) into a main
flow (exhaust gas). Here the focus is on defining the theory for turbulent mixing and to
quantify it.
– The second part describes the method of how to distribute the exhaust gas onto the substrate while lowering the volume flow.

2.1

Mixing of Fluids in Turbulent Pipe Flow

Mixing of fluids in pipes has been investigated for centuries. The perhaps most well-known
example is from the investigations by Reynolds (1883). He introduced the idea of similarity for
fluid motion by studying the flow of two fluids in a long straight pipe. This is schematically
shown in Figure 2.1. In the figure, it is possible to see, that mixing happens in the axial- and
in the radial direction, creating a cone-shaped structure of the specimen (mixture). The mixing
zone is defined from the injection point to where the fluid is fully mixed, which is denoted as
the homogeneous zone. The length of the mixing zone is here denoted as the mixing distance,
and it is a key parameter when designing mixing applications.
radial
axial
Centerline injection

Mixing zone

Homogeneous zone

Mixing distance
Figure 2.1: Sketch of a pipe flow with centerline injection, indicating the mixing zone and the mixing
which results in a homogeneous zone. The length from the injection to this homogeneous zone is the
mixing distance.
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The topic of turbulent mixing is extensively covered in the literature available, and therefore
it is not in the scope of this work to go through the entire topic. Only a few key points and their
definitions relevant for the thesis are described together with the present experimental work.
Both concentration profiles and velocity profiles are determined in this zone. For a thorough
review or explanation of turbulent mixing the author refers to textbooks e.g. Kundu et al. (2016)
or Schlichting (1949). Different chronological reviews are present e.g. Eckert (2018) who
describes the development in the 1920s and 1930s, where among other things ’the law of the
wall’ was determined. Turbulence mixing is used in many industrialised cases and described
for the practical use in textbooks e.g. Paul et al. (2004). The review paper by Dimotakis
(2005), is defining passive mixing. For passive mixing two density-matched fluids are mixed
internal e.g. in pipe flow without influencing the flow dynamics. This thesis focus on high
Reynolds number ReD = U D/ν  1000) and Schmidt number Sc = ν/D ≈ 1. D is the pipe
diameter, U is the mean velocity based on the volume flow and ν is the kinematic viscosity. The
low Schmidt number ensure, that the fluids are gases. Dimotakis define passive mixing as the
simplest kind of mixing and line out, that a lot of work both analytical, empirical and numerical,
are performed. He states, that for high Reynolds numbers it is difficult to measure the passive
mixing experimentally and to simulate it numerically. Therefore these cases are not heavily
investigated in the literature, where the focus has been on the mixing distances. Therefore it
is important to do experiments inside and close to the mixing zone, to get a better insight in
passive mixing at high Reynolds numbers.

2.1.1

Mixing principles

The principles of mixing in pipe flow can be ranked in impact as described in the review
by Schlinger and Sage (1953). The major transport mechanism is the downstream velocity,
which is the bulk flow, in both the viscous regime and in the turbulent regime. The second most
important mechanism is where coherent parts of the bulk flow move finite quantities of the
fluid from one point to another. This is a result of their relative velocity to the bulk flow. This
phenomenon happens both radially and axially, where the axial one, to some extent is covered
up by the bulk flow. The last part of the mixing is several orders of magnitude smaller, and it is
the molecular diffusion (single molecules movement) which is driven by the kinematics of the
molecules.
Mixing can be divided into active mixing and passive mixing. For active mixing, energy
has to be put into the system to facilitate the mixing. This is not further investigated because
it is outside the scope of the thesis. For passive mixing, two kinds of experiment seem to be
preferred in the literature, one kind concerning the longitudinal spreading and one kind for the
radial mixing.
– For longitudinal spreading the concentration is measured when the injection of a specimen
happens in pulses. It is measured how much the mixture spread in time e.g. along the
center axis, and how the ’cloud of specimen’ evolves, while it is moving downstream.
This is often of interest in chemical processes and reviewed by Bischoff and Levenspiel
(1962). They list several empirical, and to some extent analytical, functions and validate
them with measurements.
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– The radial mixing is closely related to the longitudinal spreading, but the focus is on the
development of the cone as shown in Figure 2.1. Here the injection is continuous and the
measurements are performed radially at fixed downstream positions. The results are often
time averages. The radial mixing is further described e.g. by Holley and Schuster (1967)
and related to the mixing distance.
These two kinds of evaluation methods for mixing is easy to measure and can give some insight
into the nature of the mixing of fluids especially related to practical issues for engineering
purposes. There can be a large difference in the time average results and the instantaneous
results. To get a better insight more recent studies determine the concentration profiles in planes
across the pipe as Tian et al. (2015). Here the mixing related to SCR and the mixture of urea
into the exhaust gas is investigated with the use of a static mixer, which is further described in
section 2.1.4.

2.1.2

Goodness of mixing

For mixing between two specimens, in this case for pipe flows, homogeneity can intuitively
be determined, when no variation is seen in time and space. A common way to determine
how well two fluids are mixed is with the coefficient of variation (CoV). The coefficient of
variation is the standard deviation of concentration measurements normalised with the mean
concentration as shown in eq. (2.1)
v
u
2
Nt 
u1 X
Ci − Cmean
t
CoV =
Nt i=1
Cmean

(2.1)

where Nt is the total number of sub elements, Ci is the measured concentration and Cmean is
the mean of the entire concentration. This is the normalised spatial standard deviation of the
time average concentration. If there is no variation, the coefficient of variation becomes zero
(CoV = 0) and the concentration level is homogenous. The coefficient of variation is based on
the work by Danckwerts (1952). He also shows that the CoV is not unique. The disadvantage
of this is, that it is dependent on the resolution on which the measurements are perfomed as
described by Paul et al. (2004). It is also possible to create multiple distributions with the same
CoV value as shown by Kukukova et al. (2009) and illustrated in Figure 2.2. In the figure six
cases with the same mean concentration are shown. It is seen, that when going from left to right
the flow seems more mixed, but it is only the scales that changes. The scale is defined as the
distribution of length scales of the specimens interfaces at different concentrations. Kukukova
et al. (2009) states, that for complex systems it is not yet possible to describe the scales with
simple mathematical functions. Due to the complexity of defining the scales of the flow. Only
the CoV is widely used in the industry (Paul et al. (2004)). Beside being ambiguous, from an
experimental point of view, it is also expensive and troublesome to take enough measurements
to calculate this value. Finally, the number does not give any information about the distribution
of the concentration and therefore no hint of advice as to how the uniformity of the concentration
can be improved.
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CoV = 1.73
Scale = 8

CoV = 1.73
Scale = 4

CoV = 1.73
Scale = 1

CoV = 1.41
Scale = 4, 8, 12

CoV = 1.41
Scale = 2, 4, 6

CoV = 1.41
Scale = 1

Figure 2.2: Edited illustration from Kukukova et al. (2009), with checkerboards showing the evaluation
of mixing. Black squares Ci = 1, gray squares Ci = 0.5 and white squares Ci = 0. The mean
concentration (value) is Cmean = 0.25.

2.1.3

Experimental results

The velocity profile and turbulence quantities for fully developed pipe flow are well investigated. This is done at a large variety of flow conditions and measuring techniques. One of
the earliest findings is von Kármán (1921), who used a pitot-static tube. The results were later
used to determine the law of the wall. Measurements with better details were obtained by
Nikuradse (1940), who also used a pitot-static tube for the turbulent flow in a straight pipe at
different Reynolds numbers. A widely used study is by Laufer (1954), who measured with a
hot wire at two Reynolds numbers 50000 and 500000. Newer studies are made by Eggels et al.
(1994); Westerweel et al. (1996), where laser-based measurement is used and the measurement
is successfully compared with Direct Numerical Simulation (DNS).
In Table 2.1 different works are listed, where the velocity profiles and the concentration
profiles are obtained experimentally in circular pipes with a coaxial centerline injection. Here
some of the cases are with a higher Schmidt number than one (water). A similar work, with
a jet in crossflow is described in the work by Ger and Holley (1974). They study the velocity
profiles, the concentration profiles and the turbulence structures and have produced an extended
review and experimental data.
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Table 2.1: Experimental results of velocity profiles and/or concentration profiles in circular pipe flow
with centerline injection. ReD is the Reynolds number based on the pipe diameter and the volume flow.
It is not a complete list.
Investigator(s)
Jordan (1961)

Fluid
Air

ReD
0.8 · 105

Lee and Brodkey (1964)

Water

0.5 · 105

Leach and Walker (1965)

Air

0.5 − 3.0 · 105

Becker et al. (1966)

Air

[4.81 ∧ 6.84] · 105

Filmer and Yevjevich (1967)

Water

[2.31 − 18] · 105

Evans (1967)

Water

[0.1 ∧ 0.5 ∧ 1] · 105

Clayton et al. (1968)

Water

[0.05 − 5.5] · 105

Guiraud et al. (1991)

Water

500 − 2000

2.1.4

Focus on
Straight pipe, no velocity profile,
unknown measuring techniques.
Straight pipe, Linear constanttemperature hot-film anemometer
+ Optical probe - light absorption
technique.
Straight pipe, pitot-static tube and
Point samples in lines (simultaneously).
Straight pipe, Scattered-light technique, No velocity profiles.
Straight pipe, fluorometer, no velocity profile. Conct. off during to
injector pipe.
Straight pipe, light-transmission
measurements (sedimentometer),
No velocity profile.
Straight pipe, Sample probe - scintillation counter, miniature current
propeller meters.
Optical techniques, LDA and LIF,
Large injecting pipe (20% of
Area).

Ways of Mixing

To ensure the correct amount of mixing or uniformity, different mixing principles can be
used for industrial purposes as described by Paul et al. (2004). Active mixing can be used, as
some part of the geometry is moving to facilitate the mixing. This is the case for e.g. stirred
tanks (Kramers et al. (1953)). Another way is to use passive/static mixing. Here the geometry
is formed in shapes, that enhance mixing between the fluids. Different concepts can be used.
Either the pipe can be formed to facilitate the mixing such as bends (Kumar et al. (2006)),
sudden expansion (Hallett and Günther (1984)) or even more complicated shapes. Another way
is to place objects inside the pipe. These are often referred to as static mixers. Multiple reviews
on static mixers are present in literature e.g. Ghanem et al. (2014). They go through different
static mixers, how to measure the concentration and how to characterise it. They also state that
experiments and simulations are necessary for validating and optimising mixers. Different static
mixers are shown in Figure 2.3 and are described in general e.g. by Paul et al. (2004). They
describe mixers consisting of baffles, which move the fluid radially from the center to the middle
and reverse (Figure 2.3a,b). For higher turbulent flow, small walls/taps are often mounted along
the walls to project the flow from the wall towards the center (Figure 2.3d). These mixers try
to create vortices away from the wall to obtain the same amount of mixing without losing any
energy by the skin friction. These kinds of mixers can also be flow obstacles in the flow, where
some of the simplest ones are plates mounted in the middle of the pipe (Figure 2.3c) or orifice
13
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a)

b)

c)

d)

Figure 2.3: Static mixers. a) baffles guiding the flow. b) obstacles placed inside the pipe. c) plate angle
in the middle of the pipe. d) obstacles/walls from the pipe wall. a), b) and c) from Paul et al. (2004). d)
from Paglianti (2008).

plate based mixers.
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2.2

Flow Distribution after Sudden Expansion

Increasing the pipe diameter, has been a topic of interest in fluid dynamics and applied engineering for at least a century. The increase is called a conical/circular diffuser or a sudden
expansion, where the main parameters are the diffuser angle θ and the length Ldif as defined in
Figure 2.4. The diffuser theory is described in multiple textbooks as Fox et al. (2012), Kundu
et al. (2016) and White (2016). A diffuser has several purposes. Often it is to lower the velocity
with as little a pressure loss as possible. This is often combined with a wish for a uniform
velocity distribution after the expansion. This is illustrated in Figure 2.4, where the flow has to
enter the substrate with the same velocity in all channels. The substrate gives rise to a pressure
forcing the flow to deflected out towards the edges of the substrate. In figure 2.4 it is illustrated
that the flow separates at the beginning of the diffuser and that the main fluid flow continues
towards the substrate creating a boundary to a region with flow recirculation. This detachment,
shown at the beginning of the diffuser, is one of the reasons for loss of pressure and it also
makes a nonuniform velocity distribution, where the middle of the substrate is exposed directly
to the inlet pipe flow. To prevent this different solutions are found in the literature.

Uniform velocity after a Conical diffuser

This literature review starts in the early 20th century because the work done before that often
is written in German, French or in other languages than English. Even though Azad (1996)
documents, that the work with conical diffusers can be dated back to the water supplied for
Rome, translated by Frontinus (1913). Other important works, that have been the root of further
diffuser investigations, are by Venturi (1797) who investigated the most efficient diffuser. The
present review only focuses on the conical diffuser, but it also refers to the work done with
Substrate
Vortices
Flow
Separation
Flow
Direction

θ
Plume
Boundary
Inlet pipe
Lint

Converter

Diffuser
Ldif

Lif

Lcon

Figure 2.4: Modified sketch from Lemme and Givens (1974) of a diffuser with the substrate and of a
flow pattern. The diffuser angle is defined as done by Patterson (1938).
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planar or rectangular diffusers. Feil (1964) goes through the design of guide vanes and measure
the velocity profiles after a planer diffuser and Barratt and Kim (2015) investigate the flow after
a rectangular diffuser. It is expected that the flow phenomena here are somewhat comparable
with the flow phenomena for conical diffusers. The present review will briefly go through some
of the findings for diffusers and highlight some of the challenges with them:
– Where the diffuser angle is close to the known separation angle, θ & 5◦ (small-angled
diffusers).
– Where the diffuser angle is large enough for separation to occur, 5◦ . θ . 50◦ (wideangled diffusers).
– Where the diffuser angle is so large that massive separation occurs, θ & 50◦ (sudden
expansions). This is used in catalyst systems.
Gibson (1919), a student of Osborne Reynolds, goes through the hydraulics of his time and
he mentions briefly small-angled and wide-angled diffusers. Years later Patterson (1938) (later
by Cockrell and Markland (1963)) addressed the issue of increasing the pipe diameter without
losing pressure. With the survey of Patterson (1938) on modern diffuser design, he reviews
the work up to this point. He documented, that the flow separation happens if the diffuser
angle θ is above 4◦ − 6◦ for gaseous fluids. This angle though, depends on inlet conditions, as
shown by Peters (1934). During the fifties, a lot of work is put into investigating small-angled
diffusers. Among others, Robertson and Ross (1953); Uram (1954); Robertson and Holl (1957)
investigate the separation point in a 8◦ conical diffuser by changing the inlet conditions. This
and other works are reviewed by Klein (1981) who investigates the effect of inlet conditions and
compares the work from thirty different publications. He concludes, that the inlet pipe Reynolds
number can not alone be used to determine the nature of the inlet flow, due to none turbulent
entry flow up to ReD = 1.2 · 106 if no tripping device is used. For the results with a lower
Reynolds number (2 · 105 ) he concludes, that differences are present, both for the separation but
also for the velocity profiles, again because of nonturbulent entry flow. This work shows, that
the separation angle depends on Reynolds number and entrance boundary conditions including
the turbulence level and the flow direction.

Energy loss

The volume between the boundary of the main fluid flow and the walls of the diffusers, seen
in Figure 2.4, is dominated by flow recirculation. Patterson (1938) further looks into, how to
minimise the energy loss in the wide-angled diffusers (here θ > 10◦ ). Here separation happens
at the beginning of the diffuser or inside the diffuser. His investigations are done by removing
or delaying the separation point. He points out two different methods, and as stated by Howitt
and Sekella (1974) decades later: The first method is to deflect or to guide, the flow through
the diffuser. The second method is to apply a tangential velocity before the diffuser, or at the
diffuser, which makes a swirling flow when expanding it through the diffuser. This is among
others investigated by So (1967); Senoo et al. (1978). They show that the pressure recovery
is improved up to 20%, when the inlet flow is swirling. One of the things Howitt and Sekella
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(1974) observe is that by removing the separation and thus recovering the pressure loss, the
velocity profile becomes more uniform after the diffuser.

2.2.1

Experimental work

The major part of the experimental work to achieve a uniform velocity distribution after the
sudden expansion (θ & 50◦ ) with a minimum of pressure loss, was first carried out when the
United States of America (USA) introduced emission regulations in the 1970’s. Here multiple groups of researches investigated the flow in a sudden expansion, where a channel based
pressure resistance was mounted just after the expansion, as shown in Figure 2.4. Mainly three
different solution types are present in literature:
– There are different versions of flow deflectors or flow diffusers, the purpose of which is
to deflect the plume outwards towards the walls of the diffuser.
– Other objects are placed at the beginning of the diffuser or in the inlet pipe to create a
swirling flow in the inlet.
– The last solution type is to change the substrate to facilitate the entrance boundary condition.
Four different solutions are shown in Figure 2.5. The two first examples illustrate the general
a)

c)

b)

d)

Figure 2.5: Some of the different solutions to uniform the flow, a) The dome flow deflector by Hirata
et al. (2006), b) The perforated plate by Lemme and Givens (1974), c) The pinwheel by Howitt and
Sekella (1974) and d) The changed substrate by Heibel and Spaid (1999).
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concept of the flow deflectors, the third the swirling flow example and on the fourth the substrate
is changed.
An overview of different experimentally proven objects to uniform the flow is shown in
Table 2.2. Here also some of the works done with empty sudden expansions are listed. In the
following subsections, the different solutions are explained.

Table 2.2: Experimental investigations of objects to uniform the flow in a sudden expansion /diffuser.
Investigator(s)

Measuring technique(s)

Focus on

Empty diffuser
Lemme and Givens (1974)
Lai et al. (1992)
Will and Bennett (1992)
Wendland and Matthes (1986)
Benjamin et al. (1996)
Shi-jin et al. (2000)
Benjamin et al. (2002b)
Liu et al. (2003)
Stratakis and Stamatelos (2004)
Turner et al. (2011)
Porter et al. (2014)

Pitot-static tube
LDA + Smoke
Pitot-static tube
Visualisation
Pitot-static tube
Pitot-static tube
HWA, pitot-static tube
HWA
Hot film sensor (stereo)
Stereoscopic PIV
2C PIV

Different diffuser shape
Straight and bend inlet conditions
Around substrate
Before substrate
Steady state, after substrate.
Different diffuser shapes
Pulsation and steady flow conditions
Pulsation
Behind substrate
Infront substrate
Diffuser

Flow deflector
Lemme and Givens (1974)
Howitt and Sekella (1974)
Bella et al. (1991)
Guojiang and Song (2005)
Girard et al. (2006)
Hirata et al. (2006)
Hirata et al. (2008)

Pitot-static tube
HWA
Simulations
HWA
Point measurement
Pitot-static tube
2D-PIV, pitot-static tube

Cone of perforated plate
Cone and plate, infront substrate.
Guide vanes parallel to diffuser.
Honeycomb spherical arc
Guide vanes
Dome shaped
Four new dormed shaped

Swirling inlet
Fox and McDonald (1971)
Howitt and Sekella (1974)

5-hole pressure probe
HWA

Persoons et al. (2008)

HWA, Thermo camara, Visualisation
Stereoscopic PIV

Swirling inlet flow, to an empty diffuser.
Pinwheel with different angles, meassured
just after the diffuser.
Curved guide vanes in inlet pipe, measured
after substrate.
Swirling flow infront substrate

Changed Substrate
Holmgren et al. (1997)
Maus and Brück (1998)
Heibel and Spaid (1999)
Wollin and Benjamin (1999)
Benjamin et al. (2001)

LDA
HWA
HWA, pressure
HWA
HWA

Substrate: cone/round/flat
Diffuser with substrate in.
Cone shape
Substrate: cone/round/flat.
Pulsation, Substrate: cone/round/flat

Gaiser et al. (2003)

LDA: Laser Doppler Anemometry, HWA: Hot Wire Anemometry, PIV: Particle Image Velocimetry
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Empty Conical diffusers

The review by From et al. (2017) shows, that a lot of work has been done to investigate nonswirling inlet flow to the small-angled diffusers. In the present review, it is chosen only to focus
on cases with wide-angled diffusers and sudden expansions, where the inlet flow is steady. The
included literature consists of the velocity profiles before and/or after a substrate or a similar
flow straightener. Only one case for each different aspect of interest is mentioned in the present
literature review.
Lai et al. (1992) determine the flow profile when entering the wide-angled diffuser with a
straight or 90◦ bended inlet. The Reynolds numbers of the inlet flow are 25000 and 135000.
They both use experimental and numerical work and conclude, that the velocity profile after
the diffuser becomes skewed after the bend. Will and Bennett (1992) measure the velocity both
in front and behind the substrate. They change the wide-angled diffuser angle and conclude,
that a smaller angle gives a better uniformity, even when flow separation occur. Wendland and
Matthes (1986) observe the flow pattern before the substrate, where they see separation and
a non-uniform inlet to the substrate. But between the first and the second substrate, the flow
seems one-directional and the uniformity for the second substrate is better than for the first.
Thus the uniformity is most relevant for the first substrate. Stratakis and Stamatelos (2004)
measure behind the substrate and investigate the flow profile when changing the length of the
substrate. They conclude, that for a longer substrate and thereby a higher pressure resistance,
the flow becomes more uniform. Turner et al. (2011) make experimental tests of the flow before
a particle filter, similar to a substrate. They successfully compare it with numerical results.
Shi-jin et al. (2000) measure the velocity profile with a pitot-static tube behind the substrate
and compare it with a numerical model. They manage to achieve fairly good results with small
errors at the center.

Flow deflectors

Flow deflectors vary in type and shape and have different main characteristics, but the main
idea is to mount a device which guides the flow through the diffuser. Howitt and Sekella (1974)
teste a cone and a flat disc. They are both massive and they decelerate the flow. Here it is
expected, that the disc introduces a larger pressure drop than the cone. Both of them create a
velocity profile with high velocity in proximity to the wall and a lower velocity in the center.
Howitt and Sekella (1974) measure before the substrate to see the flow profile with hot wire
anemometry. A different cone solution is tested by Lemme and Givens (1974). Here the cone
is made with a perforated plate, where small holes in the plate let some of the main fluid go
through. This is an attempt to minimise the peaks being formed when the majority of the fluid
is forced outwards away from the center. Lemme and Givens (1974) use a pitot-static tube to
measure the velocity in points and traverse the pitot-static tube on the downstream side of the
substrate to map the entire velocity field. This cone idea is further investigated and optimised by
Hirata et al. (2006, 2008). They construct and optimise a shell-based flow deflector, somewhat
looking like the diffuser, where a hole in the middle compensate for the change in velocity. One
of their solutions is shown in Figure 2.5a. They both use experiments and numerical work to
test both for uniformity and pressure drop. Girard et al. (2006) have the same design approach,
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where the flow deflector looks like a small section of the inlet pipe and the diffuser, decreased
in size and placed in the middle of the main fluid. They both use experimental results and
numerical work to determine the effectiveness of the flow deflector. This type of flow deflector
improves the uniformity of the velocity profile significantly. But all of the flow deflectors move
the main fluid from the middle and outwards towards the walls, creating a peak. Even though
the flow deflector has holes in the middle to let some of the flow passes, the flow profile will
have two smaller peaks instead of one big peak in the center.
Another type of flow deflectors guides the flow with guide vanes, where one of the solutions
is suggested by Bella et al. (1991). They investigate a guide vane based flow deflector, where
multiple hollow cones without the tip (truncated cones) are mounted concentrically, with the
same focal point. The cones are almost parallel to the diffuser wall just with smaller inner
diameters. This flow guider is only tested with numerical models, but Bella et al. (1991) show
promising results. Guojiang and Song (2005) also use numerical work to design a solution,
where a honeycomb spherical arc is mounted at the beginning of the diffuser. The channels
created by the honeycomb material is used to guide the flow inside the diffuser. They use
hot wire anemometry to determine the velocity profile and compare it to an empty diffuser flow,
where improvement of the uniformity is shown. This solution type, where especially Bella et al.
(1991) create a uniform flow, needs to have some length of the diffuser to achieve the desired
uniformity. This only can be achieved for wide-angled diffusers and small-angle diffusers.

Swirling inlet

A lot of work has been put into the elimination of the pressure loss for the swirling inlet
flow to the diffuser. With the interest of improving turbines, From et al. (2017) go through the
literature and refer to the ERCOFTAC database on swirling flow in conical diffusers. Common
for articles in their review is, that they do not focus on flow uniformity after the diffuser, even
though a lot of the work could improve the uniformity. So (1967) investigated the different
vortex regimes and the velocity profiles in and after the diffuser, but only up to θ = 35◦ .
So concludes that the different vortex regimes inside the diffuser depends on the angle and
the flow speed. Fox and McDonald (1971) show, that the relationship between the inlet swirl
and the effectiveness of the diffuser is correlated experimentally based on twenty-four different
diffusers. They conclude, that a swirling inlet flow will improve the diffuser, but that it has to be
set up against the price for making the swirl. They do not suggest any devices for achieving this
inlet swirl. Here Howitt and Sekella (1974) design a solution placed in the inlet to the diffuser
consisting of small plates turned to the main flow direction, see Figure 2.5c. The angle of the
different plates can be changed to achieve different swirling. The tests are conducted without
the substrate. The velocity profile after the sudden expansion is similar to the one for the cone,
but higher out-of-plane velocities are expected. A more extreme solution is suggested by Gaiser
et al. (2003), where curved guide vanes in the inlet pipe proceed from the pipe wall and nearly
to the center axis of the pipe. This solution twists the flow around. Gaiser et al. (2003) carry out
the experiment with a Reinlet = 77500 and achieve visually promising results. Persoons et al.
(2008) test the effect on the uniformity after a substrate, where the inlet swirl could be changed
by changing a swirl generator. They use PIV to measure the velocity in three components and
conclude that a moderate swirl improves the uniformity. The different solutions are not directly
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comparable but it seems like uniformity can be improved only by introducing a swirl.

Shape of Substrate

Another solution to obtain the correct NOx removal is to change the length and/or the shape
of the substrate. This is done in order to use the higher flow rates in the center of the converter.
This also increases the local pressure resistance, which distributes the flow better across the
substrate. Holmgren et al. (1997) test both a conventional substrate, a conical shaped one and
a parabola shaped substrate. They are all tested by using experiments and numerical tools.
They achieve the best results for the conical substrate. The group of Heibel and Spaid (1999);
Wollin and Benjamin (1999); Benjamin et al. (2001, 2002b); Liu et al. (2003); Porter et al.
(2014) mainly investigate a conical substrate, where the tip is flat. They also test other shapes
of substrates, as for example a conventional one. They test different inlet boundary conditions,
both steady flow and pulsating flow. They conclude that the conical substrate is optimal in
terms of utilising the entire substrate volume and minimising the production costs. They both
use numerical models and experiments to make this conclusion. Maus and Brück (1998) add
the total volume of the wide-angled diffuser to the substrate, achieving correct inlet conditions
from the inlet pipe flow. The substrate expands the flow in small s-shaped channels through the
diffuser, whereby the correct resistance time is obtained.

2.2.2

Observations from Literature Review

It is seen in many of the papers, that it is experimentally difficult to measure at the inlet
surface of the substrate. One of the reasons is that the flow pattern is changing rapidly when
approaching the substrate. Another difficulty is that it is technically challenging to measure
close to or at the surface of solid objects. Therefore the flow is measured after the substrate. This
is valid because the substrate consists of long small straight channels. When entering, the flow
is unaffected by the neighbouring channels. In order to compare the different velocity profiles,
measured after the substrate, the pressure loss of the substrate must be stated. Karvounis and
Assanis (1993) and Brück et al. (1995) show, that the effect of a higher pressure resistance from
the substrate smoothens out the velocity profiles.
Some of the performed measurements are conducted behind the substrate without the endcap,
in order to ensure the measuring area accessible for the measuring equipment. This approach is
validated by multiple papers, one of them is by Lemme and Givens (1974). They also investigate
the shape of inlet diffusers, where separation occurs at the entrance. They conclude, that it
has no influence on the velocity profile as long as the inlet diameter, the outlet diameter and
the diffuser length are the same. Another requirement is that the wall must not penetrate the
boundary to the main fluid.
In literature many different uniformity indexes (UI) are defined. Weltens et al. (1993) define
the index shown in Equation 2.2 to compare different solutions.
UI = 1 −

P

|ui − uavg |Ai
2uavg Atotal

i

(2.2)
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where ui is the velocity in the local area Ai and uavg is the average velocity for the total area
Atotal . If UI is unity the flow velocity is uniform. Combining this with the work of Johansson
et al. (2008), who states that the uniformity in applied applications often is accepted if UI >
0.95. For the solutions mentioned, in the present review, the uniformity is often based on point
measurements. The point measurements are transverse in single lines or around the entire flow
area to map the mean velocity. Their works measure the average velocity for each point.
Some of the studies investigate ageing of the catalyst (substrate), whereby they have a visual
inspection of the uniformity after a given period of time. This is a more reliable result, as
the mean flow becomes more stable with a longer measuring-time. Ageing experiments are
conducted among others by Howitt and Sekella (1974).
Another important feature is the pressure drop added by the mentioned solutions as stated
by Wendland et al. (1991). But as Lemme and Givens (1974) conclude, a rising pressure will
happen, if a flow deflector is inserted in the flow. On the other hand, the pressure drop because
of the flow deflector is significantly lower than the pressure drop by the substrate. Thus the
pressure loss for the flow deflector is not of great interest for many commercial solutions.

2.2.3

Computational Simulations

The present literature study has primarily been focused on experimental work. There are
many examples in the literature of numerical work for all three types of diffusers. Some of the
numerical works also include the substrate. Some of these findings are mentioned here.
Comfort (1974) made an analytical 3rd order polynomial solution for the flow profile entering the substrate to obtain a maximum conversion of NOx . He showed, that he could fit
the velocity profile to five different experimental results, just by changing one factor. The
experiments were conducted by Howitt and Sekella (1974). Since then with the increased computational power, different CFD models are set up to optimise the flow in SCR systems or in
conical diffusers. The simulations often assume axisymmetry, around the centerline of the pipe,
and therefore the computational domain is sliced only to model some degree of the physical
system. In order to predict turbulence the simulation often used the k − ε model (for example
Martin et al. (1998a)) or a Renormalization group (RNG) k − ε model with a Norris-Reynolds
two layer wall model (for example Benjamin et al. (1996)).
The substrate is often modelled as a porous medium with the Darcy equation (for example
Kim et al. (1995)) or with the Hagen-Poiseuille equation (for example Benjamin et al. (1996)).
A common feature is, that the flow is set to be unidirectional with no radial mass transfer as
described by Weltens et al. (1993).
The different simulations often underestimate the maldistribution and consequently the uniformity. For better results, higher-order models are used. Here Abe and Ohtsuka (2010) show
promising simulations with the use of LES and Hybrid LES/RANS for swirling flow.
Armfield et al. (1990) modelled swirling flows in conical diffusers based on the work by
Gupta et al. (1984) and Sloan et al. (1986). They model the turbulent quantities with the k − ε
turbulence model with a two-layer wall function and they successfully compare it with their
own measurements.
Fearn et al. (1990) show, that there are nonlinear flow phenomena in the sudden expansion
and that it is associated with three-dimensional effects. This is also shown for the wide-angle
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diffuser by Prync-Skotniczny (2006). Thus it is necessary to model the entire volume of the
system.

2.2.4

Patented solutions

Companies like MEproduction (2018) are specialised in turn-key solutions for NOx removal
for power plants and ships. Often these solutions are confidential and therefore no help for
further research.
Different approaches to optimise the flow through the conical diffuser are patented and used
in industry. Some of the solutions are shown on Figure 2.6. Cheng Fluid Systems (2017) (Cheng
(1992)) decribed a double solution, where the first devise creates a swirl in the inlet pipe and
the second device guides the flow through the diffuser like the one presented by Bella et al.
(1991). This kind of solution is very common and others have made similar patents. Yoder
(1950) patented, for example, a solution for the outlet diffuser. Tauscher (1997) patented an
entire SCR system with both guide vanes in the inlet and in the outlet of the converter, where
the guide vanes are similar to the ones described. Also M.S. Child (2005) patented a guide
vane solution to expand the flow, see Figure 2.6e. The difference is the diffuser angle and/or the
guide vane angles and/or the mounting methods. Jean Trapy (2007) patented a similar system,
where the substrate is changed to facilitate the velocity profile changed by the guide vanes.
Barthel and Kurth (1925) patented a flow distributor consisting of guide vanes mounted in
the inlet pipe and bending outwards gradually increasing like the diffuser, see Figure 2.6a.
Other more special patents are taken by Hjelmberg and Tabikh (2010). Among other things,

a

d

b

c

e

Figure 2.6: Some of the different patented solutions. Invented by the following a) Barthel and Kurth
(1925) b) Hjelmberg and Tabikh (2010) c) F.J. Kurth (1937) d) T.C. Fitt (1943) e) M.S. Child (2005)
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an inverse cone-shaped flow distributor consisting of a perforated plate and a perforated crosssectional plate, see figure 2.6b. Guinard (2008) patented a solution with two guide vanes formed
as wing profiles. Demyan (1962) patented a solution, where straight plates were mounted in the
inlet pipe and in the diffuser. Radulescu (2014) patented a solution, where different meshes
are mounted in the converter with different hole sizes in the same mesh to compensate for the
velocity distribution. Hodgson (1999) patented a solution, where the idea was the same as
described by Maus and Brück (1998) where the inlet pipe and the diffuser were filled with a
substrate material as well.
For other industries and purposes, Robert M Sharp (1960) patented a solution where guide
vanes were placed in a pipe to distribute solid particles in a gas flow. T.C. Fitt (1943) patented
for the ventilation industry a flow deflector where the middle part consists of a mesh, where
guide vanes are mounted, see Figure 2.6d. F.J. Kurth (1937) patented a device for the distribution of air, which as for the other two solutions looks like a flow deflector. This is also seen
for modern ventilation companies, where Archiexpo (2018) expands the flow suddenly after a
pipe flow, in the same way as for the flow deflectors, see Figure 2.6c. Other commercial fields
can give inspiration to the design and development of flow deflectors. They face some of the
same challenges as designers of flow deflectors for sudden expansion. An example is for air
ventilation, which faces some of the same problems as for the sudden expansion.

2.2.5

Pulsating flow

The mentioned works have mostly been on steady flow, but as for a real SCR system on
ships, the flow will pulsate. This is for a car-related-setup investigated by Benjamin et al.
(2002a) of frequencies up to 100Hz. Here the flow systems are investigated using different
parameters as the Strouhal number St = f L/U , where f is the frequency, L a characteristic
length (e.g. pipe diameter D or diffuser length Ldif ) and U is the pipe flow velocity. For the
Strouhal number around 1, the inertial forces dominate the flow, resulting in the fluid moving
as a "block". When the Strouhal number is in the order of 10−4 the flow is quasi-static. This
is explained by Sobey (1982). For more general experiments Vester et al. (2015) investigate
the pulsation
pof the velocity for straight and bended pipe systems. Here the Womersley number
Wo = D/2 f /ν, where ν is the kinematic viscosity, is used. If the Womersley number is much
larger than 1, it is expected that the velocity profile will be flat. The two mentioned parameters,
together with the Reynolds number Re = U D/ν, are dependent such as St = 4 · Wo2 /Re, if
the characteristic parameters L, U are chosen to be the same.

2.3

Summary

Throughout the literature study, two steps for the marine SCR system are investigated. First
the mixing of fluids in turbulent pipe flow, which is related to the mixing of a reductant into
the exhaust gas. Secondly, the different methods to distribute the flow uniformly after a sudden
expansion.
The turbulent mixing, especially for passive mixing, is well defined in the literature. On the
other hand, there are still different open parts. It is shown, that it is hard to evaluate the degree
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of mixing in terms of how the concentration is distribution, based on single scalar values. Here
it is necessary to have a knowledge of the scales, and it is here validated CFD becomes a needto-use and not only a nice-to-use for SCR development. Validation cases are essential when
using CFD. There are only a few examples for high Reynolds number, where both the velocity
profiles and the concentration profiles are determined. The cases should be simple and similar
to geometries found in the real SCR system. This study suggests a straight pipe for reference, a
bended pipe for changing the geometry and a plate for vortex introduced mixing.
For a uniform velocity distribution just after a sudden expansion, the open literature shows
two different solution types: to swirl the inlet flow to the reactor or to place a flow deflector in
the expansion. Both solutions include a disadvantage of both an increasing pressure drop and a
growing complexity for the SCR system. No optimal practical solution is found, even though
many are suggested. Here again, CFD is necessary to obtain an optimal solution, but it needs
a validation case to become trustworthy. It is further seen from literature, that the different
expansion cases are Reynolds dependant up to 1.2 · 106 . Therefore this study suggests to use
an inlet condition consisting of a sharp-edged inlet with a relatively short length. This inlet
creates a vena contracta and is less dependent on the Reynolds number. Furthermore, there
is not assumed any turbulence for the numerical simulation, but the turbulence is created in
the numerical model. This study suggests to test three common upstream conditions to the SCR
reactor. A simple straight pipe, a 90◦ pipe bend and an out-of-plane pipe bend. Furthermore, this
study will investigate a type of object-based flow distributor and test it for the three upstream
conditions.
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Chapter 3
Summary of results
In this chapter, the work contained in the two journal papers and the three conference papers are
summarized and related to the main topic of the overall project. It is divided into three different
topics each containing one main experimental setup and measuring techniques. The second
topic is the major topic of this project containing most of the work and combining different
measuring techniques.
Paper I, consisting of gas mixing in pipes. The experimental results are compared with
Computational Fluid Dynamic (CFD) simulation done mainly by Jens Dahl Kunoy.
Paper II and conference paper I and II. Here the flow is intensely analysed in the SCR
reactor. The experimental results are compared with CFD simulation done by Christian
Agular Knudsen documented in his master thesis (Knudsen (2017)).
Conference paper III, where the work on pulsation effects is analysed. The results are
compared with Christian Agular Knudsen’s CFD simulation documented in his master
thesis (Knudsen (2017)).

3.1

Gas mixing in pipe flow

Mixing of the reductant into the pipe flow is important for ensuring the correct mixing before
the SCR reactor. This is important for optimal use of the SCR system. To validate the used numerical models, experiments are conducted to determine the velocity profiles and concentration
profiles. This is chosen to be done in a pipe flow with the main turbulence trigger is a ’vena
contracta’ in the inlet of the pipe. This is chosen as a relevant inlet flow condition and easy
to reproduce numerical. The measurements are then conducted in the mixing zone before the
fluids are homogeneous mixed, see Figure 2.1. These experiments are compared with different numerical simulations in an out-of-the-box fashion from Star CCM+ (CD-adapco (2016)).
First, two RANS turbulence models are tested with different turbulent Schmidt numbers (Sct ) to
understand the effect on the prediction of mixing. Secondly, a scale resolving model, a RANSLES hybrid model (Spalart et al. (2006)), is used to simulate the mixing. Here the near-wall
flow is modelled with the Spalart-Allmaras one equation RANS model and the main flow is
solved with the large eddy simulation (LES) model.
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3.1.1

Setup

The experimental setup is built up around a straight pipe with an inner diameter of D =
200mm. The pipe has a sharp-edged inlet with a pipe wall thickness of t = 0.5mm. Onto this
pipe, a bend can be added or a plate can be inserted. The choices are inspired by simplified
industrial mixing applications, as shown in the literature studies. The bend is a 90◦ bend. The
mixer plate has a diameter of 0.5D and is tilted 15◦ around an axis parallel to the y-axis (crossing
the z-axis). This is shown in Figure 3.1, where the sampling positions are shown as well. For
each of these positions, both the concentration profile and the velocity profile are measured
either parallel to the x-axis or parallel to the y-axis. The measurements are performed with
ambient air at laboratory conditions for two values of the Reynolds number ReD = WQ D/ν:
50000 and 100000. WQ is the mean velocity based on the volume flow from the orifice plate
flow meter further away than 40D downstream the test section. The kinematic viscosity ν is
based on the absolute pressure and temperature. Laser Doppler Anemometry (LDA) is used
to measure the velocity in points and a traverse mechanism is used to precisely move along
the desired lines. The concentration is measured with Fourier Transform Infrared Spectroscopy
(FTIR) technique (explained by Smith (2011)). This is done with a sampling probe, that is
manually traverse along the desired lines. The reductant, in this case, methane as a tracer gas, is
injected at a constant volume flow, even though the Reynolds number is increased. Therefore the
mean bulk concentration CQ = Cinj /WQ is 35ppm or 69ppm, for the two Reynolds numbers.
Cinj is the injection rate of methane.

Straight

Bend

D

D

Plate
z

D

x

15◦

0.5D

y
5D
10D

5D
10D

10D

Inlet flow

10D
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10D

05DH

5D
2D

Sample positions
05DV
10DH
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Figure 3.1: Illustration showing the three different experimental setups. The coordinate system is located
at the exit of the methane pipe, thus the z-axis is coaxial with the centerlines of the pipe and the methane
pipe. The sample positions are the location of the windows and of the start of the sampling line, denoted
as the z-axis distance. E.g. 05D is z = 5D and the direction: Vertical (V) and Horizontal (H).
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3.1.2

Numerical models

The numerical model is created by Jens Dahl Kunoy in collaboration with the author and based on the physical model designed and built by the author. The author
has done the convergence study described in the following sections.
Each of the different cases are modelled, both with the two RANS models and the one RANSLES hybrid model to determine which of the modelling approaches is best suited to determine
the flow characteristics and mixing. For all the model testing the straight case with ReD =
50000 is the basic test case. It is used to validate the different parameters for the models, before
applying on the six different cases. For the RANS models, the k − ε model (Jones and Launder
(1972)) and the SST k − ω model (Menter (1994)) is used and test for mesh independency. The
mesh is constructed with several refinement zones and the standard mesh base size of 10mm,
which is denoted as 100%. There are tested for a base size of 200%, 100%, 50% and 25%,
see Figure 3.2. Only small changes are seen when refining more than 100% and at 50% the
solution seems mesh independent. It is seen, that the SST k-ω model fails to predict the shape
and values for the velocity profiles and the RMS profiles for the straight case. It is not certain,
that further refinement zones will improve the results. For the k-ε model, the velocity profiles
are more round with a higher value at the center and lower values towards the walls, but the
simulated results are inside the statistical uncertainty of 2% from the experiments. Only the
RMS profiles are converging to higher values than the measured. For base size of 100% the
impact of the Sct on the concentration profiles is tested, see Figure 3.3. From these tests, it is
clear that the SST k-ω model fails to predict the concentration level, which is expected due to
the wrong predictions of the velocity profile and of the RMS profiles. For the k-ε model, the
concentration profiles are predicted close to the measured with a Sct = 0.7 or 0.9.
With a Sct = 0.9 the simulated results are more similar with the results from the DES
simulation. In order to choose the optimal Sct value for the RANS simulation, the surface
uniformity (γ) of the methane concentration (φ) at the two planes (5D and 10D downstream the
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Figure 3.2: Results with the Straight geometry with ReD = 50000 at z = 5D for the horisontal case
05DH. The measured results are shown as points ( ), where only every fourth point is shown. The
simulated results are shown as lines. Blue line is 200% ( ) Red line is 100% ( ) Black line is 50% ( )
Green line is 25% ( ) of base size.
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Figure 3.3: RANS model normalized concentration profiles for the straight case with ReD = 50000. The
experiential results are shown with ( ) 05DH, and ( ) 10DH, where only every third point is shown. The
impact of the turbulent Schmidt number for RANS simulations are shown as ( ) σt = 0.5 ( ) σt = 0.7
( ) σt = 0.9 ( ) σt = 1.1. The DES simulation is shown with a dashed line ( ).

injection point) are compared with the DES simulation. This is chosen because the experimental
results only is determined at the sampling lines and therefore not representable for the entire
plane. The results can be seen in Table 3.1, where γ is defined as in Star CCM+ CD-adapco
(2016) as seen in equation (3.1).
X
φf − φ̄ Af
γ ≡1−

f

2 φ̄

X

Af

(3.1)

f

where φ̄ is the surface area average of φ, φf is the face value of the selected scalar and Af is the
area of a mesh face. From the Table 3.1 it can be seen, that the Sct = 0.7 perform slightly better
when comparing with the results from the DES simulation. Hence it is chosen to Sct = 0.7.

Table 3.1: Calculated surface uniformity γ at two cross planes located at z = 5D z = 10D. Where the
RANS k-ε simulations with different σt values are compared with the DES simulation.

Model σt
DES
0.7
RANS 0.5
RANS 0.7
RANS 0.9
RANS 1.1
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γ at 5D γ at 10D
0.64
0.86
0.79
0.91
0.67
0.84
0.59
0.77
0.52
0.70
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3.1.3

Results

The experimental results are compared with the results from the RANS models, and the
RANS-LES hybrid model is shown in Figure 3.4. The RANS SST k-ω model is conducted on
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Figure 3.4: The velocity and concentration results for both the numerical models and experimental
model. The ReD = 1.0 · 105 for the horisontal sampling points, where the z position is stated in the
title. The measured results are shown as points and the simulated as a line: Straight ( , ) , Bend ( ,
), Plate ( , ). For the velocity, only every fourth point is shown and for the concentration, only every
third point is shown.
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mesh 100%, where the RANS k-ε model is conducted on mesh 50% both with a Sct = 0.7.
The RANS-LES hybrid model is conducted on a third mesh, which is even finer. Here it is
possible to see, that the experimental velocity is turbulent and rather developed for all three
cases (straight, bend and plate). Both RANS models are adapted to match the straight case
as well as possible by tuning the Sct . It is seen that the SST k-ω model fails to simulate the
velocity profiles in the straight case and hence also for the concentration. It is expected to be
because of the chosen inlet condition. Here the turbulence model underpredicts the turbulent
momentum diffusion. This will in general leads to a steeper velocity profile as seen in Figure
3.4 and the persistence of secondary structures. This will also explain, why the model fails
when changing the geometry of the inlet. The mixing depends on both the convection and
the diffusion, why an incorrect velocity field will produce an incorrect concentration field. It
is to some extent possible to correct the concentration field by compensating for the missing
momentum diffusion by tuning the turbulent Schmidt number, if the velocity field is to some
extent correct. For the SST k-ω turbulence model it is not possible even for the simplest case,
with a 10D long straight pipe, to predict the correct velocity field and thus also the concentration
field. For the Plate case, the concentration is predicted fairly close to the measured ones, but the
flat profile indicates, that the profiles are in (or close to) the homogeneous zone, shown in Figure
2.1. The k-ε turbulence model predict the velocity field for the Straight case inside the errors of
the experiment and thus also for the concentration field. For the Bend case, the velocity profile
is incorrect and therefore the concentration profile is incorrect. The Plate case seems to be close
to the homogeneous zone. When simulating with the RANS-LES hybrid model, it is seen that
the velocity profile and RMS profiles fit inside the uncertainty of the experiment. The shape of
the concentration profiles are consistent with the experimental ones, but higher nominal values
are present. This is expected to be because of two different effects. The methane concentration
is highly time-dependent, as shown in Figure 3.5, and long sampling times is needed both
for the simulations and for the measurements, which was not met. Furthermore, the ’cone of
concentration’ (shown in Figure 2.1) is effected by the injection pipe, skewing the cone and
pushing it upwards, together with the opening angle of the cone. These two parameters have
to be captured entirely correct and a small difference between the experimental model and the
numerical model (DES) is expected to have an influence on the concentration profile.
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Figure 3.5: DES instantaneous xz cross plane of the normalised concentration along the length of the
pipe for the DES simulated Straight case at ReD = 50000.
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3.1.4

Summary

The experimental tests with the three different inlet conditions show small differences in the
velocity profile, but strong changes in the concentration profiles. This show that the upstream
conditions have little effect on the time-averaged velocity profile. The effect is seen on the
concentration profile, where the plate case differs from the others by a shorter mixing distance
(from the injection point to the homogeneous zone). From the tests, it is clear, that the fast/cheap
RANS turbulence models need tuning to experiments for having a possibility to estimate the
result. In this study it is chosen to tune the models with the turbulent Schmidt number, to
compensate for the underprediction of turbulent momentum diffusion. However, the results are
not satisfactory and the wanted simulation tool should be for industrial application as an ’outof-the-box’ tool, which naturally can not be tuned. This is why it is needed to use a more scale
resolving model, as for example the RANS-LES hybrid model. This is in itself not surprising,
and it is in agreement with the findings in literature studies. A note here is, that for obtaining
the optimal mesh, which is the coarsest mesh to still being able to predict the correct mixing,
one still has to base it on knowledge and intuition to be able to refine the mesh accordingly to
the important features of the flow.
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3.2

Steady flow phenomena in a SCR reactor

To optimise the flow in an SCR system, the different flow phenomena have to be considered.
This is done with a combination of experimental and numerical work to map out the solution
space. Therefore an experimental setup is constructed and a numerical model is created. The
focus is on the steady flow conditions to simplify the experiments. For the numerical model,
the focus has been to optimise a flow distributor.

3.2.1

Setup

A transparent downscale model of the catalyst converter system is created. The model has
an inlet pipe with a inner diameter of d = 0.104m, shown in Figure 3.6. The Reynolds number
is Re = WI d/ν ≈ 1.5 · 105 , where WI is the velocity in the inlet pipe based on the volume
flow determined with the orifice flow meter and ν is the kinematic viscosity. It is chosen to
use a Reynolds number of 150000, which is lower than for the real catalyst converter system,
which is in the order of millions. The decision is based on practical limitations. The inlet
should be a turbulent pipe flow as in the practical applications. However, creating a pipe flow,
with fully developed turbulence is shown by Klein (1981) to be tricky for Reynolds numbers
Outlet (80d)

Contraction
Meassuring plane
Camera

Expansion
Inlet pipe

z
y x

Reactor

d

Inlet flow
Laser
Bends (*)
Mesh dummy (*)
Flow distributor (*)
Straw dummy (*)
Figure 3.6: Schematic drawing of the experimental setup with both substrates and the original flow
distributor shown. All things with a (*) is optional and the cameras are located for measuring before the
mesh dummy.
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up to 1.2 · 106 . Instead, a sharp-edged inlet is used, with the pipe wall thickness t = 3mm.
The sharp edge generates a vena contracta inside the pipe. This generates a turbulent inflow
that is much less dependent on Reynolds number. The inlet section consists of a straight pipe,
a straight pipe + one bend or a straight pipe + two bends. The two bends are mounted in an
out-of-plane configuration to obtain a swirling inlet flow to the expansion. The expansion has a
diffuser angle above the critical angle for separation and will be denoted as a sudden expansion.
It expands in a distance of 0.5d to a Dr = 2.79d giving a diffuser angle of θ ≈ 60◦ . Two
different catalyst dummies are investigated. Both of them have a flow-through area equivalent
to the real SCR system, obtained with a circular frame with an inner diameter of Dc ≈ 2d. The
first version is a mesh-mounted in the circular frame. The mesh is stretched out in the frame
to limit the vibrations introduced by the flow. The mesh dummy creates a pressure resistance
similar to the first substrate layer of the catalyst as specified by the substrate manufacture. The
second version is updated with straws to force the flow to straighten as in the real catalyst and
to give a pressure resistance similar to several catalyst layers. The measurements are done with
Stereo PIV in a cross-plane as shown in Figure 3.6. For the mesh dummy, the flow is measured
upstream by increasing the distance from the expansion to the mesh dummy compared with the
real case. The straw dummy utilises, that the flow distribution entering the dummy is the same
as leaving the dummy. Therefore the dummy inlet is mounted at the correct distance from the
expansion and the measurement is conducted behind the straw dummy. Compared to Figure
3.6, the camera setup is changed by mirroring the position of the camera in the xy-plane. For
both setups, the cameras are mounted on a traverse mechanism, for obtaining the freedom to
move the cameras along the z-axis, without recalibrating.

3.2.2

Experimental obtained velocity profiles

The flow profiles in the inlet pipe and in the reactor upstream the mesh dummy are investigated with the use of LDA. Measured profiles are shown in Figure 3.7. Here it is seen that the
inlet pipe velocity profile has a flat profile across most of the inlet pipe and drop fast to zero
close to the wall as expected for a turbulent flow. A small skewness is seen where the velocity

W/WI [-]

1

1

0.5

No FD

0
0
−0.5 0 0.5
x/d [-]

FD

No Mesh
Mesh

0.5

−1 −0.5 0 0.5
x/d [-]

1

Figure 3.7: Left: Mean velocity profiles through the inlet pipe, measured at z = −4.5d. Thus upstream
the expansion. Right: Mean velocity profiles through the reactor pipe at z = 2.5d, with the mesh dummy
at z = 3d (when used). Labelling; FD: flow distributor, Mesh: Mesh dummy.
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is higher at positive x/d coordinates. This could be because of the relative short pipe upstream
(16d), which seems not to be enough for creating a fully developed velocity profile. The asymmetry is estimated not to cause systematic effect in the measurements. In the case with the
sudden expansion without the flow distributor, the velocity profile shows a jet-like structure as
also mentioned in the literature, e.g. by Howitt and Sekella (1974). It is further possible to see
backwards floating parts near the walls, clearly showing that flow separation occurs. The introduction of the mesh dummy makes the velocity profile slightly steeper and limit the backwards
floating part at the walls. When introducing the flow distributor, the flow profile changes. The
majority of the flow is pushed towards the walls, creating a reverse flow region at the center.
These velocity profiles are similar to the ones found in literature e.g. by Howitt and Sekella
(1974).

3.2.3

Velocity distribution in the SCR Reactor

The velocity field is measured with stereo PIV at two different positions, as shown in Figure
3.8. For both cases, it is possible to measure at 0.5d away from the catalyst. This is obtained
by painting the mesh black, thus reflections are limited. Figure 3.8 shows two instantaneous
velocity fields. They are discussed in more details in the following subsections. For all the
velocity field measurements, missing out-of-plane velocities are shown as white areas and for
the in-plane velocities, spurious vectors occur. Both are close to the reactor pipe wall and are
from errors due to the reflections from the laser light in the walls. Black cardboard is used to
limit these reflections between the view of the cameras and the laser light outside the reactor.
Furthermore, black tape on the outer surface of the reactor covers up the rest of the reflections
from the walls. These areas of missing data were accepted, because it did not affect the main
results. The velocity close to the wall was not of interest for this study. The velocity plots are
normalised with the velocity in the inlet pipe, based on the volume flow. Each measurement
series consist of at least 1000 samples and DynamicStudio 2015a (v4.15) is used to analyse the
results.

Mesh dummy

z = 3d
z = 2.5d

Straw dummy

z = 3.5d
z=d

Figure 3.8: The instantaneous velocity fields are shown at the measured locations with the mesh dummy
and the straw dummy. The velocity fields are only highlighted. The sketch is not to scale since the length
of the reactor pipe is: left 14d and right 21d.
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Before the Mesh Dummy

The velocity fields after the sudden expansion, without the mesh dummy, are shown in Figure
3.9 and in Figure 3.10. For the straight case without the flow distributor, it is seen, that a jet-like
structure is present and that the out-of-plane velocity is axis-symmetric. The in-plane velocity
is small. When introducing the flow distributor the flow profile changes radically with high
velocities at the wall and a triangular region at the center with flow reversal. The velocity fields
are similar to the one presented in Figure 3.8 left. With one bend the majority of the region with
flow reversal move to the opposite side of the pipe position before the bend. The out-of-plane
bends add rotation to the flow and the region with flow reversal goes to the same side as the
pipe before the bend. When introducing the bends, the in-plane velocities rises.

Figure 3.9: The flow after the sudden expansion without the mesh dummy. The colours show the out-ofplane velocity. The black line indicates the reactor pipe. The dotted black line is the inlet pipe projected
on the measuring plane. The grey lines are the projection flow distributor. The white line is the contour
of zero out-of-plane velocity. The length of the in-plane velocity is scaled such as WI = d/2 and shown
as arrows.

Figure 3.10: The velocity field after the sudden expansion with one bend and with two bends, without
the mesh dummy. The colours and sizes as in Figure 3.9.
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Locking effect

When introducing both the flow distributor and the mesh dummy, the flow is no longer stable. As shown in Figure 3.11, the mean velocity gives different velocity fields for different
realizations. Here Case a) is with a sampling frequency of 0.2 Hz and consisted of 502 samples.
Case b) and Case c) is sampled with 2.12Hz and consisted of 1000 samples. It is seen that
for the three different realisations, the region with flow reversal change shape. Furthermore, it
seems like the flow field is not fully converged. This is investigated with the use of snapshot
Proper Orthogonal Decomposition (POD) as by Meyer et al. (2007). This method is based on
the fluctuating part of the velocity and gives an insight into the behaviour of the fluctuations.
The dominant fluctuations called POD modes, are shown in Figure 3.12. The first mode for
the case without the mesh dummy is similar to the first mode for the three realisations of the
case with the mesh dummy. Note that the sign of the mode is arbitrary, why the modes in Case
b) are shifted for better visual comparison. The first mode indicates that the high-speed region
near the wall is no longer symmetric, but is stronger in one "channel" of the flow distributor
and is weaker in one of the other "channels". However, when the mesh dummy is mounted, the
energy associated with the first POD mode rises from 3% It is interesting to investigate the time
variation of the reconstruction coefficients. The coefficients are used to reconstruct a snapshot
and determine, how much of each mode is needed in the reconstruction. For the case without
the mesh dummy, the reconstruction coefficient is spread randomly. The pattern observed for
the cases with the flow distributor shows that the flow tends to stay in an asymmetric flow state
(constant high positive or high negative value of mode 1) for up to 200s. When looking at mode
2 (see Figure 3.12 middle), and the mean-field, it is likely that it is not converged statistically.
All measurements are expected to have uncorrelated velocity fields, based on normal considerations of the characteristics time-scale λ = d/WI ≈ 200Hz, because the maximum sample
rate is 2.12Hz. From the pattern in Case a) for the reconstruction coefficient, it is seen that the
expected shifts are less clear than for Case b) and Case c). Thus it seems that to get the results
to converge statistically, there has to be measured for a longer period than the ∼ 2500s as in
Case a). Based on Case b) and Case c) the oscillation period is up to 200s. For a 100s period,
a)

b)

c)

Figure 3.11: Three realisations of the mean flow field before the mesh dummy. The colours and sizes as
in Figure 3.9.
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Case: Flow Distributor and no dummy from Figure 3.9 right.

Case: a), b) and c) from Figure 3.11

Figure 3.12: Straight inlet cases with flow distributor mounted. For case a, b and c also with the mesh
dummy. The left column and the middle column are the first a second POD mode. In the right column is
the reconstruction coefficient shown.
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the measuring time for 1000 samples will become ≈ 30h. This clearly shows, that the effect is
difficult to get to converge experimentally. To resolve this slow frequency numerically, the simulation demands will be high. Furthermore, it is not even for sure, that the locking effect will be
present numerically due to less perturbations than for the experiment. One could imagine, that
if a preferred channel in the flow distributor is present, the flow will ’lock’ to it and not change.
For the real SCR system, the effect could limit the total NOx removed, because only some part
of the catalyst is used.

After the Straw Dummy

For investigating the velocity distribution in the substrate it is chosen to measure the velocity
distribution after the substrate. This is done because the flow entering the straws of the straw
dummy will have the same distribution as when exiting. The straw dummy was made out of
a bundle of straws held by two grids, one at the inlet and one at the outlet. The measurement
showed, that even a uniform inflow creates a certain pattern in the measured out-of-plane velocity field. This is an artificial pattern created probably by the alignment between straws and
mesh and non-uniform paint thickness on the mesh. In Figure 3.13 left, the mesh is seen, where
a pattern is observed. The observed pattern is due to the straw dummy, which is demonstrated
by rotating the straw dummy. The rotation shows that the pattern in the velocity field follows.
To correct for the pattern an investigation is conducted, where the reactor pipe is elongated
with 14d and the front cap is removed. This creates a uniform pipe flow in front of the straw
dummy. The pattern in the velocity field is seen in Figure 3.13 right. There is adjusted for
this pattern in the measured velocity fields. Each measurement is divided by the velocity field
pattern normalised with the mean of velocity field pattern. The velocity fields are shown in
Figure 3.14, where only the velocity for the mesh area is shown. Furthermore is the colour bar
scaled in a way, that the flow in the center region of the mesh is clarified. This is due to the high
uncertainty on the velocity at the edges of the mesh area. This is clear from the velocity field in
Figure 3.13 right, where the velocity is uneven. For the cases, without the flow distributor, the

Figure 3.13: Left: Original black painted mesh. Right: The velocity field after the straw dummy with
an elongated reactor pipe.
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Figure 3.14: The velocity field after the straw dummy for the six cases where the top is without the flow
distributor and the bottom is with the flow distributor. Going from left to right, the cases are divided into:
Straight, one bend and two bends.

entrance flow patterns are seen. For the straight inlet, the main part of the flow is in the middle.
With one bend the flow goes to the side and with two bends the flow becomes more uniform.
When the flow distributor is mounted, the velocity fields for the three inlet cases become alike,
and the high velocity is seen at the edges of the straws. The locking effect is not discovered for
the six measured cases, where the reconstruction coefficient is randomly distributed over the
measuring time. This points to two observations: the previously found locking effect does not
seem to be present for a straw dummy, and when using the flow distributor, the inlet conditions
do not seem important.

3.2.4

The CFD modelling

The following sections describe the work documented in Knudsen (2017) and done
by Christian Agular Knudsen during his master thesis work. The author was cosupervisor together with (among others) the main supervisor Professor Jens Honore Walther. The project is created by the author to help achieving better insight
in the SCR flow, both steady and pulsating, to optimise the flow distributor and to
validate if the experimental database was sufficient.
The numerical simulations are performed to determine if the chosen configuration of guide
vanes is best suited for creating a uniform distribution of the velocity at the catalyst. Furthermore, the simulations are also performed to ensure, that the experimental database is sufficient
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for building a numerical model and validating the numerical model. The numerical model is
defined, described and documented by Knudsen (2017), where this section will go through the
main parts relevant to the topic of this section.
The adjoint optimisation method as implemented in Star ccm+ (CD-adapco (2017)) is used.
This method is a shape optimisation tool and is gradient-based. This has the advantages of
having an unlimited amount of design points with respect to a few cost functions. For geometrical optimisations, each design point can be a point on the surface of the object and the cost
function can be to limit the pressure drop across the object. This can theoretically morph the
entire surface into an optimised solution. There are however different drawbacks limiting the
result, where the limited computational power is one. Other effects are due to the nature of the
algorithm, which only works on a time-independent-solution (with a steady-state solver). The
largest uncertainty is, that the flow field from the RANS model has none existing flow features,
as seen for the pipe flow mixing. Taking this into account, it is chosen to use the results from
the adjoint solver as guidelines to create the optimised result. From the experiments, it is clear
that the flow is fully three dimensional and time-dependent, at least for the case up to 2500s.
It is chosen to model the physics with a three-dimensional flow model shown in Figure 3.15,
with the mesh refinements, indicated. It is chosen to use constant density (incompressible) even
if high velocities could be expected at the flow distributor. The turbulence is modelled with a
RANS model with the realizable k − ε turbulence model. A two-layer y + wall treatment and
no-slip boundary conditions are used. The coupled flow solver is used, where pressure and
velocity are coupled. This is done for the adjoint solver to function better.
The inlet is chosen to be a sphere (Ds ≈ 7.7d). The center of the sphere is placed on the
center of the inlet pipe plane. This is done to facilitate the creation of the vena contracta in
the inlet pipe. The boundary condition is a constant and uniform mass flow inlet at the surface
of the sphere. This is chosen to create the same amount of turbulence as for the experiment,
so that no artificial turbulence is needed to be added in the model. The creation of the correct
Inlet sphere
Sudden diffuser

Catalyst dummy
Outlet

Inlet pipe

Guide vanes

Inlet mesh

Outlet mesh
Reactor mesh

Figure 3.15: The CFD model with some main part of the mesh highlighted. Modified figures from
Knudsen (2017).
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amount of turbulence is facilitated by refining the sharp-edged inlet at the inlet pipe as seen in
Figure 3.15, Inlet mesh. The outlet is a pressure outlet, set to the surrounding pressure, where
the last cell of the mesh is extruded (see Figure 3.15 Outlet mesh). The catalyst is modelled as
a porous medium with the Darcy-Forchheimer equation, where a high resistance coefficient for
the radial direction is applied to ensure a one-directional flow through the catalyst dummy.

The Model Validation

The model is validated for the straight case, with the velocities from the inlet pipe and after
the sudden expansion. The velocities are shown in Figure 3.16. It is seen that agreement is
obtained between the measured and simulated inlet pipe velocity profiles. The measured profile
is slightly asymmetric around the centerline, and seem to be slightly steeper near the wall. It is
seen in Figure 3.16 right, that high velocities are seen at the outer edges of the reactor pipe, with
low velocities in the region of flow reversal, shaped towards a triangle. The difference seen at the
’sides’ of the triangle is investigated. From the CFD model, there is seen vortex starting at the
rod of the flow distributor, penetrating the measuring plane, resulting in the shown difference.
This difference is assumed less important because only the guide vanes are optimised and not
the mounts. A note here is, that the survival of the secondary structures was also the case for
pipe mixing, clearly seen for the Bend case. It is also noted that the simulated catalyst model
forces the flow to straighten, which is not the case for the tested mesh dummy. Overall the CFD
simulation shows, that the experimental database can be used for validation, even though more
test cases could improve both. This is further described in Chapter 4.

Numerical

Experimental
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0.0
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Figure 3.16: Left: The velocity profile at z = −4d in the inlet pipe, experimental ( ) and numerical ( ).
Right: A visual comparison between the the velocity fields after the sudden expansion with a straight
inlet and the original flow distributor mounted.
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Optimisation

For the optimisation process, the flow distributor is changed to the real flow distributor,
used in the SCR systems. This flow distributor has longer and relative thinner guide vanes and
smaller mounts than the tested one. For the real flow distributor the flow uniformity (UI), as
calculated from equation (2.2), is UI = 0.93. It is an almost perfect uniformity, but with an
assumable high-pressure loss, for the entire simulate system ∆pSCR = 316Pa. Therefore three
different cost functions are set up, where the uniformity, pressure or uniformity+pressure is
optimised. The introduced pressure drop by the flow distributor is optimised to determine if it
is possible to obtain a lower pressure loss for the entire system while maintaining or increasing
the uniformity. The three different cases are shown in Figure 3.17. The cumulative morpher
displacement shows the direction and the amount of millimetre that each of the 728 design
points has to be moved, indicated with arrows. The percentage improvement is shown in Table
3.2. Here it is possible to see a slight improvement of the uniformity and up to 40% less
pressure drop for the system. Due to limitations in the software, in computational time and
in production methods, the results from the optimisation algorithm is used to create design
guidelines for optimisation of the flow distributor. From the optimisation, it is seen, that by
focusing on pressure or flow uniformity separately, the guide vanes have to be adjusted with
the flow direction, but for the combination of them, it is opposite. It is also seen, that to lower
Pressure

Pressure and Uniformity

Uniformity

Cumulative Morpher Displacement (mm)
0.0 1.2 2.4 3.6 4.8 6.0
0.0 0.3 0.6 0.9 1.2 1.6
Figure 3.17: Cumulative morpher displacement shown as coloured arrows for each of the 728 design
points on the geometry of the flow distributor. The arrow indicates the direction, whereas the length and
colour indicate the distance. The three different optimisation cases are modified from Knudsen (2017).
The flow goes from the top towards the bottom, the uniformity case is morphed less than the other two
cases.
Table 3.2: The predicted improvement for the entire (simulated) systems pressure (∆pSCR ) and for the
uniformity (UI) at the surface of the substrate, given as a percentage from before the optimisation for the
different optimisation cases.

Optimisation cases
∆pSCR
Pressure
38%
Pressure and Uniformity
29%
Uniformity
7%
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1%
3%
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the pressure loss, the sharp edges from the inside of the guide vanes have to be minimised or
curved. These design guidelines are used to optimise the original flow distributor tested in the
laboratory. The result is shown in Figure 3.18. Here it is also possible to see that the optimised
one has longer guide vanes than the original. This is to make the optimised flow distributor look
like the real flow distributor, with the same relative length of the guide vanes. The mounts from
the original are not changed.

Optimised flow distributor

Original flow distributor
Mounts

Guide vanes
Figure 3.18: Original and optimised flow distributor as tested in the laboratory.
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3.2.5

Optimised flow distributor

The optimised flow distributor is tested in the experiential setup and the results are shown
in Figure 3.19, together with the original flow distributor results from Figure 3.14. Here it is
(again) seen that with the optimised flow distributor, the flow field is almost independent of the
inlet condition. When comparing with the original flow distributor it is seen, that the optimised
flow distributor is preforming slightly better. For the optimised flow distributor the ’high speed’
region in the middle seems to be moved towards the x/d = −1, which is expected because
of a slightly not concentric mounting of the flow distributor. This region also shows, that the
optimised flow distributor is not perfect, and more optimisation has to be done, if the optimal
solution is the aim.

Figure 3.19: The velocity field after the straw dummy for the top row the original flow distributor and
the bottom row with the optimised flow distributor. Going from left to right, the cases are divided into:
Straight, one bend and two bends.
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3.3

Pulsation flow phenomena in SCR reactor

A SCR reactor connected directly to the exhaust from a large diesel engine will have a
pulsating
p inlet flow. The flow in the inlet pipe is expected to have a Womersley number, Wo =
D/2 f /ν where D is the diameter of the pipe, f is the frequency of pulsating flow and ν is
the kinematic viscosity. The Womersley number in a real SCR reactor is in the range of 80-255,
which is above one, why a flat velocity profile is expected. The Strouhal number St = f D/U
where U is the velocity of the flow, is expected to be in the range of 0.74-0.9. This is in the order
of one, thus it is expected, that the flow will move in "blocks/plugs" and separation is expected
at the flow distributor or other devices in the flow. The amplitude is estimated by MAN Energy
Solutions to be in the order of 2 − 3% of the mean, which is a small amplitude. This is because
the turbine at high load runs in choked conditions, meaning a constant Mach number. The
outgoing mass flow and volume flow, therefore, is close to constant, whereas the cylinder mass
flow comes in pulses. The result is cyclic pressure variations in the exhaust receiver and SCR
system arising from density variations and a relative constant volume flow throughout the SCR
system.
To investigate if pulsations have an effect on the measured velocity, a new test rig is constructed. It is designed to obtain a Womersley number in the range of the real SCR system, but
practical circumstances prevent to reach the desired Womersley number. The test campaign is
conducted to determine the influence of the amplitude and of the frequency on the flow after the
sudden expansion with and without the flow distributor.

3.3.1

Setup

A transparent down-scaled experimental model of an SCR reactor with a straight inlet is
constructed, see Figure 3.20. The setup, consisting of the SCR system and the open reservoir
is adapted to fit an existing flow test rig at TU Delft, previously used by Trip et al. (2012). The
experimental model is limited to a certain volume flow and pulsation frequency determined by
Catalyst (optional)
Flow distributor
d = 0.04m
y
D = 2.7d
ubulk
x
z
0.5d
Flow
conditioner

Ø0.05d

1/2d

1d 0.5d 9d
250d

Open reservoir

Pump and Flow meter
Figure 3.20: A schematic sketch of: Left the test rig, Right the catalyst dummy. The coordinate system
is located at the end of the expansion and the green is the measuring area.
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the gear pump. Furthermore, the practically obtainable geometrical size is limited by the optical
equipment and by the construction of the carrier part. This leads to the decision of using the
same inlet pipe diameter as on the existing setup. Thus a Reynolds number in the inlet pipe
is Red = ubulk d/ν ≈ 105 , where d is the inlet pipe diameter, ubulk is the velocity in the inlet
pipe based on the volume flow determined by the gear pump and flow meter. ν is the kinematic
viscosity based on the ambient pressure and water temperature. The flow cam pulsates with a
maximum of f = 7 Hz, regardless of the amplitude. The amplitude
p can be up to A = 25% of
the mean flow. This lead to a Womersley number of Wo = d/2 f /ν in the range of 4 − 34,
which is above the critical value of 1. The Strouhal number St = f d/ubulk in the range of
[0.1 − 7] · 10−3 , which is in the order of 10−4 , thus quasi-static flow should be expected. This
fact limits the compatibility with the real SCR system. A solution could be to minimise the
inlet diameter with a factor of 10, and thus also raise the velocity. This is not done, but the
experiment is carried out to investigate the effect of the quasi-static pulsation phenomena on
the flow distributor. The fluid is water and therefore incompressible. This limits further the
comparison to the real application, where the compressible effect occurs e.g. at the catalyst.
The system is driven by a gear pump with a direct effect on the fluid and an Ultrasonic flow
meter is used to measure the mean velocity. The pulsation follows a sinus wave, dictating the
rotations of the gear pump. It is chosen to use a channel based catalyst dummy, where the area
ratio is the same as for the real case. The holes are limited by the tools available in the workshop
(and the limited time) resulting in a slightly larger catalyst area (2.4d vs 2d) for obtaining the
same flow-through area ratio. On the sketch of the model, the measurement area is marked with
green. The flow conditioner is a leftover from previous experiments, where a fully developed
flow profile was necessary. For this experiment an inlet length of 250d results in as close to a
fully developed flow profile as possible. A picture of the real setup is shown in Figure 3.21.
Here it is possible to see both the optical box used to minimise the reflection and the optical
distortion from the curvature of the converter pipe and also to see the difference between the
reflective index between the water and the air. The model is validated against the steady setup
and good agreement is shown.

Inlet

Optical box Measuring area

Catalyst dummy Measuring area
Inlet

Flow distributor

Reactor

Outlet

Flow distributor

Reactor

Figure 3.21: Pictures of the two setups. On the left the reactor without the catalyst, placed inside the
optical box. On the right the reactor with the catalyst dummy inside. The green area is the measuring
area, and the flow distributor is visible in the diffuser.
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3.3.2

Results

To analyse the results a phase-average is used since the sampling rate is too low to get the
full information of each single sine wave. By knowing the fluctuations from the gear pump it
was thus possible to construct an ensemble-averaged of the sine wave. This is shown in Figure
3.22 a), where four different flow speeds yielding different amplitudes are shown. It is seen that
no difference for the shape of the velocity profiles is observed, thus the quasi-static pulsation
has no influence on the flow. Therefore it can be assumed, that a steady model can be used
to simulate this specific setup. It is also investigated if different effects occur when using high
frequencies or high amplitudes. These results are shown in Figure 3.22 b) and c), but as an
average of all the measurement data. The flow profiles coincide and no effects are seen for
the frequency and amplitude in the measured range. It is seen that the results are alike and the
repeatability is high. At y/d = 0 a deviation is seen, which can be due to blocked channels
in the catalyst by loose packing material. On Figure 3.23 a vortex ring is shown. It becomes
visible, when air is let into the experimental setup. The ring is gradually growing with most of
the air in the top of the reactor, due to the gravity. The vortex ring is not included when doing
the measurement, why it does not have any influence on the results.
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Figure 3.22: Velocity profiles for the in-plane velocity u in the x-direction at x/d = 2 with the catalyst
dummy mounted. a) Phase average data where u is shown as the percentages of the mean flow. b)
Ensemble averaged over entire measuring series where u is shown for the amplitude in per cent of the
mean flow. c) Ensemble average over entire measuring series where u is shown for the frequency in Hz.
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Figure 3.23: Pictures of the vortex ring when air enters the setup, flow from left to right.
3.3.3

Compare with CFD

The following section describes the work documented in Knudsen (2017) and done
by Christian Agular Knudsen during his master thesis. The author was co-supervisor
together with (among others) the main supervisor Professor Jens Honore Walther.
The project is created by the author to help to achieve better insight into the SCR
flow, both steady and pulsating, to optimise the flow distributor and to validate if
the experimental database is sufficient.
The numerical model explained earlier is updated to achieve pulsating flow patterns. This
is done by introducing an implicit unsteady flow model, where the constant density is changed
to an ideal gas model. This is done because the nature of pulsation is time-dependent and to
model compressible features if such show up in for example the channels of the flow distributor
or at the catalyst dummy. A comparison of the velocity field is seen in Figure 3.24, where the
amplitudes are alike, but where the frequency, as well as the Womersley number, is different.
This is chosen even though the simulated setting is experimentally investigated, but only for a
couple of sine waves, which gives a high statistical uncertainty. Therefore another experimental
case is used, where the Womersley number is lower. This is chosen because the experiments
show that the frequency and thus the Womersley number is unimportant in the range investigated
in the measurements. Another important difference is the flow distributor. For the simulations
the real flow distributor is used, where the experiments use the simplified version, as for the
other experiments. This can be seen as high velocities at the left of the velocity field because
the real flow distributor is longer, thus ending in at a higher x/d value. Also for the experiment,
an incompressible fluid is used the opposite, the simulation where a compressible fluid is used.
This is for small amplitudes assumed to be insignificant. Comparing the velocity fields in
Figure 3.24 some clear differences are seen. The main difference is from the flow distributor.
This affects the vortex, where the center to center distance is smaller. The numerical catalyst
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dummy is thinner and designed to match the pressure drop over the mesh dummy. Where the
experimental dummy is assumed to have a larger pressure drop. The recirculation zone behind
the catalyst dummy seems larger from the numerical results, assumed to be due to the large
frame. The discrepancies have to be more investigated and the simulations have to be further
validated. The simulations show that the compressible effects happen at an amplitude of 75%
but also that it does not change the uniformity and only change the pressure drop. For the
simulation the largest used strouhal number St = f L/U is in the order of ≈ 0.1. This is too
low for obtaining the correct conditions to compare with real engines. More work has to be put
into different simulation to obtain comparable and trustworthy results.

Numerical

Experimental

Figure 3.24: Velocity field for an entire average of a pulsation case, where u is the magnitude of the
in-plane velocities. Left: simulation, right: experiment. The grey square indicates the catalyst dummy.
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3.4

Summery

Two steps of the Selective Catalyst Reduction (SCR) system is investigated, both the mixing
step and the reducing step. For the mixing step it is investigated how to numerically model
the mixing of a component into the exhaust gas pipeline. This is done with the use of three
simplified industrial mixing applications. First a straight pipe, secondly a straight pipe with a
bend and thirdly a straight pipe with an obstacle inside (mixing plate). The models are tested
at two different Reynolds numbers ([0.5, 1] · 105 ). Numerically two different RANS turbulence
models are investigated together with a RANS-LES hybrid model. The end goal was to find an
out-of-box method to investigate the mixing. It is seen that it is necessary to use scale resolving
models to determine the mixing and the correct mixing distance.
For the reducing step the experiments of the flow phenomena in the SCR reactor show separation at the inlet of the sudden expansion. Thus a device for distributing the flow is necessary,
for obtaining uniform flow at the substrate. The flow distributor is tested and a locking effect is
seen. The effect locks the flow to one of the channels of the flow distributor for significant periods, resulting in only smaller used areas of the substrate. This effect is not seen when analysing
the flow just behind the straw dummy. One explanation could be that a part of the effect is
connected with a flow reversal through the catalyst. This seems unlikely to happen with the
straw dummy, but for the real case, the SCR consists of several layers of catalyst, where the
reversed flow can be present. This is quite speculative and more work has to be done for fully
understanding this effect, one could test if the locking effect is present in front of the straw
dummy.
The flow field after the straw dummy becomes more uniform when using the flow distributor and/or an out-of-plane bend. This shows that the flow distributor works and the upstream
conditions are unimportant.
With pulsating inlet flow, in a quasi-static setup, it is shown that the mean velocity profile is
the same as for the steady inlet flow. To conclude if pulsations are needed to model the SCR
system, more experimental work has to be performed. The flow through the SCR reactor is
simulated, where the turbulence is modelled with a RANS model, and the results are to some
extend validated to the measured ones. The numerical model is used to obtain guidelines for
optimising the flow distributor. This optimisation results in a lower pressure drop with nearly
the same uniformity index as also visually shown in the experimentally obtained velocity fields.
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Chapter 4
Future work
In this chapter several ideas for future work is briefly discussed with focus on the practical
implementation and the missing parts.

4.1

Numerical improvements

Based on the experience from the simulations of mixing in pipe flow and the discrepancy between the measurements and the numerical model for the SCR reactor, a numerical model could
be constructed, where the scales were resolved. This improved model could be used to further
validate the flow distributor and to obtain better insight into the flow phenomena. Especially the
numerical investigation for the pulsation does not match well with the experimentally obtained
results. This ought to be looked more into. It can be done by further validating the model and
by simulating more periods (sine waves) to obtain results with lower statistically uncertainty.

4.2

Experimental improvements

It would be interesting to investigate if the locking effect is present in front of the straw
dummy. This can be done by setting up the apparatus as for the mesh dummy and measure the
flow for the straight case with the flow distributor. Also, further investigations of the locking
effect have to be conducted to determine, which time scales are needed, and what is causing
the effect. Both details are important for the CFD simulations. For further improvement of the
experimental setup, the straw dummy could be remade, in order to avoid the pattern present in
the velocity field. This would allow to measure the flow field and determine the uniformity of the
flow without any correction factors and thus more precise. It could be obtained by improving the
painting technique for the grid in order to get a more thin and uniform layer of paint. Combining
this with a reduced laser light intensity, more accurate measurements seem possible.
For creating a better understanding of the flow in the SCR system, it could be visualised with
the use of e.g. helium-filled soap bubbles. This should be done in the steady setup and with
this, it should be possible to see the flow phenomena.
The experiment with the pulsation ought to be redone, with the flow Strouhal number in
the order of one and thus eliminating the quasi-static results. These results are of interest to
determine if the results can be conducted as a steady-state. The current steady-state setup for
the SCR reactor, with air as the fluid, could be modified to obtain pulsations. This can be done
as by Benjamin et al. (1996) who mounted a spinning disc with one hole in front of the inlet
pipe for controlling the oscillation frequency of the flow. An advantage of using this setup is
also to test if there are compressible effects as e.g. resonance phenomena.
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A topic not mentioned in this thesis is the mixing done by the flow distributor. This is of
interest because the total length from the injection point to where it is homogeneously mixed
should be just in front of the substrate dummy or behind if the sampling obstructs the flow. This
is in order to obtain the shortest mixing distance possible. The experiments could be performed
in such a way, that not only the uniformity of the main flow but a combination of the uniformity
of the mixture of the exhaust gas and the tracer gas. The experiments can be done with the
current setup and apparatus available at DTU. The injection point should be moved closer to the
flow distributor, resulting in an inflow to the flow distributor, that is not fully mixed. It would
be possible to estimate the mixing caused by the flow distributor by measuring concentration
profiles just before or after the substrate. Furthermore, it would be possible to measure the
concentration after the straw dummy.
The scale model should be validated against the real SCR system, to ensuring that the model
is correct. This could be done on the test engine at MAN Energy Solutions with the drawbacks,
that different parameters tested could be covered up as described by Poulsen (2009). The real
SCR has a higher Reynolds number, where is it expected, that large changes in temperature and
in pressure affect the flow phenomena. This is absent from the flow in the scale model.
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Chapter 5
Concluding remarks
This thesis has investigated the flow in a Selective Catalyst Reduction (SCR) system used
to ensure NOx free exhaust gas from low-speed two-stroke (LSTS) marine diesel engines. The
work was motivated by demands from the global society to reduce emissions by 80% from
2016. Issues with the implementation of SCR in LSTS engines were investigated, where the
results are obtained by studying the flow in three different experimental test rigs.
– A test rig was constructed to understand the flow and mixing of two fluids where the
secondary fluid was centerline injected into the main fluid. The model experiment was
to investigate the mixing of a reactant into the exhaust gas from the LSTS marine diesel
engines. The experiment determined both the velocity- and the concentration profiles at
different downstream positions from the injection point.
– A simplified and downscale version of the SCR reactor was constructed, where the effect
of different inlet conditions was investigated. The suggested flow distributor was tested.
Different conclusions could be drawn from these experiments. The inlet conditions were
of no or little importance when the flow distributor was mounted. With the flow distributor
a locking effect was seen in front of the catalyst, but not behind.
– The effect of pulsations was tested. This shows, that for a quasi-static pulsation, the
amplitude and frequency are only of little importance.
For each of the setups, a database was created. This database includes the geometry, boundary conditions and the measurements. The database can be used to validate numerical models,
which can be used to optimise the SCR system for each different LSTS marine diesel engine.
The database was tested and validated against numerical models, where among other things an
improved flow distributor was designed.
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Chapter 6
Additional work
This chapter goes through the work done, during the external stay included in the PhD study.
It is not directly related to the overall topic.
The author’s main contributions was to conduct measurements in the lab and through
this work learn different measuring techniques (as explained below). The author
contributed to the development of a novel method for determining the film thickness,
based on lines in the laser sheet. During the work, discussions of the theory behind
the measurement became key factors for guiding students (afterwards) in the lab
at DTU with e.g. particle sizing. Furthermore, the structure and the-way-of-doing
experiments improved the author’s own experiment and made it possible to build
and conduct a pulsation experiment in one month.

6.1

Flow in corrugated pipes

This section goes through the topic explained by van Eckeveld et al. (2018) where the focus
is on corrugated pipes. These pipes are among other things used to transport natural gas from
the underground to the surface of the sea. For particular gas flow rates, a high whistling sound
occurs at the pipes. To dampen or remove the noise, the workers at the oil platforms let some
liquid into the pipe. The dampen noise phenomena were investigated in an early study by
Van Eckeveld et al. (2017) .
The present work goes through some of the physics in smooth pipe walls and in corrugated
pipe walls to gain insight into the different two-phase annular flow regimes. The work relevant
for this thesis is the work done in smooth pipes. Different measurements are performed:
– High-speed camera
The flow is investigated with the use of a high-speed camera. This is done to investigate
the different flow regimes and wave patterns described in theory. The setup is adjusted by
including a background with a shifting pattern of black and white bands to increase the
contrast and to clearly show the fluid.
– Laser-Induced Fluorescence (LIF) technique
The film thickness is determined with the use of LIF. The technique was modified to compensate for the reflections at the liquid-gas interface. This was done by adding a straight
line pattern to the laser sheet. This line could then be detected in the postprocessing algorithm. Where the line bent the surface of the wave is located. This reduced the detection
error significantly and therefore limited the error of the film thickness.
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– Combination of Interferometry (IPI/ILIDS) and Shadowgraphy (SPI)
SPI and IPI were used to determine the entire droplet size distribution of the droplet
leaving the pipe. The two distributions were fitted to obtain the entire distribution.
The investigations are carried out in a long vertical pipe, where the liquid is introduced at
the centerline of the pipe around 50 pipe diameters downstream the transparent test section. To
measure the droplets the liquid film is removed at the exit with a slit.

6.1.1

Two phase flow and film thickness

In Figure 6.1, the basic setup for the measurement of film thickness can be seen. Above
the optical box, the two-phase flow can be seen. This is what was investigated in the highspeed camera test. An angle was set between the camera and the laser sheet. This was done to
compensate for the refractive index between the water, the Plexiglas and the air. In Figure 6.1 a
schematic of the line pattern is shown. Here it is indicated, that the line break at the surface of
the wave results in a point possible to detect.

6.1.2

Droplet sizing

To determine the droplet size a slit was used to remove the film. The film was collected and
the entire mass of the water was determined. In Figure 6.2, the calibration for the IPI setup is
seen. For the IPI special care was taken to ensure the correct angle between the camera and the
laser sheet. This is done as described by Kawaguchi et al. (2002) and Maeda et al. (2002) to
Pipe + waves
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Real wave

Lines

Lens
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Seen wave
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Figure 6.1: Left: The setup to measure the film thickness. Right: Schematic of the indication method to
film thickness.
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Figure 6.2: Left: The calibration setup for the IPI/SPI experiment. Right: The distribution curve obtained with the two measuring methods.

have the optimal fraction between reflection and refraction to ensure the brightest fringes. For
the SPI a background illumination was used to create a clear picture of the droplets. The two
size distributions were fitted together to create the entire droplet distribution.

6.1.3

Summery

The mapping of the flow regime corresponds well with literature. The novel implementation
of the LIF technique, improve film thickness measurements by removing large errors from
the detection algorithm afterwards. The droplet sizing together with film scale measurement
compared with the introduced liquid correspond well, showing that the fitted distribution is
correct.
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Abstract Velocity and concentration profiles in a pipe flow
was measured downstream of injection of a tracer gas at
the pipe centerline. The pipe had diameter D = 0.2 m and
two Reynolds numbers, Re = 50000 and Re = 100000, were
used. The profiles were measured at positions 5D and 10D
downstream of the injection point. Three different industrial
relevant geometrical configurations were used upstream of
the injection point: a 10D straight pipe, two 10D pipes connected with a 90◦ bend or a straight 10D pipe with a mixer
plate mounted 2D upstream the injection point. In all cases,
air entered the pipe from the surroundings through a sharpedged inlet. This represents many practical flow applications
and is also a well-defined inlet condition that generates turbulence in the vena contracta in the inlet. The measurements
were compared to predictions from three different computational models: two with Reynolds Averaged Navier-Stokes
(RANS) and one with high-resolution Detached Eddy Simulation (DES). For RANS, the k-ω SST model had difficulty
in predicting the turbulence created by the vena contracta.
The k-ε model performed better, but gave completely wrong
results for the inlet with a pipe bend. The DES was successful for all cases with only minor deviations from measurements.
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1 Introduction
Studies of the mixing of fluids in pipes have been used to
understand the physics of fluids for decades. The probably most famous mixing experiment was made by Osborne
Reynolds in 1880 [1]. Different regimes of fluid flow were
experimentally investigated by examining mixing of injected
ink into water in a pipe flow. In the 1920s, G. I. Taylor [2]
investigated the different scales of the flow and made simple mixing correlations. A great deal of research since then
has attempted to understand turbulence in order to predict
pipeline mixing behaviour. Dimotakis [3] discuss how experiments and simulations become increasingly challenging
as the Reynolds number increases. Paul et al [4] summarize
that for problems of practical interest, the physics of turbulence cannot presently be solved. The authors also conclude
that current models that can be solved, are missing important
physics to get accurate simulation of the mixing.
The first attempts to predict mixing used different sophisticated theory-based empirical relations, both for mixing in axial and radial direction. These models were derived
and validated with simple experiments, [5] [6] [7] [8] [9]
[10]. In the mentioned works, concentration at several positions is investigate in fully develop turbulent pipe flow
for high Reynolds numbers (105 ) with point based measurement techniques. A problem with these models is that
they are very case specific and, as Clayton’s experiments
[9] show, hard to validate. Clayton’s experiments were performed with a centreline injection into a pipe with Reynolds
number at 77000 with the flow being fully turbulent before
the injection point. His results show that axial symmetry is
hard to obtain, even though the analytical model, assuming Reynolds’ analogy, did achieve quite good agreement
with the experimental results. Newer studies for examble
by Guiraud et al [11] used non-intrusive measuring techniques and still did not get axisymmetric results. All these
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approaches has two premises: the flow must have fully developed turbulence and the geometry of the system must be
perfectly symmetric. Both are difficult to obtain experimentally. Paul et al [4] discuss Computational Fluid Dynamics
(CFD) models used for prediction of flow mixing. The classical standard Reynolds Averaged Navier-Stokes (RANS)
type models typically rely on considerable parameter fitting
to give satisfactory mixing results. Detached Eddy Simulation (DES) type models holds the promise of being less dependent on parameter tuning and thus closer to producing
trustworthy results ”out-of-the-box”.
The velocity profile in turbulent pipe flow is well documented, e.g. by Laufer [12]. It has also been demonstrated
that Direct Numerical Simulation (DNS) give good agreement with measurements at relatively low Reynolds numbers, e.g. by Eggels et al. [13]. But apparently, very few
experiments with detailed measurements of both velocity
and concentration in pipe flow are reported in the literature.
The present study therefore aims to present accurate measurements of local velocity and concentration for three pipe
configurations. In contrast to many earlier studies, the pipe
flow is not fully developed. Instead, a 10 diameter long pipe
with a sharp-edged inlet is used. The pipe draw air from
a larger surrounding space. The sharp edge trigger the creation of a vena contracta that is the main contributor to turbulence. This is a more realistic inlet for industrial applications, where the pipe inlet is often connected to a larger flow
container. Also, this inlet conditions do not need to specify
measured variables at the inlet. It is interesting to note that
designers of RANS models typically have used the fully developed pipe flow as one of their test cases while deciding
model parameters. The experiments therefore also offer data
that can be used to investigate the turbulence models ability
to model pipe flow with more complicated physics in the
generation of turbulence.
The three pipe configurations are a straight pipe, a pipe
with an upstream 90◦ bend and a straight pipe with a mixer
plate inserted. These configurations are inspired by actual
designs used in large marine diesel engines in the emission
control system, but are simplified to be more generic and
straightforward to implement in CFD simulations. The configurations also represent application of mixing in a much
wider range of process equipment. A tracer gas is injected
in the pipe at the centerline, modelling the injection of a
reactant gas used in the downstream catalytic reactor. Two
different Reynolds numbers of 50000 and 100000 are used
to investigate dependence of the Reynolds number. Finally,
the pipe configurations are simulated with three fundamentally different turbulence models: two classical RANS models and a computationally more demanding DES model.
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2 Experiment
2.1 Setup
The test rig was based on a straight empty pipe with an inner diameter of D = 200mm. The pipe was a folded spiralseam pipe with a surface roughness of 25µm estimated from
pressure drop measurements. This corresponds to an almost
smooth pipe. The pipe had a sharp-edged inlet with a wall
thickness of 0.5 mm. The experiments were conducted with
ambient air at laboratory conditions. Two flow rates were
used matched to Reynolds numbers ReD = 50000 and ReD =
100000. The Reynolds number was based on the pipe diameter and the mean velocity in the pipe found from volume
flow measured by an orifice flow meter [14]. The flow meter
was placed more than 40 pipe diameters downstream of the
test section.
Measurements were obtained with three different configurations in which the conditions upstream of the tracer
gas injection position were changed. The three configurations are illustrated in Figure 1. The ’Straight’ configuration
was an empty pipe with a length of 10D upstream of the injection point. The ’Bend’ configuration used a 90◦ pipe bend
with a radius of curvature of D joined to the upstream end
of the ’Straight’ configuration. The bend is in the horizontal plane, negative x-direction. The bend was connected in
upstream direction to a short pipe with a length of 10D and
a sharp edged inlet. The ’Plate’ configuration consisted of a
mixer plate mounted inside the ’Straight’ configuration 2D
upstream of the injection point. The mixer plate had a diameter 0.5D, a thickness of 3mm and was mounted on a horizontal rod. The rod was mounted so that is passed through
the pipe center axis. The rod had a diameter of 6mm. The
plate was tilted 15◦ from vertical, so that the top was further
downstream than the bottom.
For each configuration, velocity and concentration measurements were made along four different lines that crossed
the pipe center axis, horizontally or vertically at z = 5D and
z = 10D, respectively. They are denoted as 05DH, 05DV,
10DH and 10DV, see Figure 1. Each combination of configuration and position were measured independently. For the
measurements of concentration, the tracer gas, methane, was
injected at the center line with an injector pipe. The shape of
the injector pipe was designed to minimize the effect on the
flow in the main pipe and to minimize the level of turbulence
in the injected methane. The injector pipe had an outer diameter of 6mm and an inner diameter of 3.6mm. The injector
pipe had a 90◦ bend with a radius of curvature of 15mm followed by a straight part of 36mm. A HovaGAS Digital G6
flow regulator was used to control and monitor the flow of
ml
methane, which was fixed at QCH4 = 500 ± 3.6 min
. The flow
inside the injector is laminar. The concentration measuring

Experimental Validation of RANS and DES Modelling of Pipe Flow Mixing

3

Fig. 1 Sketch of experimental setup where the ’Bend’ and ’Plate’ are optional. The sketch shows main dimensions, sample positions (coloured
dashed lines denoted (- - -) 05DH, (- - -) 05DV, (- - -) 10DH and (- - -) 10DV) and the fixed location of the methane injection pipe. Optical access is
through two sets of perpendicular 0.1m diameter holes covered by a very thin transparent plastic film

probe had the same dimensions as the injector pipe, but was
directed in upstream direction.
2.2 Measuring techniques
The longitudinal velocity component W was measured with
a Laser Doppler Anemometer (LDA) from Dantec Dynamics. The velocity measurements were made without the probe
for measuring methane, but with the injection pipe inserted.
Holes with a diameter of 90mm were made in the straight
pipe and covered with a thin plastic film. A BSA enhanced
processor and a Coherent Genesis MX 514-1000 SLM laser,
with a wavelengths of 514 nm and power output set to 30
mW were used. The optics consisted of a 1.98 beam expander and a 310 mm focal lens. The angle between the
two laser beams was 13.83◦ ± 0.08◦ . The beams created a
measuring volume with length 630µm and diameter 76µm.
The software used to collect and process the data was Flow
Software Version 2.12.00.15.
The optics were manually aligned perpendicular to the
pipe center axis with an uncertainty of ±0.1◦ and offset from
the centerline of less than 0.5mm. Glycerine droplets with a
diameter of 2 µm were used as tracer particles. Each traverse
line (dashed lines in Figure 1) was divided into 65 points that
were unevenly distributed with a higher point density near
the walls. Each point was sampled for 30 seconds. A traverse
system with a resolution of 12.5 µm, was used to move the
measuring volume. The integral time scale was estimated
from autocorrelation to be ∼ 80ms. The sample time therefore corresponds to 180-200 uncorrelated samples giving a
variability on the axial mean velocity of around 2%. This
variability is lower than the total uncertainties discussed in
section 2.4.
Fourier Transform Infrared Spectroscopy (FTIR) technique was used to measure the concentration C as described

by e.g. Smith [15]. The instrument was a Gasmet DX4000
with a MCT (Mercury Cadmium Telluride) detector. The
measurement was conducted along the same lines as for the
velocity. The lines were discretised into 13 points and at
each point the mean concentration was estimated from samples taken over 60 seconds. The FTIR gave samples at 1 Hz
with each sample being based on an evaluation of 10 spectra. The software used to collect the samples and analyse the
data was Calcmet version 4.48. Some of the measurements
were validated with the use of the algorithm described by
Westlye [16], and this was use to estimate an error of 4% on
the measured concentration. The probe was traversed manually with an estimated uncertainty on the position of 2 mm.
2.3 Experimental Results
The measured mean velocities are shown in Figure 2. They
have been normalised with the actual mean bulk velocity in
the pipe based on the volume flow from the orifice plate flow
meter. The velocity profiles are not perfectly symmetrical
around the center line. The vertical profiles are influenced
by the injection pipe. This is also seen in the numerical simulations as discussed in section 4.3. Other deviations from
symmetry and deviation between measurements at different
Reynolds number are comparable to the variability of 2%.
The velocity profiles are therefore reasonably independent
of Reynolds number.
The concentration profiles are shown in Figure 3 and
have been normalised with mean bulk concentration estimated from the injection rate of methane divided by the flow
rate of air (CQ = 69 ppm or CQ = 35 ppm for ReD = 50000
and ReD = 100000, respectively). Looking first at the concentration profiles for the Straight and Bend configurations,
a clear change is seen between profiles at 5D and at 10D with
peak concentration being lower at 10D. For ReD = 50000
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Fig. 2 The experimental obtained velocity profiles normalized with the actual mean velocity for the different positions: (+) 05D and (×) 10D with
ReD = 50 000, (2) 05D and (◦) 10D with ReD = 100 000.

the concentration centre peak value decrease by around 35%
and for ReD = 100000 by around 50%. In both cases the
concentration profiles becomes more flat at 10D compared
to 5D and a plateau is created in the middle of the pipe.
For the 05DV case for the Bend, especially at the low
Reynolds number, the point to point variation is larger than
the general estimated uncertainty of 5%, discussed in section 2.4. This is probably caused by the flow having large
scale flow variation and could be reduced by longer sampling times. Increasing the Reynolds number clearly enhances
mixing as seen by a reduction in peak concentration of around
10-20% when comparing ReD = 100000 with ReD = 50000.
The measured concentration profiles are clearly not similar for ReD = 50000 and ReD = 100000. The concentration
profiles are therefore much more sensitive to the Reynolds
number than the velocity profiles.
Looking at the concentration profile with the mixer plate
included, it is seen that the flow is much more mixed compared to the two other cases with an almost uniform concentration in the horizontal direction and an almost linear
variation in the vertical direction with highest concentration
at the top of the pipe. The concentration level is below one
for nearly all the measured points indicating that an asymmetry is present. As discussed later in section 4.3, a large

Table 1 Concentration at fully mixed flow conditions measured before
and after the measurement campaign and compared to calculations of
estimate found flow rate measurements.
Calculated [ppm]
Measured [ppm]
Deviation [%]

Before
36.0
35.2
2.2

After
36.0
37.2
3.3

part of the methane has moved upwards (positive y values)
in the pipe.

2.4 Uncertainty
To validate the measurement chain for the concentration, the
concentration was measured downstream of the orifice plate
flow meter, but before the fan. Here the flow can be assumed
to be fully mixed. This was verified by measurements at several different radial positions. The results are shown in Table
1 together with the calculated value and the deviation.
The estimated uncertainties were determined based on
the fluctuations of the pressure reading over the orifice, the
specifications for the HovaGAS flow meter and the concentration value in Calcmet [16]. These are all independent
values. The estimated uncertainties are given in Table 2.
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Fig. 3 The experimental obtained concentration profiles normalized with the actual mean concentration for the different positions: (+) 05DH, (×)
05DV, (2) 10DH and (◦) 10DV for ReD = 50000 and ReD = 100000.
Table 2 The estimated uncertainty on the three main settings. Used to
calculate the expected error. For the volume flow of CH4 the value is
from the calibration certificate provide by the manufacturer of the flow
regulator.
Error source
Volume flow air
Volume flow CH4
FTIR - Calcmet

Estimated uncertainty [%]
3.0
0.72
4.0

Based on these values, the total uncertainty was calculated
to be 5%. The observed deviation in Table 1 is therefore well
within the estimated uncertainty of 5%.
An uncertainty not directly handled is on the cross sectional area of the main pipe. Due to ovality of this pipe is the
diameter varies with D = 200mm ± 2 mm. This uncertainty
is expected to be insignificant compared to other uncertainties.

3 Numerical method
3.1 Model geometry
The three different flow configurations described in Section 2 were each simulated with CFD. The model included

Fig. 4 Geometry in the simulation of the Bend case. The injection pipe
is included in all CFD simulations.

20D of straight pipe downstream of the methane injection
point and all of the upstream geometry including the methane
injection pipe. A sphere was added to the inlet of the pipe
to facilitate the creation of the vena contracta, which is expected to be the dominant flow structure at the pipe inlet.
Some details are shown for the Bend case in Figure 4.
For the injection pipe, only the last four inner pipe diameters were resolved to define the inner geometry. This length
was assumed to be sufficient to facilitate the correct dynamic
behaviour as pure methane enters the larger pipe. The sec-
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ondary vortices formed by the 90-degree bend in the inner
pipe were assumed to be insignificant.
3.2 Model physics
The numerical model was a 3D incompressible CFD model
of the pipe flow, modelled in CD-adapco StarCCM+ version
11. The two fluids, air and methane, were assumed to have
the constant properties shown in Table 3.2 where ρi is density, µi dynamic viscosity and Mi the molar weight. The governing equations were solved using a locally mass-weighted
average of ρi and µi .
i
Air
CH4

ρi [kg/m3 ]
1.184
0.657

µi [µPa-s]
18.55
11.19

Mi [g/mol]
28.97
16.04

Table 3 Constant fluid properties for the CFD model.

Boundary conditions The sphere at the inlet was set to a
stagnation inlet boundary type with a flow direction normal
to the surface. Its surface area was an order of magnitude
larger than the pipe cross-sectional area. This resulted in
very low inlet velocities resembling the near-stagnant flow
assumed to exist in the laboratory. The total pressure on this
surface was uniform and constant. The turbulent intensity
was fixed to 1% and the turbulent length scale was 0.2m.
These values are assumed less important because the velocity is below 0.1 m/s and the main turbulence contributor is
the vena contracta in the pipe inlet. The pipe outlet surface
was set to a uniform constant static pressure. This pressure
was manually adjusted to achieve Reynolds numbers corresponding to that of the experiments. The methane inlet was
set to a uniform constant velocity yielding a volume flow of
ml
methane equal to 500 min
. The turbulent intensity was fixed
to 1% and turbulent length scale was 0.002m. All walls were
set to smooth walls with a no-slip condition.

stress tensor and Ttmodel is the modelled Reynolds stress tensor. The hat above a variable indicates either a RANS time
averaged quantity or LES spatial filtered velocity [21].
The Boussinesq approximation was used to introduce a
turbulent dynamic viscosity µt that relates the mean strain
rate tensor S to the Reynolds stresses in the following way
2
Ttmodel = 2µt S − (µt ∇ · v̂ + ρk) I
3

(2)

where k is the turbulence kinetic energy. Since the magnitude of the modelled Reynolds stress tensor scales proportionally to µt , µt can be used as a crude measure of how
much the turbulence model is attenuating the flow.
The solved transport equation for air and methane is


µ µt
∂
(ρY ) + ∇ · (ρ v̂Y ) = ∇ ·
+
∇Y
(3)
∂t
σ σt
where Y is the mass fraction. The Schmidt number for methaneair diffusion is σ = 1.0. The turbulent Schmidt numbers σt
is a constant model parameter and the default value in StarCCM+ is σt = 0.9.
No artificial resolved turbulence was applied at inlets for
the DES simulations. The reason was that such turbulence
would be insignificant compared to the turbulence generated
by the vena contracta.
Discretization The steady RANS simulations use a secondorder upwind spatial discretisation scheme for the convective fluxes. The DES simulations uses the Hybrid-Bounded
Central discretization scheme, which is the default for DES
simulations in StarCCM+. The unsteady DES solver runs an
implicit second-order scheme.
3.3 Mesh

The trimmed cell mesher in StarCCM+ was used to form
predominantly cubic cells. Due to the bulk mesh cell size,
the criteria for using a high Reynolds model of the turbulent boundary layer, 30 < y+ < 150, would have been readTurbulence models Three different turbulence models are
ily satisfied, but the cut-cell meshing approach gives a very
used. The first two, k-epsilon [17,18] and k-omega SST [19,
uneven distribution of wall to cell centre distances in the
20], are both widely used in the industry and belong to the
first cell layer at the walls. An uneven distribution was asfamily of RANS models. The third type is a transient and
sumed to be detrimental to the results, despite using an allscale-resolving model, Spalart-Allmeras Detached Eddy (DES) y+ wall model. To achieve a smooth distribution, 5-7 lay[17,18]. In StarCCM+ a unified turbulence modelling apers of prismatic cells were added to the mesh near the pipe
proach was used, where the modelled momentum equation
walls. The first cell height was chosen to have an average y+
is
below 5 as recommended for near-wall turbulence models.
This study also include a sensitivity analysis of the boundary


∂
(ρ v̂) + ∇ · (ρ v̂ ⊗ v̂) = −∇ · p̂I + ∇ · T + Ttmodel
(1)
layer mesh to rationalize the boundary layer mesh setup.
∂t
The RANS and DES mesh topology consisted of vol3
umes and surfaces where mesh was refined locally to imwhere ρ is fluid density in kg/m , v is velocity vector in m/s,
prove the prediction of methane mixing and turbulence. The
p is pressure in Pa, I is the identity tensor, T is the viscous
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etry and for the methane injection pipe is shown in Figure 6.

3.4 RANS Mesh sensitivity
Fig. 5 Mesh topology regions for refinement purposes. Coloured
patches are volume refinement regions and crosses points to specific
surface features. Region B is only used when the mixer is included.

topology is illustrated in Figure 5. The surface refinement region A at the pipe inlet improves the resolution of the shear
layer in the vena contracta. This shear layer is believed to
introduce turbulence important for methane mixing. Region
B indicates a optional volume refinement around the mixer
plate, which is also a significant contributor of turbulence.
A surface refinement region C was added to the outside of
the injection pipe wall surface to ensure a reasonable resolution of this geometry regardless of overall mesh size. For
the same reason, a surface refinement region D was added at
the injection pipe outlet. The methane mixing from injection
and up to 10D after the methane injection point was the core
region of interest. Since the inner injection pipe diameter
was around 4mm, structures in the methane concentration of
the order of 1mm were expected. Resolving such structures
in DES with 10 cells requires a sub-mm sized mesh. The
volume refinement region E was necessary because such a
fine mesh can only be applied in a limited region with the
current numerical resources. Due to diffusion, the overall
size of methane concentration structures was expected to increase downstream. Volume refinement in region F allowed
for a gradual increase in cell size to follow that trend.
A trimmed-cell mesh only allows for 1:2 changes in cell
size and 1:8 in cell volume. To minimize the numerical impact of this abrupt change in cell size a very slow growth
rate is generally employed. This setting gives a minimum
of 8 layers between cell size transitions. As an indirect consequence, local surface refinements will propagate into and
refine the surrounding volume mesh. The applied refinement
levels are seen in Table 4.
Small cells around the inlet corner in region A ensure
that the starting point of the vena contracta is quite well resolved. This is not disadvantageous in terms of cell count or
time step size because the affected region is relatively small
and the time step is not limited by the Courant number here.
The bend geometry increases the total simulation volume
compared to the two other cases. To avoid a proportional increase in total cell count for the Bend configuration, the base
size of the Bend DES mesh was increased. For the same reason, less surface refinement was also used at region A for the
Bend case. The mesh in the inlet region for the Bend geom-

The sensitivity of the RANS mesh size on velocity and concentration profiles was investigated by varying the mesh size.
The variations were done at ReD = 50000 and consisted of
changing the straight case (s) mesh sizes to 200% (c1), 50%
(f1) and 25% (f2), see table 5. For both turbulence models,
the impact of changing the mesh sizes on the velocity and
the RMS profiles can be seen in Figure 7. The RMS value
is not available directly inqRANS, but a comparable value is

estimated as RMS(W ) = 23 k.
The mean velocity is only weakly influenced by mesh
size with the peak velocity changing less than 4%. The velocity RMS profile is influenced more by mesh size, but
the fine grids (f1 and f2) are in good agreement, and the
grid used in further simulations (s) only has small deviations
from the fine grids. Irrespectively of the amount of mesh
refinement, the SST k-ω does not approach the measured
data. The error is a too steep mean velocity profile near the
center and too high levels of RMS value with maxima near
x/D = ±0.2. It appears that the k-ω SST model is not good
at handling the turbulence created by the vena contracta.
Even though the level of the RMS values are too high, the
turbulent momentum diffusion appears to be predicted too
low. This causes a too steep velocity profile away from the
wall. The mean and RMS profiles of the k-ε model match
much better with the measurements. Not much fidelity is
gained by mesh refinement below the mesh s level.
Hence the mesh sizes, f1, in table 5, the boundary layer
meshing strategy and the k-ε turbulence model were deemed
most trustworthy.

3.5 DES mesh sensitivity
The DES mesh size sensitivity was investigated in a short
parameter study where the base size and refinement levels were changed. Due to limited computational resources
it was not possible to perform a more thorough investigation. However, it demonstrated the impact of mesh size. The
computational effort increased from a day in the smallest
case to several months. In both cases 192 cores on nodes
with dual Xeon E5-2690v3 were used. The Straight case at
ReD = 50000 was used as test case and the parameter variations can be seen in Table 5. The influence of mesh parameters on velocity and concentration profiles is shown in
Figure 8.
The meshing parameter sets ii, iii and iv gives similar
concentration profiles but i is very different and somewhat
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Table 4 Characteristic length for mesh base size ans refinement zones A-F in mm for the three simulations, see Figure 5.
Geometry
Straight
Bend
Plate

Total # of cells
8.2 · 106
8.5 · 106
14 · 106

Geometry
Straight
Bend
Plate

Total # of cells
69 · 106
53 · 106
81 · 106

RANS - Mesh parameters
Base size
10
17
10

A
2.5
0.9
2.5

B
10
3.8
2.5

C
0.6
0.5
0.5

D
0.6
0.5
0.6

E
0.6
0.5
0.6

F
2.5
7.1
5.0

DES - model Mesh parameters
Base size
A
5.0
0.2
7.1
0.9
5.0
0.2

B
5.0
3.6
2.5

C
0.5
0.5
0.5

D
0.6
0.5
0.3

E
0.6
0.9
0.6

F
1.3
1.7
1.3

Fig. 6 Cross section showing the local mesh refinements for a region around the injection pipe (left) and at the pipe inlet (right) for the Bend case.
SST k-ω

5D

5D

k-ε

5D

0.10
0.08
0.06
0.04

RMS(W )/WQ

0.5

0.08

1.0
W /WQ

RMS(W )/WQ

W /WQ

1.0

0.5

0.02
0.0
−0.5

0
x/D

0.06
0.04
0.02

0.00
−0.5

0.5

5D
0.10

0
x/D

0.0
−0.5

0.5

0
x/D

0.5

0.00
−0.5

0
x/D

0.5

Fig. 7 Results with the Straight geometry with ReD = 50000 at z = 5D for the horisontal case 05DH. The measured results are shown as points
(+). The simulated results are shown as lines, following the naming defined in Table 5. Red line is s (–), blue line is c1 (–), black line is f1 (–),
Green line is f2 (–).
20

0.15

W /WQ

1.2
1.0
0.8
0.6
−0.5

0
x/D

0.5

15

0.10
C/CQ

RMS(W )/WQ

1.4

0.05

0.00
−0.5

10
5

0
x/D

0.5

0
−0.5

0
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Fig. 8 DES Normalized results for the straight case with ReD = 50000 at 05DH. The experimental results are shown as (+) 05DH, the different
DES mesh cases from table 5 are shown as: i (–), ii (–), iii (–), iv (–).
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Table 5 Parameters for mesh refinement with zones A-F from Figure 5 in mm.
Mesh
c1
s
f1
f2

Total # of cells
1.8 · 106
8.2 · 106
41 · 106
249 · 106

Tag
i
ii
iii
iv

Total # of cells
0.5 · 106
9.3 · 106
16 · 106
69 · 106

RANS - Mesh parameters
Basesize
20
10
5.0
2.5

A
5.0
2.5
1.3
0.6

B
20
10
5.0
2.5

C
0.6
0.6
0.6
0.6

D
1.3
0.6
0.3
0.2

E
1.3
0.6
0.3
0.2

F
5.0
2.5
1.3
0.6

DES - Mesh parameters
Basesize
10
10
10
5.0

A
10
0.3
0.3
0.2

B
2.5
2.5
2.5
5

C
2.0
1.0
0.5
0.5

D
0.6
0.6
0.6
0.6

E
10
2.5
1.3
0.6

F
10
5.0
2.5
1.3

Table 6 Impact of mesh parameters on surface uniformity (γ from eq.
(4)) evaluated at z = 5D and at z = 10D. The volume average turbulent
viscosity ratio µt /µ is evaluated downstream of methane injection for
the DES simulations. The averaging region for µt /µ is a box centered
on the pipe axis. The box extents 2D downstream of the methane pipe
and has a width of D/2.
Mesh
i
ii
iii
iv

µt /µ
3.6
2.1
1.9
0.2

γ at 5D
0.08
0.69
0.65
0.64

γ at 10D
0.14
0.85
0.81
0.86

Table 7 The volume average turbulent viscosity ratio µt /µ downstream of methane injection for the RANS k-ε and DES simulations
with ReD = 50.000. The averaging region is the same as stated in Table 6.
Geometry
Straight
Bend
Plate

RANS µt /µ
198
42
275

DES µt /µ
0.2
0.2
0.8

3.6 Influence of turbulent Schmidt number
similar to the RANS results shown later. The same conclusion can be drawn from examining the axial mean flow profiles and the profiles of the RMS of axial velocity in Figure 8. At a distance of D/4 from the walls, the measured
RMS values start to increase steeply towards the wall. Very
near the wall, mesh ii, iii and iv show a reduction in RMS
level like the measurements. Mesh iv is following the measured trend in RMS most closely and is therefore the mesh
size needed for high fidelity CFD mixing simulations. Sufficient resolved turbulence in the CFD simulations is a key
requirement for getting accurate mixing prediction. As will
be demonstrated later, it is not always possible to compensate lack of resolved turbulence by parameter tuning.
The surface uniformity γ of a scalar φ , like methane concentration, is defined in [22] and [23] as

As shown in Eq. (3), the turbulent Schmidt number σt plays
an important role for the effective mass diffusion in mixing
simulations when µt /µ  1. This is the case for the RANS
k-ε simulations but not for the DES simulations as seen in
Table 7.

(4)

To choose the best value for σt in the RANS k-ε simulations, the shape of concentration profiles and a dimensionless surface uniformity were considered. It was not possible
to include validation values for surface uniformity because
measurements were only taken along 2 lines. The simulated
and measured concentration profiles at z = 5D and z = 10D
are seen in Figure 9. At z = 5D the RANS k-ε profiles have a
peak value in the middle and a decay towards the walls as for
the DES profiles. Based on the plots at z = 5D the optimal
value of σt in RANS k-ε simulations would be between 0.7
and 0.9. Further downstream at z = 10D the optimal value of
σt seems to be about 0.7. At z = 10D the simulated curves
are too flat.

where φ̄ is the surface area average of φ and f is the index
to small surface elements with area A f and scalar value φ f .
The uniformity γ is a common way of quantifying mixing in
a plane. The surface uniformity can be seen to be sensitive
to DES mesh size in the results in table 6. As expected, a
coarser mesh also increases the µt /µ.

In Table 8, the impact of σt on surface uniformity 5D
and 10D downstream of injection point is given. As should
be expected, a more flat profile leads to higher surface uniformity. To match the DES results at 5D the optimal value of
σt is between 0.7 and 0.9 but at 10D it should be between 0.5
and 0.7. Given the ambiguity in the optimal value for σt , it
was decided to use σt = 0.7. This value was a compromise
between the values for the different downstream locations
(5D and 10D), at least for a Straight case.

∑
γ ≡ 1−

f

φ f − φ̄ A f

2 φ̄

∑Af
f
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Fig. 9 Normalized concentration profiles for the straight case with
ReD = 50.000. The experimential results are shown with (+) 05DH,
and (2) 10DH. The impact of the turbulent Schmidt number for RANS
k-ε model simulations are shown as (–) σt = 0.5, (–) σt = 0.7, (–)
σt = 0.9, (–) σt = 1.1. The DES simulation are shown with the dash
line (- -).

leads to steeper velocity profiles in RANS compared to measurements. A bend creates a secondary flow structure downstream of the bend that consists of two counter-rotating vortices. In the RANS simulations for the Bend case, the peak
in axial velocity was still clearly off-axis at 5D, in contrast
to the measurements. This indicates that the secondary flow
structure persist for too long time. This is again likely to
be a result of insufficient momentum mixing in RANS. Prediction of concentration depend both on convection by the
flow and by turbulent diffusion. The turbulent diffusion is in
RANS directly linked to momentum diffusion through the
turbulent viscosity. A too low concentration diffusion linked
with an over predicted secondary flow can therefore explain
the completely wrong concentration distribution predicted
by RANS.
4.2 DES

Table 8 Calculated surface uniformity (γ from eq. (4)) at 5D and 10D
for DES and RANS k-ε simulations with different σt .
Model
DES
RANS
RANS
RANS
RANS

σt
0.7
0.5
0.7
0.9
1.1

γ at 5D
0.64
0.79
0.67
0.59
0.52

γ at 10D
0.86
0.91
0.84
0.77
0.70

4 Results and Discussions
4.1 RANS k-ε simulations
Based on the RANS turbulence model validation show in
section 3.4, it is chosen only to show results obtained with
the RANS k-ε model. A comparison between measured and
calculated velocities and concentration profiles for all three
cases at a Reynolds number of 50000 and 100000 is shown
in Figure 10.
The measured profiles of axial velocity are quite similar
for the three geometries irrespectively of Reynolds number.
In contrast, the RANS results show significant differences
between the three profiles. While the Straight configuration
is in good agreement with measurements, the Plate configuration has too steep velocity gradients in the inner part of
the pipe and the Bend configuration has a strongly skewed
profile not seen in the measured profiles. The RANS results for concentration are in good agreement with measurements for the Straight and Plate configurations, but is completely wrong for the Bend configuration. Here, RANS predict all methane to go one side of the pipe while the measurements show a symmetric distribution. There is only modest
changes with Reynolds numbers for RANS.
The differences in velocity profile shape are likely to be
caused by an underprediction of turbulent momentum diffusion in RANS as discussed in section 3.4. In general this

The DES results shown in Figure 11 show much better agreement with measurements than the RANS simulations. Compared to the experiments, the DES velocity profiles for the
Straight and Bend configurations have a more flat profile
away from the walls and a slightly higher velocity near the
wall. For the Plate configuration, the DES velocities agree
very well with experiment. The DES results are very similar
to the measurements in terms of RMS. The simulated and
measured velocity profiles do not have up-down symmetry
because of the methane injection pipe. This is discussed in
section 4.3.
The concentration from both experiments and DES show
random variation from point to point. The averaging caused
by the 1 Hz data rate for the concentration measurements
results in a lower observed RMS value (not shown) than
an instantaneous measurement would give. The actual flow
have quite high temporal variation due to discrete blobs of
methane being convected while slowly mixing. This is illustrated in a DES snapshot in Figure 12. The blobs cause
a larger variability in the measured concentration than seen
for velocity. The variability in the DES results are also relatively high due to the practical limitation in simulation time.
However, the variability is low enough to show fair agreement between experiment and DES results for most cases.
For ReD = 100000 and z = 10D, the DES results have
higher level of the concentration than the experiments for the
Plate configuration. The methane is clearly being displaced
toward the upper side of the pipe as also seen in Figure 3.
This is likely to be caused be secondary flow motion created
by the inclined plate, where the flow moves upwards at the
center of the pipe and downwards near the side walls. Selected profiles in vertical direction are shown in Figure 13.
Here it is seen that the concentration is also predicted to be
too high at upper side of the pipe for the Plate configuration.
Small deviation in how fast the secondary motion is, could
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Fig. 10 RANS and experiments at a ReD = 50000 and ReD = 100000 for the horisontal results. The measured results are shown as points and the
simulated as a line: Straight (+, –), Bend (×, –), Plate (◦, –).

result in significant difference in concentration level in horizontal profiles. This secondary motion is apparently quite
slow and difficult to predict.
A similar tendency is seen for the Straight configuration,
where concentration in Figures 11 and 13 is estimated by
DES to be too high compared to the experiments. This could
be explain by a similar up-down asymmetry discussed in the
next section.
4.3 Asymmetry
An up-down asymmetry is observed in the experiments, e.g.
in Figure 2. The injection pipe retards the flow at the top
of the pipe and as a consequence the flow must accelerate
at the bottom of the pipe. The methane was injected into
the below-average momentum fluid and peak concentration
was therefore displaced upwards. Very far downstream this
up-down asymmetry must disappear, but it is still clear at
10D although these plots are not shown. Figure 13 focuses
on the up-down asymmetry along the vertical traverse line
05DV. Both experiment and DES show that the peak axial
velocity lies in the lower part and peak concentration lies in
the upper part. Figure 14 provides a full overview of the 5D
cross section from DES of the Straight case. This overview
confirms the presence of a distinct up-down asymmetry.

5 Conclusion
Mixing in pipe flow has been investigated in three geometries relevant for industrial applications: a short straight pipe,
a 90◦ bend connecting two short straight pipes and a short
straight pipe with a mixer plate inserted. All short straight
pipe elements were 10 diameters long and each configuration started with a sharp-edged inlet. This is in contrast to
many earlier published investigations that typically use a
fully developed pipe flow as inlet. Here the flow only depend on the turbulence model’s interaction with fully developed near wall flow. For a sharp-edged inlet, the turbulence
is started in the vena contracta near the walls at the pipe entrance. This is a more realistic condition for many practical
applications.
The mean axial velocity component were measured at
several vertical and horizontal lines using Laser Doppler
Anemometry. A tracer gas was used for the mixing experiments. The tracer gas was injected at the pipe center with
a small pipe with a 90◦ bend. The concentration was measured along the same lines as the velocity. This data set is
suitable for testing different simulation models.
Two RANS turbulence models were tested: the k-ε model
and the SST k-ω model. The latter had difficulties in predicting even the flow in the short straight pipe. The momentum
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Fig. 11 DES and experiments at a ReD = 50000 and ReD = 100000 for the horisontal results. The measured results are shown as points and the
simulated as a line: Straight (+, –), Bend (×, –), Plate (◦, –).

Fig. 12 DES instantaneous xz cross plane of the normalised concentration along the length of the pipe for the DES simulated Straight case at
ReD = 50000.

diffusion seem to be underpredicted in the flow in the central
part of the pipe resulting in a almost laminar velocity profile
near the center. Only the k-ε model was used for more detailed investigations. A scale resolved DES model was also
tested. For both type of simulations a study of grid resolution were performed.

profiles were inside the estimated uncertainty for the experiments. The concentration profiles have a higher value than
the experimental, but the trends are alike. The reason for the
higher concentration values are likely related to how well
DES captures the effect of the methane pipe on the main
flow.

For the k-ε model, the experiment and simulation for velocity and concentration profiles were in good agreement for
the short straight pipe inlet after some tuning of the turbulent
Schmidt number. For the mixer plate configuration some minor deviations were found between measurements and simulations. For the Bend configuration the profiles were quantitatively and qualitatively wrong. The simulations seem to
overpredict the secondary flow generated in the pipe bend
and underestimate the mixing. For the DES, the velocity

The k-ε model therefore appears to be a reasonable model
for simple pipe flow with mixing and for a flow with a mixing plate that generated strong turbulence. For more complex cases with secondary flow, the model can give completely wrong results. The DES is capable of handing the
more complex flow, but at the cost of much longer simulation time. It would be interesting to optimize mesh resolution and numerical settings further to get the best trade-off
between accuracy and computational speed for DES.
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Fig. 13 DES and experiments at a ReD = 50000 and ReD = 100000 at
05DV. The measured results are shown as points and the simulated as
a line: Straight (+, –), Bend (×, –), Plate (◦, –).

11.
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13.

14.

15.
16.
17.
Fig. 14 DES results for the Straight case at 5D for ReD = 50000 in a
pipe cross section 5D downstream the methane injection point. Left:
Normalized mean velocity, right: normalized concentration.
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Abstract
Flow phenomena and flow uniformity after a sudden pipe expansion is investigated. The test rig is a
transparent, simplified and downscale version of a Selective Catalyst Reactor (SCR) system, used in large
marine diesel engines. The Reynolds number is 1.5 × 105 based on the inlet pipe diameter of d = 104mm and
mean bulk velocity. The sudden expansion has an expansion factor of 2.8d and is expanding within a length
of 0.5d. Three inlet conditions are tested: A straight pipe, a straight pipe with a 90◦ bend and a straight
pipe with two 90◦ bends arranged out-of-plane. Stereoscopic Particle Image Velocimetry (PIV) is used to
obtain the velocity fields at different locations downstream the expansion. The catalyst is represented by a
pressure resistance made with grids and thin-walled pipes. To improve the uniformity of the velocity field,
a flow distributor made with circular guide vanes is mounted in the expansion. For a straight pipe inlet, a
locking effect is observed where the flow sticks to one side of the reactor for a period of time and then, as a
sudden change, sticks to a new side. This is can the harmful to the operation of a catalyst, but is difficult
to discover if not observed for long enough time. The inlets with one or two pipe bends works successfully
with the flow distributor to get a uniform flow in the model catalyst.
Keywords: Pipe flow, Conical Diffuser, Sudden Expansion, Inlet Conditions, SCR, PIV
1. Introduction
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A generic fluid mechanical problem is to distribute the flow from a pipe uniformly onto a larger
area. Typical applications are heat exchangers, filters and catalytic reactors. The challenge is that
several properties should be optimized at the same
time: the flow distribution should be uniform, the
space requirement should be small, the power consumption (system pressure drop) should be low and
the manufacturing cost should be low. Each application therefore often has its own dedicated solution using guide vanes, grids or more complicated
geometrical solutions.
The present paper is motivated by the need to
equip large ships with Selective Catalytic Reduction (SCR) systems to reduce pollution from nitrogen oxides NOx . While this method has been
applied for many years in power plants, trucks and
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cars, the application on large marine diesel engines
is new and is motivated by recent regulation from
the United Nations [1] to minimise NOx emission
with up to 80%, if the ships want to enter the Northern American or main EU waters (2021). Solutions from power plants or trucks cannot be directly
applied. Ships have much stronger restrictions on
space usage than on-shore power plants. Ship engines are usually designed individually for each ship
and the piping of the exhaust system is therefore
also unique. The piping and flow conditions of a
SCR solution therefore has to be tailored to the engine room of each ship. This can be done with Computation Fluid Dynamics (CFD). However, there is
a need for data that can validate CFD for this type
of application. The goal of the present paper is to
provide insight to the physics of a generic design of
the inlet to a catalytic reactor for large Diesel Engines and to provide experimental data that can be
used for validation of CFD applied on this type of
flow.
The SCR working principle consists of two steps.
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First a reductant, e.g. ammonia, is mixed with the
exhaust gas. This should be fully mixed into the
exhaust gas before the gas reaches the catalyst converter. The reactant is in practice supplied as urea
that breaks down to ammonia before the final reaction with NOx at the catalyst. The catalyst converter consists of many isolated parallel channels
with a hydraulic diameter of a few milimetre. This
is denoted as the ’substrate’. The channel axes are
aligned with the main flow direction. The channels
are used to achieve a large contact area between the
mixture and the catalytic material, placed on the
walls of the channels. Combined with a sufficiently
low velocity, the required exposure time between
the catalytic material and the mixture is obtained
and the conversion of NOx to N2 will happen.
The pressure drop through the substrate is often lower than the dynamic pressure in the inlet
pipe flow. Thus the pressure drop will not by itself distribute the flow into a uniform distribution.
For the catalytic converter to function optimally,
the entrance velocity has to be uniform across the
substrate. A non-uniform distribution of the flow
into the channels can results in channels with too
high flow rate causing too short exposure time between the gas and the catalyst material and thus
unconverted NOx will escape to the exhaust pipe.
In other channels with too low flow rate, parts of
the catalyst material is not being used.
Solutions to distribute flow from a pipe onto a
larger area has been investigated for many years. A
solution is to use an axisymmetric expansion (circular diffuser) with a diffuser angle low enough (4–6
degree) to prevent separation as described e.g. by
Gibson [2]. This results in a very long construction
and is usually not practically possible. As the diffuser angle becomes larger, flow separation will occur [3] and at much higher angles, typical 60 degrees
[4], the velocity profile turns into a jet-like profile, where the flow is detached from the wall. The
present application operates in this regime. For application in catalytic converters, Howitt and Sekella
[5] suggest two types of solutions: to deflect the flow
in the diffuser while generating only a minimum
of turbulence (flow deflectors) or to twist the flow
when expanding it through the diffuser (swirling inlet). For the flow deflector solutions, an object is
placed in the center of the diffuser. Different shapes
of the object are: a flate plate [5], a cone [4, 5], a
dome [6] or guide vanes [7]. In some solutions the
object has perforated surfaces allowing a part of
the flow to pass. This can sometimes be used to

95

100

105

110

115

120

125

130

135

140

2

avoid creating new peaks in the velocity distribution where the object ends. The swirling inlet can
be obtained by having an angle between the expansion and the inlet pipe resulting in a swirl or an
object twisting the flow. The twisting of the flow
can happen in the inlet pipe [8] or at the expansion
[5], with guide vanes angled to the flow. To get a
better understanding of the flow phenomena, other
studies as [9, 10, 11] use CFD, to obtain an insight
into the flow and to relate the flow to the real flow
cases.
The present study focus on the application of
a catalytic reactor for large two-stroke diesel engines from MAN Energy Solutions in a high pressure configuration. The SCR system is positioned
upstream of the exhaust gas turbine and operates
at a pressure of 3–4 bar. This allows for a more
compact design and a higher gas temperature. A
higher temperature makes the catalyst elements operate more efficiently. In the alternative low pressure SCR solutions downstream of the turbine, additional heat must be supplied to reach the catalyst operating temperature. Spatial restrictions in
the engine room often result in having several pipe
bends just upstream of the reactor creating complicated inflow conditions. A typical reactor geometry
is selected with a reactor diameter of 2.8 times the
inlet pipe diameter d. The inlet pipe is connected to
the reactor with an abrupt expansion with a length
in the flow direction of 0.5d. To distribute the flow,
a solution with conical shaped guide vanes is used.
The experiments are carried out with air at laboratory temperature and atmospheric pressure in a
scaled down model. The Reynolds number is therefore lower than in the full scale application, but is
high enough (Reynolds number of 150000 in the inlet pipe) to have a fully turbulent flow and physics
comparable to a full-scale SCR system. The inlet
flow is created by a pipe of 20 diameters with a
sharp edged inlet. This creates a reasonably developed turbulent pipe flow that is easy to recreate in a CFD simulation. It represents a realistic
representation of actual inlets to pipes, but is challenging for some turbulence models to reproduce
[12]. Three configurations of the pipe upstream of
the sudden expansion are investigated: a straight
pipe, a straight pipe followed by a pipe bend and a
straight pipe follow by two pipe bends in a out-ofplane configuration. The flow fields after the expansion is measured to characterize the performance of
the flow distributor. The flow after a dummy substrate is also measured to quantify the uniformity
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of the velocity distribution.
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2. Experimental Method
A transparent test rig is constructed to allow for
optical measurements. This is described in the following subsections.
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2.1. Test rig
The test rig is shown in Figure 1. The rig is
used in several configurations by changing optional
elements. The inlet can be one of three options,
the flow distributor can optionally be inserted, and
one of two dummy substrates can optionally be inserted. In the following the elements of the test rig
are described in detail.
Inlet conditions
The straight inlet is made of cast transparent
acrylic pipe with an inner diameter of d = 104mm
and a wall thickness of t = 3mm. It can be considered hydraulic smooth. It has a length of 20d and
a sharp-edged inlet. The inlet pipe can be mounted
directly on the expansion. For the one bend inlet, a bend is mounted directly on the expansion
and the other end of the bend is connected to the
straight inlet pipe. For the two bend inlet, an additional bend in place between the first bend and the
Expansion
Straight Inlet (20d)
First bend (*)
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straight pipe. The connection between the parts is
constructed such the wall can be assumed smooth
with no steps. The two 90◦ bends have a centerline
curvature of d.
The flow is created with a frequency regulated
fan placed downstream of the test rig. An orifice
plate flow meter placed before the fan is used to
determine the mean velocity in the inlet pipe WI .
The flow rate is adjusted to get a Reynolds number
in the inlet pipe of Red = WI d/ν = 150000 ± 1000
where ν is the kinematic viscosity of the air based
on the actual ambient pressure and temperature.
Expansion
The expansion is approximated to the real shape
of the end of a pressurised reactor tank, which is
a Köppler head (DIN-28011). This is used even
though Lemme et al. [4] showed that the shape of
the diffuser(expansion) wall is unimportant, as long
as the flow separates at the inlet. The Köppler head
is a revolved shape consisting of two circles joined
together tangentially smooth creating an concave
shape. The main part has a radius Rk equal to
the diameter of the reactor D, while the outer part
has a radius rk = 0.1D, see Figure 2. The part
with Rk is approximated with eight plane windows,
while the part with rk is machined precisely. The
maximum deviation is found in the middle of each

Measuring plane
Reactor pipe
Outlet

d
x

z
y

Second bend (*)

Contraction

Flow distributor (*)
Straw dummy (*)

Mesh dummy (*)

Figure 1: Test rig with optional components are marked with (*). The coordinate system is located at the centerline of the
inlet expansion and at the exit-plane of the inlet expansion. An example of the measuring plane is shown. The flow is from
the left to the right.
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Test rig Transparent plates
Köppler

Test rig

Köppler

Machined ring

230

235

Rk = D

rk = 0.1D

Figure 2: The expansion is a approximation (Test rig) to
a Köppler head, DIN-28011. The line drawn on the left
illustrates the difference between the approximation (Real)
and the Köppler head shape.
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window towards the machined ring, but assumed
insignificant due to low local flow rates. This solution provides optical access through the expansion.
The expansion has a length of 0.5d in streamwise
direction giving a diffuser angle of θ = 60◦ .
Flow distributor
In the sudden expansion, a flow distributor can
be mounted. A cross-sectional view is shown in Figure 3. The flow distributor consist of different guide
vanes joined together with mounting plates. It is a
simplified model of the flow distributor developed
by MAN Energy Solutions.
This flow distributor is typical for the flow deflectors mentioned in Section 1. The flow distributor deflect the flow towards the walls and thus
creates a vortex ring in the reactor chamber before
the substrate. This results in a fairly uniform velocity distribution when entering the channels of the
substrate. This is elaborated in the Section 3.
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Reactor
The reactor pipe is made of cast transparent
acrylic pipe with a inner diameter of D = 2.79d and
can be considered hydraulic smooth. The length of
the reactor pipe was 21d. To limit the reflections
seen by the cameras, two different solutions are applied. Black cardboard is mounted around the reactor pipe between the laser sheet and the cameras
to cover unwanted scattered laser light. The reflections from the pipe wall are removed with black
tape. The tape was mounted on the outside of the
reactor pipe and thus covered the reflections seen
by the cameras.

Outlet
From the reactor, a 14◦ contraction with the
length 1.6d is connecting to the outlet pipe that
has diameter Dout = 2d. There is more than 80d of
pipe length from the outlet to the orifice flow meter and additional 25d to the frequency controlled
centrifugal fan that creates the flow in the test rig.
The measurements in the reactor are taken at least
11d upstream the outlet contraction. The contraction is therefore assumed to have no influence on
the measurements.
Substrate dummy
The substrate applied on a ship is divided into
several layers or units. There can occur some flow
redistribution between these layers. Two types of
substrate dummies are used. The ”straw dummy”
uses two metal wire meshes with packed thin-walled
pipes (straws) in between to simulate a full pack of
substrate layers. For some measurements upstream
of the substrate dummy, a simplified version (called
”mesh dummy”) is used. This consist of a single
mesh mounted in a ring.
The straw dummy consists of two rings, with
inner diameter of 2d. The rings reduce the flowthrough-area and reflects the flow arrangement in
a real SCR system. The opening in both rings are
covered with a mesh. Between the two meshes a
tube filled with straws with a length of 190mm and
a diameter of 4mm.
The mesh dummy is designed to have a pressure drop ∆p similar to one layer of a typical substrate. The mesh has a wire thickness of 0.3mm
and a mesh hole opening side length of a = 1.3mm.

Guide Vanes
Mounting Plates

Figure 3: A cross-sectional view of the flow distributor
mounted in the expansion, where guide vanes and mounting plates are showed.
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The mesh Reynolds number used is Rem = Wm a/ν,
where Wm is the velocity just upstream of the
mesh. Rem is above fifty for the mesh area and
the pressure drop should only scale with the dynamic pressure as shown by Idelchik [13]. The pressure coefficient Cp is determined in a wind tunnel:
2
) = 0.7, where ρ is the air density.
Cp = ∆p/( 12 ρWm
The straws in the straw dummy simulate the parallel channels in the real substrate. This adds an
additional laminar pressure drop and the pressure
coefficient is found from measurements to be
Cp =
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∆p
1
2
2 ρWm

=

6000
+ 6.7
Res

300

310

(1)

where the Reynolds number Res is based on the
velocity upstream of the first mesh Wm and the
straw diameter. The pressure coefficient is measured in a longer pipe similar to the reactor pipe
and is based on the difference ∆p between pressures
measured one reactor diameter before and after the
straw dummy.
2.2. Velocity point measurement
Laser Doppler Anemometry (LDA) system from
Dantec Dynamics is used to obtain velocity profiles
across the inlet pipe. This is done along a horizontal diameter. A BSA enhanced processor and a
Coherent Genesis MX 514-1000 SLM laser, with a
wavelengths of 514 nm and a power output set to
70 mW. The optics consist of a 1.98 beam expander
and a 310 mm focal lens. The angle between the
two laser beams was measured to be 13.83◦ ± 0.08◦
and they form a measuring volume with a length
in x-direction of 630µm and a diameter of 76µm.
Glycerine droplets with a diameter of 2 µm were
used as tracer particles. Each point was sampled
for 60 seconds, and this corresponds to around 3000
independent samples. BSA Flow version 2.12.00.15
is used to process the data. A traversing system
with a resolution of 12.5 µm is used to move the
measuring volume.
2.3. Velocity plane measurement
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Stereoscopic Particle Image Velocimetry (PIV)
from Dantec Dynamics is used to obtain the velocity for two different cross planes. The system
has two 16 MPixel cameras with a pixel pitch of
7.4µm. The cameras are equipped with 60mm focal length lenses, where the F-number was set to
5.6. A 200mJ pulse energy Nd:YAG double cavity
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laser with wave length of 532nm is used to illuminated the 2µm glycerine particles. The particles
are introduced to the flow at a distance of 5d upstream of the inlet to the straight inlet pipe. A compact light-sheet optic is used to create a laser sheet
with a thickness of 3mm. Both laser and cameras
are placed on the same manual traversing system
to allow movement of the measuring plane without
changing the calibration.
The sample rate is about 2 Hz making the instantaneous flow fields independent. The time between
pulses are about 60µs. A measuring series consists
of at least 1000 snapshots. The data are recorded
and analysed with DynamicStudio 2015a (v4.15).
For all the snapshots, the background is removed
by subtracting the local minimum pixel value from
the entire series. Then the snapshots are dewarped
onto a resampling grid and the Adaptive PIV algorithm is applied with a minimum interrogation area
side length of 1.28mm. The algorithm uses a multigrid approach applying universal outlier detection
(5 by 5 neighbours) between steps and deformation
of interrogation areas based on the velocity gradients. The calibration is refined (Calibration Refinement) to correct a small misalignment between
calibration plane and laser sheet.

3. Results
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All the measured velocities are normalised with
the mean velocity in the inlet pipe WI determined
with the orifice flowmeter.
3.1. Inlet pipe velocity profiles
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The velocity profile measured with LDA in the
inlet pipe at z = −4.5d (i.e. upstream of the expansion, see Figure 1) is shown in Figure 4 for the
straight inlet. The maximum velocity is 1.2WI and
as expected, no difference is observed when the flow
distributor is mounted downstream. The velocity
is quite uniform in the main part of the pipe and
drops sharply to zero near the walls, as expected
for a turbulent pipe flow. A slight asymmetry is
seen with slightly higher velocity for positive x/d
values. The relative short pipe upstream (16d) is
not enough for creating a fully developed velocity
profile. The asymmetry is estimated not to cause
systematic effect in the measurements in the following measurements.

360

W/WI [-]

1

365

0.5

0

−0.4 −0.2

0

0.2

0.4

370

x/d [-]

Empty expansion Flow distributer in expansion

Figure 4: Main velocity profiles through the inlet pipe, measured at z = −4.5d, thus upstream the inlet to the expansion,
with and without the flow distributor inserted in the diffuser.

3.2. Velocity field after the expansion

355

The velocity field after the expansion is measured
at the plane, z = 2.5d. This measurement cannot
be used to determine the uniformity at the substrate since the flow still can change significantly
when approaching the substrate. The velocity field
for an empty reactor is shown in Figure 5a. A freejet like structure with high velocity is seen in the
middle and with negative velocity at the walls. The
in-plane velocities are small indicating an almost
unidirectional flow. Along the reactor wall, effects
of reflections are seen as missing data, especially at
a)
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b)

c)
1
W/WI

350
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large positive x values. When the mesh dummy is
placed at z = 3d, the velocity changes slightly as
seen in Figure 5b. The velocity near the wall is affected by the outer ring of the mesh dummy. Figure
5c show three independent realisations without the
dummy and one realisation with the dummy. The
realisations are measured on different days with the
inlet being remounted each time. The setup therefore has small geometrical variations for the three
realisations. Good agreement between the realisations is seen.
When introducing the flow distributor into the
expansion, the velocity field changes as seen in Figure 6a. The guide vanes are designed to distribute
the large velocities towards the walls, resulting in a
region with reversed flow in the middle. This region
has a triangular shape which is assumed to originate
from the three supporting structures of the flow distributor. The experiment is conducted three times
on different days, and has small geometrical variation between realisations. Still the same tendencies
are present. In Figure 6 right, three velocity profiles
at y/d = 0 are shown. It is seen that the first run is
missing velocities close to the walls. This difference
could be a result of a slightly different masking of
the light reflections.
When introducing the mesh based dummy, the
flow changes and one of the corners of the triangular shaped region with flow reversal expands. This
is seen in Figure 7, where the three realisations are
shown. The experiments are conducted on different days, resulting in small geometrical variations

0.5

0
−1

0

1

x/d

Figure 5: Velocity field at z = 2.5d with straight inlet and without the flow distributor for a) without the mesh dummy and b)
with mesh dummy at z = 3d. The black line indicates the reactor pipe and the dotted line indicates the inlet pipe projected on
the measuring plane. The white line indicates the transition between positive and negative velocity. The in-plane velocity is
showed with arrows and scaled such as WI = d/2. Plot c) show velocity profiles at y/d = 0 for three independent realisations
without the mesh dummy (solid lines) and one with the mesh dummy (dashed lines).
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a)

b)

W/WI

0.4

0.2

0
−0.2
−1

0

1

x/d

Figure 6: a) Velocity field at z = 2.5d with straight inlet with the flow distributor and without the dummy. The black line
indicates the reactor pipe and the dotted line indicates the inlet pipe projected on the measuring plane. The white line indicates
the transition between positive and negative velocity. The in-plane velocity is showed with arrows and scaled such as WI = d/2.
Plot b) show velocity profiles at y/d = 0, for three independent realisations.
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that an instability is present. To examine the dynamics for this phenomenon, the flow is investigated
with snapshot Proper Orthogonal Decomposition
(POD) as implemented in [14]. The POD analysis is based on the fluctuating part of the velocity
field un found for the nth snapshot by subtracting
the mean field. The collection of all snapshots can
be used to find a matrix representing all possible
correlations between snapshots. The eigenvector to
this matrix is then used to find the POD modes
φi , which has the same shape as un . The POD
modes are ordered after the size of the eigenvalues,
which represent the kinetic energy associated with
each mode. An arbitrarily snapshot n can be reconstructed by using the reconstruction coefficients ani
that are found by projecting snapshot n onto the
POD mode i:
ani = φi · un
(2)

between realisations. Significant changes are seen
both for the position of the region with flow reversal and for the magnitude of in-plane velocities.
This is further investigated in section 3.3.
The flow after the flow distributor for a single
bend mounted between inlet pipe and expansion is
shown in Figure 8. The flow pattern is somewhat
similar to the flow patterns seen in Figure 7, but the
region with flow reversal is locked at a position opposite to the straight pipe mounted upstream of the
bend. This is surprising since a pipe bend usually
has higher velocity near the outer wall. The reason could be a more complex interaction with the
secondary flow created by the bend. The flow after
the flow distributor with two bends mounted in an
out-of-plane configuration between inlet pipe and
expansion is shown in Figure 9. The flow pattern is
again somewhat similar to the patterns seen in Figure 7, but the shape of the region with flow reversal
is less regular. The region with the strongest flow
reversal is here located in the same direction as the
straigt inlet pipe comes from. Compared to the single bend, the region is turned 90◦ in the direction
of the swirl generated by the double bend.

A satisfactorily reconstruction of the snapshot can
often be done using a small number N of the first
and therefore most energetic POD modes:
un =

N
X

ani φi

(3)

i=1

3.3. Locking effect
As discussed ealier, Figure 7 show that different
realisations of the flow with the straight inlet, the
flow distributor and the mesh based dummy can
give different mean velocity fields. This indicates
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The results for the analysis of data behind Figures 6-7 are shown in Figure 10. For each realisation, the two first POD modes are shown together with the time history of the reconstruction
coefficient for the first POD mode. For the case

a)

b)

c)

Figure 7: Three independent realisations (a-c) of the velocity field at z = 2.5d with straight inlet, with the flow distributor and
with the mesh based dummy. The black line indicates the reactor pipe, where the dotted line is the inlet pipe projected on the
measuring plane. The grey lines is the flow distributor. The white line indicates the transition between positive and negative
velocity. The in-plane velocity is showed with arrows and scaled such as WI = d/2.
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Figure 8: One bend inlet condition, visualised with dotted
lines projected on the measuring plane. The experiment is
with the flow distributor (grey) and with catalyst dummy.
The in-plane velocity is showed with arrows and scaled such
as WI = d/2.

Figure 9: Two bends inlet conditions, visualised with dotted
lines projected on the measuring plane. The experiment is
with the flow distributor (grey) and with catalyst dummy.
The in-plane velocity is showed with arrows and scaled such
as WI = d/2.

without the dummy, the first POD modes is divided into three azimuthal regions, where one add
a positive contribution to the out-of-plane velocity component, one add a negative contribution to
the out-of-plane component and the last one is almost neutral. The second POD mode is also divided into three azimultal regions and has positive
contributions to the out-of-plane component in two
regions and negative contribution in the last region.
The relative energy associated with each of the two
modes is quite small (3% each). This shows that the

two first modes only account for a smaller part of
the total fluctuations. The plot of the reconstruction coefficient for the first mode show a random
pattern. In total, this suggests that large scale flow
variation are not occurring in a systematic way.
For the cases with the dummy, the first POD
mode is quite similar to the case without the
dummy for all three realisations. To ease visual
comparison, the sign of all components of mode
1 for Case b) has been changed. The only consequence of this is that the corresponding recon-
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8

Case: from Figure 6 (no dummy)

Case: a) from Figure 7

Case: b) from Figure 7

Case: c) from Figure 7

9
Figure 10: Straight inlet cases with flow distributor mounted. For case a, b and c also with the substrate dummy. The two first
modes from the POD analysis are shown in the left column and the middle column. In the right column is the reconstruction
coefficient shown. Here each dot is from an instantaneous velocity measurement. The experiments are conducted on different
days.
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struction coefficient also changes sign. The relative
energy associated with mode 1 is now from 10% to
13%. Mode 2 has variation between the three realisations and have associated energy in the range
3% to 5%. Looking at the time history of the reconstruction coefficient for the first POD mode, a
systematic pattern is now seen with either positive
or negative values for long periods. The length of
periods varies quite a lot, but periods up to 200 s
are seen. This suggests that the flow has a tendency
to ”lock” into one of the flow channels in the distributor. The observed periods are several orders
of magnitude larger than a flow-through time for
the expansion. With this kind of long time scale
flow phenomena, the present measurements do not
sample for long enough periods to get converged
statistics. This explains the variation between the
mean fields for the three realisations in Figure 7.
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3.4. Pressure drop over the components
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The pressure drop ∆pe over the expansion is
measured and is expressed as the coefficient Cp =
∆pe /( 12 ρWI2 ). The pressure taps are located z = d
and z = −d, thus on each side of the expansion.
The coefficient for the empty expansion is measured
to be Cp = 0.05 and for the expansion with the flow
distributor to be Cp = 0.8. Note that for diffusers
with a smaller diffuser angle, pressure recovery instead of a pressure drop can be achieved [15].
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4. Discussions and Conclusion
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3.5. Velocity field after the straw dummy
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490

The uniformity of the velocity field entering the
substrate, is determined by measuring the velocity
field after the straw dummy. This is done because
the flow entering the straws of the dummy will not
mix, and therefore the velocity distribution will be
the same when exiting. The dummy is placed at
z = d, has a length of 2d. The velocity field is
measured at z = 3.5d which is 0.5d behind the straw
dummy.
The flow behind the straw dummy has a systematic variation even with a uniform inflow to
the dummy. This seems to be caused by random
patterns in alignment between straws and grids,
and perhaps also by minor non-uniformities in the
painting of the grid. The measured velocity fields
have been corrected for this effect by dividing each
measurement with a normalised velocity field measured with a uniform inlet. This correction decreases small scale variation in the velocity fields
except near the edges of the grid, where velocities

are low. The flow near the edges should therefore
be disregarded in the analysis. Some small scale
variation is still found in the velocity fields when
new inlet conditions are used. Figure 11 shows the
results for the three different inlet conditions without the flow distributor mounted in the expansion.
With the straight inlet, a centered jet is seen as
expected. For the cases with one and two bends,
the the straight inlet pipe placed in negative xdirection. For the one bend case, a velocity peak is
seen at positive x. This is also the expected flow
distribution from a pipe bend. For the two bend in
out-of-plane configuration, one expects that a swirl
component is introduced to the flow. This is consistent a somewhat more even flow that has higher
velocities in the region with both negativ x and y.
The results for the expansion with the flow distributor mounted are shown in Figure 12. The flow
here appears to be more evenly distributed. This
indicates that the flow distributor is doing a good
job. For the straight inlet, a slight asymmetry is
seen with higher velocity in the region with positive x and negative y. This suggests that locking
into flow channels in the flow distributor might also
be occurring with the straw dummy.
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The flow in a scale model of a SCR system is investigated. For the simple case of a straigth inlet
pipe connected directly to the catalytic reactor, a
massive flow separation occurs with a jet-like velocity profile. After the catalytic substrate, a clearly
non-uniform flow distribution is found indicating
that the flow in the substrate is also non-uniform.
To improve the uniformity of the velocity field
in the substrate, a flow distributor is introduced in
the expansion. This deflects the flow towards the
reactor wall causing flow reversal near the center.
The region with flow reversal has a triangular shape
probably caused by three support plates creating
three ”channels” in distributor.
When introducing the mesh dummy (representing one layer in the catalyst) together with the
straight pipe inlet and the flow distributor, an instability appears. The flow ”locks” into two of the
channel in the distributor for long periods (up to
200 seconds) and then shifts to a new pair of channels. An asymmetry consistent with this phenomena is also present after the straw dummy representing the full catalyst. The phenomena can be
harmful to the operation of a catalyst since some

Figure 11: Mean velocity fields without the flow distributor, where the colours are the out-of-plane velocity for the area
according to the area of the substrate. The inlet conditions are from left to right: Straight, One bend and Two bends.

Figure 12: Mean velocity fields with the flow distributor, where the colours are the out-of-plane velocity for the area according
to the area of the substrate. The inlet conditions are from left to right: Straight, One bend and Two bends.

545

550

555

560

parts get too high gas flow and others too low. This
can result in unconverted NOx . The phenomena is
not easy to discover. It can be averaged out in
measurements of the mean field. A Reynolds Averaged Navier Stokes (RANS) simulation could easily end up only finding a single locked flow situation. A time-resolved simulation might have to use
very long simulation time to capture the phenomena. This would be very costly and therefore less
likely to be done.
For inlets create with a single pipe bend or with
two pipe bends in out-of-plane configuration, the
flow after the flow distributor do no longer lock into
position on a long time scale, but has a permanent
asymmetry. There is still flow reversal at the center. As expected, the flow after the straw dummy
modeling a full catalyst is much more uniform. This
is especially true for the inlets with a single or two
bends. These inlets introduce secondary velocities
that probably help redistribute the flow near the
inlet to the catalyst.
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ABSTRACT
The flow in an axisymmetric expansion (circular diffusor) is used in many different engineering applications, such as heat
exchangers, catalytic converters and filters. These applications require a relatively uniform flow at the inlet. To minimise
the pressure loss, an ideal solution would be to use a quite long expansion, but this is often not possible due to space
restrictions. Therefore a short expansion combined with e.g. guide vanes is often used. The present study will use a
Selective Catalytic Reduction (SCR) system for large marine diesel engines as a case. The catalyst is designed for a specific
local flow rate and a non-uniform inflow to the catalyst will severely reduce the efficiency of the process. Since each ship
will have a unique design the flow system, it is desirable to be able to design the system using Computational Fluid
Dynamics (CFD). However, CFD fails to predict flow separation in many cases and cannot be used as the only design tool
[1]. Typically CFD has to be validated against experimental data from representative designs under varying conditions to
find trustworthy turbulence modelling, sufficient grid resolution and suitable boundary conditions. Here Particle Image
Velocimetry (PIV) is a unique method that resolve the entire cross flow. This type of flow is expected to have a fluctuating
‘jet’-like structure from the smaller inlet pipe into the larger converter. The fluctuations of the jet are difficult, if not
impossible, to capture with standard time averaged models, and more expensive methods like Large Eddy Simulation (LES)
could be needed. Here PIV has an advantage compared with other measurement methods, because it captures instantaneous
flow fields that are relevant for the catalyst efficiency and thus also for CFD validation.
The aim of the present study is to investigate flow phenomena in sudden pipe expansions similar to design used for
catalytic converters with different upstream conditions and flow conditioning devices like guide vanes. This is done to
provide a set of data that can be used to validate the use of CFD to such flows.
For the present study, a down-scaled model of the catalytic converter is constructed, see figure 1. The experiments are
performed at laboratory conditions, with lower pressure, temperature and velocity than the full-scale catalytic converter.
The Reynolds number based on the velocity in the inlet pipe and the diameter of the converter is Re = 200000. A
preliminary study shows that this Reynolds number is high enough to ensure very small dependence of the Reynolds
number. The inlet pipe has a diameter of D = 0.1 m. The catalytic container has a diameter of 2.8D and a length of 8D. The
diffusor connecting the pipe and the converter container is expanding abruptly within a length of 0.5D. The inlet section has
a length of 20D to give almost fully developed flow conditions before the expansion. Several inlet conditions will be
investigated, including a straight pipe, one 90∘ bend and two out-of-plane bends. A catalyst dummy will also be mounted
and tested. For the catalyst dummy different model factors will be tested to insure the corrected pressure resistance. The
distanced from the expansion to the dummy will also be varied and tested. Then different guide vane configurations will be
mounted to investigate the flow uniformity at the catalyst converter. The investigation is done with Stereoscopic Particle
Image Velocimetry (PIV). The measuring plane, a cross plane through the converter pipe, will be transverse along the flow
direction (z-axis at figure 1). The cross plane is created with a 200 mJ Nd:YAG double cavity laser. Two 16 MPixel
cameras are placed in forward and backward scatter, respectively. Glycerine droplets with a diameter of about 2 μm, are
used as tracer particles.
Example results are shown in Figure 2, where the cross plane is placed 5D downstream of the expansion. Here the mean
velocity field of 500 snapshots from the empty converter with a straight inlet shows that the flow consist of a fast ‘jet’ in the
middle and negative velocity at the walls. A snapshot been selected to represent a very common flow structure
corresponding to the first mode found from a snapshot proper orthogonal decomposition (POD) analysis [2]. The white line
indicate the change from positive to negative velocity. In the snapshot, the ‘jet’ has spread along a line through the center
and is in contact with two opposite walls. At the rest of the walls, a recirculation zone is seen. As seen in Figure 2, the wall
region is well resolved except at the bottom where velocity vectors are missing due to optical reflections.

Figure 1 A sketch of the experimental setup, where the three different inlet conditions are shown. A movable catalysator
dummy, to introduce a pressure resistance are shown behind the laser sheet. The diffusor is formed as a Klöpper head.

Figure 2 The measured velocity field at z = 0, 5D downstream the inlet, for a straight inlet where the Reynolds number are
set to 200.000. On the left picture the mean velocity field with no catalysator dummy and on the right one of the single
measurement. Colors show out-of-plane velocity W and the white line indicate W = 0 m/s. The solid line are the converter
and the dotted line the size of the inlet pipe.
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Summary. In the present study, a numerical optimisation of guide vanes in an annular
diffuser, is performed. The optimisation is preformed for the purpose of improving the
following two parameters simultaneously; the first parameter is the uniformity perpendicular to the flow direction, a 1/3 diameter downstream of the expansion. The second
parameter is the pressure loss introduced by these guide vanes. The optimisation yields
an improvement of the uniformity of 1.5% and a 28% reduction in the over all pressure
loss.
1

INTRODUCTION

The flow in an axisymmetric expansion (circular diffusor) is used in many different
engineering applications, such as heat exchangers, catalytic converters and filters. These
applications require a relatively uniform flow just after the expansion. To minimise the
pressure loss in the expansion, an ideal solution would be to use a quite long expansion,
but this is often not possible due to space restrictions. Therefore, a short expansion
combined with e.g. guide vanes is often used potentially leading to an inhomogeneous flow
distribution. The present study will use a Selective Catalytic Reduction (SCR) system for
large marine diesel engines as a test case. The catalyst is designed for a specific flow rate
at the inlet. A non-uniform inflow to the catalyst will severely reduce the efficiency of
the process. The SCR system is placed on the high-pressure side of the turbocharger and
in order to maintain the efficiency of the engine, the pressure losses has to be minimised.
The present study analyses the flow using the commercial computational fluid dynamics
(CFD) software STAR-CCM+ 1 and the geometry with guide vanes in the inlet pipe 2 is
optimised using the adjoint capabilities of the software.

Erik Gotfredsen, Christian Agular Knudsen, Jens Dahl Kunoy, Knud Erik Meyer and Jens Honore
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Figure 1: Left: Geometry of the model 4 , where the numbers refer to: 1) inlet surface 2) straight pipe
3) expansion 4) guide vanes 5) upstream reactor 6) catalytic element 7) downstream reactor 8) diffuser
9) outlet straight. Right: A cross section of the experimental guide vanes where the connection plates is
highlighted in green.

The uniformity is based on the velocity spatial flow variation in sub parts of the area
weighted with the total area and mean velocity.
2

MODEL

A three-dimensional CFD model is created and shown in figure 1. The geometrical
model corresponds to the experimental model described in the technical report 3 . An
hemisphere is added to the inlet pipe to represent the laboratory facilities regrading the
inflow. The catalytic element is modelled as a porous element. The physics in the CFD
model consisted of a flow solver where the turbulence is modelled with Reynolds-Average
Naiver-Stokes (RANS) equations with a realizable k − ε turbulent model with two layer
all y + wall treatment. The no-slip condition is imposed at solid walls and the flow is
imposed by applying a mass flow inlet and pressure outlet. The models are chosen such
that the adjoint method can be applied on the guide vanes.
3

MODEL VALIDATION

The CFD models are validated with experimental results obtained from a downscaled
experimental model 3 of the catalytic converter. The Reynolds number is 105 upstream the
expansion. The experiments are performed at laboratory conditions, with lower pressure,
temperature and velocity than the full-scale catalytic converter. The results consist of
different velocity planes obtained with Particle Image Velocimetry (PIV) and velocity
along different lines obtained with Laser Doppler Anemometry (LDA). A measured and
simulated out-of-plane velocity field upstream the catalytic element are shown in figure
2. The tendencies from the numerical results of the flow show high velocities near the
reactor wall, while a triangular shaped backwards flow appears in the center. This is in
good agreement with the experimental results A difference can be seen radially outwards
from the connection plates for the guide vanes. From the simulation, it is seen that vortices
are created at the connection plates. The impact of these vortices could be decreased but
not removed by refining the mesh around the connection plates 4 .
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Figure 2: Visual comparison of the experimental and numerical results 4 . Left: experimental, right:
simulated. The white line indicated 0. A cross section of the guide vanes is projected down on the
measuring plane and showed as gray.

Figure 3: The guide vanes 4 . Left original, right optimised, connection plates are highlighted in green.

4

OPTIMISATION OF GUIDE VANES

The validated numerical model is applied on an updated geometry, where the catalytic
element is moved closer to the expansion. Furthermore is the guide vanes changed to
the orginal design 2 . This geometrical update is done to achieve a more realistic downscale model of the SCR-system. The calculation time is reduced by removing the inlet
hemisphere. The connection plates are highlighted in green and shown in figure 1 and 3.
The connection plates are not optimised an remain unchanged. The experimental guide
vanes is thicker and larger than the two, shown in figure 3. The adjoint method is used to
see tendencies for the optimisation and then manually applied the changes to the design,
in order obtain a geometry that can be produced without excessive costs. The result in
figure 3 indicates that the pressure loss and uniformity are improved by changing the
cross sectional area and smoothing out the sharp bends. A velocity field for both cases
are showed in figure 4. This indicate a small change in the uniformity, but as stated a
pressure drop is observe. The reduction in pressure loss is 28%.
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Figure 4: Colours indicate axial velocity field before the catalyc element. Left: the original guide vanes
with a pressure drop of 316 Pa. Right the optimised guide vanes with a pressure loss of 226 Pa 4 .

5

CONCLUSION

The present study shows that it is possible to achieve a uniform velocity distribution
of γ > 0.95, just 1/3 large diameter downstream of the sudden expansion. It shows also
that the initial design of guide vanes could be improved, such as the pressure loss reduces
by 28% for the entire system.
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ABSTRACT
The effect of pulsations in a catalyst converter is investigated with the aim of determining if a steady flow captures
the same physical phenomena as the pulsating flow. For this specific case, guide vanes are mounted in the sudden
expansion to obtain a uniform inlet flow to the catalytic layers. The test rig is successfully validated against other
similar measurements, done with a steady flow. The experiments are carried out with a Reynolds number of 105 , a
Womersley number orders of magnitude larger than 1, but with an ratio between the fluid though time and pulsation

period below one. This last part results in a quasi-static boundary condition. For the present setup different

amplitudes and pulsation frequencies are investigated. It is thus shown experimentally that they have no influence
on the mean flow. A repeatability study has been conducted which shows an overall repeatability of around 2%. An
error is observed, where unwanted fractions of the packing block parts of the catalyst dummy. These fractions
influence the velocity fields by clogging the hules of the catalyst dummy, but the influence is assumed to be small.
Based on the results it is concluded that the mean flow field for this case is independent of the pulsations. When air
enters the system a vortex ring appears in front of the catalyst dummy.

1. Introduction
Pollution from cargo transportation is a large problem for the global environment. To restrain the
growing emission, the United Nations (UN) have made regulations [1] to minimise especially SOx
and NOx emission. One of the main contributors to the pollution is cargo transportation by ships
powered by large diesel engines. These types of engines are forced to reduce the emission with up
to 80%, if they want to enter the Northern American or main EU waters. One of the solutions to
accomplish this major reduction is to use the Selective Catalytic Reduction (SCR) process. This
process requires that a reductant is fully mixed into the exhaust gas before the mixture enters the
catalyst. In the reactor, the mixture has to be uniformly distributed over the catalyst elements, in
terms of the same velocity into the catalyst channels, which are placed immediately after the
expansion. This velocity has to be lower than the velocity in the exhaust pipe to achieve the desired
exposer time for the exhaust gas to the catalyst material. A common way is to expanding the
volume often with an abrupt expansion and for the specific case at MAN Diesel and Turbo, the
expansion factor is approximately 2.7. This leads to flow separation and detachment from the wall,
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which leads to a non-uniform flow profile after the expansion. This is a known problem and
described experimentally in multiple papers, where [2], [3] and [4] use Particle Image Velocimetry
(PIV) to determined the velocity field in the expansion. Different solutions to the non-uniform flow
profile are suggested. The automotive industry sometimes use a cone shaped monolith catalyst
[5]. Other solutions could be to mount different devices in the inlet, as a honeycomb spherical arch
[6] or a small cone shaped obstacle in the expansion [7]. A guide vane solution is used in the
present study and is described in a previous study [8]. The guide vane based flow distributor
makes the flow into the catalyst somewhat more uniform by creating a vortex ring in front of the
catalyst.
The flow is pulsating with a frequency according to the number of pistons in the engine, with a
positive mean offset. The flow can be described with the Womersley number
𝜔𝜔𝜔𝜔 0.5
Wo = 𝑟𝑟 � �
𝜇𝜇

Where r is the pipe radius, 𝜔𝜔 is the frequency of the oscillations and 𝜌𝜌, 𝜇𝜇 are the properties of the

fluid. If the Wo ≫ 1 it is assumed that the inertial forces are dominant in the center of the flow. For
the specific analysed engines at MAN, the ranges of the Womersley number is Wo ∈ 78 − 255 and
why the inertial forces are dominant.

The ratio between the flow through time retention and the pulsation period varies in an engine
between 23 and 225. The flow through time is defined as the time for the flow to pass through the
guide vanes and the first catalyst layer. The ratio is above one and the effect results in pulsation
variations when passing the guide vanes and the first catalytic layer.
The current study investigates the effect of the pulsation flow on the guide vanes and with a flow
straightener, acting as a catalyst dummy. The overall goal is to investigate the influence of the
pulsations on the uniformity at the flow straightener, and whether an assumption of steady flow
condition (no pulsations) is a reasonable model in an optimizing process done with Computational
Fluid Dynamics (CFD).
Other studies have also investigate the pulsation effect on the velocity distribution, just for
automotive catalyst system [9], where the pulsation frequency is higher. Here they show that for
larger pulsation frequency the flow uniformity increase.
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2. Setup
The experimental setup is an open loop water channel located at Technical University of Delft
(TUD), Laboratory for Aero- and Hydrodynamics. The setup is illustrated in Fig. 1 and further
described in [10]. The experiments are carried out at laboratory conditions with a Reynolds
number of Red ≈ 105 , based on the volume flow from the flow meter and the small pipe diameter.

This is chosen to be in a flow region with relatively little dependency of the Reynolds number. The
volume flow is set by a gear pump, controlled with a frequency converter and measured with an
Ultrasonic flowmeter UFM 500 [11]. 𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the velocity in the inlet pipe to the converter based on

the volume flow from the flowmeter. The temperature is slightly increasing due to dissipation in

the system causing a maximum variation of 7 K. The effect on the viscosity and thereby the

Reynolds number is assumed not to be important. The diffusor connecting the pipe and the
converter abruptly expand within a length of 0.5d. The measuring area starts at the end of the
expansion and cover the area around the catalyst dummy. The catalyst dummy, shown on the
right in Fig. 1, is a model of a real catalyst in terms of flow area.
The guide vanes (flow distributor) is illustrated in Fig. 2. It is mounted in the sudden expansion to
achieve a higher uniformity in the yz-plane before the catalyst layer. The guide vanes are joint
together with three bars, creating three ‘channels’ for the fluid to pass though.

Catalyst dummy

Fig. 1 Left: Schematic sketch of the setup, where all the important dimensions are shown. The coordinate system is
shown on the center axis, just after the expansion. The green area shows the measurement area. Right: A model of
the catalyst dummy, with the sizes of the bores shown.
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Fig. 2 Flow distributor/guide vanes, where it is possible to see the tripartite guide vane construction. It is mounted in
the sudden expansion.

Planar (2D2C) - PIV is used to measure the flow. Spherical hollow tracer particles [12], with a
density of 1.10kg/m3 and a mean size of 12 μm are suspended in the water. A double-cavity 572
nm Nd:YLF, New Wave Pegasus laser, with up to 10 mJ per pulse is used to create a light sheet
with a thickness of 1 mm. The scatter light from the particles is recorded with one 4 MPixel CCD
camera (2048 × 2048 pixel), with a 105 mm lens and a F-number of 4. The mapped area has a

physical size of 0.13 × 0.13 m2. In the PIV algorithm an interrogation area of 16 × 16px is used

with a 50% overlap. An 5 × 5 outlier detection is applied.

The experiments are performed with constant flow or with pulsating flow. The pulsations are
created as a sine wave, with a non-zero offset and an amplitude as a percentage of the offset. For
each setting an initial delay has been applied to assure fully develop flow conditions before the
measurements.
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3. Results
Validation of the test rig is done by comparing two steady cases. One from the present test rig and
one from a similar test rig at Technical University of Denmark (DTU) Laboratory of Fluid
Mechanics. Here air is used as the fluid [13]. Both cases have a Red ≈ 110000. The setup at DTU
measure the velocity at a cross plane to the main flow direction with stereoscopic PIV. On Fig. 3

the validation case between the setup at DTU (air) and TUD (water) is shown. Both are with
straight inlet and with the guide vanes mounted. The guide vanes are complex to manufacture
and not physical mounted alike at the two test rigs. The results from the air experiment are rotated

to obtain the same sampling line. The velocity profiles from the two experiments are in good
agreement taking into account small geometrical differences between the two setups.
The system is set to pulsate with a constant sine wave and an example of the flow field is shown
on Fig. 4. The catalyst dummy is mounted and shown as a white square. The pulsation frequency
of the sine wave is 1 Hz with the amplitude of 25% of the mean flow at 2.6 l/s. It is measured with
5.25 Hz and by phase averaging accordingly to the input sine wave. 21 points resolution are
obtained. Each point consist of 143 independent flow fields revealing the effect of one pulsation

Fig. 3 Top view shows comparison between the steady cases for the setup at DTU(air) [8] and at TUD(water). Not all
points are shown and the full line is used for better visualisation. At the bottom left the TUD case viewing the xy plane
and right the DTU viewing the yz plane. The two cases overlap at the sample line shown on both plots as white marks.

19th International Symposium on the Application of Laser and Imaging Techniques to Fluid Mechanics・LISBON | PORTUGAL ・JULY 16 – 19, 2018

cycle. Looking closely at the flow after the catalyst dummy one can see that the axial velocity
changes over the y direction. This originate from the bores in the catalyst dummy, where some of
the bores are illuminated directly by the laser sheet. Looking at the graph of the radial velocity on
Fig. 4 it can be observed that it is almost zero except near the walls, where the geometry of the
dummy creates a backwards facing step. The step is located at 𝑥𝑥/𝑑𝑑 = 1.5 and 𝑦𝑦/𝑑𝑑 = ±1.2. This

backwards facing step creates a burst of higher velocity at 𝑦𝑦/𝑑𝑑 = ±1 and outwards for the axial

velocity. This burst follows the pulsation frequency and scale with the flow magnitude and
originates from the geometry of the catalyst dummy. This might have an influence on the

uniformity on the next layer, but needs to be investigated further to see the effect of the geometry.
The flow before the catalyst dummy is dominated by a vortex ring.

− 1⁄2 𝜋𝜋

0

1⁄2 𝜋𝜋

Frequency

𝜋𝜋

3⁄2 𝜋𝜋

Fig. 4 Top: The sine wave prescribed to the pump, where the circles indicate the different sampling points and the
full dot indicate the present case. Middle: Velocities in the measuring plane, where the white square is the catalyst
dummy. The white arrows show the in-plane velocity, the colours show the magnitude of the velocity component,
according to the label. Bottom: The velocity profile at the dashed line.
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The phase averaging method mention above is investigated to determine if an average of the entire
phase is valid. The phase average data are shown in Fig. 5, where velocity profiles at four
magnitudes are plotted. It is seen that only the velocity magnitude changes as the amplitude goes
from maximum to minimum, which indicates that an average of the entire phase is valid.
The influence of the pulsations are investigated with two different cases, both with and without
the catalyst dummy. Both cases compare the mean flow for the entire phase, by an average of all
sampled data. On Fig. 6 a mean velocity field for the steady and pulsation flow case is shown
without the catalyst dummy. For the steady flow 5050 snapshots are sampled at 7.26Hz with a

volume flow on 3.2 l/s. For the pulsation case 5000 snapshots are sampled at 5.25Hz. The
amplitude was 25% of the mean flow of 2.6 l/s and the pulsation frequency at 0.5Hz.

125 % mean flow
109 % mean flow
92 % mean flow
75 % mean flow

Fig. 5 Phase average velocity profiles at x/d = 2 with the catalyst dummy mounted. Only data from a half phase is
shown going from maximum to minimum. The lines show the velocity at four different amplitudes.

Fig. 6 Comparison between a steady case and a pulsation case, respectively. Only every 10 vector in each direction is
shown. Both cases are an average of all sampled data.
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In Fig. 7 the velocity field with the catalyst dummy mounted is shown. The catalyst dummy is
seen as a region with no vectors. For the steady case 1000 snapshots are sampled at 5.25 Hz with
a mean flow of 2.6 l/s. The pulsation case is sampled with 3000 snapshots at 5.25Hz with a mean
flow of 2.6 l/s. The amplitude was 25% of the mean flow of 2.6 l/s and the pulsation frequency at

0.5Hz. Velocity profiles from both cases are sampled at x/d = 2 and the comparison is shown in
Fig. 8. It is seen that for the case without a catalyst dummy the results are alike. Smaller differences
in the nominal size of the velocities are observed at the center and at the peaks at the side. These
differences are assumed to be insignificant. The case with the catalyst dummy mounted matches
at the velocity burst and the center values fluctuate. The suggested explanation of the fluctuation
between the velocities profiles is due to build up of unwanted fraction of packing at the upstream
face of the catalyst dummy. These particles move between each experiment (run) as the flow
changes. If the flow pulsate some of the particles observable by the eye move around. If the flow
is steady the fraction of packing locks to a position.

Fig. 7 Comparison between a steady case and a pulsation case, respectively. The white square is the catalytic dummy.
Only every 10 vector in each direction is shown. Both cases are an averge of all sampled data.

Fig. 8 Velocity profile comparison at x/d = 2. Where the left show the cases without catalyst dummy and the right
show the cases with a catalyst dummy mounted. Both cases are an average of all sampled data.
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A comparison of the velocity profiles before the catalyst dummy is shown on Fig. 9. The profiles
are similar even though there are deviations at the upper half. These deviations could be explain
by trapped air in the setup there over time remove the correlation in the areas where the vortex
ring appear.
Investigation the dependencies of the pulsation amplitude and frequency is shown in Fig. 10,
where the left plot shows normalised velocity profiles with change in magnitude of the amplitude
from 2.5% to 25% of the mean flow. The right plot shows the change in frequency from 0.1 Hz to
7 Hz. Both cases are sampled with 315 snapshots at 7.26 Hz shown as a mean of all the snapshots.
For the case where the frequency is varied the same amount of pulses are not measured. The
graphs show the velocity in all interrogation areas. It is seen that nearly no change is found when
changing the amplitude or frequency, only a deviation is seen at the center assumed to originate
from the fractions of packing stuck in the catalyst dummy.

Fig. 9 Flow profile with the catalytic dummy is mounted comparison at x/d = 0.5. Both cases are an average of all
sampled data.

Fig. 10 Velocity profiles at x/d = 2, where the sampling frequency is at 7.26Hz and the sample size is at 315 snapshots.
On the left change in amplitude from 2.5% to 25% of mean with the frequency at 1 Hz. On the right change in
frequency from 0.1 – 7 Hz with amplitude 25% of mean.
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The uncertainty is investigated by a repeatability study performing the same settings six times at
different days. The comparison of the velocity profiles at x/d = 2 is shown on Fig. 11, where also
the standard deviation for the six runs is shown. It is seen that the velocity profiles are alike and
that the standard deviation is around 0.02. For the center values the standard deviation raises and
confirm larger uncertainties observed.
A vortex ring was created in the inlet of the reactor, as shown on Fig. 12. The vortex ring became
visible when air bubbles entered the setup through the open reservoir and subsequently got
trapped in the vortex. The vortex ring was moving around and it was twisting around itself. It is
possible to see that the air bubbles tend to move to the top of the vortex ring due to the effect of
gravity. Thus the vortex ring appears thin in the bottom and thicker in the top.

Fig. 11 Left: Velocity profiles from 6 independent run sampled at x/d = 2, where the sampling frequency is at 7.26 Hz
and the sample size are at 315 snapshots. The amplitude are 25% of the mean with a frequency at 1 Hz. Right: Standard
deviation (STD) of the single points.

Fig. 12 Visualisation of the vortex ring between the catalyst dummy and the expansion. The flow is from left to right.
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4. Discussion
The trapped fractions of packing and trapped air are the largest uncertainties for the setup. Both
are attempted minimized and removed from experiment to experiment. The fractions of packing
clog the catalyst dummy or move around inside the volume between the catalyst dummy and the
guide vanes. Due to the geometry of the setup it was not possible to remove the particles without
disassemble the entire reactor. The trapped air enters the flow at the open reservoir, where a flow
guider was mounted and the problem was minimised.
The pulsations are not the same as for the large two-stroke engines. For the real exhaust gas the
Womersley number is assumed to vary between Wo = 78 − 255 and for the test rig Wo = 7 − 54.
Because both are above the threshold of Wo > 2 the inertial forces are dominant in the center of
the flow and it is assumed that the same physical phenomena are dominating. For the real SCR
system it is expected that the amplitudes are of the order 2-3% of the mean flow. Most test cases

are done with 25%, but as concluded the amplitude is insignificant.
The ratio between the flow through time and the pulsation period vary between 0.2 − 0.4, where
the flow through time is defined as in section 1. and the velocity is 𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 . The ratio is below one

and the system can be defined with quasi-static boundary conditions. Comparing this ratio to the
ratio for the real SCR system, one could expect different physicals phenomena such as separation
at different locations. To investigate this, more experiments have to be conducted. But it was not
possible to obtain the same ratio between the retention time and frequency, when keeping a
Reynolds number at Re ≈ 105 on this test rig.

5. Conclusion and future work

The performed PIV measurements show that an overall mean of the pulsating flow field is similar
to the mean of the steady flow case. The velocity profile only changes in magnitudes at the
different phase steps. Furthermore it indicates that a mean across the entire phase is valid and it is
seen that no effect is observed by variation of the amplitude or pulsation frequency. The pulsation
only seams to create more realistic results. This is assumed to be due to the observation that
pulsation move the unwanted fractions of packing around and create a less noticeable effect on
the mean of the velocity field compared to the steady case. It is concluded that a steady flow case
can be used to model this setup, but that for real cases more experiments have to be conducted
without quasi-static boundary conditions.
For future work, a new setup should be built to obtain a ratio between the retention time and the
pulsation frequency above one, with a Reynolds number at Re ≈ 105 . New tests on the current test
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rig are suggested to mount one more catalyst dummy in order to investigate the flow between
catalyst layers and the effect of multiple catalyst layers.
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Abstract
Two-phase flow in ribbed or corrugated pipes is of interest in many applications. Experiments are performed
to assess the flow regime characteristics in upward annular flow through vertical smooth and corrugated pipes.
From high speed recordings, the flow regime and temporal film characteristics for the smooth pipe are obtained.
A novel implementation of a Laser-Induced Fluorescence (LIF) method is used to measure the film thickness,
preventing strong reflections from deteriorating the measurements. Liquid accumulation in between the ribs of
the corrugated pipe is also measured with a LIF technique. Furthermore, droplet sizing is performed combining
shadowgraphic and interferometric techniques to capture a large droplet size range. The measurements show that
the presence of pronounced corrugations at the pipe wall causes a strong increase in entrainment of liquid into the
gas flow. Obtained droplet size distributions show a considerably larger droplet size compared to smooth pipes.
The entrainment is correlated to the filling of the corrugations with liquid; it is significantly reduced when the
corrugations are entirely filled. Entrainment from within the corrugations plays a significant role in enhancing
the total entrainment ratio. The cavity filling is related to the superficial liquid film flow speed. The filling α is
found to scale with the Weber and liquid Reynolds number. When the experiments are repeated with a different
liquid (mono-ethylene glycol) and with a different corrugation geometry, similar results are obtained.

1

Introduction

Ribbed or corrugated pipes are used in many applications. They are applied as flexible risers in the oil and gas
industry, transporting gas from bore-wells to platforms and ships. They are also used for LNG transport to the
shore. Other applications are primarily found in circumstances where heat and mass transfer are important. Axisymmetric or helical inserts have been shown to increase heat and mass transfer coefficients drastically under
certain conditions. In many of these applications, a two-phase flow occurs. There is, however, limited understanding of the effect of ribs and corrugations on the flow regimes occurring in two-phase flows through these pipes.
This work aims at contributing to this knowledge. Experiments are carried out to investigate the two-phase flow
behavior in smooth and corrugated vertical pipes, in the annular flow regime. In this regime, a thin film transports
the bulk of the fluid along the wall. Liquid entrainment from the film results in a fraction of the total liquid flow
being transported as droplets in the gaseous core of the flow.
Co-current two-phase flow in smooth vertical pipes has been subject of
many studies. Azzopardi (1997) provides a thorough summary of this work.
More recent contributions are provided by e.g. Belt et al. (2010), van `t
Westende et al. (2007), and Sawant et al. (2008, 2009). Pressure drop, entrainment ratio, void fraction and wave characteristics are well understood,
although several open questions remain. For very low liquid flowrates, a full
film is not sustained. The film breaks up and liquid is transported in rivulets
along the pipe wall (Hewitt, 1965). For higher liquid flowrates, the full
film is mainly characterized by two types of waves; capillary ripples and
disturbance or roll waves (Azzopardi, 1997). Disturbance waves are the
main source of liquid entrainment into the gaseous core (Arnold and Hewitt, 1967; Cousins and Hewitt, 1968; Azzopardi and Whalley, 1980). The
inception of disturbance waves is therefore an important parameter when
studying liquid entrainment in annular pipe flow. Azzopardi (1997) was
one of many authors proposing a criterium for the inception of disturbance Figure 1: Schematic representation
waves, below which no significant entrainment is expected. According to of the two main droplet formation
Ishii and Grolmes (1975), entrainment is suppressed if the film Reynolds mechanisms; bag break-up (left) and
ρ u D
number (Ref = l µsll p ) is smaller then 160, due to the absence of distur- ligament break-up.
bance waves. Sawant et al. (2009) showed the the presence of disturbance
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waves is a necessary condition for the onset of entrainment, but not sufficient in itself. Especially at lower gas flow
rates disturbance waves can occur without significant entrainment.
Two mechanisms for droplet formation from disturbance waves have been identified. Figure 1 gives a schematic
representation of these two mechanisms. At lower gas and liquid flow rates, the bag break-up mechanism is dominant. Part of the wave is undercut by the gas flow, resulting in the formation of droplets. The second mechanism,
occurring at higher gas flow speeds, is the ligament break-up mechanism, where a ligament is sheared from the
waves by the high speed gas phase. This mechanism seems to be dominant, especially in the low Ref regime. Several studies aimed to model the entrainment rate in smooth annular pipe flow. Ishii and Mishima (1989) used the
onset of entrainment criterion developed by Ishii and Grolmes (1975), to come up with an entrainment correlation.
The correlation is based on the assumption that the excess liquid, above the entraiment onset limit, is entrained in
the gas flow. They found a Reynolds number dependency in the transition regime (160<Ref <1635), and also introduced a viscosity dependency. This viscosity dependency is not warranted according to Wallis (1968). Pan and
Hanratty (2002) developed a similar correlation, without the liquid Reynolds number and viscosity dependency.
The influence of non-smooth pipe walls on the two-phase flow is less well understood, but very relevant in certain applications; corrugated risers (Belfroid et al., 2013), ribbed wall heat exchangers for boiling and condensation
(Agarwal and Rao, 1996), and mass transfer applications (Kukreja et al., 1993). Two-phase flow in corrugated pipes
is mainly studied in the context of internal helical wires or other types of inserts in smooth pipes. Heat transfer
coefficients can be significantly increased when these type of inserts are used. This behavior, however, is strongly
dependent on the appearing two-phase flow regime. Several studies are devoted to the flow regime boundaries
in two-phase flows through pipes with inserts. Agarwal and Rao (1996) found a significant increase of the heat
transfer coefficients, related to the existence of annular flow over a larger range of flow parameters, accompanied
by increased film thickness. Kim et al. (2001) showed that, for counter-current two-phase flow in a coiled pipe, the
flow pattern transition lines moved to lower gas flow velocities. This was confirmed by e.g. Ansari and Arzandi
(2012) for horizontal channels with ribs. Recently, new attention was given to two-phase flows in corrugated pipes
in the framework of the mitigation of flow-induced vibrations in these pipes (Belfroid et al., 2013; van Eckeveld
et al., 2017). The presence of liquid was found to reduce, and eventually mitigate, flow-induced noise. In this
application, it is important to determine the minimum liquid loading required to prevent vibrations to occur, which
is strongly influenced by the flow regime.
There is very limited knowledge about the effect of wall roughness on two-phase flow regimes. The present work aims at underu∞
standing the effect of axisymmetric ribs along a pipe wall on the
flow pattern in vertical co-current two phase flow. In dry gas flow
through these pipes, the quasi-stagnant flow inside the corrugations is separated from the flow through the core of the pipe. A recirculation cell is formed inside the cavities, which scales with the
cavity size. There is a large range of cavities, classified based on
their geometry and internal flow structure. The geometries studied
in this work are so-called shallow open cavities, where the shear Figure 2: Typical cavity flow in a corrugated
layer extends to the downstream end of the cavity, and a single pipe, subject to dry gas flow.
recirculation zone is formed inside the cavity. A schematic representation of this type of flow is provided in Figure 2.
A combination of measurement techniques is used to gain insight in two-phase flow through a corrugated
pipe. All measurements are carried out in an open flow loop. The measurement techniques involve film thickness
measurements, droplet sizing, cavity filling and entrainment measurements.
This work adds to understanding the effect of a corrugated pipe wall on the flow behavior in the annular
regime. The behavior of liquid at the pipe walls, the entrainment ratio and the generated droplets are assessed,
both for smooth and corrugated pipes. Two different corrugation geometries are studied, and water and monoethylene glycol (MEG) are used as working liquids. The measurements are carried out in an open flow loop,
described in Section 2, together with the experimental methods. Different measurement techniques are used to
investigate the flow behavior. The film thickness in smooth pipes is measured using a Laser-Induced Fluorescence
(LIF) technique, adapted to omit the effect of total internal reflections at the gas-liquid interface. Droplet sizing
is carried out using shadowgraphy and interferometry, alongside entrainment measurements. Liquid accumulation
inside the cavities is also assessed using a LIF based technique. Measurement results for the smooth and corrugated
pipes are provided in Section 3 and 4 respectively. The results are discussed in Section 5, and Section 6 provides
the conclusions from the present study.

2

2

Experimental

2.1

Experimental set-up

The measurements are carried out in an open flow loop with a vertical test
section (depicted in Figure 3). Air flow through the pipe is provided by a
blower (Esam Mediojet 2V). Gas flow rates are measured with a zero β-ratio,
long-radius ASME flow nozzle (Leutheusser, 1964). After passing through
Test
the expansion vessel, the flow is directed upward and liquid is injected with
Section
spray nozzles (Bete PJ8, PJ10, PJ15, PJ24 and PJ32). A rotary vane pump
(Fluid-O-Tech PA111) drives the liquid flow. The nozzles produce a dispersed
spray of droplets with a nominal diameter less than 150 µm. The liquid flow
rate is measured with a Coriolis mass flow meter (Bronkhorst M14 CORIFLOW). For flow development purposes, a 3.7-m long smooth pipe section
(L/Dp ≈ 75) is placed behind the liquid injection point, followed by the
transparent plexiglas measurement section. The measurements are taken at
approximately 84 pipe diameters downstream of the liquid injection point.
The flow loop is terminated with an open outflow. Temperature measurements are performed at the outlet using a Pt100 temperature probe located at
Development
the pipe center-line. The temperature measurements, together with pressure
section
measurements upstream of the liquid injection point, are used to correct the
mass density of the gas. For the experiments with corrugated pipes, the last
three meters of the flow loop are replaced with a PVC corrugated section. Due
to the wide range of applications (from different heat-exchangers to industrial
risers), there is a large variety in geometrical characteristics that are of interest. For the present study, two different corrugation geometries are used. Both
Liquid
have rectangular corrugations with Hc = Lc . The upper edges are rounded,
injection
as is found in many applications (e.g. tape-wire inserts in heat and mass transfer enhancement applications). The pitch is limited, to fit a sufficient number Blower
Vessel
of corrugations in the vertical distance, so that full flow development can be
assumed. A schematic representation of the used geometries is depicted in
Figure 4. The dimensions are given in Table 1. For optical access a transparent corrugated section is placed just before the end of the corrugated pipe, at
Figure 3: Schematic representa49 ≤ L/D ≤ 53 from the corrugated pipe entrance.
tion of the experimental set-up,
with a smooth pipe measurement
2.2 High speed imaging
section. The measurement section
To characterize the annular liquid film at the pipe wall, a combination of high can be replaced by a corrugated
speed imaging and Planar Laser-Induced Fluorescence (PLIF) is used. The pipe.
high speed images are used to identify the flow regime and temporal statistics.
A Photron Fastcam APX 1MP camera is used, equipped with a 105 mm Micro-Nikkor objective. The transparent
section is illuminated from the back using an LED panel. A grid with alternating black and white lines is placed
between the light source and the pipe to increase contrast of the images. Images are recorded at 700 Hz, which is
sufficient to capture the dynamic behavior of the film.
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Figure 4: Cross-section of corrugation
geometry

Geom A

Geom B

49.25
4
4
6
2

49.25
6
6
10
2

Table 1: Dimensions of different geometries
used
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B
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θ

Air
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Water
Water

(a) Schematic of the PLIF set-up used in the
film thickness measurements, seen from the top.
The water at the interior of the pipe is dyed with
150 µg/L rhodamine, water in the optical box
with 50 µg/L.

(b) Example images obtained using inverse ray-tracing for θ of 75◦ ,
with(A) the image obtained by the sensor, (B) indication of the error that
would be made with regular film thickness detection and (C) the error
made using line detection. White regions are the actual wave, gray regions indicate the overestimation using each technique.

Figure 5

2.3

Film thickness measurements

The film thickness is obtained from PLIF measurements. The method used before by e.g. Schubring et al. (2010) is
adapted for this purpose, to omit large reflections at the gas-liquid interface. The set-up is schematically depicted
in Figure 5a. A laser sheet (from an Nd:YAG LitronLasers Nano L 50-50) illuminates the liquid film. The liquid
contains a fluorescent dye (150 µg/L Rhodamine WT). The fluorescent light is recorded using a LaVision Imager
LX 16M CCD camera, equipped with a 105 mm Micro-Nikkor objective with a red filter (B+W 62 041) in front of
it. The viewing angle has been optimized in terms of wall-normal spatial resolution of the film and the amount of
reflections observed, resulting in an angle w.r.t. the laser sheet (θ in Figure 5a) of 75◦ .
A drawback of the described optical technique is the overestimation of the film thickness due to total internal
reflections at the air-water interface. Häber et al. (2015) showed that the overestimation of the film thickness could
reach a factor of 2 for steep waves. In order to reduce this error, a lined light sheet is used in this work. The light
sheet consists of alternating light and (smaller) dark regions. The dark lines are generated by passing the light
sheet through a grid, thereby creating shadows behind the grid lines. A reflection of the light sheet at the wavy
air-water interface will cause the lines to deviate, enabling a distinction between the actual film and the reflections.
A drawback of this method is a reduced spatial resolution of the film thickness detection. The spatial resolution
in the streamwise direction is associated with the number of grid lines in the light sheet, instead of the number of
pixels in that direction.

A
B
Figure 6: Comparison of film thickness from binarization (A) and using the line detection method (B). Large
reflections can be detected in B because of the deviation of the lines.
An inverse ray-tracing technique is used to validate the method. An example image for a simple sine wave is
depicted in Figure 5b. The initial position of the lines is obtained using a peak-find algorithm, with the average
image as input. Deviation of the lines is detected using a runlength encoding script, detecting the first wall-normal
location where the lines show a 2 pixel deviation from the initial position over at least 5 pixels of the length of the
line. For this artificial wave the improvement in film thickness measurement is evident. Only where the light ray
has a (near-)perpendicular angle of incidence, the wave height is overestimated.
The technique is applied to the film thickness measurements in a smooth pipe. Line spacing was chosen to
4

be 1 mm, which is deemed sufficient to capture most waves, keeping in mind the capillary length (2.7 mm in the
air-water case). Decreasing the line spacing further would complicate the line detection method. Figure 7 shows
a part of a typical image obtained from these measurements, visualizing the improvement when the line detection
method is used.

2.4

Cavity filling measurements

The liquid accumulation inside the cavities of the corrugated pipe has also been
measured using a PLIF based method, similar to the film thickness measurements.
In this case, the reflections at the air-water interface are reduced by reducing the
viewing angle w.r.t. the laser sheet. An angle of approximately 25◦ is used between
the laser sheet and the camera. With a steady and perfectly axisymmetric gas-liquid
interface within the corrugations, this yields a viewing angle well below the critical
angle for air-water (= 48.6◦ ) and air-MEG (= 44.0◦ ). The dye concentration is
optimized for the required intensity of the emitted fluorescent light, resulting in a
concentration of 125 µg/L. Furthermore, the optical box is filled with a Rhodamine
solution of approximately 50 µg/L, and the fluorescent light emitted from this region
is used to correct for non-uniformity in the laser sheet. A typical image obtained
with water injection in a corrugated pipe with Geometry B is depicted in Figure 7.
High intensity corresponds to regions of liquid accumulation. The white boundaries
are obtained after processing, and indicate the filling area. More details about the
different processing steps can be found in van Eckeveld et al. (2017).

2.5

Film flow rate and Droplet sizing

Droplet sizes are measured at the pipe end, after removal of the liquid film attached
to the wall. The film is removed using a slit (as was applied by Hay et al. (1996)).
The internal diameter of the slit is 4 mm smaller then the internal pipe diameter. Figure 7: Typical image of
The film is collected and the film flow rate is measured using a scale. Droplet size liquid accumulation in cavdistributions are measured with a combination of shadowgraphic particle imaging ities (Geom B).
(SPI) and interferometric particle imaging (IPI, Glover et al. (1995)). The techniques
are combined to capture a large range of droplet sizes.
A schematic overview of the SPI set-up is provided in Figure 8. Images are acquired using a LaVision Imager
LX 16M CCD camera equipped with a 200 mm focal length Micro-Nikkor objective. Behind the pipe, a diffusing
white background is lit by a pulsed Nd:YAG laser (LitronLasers Nano L 50-50). The droplet shadows are subsequently recorded. Several image processing steps are applied. First the background is subtracted, followed by a
median filter (3x3 pixel) to reduce noise. The droplet edges are found using a canny filter and the contours are
filled with a convex hull technique. From the resulting binary image, the droplet sizes are obtained. A typical
example of an SPI image obtained after background subtraction and the application of a median filter is depicted
in Figure 8. The droplet size range that can be measured using this technique is limited by the spatial resolution
of the images and by the optics. The spatial resolution in the reported experiments is approximately 12.5 µm/pix.
Furthermore, the diffraction limit of the imaging system is around 25 µm. It is therefore difficult to obtain reliable
drop sizes for droplets with dp <50 µm using shadowgraphy.
An interferometric technique is used to measure droplets with smaller diameters. The droplets are illuminated
with a 1 mm thick laser sheet, as is schematically depicted in Figure 9. The same camera is used for the SPI
and IPI measurements. It is placed at an angle of 70◦ with the laser sheet, and the scheimpflug condition is
fulfilled to obtain equal focusing over the entire field of view. The 70◦ angle results in a high signal-to-noise ratio
of the interference fringes (Damaschke et al., 2005). A separate aperture is placed just before the camera lens.
Illumination of a spherical droplet with a light sheet results in two glare-points at both sides of the droplet. A
defocused image of these glare points yields a disk with an interference pattern due to the monochromatic laser
light that is used. A typical raw IPI image is depicted in Figure 9. There is a direct relation between the spacing
of the fringes and the droplet size. When the ratio of refractive indices of the droplets and the surrounding fluid is
larger than unity (m = nngl > 1) this relation is (Damaschke et al., 2005):
!
2λ
m sin(θ/2)
cos(θ/2) + p
.
(1)
dp =
∆ψ
m2 − 2m cos(θ/2) + 1
In this equation dp is the droplet size, λ the wavelength of the used light, ∆ψ the angular fringe spacing, and θ
the viewing angle. The advantage of using an interferometric technique is that the disk size is not related to the
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droplet size, but rather to the optical choices made in designing the set-up. Small droplets yield a large ∆ψ, and
the lower bound of the droplet size that can be measured is solely determined by the aperture size and the working
distance. The detection of large droplets is limited by the spatial resolution of the camera image as it corresponds
to the smallest fringe spacing that can still be detected. A correlation method is used to locate the droplets in the
images. The entire image is correlated with a circular mask, having the size of the interference disks. Peaks in the
resulting correlation plane are associated with the locations of the droplets. Overlapping parts of the droplets are
removed and the fringe spacing is found from a simple periodogram, obtained using a Fast Fourier Transform of
the vertically-averaged disk images. The fringe spacing is subsequently used to calculate the droplet size.
Combination of IPI and SPI
SPI and IPI recordings are carried out after each other, assuming stationary and reproducible conditions. Figure 10
shows droplet size distributions obtained from SPI and IPI for the same flow conditions. The overlapping region,
indicated by the dotted lines, is used to combine the two distributions into a single distribution covering the entire
droplet size range observed in the experiment. The probability of a droplet ending up in the overlapping range (i.e.
a ≥ dp ≤ b) for the two techniques is:
ab
Pipi
=

Nipi [a ≤ dp ≤ b]
Nipi

ab
Pspi
=

Nspi [a ≤ dp ≤ b]
.
Nspi

(2)

Since the distributions from SPI and IPI are subsets of the entire droplet size distribution, it holds that C1 · Nipi =
ab
C2 · Nspi = Ncom . Knowing that Pcom
from SPI and IPI should match, when the distributions are combined,
gives:
ab
Pcom
=

1
C1 Nipi [a

≤ dp ≤ b]

Ncom

The combined drop size distributions then becomes:
(
Nipi
if dp ≤ b
Pcom Ncom = C1
if dp > b,
C2 Nspi

=

1
C2 Nspi [a

≤ dp ≤ b]

Ncom

with

.

C1
Nipi [a ≤ dp ≤ b]
=
.
C2
Nspi [a ≤ dp ≤ b]

(3)

(4)

The combined result of this operation for one particular case is shown in Figure 10. The figure also shows
the fitted upper limit log normal (ULLN) distribution, as was also used by e.g. Azzopardi (1997) to describe the
droplet size distribution in annular smooth pipe flow. This distribution is fitted to the combined volumetric droplet
size distribution and statistical measures regarding the droplets are obtained from this fit.
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Figure 8: Schematic representation of the shadowgraphy set-up (left), δz depicts the depth of focus of the imaging
system and a typical image obtained using the shadowgraphic measurement technique, after background subtraction and the application of a median filter (right). Dark spots are the shadows of droplets, used to find the droplet
size.
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Figure 9: Schematic representation of the ILIDS set-up (left) and a typical image obtained with this method (right).
The insert shows an enlarged image of a typical interference pattern obtained from a droplet.
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Figure 10: Volumetric droplet size distributions obtained from IPI and SPI, and the resulting combined and fitted
distribution. The vertical dashed lines indicate the combination region for this particular case.

3

Two-phase flow in smooth pipes

As a reference for the corrugated pipe flow, two-phase flow in a smooth pipe is first assessed. It is used as
a benchmark to evaluate the effect of the presence of corrugations on liquid redistribution in the pipe. To the
knowledge of the authors there is no literature data available for the very low liquid loading that is used in these
experiments. Results are compared to data obtained by Belt et al. (2010) and to the data presented in the review
paper by Azzopardi (1997).
The high speed video recordings of the film reveal three different flow patterns: rivulets, regular ripples and
disturbance waves. Figure 11 shows snapshots of the different flow regimes. For low liquid loading at high gas
flow speeds the film is not sustained and dry spots appear. This results in the formation of rivulets, transporting
all the liquid attached to the wall (C in Figure 11). The width of the rivulets varies from approximately 0.5 to 5
mm. The region where rivulets are observed in the data is depicted in Figure 12. For most of the parameter space
in this study, the film is only covered with ripple waves (A/D in Figure 11); smaller regular waves, with a limited
azimuthal coherence. For high liquid loading at low gas flow speed, disturbance waves start to occur (B in Figure
11). These waves have a significantly larger amplitude than the ripples and travel at a higher velocity. They also
show strong coherence along the circumference of the pipe.
The occurrence of disturbance waves becomes very clear from the time-space diagrams, obtained using the
high speed images. These diagrams are obtained from the centerline of the pipe images, in streamwise direction.
Figure 13a shows a case where only ripples are present. Increasing the liquid loading for the same gas flow speed
results in the onset of disturbance waves on top of the ripples (Figure 13b). They are observed as steep bands
with smaller waves. From the slope of these bands the wave speed can be obtained. For the disturbance waves in
Figure 13b this is approximately 0.45 m/s, whereas the ripples in Figure 13a travel at a significantly lower velocity
(around 0.06 m/s). The difference in wave speed is caused by the penetration of the disturbance waves further into
the gas side boundary layer. The wave speed is compared to the correlation proposed by Kumar et al. (2002) and
7

Figure 11: Different film flow regimes observed from the high speed video recordings. (A/D) ripples, (B) ripples
and disturbance waves, (C) rivulets. The superficial gas and liquid velocities are indicated on top, in m/s and
cm/s, respectively. The black and white bands in the background are used to increase the contrast in the film
shadowgraphs.
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Figure 12: Flow map for the experimental parameter space, indicating the regions where a full film and rivulets
occur.

(a)

(b)

(c)

Figure 13: Time-space diagrams along the pipe centerline for usg = 20 (a,b) and 45 m/s (c), and usl = 0.09 (a) and
0.25 cm/s (b,c). The white lines indicate the wave speed of the ripple (a,c) and disturbance (b) waves.
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more recently revisited by Sawant et al. (2008). Using this correlation results in an over-prediction of the wave
speed by a factor 1.7. This correlation is, however, not evaluated before at the onset limit of disturbance waves.
Furthermore, Sawant et al. (2008) report that it is dependent on the pipe diameter, which is slightly bigger in the
current experiments.
From literature it is expected that disturbance waves would not occur in the reported experiments, although
a large scatter of the experimental data around the onset boundary of disturbance waves has been observed (Azzopardi, 1997; Sawant et al., 2009). The axial distribution of disturbance waves is highly irregular, indicating
operation close to the onset of the waves. Decreasing the liquid loading results in their disappearance, in accordance with the onset boundary found by e.g Sawant et al. (2009). They report that an increase in superficial gas
velocity results in a higher liquid loading required for disturbance waves to occur, which is also observed in our
experiments. From the PLIF data it is difficult to distinguish disturbance waves from other waves. Temporal
information (wave speed) is required to separate these waves from other high-amplitude bursts (Belt, 2007).
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Figure 14: Film thickness (δ) as a function of (a) superficial gas and (b) liquid velocity. Solid line in (a) and open
symbols in (b) are experimental data by Belt et al. (2010).
The instantaneous film thickness (δ) can be obtained from the PLIF measurements. Figures 14a and 14b show
the average film thickness w.r.t. the superficial gas and liquid velocity, respectively. A strong reduction in δ for
increasing gas velocity is observed, related to the increased film flow speed. Although no experimental data is
available for the low liquid loadings attained in the reported measurements, the trend is similar to data obtained by
e.g. Belt et al. (2010), which is also plotted in Figure 14a. The effect of the liquid loading on δ is also significant,
but considerably lower then that of the gas flow speed. The standard deviation of the film thickness, which is a
measure for the interfacial wave height, shows similar trends with usg and usl as the film thickness. Plotting it
as a function of the film thickness itself makes all data collapse onto a single straight line, indicating the linear
dependence of wave height on film thickness (see Figure 15).

Figure 15: Standard deviation of film thickness as a function of the film thickness. The solid line corresponds to a
linear fit of all data (with a slope of 0.86)
At the current operating conditions, low entrainment is expected. The absence of disturbance waves in the
largest part of the measurement domain corroborates this expectation. Quantitative measures for the amount of
entrainment are obtained from film flow rate measurements, as described in Section 2.5. Entrainment ratio is
Q −Q
defined as E = totQtotf ilm . The entrainment as a function of usg is depicted in Figure 16a. An expected
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(a)

(b)

Figure 16: Entrained liquid fraction as a function of usg for different values of usl , in smooth (a) and corrugated
pipes(b, geom A).
increase with gas flow speed is observed, originating from the increase of entraining shear forces at the gas-liquid
interface. The entrained liquid fractions seems to decrease with increasing liquid loading, however the entrainment
measurements are compromised by the evaporation of liquid into the gas flow, effectively changing the total liquid
flow rate through the smooth pipe. The actual liquid loading in the measurement section is therefore lower then the
liquid loading at the injection point. The evaporation rate is estimated using the corresponding Sherwood number
for mass transport in internal pipe flow: Sh = 0.023Reg0.83 Sc0.44 , where Sc = µg /ρg Dp is the Schmidt number.
Depending on the atmospheric humidity, the liquid flow rate could be corrected. No humidity measurements were
carried out during the measurements, hence an accurate estimation of the evaporation rate could not be obtained.
Assuming typical humidity of 60%, the amount of evaporated liquid is in the same order as the entraiment rate
observed form Figure 16a. As expected, the actual entrainment will therefore be close to zero.

4

Two-phase flow in corrugated pipes

The flow behavior in corrugated pipes will now be assessed. This is done for the corrugation geometries presented
in Section 2, and for similar parameter space as used in the smooth pipe experiments.

4.1

Two-phase flow behavior

Entrainment
The entrainment ratio for the corrugated pipe is depicted in Figure 16b. For higher gas flow rates, almost all liquid
is transported as droplets in the gaseous core of the flow. Reducing the gas flow speed from 42 to 25 m/s causes
a strong reduction in the amount of liquid entrained. The entrainment ratio decreases from around 0.95 to 0.6.
A critical point occurs for 30 ≤ usg ≤ 35, where a step in E is observed. The effect of usl is relatively limited
compared to the gas flow speed. However, the trend in entrainment before and after the ‘step’ is opposite. At
lower gas flow speeds, the lowest entrainment is observed for the lowest liquid flowrate. For usg ≥ 35, this trend
is reversed. Furthermore, the liquid entrainment into the core of the flow is in all cases considerably higher in the
corrugated pipe as compared to the smooth pipe (see Figure 16a).
Droplets in the core
For most of the parameter range, the majority of liquid is found as droplets in the gaseous core of the flow. The
droplet size distributions, obtained from SPI and IPI, are combined (see Section 2.5) around dp = 80 µm, to obtain
a single droplet size distribution for the different flow settings attained in the experiments. Droplet sizing is carried
out for a subset of the parameter range, to observe general trends. Figure 17a gives a typical volumetric droplet
size distribution (at usg = 35m/s, usl = 0.07cm/s). The dashed line shows the fitted ULLN distribution for
this case. The Sauter mean diameter (d32 = 6Vp /Ap , with Vp and Ap being the droplet volume and diameter) is
obtained from the ULLN fit, to quantitatively compare the distributions for different flow settings (see Figure 17b).
The superficial liquid velocity does not affect the droplet size significantly. There is however a strong decrease in
droplet size with increasing gas flow speed. Similar trends have been observed for droplets in smooth pipe flow
caused by the increased shearing forces excerted on the generated droplets. Droplets observed in the corrugated
pipe are significantly larger than expected for a smooth pipe (approximately 30%). Entrainment from corrugations
results in larger fragments of liquid being introduced to the gaseous core of the flow, due to the locally increased
10

film thickness inside the cavities. This higher film thickness causes larger fragments to be entrained in the gas
flow. The small pitch length of the investigated geometries results in the presence of larger fragments throughout
the gaseous core.
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Figure 17: (a) Example of a combined droplet size distribution in the corrugated pipe (geom A) for usg = 35 m/s
and usl = 0.07 cm/s, the dotted line indicates the center of the SPI-IPI merging region. (b) Sauter mean diameter
of the combined droplet size distributions in a corrugated pipe (geom A) as a function of superficial gas flow speed.
The solid line indicates a correlation for the droplet size in smooth pipes (Azzopardi, 1997)

Cavity filling
Due to the corrugations and the short pitch length, a continuous film is not formed for most of the parameter space.
Liquid accumulates in the cavities between the corrugations. This liquid accumulation is measured using a PLIF
technique (as explained in Section 2). The fraction of the cavity volume occupied by liquid (indicated with α) has
been used to quantify the amount of liquid in the cavities. α is obtained from the temporal- and spatial-averaged
data over all cavities in the field of view. The filling is strongly dependent on the gas flow speed, as is depicted in
Figure 18a. For usg < 30 m/s, the cavities are entirely filled up. There is a liquid film at the wall, skipping over
the cavities, essentially reducing the wall roughness experienced by the gaseous core flow. For higher values of
usl , a linear reduction in α is observed. This reduction is mainly manifested at the downstream cavity side. Liquid
is removed from the downstream side by the augmented shearing forces excerted by the gas flow. Remaining
liquid inside the cavities is dragged towards the upstream cavity edge by a mutual action of gravity and the internal
recirculating cavity flow. Liquid is re-entrained into the gaseous core of the flow by the shearing recirculating gas
flow above the interface. Typical filling profiles, illustrating the different stages of liquid filling, are depicted in
Figure 19.
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Figure 18: Cavity filling as a function of usg (a) and usl (b). A-D in (a) correspond to the respective filling contours
in Figure 19.
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Figure 19: Cavity filling for the four different cases indicated in Figure 18a. Flow is from bottom to top and dark
regions are regions of liquid accumulation.
As shown in Figure 16b, there is significant entrainment in the corrugated pipe. Entrained liquid in the core
of the pipe is expected to be spatially isolated from the cavities at the outer radius of the pipe. Mainly liquid
transported close to the pipe wall will interact with the internal cavity flow, affecting the liquid cavity filling.
Therefore, the entrained liquid fraction, averaged for different liquid flowrates, is used to correct the relevant
superficial liquid velocity to obtain the superficial liquid film velocity (usf ). Plotting the filling α as a function of
this usf causes the data for different gas flow speeds to collapse onto a single line (see Figure 20). This indicates
that the effect of the gas flow speed on the filling is mainly caused by an increase in entrainment for increasing usg .
The entrained liquid does not interact with the internal cavity flow and hence, does not result in additional liquid
being trapped in the cavities.
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Figure 20: Cavity filling as a function of film flow rate (usf ) for different values of free stream gas velocity (usg ).
Cavity geometry and liquid properties
To assess the effect of cavity size and properties of the injected liquid, additional experiments are carried out,
using a corrugated pipe with Geometry B (see Table 1) and mono-ethylene glycol (MEG) as working liquid.
MEG is approximately 19 times more viscous than water at atmospheric conditions, whereas the surface tension
is significantly reduced (from 72 to 48 mN/m). Attempts were made to use aqueous glycerol solutions to keep
the surface tension change limited. However, water evaporation from the solution caused the liquid properties to
change over the length of the pipe.
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(a)
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Figure 21: Liquid entrainment in a corrugated pipe as a function of gas flow speed, for different liquid loadings.
Pipe with Geometry A (a) and Geometry B (b). Solid lines are for water, dashed lines for MEG.
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Figure 22: Cavity filling as a function of liquid volume fraction φl , for different superficial gas flow speeds. (a)
Filling for MEG injection in Geometry A, and (b) for water injection in Geometry B.
For the corrugated pipe with geometry B (as defined in Table 1), the entrainment ratio approaches 1, irrespective
of gas flow speed and liquid loading (Figure 21b). The step in the entrainment ratio, observed for geometry A,
does not occur for this geometry, within the current parameter space. This is related to the filling fraction, never
attaining values above 0.6, even for lower gas flow speeds (as is depicted in Figure 22b). The filling shows the
same steady increase with increasing liquid loading, but the upper limit is never reached, and probably occurs at a
higher liquid loading. It was shown for geometry A, that at total cavity filling (α → 1) the entrainment significantly
reduces. For lower filling ratios, near full entrainment is exhibited (E → 1). Similar principles hold when injecting
MEG instead of water (Figures 21 and 22a). The absolute values of the entrainment ratio for MEG are slightly
lower compared to water, for both corrugation geometries. Also the filling ratio is lower. The trends in both filling
and entrainment are similar for water and MEG. The large increase in viscosity does not have a very strong effect
on either filling or entrainment.

5

Discussion

The entrainment of liquid in corrugated pipe flow is strongly related to the cavity filling. The entrained liquid
fraction sharply increases when liquid is removed from the individual corrugations. The recirculating gas flow
inside the cavities drags liquid back into the gaseous core of the flow. It is assumed that this process is governed by
shearing-off of waves at the gas liquid interface inside the cavities. There is a balance between drag force, exerted
by the shearing gas flow, and the retaining force due to surface tension. Whenever the drag force on the interfacial
wave crests exceeds the retaining force (Fd ≥ Fσ ), liquid packets are removed from the interface and entrained in
the gas flow. The drag force is given by: Fd = Cd λhw ρg u2w /2, with the drag coefficient Cd , the wavelength λ,
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the waveheight hw and uw , the relative velocity difference between the liquid and gas flow. The retaining surface
tension force is given by Fσ = Cs λσ, with Cs depending on the wave shape. Using this force balance as a starting
point, Ishii and Grolmes (1975) derived an entrainment criterion:
r
µl ug ρg
≥ 11.78Nµ0.8 Rel−1.3 .
(5)
σ
ρl
In a later study, Ishii and Mishima (1989) derived a correlation for the entrained fraction of liquid, based on the
previously postulated onset criterion. Assuming that all excess liquid (above the ciritical entrainment limit from
Eq. 5) is actually entrained, they found that the entrainment (E) isa function of the liquid Reynolds number and

ρg u2 L
indicates the balance between
the Weber number E = f (We1.25 Re0.25
) . The Weber number We = σsg
l
the
retaining
forces
(surface
tension)
and
disturbing
forces
(shearing
at
interface).
The liquid Reynolds number


ρl usl L
Rel = µl
is a measure for the effect of the viscous forces inside the liquid. The critical Rel for annular
gas-liquid flow is not reached in most of the current experiments, due to the very low liquid loading. Therefore,
the entrainment in the smooth pipe flow is very low (see Figure 16a). This is caused by the very thin liquid
film, entirely submerged in the gas side boundary layer (Ishii and Grolmes, 1975). The cavities in the corrugated
pipe, however, cause liquid accumulation, resulting in a locally significantly increased film thickness, from which
entrainment will occur. The dependency on Rel will therefore be different in corrugated pipe flow. In smooth pipes,
the entrainment is positively correlated to the liquid Reynolds number. In corrugated pipes, however, entrainment
is related to the amount of liquid accumulation in the cavities. A larger Reynolds number (indicating more liquid
being transported) will lead to an increase in cavity filling, reducing the entrainment. To arrive at Equation 5, it
was assumed that Nµ0.8 ≈ 3Nµ . The viscosity number Nµ is a fluid property, and is defined as:
µl
Nµ = 
1/2 .
q
σ
ρl σ g(ρl −ρg )

(6)

The assumption holds for low viscosity liquids, typically when Nµ < 0.01. For MEG, used in the present study,
this assumption is not valid and Nµ0.8 is used instead of 3Nµ . assuming that the empty cavity volume (1 − α) is
related to the amount of entrainment from the cavity, it can be approximated by:
(1 − α) = f (W e1.25 Renl ).

(7)

The relevant length scales for the Weber and Reynolds number are associated with the cavity filling. The relevant
length scale in the definition of We is taken as the empty cavity size (L = (1 − α)Lc ), whereas for Rel , it is taken
as L = αLc . Applying these definitions to the data acquired in the current experiments, n = −0.25 gives the best
collapse of all data points (see Figure 23a). There is still some scatter of the data observed in the figure. As was
concluded before, instead of scaling the data with the total liquid flow rate, a better agreement is found using the
ρ u L
superficial film flow rate usf instead. Figure 23b shows the filling as a function of the W e and Ref (= lµlsf ). It

(a)

(b)

Figure 23: Cavity filling α as a function of Weber and liquid Reynolds number based on the total (a) and film flow
rate (b).
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is to be noted that the liquid viscosity has no effect on the filling, according to this scaling. The behavior of the
liquid film is completely dominated by surface tension and the shearing gas force. According to Ishii and Grolmes
1
).
(1975), this holds in the low viscosity number regime (where Nµ ≤ 15
In the low filling regime, entrainment from within the corrugations augments the total entrainment ratio. Apart
from liquid entrainment originating within the cavities, a second entrainment mechanism seems to occur simultaneously. From the entrainment measurements for rib geometry A (depicted in Figure 16b) it appears that even for entirely filled cavities (at the lower usg range), around 60% of the injected liquid is entrained. This can not be caused
by the previously described entrainment from within the cavity. It is expected that the corrugations decrease the
stability of the film, increasing its wavy structure. Standard entrainment mechanisms then come into play, where

entrainment is again a function of the liquid Reynolds number and the Weber number: E = f W e1.25 Re0.25
,
l
(Ishii and Mishima, 1989). The typical entrainment ratio for water exceeds that for MEG under the same conditions. Due to the significantly higher viscosity for MEG, compared to water, the liquid Reynolds number decreases
and hence, the entrainment is expected to decrease. The lower liquid Reynolds number indicates a lower film
thickness in the same flow conditions, penetrating less far into the boundary layer. The shearing gas velocity at the
interface is lower, hence the entraining forces decrease, leading to a lower entrainment ratio. For the lower filling
cases, entrainment from within the cavities and from the separating ribs will co-exist. The interplay of these two
entrainment mechanisms is still unclear.

6

Conclusions

Two-phase flow experiments are carried out in a smooth and corrugated pipes to assess the effect of the presence
of corrugations on the liquid distribution in the pipe. Experiments are carried out in vertical co-current pipe flow.
Film thickness measurements are performed using a new technique, based on PLIF. Dark lines are added to the
incoming laser sheet, and the deviation of these lines is used to omit large reflections from the PLIF measurements.
Gas and liquid phase Reynolds numbers (based on the pipe diameter) are Resg = O(105 ) and Resl < 250. In
these conditions, entrainment is not expected to be significant in smooth pipes, which is confirmed in this work.
The entrainment ratio (corrected for evaporation) is close to 1. Furthermore, only for a very limited range of
flow parameters, the onset of disturbance waves is observed, which are the main source of entrainment. The film
thickness is in the order of 102 µm, and observed trends with superficial gas and liquid velocities are confirmed by
literature. For very low usl and high usg , the annular film breaks up and liquid is transported in rivulets along the
pipe wall.
Two-phase flow in corrugated pipes behaves very different for the same flow conditions. The entrainment ratio
is significantly higher, compared to smooth pipes. Liquid is found to accumulate in the axisymmetric cavities
along the pipe wall, and the entrainment strongly correlates with the filling ratio (α). A step in entrainment ratio
is observed when the filling is decreased; for totally filled cavities the entrainment is significantly lower then for
partially filled cavities. The internal cavity flow causes additional entrainment. The cavity filling α is therefore an
important parameter when it comes to entrainment in these corrugated pipes. It is found to scale with the Weber
−0.25
and liquid Reynolds number, based on the film flow rate. α scales with W e1.25 Resf
. The scaling with the
Weber number is similar to the scaling for entrainment in smooth pipes. The liquid Reynolds number scaling
however is opposite. An increase in Rel in smooth pipes leads to an increased entrainment. For partially filled
cavities, however, the filling ratio, and hence the entrainment decreases with increasing Rel . Droplet sizing in the
corrugated pipe reveals larger liquid fragments to be transported in the core of the pipe, compared to smooth pipes.
This is caused by the locally (at the location of the cavities) increased film thickness, resulting in larger entrained
fragments.
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