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Descriptive Title Collaboration: Karen Daniels & Prabhu Nott on non-local rheology 

Working Title1 Non-local rheology of dry flows: from experiments to practical 

model 

Technical Area2 Dry Systems 

Date June 22, 2021 

Short Description Collaboration between Daniels and Nott to compare experimental 

data and repair non-local rheology models with dilatancy and wall 

effects 

Objectives Repair models of non-local rheology with dilatancy and wall effects 

Scope The past decade has seen multiple nonlocal rheological models 

proposed, all of which need to be tested against experimental data. 

As an IFPRI grantee, Karen Daniels (NCSU) has produced detailed 

data on the kinematics and internal stresses in sheared granular 

flows, and compared to two different models so far. Prabhu Nott 

(IISc) has recently published an alternative nonlocal rheological 

model that accounts for dilatancy (which the others do not). As an 

IFPRI grantee, he is currently working on experiments and model of 

screw feeders, but has not yet tested the model on simple 

experimental geometries such as the NCSU annular rheometer. This 

collaboration grant would facilitate the efforts of Daniels and Nott to 

elucidate (1) the effects of walls on the kinematics, and (2) the 

coupling between packing fraction and shear rate (dilatancy), and (3) 

internal stress fields. 

 

The key laboratory measurements needed to compare to the model 

are the stress profiles, velocity profiles, and packing fraction 

profiles. NCSU has an existing dataset from the main project 

(rheology as a function of wall roughness) which will be the starting 

point for our comparisons. It will likely be necessary to supplement 

that dataset with improved packing fraction and particle-tracking 

measurements in the vicinity of both walls. IISc has working code to 

make predictions from the model, and compare to experimental 

results. A particularly important variable to measure is the slip 

velocity at the wall (proportional to the angular velocity of the 

 

1 Title used in meeting agendas and file archives 
2 One or more from the following list:  W = wet systems; D = dry systems; F = particle formation; SR = 

size reduction; M = modeling; SE = systems engineering 
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particles, which is important for identifying Cosserat effects). It may 

be possible to directly test these assumptions. 

 

Recommended Contractors (2 or 3) 

Name Institution Email Address 

Karen Daniels NC State University kdaniel@ncsu.edu 

Prabhu Nott Indian Institute of Science prnott@chemeng.iisc.ernet.in 

   

 

Submitted By: 

Name Organization 

Michel Louge IFPRI consultant, dry systems 

Massih Pasha Chemours 

Simon Greener P&G 

Jarrod Hart Imerys 

Rohit Kumar Alkermes 
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Detailed Research Description 

 

The past decade has seen multiple nonlocal rheological models proposed, all of which 

need to be tested against experimental data. To date, two models (Kamrin, Andreotti) 

have been well-tested in experiments and perform equivalently; this work was funded by 

IFPRI during Years 1-6 of Karen Daniels’ grant (1,2). As the Kamrin (“cooperative”) 

model has one fewer free parameter, it is the preferred model and has been pursued in 

more detail. A key limitation of both of these nonlocal models is that they do not account 

for dilatancy explicitly, and therefore will always be limited in their ability to predict 

mass flux. In addition, questions remain about how to appropriately set the boundary 

conditions from first principles. Therefore, it is prudent to continue to examine other 

nonlocal models. Prabhu Nott (separately from his IFPRI funding) has recently published 

an alternative nonlocal rheological model that accounts for dilatancy inherently; the 

model has been validated by DEM simulations, but remains to be tested against 

experimental measurements (3).  

 

Conveniently, the methods 

that Daniels has used for 

validating nonlocal models 

are quite general: particle-

scale kinematics and internal 

stresses. Sample data 

collection and coarse-

graining of a single image is 

shown at right (from ARR-

12-05). These methods 

require movies of the 

dynamics to be taken until 

mixed lighting (unpolarized 

light in the red channel for 

particle-tracking and 

polarized light in the green 

channel for internal stress 

measurements), and the 

required equipment is already present in her lab. The resulting images (panel b) can be fit 

to known photoelastic responses (panel c) to provide particle-scale contact force 

measurements. From this type of data, it is possible to coarse-grain the results to extract 

the packing fraction, velocity, strain rate fields, and stress fields (both shear and 

pressure). Nott’s nonlocal model is similarly flexible: it can be written in cylindrical 

coordinates and solved for the annular rheometer geometry that currently exists in 

Daniels’ lab (the same rheometer which has been used to test the other two models).  

 

 

Therefore, we propose to complete the following aims: 

• Aim 1: using realistic experimental conditions, determine the appropriate material 

parameters and solve Nott’s nonlocal model. Make a comparison between 
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measurements from the experiments and predictions from the model, iterating to 

elucidate the conditions under which agreement is achievable for both strain rate 

and stress fields 

• Aim 2: test the functional form of the coupling between packing fraction and 

shear rate, the behavior formally known as dilatancy 

• Aim 3: use the experiments with different wall-roughness to test the effects of 

walls on the kinematics 

 

The key laboratory measurements already exist (see ARR-12-06) – stress profiles, 

velocity profiles, and packing fraction profiles – for experimental runs with a variety of 

wall-roughnesses. It will likely be necessary to supplement that dataset with improved 

packing fraction and particle-tracking measurements in the vicinity of both walls, as these 

were not fully-resolved in previous experiments.  A particularly important variable to 

measure is the slip velocity at the wall (proportional to the angular velocity of the 

particles, which is important for identifying Cosserat effects). In addition to the aims 

above, it may be possible to directly test these assumptions if the data is well-enough 

resolved.  

 

IISc has working code to make predictions from the model and compare to experimental 

results.  Apart from making predictions of the steady state, the model can also make 

predict the (unsteady) evolution of all the fields starting from a (roughly) uniform 

packing fraction – this will serve to validate the coupling between the shear rate and 

packing fraction fields. 

 

This project will proceed by IISc graduate student Gautam making a monthlong visit to 

work NCSU to work closely with graduate student Fazelpour to establish the best 

parameters for the model. During this time, Fazelpour would take any additional data that 

is needed to establish the model and boundary conditions. The second two months would 

allow for analyzing any additional experimental runs, fine-tuning the model, and writing 

up the results. This work would need to begin approximately June 1 in order to align with 

Fazelpour’s estimated completion of her PhD during May/June 2022.  

 

Budget: $25000 

 

NCSU:  $19000 

• 3 month NCSU postdoc: 1/4 ($60k annual salary + 9.05% fringe rate) = $16500 

• experimental supplies/machining = $1000 

• campus housing for visiting student @ $50/night, 1 month = $1500 

 

IISc: $6000 

• Travel for 1 person, 1 month, from India: $2000 transportation + $50 per diem 

($1500) = $3500  

• 3 month IISC graduate student stipend: $700/month = $2100 

• management fees = $400 
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Research Project Brief 

Aeration and Deaeration of Geldart Type C Powders 

 

The International Fine Particle Research Institute (IFPRI) wishes to fund a research project on aeration and 

deaeration of Geldart Type C powders that occurs in bulk handling operations such as packaging.  

Controlled fluidization (i.e., fluidized bed operation or pneumatic conveying) is out of scope of this project. 

Geldart Type C powders – fine and cohesive – exhibit unpredictable packaging behavior, for example 

highly variable packing rates and densities.  This is especially true at large-scale production rates, > 100 

kg/hour.  Different powders behave qualitatively and quantitatively differently, and it is difficult to 

characterize them in a way that is predictive of their aeration and deaeration behavior.  This project should 

focus on this problem: development of reliable characterization methods for Group C powders that enable 

prediction of packaging behavior (rate, density, variability) when the material is aerated during handling 

processes.  The work should investigate the effects of single particle properties and particle interactions 

such as size distribution, surface roughness, particle cohesivity, and electrostatics.  Ideally, the proposal 

should include a representative validation system. 

In the packaging operations of interest, the powder is loaded into (semi) bulk containers (flexible or hard 

walled), 5-20 kg bags, or 1–4-liter bottles.  Dosing into small packages (die filling, encapsulation) is out of 

scope, as this is the subject of other IFPRI projects.  Uncontrolled aeration takes place during flow into the 

package, for example gravity flow in a chute or in a high-speed screw conveyer.  Deaeration in the package 

is time-dependent and often is influenced by compaction (due to the weight of powder in a package or by 

stacking of multiple packages).  Vibration is sometimes used to increase bulk density.   



Pouliquen CAPCAP

IFPRI
Research Project Brief

Aeration and Deaeration of Geldart Type C powders

Controlling Adhesion between Particles
for a better understanding of

Compaction and Aeration of Powders.

CAPCAP

• Principal investigator (PI): Olivier Pouliquen
• Host institution: Aix Marseille University-CNRS, France
• Proposal duration: 36 months

To address the problem of powder packaging raised by the IFPRI research program, we propose a
fundamental approach consisting in using a model material, for which the inter-particle adhesion
can be precisely controlled. We believe that being able to tune the cohesion at will is a necessary
condition to develop a fundamental understanding of the flow of cohesive materials and powders.
In our group we have recently developed a technics to coat silica particles with polymers and we
are able by controlling the coating thickness to continuously varies the cohesion properties, and
goes from a cohesionless to a highly cohesive medium. The proposed project consists in using
this material to investigate the packaging process. We will first study the rheology of the model
material, before analysing a simplified version of a packaging process. We should be able to
investigate the role of cohesion and of the rheology of the material in the different steps of the
process, from the flow in the hopper to the formation of the deposit, looking also at the stability
of the final packing to tap perturbations.
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A. General context and state of art

Powders are omnipresent in many industrial processes but predicting their behavior still represents a
challenge (Schulze 2008). Whereas the description of coarse granular media has notably progressed
during the last 20 Years (Andreotti et al. 2013), our understanding of the physical mechanisms involved
during powder flow remains sparse, which represents a real challenge both for engineers designing new
industrial processes and for physicists seeking for a unified framework to predict particulate flows. The
difficulty comes from the presence of adhesion forces between the grains at the origin of problems of
clogging, flow heterogeneities, agglomeration, intermittent flows encountered during the storage, the
transportation, the processing of the material. No unified framework exists that can predict and describe
the rich variety of behaviors observed with powders, and industry relies on empirical characterization to
measure the so-called "flowability", the ability of powders to flow (Castellanos 2005; Tay et al. 2016).
This concept that lacks solid physical bases, consists in estimating different properties (compaction,
heap angles . . . ) mostly related to static properties. Recently, powder rheometers have been developed
based on the measurement of the torque experienced by a helix rotating in the powder (Hare et al.
2015). All these measurements are of crucial importance in many industrial processes, but do not not
have a predictive power, and no framework is nowadays relevant to describe and capture the complex
properties of cohesive granular media. Understanding the concept of ”flowability” from a physical
point of view is still a challenge.

The challenge posed by IFPRI in this call concerns the aeration and deaeration of fine particles en-
countered when handling powders and particularly during the filling and packaging process (Rathbone
et al. 1987). The control and the reproducibility of the filling process pose major problems such as
intermittent flow rates, air trapping, intempestive recompaction of the material during manipulation.
Despite the apparent simplicity of the configuration of filling a bag with powders, the process involves
different physical phenomena, from the rheology of powders to two-phase flow when the interaction
between the powder and the air is important. To improve our fundamental understanding of the
mechanics controlling the packaging processes, I think three main questions need to be addressed: the
role of particle properties and of the rheology of the powder, the role of the feeding process, and the
role of air.

The rheology of powder flows
The first and perhaps most important question concerns the role of the grain properties on the flow

characteristics and in particular understanding the crucial role of the adhesion forces. Characterising
the rheology of powders and its links to the grain properties is to my opinion a necessary step to
progress in our understanding of the aeration problem. We need a detailed knowledge of the powders
rheology in the regime encountered during packaging, which is a regime where the material is dense
but flow rapidly under low level of stress, typically its own weight. This is a regime not captured by the
classical characterisation of quasi-static properties of powders as measured in a Schulze’s shear cell,
and there is a need for a controlled and relevant rheological protocol to characterize the "fluid regime".
This question is currently motivating numbers of fundamental studies in the granular community (Vo
et al. 2020). In absence of adhesion between particles, i.e for dry granular material made of grains
interacting through frictional contacts only, a lot of progresses have been achieved. A key property of
these materials is that in the limit of rigid particles, no internal stress scale exists in the system. This
dimensional argument fully constrains the constitutive relations, leading to the writing of a rheology
in terms of a friction law, relating the shear stress to the pressure through a macroscopic friction
coefficient function of a single dimensional number called the inertial number I (Jop et al. 2006).
This approach and its tensorial extension predict flows in many configurations like silo, avalanches,
drums,..and can be enriched to capture transient effects due to dilatancy. One would like to get the
same level of description with powders. However, adding adhesion between the grains dramatically
changes the problem, as it introduces a new internal force scale, which modifies the scaling laws.
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Recent numerical studies based on DEM simulations have shown that in presence of adhesion, the
same framework might be relevant, but that a new dimensionless parameter has to be taken into account
in addition to the inertial number to describe the rheology (Rognon et al. 2008; Vo et al. 2020). This
number called the cohesion number measures the relative importance of adhesion and confining forces.
Numerically, we have recently shown in my group that the story is more complex, that other parameters
like stiffness and dissipation play also a crucial role when adhesion is present (Mandal et al. 2020),
and that the rheological laws are non monotonic, leading to shear banding (Mandal et al. 2021) and
instabilities that may be crucial to understand the concept of "fluidity". These results open new ideas
to try do describe from a continuum perspective the flow of powders, and any advance in this direction
will help in better understand the dynamics observed in packaging processes.

The role of the feeding technics
The second question of importance in the packaging process concerns the influence of the mode

of supply. One would like to understand how powders flow from a hopper, on a chute, from a screw,
how the flow characteristics change when changing the powders properties, and how the final deposit
obtained in the container depends on the way the powder has been transported. This challenge, which
is about to be achieved for simple granular materials are still fully open for cohesive materials, and
there is a real need for controlled experiments in simplified flow configurations. One of the main
question would be to understand to which extend the heterogeneities observed in the final bag are
related to heterogeneities developing during the flow. Looking at the different instabilities that may
arise in the different flow configurations is a way to improve our understanding of the origin of the
variability in packaging processes.

The role of Air
Finally, a last crucial point for the dynamics at high flow rates and using fine particles concerns

the coupling with air. Air might be entrained during the flow, and get trap in the deposit. It may
then affect the structure of the deposit, and also can be a source of strong instabilities during the
manipulation of the filled container. If mechanical perturbations of vibration are imposed, for exemple
during transportation, the packing initially in a very loose state might be destabilized, and dramatic
phenomena, including sudden fluidisation and compaction, may occur. This phenomenon similar to the
well-know liquefaction in soil mechanics, is not really studied in details for powders, and a challenge
would be to understand the role of the cohesion in this transient fluidisation process.

Our approach
The ambition of the CapCap Project is to study a simplified version of a packaging process on a

model material, for which cohesion is controlled. We believe that being able to tune the cohesion at
will is a necessary condition to develop a fundamental understanding of the flow of cohesive materials.
We just develop in our group a method to coat in a control manner particles with polymers, a promising
way to tune at will the adhesion. We should then be able to go from cohesionless particles to very
cohesive material, and study how the rheology, the flow in a hopper and chute, and the resulting deposit
in the bag varies with inter-particle adhesion.

B. Research Program

Ideally to understand the role particle interaction in the flow of cohesive materials, one would like to
be able to experimentally tune the cohesion at will, in order to follow how the dynamics is modified
when increasing gradually the inter-particle adhesion from the well known case of granular materials.
Whereas in suspensions, playing with the chemical properties of the solvent is a way to change the
interaction from repulsive to attractive (Van De Laar et al. 2016; Clavaud et al. 2017), for grains in
air, the task is more difficult. Fundamental studies on cohesive granular media have then focused
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(a) (b)

Figure 1: The model material: a) exemple of cluster formed by the coated particles b) rescaled
interparticle adhesion force as a function of the averaged coating thickness.

on mixture of grains and liquid, in which cohesion is controlled by the amount of liquid through the
formation of capillary bridges (Scheel et al. 2008). However, capillary bridges appear to migrate
during flows, leading to strong heterogeneities (Badetti et al. 2018). Humid sand is thus of interest
per se, but does not represent a model material to understand powders. Working with real powders is
also a challenge as they are very sensitive to environment (humidity, temperature) preventing a precise
characterization of their rheology. To circumvent this difficulty, we have recently developed in our
group a simple method to introduce controlled adhesive forces between silica beads (Gans et al. 2020).
The idea is inspired by the "kinetic sand", a toy for kids made of a mixture of sand and polymers which
can be moulded and sculpted at will indefinitely. Our recipe is based on a mixture of PDMS, acid
boric and water, mixed and heated with the particles during one hour. After cooking, the particles
are coated with a layer of PolyBoroSiloxane (PBS), which makes them sticky (see Fig. 1a). The
stickiness is stable, remains after many contacts, is present on every particle. The adhesion force is
controlled by the thickness of the coating (see Fig. 1b). We have shown that this system is very stable
in time, can be re-used with the same properties, making it an ideal material to study how adhesion
may change the flowing properties of granular media, and thus a relevant model for powders. The
research program proposes to use this new and unique model material to investigate how in the process
of filling a container adhesion changes the dynamics and the deposit. Three main tasks are planned.
First, the rheology of this model material will be analysed. Once the rheology characterized, we plan
to study the flow in a simplified filling process consisting in emptying a silo in container. The aim is to
understand how cohesion modifies the flow in the hopper, the heterogeneities at the exit, the formation
and the structure of the resulting deposit. Finally the role of air will be studied in a second step using
fine particles, with a focus on the stability of the packing submitted to tap perturbations.

Rheology of the model material
As a first task, we aim at characterizing the rheology of our model cohesive granular material. We

will use the pressure imposed rheometer build in my group (Tapia et al. 2019) (Fig. 2a), where the
grains are confined under a controlled pressure in an annular cell and sheared by a rotating top cover.
The torque and position of the top plate provide accurate measurement for the shear stress and the
volume fraction and thus a measure of the friction law and the volume fraction law. Our aim is to
understand the role of the coating and how it changes the rheology under steady shear. The questions
we would like to answer are : does adhesion induce a shear weakening branch in the friction law as
observed in simulation (Mandal et al. 2021)? Can we put in evidence some scaling with adhesion as
suggested in the literature (Vo et al. 2020) ? How transient flows starting from different controlled
volume fraction are affected by adhesion and how it may affect dilatancy or compaction ? The results
of the rheological study will serve as a base to analyse the flow characteristic in a filling process.
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ON/OFF

(a) (b) (c)

Figure 2: The three proposed tasks: a) Rheological characterisation of the model material; b) Studying
a simplified feeling process (pictures show packings obtained for a low cohesion (left) and
high cohesion(right) material; c) Compaction of a cohesive material.

Filling a container from a hopper
Once the rheology of the model cohesive material characterized, we plan to study the emptying of a

silo in a container as sketched in Fig. 2b. The presence of cohesion is known to dramatically affect the
flow in hopper, leading to channellisation and clogging (Schulze 2008). The ability to continuously
modify the adhesion between the particles in our model material, gives us the opportunity to study
and understand what controls the flow regime and when clogging appears. We will also carefully look
at the heterogeneities that may appear at the exit of the hopper, to understand how cohesion affects
the formation of clusters at the exit. Lastly we will study how the deposit is created from the flow.
When preparing this proposal, we have conducted preliminary experiments to test the feasibility and
check the interest of the proposed approach. Results of the filling of a tank is shown in Fig 2b for two
different levels of cohesion. One clearly observes that the packing looks homogenous and dense when
cohesion is low (left picture), whereas strong heterogeneities are observed at high level of cohesion
(right picture), with the formation of clusters at the exit of the silo that keep their identity in the final
deposit, trapping air. A detailed analyse of the formation of the deposit, of its structure (we have access
in our university to an X-Ray microtomographe to measure the 3D structure of granular packing), of
its stability during the feeling process should provide important information about the dynamics at
work during the process and the role of cohesion.

Compaction of a cohesive material
The last task we would like to investigate in a longer term is the coupling of the packing with air. In

the limit of very cohesive materials, the packing resulting from the emptying of the hopper is very loose.
A perturbation, a shock or a vibration might destabilize the deposit and compact it. During compaction,
the trapped air escapes. If the particles are coarse, air flows easily through the pores and the dynamics
of compaction is simply controlled by the inertia of the particles. When the grains are fine, the air flow
induces additional stresses due to viscous drag, which fluidizes the powder. This phenomenon called
liquefaction when the fluid is water has been intensively studied in soil mechanics community. We
propose to try to understand the role of cohesion in the his transient fluidisation of powders, using our
model material. Traina et al (Traina et al. 2013) have shown that tap experiments, which consists in
imposing a sudden acceleration to the packing, is an interesting test to discriminate between different
powders. With our new model material, playing with both the adhesion force between particles and the
particle size, we should be able to disentangle the role of cohesion and the role of air in the compaction
under tap, by performing controlled experiments measuring simultaneously compaction and evolution
of the air pressure during the dynamics.
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C. Expected achievements
This experimental project focus on the understanding of the role of cohesion in the packaging process.
We hope to be able to improve our physical understanding of the flowability of cohesive granular
materials, to evidence how inter-particle adhesion influences flow in a hopper and the formation of
heterogeneous structures during the filling procedure. This experimental project is part of a wider
project in our group, with also numerical and theoretical approaches on the powder rheology, with the
ultimate goal being to be able to propose relevant continuum description of the flow of powders.

D. Risks and critical unknowns
One of the main unknown of this research program is the use of the model granular material. Our first
studies have shown its potential in controlling cohesion, a key challenge to improve our understanding
of cohesive granular media. However, the coating of the particles might introduce more complexity
than expected, for example one risk being that it might introduce also lubrification effects. This will be
checked in our rheological investigation. We are also currently investigated other ways of controlling
particle properties in collaboration with chemists, based on the click chemistry technics, which alow to
graft almost any kind of molecules at the interface of polymer particles.

E. The team
Our group in Marseille has a strong expertise in granular flows, suspensions and in the rheology
of complex fluids. With Maxime Nicolas and Pascale Aussillous, both professors at Aix Marseille
University, we started four years ago a long term program on cohesive granular materials, with the
hope that the recent progress on dry granular flows we have achieved in the last decade will help us to
tackle the much more difficult challenge of the rheology of powders. Beside the fact that we believe
that our fundamental approach based on the design of a model material to control adhesion might
provide useful information in the aeration problem raised in the IFPRI call, we are convinced that our
research program would strongly benefit from the IFPRI Community. It would give us the opportunity
to share our results with imminent colleagues working in the field, but also and more importantly
would provide contacts and discussion with engineers from various industries and learn from their
unique knowledge of the rich and complex behaviour of powders.
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Research Project Brief 

Drying Wet Powders With Shear to Prevent Agglomerate Formation 

 

The International Fine Particle Research Institute (IFPRI) wishes to fund a research project on elucidating 

how the method of drying, and more specifically the intensity of shear in a dryer, affects the state of 

agglomeration of the dried product and its redispersibility. 

IFPRI has supported strong work on spray drying in recent years which has provided insight into the 

mechanisms of atomisation (affects granule PSD) as well as the dewatering modes of the droplets (drying 

outside-in vs inside out) and how they affect the granule strength and porosity.  However, industrially, 

drying is diverse, with tray and belt dryers at low/no shear, fluid bed and rotary dryers at medium shear, 

and flash and agitated dryers at high shear - with diverse mechanisms of heat exchange.  The choice of 

the right dryer for a given situation is multifactorial - it can be driven by cost (capex/energy efficiency), by 

the delicacy of the material, or by the resulting bulk density, flowability or dustiness of the product. 

The state of agglomeration of the dried powder, and the ability to redisperse the powder later is also very 

important.  For many fine materials, drying results in unavoidable agglomeration, sometimes this is 

beneficial, sometimes it presents problems. The degree and nature of this agglomeration is influenced by 

the particle’s surface chemistry and morphology (size and shape) but is also strongly influenced by the 

type of dryer used, as well as the presence or absence of solutes in the water.  The intensity of shear in 

the dryer clearly is a key variable that influences both agglomeration and granule attrition in conjunction 

with the time-temperature history of the powder and understanding interplay between these variables in 

controlling the ultimate particle structure of the dried powder is the general objective of this project. 

While we expect this project to be largely experimental, we place no restriction on the approach.  For 

example, development of a regime map in terms of fundamental variables (e.g., time, temperature, 

moisture content, shear stress) would be acceptable, as would be a focused study on drying of particle 

clusters under appropriate mechanical stresses.  IFPRI is interested in drying of both organic and inorganic 

powders, so the primary restriction of material system is that the powders be fine (volume mean particle 

size smaller than 100 microns) and hydrophilic.  Drying in the presence of soluble species is in-scope as 

well. 
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A REGIME MAP APPROACH FOR PREDICTING THE AGGLOMERATION OF 
FINE WET POWDERS AFTER DRYING UNDER VARYING LEVELS OF SHEAR 
IFPRI Research Project Proposal: Drying Wet Powders with Shear to Prevent Agglomerate Formation 
Dr. Heather Emady, Associate Professor of Chemical Engineering, Arizona State University 

BACKGROUND 
Wet powder drying is a unit operation used in a variety of industries, yet the many variables 

involved in this process make it very difficult to predict the dried powder product attributes. A particular 
concern for drying of fine powders is the tendency for agglomerate formation and also attrition, which are 
highly dependent upon the level of shear in the dryer. The extents of both agglomeration and attrition can 
be characterized by the change in particle size and size distribution between the initial powder and the dried 
powder product. 

Important dried powder product attributes include particle size and size distribution, particle shape, 
and bulk density. Formulation properties (e.g., particle size and size distribution, particle shape, particle 
density, bulk and tapped density) and process variables (e.g., liquid content, temperature, shear rate, time) 
can all influence the product attributes. 

A regime map can be a useful tool to guide formulation choices and process operation, and is an 
improvement upon just performing many experiments to test variables, and is a positive step toward 
predictive model development.1 Regime maps for wet granulation (the process of adding a liquid binder to 
a powder bed, usually with some level of agitation, for particle size enlargement) were established over 20 
years ago, with separate regime maps for nucleation2 and growth.3,4 More recently, we expanded this 
regime map framework for single drop granule formation in static powder beds (see Figure 1).5 Two 
distinct mechanisms and corresponding granule shape regimes were discovered, based upon the powder 
bed porosity and the granular Bond number. Spreading occurred with granular Bond numbers <65,000 
(roughly corresponding to surface mean particle sizes >30 µm) for all bed porosities below the minimum 
fluidization porosity and formed flat 
granules, while Tunneling occurred with 
granular Bond numbers >65,000 (roughly 
corresponding to surface mean particle 
sizes <30 µm) for all bed porosities and 
formed round granules. These two 
regimes in particle size, from coarser 
particles that naturally form a smooth, 
packed bed of individual particles, down 
to finer particles that form a fluffy powder 
bed comprised of dry agglomerates, are 
expected to be critical components in the 
development of a drying regime map for 
this proposed work. 

PROPOSED RESEARCH PLAN  
The overall goal of this research is to develop a particle drying regime map that determines 

the conditions under which agglomerate formation will occur in drying processes with varying shear 
rates. Toward this end, the following research objectives will be explored: 
(RO 1) Raw Material Characterization and Preparation of Wet Particle Assemblies;  
(RO 2) Tray Drying of Wet Particles [no shear];  

Figure 1. Granule formation mechanism regime map.5 
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(RO 3) Rotary Drying of Wet Particles [low-medium shear];  
(RO 4) Jet Milling of Wet Particles [high shear];  
(RO 5) Dried Product Characterization; and  
(RO 6) Regime Map Development. 
Details of each objective are provided in the subsequent sections, and a proposed timeline for carrying out 
the work for all objectives is included at the end of the proposal, in Table 3. More details are given for RO 
3 to demonstrate the capability of our in-house rotary drum dryer system, while the drying tests for RO 2 
and RO 4 use standard commercial equipment.  

(RO 1) Raw Material Characterization and Preparation of Wet Particle Assemblies: 
The selection of materials will be done with the input of IFPRI members and will cover the two 

important particle size regimes (e.g., <30 µm and 30-100 µm). In addition to particle size, thorough raw 
material characterization is essential for elucidating the powder properties that will be relevant for regime 
maps. The techniques available in our powder characterization lab, outlined in Table 1, will be utilized for 
this purpose. 

Table 1. Equipment and corresponding measurements used for material characterization. 

Equipment Measurement 
Malvern Morphologi G3 Automated 
Particle Characterization System with 
Automated Sample Dispersion Unit  

Particle size and shape, 
and their distributions 

AccuPyc II 1340 Automatic Gas 
Pycnometer 

Particle density 

SOTAX Tap Density Tester Bulk and tapped density 

The wet particle assemblies will be prepared by mixing the powder with the desired amount of 
liquid and kneading until the mixture appears homogeneous. The mixtures will be prepared immediately 
before each test in order to minimize evaporation. 

(RO 2) Tray Drying of Wet Particles [no shear]: 
Oven tray drying will be performed in order to have a control drying case without shear. We have a 

Fisher Scientific 60L Gravity Oven in our lab that is capable of operating at temperatures up to 250°C. 

(RO 3) Rotary Drying of Wet Particles [low-medium 
shear]: 

Rotary drying will be performed in order to test the 
low-medium shear regimes. We will use our in-house rotary 
drum experimental setup that is designed for conductive and 
convective granular heat transfer, with particle temperature 
quantification via a thermal IR camera. Rotary drum systems 
have been used to explore mixing of fine particles, as 
characterized by the axial dispersion coefficient,6,7 but little 
experimental work on the heating and drying of this class of 
materials in rotary drums is available in the literature.  

Details of our experimental rotary drum setup and 
thermal IR camera are presented in Adepu et al.8 The setup 
consists of a stainless-steel cylinder (ID = 15.24 cm, OD = 
16.51 cm, L = 7.62 cm) that is closed on each end by 6 mm 

Figure 2. Sample IR camera image, with region 
of interest selection for the drum wall (red) and 
the particle bed (yellow). 
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thick windows. One end of the drum is closed by a sapphire window (D = 15.24 cm) that provides optical 
and thermal access to the interior particle bed, and the other side of the drum is closed by a quartz window 
(D = 16.51 cm) that provides optical access to the particle bed. Both windows are held in place using 1.27 
cm thick titanium rings that are specifically chosen due to the low conductivity, thereby preventing direct 
contact of the drum walls with the rollers used for rotating the drum and reducing heat loss through any 
contact. The sapphire window is held using a 14.478 cm ID, 27.94 cm OD titanium ring, and the quartz 
glass is held using a 15.24 cm ID, 27.94 cm OD titanium ring. The drum rotates on the two 27.94 cm OD 
titanium wheels using rollers with variable rotational speed. Three heat guns are placed with equal spacing, 
at 120° apart, around the drum, to provide effective uniform heating. An infrared radiation (IR) camera 
(FLIR A6701SC) is used to capture the temperature profile through the sapphire window (see Figure 2). 
Therefore, the sapphire window is specifically chosen to give a high transmittance to IR light, with a 
transmission range from 0.17 μm to 5.5 μm.  

This rotary drum system was designed for conduction heat transfer via the drum walls. However, to 
incorporate convection heat transfer, the setup has been modified to introduce forced convection into the 
drum system. For the conduction setup, one side of the drum is closed using a quartz window and another 
side is covered using a sapphire window. For convection, besides the sapphire window that is used for IR 
imaging, a quartz window with holes to pump hot air into the drum is used. The quartz window used 
features a central inlet hole for hot air to be forced into the drum for internal heating. It also has four 
smaller holes around the edge to let air outside, in order to release the pressure from inside the drum. The 
internal heat gun is attached to an air duct that connects with pipe fittings to a temperature sensor and the 
air inlet port. This heat gun serves to insert a hot air stream into the drum to heat the particle bed inside the 
drum via forced convection. The rotary drum experimental setup, showing the placement of all four heat 
guns, is provided in Figure 3. 

 

(a)   (b) 	
Figure 3. Rotary drum experimental setup. (a) Rear view of empty drum with air inlet duct and quartz window. The 
opposite end of the drum is enclosed with a sapphire window, where the thermal IR camera is positioned in order to 
obtain the particle temperature profile within the drum. (b) Schematic of the heat addition to the rotary drum, with the 
red arrows indicating external heat guns, and the green arrow indicating an internal heat gun. 

(RO 4) Jet Milling of Wet Particles [high shear]: 
Jet milling will be performed in order to test the high shear regime. We have a Fluid Energy Model 

00 Jet-O-Mizer Mill in our lab, which can process 0.75-15 g/min of material. 
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(RO 5) Dried Product Characterization: 
The dried powder will be characterized using the same techniques outlined in RO 1. A key attribute 

of the dried powder product is the extent of agglomeration. The product particle size, shape, and their 
distributions will be measured using the Malvern Morphologi G3. These product size and shape 
characteristics will then be compared with those of the original powder, as obtained in RO 1, to quantify 
the extent of agglomeration. 

(RO 6) Regime Map Development: 
The regime map will incorporate fundamental properties of the particles (e.g., particle size and 

shape), as well as process conditions (e.g., moisture content and shear rate), into dimensionless groups. 
Table 2 provides a summary of all of the variables that will be tested, and the results will be obtained from 
RO 1-5, which will be used for derivation of the dimensionless groups and development of the regime map 
that will predict agglomerate formation upon drying under shear. 

Table 2. Tested variables for inclusion in regime map. 

 Variable 

Formulation 
Particle size and size distribution 
Particle shape 
Tapped and bulk density 

Process 

Temperature 
Shear rate 
Mass of material 
Moisture content 

Product 
Particle size and size distribution 
Particle shape 
Tapped and bulk density 

CRITICAL UNKNOWNS 
The primary uncertainties in the proposed work are: (1) the quantification of the shear rate, and (2) 

determination of the dimensionless groups to be used in the resulting regime map. Shear rate is variable 
across various equipment designs, but we strive to develop a single dimensionless group that quantifies 
shear rate across a variety of process equipment. For example, in the rotary drying process, there will be a 
balance between the shear of drum rotation versus the shear of air flow into the drum. We will not have an 
understanding of what this balance looks like until we actually perform the experiments. Additionally, we 
do not know the dominating variables in each of these drying processes before we do the experiments, so 
our experimental results will dictate the formation of the dimensionless groups for the regime map. Despite 
these unknowns, we have experience using this framework of characterizing the feed material, performing 
experiments looking at the effects of varying process variables, and characterizing the product material; 
then, we combine all of these components to determine the dominating dimensionless groups and 
corresponding regime map. 

INTEGRATION INTO EXISTING RESEARCH PROGRAM 
The proposed research combines our lab’s two main research thrusts, namely single drop 

granulation and granular heat transfer. The regime map framework comes from the granulation project, 
which is currently funded by the NSF CAREER award. However, we do not currently have external 
funding for our granular heat transfer project, and the proposed work can leverage our existing 
infrastructure for this project, namely the rotary drum with the thermal IR camera. 
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OPPORTUNITIES FOR IFPRI MEMBER SUPPORT 
The proposed research would benefit from the supply of appropriate particulate materials from 

IFPRI members. The two categories of particles needed are as follows: particles with surface mean sizes 
<30 µm, and those between 30-100 µm. Beyond these size requirements, we would be open to any type of 
particulate materials from relevant industries.  

In addition to the supply of test materials, we would appreciate the input of IFPRI members for 
industrially relevant drying conditions (e.g., liquid saturation levels, temperature, drum rotation rate, etc.) 
to test in our setups. 

PROPOSED TIMELINE 
The proposed research will take place in Dr. Heather Emady’s laboratory at ASU from August 1, 

2022 – July 31, 2025, and the details are provided in Table 3. 
Table 3. Timeline of research activities for the proposed work. 

 Year 1 Year 2 Year 3 
RO 1: Raw Material Characterization and Preparation of Wet Particle Assemblies 

  Select materials of the following surface mean particle sizes: (1) <30 µm 
binary, and (2) 30-100 µm  

    

  Characterize materials: particle size and size distribution, particle shape, 
particle density, bulk and tapped density  

     

  Prepare wet particle assemblies for each drying test     
RO 2: Tray Drying of Wet Particles [no shear] 

  Perform oven tray drying experiments and test for the effects of: (1) 
temperature, (2) mass of material, and (3) moisture content 

    

RO 3: Rotary Drying of Wet Particles [low-medium shear] 
  Perform rotary drying experiments and test for the effects of: (1) 
temperature, (2) mass of material, (3) moisture content, and (4) shear rate 

    

RO 4: Jet Milling of Wet Particles [high shear] 
  Perform jet milling experiments and test for the effects of: (1) mass feed 
rate, (2) moisture content, and (3) air pressure/shear rate 

    

RO 5: Dried Product Characterization 
  Measure dried powder product properties, including size, shape, and 
their distributions, in order to quantify the extent of agglomeration  

    

RO 6: Regime Map Development 
  Develop regime maps that predict agglomerate formation after drying 
based on dimensionless groups involving the formulation properties and 
the process variables 

   

REFERENCES 
1. Kayrak-Talay, D., Dale, S., Wassgren, C. & Litster, J. Quality by design for wet granulation in 

pharmaceutical processing: Assessing models for a priori design and scaling. Powder Technol. 240, 
7–18 (2013). 

2. Hapgood, K., Litster, J. D. & Smith, R. Nucleation regime map for liquid bound granules. AIChE J. 
49, 350–361 (2003). 

3. Iveson, S. M. & Litster, J. D. Growth regime map for liquid-bound granules. AIChE J. 44, 1510–
1518 (1998). 



	

	 6	of	6	

4. Iveson, S. M. et al. Growth regime map for liquid-bound granules: further development and 
experimental validation. Powder Technol. 117, 83–97 (2001). 

5. Emady, H. N., Kayrak-Talay, D. & Litster, J. D. A regime map for granule formation by drop impact 
on powder beds. AIChE J. 59, 96–107 (2013). 

6. Koynov, S. et al. Measurement of the axial dispersion coefficient of powders in a rotating cylinder: 
Dependence on bulk flow properties. Powder Technol. 292, (2016). 

7. Paredes, I. J. et al. Measurement of the residence time distribution of a cohesive powder in a flighted 
rotary kiln. Chem. Eng. Sci. 191, 56–66 (2018). 

8. Adepu, M., Boepple, B., Fox, B. & Emady, H. Experimental investigation of conduction heat 
transfer in a rotary drum using infrared thermography. Chem. Eng. Sci. 230, 116145 (2021). 
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1 PROBLEM STATEMENT AND PROJECT OBJECTIVES

B Granular matter and powders are widely used in the manufacturing of numerous products and in
many industries. In particular, powders are used as intermediate products but are also products con-
sumed as such or, most often, after rehydration in the food industry [1]. They are also omnipresent in
pharmaceutical products, but also in building materials as the PI has experienced with Saint-Gobain.
Despite this intense utilization, their behavior is still poorly understood and empirical [2]. One signif-
icant difficulty in developing a general understanding is the range of possible powder properties (size,
shape, wettability, etc.), the key role of the moisture and electrostatic force, and the flow conditions.
B Drying of powders and formation of agglomerates. Developing final products with powders often
involves a wet agglomeration process, which is still very empirical [3]. Wet agglomeration of powders
consists of coupling the agitation of solid particles to an operation of adding water or a binder to form
granular structures of larger size, which after drying modify the properties of the final powder (flowa-
bility, rehydration properties, density, etc.) [4, 5]. At the industrial level, there is a great diversity of
equipment (configuration, agitation mode) and modes of water supply (pulverization, flow...) allowing
to realize this operation. The drying of wet powders ultimately leads to agglomerate formation because
of solid bonds formed between the particles [3, 6]. The average size of the agglomerates produced can
vary from ten to a few hundred microns. Nevertheless, in all cases, one can expect that two different dry-
ing techniques will lead to different final granules in terms of strength, size, compressibility, flowability,
and ultimately result in products of varying quality and properties.

B A complex (and impossible?) prediction. As mentioned in the project brief, the question on how
the intensity of the shear in a dryer affects the state of agglomeration of the dried product, and its re-
dispersibility is broad and fascinating because of all the different physical and chemical ingredients
involved. An approach to provide some first answers useful to a broad community would be to perform
some real-scale experiments with a few selected powders and build a regime map for some well-chosen
variables. However, this approach would have limited interest since the degree and nature of the ag-
glomeration is influenced by the particle’s surface chemistry and morphology (size and shape) but is
also strongly influenced by the type of dryer used, as well as the presence or absence of solutes in the
water. As a result, any particular characterization obtained may not be appropriate to describe or predict
other configurations.

B Should we give up? Towards a predictive tool. The goal of this project is to develop two innovative
experimental tools that will allow easy implementation and quick testing of a large variety of powders
and liquid while controlling the input energy and/or shear rate during the drying process. We will base
our approach on our expertise in granulation and blending of liquid and grains performed in the past
with an industrial collaborator, Saint-Gobain. Deliverables will be the tools developed within this project
from which we will obtain the final size distribution, but also the time evolution, of the agglomerates
formed. The capabilities of such tools will be demonstrated through experiments with model powders,
from which the PI will gain some fundamental insights into potential optimization properties (evolution
of the final size distribution of the agglomerate with the shear rate).

B Research objectives. A schematic of the research objectives, tasks, and deliverables is shown in figure
1, highlighting the nature of the project and the cross-talk between the different stages. In particular,

1



once the tools have been developed, the PI will seek powders of interest among the IFPRI members
to leverage these characterizing tools while simultaneously running experiments with model materials.
The proposed research will lead to the development of two characterizing tools, (i) oscillating box for
high-shear rate and (ii) rotating drum for medium shear rate, that could be used on any powders to
provide the time-varying and final size distribution of the agglomerates formed upon the drying of
wet powders with shear. These tools will provide a first, quick, and cheap estimate of the influence of
the different controlling parameters (shear rate, relative humidity, nature of the powders, etc.) prior to
running more elaborate tests in industrial settings.

Tool 1: high-shear drying
Oscillating box

Typical velocity:0.3 � 2.5 m/s
<latexit sha1_base64="GVQ8tMUf456NxDwd7Vxm4wXO3uM=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEFxqTVrHLghuXFewDmlAm00k7dGYSZiZCCQV/xY0LRdz6He78G6dtFtp64MLhnHu5954wYVRp1/22Ciura+sbxc3S1vbO7p69f9BScSoxaeKYxbITIkUYFaSpqWakk0iCeMhIOxzdTv32I5GKxuJBjxMScDQQNKIYaSP17CPXqcILWHGuoX+e+ZJDfqkmPbvsOu4McJl4OSmDHI2e/eX3Y5xyIjRmSKmu5yY6yJDUFDMyKfmpIgnCIzQgXUMF4kQF2ez8CTw1Sh9GsTQlNJypvycyxJUa89B0cqSHatGbiv953VRHtSCjIkk1EXi+KEoZ1DGcZgH7VBKs2dgQhCU1t0I8RBJhbRIrmRC8xZeXSavieFWncn9VrtfyOIrgGJyAM+CBG1AHd6ABmgCDDDyDV/BmPVkv1rv1MW8tWPnMIfgD6/MHOmuTFA==</latexit>

Typical particle energy:0.1 µJ
<latexit sha1_base64="CS8TBGVhub9sWIdrJtzE4IPRVlA=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwISGpgl0W3IirCvYBTSiT6aQdOjMJ8xBq6Je4caGIWz/FnX/jtM1CWw9cOJxzL/feE2eMKu37387a+sbm1nZpp7y7t39QcQ+P2io1EpMWTlkquzFShFFBWppqRrqZJIjHjHTi8c3M7zwSqWgqHvQkIxFHQ0ETipG2Ut+t+F4QXoTc5KHk8G7ad6u+588BV0lQkCoo0Oy7X+EgxYYToTFDSvUCP9NRjqSmmJFpOTSKZAiP0ZD0LBWIExXl88On8MwqA5ik0pbQcK7+nsgRV2rCY9vJkR6pZW8m/uf1jE7qUU5FZjQReLEoMQzqFM5SgAMqCdZsYgnCktpbIR4hibC2WZVtCMHyy6ukXfOCS692f1Vt1Is4SuAEnIJzEIBr0AC3oAlaAAMDnsEreHOenBfn3flYtK45xcwx+APn8wdJ8pIt</latexit>
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Tool 2: low and medium 
shear drying
Rotating drum

Typical shear rate: �̇ ⇠ 100 s�1
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velocity, is found to be δ ≃ 0.067 m for rotational speed Ω= 1 rpm and
δ ≃ 0.089m forΩ=5 rpm, implying that δ depends only slightly on the
rotating speed. A similar trend has also been observed in the previous
CFD study [25].

3.4. Stress distribution

The distribution/transmission of bulk stress (or contact forces from
the particle-scale perspective) is known to be a long-standing complex
problem in granular research. In his pioneering work, Janssen [44] re-
vealed that the stress/pressure in a silo tends to saturate at a certain
depth owing to the frictional resistance from lateral silo wall, dissimilar
to the common picture of hydrostaticswhere the pressure increases lin-
early in depth. Undoubtedly, the same situation should exist for the bed
stress in rotating drums; but so far there has been no serious study on
this issue and previous drum analysis was still under the assumption
of hydrostatics [10]. Here, by means of FEM simulation, more insights
into this problem can be obtained.

Two common scalar measures of bulk stress are considered in this
paper, namely the equivalent pressure defined by p = −σii/3 and the
Von Mises stress defined by q = (1.5Sij Sij) 1/2, where σij and Sij are the
stress and deviatoric stress tensors respectively. Note that if the as-
sumption of hydrostatics held for the rotating drum, i.e. pressure p vary-
ing in proportion with material depth [10], the contour lines of p in
Fig. 11 should all be parallel with the free surface of the bed. But the re-
sults in Fig. 11 indicate that this is only roughly true in layerswith prox-
imity to the bed surface at low rotational speeds, e.g. Ω = 10 rpm, and
becomes increasingly problematic with the depth. In addition, a sharp
concentration of pressure may emerge at the bottom rim at high rota-
tional speeds Ω = 40 and 65 rpm due to the increase of centrifugal
force which is beyond the hydrostatics. The contour of the Von Mises
stress q shows an analogous pattern to the equivalent pressure p in
spite of the difference in magnitude. Such stress behaviours should be
carefully considered in analysis of rotating drum.

Yang et al. [20] have explored, using DEM approach, the micro-
dynamics of rotating drum including the coordination number, the col-
lisional frequency and the contact forces between particles. It may be of
interest to compare the present bulk pressures with their contact force
network demonstrated in Fig. 12, where the thickness of the connecting
line between two contacting particles indicates the magnitude of con-
tact force. It is seen from their DEM results that the majority of large
contact forces happen around the vertical or slightly to the left of the
drum bottom, and then progressively decrease towards the high end
of bed surface indicating a more complex spatial distribution of contact
force than the hydrostatic picture. This is similar to our continuum re-
sults shown in Fig. 11. Note that although the interparticle contact
force and the bulk pressure both describe the intensity of particle inter-
actions within the granular material, they are in nature different con-
cepts defined at different length scales. To make a quantitative
comparison between them requires an averaging treatment of the dis-
crete forces [45], which is not included here but may be considered in
the future work.

4. Conclusions

In this work, an Eulerian-formulation FEM approach is adopted to
simulate the dynamics of granular material in a partially filled rotating
cylinder. The approach is built on the classic elastoplastic constitutive
theory and can describe the dual solid and fluid behaviours of granular
materials at the continuum level, unlike the usual CFDmethod based on
fluid mechanics or the discrete methods established at a particle level.

Fig. 9. The general flow kinematics of granular material in a rolling-mode drum.

Table 4
Drum parameters used in the experimental measurement by Boateng [13].

Drum diameter
D (m)

Filling level
J/D

Particle size
d (mm)

Rotational speed
Ω (rpm)

Set D 1.0 30% 3 1–5

Fig. 10.Velocity profiles along themid-chord of bed in cases: (a) Set D,Ω=1 rpm; (b) Set
D, Ω = 5 rpm. (■), experimental data [13]; solid line, current FEM prediction; dash line,
rigid-body approximation given by Eq. (6).

368 Q.J. Zheng, A.B. Yu / Powder Technology 286 (2015) 361–370

Transversal tasks
- Development of the humidity 
chamber

- Processing tools to measure the 
time evolution of the aggregate 
size during the drying process
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Characterizing the formation of agglomerates during drying with different model powders and shear conditions
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- Experiments performed with model powders (e.g. calcium carbonite, quartz, cornstarch, etc.)

- Time-resolved regime map varying the temperature, relative humidity and energy input 
- Key results: agglomerates size distribution

- Experiments with model material (glass beads) and liquid phase that solidifies upon drying
Input from IFPRI 

members with 
powders of interests

Figure 1: Schematic overview of the proposed research.

2 EXPERTISE OF THE PI AND RELEVANCE TO ITS OWN RESARCH

B Background of the PI. The PI, Alban Sauret, is a faculty in the Department of Mechanical Engineer-
ing at UC Santa Barbara (USA) since 2018. He leads the Multiphase and Multiscale Flow Laboratory
(website), which consists of 10-15 researchers. His group tackles problems in the area of fluid mechanics,
soft matter, and granular materials. In particular, topics of current interest in the group include capillary
flows of suspensions (dispensing of suspensions through nozzles, dip coating of suspensions, etc.), clog-
ging in confined systems, rheology and properties of granular material and powders, blending of liquid
and grains. Before joining UCSB, the PI was a CNRS Researcher between 2014 and 2018 in SVI (website),
a joint academic-industrial laboratory between the CNRS and Saint-Gobain located in the Saint-Gobain
Research center in Aubervilliers (France). In addition, he was a scientific consultant for Saint-Gobain
Research in the field of granular materials, powders, and coating processes.

B Why is PI well-qualified to develop new diagnostic tools for powders? In the past, the PI, in col-
laboration with Saint-Gobain and Dr. Pierre Jop (SVI), has developed model approaches to gain some
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fundamental insights into the wet granulation processes. In these past projects, the goal was to work
at constant water content and thus prevent any evaporation and drying of the liquid phase. However,
similar approaches could easily be used and extended to control the drying of the liquid phase and pro-
vide relatively quick insights into the size distribution of the agglomerates resulting from the drying of
wet powders. In addition, since 2019, the PI has started to investigate constitutive laws to provide a
physical understanding of the concept of flowability of powders by studying the rheology of powders
in various configurations in collaboration with researchers in France (Dr. Olivier Pouliquen and Prof.
Maxime Nicolas, IUSTI, Marseille, France). Interestingly, whereas powders are handled at large scales,
different simple tools have been developed to characterize powders in industrial environments (see for
instance Granutools). The spirit of the present project is similar, i.e., developing experimental tools to
provide insights into the formation of agglomerates during the drying of wet powders under shear.

B Why focusing on an oscillating box and a rotating drum as model configurations? We have per-
formed similar work leveraging the simplicity of an oscillating box in the past with a postdoctoral stu-
dent and an MS student at CNRS and Saint-Gobain (France) to mimic the wet granulation process using
controlled granular systems (spherical glass beads and polystyrene beads, both monodisperse in size).
We thus believe that combining this approach with a control of the relative humidity, temperature, water
content, and nature of the powders could lead to the development of an innovative tool for character-
izing wet powders drying under controlled shear. Similarly, the PI has also considered the rotating
drum configuration during the Ph.D. thesis of G. Saingier (funded by Saint-Gobain). We have used this
approach to model wet granulation processes at low shear rates [7,8]. More specifically, we have consid-
ered the growth of a single wet aggregate rolling in a dry granular flow inside a rotating drum. We have
been able to measure the time evolution of its diameter for different grains and liquids and various shear
rates. Using X-ray tomography, we were also able to characterize the internal structure of the granular
aggregate at different times during the process. Therefore, extending this approach to provide a tool to
build a regime diagram of the drying of wet powders at low shear rates is feasible.

The proposed project relies on the expertise of the PI and controlled flow configurations and drying
kinetics. The goal is the development of innovative tools for characterizing the drying of wet pow-
ders with shear and the resulting formation of agglomerates. The tools that will be developed could
be used with any powders and binding agents at high shear rates (oscillating box) and medium
shear rates (rotating drum).

3 RESEARCH WORK-PLAN

Objective 1: Drying powders at high-shear

The first objective in this project will be to investigate and characterize the drying dynamics and the
resulting agglomerates formed under high-shear drying, typically as encountered in flash and agitated
dryers [9]. A large part of this process is controlled by the impact of the agglomerates with the impellers
during the drying process [10]. Performing such an approach with an actual high-shear drying sys-
tem would only result in the characterization of a specific situation (specific powder, for given relative
humidity and temperature). However, these kinds of tests could be pretty time-expensive while only
providing limited opportunities for optimizing the formation of the agglomerates. We, therefore, aim to
develop a more controlled setup where we will be able to visualize the drying agglomerate both during
the drying process using high-speed visualization and post-mortem (either with microscopy or X-ray
tomography). During the drying process under agitation, the visualization of the agglomerates and the
dynamic evolution of the size distribution may provide previous information on what controls the final
size distribution (collision of agglomerates between themselves, on the solid boundaries, leading to the

3

https://www.granutools.com/


formation of larger agglomerates or break-up in smaller agglomerates).
B From wet granulation to drying with shear. Beyond the difference due to the drying phase, the
wet granulation process [11] and the drying of wet powder under high shear rates share common key
features. In the context of high shear wet granulation, the process often takes place in a tank in which
rotating blades set the material in motion. The shape of the blades only impacts the intensity of the
velocity field within the granulator, and they serve to set the material in motion and to give it enough
energy for shocks to occur. Indeed, during the granulation stage, it is assumed that it is the shocks
between agglomerates that will determine the average value of the final diameter of the latter [12]. It
is, therefore, possible to assume that such an analogy can be made with the shear drying process. The
approach is to use a large-amplitude vibrating pot where the two main control parameters to impose the
shear are the amplitude of oscillation A and the frequency of oscillation f = 2π/ω [see figure 2(a)].
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(a)

(b)

Figure 2: (a) Schematic and (b) picture of
the oscillating box experiment.

B A simplified approach. Although a vibrated box seems to be
a simple system, in the context of wet granulation, the size dis-
tribution of the final agglomerate size with the water content
have shown that the data obtained with this system are simi-
lar to data from high-shear granulation systems at an impeller
rotation speed that would lead to a similar input energy in the
system (close to 1 m/s with a typical size of the impeller of 10 cm
and a typical particle size 10µm) [13] although the details of the
process are different. Moreover, it is worth mentioning that the
effects of the typical velocity on the final size are also similar in
industrial processes, suggesting that this setup was a promising
model system to understand high-shear granulation, but also
high-shear drying of powders [14].

B The apparatus. We will initially base our approach on a setup
similar to the one we used in the past, shown in figure 2(b).
A small amount of the initial powder, mixed with the liquid,
will be placed in a rectangular plastic box of typical dimensions
10 × 3 × 5 cm. Within this box, shocks between agglomerates
will also take place, similar to what would be observed in other
high-shear drying processes. In addition, the agglomerates will
also impact the solid boundaries during the entire drying pro-
cess. This experiment should allow us to reach comparable
values for the acceleration, velocity, and input with those ob-
tained using a tank (the frequency and amplitude of the oscil-
lations could be extended to reach a different range of shear).
The mechanisms involved are likely similar, and this procedure
seems to be a good alternative to provide a benchmark to test different powders, liquid, initial moisture,
time variation, etc. To make this box oscillate, we will use a vibrating pot. The amplitude and frequency
will be controlled by an amplifier and a low-frequency generator. We will also add an accelerometer on
this plate to measure the acceleration experienced by the box, thus estimating the input energy in our
system.

B Preparation of the initial sample. We will initially use a plastic bag in which we will weigh the desired
quantity of powders, and the volume of liquid will then be added to obtain the desired liquid content
with a pipette, and the bag will be sealed, the powder homogenized, and then place in the plastic box to
run a test.
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B Environmental chamber: control of the temperature and the relative humidity. An important mod-
ification to this setup will be to implement a control in temperature and relative humidity in the box.
Since our system is quite simple, this will be easily done by connecting on the side of the box an inlet a
full range humidity control with an elevated temperature that would allow control from 10 to 98% RH
(at 20oC) and a temperature from ambient to 55oC. We have used such a system in the past, purchased
from Electro-Tech Systems, within an environmental chamber, to study the drying dynamics in fibrous
media [15]. The airflow can then be exchanged between this environmental chamber and the test box.
An alternative will be to place the entire setup within the environmental chamber since its footprint is
moderate. In both cases, we will have a total control over the temperature and the relative humidity.
Furthermore, we would also be able to investigate the influence of the time-temperature history on the
agglomerate.

B Micro-High-Speed Imaging. A specialty of our group is to characterize high-speed phenomena, such
as, for instance, the formation of droplets of suspensions for manufacturing application [16, 17] or the
blending of grains and liquids [18, 19]. These situations require reaching a recording speed of typically
10,000 frames per second and a spatial resolution of order 5µm/pixels. We will use a similar approach
here, where the motion and evolution of the agglomerate inside the oscillating box will be recorded using
a Phantom VEO 710 high-speed camera (already available in our laboratory), equipped with a macro
lens (Nikkor 200 mm), on which, if we need to reach a higher resolution, we could add a microscopic
lens (Mitutoyo) as we have done in the past to study the coating of tubings by suspensions [20]. Even
if high-speed imaging is not intended to record an entire drying under shear process, we will record
a few seconds at different times along the process so that it will give us a picture of the entire drying
dynamics, as well as crucial information on the state of the agglomerate at a given time. This approach
is particularly unique, as it provides a direct visualization in situ of the dynamical process.

B Image analysis. For each experiment, the analysis of the size distribution of the agglomerates over
time will be done using methods commonly used in our group (via custom-made routines). From the
videos obtained with the high-speed camera during the dynamics drying process, we will detect the
agglomerates as distinct ”objects” to obtain each equivalent diameter (defined through the surface areaA
byDeq =

√
(4A/π)). The different steps are illustrated in figure 3 with an example for polystyrene beads

[figure 3(a)]. The images of the agglomerates are first thresholded to differentiate the agglomerates from
the background of the image [figure 3(b)]. Then a segmentation allows us to separate the agglomerates
[figure 3(c)]. This step being done, the next step, the label, allows us to number these different objects
to define each agglomerate as an object from which we can recover some characteristics, the diameter
being the one we are interested in [figure 3(d)]. This method also has the advantage of following the
fragmentation and coalescence processes of agglomerates and thus obtaining unique information on the
dynamics during drying, such as, for instance, the time evolution of the agglomerate size distribution.

(a) (b) (c) (d)

Figure 3: (a) Example of a zoomed picture of agglomerate of glass beads and water formed during the model
granulation process. (b) Example of resulting probability ditribution function of the agglomerate sizes and (c)
Example of the evolution obtained when varying the size of the beads (blue: 60µm, green: 200µm)
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Post-mortem characterization. Once the drying process is over, we expect to have a distribution of
agglomerate that will depend on the particle’s surface chemistry and morphology but also on the tem-
perature, shear stress, and other physical parameters. We will be able to collect the samples and measure
the relevant powder properties such as the bulk density and the flowability. In addition, we will image
the resulting agglomerate using a Nikon Eclipse Microscope that will allow us to characterize more
finely the final agglomerate size distribution as we have done for the granulation process, as illustrated
in figure 4.
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Figure 4: (a) Example of a zoomed picture of aggregate of glass beads and water formed during the model granu-
lation process. (b) Example of resulting probability ditribution function of the aggregate sizes and (c) Example of
the evolution obtained when varying the the water content w for two different size of beads (blue: 60µm, green:
200µm)

Expected outcome of objective 1. The development of the experimental setup and the characteriza-
tion methods. The successful completion of this task will provide a unique tool to provide the final
aggregate size distribution but also the evolution during the process to identify which steps may be
the more important. This tool will then be used to characterize some powders and develop regime
maps to identify the role of the time, temperature, relative humidity, and high shear stress on the
drying of wet powders.

Objective 2. Drying at low and medium shear

Industrially, the processes of drying wet powders in the presence of shear to avoid agglomeration are
diverse. The tool that will be developed in objective 1 aims at reaching high-shear and input energy,
similar, for instance, to an agitated dryer. However, other methods, such as belt or rotation dryers,
involve low or medium shear that will not be captured with the previous approach. The second main
objective of the proposed project will rely on the development of a thin experimental drum, shown in
figure 5(a), in which the shear will be imposed by the rotation rate, and the temperature and ambient
humidity will be controlled in a similar approach while allowing in the same time to observe the drying
dynamics.

B Why is a rotating drum a good approach to model medium shear rates? The rotating drum is one
of the classical experimental configurations for the study of granular flows, which allows obtaining a
stationary and cyclic flow. This system can also be used as a mixer [21] and has been shown to provide
relevant information regarding the flow of powders [22]. In our study, the interest of the rotating drum
lies in the periodicity of the flows that it generates, which makes it possible to observe the evolution
of the agglomerates over long times, i.e., during the entire drying process. The flows encountered in a
rotating drum depend on the rotational speed of the cylinder,Ω. We will work in the continuous regime
characterized by a stationary flow of grains at the surface. The flow of grains in the continuous regime
occurs in two stages: (1) a rotation phase where the grains are at the bottom of the pile and have a solid
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rotational motion following the cylinder wall and then (2) an avalanche flow phase when the grains
reach the surface. These two phases can be seen in figure 5(b). Models of the velocity field in a granular
drum flow are well-known in the literature. The flow field exhibits a linear profile in the active layer
(region II in figure 5(b)), which concentrates most of the shear, and a tail of exponentially zero-trending
profile in the passive zone, having a solid-body rotation with the cylinder. The shear rate in the linear
part is approximately constant and its amplitude is of the order of γ̇ '

√
g/(4d) [23], where d is the

size of the particle or agglomerate. Since the velocity profile is linear in this region, the shear rate can
be written as γ̇ = Vmax/h0 = V̄/ (2h0), where V̄ is the average velocity in the layer and h0 the thickness
of the flowing layer that can be controlled with the rotation rate and the filling rate of the drum [24].
We will work in the situation where the thickness of the flowing layer is larger than the mean radius of
the agglomerate so that it will be advected by the granular flow and subject to a controlled shear. We
plan to perform the first tests in a range of rotational speed between 15 and 60 rpm. In summary, this
configuration allows to quantitatively impose a rather low shear of the order of γ̇ ∼ 100 s−1.

108 Chapitre 5. Croissance et structure d’un agrégat isolé

Fig. 5.3 Schéma décrivant les propriétés d’un écoulement en tambour tournant.

5.1.3 Structure des agrégats
Macrostructure - Les agrégats sont initialement formés en lâchant une goutte de liquide

de volume V dans un échantillon de grains. Ce volume est mesuré précisément à l’aide d’une
micropipette à volume fixe (V = 20, 50, 100 µL). La goutte imprègne les grains et crée un agrégat
humide de forme aplatie. Cet agrégat est ensuite transféré dans l’écoulement dense de grains,
dans le tambour tournant [Fig. 5.1(b)] puis prélevé à un temps t afin d’être pesé ou analysé. La
dynamique de croissance d’un agrégat est ensuite reconstruite à partir des mesures de masses
e�ectuées sur des agrégats prélevés à di�érents instants. Un exemple de dynamique de croissance
d’agrégat est reporté sur la Fig. 5.4 pour des agrégats composés initialement de grains de sable et
d’eau dans un écoulement de sable de même granulométrie. Ces mesures dépendent de l’histoire
individuelle de chaque agrégat, plusieurs prélèvements sont donc e�ectués afin de tenir compte de
la variabilité de la croissance.

Sur la Fig. 5.4, on observe une forte augmentation de la masse de l’agrégat, notée magg, en
fonction du temps puisqu’elle est multipliée par 3 en l’espace de 5 min, avant de ralentir et d’at-
teindre une valeur à peu près constante mŒ

agg ƒ 4 m0 où m0 est la masse initiale de l’agrégat. On
peut comparer cette dynamique de croissance à celle d’un agrégat en statique en suivant l’évolution
d’un agrégat disposé dans un tas de grains (carré blancs sur la Fig. 5.4). L’augmentation de la
masse de l’agrégat statique est marginale, gagnant à peine 25% sur la même durée.

Microstructure - La dynamique de l’écoulement granulaire autour de l’agrégat est donc
responsable de forte croissance de l’agrégat isolé. Une telle augmentation de masse nécessite un
transport du liquide au sein de la matrice granulaire pour permettre la capture de grains de sable.
Des expériences de microtomographie par rayons X ont été réalisées afin de visualiser la répartition
du liquide au sein de l’agrégat. Une série de coupes médianes, e�ectuées sur des agrégats prélevés à
di�érents temps, est présentée sur la Fig. 5.5 et montre l’évolution de leur microstructure au cours
de leur croissance. L’agrégat est initialement saturé [Fig. 5.5(a)] avant de capturer des grains à sa
périphérie, entrainant un transport de liquide du cœur, partiellement saturé, vers l’extérieur [Fig.
5.5(b)-(d)]. On constate que les gros pores se vident au centre, puisque la pression capillaire y est
plus faible, au profit du remplissage de plus petits pores périphériques. Ce transport mène à une
dispersion complète du liquide au sein de l’agrégat qui finit par former des ponts capillaires entre
les grains. Cet état correspond au ralentissement et à la stabilisation de la variation de masse de
l’agrégat [Fig. 5.5(e)].

La croissance d’un agrégat, isolé dans un écoulement granulaire, s’e�ectue donc grâce à la

(a)

(b)

(I)

(II)

Figure 5: (a) Schematic of the rotating drum avail-
able in the PI’s lab. (b) Schematic describing the
properties of the flow in a rotating drum.

B Apparatus. The experimental system that we have in
our laboratory at UC Santa Barbara is illustrated in fig-
ure 5(a). This system consists of a cylinder with a diam-
eter that can be varied (the first tests will be done with
a diameter of about 10 cm, but this could be adjusted
to provide more control over the shear rate). We will
choose small drum thicknesses, typically of the order
of the centimeter, to be able to measure in real-time the
evolution of the roughness of the free surface, which
ideally will give us information on the characteristic
size of the agglomerates flowing at the surface. The
cylinder is rotated by two rollers and driving at a ro-
tation speed of 0 to 60 rotations per minute.

B Principle of the measurements. Similarly to the os-
cillating box described in the previous objective, we
will prepare a sample of wet powders that will be
placed in the rotating drum. The axis of the cylinders
will be made of two holes so that the temperature and
humidity will be controlled by placing the setup in the
same environmental chamber. The experiments will
start at t = 0, and we will visualize the flow within
the rotating drum from the side. The roughness of the
interface should provide us with information on the evolution of the agglomerates and, in particular, the
cohesion between the grains. The rotating drum could easily be stopped during the experiments to pick
up a small sample and measure the properties and size distributions of the agglomerate before resuming
the experiments as we have done for the blending process in the past [8]. Methods similar to the one
developed in the previous objective will be used.

Expected outcome of objective 2. The development of an experimental setup to characterize the
drying of powders under medium shear and visualize the agglomerates during the process. The
image analysis to obtain the time evolution of the particle size distribution will be similar to the
methods developed in parallel to objective I.
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Objective 3. Leveraging the tools: regime map of the resulting agglomerates formed

B Validation of the methods. The PI will use these two setups with model powders. The following
ones have been identified as good candidates of hard inorganic powders: calcium aluminate, calcium
carbonate, and silica glass sphere as they will not (or little) react with the liquid phase, i.e., water within
the framework of the project. Our goal is to choose materials that will not be too soluble to not precipitate
when mixed with water. We will characterize the initial size distribution of each powder before using
them in the experiments. Typically, we aim for powders of the size of order 10µm and initially, the
liquid phase that will be used is water. We will consider the role of the following parameters on the size
distribution of the agglomerates to build a regime map of the outcome of the agglomeration following
drying of wet powders under shear: (i) shear rate γ̇, (ii) initial water content, (iii) dynamics of drying
(controlling the relative humidity and the temperature), (iv) size distribution of the initial powders.
Of particular interest, especially with the oscillating box, is that we will be able to track the dynamic
evolution of the size distribution.

B Interactions with IFPRI. The core of the project is the development of these two innovative tools and
their testing on some model powders. After the first characterization made with the model powders,
the PI will seek candidate materials (samples) from interested companies within the IFPRI consortium.
In particular, it could be interesting to also qualitatively consider the configuration of soft inorganic
materials.

Expected outcome of objective 3. The last objective of this project will be to demonstrate the rele-
vance of the two diagnostic tools with model and more realistic powders. The main result will be
the size distribution of the agglomerates under different drying dynamics and shear.

4 CONCLUSION

Outcome. The proposed project will develop innovative tools to characterize the resulting size distribu-
tion of agglomerates resulting from the drying of wet powders under controlled shear. The oscillating
amplitude and frequency will control the input energy in the case of the oscillating box, whereas it will
be controlled through the size and rotation rate of the container for the rotating drum experiments. In
both experiments, the temperature and the relative humidity will be controlled thanks to an environ-
mental chamber.

Tentative timeline. Year 1 will be devoted to the development of the oscillating box, the diagnostic
methods, and model experiments with silica beads and water. Year 2 will be devoted to running ex-
periments with more complex powders in the oscillating box (from which the PI will seek the input of
the IFPRI members), as well as the development of the rotating drum experiments and its testing with
the same model powders. Finally, year 3 will be used to build the regime map (dynamics and final size
distribution of the agglomerate) for varying powders, shear rate, and temperature/humidity conditions.
The key results will be the resulting average agglomerate size and dispersion of the distribution around
the mean value. Similar to his past works, the PI will also look for theoretical approaches that could
capture, at least qualitatively, these evolutions and could thus be used to provide some guidelines for
industrial processes involving the drying of wet powders.
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Research Project Brief 

Spray-Drying of Pastes for Process Intensification 

 

The International Fine Particle Research Institute (IFPRI) wishes to fund a research project on spraying of 

highly concentrated materials (pastes) as a means of improving process sustainability.  Spray-drying of 

liquid products is a key technology that is widely used in many industries. Its environmental impact could 

be reduced through process intensification by increasing the concentration of the feed liquid to be dried, 

thereby reduce energy consumption and process footprint.  This would require the ability to atomize 

highly viscous liquids (especially pastes) and achieve short drying times to produce a suitably dry product 

that does not stick to process surfaces without changing functionality of the dried product. 

Key objectives of this project are: 

• Identify and validate one or more atomization technologies that will enable spraying highly 

viscous liquids (up to 100 Pa.s) or dispersions with high solids fraction (pastes) and generate 

droplets smaller than 100 micron [see references below] 

• Develop methods to measure drying kinetics of highly viscous liquid or paste droplets in controlled 

temperature and humidity conditions. 

• Evaluate the impact of the composition and morphology of the atomized droplets on the drying 

kinetics and develop drying models for highly concentrated feeds. 

The scope of this project is limited to viscous aqueous solutions and high solids fraction suspensions, with 

no limitation on the solute or dispersed particles.  IFPRI members can provide recommendations for 

experimental systems and perhaps provide materials for study. 

Some relevant papers on atomization approaches are: 

1. Stähle, P., et al. (2017). "Comparison of an Effervescent Nozzle and a Proposed Air‐Core‐Liquid‐

Ring (ACLR) Nozzle for Atomization of Viscous Food Liquids at Low Air Consumption." Journal of 

Food Process Engineering 40(1) 

2. García, J. A., et al. (2016). "Experimental characterization of the viscous liquid sprays generated 

by a Venturi-vortex atomizer." Chemical Engineering and Processing - Process Intensification 105: 

117-124 

3. Czisch, C. and U. Fritsching (2008). "Atomizer design for viscous-melt atomization." Materials 

Science & Engineering A 477(1-2): 21-25 
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Description of research proposal 

1 Topic of the research project  

Spray-Drying of Pastes with ACLR-Nozzle for Process Intensification 

2 Introduction and background 

Spray-drying is a widely used process for the production of powdered products from liquid 

formulations. The spray-drying process can be divided into three main steps: Atomization, convective 

drying in a hot air stream, and powder separation [1]. A scheme is shown in Figure 1. 

 

Figure 1: Schematic of the spray-drying process 

The atomization of a bulk liquid into small droplets leads to a drastic enlargement of the surface-to-

volume ratio, enhancing heat and mass flow in the subsequent convective drying step. The surface-to-

volume ratio conditions product quality, since particles that are too small can burn, while particles that 

are too large do not dry sufficiently. The latter leads to increased stickiness of the particles, powder 

adhesion in the process equipment and storage problems [2]. Therefore, a narrow droplet size 

distribution is generally favorable. As with all drying processes, water removal is a very energy-

consuming process, especially as internal-energy recovery is restricted in spray-drying [3]. Moreover, 

the powder throughput of a spray-dryer is limited by its specific water evaporation rate at given process 

conditions [2]. In industrial applications, the aim is therefore to feed the media into the drying process 

with the lowest possible water content (high dry matter content). This allows a higher product 

throughput with a constant water evaporation rate.  

Using more energy-saving methods, such as membrane processes or multi-stage evaporation, for the 

upstream concentration, the total energy consumption and process footprint can be reduced. 

According to a model calculation on industrial spray drying by Fox et al. [4], an increase in feed dry 

matter content by 1% leads to a decrease in thermal energy consumption of the spray dryer by 3.8%. 

It also leads to a decrease in total energy consumption of 2.5%, when the energy for pre-concentration 

in an evaporator is taken into account. However, the dry mass content cannot be increased at will, 

since the viscosity of the liquid also increases with increasing solid concentration [5]. At high viscosities, 

the atomization step becomes more energy intensive, since the volume-specific atomization energy 

requirement for droplet breakup increases sharply as the internal resistance forces of the liquid 

increases. Larger droplets and/or wider spray droplet size distributions are then produced, up to the 

point where atomization is no longer possible.  
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For droplet formation, pressure-swirl (PS) nozzles are commonly used in spray-drying processes on 

industrial scale [1]. However, for PS nozzles the highest processable viscosity is considerably lower, 

compared to pneumatic nozzles [6]. 

Pneumatic atomizers are usually used for atomizing highly viscous liquids. The atomization energy is 

transferred via a gas stream [7]. In this type of atomizers, a distinction is also made between external-

mixing and internal-mixing atomizers, depending on where the gas and liquid flows are combined [8]. 

An advantage of external mixing nozzles is that the gas and liquid flows can be set independently of 

each other. However, they tend to produce wide droplet distributions unless high rates of atomizing 

gas are used [9]. This makes the use of external-mixing pneumatic atomizers on an industrial scale not 

economically feasible. 

In internal-mixing nozzles, an already formed two-phase flow exits through the nozzle channel. This 

allows for a more efficient transfer of energy from the gas to the liquid [9], as well as the ability to 

handle higher-viscosity liquids than with pressure swirl nozzles [10]. A drawback is that gas and liquid 

flow cannot be set entirely independently of each other [11].  

With that in mind, the LVT-Institute developed a specific type of internal-mixing nozzle atomizer, the 

Air-Core-Liquid-Ring (ACLR) atomizer. A schematic of this nozzle can be seen on Figure 2 (left). The 

device is composed of two concentric tubes. The outer tube is where the liquid feed flows, while a 

capillary at the center carries the gas and injects it in the center of the mixing chamber. This forms an 

annular liquid flow, with a gas core. As this two-phase flow exits the nozzle through the outlet channel, 

the gas phase expands, and the liquid phase breaks up in a cone that then disperses into droplets. The 

studies so far published, have involved both experimental and numerical analysis of the atomizer, to 

better understand its performance and its potential (see Figure 2 (right)). The ACLR nozzle has been 

proven successful for the atomization of highly viscous liquids up to 690 mPa·s [11].  

 

  

Figure 2: Scheme of the ACLR nozzle (left). Experimental high-speed image of the flow inside the nozzle 

and the computational simulations performed to represent the internal flow in the atomizer (right) 

With the aid of high-speed images of the two-phase flow inside the atomizer, Stähle et al. [10] showed 

that, if a continuous liquid annular flow forms in the nozzle outlet channel, a stable spray is formed 

with small droplets. Wittner et al. showed the potential applicability of the ACLR for reducing total 

energy consumption in spray-dying processes, with theoretical energy savings of up to 29 % [12].  

Despite these major benefits of the ACLR nozzle, further studies on the scale-up potential of ACLR 

atomizers are still needed before a widespread application of the technology in industrial processes is 

conceivable. As reported by Wittner et al. [11], moisture content and water activity in the final powder 

product should be decreased to meet industrial demands. Additionally, based on Wittner et al. [13], 

we assume that in order to properly understand the process-function of the nozzle, and how spray 

performance relates to operating conditions and feed composition, we need to comprehend the flow 
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behavior inside the ACLR nozzle. For this purpose in an ongoing project a CFD model is developed for 

the simulation if the internal flow of the ACLR-nozzle. Based on these investigations it is assumed that 

the spray performance of the ACLR-nozzle can be enhanced by geometrical improvements. This should 

lead to a further reduction of the spray droplet size widths and increase the maximum possible viscosity 

that can be atomized for spray drying applications. In addition a further nozzle scale-up can be based 

on these results. Comprehending this process-function is therefore not only important for the 

atomization itself, but also for the subsequent drying step.  

This process-function establishes the relation between the entry feed composition and droplet 

morphology. But it is well known that the droplet composition and morphology together with the 

process variables have a high impact on the final powder product [14–16]. Powder properties such as 

powder flowability, particle size, as well as particle and bulk density relate directly to the morphological 

structure of the powder particles. Although morphology is material-specific, it is also dependent on, 

for example, initial feed solids content, atomization and drying temperature [15]. The work of Hecht 

and King [17] also showed, that morphological changes, such as vacuole formation, can influence mass 

transfer rates and therefore drying kinetics. Consequently, it is very import to investigate the dynamic 

interactions between particle composition, morphology development and drying kinetics. 

One way to examine the drying kinetics and morphology development is to directly observe the 

structure of the drying spray-droplets. This also allows acquiring accurate insights into the structural 

changes during the drying process. Direct observation of the drying droplets is unrealistic in a 

commercial spray-dryer or a modular nozzle test rig, due to the number of droplets and the difficult 

accessibility of the equipment. Furthermore, the transition from a droplet to a particle during spray-

drying occurs quasi-instantaneously, which makes it almost impossible to track the drying kinetics and 

the morphology development of the particle. Consequently, for mechanistic studies of the drying 

process, experimental setups that center around drying a single droplet have been more and more the 

focus of research [18].  

In single droplet drying (SDD) experiments, an isolated droplet is dried under a controlled drying 

environment [19]. The drying temperature, air humidity and air mass flow is set to mimic the 

convective drying process during spray-drying. Several experimental setups exist for SDD and are 

usually divided into levitation methods and free flight drying methods. Free flight drying methods are 

rather impractical for the examination of drying kinetics, as a continuous tracking of the droplet during 

drying is not possible. A commonly employed contact levitation method is a SDD experiment with a 

droplet suspended on a thin filament [20–22]. This allows easy monitoring of droplet mass and 

temperature changes of the droplet [23]. A drawback of this method is the intrusiveness of the filament 

on heat transfer.  

An alternative to contact levitation is the immobilization of the droplet by acoustic levitation. In 

acoustic levitation, a single droplet is suspended due to a counterbalancing acoustic force while drying. 

[24]. A major benefit of this setup is that the drying of a droplet can be investigated non-intrusively, 

while one drawbacks is the not well-understood influence of the ultrasound on the drying kinetics. 

Another tool to investigate one-dimensional drying kinetics is thin film drying [25]. Previous work has 

shown that a film thickness of micrometer- to nanometer-scale is feasible [26]. Schutyser et al. [18] has 

suggested that thin film drying technology could be a valuable tool to compliment the results 

generated by single droplet drying experimental setup.  

Single droplet drying has been used extensively in literature for studying the morphology development, 

both by contact levitation [20,22,27] as well as by non-contact levitation [14,23,28,29]. The SDD setups 

are usually equipped with a CCD-camera with microscope optics for a continuous observation of the 

droplet during drying. Crust formation and structural changes can thus be determined directly. Nuzzo 

et al. [23] found for milk powder that it was possible to predict the morphology of spray-dried particles 

largely by means of SDD experiments, despite significantly longer drying times. The effects in the SDD 
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tests were significantly more pronounced compared to the spray-drying tests. It is therefore expected 

that, despite the different drying systems, conclusions can be drawn between SDD and spray-drying 

tests with respect to the development of the particle morphology during drying. 

The LVT-institute has many years of experience with single droplet experiments and equipment for the 

investigation of e.g. interfacial properties in single droplets. This mainly involves equipment with 

droplets suspended on filaments. In a just started research project financed by German Ministry BMWi, 

the LVT-Institute develops an experimental setup for SDD. 

3 Project objectives 

Spray-drying of liquid products is a key technology that is widely used in many industries. Its 

environmental impact could be reduced through process intensification by increasing the 

concentration of the feed liquid to be dried, thereby reduce energy consumption and process 

footprint. This requires the ability to atomize highly viscous liquids (especially pastes) and achieve 

short drying times to produce a suitably dry product that does not stick to process surfaces without 

changing functionality of the dried product. Key objectives of this project are: 

• Validate the ACLR atomizer technology to enable spraying of highly viscous liquids for spray drying 

applications by improvement and upscale of the ACLR-nozzle. 

• Evaluate the impact of the composition and morphology of the atomized droplets on the drying 

kinetics and develop drying models for highly concentrated feeds by single droplet drying. 

• Investigation of the applicability of the ACLR nozzle for spray-drying of highly viscous liquids. 

4 Methodology and work plan 

The project is divided into three main working packages (WP). The ACLR nozzle is proposed as a suitable 

atomization technology for spraying of highly viscous liquids or pastes and generate droplets smaller 

than 100 micron. The central task of the first working package (WP) will be the validation of the ACLR 

nozzle to enable atomization of highly viscous liquids. CFD simulations will be used to optimize nozzle 

design. Process- structure-functions for the nozzle will then be established based on spray performance 

measurements. The gained insights can be used for further upscaling of the process. A period of 18 

months is planned for this work package.  

The objective of the second WP is to investigate the impact of the composition and process parameters 

on the drying kinetics and morphology development of highly viscous liquid or paste droplets in 

controlled conditions. For this purpose single droplet drying experiments will be carried out, in which 

droplets can be dried under precisely defined conditions. These studies will also be used to explore a 

possible relation between the morphology development and the drying kinetics. Taking into account 

the results of the first two WPs, a model for drying of highly concentrated feeds will be formulated as 

process-structure-function. Work on the second WP will start after viable formulations for the project 

are identified. It is currently estimated that the WP will be concluded after 18 months. 

In the third WP, the applicability of the ACLR nozzle for industrial spray-drying processes of highly 

viscous liquids will be examined. For this purpose, spray-drying trials will be carried out. The results will 

be used to evaluate the validity of the in WP 2 formulated model. WP 3 will be the main workload 

during the project’s third year. It is estimated, that work on the final WP will start after the first two 

WPs have been completed and the process-structure-function has been elucidated in WP 2.  

A working diagram is shown in Table 1. 
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Table 1: Working diagram for the planned project duration 

Project year 1 2 3 

Quarter I II III IV I II III IV I II III IV 

WP 1: Atomization with the ACLR nozzle             

WP 2: Evaluation of the impact of compo-

sition and morphology on drying kinetics  

            

WP 3: Industrial applicability of the ACLR 

nozzle for spray-drying 

            

 WP 1: Atomization with the ACLR nozzle 

Numerical studies on the ACLR atomizer started with Wittner et al. [13], where an initial computational 

model to represent the multiphase flow inside the system was developed, using Ansys Fluent. This 

model is currently being refined, under a project financed by the DAAD, so that the nozzle design can 

be geometrically optimized and tailored for specific industrial applications. 

In WP1 this model will be extended to the flow analysis of highly viscous liquid feeds. On the basis of 

the CFD results an optimized nozzle concept will be drawn and the suitability will be investigated in 

spray performance measurements. The focus of the research will be on the evaluation of process-

structure-function for the nozzle. Therefore, the atomization capability of two different highly viscous 

liquids will be investigated. Process parameters are the nozzle design, the ratio of air-to-liquid flow rate 

(ALR) and the air pressure. Structure variables are the spray angle and the droplet size distribution, 

including its temporal stability. As model system, aqueous solutions of maltodextrin are proposed. 

Maltodextrin is commonly used as a thickener and stabilizing agent. The model system has to be 

defined and characterized at the beginning of the experimental study, to allow a systematic 

investigation of the relevant process parameters.  

For validation of the CFD model, the flow pattern inside the nozzle will be analyzed. Based on these 

results a nozzle scale up concept will be proposed. Taking into account the numerical and experimental 

results, a comparative analysis can be done to investigate the feasibility of spraying highly viscous fluids 

and pastes to generate droplets smaller than 100 µm. 

The experimental study can be carried out on the institute’s facilities. For this purpose, a separate 

compressor (RSF-Top 7.5, Renner GmbH, Güglingen, Germany) is available for the operation of the 

ACLR atomizers in addition to the compressed air network. A pressure vessel and various eccentric 

screw pumps with volume flow between 5 and 100 L/h can be used for the liquid supply. Furthermore, 

a test rig is available, equipped with a temperature control for the feed liquid. Here the spray droplet 

sizes can be measured over time using a laser diffraction spectrometer (Malvern Spraytec, Malvern 

Panalytical Ltd, Malvern, United Kingdom) in a size range of 2-2000 µm. A high-speed imaging system 

(OS3-V3-S3, Integrated Design Tools Inc., Tallahassee, FL,USA) is available to analyze the spray angle 

and the flow pattern inside the atomizer. The rheological characterization of the model systems can 

be done with a double gap system (Physica MCR 101/103, Anton Paar, Graz, Austria).  

 WP 2: Evaluation of the impact of the composition and morphology on the drying 

kinetics and model development by single droplet drying 

The development of a suitable methodology for single droplet drying experiments is already being 

pursued at the institute as part of the AiF project 21662 N "Spray-drying of emulsions for 

microencapsulation". For this project, an experimental setup is will be installed that allows continuous 

monitoring of the drying kinetics and particle morphology during the drying of emulsion droplets. 

In WP 2, the experimental setup for emulsion droplets will be extended to droplets of highly viscous 

solutions. This is expected to be fairly straightforward. A potential challenge is mainly seen in the 

production of uniform droplets from formulations with varying solids concentrations, as the rheological 



Research Proposal Karlsruhe Institute of Technology, LVT, V. Gaukel, S. Höhne, 17.12.2021 
 
 

7 

 

behavior differs between these formulations. Using of different droplet injection systems might be 

necessary. Nevertheless, as the development of the experimental setup is still in its early stages, 

advices and experiences of industry partners on single droplet drying could prove valuable. The 

experimental studies in WP 2 will focus on the influence of air temperature, air velocity and total solids 

content on the drying kinetics and morphology development during convective drying. Therefore, the 

same highly viscous liquids will be used as in WP 1. By monitoring droplet size, evaporation rate and 

temperature profiles of the droplet, the drying kinetics can be determined. For the morphology 

development, different structural changes are expected. Besides changes in particle size, other 

phenomena may occur during drying of a liquid droplet. These include the formation of an inhibitory 

skin, changes in the surface structure (smooth or wrinkled), and rupture of the particle. To observe 

these phenomena, various analytical methods are available at KIT. In addition to light microscopy and 

SEM (scanning electron microscopy) images, the particles can be examined in µCT (micro computed 

tomography). Solubility tests can provide information about the properties of the particle skin.  

Based on the results of the experimental study a model for the drying of highly viscous liquids will be 

developed. The model will be formulated as a process-structure-function to elucidate the impact of 

feed composition and morphology development on the drying kinetics. 

 WP 3: Proof-of-concept of industrial applicability of the ACLR nozzle for spray-

drying of highly viscous liquids 

It is expected that from the results of WP1 and WP2 conclusions can 

be drawn on possible process windows for atomization (WP1) and 

drying (WP2) conditions for highly viscous liquids. In WP3 the 

applicability of these conditions on a spray drying process will be 

investigated. This will be executed in pilot scale on the institute’s spray-

dryer (Werco SD-20, Fa. Hans G. Werner, max. water evaporation 

capacity of 20 l/h, max. air inlet temperature 250 °C, max. air outlet 

temperature 100 °C). Solutions with the highest possible viscosity at 

acceptable spray droplet size are selected for this purpose. The spray-

drying experiments can be conducted under variation of the air 

temperature at the inlet (160-220 °C) and outlet (65-95 °C), the air 

velocity and the spray droplet size. This way, the drying rate and the 

surface-to-volume ratio in the particle are varied. Measurements of 

the residual moisture content can be used to validate the drying 

kinetics determined in WP 2. After spray-drying, the structure of the 

produced powder will be characterized and compared to the results of 

WP 2. The same powder characterization methods can be used as in 

WP 2. The results allow a validation of the process-structure-function 

developed in WP 2, which will be modified if necessary.  

5 Transfer of knowledge 

Based on the results, solution concepts can be derived that contribute to a targeted and 

understanding-based process design for the production of powder products from highly viscous 

liquids. These solution concepts form the basis for an implementation by the industrial user with 

their own recipes and processes. The research results can be presented and discussed in 

accompanying meetings and appropriate international conferences and are summarized in annual 

reports. The results will be published in appropriate international journals.

Figure 3: The institute’s pilot 

scale spray-dryer 
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Research Project Brief 

Numerical Modeling of Spray Droplet Formation 

 

The International Fine Particle Research Institute (IFPRI) wishes to fund a research project on numerical 

modeling of droplet formation in atomization.  Atomization is a critical process in many particle processes, 

and while the underlying physics of droplet formation is understood, quantitative simulation of atomizer 

performance is not yet possible.  The objective of this project is to explore whether recent advances in 

simulation of complex fluid flows are sufficient to reproduce quantitatively the performance of 

commercial spray atomizers. 

Specifically, the objective of this project is to develop an experimentally validated high-fidelity CFD model 

for spray atomization that captures both the near field behavior (sheet and filament formation and break 

up) and the ultimate far-field droplet size distribution.  The model should be applicable to atomization of 

viscous liquids, aqueous and organic, with viscosity up to 1 Pa*s.  Consideration of the behavior of non-

Newtonian fluids (e.g., shear thinning) is a plus.  The project should focus on pressure-driven atomizers 

(single or two fluid), however other atomizer types can be explored as a stretch goal. 



High-Fidelity Modeling of Atomization from Nozzle

Flow to Fully Developed Spray

Executive Summary

The objective of this research project is to demonstrate the ability of a recently-
advanced high-fidelity modeling framework for spray formation to predict drop size
and velocity distributions in high viscosity liquid atomization systems, such as found
in spray drying applications. This framework, which has been developed by the PI’s research
group as part of an ongoing ONR MURI project on fuel spray control, hinges on several enabling
components: (1) the large eddy simulation (LES) of the two-phase flow field, including the internal
nozzle flow, in order to capture directly the large-scale flow dynamics critical to the liquid destabi-
lization and break-up, (2) a fully conservative Eulerian interface tracking technique with the ability
to capture subgrid scale liquid features such as thin films and thin ligaments, known to be of critical
importance in the break-up of viscous fluids, and (3) a simple break-up model to convert these thin
liquid features into spray droplets that can be tracked in a Lagrangian fashion.

In contrast to most existing atomization models, this framework has several key advantages: it
is based on first principles instead of an assumed break-up phenomenology, it models an atomizer
end-to-end, i.e., from its inlet to a fully dispersed spray, and it benefits from a much lower cost
than brute-force direct numerical simulation (DNS). However, it has only been demonstrated on a
two-fluid atomizer configuration with water and air so far. This project will explore the influence of
higher viscosity and non-Newtonian behavior on the prediction of drop sizes. It is expected that thin
liquid sheets and ligaments will dominate the atomization of higher viscosity fluids (e.g., in contrast
to water), for which the ability to track subgrid scale interfacial features will prove invaluable.
The work will begin by exploring the effect of increasing liquid viscosity on the predicted spray
generated by an academic two-fluid atomizer for which extensive water-air data is available, but will
seek reference data from IFPRI members and collaborators in order to validate the performance of
the framework with high viscosity/non-Newtonian liquids.

1 Introduction

The reliable formation of a spray is a critical component of many engineering systems. In particular,
producing powders often involves atomizing a liquid mixture into fine droplets, then drying them
into solid particles. In this process known as spray drying, the quality of the powder hinges on
the quality of the liquid atomization process, and as such, the droplet size distribution needs to
be controlled. Yet, a well-controlled and predictable droplet size distribution is very challenging
to achieve in practical applications, especially when considering that the liquids used in spray
drying applications are often very viscous, potentially non-Newtonian slurries. Consequently, these
systems are often designed and optimized through an expensive trial-and-error process instead of
predictive modeling. The main goal of this project is to bridge this gap by demonstrating
that modern, high-fidelity CFD modeling of atomization can predict spray drop size
and velocity distributions from first principles, thereby providing a critical modeling
tool to engineers.
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Experimental studies of liquid atomization are needed to provide validation data for models
and simulations. However, they present significant challenges: the liquid droplets effectively shield
the liquid core and prevent optical access, making direct examination of the spray formation mech-
anisms difficult under realistic conditions. Velocity measurements in the gas phase cannot easily
be obtained close to the liquid, so experiments are often limited to characterizing the size and
velocity of droplets far downstream of the near-field spray formation region. Even when the at-
omizing flow is visible, light-scattering-based measurements require very careful analysis in order
to extract quantitative data (e.g., see [1]). Recently, experimentalists have started using X-ray
imaging techniques and other non-scattering methods in order to quantify liquid statistics in the
near-field successfully [2]. For the first time, these new X-ray datasets are providing an opportunity
to validate in details numerical simulations of atomization.

In a nutshell, all liquid atomizers follow the same principle: impart kinetic energy to the liquid-
gas flow in such a way that as much of it as possible is converted into surface energy (i.e., more
drops and smaller drops). The kinetic energy can be given to the liquid directly (using acoustic
forcing for nebulizers, moving geometry for rotary disks, or pressurized tanks for pressure-driven
atomizers), it may be given to the surrounding gas (using a pressurized gas in two-fluid atomizers),
or a mixture of both (e.g., aerated injectors, jet-in-crossflow). Moreover, drop sizes can be selected
by carefully choosing the topology of the liquid – in particular, the liquid is often flattened into a
thin sheet (e.g., via prefilming or swirling flows). This wide range of atomization processes presents
a fantastic challenge to modelers: they each display fundamentally different phenomenologies that,
depending on operating conditions, can be dominated by turbulence, Kelvin–Helmholtz instabilities,
Rayleigh–Taylor instabilities, flapping dynamics, ligament break-up, or bag bursting, to list just a
few. Therefore, no single phenomenological reduced-order atomization model can be expected to
capture accurately spray drop sizes over a range of injection strategies, flow conditions, and fluid
properties. Nevertheless, the standard modeling strategy for atomization engineers today typically
forgoes all details of the liquid injection process and break-up dynamics, instead representing the
liquid stream as a series of large initial “blobs” that can be treated in a Lagrangian fashion and
undergo break-up based on phenomenological processes such as surface instabilities [3–5], droplet
shedding [6], and turbulence [7]. This approach is captured in the leftmost vignette in Fig. 1.

In contrast, first-principle higher-fidelity models based on the solution of the Navier-
Stokes equations have the potential to capture all these phenomenologies appropri-
ately, which is why they are the focus in this proposal. Of course, accurate simulations of
multiphase turbulent systems in complex geometries are challenging to conduct, in part because of
the wildly discontinuous densities and viscosities across the phases, as well as the singular surface
tension force at the interface, and the wide range of length and time scales involved in these flows.
Yet, numerical methods for complex atomizing multiphase flows have rapidly progressed in the re-
cent years, and have reached a level of maturity that approaches that of single-phase flows. Given
sufficient computational resources, it is possible to perform high-fidelity simulation of the early
spray formation process, thereby providing direct access to droplet size and velocity in Eulerian
frameworks such as level set and volume-of-fluid (VOF) methods. Note however that such simu-
lations often require billions of degrees of freedom and thousands of computer cores over multiple
weeks [8, 9], which limits their usefulness to purely academic studies in canonical configurations.
This full DNS strategy, summarized in the rightmost vignette in Fig. 1, is not pursued in this
project due to its inability to tackle atomization problems of industrial relevance.

Alternatively to DNS, LES of two-phase atomizing flows is more promising for indus-
trial applications: instead of requiring all scales to be resolved, only the dynamically important
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Figure 1: Overview of various modeling strategies for liquid atomization, ranging from ad-hoc, phenomeno-
logical models on the left which are cheap but non-predictive, to full DNS on the right which is accurate but
overly expensive. The proposed work corresponds to the third box from the left, where only the final stage
of ligament and sheet break-up is modeled.

large scales are resolved on the mesh, while the more universal small scales are modeled. One pos-
sible LES strategy is to choose a mesh size such that almost all interfacial dynamics happen at the
subgrid scale, as summarized on the second vignette from the left in Fig. 1. Then, the liquid-gas
interface does not need to be carefully tracked, but the entirety of the break-up process needs to
be modeled: the Σ − Y and ELSA models [10–12] are the most well-known examples of such a
strategy. The subgrid scale closures needed are numerous, complex, and often based on empiricism
and parameter fitting. In fact, recent results reported using this type of models still rely heavily
on coefficient tuning and show that more work is needed to improve predictions (e.g., see [13]).

The third vignette from the left in Fig. 1 presents the alternative strategy pursued in this work.
Still in the context of a two-phase flow LES, we propose to perform detailed interface tracking so
that most scales of interfacial deformation are captured on the mesh. However, requiring
that the mesh size is sufficiently small to resolve properly all topology-change events leads to an
exorbitant cost, as mentioned earlier. This is especially true for high viscosity liquids for which
very elongated ligaments and very thin sheets are know to abound. Therefore, we propose instead
to model the break-up of thin liquid features at the subgrid scale by first tracking the geometry of
these thin features as they fall below the mesh size, then using a simple closure to convert these thin
features into Lagrangian droplets. This approach leads to several orders of magnitude of reduction
in computational cost compared to full DNS, but only relies on models for the final, most universal
step of break-up, thereby preserving high fidelity predictions.
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2 Prior Research

Predictive high-fidelity modeling of atomization with application to spray control has been the focus
of a ONR-funded Multidisciplinary University Research Initiative led by Prof. Desjardins at Cornell
in the past five years. That project has led to significant advances in both numerical techniques
and modeling framework for spray atomization. In particular, we demonstrated the first detailed
validation of atomization simulations against X-ray data, and we proposed and demonstrated a
novel modeling paradigm for spray formation simulations which explicitly addresses the mesh-
dependent nature of break-up in interface capturing simulations.

2.1 High-Fidelity Multiphase Flow Simulations with Experimental Validation

The effort to perform high-fidelity modeling of spray formation has led to several advances of
techniques for accurate multiphase flow simulations. In particular, a new multiphase-ready stabi-
lized traction boundary condition was developed that allows for droplets to seamlessly leave the
computational domain and also prevents interface wave reflection [14]. Additionally, a dynamic
contact line model was developed that accounts for subgrid scale surface tension forces at the triple
contact line [15]. This model allows the interface to meander along the edge of the nozzle’s liq-
uid needle, a phenomenon that was identified and quantified using X-rays, and found to influence
the downstream dynamics. With these advances, we were able to carefully validate simulations
of the early destabilization of a two-phase planar shear layer against linear stability analysis and
experiments [14,16], and simulations of a complete two-fluid annular airblast nozzle were validated
against effective liquid path length (EPL) data obtained from X-ray measurements and against
backlit imaging data (see Fig. 2).

2.2 Novel Modeling Framework for Mesh-Independent Break-up

Beyond improving the fidelity of the multiphase simulations of the very near-field region, we have
focused on addressing head-on the issue of predictive break-up modeling. While level set and
volume-of-fluid (VOF) methods provide visually pleasing interface topologies, it is important to
understand that the droplet size distributions generated from classical interface capturing methods
are virtually always mesh-dependent : this is due to the fact that the mesh size provides a minimal
length scale for interface folding below which break-up is triggered. This is most obvious in the case
of bag break-up, wherein a fast gas penetrates a liquid structure and inflates a thin liquid sheet into
a large bag-like shape. From theory and experimental observations, the thin liquid sheet is expected
to have a sub-micron thickness by the time the bag breaks. In contrast, in simulations, the bag
always ruptures when the sheet reaches the mesh resolution. Simply put, it means that a true DNS
of a flow with thin liquid bags would require a sub-micron mesh resolution, which is not affordable
in most situations. To address this issue, we introduced a new approach that combines three
elements: (i) the interface is reconstructed using R2P [17,18], a new computational interface model
that allows multiple interfaces per grid cells, thereby allowing for arbitrarily thin interfacial features
to be tracked at the subgrid scale, (ii) regions that are likely to undergo break-up momentarily are
identified and classified as Lagrangian objects, i.e., sheets and ligaments are identified as such
using a specially-designed Connected Component Labeling (CCL) scheme [19, 20], and (iii) once a
specified criterion has been reached, the sheet or ligament object is atomized through the use of a
break-up model that creates droplets in a mass-conserving manner from physical arguments [21].
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Figure 2: (a) Simulation of a complete annular airblast spray at a momentum flux ratio of 6, without
swirl: the nozzle is visible on the top left in grey, and the liquid spray is shown in green. (b) Instantaneous
velocity magnitude, showing the flow in the nozzle plenum, the near-field turbulence, and the turbulent
spray dispersion downstream. (c) Zoom on the details of the liquid jet (shown in pink here) and the velocity
field at the exit of the nozzle. (d) Zoom on the liquid needle, showing the dynamic anchoring of the liquid-
gas interface. (e) and (f) show the comparison of the effective path length (i.e., line-of-sight integrated
liquid length) obtained from X-ray measurements to the simulation data, along radial profiles and along the
centerline.

This strategy is demonstrated in Fig. 3 with the classical problem of a droplet at a Weber
number of approximately 20 undergoing bag break-up: a thin liquid sheet is formed, and bursts
into O

(
104

)
droplets, while the rim forms a ligament that survives longer and undergoes a slower

Rayleigh–Plateau break-up process. The classical VOF scheme, shown in green for a simulation
with 13 cells across the droplet diameter, does not capture the formation of a bag and ultimately
only generates a handful of large rim droplets. For such a VOF-based simulation to capture the
correct drop size distribution via DNS, more than three orders of magnitude more grid cells would
be needed. In contrast, the R2P+CCL+break-up model shown in pink at the same resolution
of 13 cells per diameter generates a large bag which breaks into O

(
104

)
droplets as small as a

few microns, in agreement with recent holographic measurements by Guildenbecher et al. [22].
Deployed in simulations of the canonical airblast nozzle studied mentioned above, this strategy
enabled the end-to-end modeling of the atomization process shown in Fig. 2, a first of its kind.
The drops generated by the break-up of the thin liquid structures are transferred to a Lagrangian
representation, and their turbulent dispersion by the gas flow is computed downstream of the nozzle.
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Figure 3: Bag break-up of a moderate Weber droplet: sequence of snapshots at four successive times from
(a) experiments by Guildenbecher et al. [22], (b) a simulation using the new subgrid scale break-up model,
and (c) a simulation using a standard volume of fluid strategy. The droplet size distributions generated by
the bag break-up in (a) and (b) are compared in (d).

3 Proposed Work and Timeline

Several studies have elucidated the effect of increased viscosity on the performance of two-fluid
airblast atomizers. For example, Mackrory [23] pointed out that ligaments that form during the
primary break-up process are thinner and longer when the liquid is more viscous – and therefore
more challenging to resolve numerically, which makes our approach that tracks these ligaments at
the subgrid scale advantageous. Mackrory’s study also reported a tendency of the more viscous
liquids to pool at the nozzle lip, leading to large droplets being regularly released. Our ability to
model accurately contact line physics will be important in capturing that effect. In general, the
experimental consensus is that larger viscosities lead to larger droplets [24–27], although bimodal
size distributions are not uncommon. These observations suggest that our spray modeling frame-
work is already well-suited for predicting the atomization of high viscosity liquids without requiring
significant changes, and as such we do not propose significant new development, instead focusing
on assessing the performance of the framework, both in terms of computational cost and fidelity of
predictions. Consequently, we propose the following work packages.

Work Package 1 – Exploring the Impact of Viscosity on Spray Formation

In WP1, we will investigate the impact of increasing liquid viscosity on the drop size and velocity
distributions and on the atomization dynamics for the canonical two-fluid airblast atomizer that we
developed as part of the ONR MURI project mentioned above. This atomizer, visible in Fig. 2 (a-c),
captures the main features of externally mixed swirled two-fluid injectors, and has been extensively
characterized using X-ray, backlit imaging, and PDPA for various swirl and momentum flux ratios
using water and air, and as such it provides a validated starting point for our modeling effort.
Increasing the viscosity presents no particular numerical challenge since our flow solver already
treats the viscous terms fully implicitly, so we do not expect that we will have to drastically reduce
the time step size to maintain stability, thereby keeping the cost of simulations low. We will
compare the effect of increasing viscosity on the drop sizes to existing correlations, in particular
the one proposed for high viscosity fluids by Aliseda et al. [27].
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Timeline: Our ONR MURI airblast case will be studied with increasing liquid viscosity in year 1.

Work Package 2 – Detailed Validation of High Viscosity Liquid Spray Formation

In WP2, we will validate our detailed model predictions against experimental data. As a preliminary
step during year 1, we will perform a review of the literature to identify the best reference data set
for the purpose of validation. At the moment, we believe that the experimental work of Aliseda [27]
might be optimal, especially given the close ongoing collaboration between the groups of Aliseda
and Desjardins. We will also interact closely with IFPRI members and assess whether they can avail
relevant pre-competitive data to augment our validation effort. Then, in year 2, we will study in
details the experimental case (or potentially few cases) chosen in year 1 and compare our modeling
predictions against spray measurements. We will draw conclusions regarding the computational
performance of the method: in particular, we will characterize the impact of mesh resolution on
the predictions, and the overall accuracy of our strategy.
Timeline: The best experimental dataset for validation will be identified in year 1, then the detailed
comparison will be done in year 2.

Work Package 3 – Exploring the Atomization of Non-Newtonian Liquids

In WP3, we will first implement a simple non-Newtonian liquid model in our flow solver using
a shear-dependent viscosity coefficient. While straightforward in an explicit flow solver, this will
present some challenges in our time-implicit solver as the Jacobian of the viscous term will increase
in complexity. We will test our implementation on well-known laminar flow solutions. We expect
most of this work to be done within year 2, so we can then test the impact of non-Newtonian
liquid dynamics on our model predictions in year 3. In particular, we expect that our current
model closure for converting thin ligaments and sheets into droplets will need to be modified to
reflect the non-Newtonian break-up dynamics of these simple topologies. The detailed study of the
non-Newtonian Raleigh–Plateau instability for ligaments and of the Taylor–Culick instability for
liquid sheets might be needed to elucidate how these fundamental break-up processes change for
complex liquids.
Timeline: A simple non-Newtonian liquid with shear-dependent viscosity will be implemented in
year 2, then will be used in atomization simulations in year 3 to better understand the capability
of our approach for complex liquids. Subgrid scale modeling closures will be revisited for complex
liquids.

4 Team Qualifications

Professor Desjardins is uniquely qualified to conduct this research. He has over fifteen years of
experience working on high fidelity computational modeling of turbulent multiphase flows. He
develops numerical methods and modeling strategies to investigate turbulent liquid-gas flows and
particle-laden flows using large-scale computing resources. Specifically, he has focused on the
prediction of turbulent liquid atomization, as well as the dynamics of dense disperse two-phase
flows. He is the recipient of the National Science Foundation CAREER Award and the International
Conference on Multiphase Flow Junior Award, and he is currently leading a $9 million ONR MURI
project on spray control.
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5 Budget

For the proposed work, $40,000 per year for three years is requested. This amount accounts for
one semester per year for a Cornell graduate student, some time for Prof. Desjardins, travel once
a year internationally to the IFPRI general meeting, and limited funds for minor equipment. A
detailed budget is included, along with a budget justification.
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1 
 

Unveiling the Potential of CFD for Nozzle 
Spray Prediction 

 
EXECUTIVE SUMMARY 

The  state‐of‐the‐art  in using  the Computational Fluids Dynamics  (CFD)  technique  for  spray 

prediction lies in the pursuit of a delicate balance between the computational requirements 

and the flexibility and accuracy of the prediction.  We will investigate the potential of the VOF‐

DPM  technique  (volume of  fluid‐discrete particle modelling), which  is  a  subset of CFD,  to 

provide  this  delicate  balance  for  routine  engineering  spray  prediction.    The  scope  of  this 

investigation will cover single fluid hollow‐cone and full‐cone atomization, with fluid viscosity 

ranging  between  1  to  260  mPa.s.    This  project  is  in  alignment  with  existing  spray 

characterization facility in the University of Auckland.  We will experimentally characterize the 

filament formation and the primary and secondary droplet breakup behavior, complementing 

the VOF‐DPM analysis.  The main outcome from this project are strategies in using the VOF‐

DPM technique for hollow cone and full cone spray prediction. 

 

BACKGROUND 

Commercially available swirl nozzles is commonly developed and characterized with water.  

This poses significant uncertainties in nozzle selection and operation for spray dryer or spray 

granulator operators, as the sprayed solutions are typically very different from water (eg. high 

viscosity binders, concentrated solution  in spray drying, organic solvent‐based solutions  in 

the  pharmaceutical  industry).    Contract  manufacturers,  in  particular,  will  find  these 

uncertainties  even more  challenging  as  they  regularly  deal  with  new  product  or  binder 

formulations.       

Direct measurement and characterization of nozzles in the industry is not routinely feasible 

due to manufacturing compliances and the cost associated  in setting up the measurement 

facility onsite.  Manufacturers work around these uncertainties by relying on guessing work 

and experiences with specific nozzles and settings.  There are also a vast number of empirical 

correlations available  in  the  literature to help guide manufacturers  in nozzle selection and 

operation  [1].    Due  to  the  rapid  development  in  nozzle  design  and  the  typically  limited 

conditions in which these correlations are developed, the accuracy of these correlations adds 

another layer of uncertainty to the problem.   

For these reasons, there is a need for a flexible toolbox to guide manufacturers in nozzle 

selection and operation.   The flexible toolbox should overcome the current  limitations and 

should be able to provide a reliable indication on the droplet size distribution and spray angle 

accounting for different nozzle constructions, product formulations and operating conditions. 

This  project  will  explore  the  use  of  the  Computational  Fluid  Dynamics  (CFD)  simulation 

technique as a flexible atomization predictive toolbox. 
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STATE-OF-THE-ART IN CFD SPRAY PREDICTION 

The atomization process from a pressure nozzle involves the initial formation of thin 
filaments.  Primary breakup of the filaments forms the primary droplets, which 
undergoes further secondary breakup into finer droplets (also potential coalescence 
throughout the process).  Figure 1 illustrates this process.  Within the CFD simulation 
framework, the Volume-of-Fluid (VOF) technique (and its variant in meshing and surface 
detection algorithm), is the main method used to capture these various phenomenon 
composing the atomization process.  Figure 2 summarizes the state-or-the-art in this area. 

 
 

 

 

 

 

 

 

 

 

Figure	1.		Breakdown	of	the	atomization	process	[2]	

 

 

 

 

 

 

 

 

 

 

 

 

 

	

Figure	2.		The	state‐of‐the‐art	in	CFD	spray	prediction	
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In essence, the VOF technique involves tracking the interface of the atomized fluid 
throughout the simulation domain.  It is a very computationally expensive technique as 
excessively fine mesh is required to capture the characteristic length scale of the 
atomization process which stretches across several magnitudes: from centimeters (the 
nozzle size and the length scale of the whole spray), hundreds of microns (film formation), 
to tens of microns (primary and secondary droplets). The state-of-the-art in this area lies 
in the pursuit of a delicate balance between the computational requirements and the 
degree of flexibility and accuracy from the VOF simulation.   

Most of the reported simulation work focuses on Approach 1 (Figure 2), as it provides 
a computationally inexpensive indication on the performance of the atomizer [3][4][5][6][7].  
The application of just predicting the filament or cone formation is limited, because it 
does not provide a prediction of the final droplet size distribution.  Some worker 
extended this approach by coupling the VOF predictions with empirical correlations 
linking the characteristics of the filament with the final droplet size distribution 
(Approach 2 in Figure 2) [8].  The empirical correlation developed so far, employed in the 
reported framework, was developed based only on an idealized primary breakup process 
[9][10][11]. While this approach may be low in computational cost, it is in essence empirical 
and there is significant random uncertainty in the accuracy of the prediction across a 
wide range of nozzle geometry and fluids [8].     

At the other end of the spectrum, Approach 3 (Figure 2) utilizes the VOF technique to 
provide a full visualization of the atomization process, from the filament formation to the 
secondary breakup phenomenon [12][13][14][15][16].  The main drawback is that it requires 
very significant computational resources.  Limiting the simulation to regions very close 
and adjacent to the nozzle may partly overcome this problem.  However, this limits the 
predictive capability to capture the full effective characteristics of the spray.  For this 
reason, this technique may not be useful for routine engineering application. 

In the middle of the spectrum is Approach 4 (Figure 2), which involves the VOF-DPM 
technique [17][18][19].  This technique transforms the VOF predicted primary droplets and 
represents them as discrete points in the simulation (hence, DPM - Discrete Phase 
Modelling).  This obviates the need for excessively high computational resources in 
modelling the secondary breakup of the primary droplets as imposed by Approach 3.  
This approach also does not have empirical limitations as imposed by Approach 2, 
because the VOF technique explicitly captures the primary breakup.  Therefore, now, this 
technique provides the greatest potential for the application of CFD in atomization 
prediction for routine engineering applications; striking a balance between 
computational requirement and the level of details from the simulation.  A survey of the 
literature on this approach revealed that there is currently limited systematic validation 
work for Approach 4.  Most of the reported work focused on fuel injection atomization.  
There is currently no one single study systematically evaluating this approach across 
hollow and full cone swirl atomization, with fluids typically used in powder production 
or in the atomization of binders (for granulation).  These two types of nozzles (hollow 
and full cone) will involve significantly different filament formation characteristics, hence, 
different distribution of the primary droplets and different propensity for secondary 
breakup or coalescence.  It is uncertain how well the VOF-DPM technique captures these 
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scenarios.  Most importantly, there is a need to ascertain suitable numerical strategies for 
the different spray conditions.  This project will fill these gaps in knowledge.    

On this basis, the following are the objectives of this project: 

 
EXPECTED PROJECT OUTCOMES 

We will gain a deeper understanding on how the various numerical parameters of the 
VOF-DPM technique affect the accuracy and the computational requirements of the 
atomization prediction.  We will provide recommendations on strategies to achieve a 
balance between accuracy and computational requirements from an industry perspective.  
In most cases (particularly for contract manufacturers), the capability to realistically 
cover a range of possible operating conditions may bring more benefits than achieving 
very high accuracy within a limited range.  We will develop strategies for both hollow 
cone and full cone atomization. We envisage two publications from this project, one 
publication from each objective. 

 

PROJECT PLAN 

Work Packages 
Year 1 Year 2 Year 3 

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 
1 Retrofitting rig for film 

formation measurement.    
            

2 Nozzle CAD geometry 
development 

            

3 VOF-to-DPM modelling 
framework development 

            

4 Atomization 
experiments (hollow 
cone)         

            

5 VOF-to-DPM simulation 
(hollow cone) 

            

6 Objective 1 completion 
 

            

7 Atomization 
experiments (full cone)      

            

8 VOF-to-DPM simulation 
(full cone) 

            

9 Objective 2 completion 
 

            

10 Bi-quarterly project 
update  

            

11 PhD thesis completion  
 

            

12 Project final report 
 

            

Objective	1: To evaluate the VOF-DPM technique for hollow cone single fluid swirl 
atomization prediction  

Objective	2: To evaluate the VOF-DPM technique for full cone single fluid swirl 
atomization prediction 
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Work Package 1: Retrofitting measurement rig for film formation measurement      

We have an existing Spraytec laser diffraction facility, with a compressed air driven 
atomization system for up to 15 Bar pressure.  This setup allows for vertical height 
adjustment of the nozzle, which will be important for measuring the primary and 
secondary breakup process, respectively.  For this project, we will retrofit the system to 
allow high speed and high-resolution camera measurement of the film formation.  
Extending a reported method [3], we will use planar laser illumination to allow video 
capture of the shape of the filament formed.  We will undertake 2D planar analysis of the 
filament formation process with ImageJ image processing, to obtain filament thickness, 
cone angle, penetration distance data.  In the absence of an LDA system, we will 
determine the filament velocity by high-speed video recording and analysis using the 
Trackmate plugin in ImageJ.   

Work Package 2: Nozzle CAD geometry development      

From our experience, it will be difficult to obtain detailed nozzle CAD from nozzle 
manufacturers.  We will 3D scan the nozzles used in the experiments (internal inserts and 
housing) to develop the CAD geometry for the simulations.  We will be exploring two sets 
of hollow and full cone BETE nozzles.  For the full cone single welded nozzles, we will 
‘dissect’ the nozzles in the workshop to enable scanning of the internal geometry. 

Work Package 3: VOF-to-DPM modelling framework development 

We have access to the New Zealand NESI high performance-computing cluster.  We will 
develop the modelling framework locally before integration with the NESI network.  We 
will use the ANSYS Fluent CFD package. 

Work Package 4 & 7: Atomization experiments       

We will use glycerin, water and ethanol mixtures to generate fluid with a range of 
viscosity (1 – 260 mPa.s), density (970 - 1200 kg/m3) and surface tension (41 – 72 mN/m) 
[20].  The advantage of the using mixtures with these components is that it is transparent 
and this will facilitate film measurements.   

We will use the following set of nozzles and will undertake the experiments at various 
atomization pressures to cover a wide range of operating conditions. For each mixture, 
we will measure the filament characteristics as described earlier and will characterize 
the primary and secondary breakup phenomenon.  

BETE	Twist	&	Dry	Low	Flow	Hollow	Cone	(TDL1‐22,	TDL4‐22,	TDL1‐27,	TDL4‐27): This set 
of hollow cone nozzle will provide a combination of swirl velocity and orifice size for wide 
evaluation of the model. 

BETE	WL	Low	Flow	Full	Cone	(WL1/4,	WL1/2,	WL3/4):  This set of full cone nozzles will 
provide a set of orifice sizes for wide evaluation of the model.  

Work Package 5 & 8: VOF-to DPM simulations  

We will numerically simulate the extensive set of experimental runs.  We will make 
comparison in terms of the prediction of the filament characteristics, droplet size 
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distribution from the primary breakup of the film and the droplet size distribution after 
the secondary breakup of the droplet.  The bulk of the analysis will focus on analyzing 
how different meshing strategies, VOF surface tracking approaches and VOF-to-DPM 
numerical parameters affect the accuracy as well as the computational requirement of 
the model.       
 
PERSONNEL 

A/Prof. Meng Wai Woo has 15 years’ experience in CFD simulations and have undertaken 
CFD projects with the spray drying, pharmaceutical and resource recovery industry.  He 
will lead the project and will recruit a PhD student with strong CFD and CAD simulation 
background for the project.  The student will be working on both objectives of the project.    
 

PROJECT ALIGNMENT TO EXISTING FACILITIES 

The project is in alignment with the following capabilities and facilities available to the 
team. 

Spraytec:  This will be the main equipment used for the sprayed droplet characterization.  
Meng has significant experience in using this equipment for high flow 
industrial scale spray characterization (current project with the NZ dairy 
industry). 

Atomization	rig:  This compressed air driven rig developed for the current dairy based 
atomization characterization project will be used for the proposed 
work and will be able to handle up to 15 bar atomization pressure and 
can be retrofitted with different nozzles. 

3D	scanner	for	nozzle	CAD	development:  We will have access to this facility as part of the 
University of Auckland Digital Research Hub.  

ANSYS	Workbench	access:  We have access to the ANSYS Workbench academic license 
package.  The academic license is limited to simulations with 
500k in the number of mesh.  We will work within this 
boundary for the project.  Achieving a suitable numerical 
strategy to work around this will provide a good incentive 
for industry adoption of the technique so that reasonable 
computation time and resources are feasible. 

 Access	 to	NESI	HPC	Cluster:  The University of Auckland is a partner of the NESI HPC 
cluster and we will have access to the cluster without any 
additional cost to the project. 
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BUDGET & JUSTIFICATION 

Item 
Year 1 
($NZD) 

Year 2 
($NZD) 

Year 3 
($NZD) 

PhD Student: 
Stipend 

Fees 
 

 
28,500 
9,540 

 
28,500 
9,540 

 
28,500 
9540 

Measurement facility retrofitting: 
High speed camera purchase 

Compressed air curtain for camera 
Planar laser illumination setup 

Workshop cost 
 

 
10,000 
1,000 
8,000 
1,000 

 

 
- 
- 
- 
- 

 
- 
- 
- 
- 
 

Consumables and experimental needs: 
Solutions for experiments 

Nozzles 
 

 
1000 
4000 

 
1000 

- 

 
1000 

- 

TOTAL	budget	requested	from	IFPRI	 63,040	 39,040	 39,040	
 

PhD	 student	 stipend	 and	 fees:  The amount requested is the standard three-year full 
scholarship provided to students in the University of Auckland.   

Measurement	 facility	retrofitting:  The requested support goes towards retrofitting the 
existing facility for atomizer film or ligament formation measurement.  The amount 
requested is for a Kron Technologies high-speed camera (Kronos 2.1 HD model) and 
includes the positioning adjustment tripod.  The planar laser illumination setup includes 
the cost for the planar laser source.  The compressed air curtain is to protect the camera 
from mists and splashes generated by the spray.  We have significant experience 
managing this when undertaken measurements with high flow rate sprays.    

Consumables	and	experimental	needs:  We will purchase two sets of nozzles suitable for 
low manageable spray rates in the laboratory and for covering the experimental range as 
described earlier.  This cost includes purchasing additional (full cone nozzles) units for 
‘dissecting’ to allow full 3D scanning of the nozzles internals.  We will purchase glycerin 
and ethanol for the atomization experiments.  Corresponding to the flowrates of nozzles 
described, we estimate that 25L of glycerin and 5L of ethanol will be sufficient each year 
for the experiments.	
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Research Project Brief 

Computational Modeling of Particle Suspensions 

 

The International Fine Particle Research Institute (IFPRI) wishes to fund a research project on 

computational modeling of particle suspensions.  IFPRI has a long history of supporting research in the 

rheology of Brownian and non-Brownian suspensions, however the last project that we funded focused 

on simulation of suspension behavior was John Brady’s project on Stokesian dynamics which ended in 

2004.  With this project, we hope to fill this gap in IFPRI’s “wet systems” portfolio. 

New state-of-the-art simulations incorporate hydrodynamic interactions to generate large-scale (106 or 

more) particle simulations that quantitatively capture macroscopic properties, including 

sedimentation/stability, processability, dispersibility, flowability) and microstructural changes over time 

and in flows. With two excellent experimental projects currently in the wet systems portfolio (Jan 

Vermant, “Simulated Industrial Formulations”; Erin Koos, “Slurries and Pastes”), maximum benefit can be 

extracted from that work with computational support to give further insights to properties that cannot 

be disentangled experimentally. 

Simulations with different particle shapes, sizes, chemical heterogeneities and at high loadings are now 

increasingly feasible, allowing the model to closely approach the complexity of real product formulations 

in the SIFs and Slurries and Paste projects. 

The goal of this project is to bring insights to failure modes that can be experimentally observed but not 

understood (for example delayed collapse of particle networks) and provide detailed particle-level 

mechanistic details so that strategies to prevent or predict failure can be developed.  Work can also guide 

formulation decisions, increase the applicability and relevance of the experimental projects by identifying 

key mechanisms that are difficult or impossible to access experimentally (e.g., role of friction, particle 

shape and dispersity).  A long-term goal of this work is towards computer simulations that can be used to 

guide formulation design and explore large design spaces as the complexity of systems increases through 

the incorporation of multiple aspects of shape, roughness, polydispersity, heterogeneity, etc.  Specific 

objectives include: 

• Provide insight, and ultimately access, to current wet system modeling tools. 

• Reflect the state of the art of modeling to predict flow phenomena in industrial systems to 

understand the gap and define the steps needed to improve the models. 

• Develop and validate simulations against benchmark literature studies, such as shear rheology 

(e.g., viscosity, viscoelasticity, yielding), delayed consolidation, and microstructural transitions on 

shearing (e.g. as measured by scattering). 



• Work with the experimental SIFs and Slurry and Pastes project groups to perform coordinated 

characterization of structure, rheology, and interactions. 

• Advance simulations to combine with experiments for model suspension development. 

 

 



IFPRI Research Project Brief 

Atomization Under Industrially-Relevant Conditions 

 

The International Fine Particle Research Institute (IFPRI) wishes to fund a project to investigate the 
atomization of fluids and slurries under conditions relevant to spray drying.  The approach to spray drying 
varies broadly by industrial application, using several different spray nozzle types and a wide range of 
operating parameters (mass flow, velocity and pressure), spraying fluids with myriad rheological 
properties in different chamber conditions (temperature and pressure).  Although, there is a large body 
of literature on spray characteristics, little is focused on comparing sprays at conditions relevant to spray 
drying industry.  The purpose of this research is to map the breadth of spray characteristics for a broad 
range of industrially relevant fluid systems and operating conditions to enable the selection of a set of 
nozzles and conditions for a given application.  The best choice of nozzle for an application depends in 
most cases strongly on specifics of the application.  For example, it may be critical to limit oversize particles 
in some application or undersize particles in other. Just focusing on an average particle size, as most of 
the current correlations do, is rarely sufficient. 

More specifically, the project should focus on the spatial variation of droplet size distribution for a variety 
of nozzle types under a range of operating parameters and fluid rheology.  Results should be used to 
develop a “comparison map” of the different nozzles, identifying their operating range and limitations in 
terms of quality of atomization, i.e. droplet size distribution, spray pattern, and spray stability. 

While the scope of the project should be defined by the PI, IFPRI members come from many industry 
sectors and therefore utilize a broad range of atomizers and fluids.  For this reason, at least two nozzle 
types and 2-3 different scales should be investigated.  Fluids should be selected to span the range fluid 
rheologies used in spray drying, including Newtonian and non-Newtonian solutions and suspensions over 
a range of solid fractions. 
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Abstract 
 

This proposal is a continuation of the presently IFPRI funded research, aimed at developing 

physically realistic models for atomization processes in swirl and twin-fluid nozzles with a focus 

on fluids with suspensions. The objectives of the present research are (i) spray characterization 

of liquids with solid suspension, and (ii) development of atomization models for fluids with 

suspensions. We will study suspensions with different particle types and sizes, solutions with  

significant elongational viscosity, surface tension, and molecular weight.  We will use both 

pressure-swirl and twin-fluid nozzles in this study.    

The second objective will be achieved by a set of basic studies on the breakup of ligaments 

either injecting a jet in a  cross flow or by suspending a liquid bridge in a cross flow. The 

breakup dynamics will be recorded using a highspeed video.  The cross-flow temperature will be 

changed to study the effect of heating on the breakup of the ligaments. Effects of fluid 

rheological properties as well as particle size and concentration in different suspension will be 

investigated.   

 

Present Proposal 
 

Background 
The prior studies on the atomization of liquid with suspensions have identified the followings: 

• Large particles in a slurry may separate from the droplets.  

o Glaser (1989) tested a slurry with particle sizes of 20 μm and concentrations up to 71 

weight percent using prefilming-swirl nozzle. He found that the large solid particles 

separated from the water droplets.   

o Isenschmid (1992) compared the twin-fluid atomization of various suspensions with 

particle sizes of 4 to 16 μm and concentrations of 0 to 30 weight percent but did not show 

a clear influence of solid particles on the droplet size. 

o Mulham et al. (2001) found some separation of large solid particles from the liquid, but 

not for fine solid particles. 

• Effect of particle size on the SMD is still not clear. 

o Yan et al. (2014) performed experiments on lime particle slurries using a pressure-swirl 

nozzle that showed that SMD increased with increasing solid percentages of lime slurry. 

Also, spray angle slowly decreased with increasing solid percentages of lime slurry. A 

twin peaks flux distribution was observed, which increased nonlinearly with increasing 

injection pressure.  

o Mulham et al. (2006) found a unimodeal size distribution for slurry suspensions with 

Dv50 >50 µm and a bimodal size distribution for Dv50 >50 µm.  

▪ For Dv50 < 50 µm, drop diameter was about the same as the pure carrier liquid droplet 

diameter. The effect of increasing carrier liquid viscosity on the atomization of 

suspensions with large and fine solid particles is similar to the observed effect on the 

atomization of pure suspension liquids, i.e., the drop diameter becomes larger with 

increasing the carrier liquid viscosity. 
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▪ For Dv50 >50 µm, one peak corresponded to the solid particle diameter in the 

suspension, and the other peak represented pure liquid spray size. At low injection 

pressures, the peak of the liquid droplet diameter was controlled by the solid particle 

size.  Suspension with relatively fine solid particles showed a smaller diameter peak 

than the suspension with relatively large solid particles. At high injection pressures, 

this diameter peak was controlled by the gas velocity. In this region further break-up 

of liquid or suspension drops was similar to the fragmentation process of a pure 

carrier liquid.  

• Generally, the shear thinning behaviour of the suspension viscosity, which increases with 

increasing solid concentration and decreasing solid particle size, makes the influence of 

the viscosity on the suspension break-up within a twin-fluid atomizer less important with 

increasing velocity of the atomizing gas (Glaser, 1989; Parthasarathy, 1999; Mulhem, 

2004).  

 

The following issues are raised based on the current data on the atomization of fluids with 

suspensions.  

1- How does a solid particle separate from the solution? It is not clear whether the liquid is 

sheared off the solid particle or the particle separates during the breakup of the mixture. 

We will try to answer these questions by near nozzle closeup imaging.  

2- Is there a correlation between the particle separation from the solution with respect to its 

size, the suspension concentration, and other solution rheological properties?  

3- Does the SMD of the spray increases with an increase in solid particle size? There are 

conflicting results on this, as some show no increase, whereas some show an increase in 

SMD with particle size.   

4- At what conditions does the unimodal size distribution turns into a bimodal size 

distribution? One study shows that this happens for   Dv50 >50 µm. However, this value 

corresponds to their specific experiment. There is neither a criterion nor a correlation for 

a critical suspension parameter, at which point the size distribution becomes bimodal. 

5- What are the differences between the suspension fluid atomization in pressure-swirl and 

twin-fluid atomization? In pressure-swirl atomization, a solution is converted into a thin 

sheet, which is then atomized into droplets, whereas in a twin-fluid atomization, a high 

gas velocity tears the solutions into droplets and ligaments. The influence of particles in 

each of these processes can be different. For instance, particles in a sheet may expedite 

preformation and breakup, whereas particles may not break off the core liquid in shearing 

process of twin-fluid atomization.  

The present proposal is designed to address these questions.  
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Objectives 
 

Objective 1. Spray Characterization of Liquids with Solid Suspension 

There have been several requests from IFPRI members to perform tests with slurry fluids, as well 

as considering the effects of other rheological properties on the atomization. We propose to 

investigate the effect of the following specific properties on the atomization: slurries with 

different particle types and sizes to determine how the atomization is affected; fluids having 

significant elongational viscosity, which influences the breakup of the ligaments during the 

secondary atomization; surface tension, which was not specifically studied in the previous 

work; and molecular weight, which was also not studied in the previous work.  We will use both 

pressure-swirl and twin-fluid nozzles in this study.    

 

Objective 2. Development of Atomization Models for Fluids with Suspensions 

Because of the complicated nature of the atomization process, it is still not possible to have a 

pure theoretical model for the atomization. Therefore, our goal is to develop semi-empirical 

models (physics-based models with experimentally determined constants) to predict the droplet 

sizes generated by the two types of nozzles that we have been testing: pressure-swirl and twin-

fluid nozzles. We will develop correlations for both SMD and for the spray size distribution. The 

following tasks are planned to achieve this objective.      

 

2.1.  Correlations for Droplet Size Distribution 

The PDF of the size distribution provides much more information than just the SMD. For 

example, an increase in viscosity may result in the formation a large number of large droplets, as 

well as a large number of small droplets, such that the SMD remains the same. The PDF is also 

used as an input into the CFD models for sprays. Our current study on high viscosity fluids has 

shown that the size distribution in such sprays can be bimodal. Therefore, a bimodal distribution 

function that accurately fits the data is needed. We will use the experimental data to develop 

correlations for the distribution functions for fluids with suspensions, in addition to the 

commonly presented correlations for the SMD. 

 

2.2. Secondary Breakup of Ligaments of fluids with suspensions   

The atomization process comprises of the breakup of a liquid into small ligaments. For high 

viscosity and polymeric fluids, the ligaments are long and may breakup again. This is referred to 

as the secondary atomization. In order to develop semi-empirical models for the atomization of 

liquids with suspension, we need to have experimental data on the breakup of ligaments of such 

fluids. In the proposed study we will perform basic study of the breakup of ligaments of fluids 

with suspensions, by suspending or jetting a ligament in a gaseous cross flow.    

 

2.3. Perforation Based Model for Pressure-Swirl Nozzles 
Based on studying the near nozzle images, we have developed a new atomization model for the 

pressure-swirl nozzles. The new model is based on a combination of a Kelvin-Helmholtz wave 

(KH) and a sheet perforation. In order to extend this model to fluids with suspensions, we need 

to determine the breakup length of the swirling sheet of such fluids, characterize the diameter of 
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the ligaments formed, and determine the number and frequency of the perforations on the sheet. 

These are planned for the proposed period.  

 

2.4. Atomization in Twin-Fluid Nozzles 
Two key advantages to the atomization models that we developed for twin-fluid nozzles in our 

previous project term are the ability to relate the rate of the deformation to the breakup and to 

predict the formation of ligaments in the spray. This allows for the opportunity to directly 

include rheological effects such as extensional viscosity in our models and to support their 

development by using what we learn in our experiments on the breakup dynamics of the 

ligaments and the spray characterization. Our previously developed model for the atomization of 

twin-fluid nozzles is comprised of the following processes: KH waves form on the jet that exits a 

nozzle and cause small droplets to break off its surface; the liquid core in the jet (the liquid left 

behind after KH droplets break off) goes through flapping instability, forming larger droplets 

with length scale of the flapping wavelength, and the secondary atomization process breaks the 

large droplets to smaller droplets. The breakup model is related to the rate of deformation of the 

waves. The advantages of modelling the spray in this way is the isolation of the slow wave 

growth from the fast wave breakup and the prediction of ligaments in the breakup, which 

previous models do not consider. While the development of the KH and flapping instabilities 

will be somewhat affected by the rheological fluids, the greater effect is expected to be on their 

breakup, especially when the extensional viscosity is high. Using what we learn in task 2.2 about 

the breakup dynamics of the ligaments, we aim to extend our existing models to include these 

effects. 

 

Procedure 

 
1.  Spray Characterization of Liquids with Solid Suspension 

The objective of this part of the research is the development of a more quantitative understanding 

of the influence of solid suspensions on atomization and droplet size distribution. The non-

Newtonian rheological properties of the suspension play an important role in their disintegration 

process. We will measure the droplet size distribution for a range of suspension fluids. We plan 

to use Kaolin particles in our study. However, we will also use some of the suspension fluids of 

interest to IFPRI members (to be identified). The following part gives an example of the 

procedure on how we are going to generate the droplet size distribution. 

We have been using Mavlern Spraytec Dropsizer to characterize our sprays. The Malvern 

instrument measures the volume percentage of droplets in different size ranges. Although 

volume percentage is valuable information, the droplet size distribution is a better indicator of 

the atomization process. The following is a brief discussion of the procedure we have used for 

obtaining the size distribution (more detailed information on the nozzles tested and conditions 

are provided in Appendix A).  

Figure 1 shows histograms generated by Malvern Dropsizer for water and glycerin-water 

solutions at three different operating pressures. For almost all the testing cases, the histograms 

have one peak with a long tail on the left corresponding to the smaller droplets of less than 10 

µm. The results show that as the injection pressure increases, the volume percentage of large 

droplets decreases and that of smaller droplets increases (e.g., the peaks move to the left).  
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Next, the volume percentage is converted to the volume distribution by dividing the height of 

each bin by the corresponding bin width. Figure 2 shows the volume distributions corresponding 

to the volume percentage of figure 1.  The volume distribution amplifies the changes in the effect 

of droplet size on volume. Therefore, Fig. 2 shows bimodal distributions for the unimodal 

distribution of Fig. 1.  The small tail in Fig. 1, results in the first peak in volume distribution 

curves. In order to find a size distributions corresponding to a volume distribution, we first guess 

a size distribution, and then calculate the volume distribution based on that and compare it with 

the experimental results. The parameters of the size distribution are then changed to match the 

experimental data. This procedure is simple for unimodal distributions, but more complex for 

bimodal distributions.  We seek a mixture number distribution 𝑓0(𝑑) that is the summation of 

two different unimodal distributions 𝑓0,1(𝑑) and 𝑓0,2(𝑑) as   

𝑓0(𝑑) = 𝑘𝑛𝑓0,1(𝑑) + (1 − 𝑘𝑛)𝑓0,2(𝑑), 
such that their corresponding volume distributions have the following relationship 

𝑓3(𝑑) = 𝑘𝑣𝑓3,1(𝑑) + (1 − 𝑘𝑣)𝑓3,2(𝑑), 
where 𝑘𝑛 is the number ratio of the droplets generated by each distribution and 𝑘𝑣 is the volume 

ratio of the droplets generated by each distribution. Since volume distribution based on a size 

distribution can be written as 

𝑓3(𝑑) =
𝑑3𝑓0(𝑑)

∫ 𝑑3𝑓0(𝑑)𝑑𝑑
∞

0

, 

it can be shown that 

𝑘𝑛 =
𝑘𝑣𝑆2

𝑆1+𝑘𝑣(𝑆2−𝑆1)
, 

where 𝑆𝑎 = ∫ 𝑑3𝑓0,𝑎(𝑑)𝑑𝑑
∞

0
, 𝑎 = 1,2. In order to fit the data, a distribution function is needed. 

We will use a lognormal distribution, which has the following form  

𝑓0(𝑑) =
1

𝑑𝜎√2𝜋
exp (−

1

2
(
𝑙𝑛(𝑑 𝜇⁄ )

𝜎
)
2

), 

whose corresponding volume distribution is  

𝑓3(𝑑) =
𝑑3

𝑒3𝜇+4.5𝜎
2 𝑓0(𝑑) 

 

Figure 3 shows several results for fitting a mixture of lognormal distribution to experimental 

data. The mixture of lognormal distribution can not only follow the position of two peaks and the 

troughs properly for bimodal distribution (case 1 and case 5 as noted in the appendix A), but also 

fit to the unimodal distribution well (case 11). The mixture model has the form  

  

𝑓3(𝑑) = 𝑘𝑣𝑓3,1(𝑑; µ1, 𝜎1) + (1 − 𝑘𝑣)𝑓3,2(𝑑; µ2, 𝜎2) 
 

with 5 parameters. For most of the cases, 𝑘𝑣 > 0.95, which means the main peak is responsible 

for more than 95% fluid atomized. However, for most of the cases 𝑘𝑛 < 0.2, which means that 

the small droplets take up more than 80% of the total number of droplets and the number 

distribution will be largely dominated by the small droplets. 
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Figure 1: Volume percentage of each testing cases 

 

   
Figure 2: Volume distributions for all testing cases 

 

      
Figure 3. Fitting a mixture distribution of two lognormal distribution to experiment cases  1, 5 

and 11, with nozzle diameters of 0.71mm, 0.71mm, and 1.07mm, and liquids of water, 60%gl-

water, and water, respectively, and all at 700 psi injection pressure. 
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2. Development of Atomization Models for Fluids with Suspensions 

 

2.1. Secondary Breakup of Droplets and Ligaments of Rheological Fluids 

Our current near nozzle images of high viscosity liquid show the existence of long ligaments 

that may persist far downstream of the primary atomization region. This indicates a shortcoming 

in the traditional definitions of the atomization regions. Typically, the primary atomization 

results in the formation of droplets, while the secondary atomization is the breakup of those 

droplets. However, for viscous liquids, rather than only droplets being formed in the primary 

atomization region, ligaments are also produced that may undergo secondary breakup. Although 

the secondary breakup of droplets has been studied extensively in the literature, the secondary 

breakup of ligaments has not. Figure 4 shows an image downstream of the nozzle where large 

ligaments still exist.  

 

 

Figure 4: Image of a 0.5% CMC spray at 20-25mm downstream of the nozzle exit, showing the 

persistence of ligaments far downstream of the primary atomization region. 

The question of the secondary breakup of the ligaments poses a few interesting problems, the 

most relevant of which is “do the ligaments break into small droplets or collapse into large 

droplets, and does this process occur over the timescales of spray drying?” If the timescale of the 

ligament secondary breakup is shorter than the drying process, then the resulting powder will 

have mainly spherical particles. However, if the ligaments do not break within the drying time, 

then the powder may have long, fibrous particles that decrease the quality of the powder. A 

better understanding of the secondary atomization of the ligaments will provide a basis for 

designing sprays to ensure that the ligaments do break within the drying time. 

As we have found in our previous work, analyzing these ligaments based on commercial 

nozzle sprays is highly challenging. Due to the crowding of the images, ligament 

characterization and temporal tracking become difficult. Furthermore, there is no way to create 

controlled experiments of the ligament dynamics, as they are generated somewhat chaotically. 

By focusing on the fundamental aspect of the secondary breakup of single ligaments, we aim to 

provide models and understanding of the secondary breakup of ligaments that can be used as a 

basis for analyzing the complex ligament networks in commercial sprays more effectively. 

We propose to study the fundamental behaviours of the secondary breakup of droplets and 

ligaments. The study of the breakup of droplets will be a direct continuation of our previous 

IFPRI term, which sought to understand and model the processes that lead to ligament formation 

and breakup. Some of the images that resulted from this study are shown in Fig. 5. The 
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secondary atomization model developed based on this study is already published Jackiw and 

Ashgriz (2021).   

 

Figure 5: Images of droplet breakup for various morphologies showing the formation of 

ligaments. 

To study the breakup of ligaments, we will generate small diameter ligaments of viscous, 

polymeric, and slurry fluids that we will expose to a variety of conditions such as a gaseous cross 

flow to study their breakup. Two methods that we can use to generate these ligaments are to 

study the breakup of a liquid jet in crossflow, which isolates the aerodynamic effects on the 

ligament breakup, or using the liquid bridge method, where we can add additional factors such as 

ligament stretching. These methods are illustrated in Figure 6. The dynamics of the ligaments 

will be captured using high-speed video so that the temporal behaviour of the ligaments can be 

resolved. Key factors to be determined in these experiments are the effects of the extensional 

viscosity on the breakup and the timescales of the ligament breakup in addition to the sizes 

generated. These factors are expected to be related by the critical conditions required for the 

ligament breakup or collapse, thus, we will aim to determine what the critical conditions are and 

what parameters affect or determine them. 

In these experiments, we may also study the effects of elevated ambient temperatures. Since 

the primary atomization occurs rapidly for two-fluid nozzles, there is no significant heat transfer 

to the fluid during the primary atomization. However, since the ligaments in viscous sprays 

persist for a long time after they are formed, their dynamics may be affected by the elevated 

temperatures, either in the changing of the liquid properties due to heating or by the evaporation 

of the solvents in the liquid. 

 

 

 ag  ag    tamen

 ulti  ag ( ownstream)  ulti  ag ( adial)
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Figure 6: Illustrations of experimental setups for study of droplet and ligament breakup 

Similarly, the timescale for the primary breakup in pressure-swirl atomizer is short and there is 

no significant effect of heat transfer in this stage. A rough estimation can be made as the 

following. The velocity of liquid sheet for most cases studies is ~50 m/s. The primary breakup 

happens at around 15 mm downstream, therefore, the travel time is about 0.3ms. However, the 

heat transfer will influence the ligament breakup and the droplets generated. In addition, since 

the small diameter stream-wise ligaments usually form earlier and break up faster than the larger 

diameter span-wise ligaments in slurries and high viscosity cases, the effect of evaporation on 

the two types of ligaments is different. A rough estimation of the effect is given as the following. 

Consider an ambient temperature in the spray drying chamber of 100-200 °C. The spray size 

measurement is taken at 80 mm downstream, where the secondary breakup is almost completed. 

Therefore, the travel time from the primay breakup position to the the measurement point is 

about 1.3 ms. According to the D-square model for droplet evaporation, droplets less than 11.4 

µm will fully evaporate at 80mm (using an evaporation constant of ~0.1 × 10−6𝑚2/𝑠 ). 

Therefore, the droplets generated by streamwise ligaments may fully evaporate in the 

measurement position, whereas those generated by spanwise ligaments may not.   

We have generated a large library of images of ligaments for sprays with different fluid 

properties and different nozzle operating conditions, such as ones shown in Fig. 7 for pressure-

swirl nozzles. In these cases, there are two different length scales for the ligaments: larger 

diameter ligaments (red) in the spanwise direction, and small diameter ligaments (blue) in the 

streamwise direction. The large diameters are in the 100’s microns, whereas, the small diameters 

are in 10’s microns. Therefore, we will study breakup of ligaments in these size ranges.  

 

     
Figure 7. Large diameter spanwise ligaments (red) and small diameter streamwise ligaments 

(blue) in a pressure-swirl sprays. 
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2.2. Perforation Based Model for Pressure-Swirl Nozzles 

Based on the near nozzle images, a new atomization model is proposed for the swirl nozzles. A 

perforation-based atomization model as depicted in Fig. 8 is proposed. The liquid sheet breaks up 

into droplets in the following steps: 

1. As the high-speed swirling conical liquid sheet comes out of the orifice, surface wave is 

generated as it moves with respect to the ambient air due to the Kelvin-Helmholtz (KH) 

instability.  

2. As the liquid sheet moves down stream, the amplitude of wave crests become larger, and 

these wave crests becomes the thick rims. Perforations appear on the liquid sheet 

surrounded by these thick rims. 

3. As the conical sheet expands and the perforation grows, the conical sheet eventually 

forms a network of ligaments, with both stream-wise ligaments generated by the 

perforation and span-wise ligaments generated by thick rims.  

4. When most of the stream-wise ligaments break into droplets, the liquid sheet 

disintegrates. The span-wise ligaments will last longer due to their larger diameters. 

 
Figure 8. A schematic of the perforation-based atomization model 

This breakup model provides two different length scales, which takes up different weight 

percentages: One based on the thickness of the thin sheet between the crests and troughs of the 

waves (𝐷𝑆) with a total mass of 𝑚𝑆, and one based on the diameters of the crests and troughs 

(𝐷𝐿) with a total mass of 𝑚𝐿 and these can be given as  

𝐷𝐿 = √
4𝑚𝑐
𝜋2𝐷𝑏

, 𝐷𝑠 = √
4(𝑚 −𝑚𝑐)

𝜋𝑛λ
 

where 𝐷𝑏 is the breakup length, 𝑛 is the number of perforations on the thin sheet and λ is the 

distance between the wave crests. 

We will model the spray size distribution using two size distribution (PDF) each for one of the 

spray length scales. In order to complete this model, we need to determine correlations for the 

characteristic sizes of both the spanwise and the streamwise ligaments, in terms of the fluid 
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properties and the operating conditions. In order to develop a correlation that can be generalized 

to a wider range of fluids and operating conditions, the following tasks are planned  

• Determine the frequency of perforations on the thin sheets with fluids with suspensions.   

• Determine how much mass is accumulated at the wave crest  

• Develop a theory for how long the sheet can stretch in Newtonian case 

• Determine the breakup length of the fluids sheets with suspensions 

Theses data will be combined with the ligament breakup model (Rayleigh-Plateau instability) for 

non-Newtonian fluids to generate a model for droplet size distribution. More detailed 

information on the testing cases and their results including droplet size distribution and near 

nozzle images are provided in Appendix A. 

 

2.4. Atomization in Twin-Fluid Nozzle 

Our currently developed model for the atomization of the twin-fluid nozzles comprises of the 

following processes: 

• High-speed gas flow over the liquid breaks off small droplets from the surface of the liquid 

jet issuing from the nozzle based on Kelvin-Helmholtz (KH) instability. The droplet sizes are 

related to the wavelength of the fastest growing KH waves.  

• The liquid core in the jet (the liquid left behind after KH droplet break offs) goes through 

flapping instability, forming larger droplets with length scale of the flapping wavelength. 

• The secondary atomization process breaks the large droplets to smaller droplets. The 

following secondary atomization model is developed: The high-speed gas flow deforms the 

front of the droplet into a disk shape. The volume-fraction in the frontal disk determines the 

breakup morphology:  

o A model is developed that can predict the following morphologies: single bag and 

multibag breakup, as well as bag and stamen breakups. The breakup is related to the rate 

of deformation of the droplet.  

o Each disk shape droplet forms a bag with a relatively thick rim. The bag grows and 

eventually breaks forming small droplets, and the rim breaks forming larger droplets.  

o Rims are analogous to the ligaments seen in high-viscosity spray breakup. 

• The final spray droplet size distribution is predicted based on the primary and the secondary 

atomization models.  

The advantages of modelling the spray in this way is the isolation of the slow wave growth from 

the fast wave breakup and the prediction of ligaments in the breakup, which previous models do 

not consider. While the development of the KH and flapping instabilities will be somewhat 

affected by the rheological fluids, the greater effect is expected to be on their breakup, especially 

when the extensional viscosity is high. Using what we learn about the breakup dynamics of the 

ligaments, we aim to extend our existing models to include these effects. The data generated in 

objectives 1 and 2 will serve to validate and verify our models for the global spray breakup. 

Further details on  the developed twin-fluid nozzle is given in Appendix B. 
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Appendix A - Pressure-Swirl Nozzle 
 

A.1. Introduction 

Most spray studies provide a mean size for the spray. One commonly presented mean size is the 

Sauter mean diameter, noted as  𝑆𝑀𝐷 or 𝑑32. The SMD is usually correlated with the operating 

conditions (injection pressure 𝑃 , mass flow rate 𝑚̇ , etc.), fluid properties (liquid density 𝜌𝑙 , 
viscosity 𝜇, surface tension σ, etc.) and nozzle geometry parameters (orifice diameter 𝑑𝑜𝑟, etc.). 

For example, Tratnig and Brenn (2010) provided the following correlations for a swirl nozzle 

𝑑32
𝑑𝑆𝐶

= 3.074(
√𝑃𝜌𝑙𝑑𝑆𝐶
𝜇

)

−0.8505

(
𝜇

√𝜎𝑑𝑜𝑟𝜌𝑙
)

−0.7538

(
ℎ𝑆𝐶
𝑑𝑆𝐶
)
−0.0574

(
𝑑𝑜𝑟
𝑑𝑆𝐶
)
−0.3496

(
𝑏𝑆𝐶
𝑑𝑆𝐶
)
−0.0426

 

where 𝑑𝑆𝐶  is the swirl chamber diameter, ℎ𝑆𝐶  is the swirl chamber height and 𝑏𝑆𝐶  is the swirl 

chamber inlet width. 

Wang and Lefebvre (1986) developed an empirical correlation with insight on the atomization 

process. They claimed that the atomization in a pressure swirl nozzle can be viewed as two 

stages. In the first stage, surface waves develop on the conical sheet due to instabilities. As the 

surface waves grow, they become large enough that some parts of the liquid break off from these 

surface waves and forms ligaments. The droplet size, 𝑆𝑀𝐷1, generated at this stage is related to 

the Reynolds number, which indicates the strength of inertial force to breakup the sheet and 

Weber number, which governs the development of the surface wave. In the second stage, the rest 

of the sheet breaks up into ligaments as the surface wave grows when it moves downstream. The 

droplet size, 𝑆𝑀𝐷2, generated at this stage is only related to the Weber number. The final 𝑆𝑀𝐷  

can then be predicted as a sum of these two 𝑆𝑀𝐷𝑠. Fitting on their experimental data resulted in 

the following equation 

𝑆𝑀𝐷 =  𝑆𝑀𝐷1 + 𝑆𝑀𝐷2 = 4.52 (
𝜎𝜇2

𝜌𝑔𝑃2
)

0.25

(𝑡𝑜𝑟𝑐𝑜𝑠𝜃)
0.25 + 0.39 (

𝜎𝜌𝑙
𝜌𝑔𝑃

)

0.25

(𝑡𝑜𝑟𝑐𝑜𝑠𝜃)
0.75 

where 𝜌𝑔 is the density of the gaseous medium, 𝑡𝑜𝑟 is the liquid sheet thickness at the exit of 

orifice, 𝜃 is the half spray cone angle. Xiao and Huang (2014) have noted that this correlation 

better fits their experimental data. Wang and Lefebvre’s model is one of the earliest models 

indicating that there might be multiple breakup mechanisms in the atomization process of a 

pressure swirl nozzle.  

Since the empirical correlation have limited insight on the actual atomization mechanism in the 

nozzle, they only make good prediction in a certain range of operating conditions and for the 

specific type of fluids used. A better understanding of the physical processes involved in these 

atomizers are needed to develop a model that is generalized enough to be applied to a wider 

range of operating conditions and fluids. 

The current theoretical models describe the breakup of a liquid sheet in two steps: The breakup 

of liquid sheet into ligaments and the breakup of these ligaments into droplets. These models 

commonly use Kelvin-Helmholtz, Rayleigh-Plateau, and/or Rayleigh-Taylor instabilities as the 

cause of the liquid sheet breakup. The dominant wavelength 𝜆𝑚𝑎𝑥 (or wavenumber 𝑘𝑚𝑎𝑥) of the 

instability  is then used to predict the size of the ligaments or droplets generated from the 

breakup. For example, Dombrowski and Johns (1963) developed the following relation for the 

diameter of the ligament, 𝑑𝑙𝑖𝑔, formed by the breakup of a liquid sheet moving in the ambient 

gas with a velocity 𝑢: 
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𝑑𝑙𝑖𝑔 = √
8𝑎

𝑘𝑚𝑎𝑥
= 2(

4

3𝑓
)

1
3
(
𝐶𝑡
2𝜎2

𝜌𝑔𝜌𝑙𝑢2
)

1
6

(1 + 2.6𝜇√
𝐶𝑡𝜌𝑔4𝑢8

6𝑓𝜌𝑙
2𝜎5

3

)

1
5

 

where  𝑎 is the half of the initial thickness of the liquid sheet, and the sheet is attenuating as 

2𝑎 = 𝐶𝑡𝑡
−1, where 𝐶𝑡 is a constant and 𝑡 is the time. And 𝑓 is a constant that appears from the 

surface wave of  𝑦 = 𝐴0𝑒
𝑓sin (𝑘𝑥 + 𝜑), and it is assumed to be 𝑓 = 12 . The parameter 𝑓 

determines the place where the sheet breaks up and its value is set based on analogy to the jet 

breakup determined by Weber (1931). The ligaments then experience the Rayleigh-Plateau 

instability to breakup into the droplets. For a cylindrical ligament with a diameter of 𝑑𝑙𝑖𝑔, the 

dominant wavenumber is given by 

𝑘𝑚𝑎𝑥𝑑𝑙𝑖𝑔 =
1

2
(1 +

3𝜇

√𝜌𝑙𝜎𝑑𝑙𝑖𝑔
)

−1 2⁄

=
1

2
(1 + 3𝑂ℎ)−1 2⁄  

As the wave grows until its amplitude reaches the ligament radius, one droplet will be generated 

per wavelength. The 𝑆𝑀𝐷 of these droplets is then given using a mass balance as  

𝑆𝑀𝐷 = 1.882𝑑𝑙𝑖𝑔(1 + 3𝑂ℎ)
1
6 

Another popular theoretical model developed for swirl nozzle is the linearized instability sheet 

atomization (LISA) model developed by Senecal et. al (1999). The main difference between 

LISA model and the model developed by Dombrowski and Johns (1963) is the way the dominant 

wavenumber 𝑘𝑚𝑎𝑥 on the liquid sheet is determined. Instead of a 1-D force balance analysis, 

they performed a 2-D linear instability analysis. The maximum growth rate,  𝜔𝑚𝑎𝑥 , of the 

instability and its corresponding wavenumber, 𝑘𝑚𝑎𝑥, are found and used to evaluate the breakup 

time 𝜏  and breakup length 𝐿𝑏  as: 𝜏 =
1

𝜔𝑚𝑎𝑥
ln (

𝐴

𝐴0
) , and 𝐿𝑏 = 𝑢𝜏 =

𝑢

𝜔𝑚𝑎𝑥
, where A is the 

amplitude of the surface wave and 𝐴0 is the initial amplitude of the surface wave. Similarly, 

ln (
𝐴

𝐴0
) = 12. Schmidt.et al (1999) applied this to a pressure swirl nozzle and found the sheet 

half-thickness 𝑡𝑏 at 𝐿𝑏 as  

𝑡𝑏 =
2𝑡𝑜𝑟(𝑑𝑜𝑟 − 𝑡𝑜𝑟)/𝑐𝑜𝑠𝜃

2𝐿𝑏𝑠𝑖𝑛𝜃 + 𝑑𝑜𝑟 − 𝑡𝑜𝑟
 

According to the short wave assumption, one ligament is formed per wavelength. The diameter 

of these ligaments is found using a mass balance by 

𝑑𝑙𝑖𝑔 = √
16𝑡𝑏
𝑘𝑚𝑎𝑥

 

These ligaments then break up into droplets with the same equation described above. Both of 

these models use a linearized instability analysis. Others, such as Clark and Dombrowski (1972), 

and Jazayeri and Li (2000), have developed higher order nonlinear instability models for the 

liquid sheet, which become too complicated to solve for the 𝑘𝑚𝑎𝑥 directly, and therefore, they 

are hardly used for size prediction.  

These atomization models usually overpredict the droplet size of the spray especially under high 

viscosity and high injecting pressure (Tratnig and Brenn, 2010). One reason that these models 

fail to make good prediction is that they oversimply the atomization mechanism. They assume 

that the liquid sheet stays intact until the instability waves grow enough to break the sheet. 

However, this is not the case in actual atomization processes. Experimental studies on liquid 
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sheet and swirl nozzle atomization show that perforations form on the liquid sheet. Perforations 

generate both stream-wise and span-wise ligaments in an liquid sheet with air-blast atomization 

(Stapper et.al in 1992). Sindayihebura and Dumouchel (2001) found perforations on the liquid 

sheet generated by a pressure-swirl nozzle using water solution of a non-Newtonian polymer. 

Loustalan et al. (2003) observed perforations in a spray of fuel atomizing at high injecting 

pressure. Therefore, new atomization models that better describe the mechanism of breakup are 

needed to improve droplet size prediction. 

In this work, we present a set of experimental data on sprays generated by swirl nozzles, and a 

new model for the sheet atomization to better present the atomization process in these nozzles.   

 

A.2. Experiment Setup  

The experiments were carried out in the testing setup depicted in Fig. A1. A Hydra-Cell D10 

pump was used to pump fluids from the tank at pressures up to 1000 psi.  The pump was 

controlled by both a variable frequency controller (VFD) and a pressure regulating valve to 

adjust the pressure at the outlet. A high accuracy pressure gauge with ±1% accuracy was used to 

measure the inject pressure at the nozzle inlet. The fluid sprayed was collected below the setup 

for reuse. A curtain   with an opening whose diameter allowed just the spray pass through 

without any blockage was mounted beneath the measuring region to prevent the equipment from 

measuring any recirculated droplets.  

 

 
Figure A1: Schematic for Experiment Setup 

 

The droplet sizes in the sprays were measured by the Malvern Spraytec Dropsizer, using a 300 

mm lens. In this setup, the equipment could detect droplets from 0.1 µm to 900 µm. Malvern 

measures the volume distribution, which has to be converted to size distribution.  

We used two different swirl nozzles with inserts, obtained from Spraying Systems. A smaller 

nozzle with an orifice diameter of 0.71 mm (N1), and a larger nozzle with an orifice diameter of 

1.07 mm (N2). The testing fluids used were water, water-glycerin solutions and water-

carboxymethyl cellulose (CMC) solutions with different concentrations. The surface tensions, 

viscosities and densities of water-glycerin solutions were obtained through a lookup table 

provided by Glycerin Producers’ Association (1963) with linear interpolation at room 
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temperature (20 °C) as listed in Table A1. The properties of water-CMC solutions will be 

measured in the upcoming months. For each nozzle and each fluid, experiments were done at 3 

different injection pressures of 500 psi, 700 psi, 900 psi. In order to measure the mass flow rate, 

the fluid was collected at the nozzle exit using a measuring cup for a certain time (more than 10 

seconds) and weighted. This was repeated 3 times, and the average mass flow rate of the 3 runs 

was taken as the mass flow rate under the testing condition. Images are also taken at the nozzle 

exit to measure the spray angle. In total, eighteen different cases were tested. Measurements 

were taken at 8 cm downward from the nozzle exit. Each test case was repeated for at least 3 

times to check the repeatability of the experiments. All the measurement result are listed in Table 

A2. 

 

Table A1: Fluid properties of the testing fluids. The cells marked by * is to be measured in the 

future. 

Fluid Type Density (g/ml) Viscosity (mPa.s) Surface Tension (mN/m) 

Water 0.997 1.005 71.68 

60% glycerin/water 1.154 10.8 67.76 

80% glycerin/water 1.209 60.1 65.49 

0.25 % CMC/water * * * 

0.5 % CMC/water * * * 

 

Table A2: Measurement results for all testing cases. The cells marked by * are in progress. 

Test Case 𝑑𝑜 (𝑚𝑚) Fluid Type 𝑃 (𝑝𝑠𝑖) 𝑚̇ (𝑔/𝑠) Spray Angle 𝑑32(𝜇𝑚) 
1 0.71 Water 500 6.57 74.66 27.85 

2 0.71 Water 700 7.70 78.72 22.75 

3 0.71 Water 900 8.71 84.18 21.88 

4 0.71 60% glycerin/water 500 9.90 54.68 29.68 

5 0.71 60% glycerin/water 700 11.52 59.9 25.79 

6 0.71 60% glycerin/water 900 13.02 61.92 22.28 

7 0.71 80% glycerin/water 500 11.82 45.04 58.76 

8 0.71 80% glycerin/water 700 13.02 49.95 45.44 

9 0.71 80% glycerin/water 900 14.22 54.86 40.31 

10 1.07 Water 500 18.74 73.02 30.97 

11 1.07 Water 700 22.44 69.04 26.54 

12 1.07 Water 900 24.94 70.14 24.18 

13 1.07 60% glycerin/water 500 22.34 57.14 37.52 

14 1.07 60% glycerin/water 700 26.39 61.58 32.83 

15 1.07 60% glycerin/water 900 29.55 64.78 27.71 

16 1.07 80% glycerin/water 500 24.50 53.19 50.18 

17 1.07 80% glycerin/water 700 28.48 57.61 42.27 

18 1.07 80% glycerin/water 900 31.94 62.11 37.38 

19 0.71 0.25% CMC/water 500 * * 77.71 

20 0.71 0.25% CMC/water 700 * * 53.71 

21 0.71 0.25% CMC/water 900 * * 42.92 

22 0.71 0.5% CMC/water 500 * * 174.0 
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23 0.71 0.5% CMC/water 700 * * 109.2 

24 0.71 0.5% CMC/water 900 * * 83.33 

25 1.07 0.25% CMC/water 500 * * 55.66 

26 1.07 0.25% CMC/water 700 * * 45.47 

27 1.07 0.5% CMC/water 500 * * 76.45 

28 1.07 0.5% CMC/water 700 * * 61.08 

29 1.07 0.5% CMC/water 880 * * 54.14 

 

 

A.3. Droplet Size Distributions 

  

A.3.1 Raw Data from Malvern 

The Mavlern Spraytec Dropsizer gives the droplet size measurement result in the form volume 

percentages of droplets in different bins, which are in the logarithmic scale. The histograms of all 

testing cases are shown on Fig. A2. For almost all the testing cases, the histograms have one 

peak with long tail on the left corresponding to the smaller droplets less than 10 µm. Increasing 

the orifice size will result in an increase in the span of the peak and a decrease in the maximum 

percentage of the peak. This indicates that the droplets generated have a wider range of sizes. For 

example, most peaks for the nozzle N1 are around 10%, while those for nozzle N2, which have a 

larger orifice diameter are around 8%. Atomizing high viscosity fluid with small orifice at low 

pressure have a similar effect, which is shown for the case of atomizing 80% glycerin/water 

solution with N1 nozzle at 500 psi. Furthermore, atomizing high viscosity polymeric fluid, such 

as 0.5% CMC solution, can result in a bimodal volume percentage histograms such as for N1 at 

all tested pressures and N2 at 500 psi. This indicates that the inertia force is not enough to 

counter the viscous force to break up the liquid properly into droplets. Increasing injection 

pressure can result in a change from bimodal volume percentage to unimodal volume percentage, 

for example for atomizing 0.5% CMC solution with N2 at 700 psi and 900 psi. The volume 

percentage of large droplets decreases and that of smaller droplets increases as the injection 

pressure increases. This is shown as the peak shifting to the left.  
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Figure A2: Volume percentage of each testing cases 

 

A.3.2 Volume Distribution of Droplets 

In order to get the volume distribution, the height of each bin is divided by the corresponding bin 

width and the results are shown in Fig. A3. As observed in Fig. A3, a unimodal volume 

histogram can become a bimodal volume distribution and a bimodal volume histogram can have 

three modes. It should be noted that the bin widths in the measurement result set by the Mavlern 

Spraytec Dropsizer are not equal. The bin width increases as the droplet size increases.  
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Figure A3. Volume distributions for all experiment cases 

 

A.3.3 Cumulative Volume Distribution 

The effect of operating conditions on the droplet size distributions is also presented in 

cumulative volume distribution in Fig. A4. The three horizontal dotted lines indicates the 90%, 

50% and 10% of the total volume from top to bottom respectively. The x-coordinates of the 

intersections between these dotted lines and the accumulative volume distribution curve are the 

𝐷𝑣90, 𝐷𝑣50 and 𝐷𝑣10. As shown on the upper-left and upper-right plot, as the pressure increases, 

𝐷𝑣90, 𝐷𝑣50 and 𝐷𝑣10 all decreases. The 𝐷𝑣90 decreases most significantly among the three. This 

indicates that the number of large droplets decreases and the diameters of droplets vary in a 

smaller range. Increasing the orifice diameter of the nozzle does not have much effect on the 

𝐷𝑣10, but largely increases 𝐷𝑣90. Similar effects can be observed in the lower-left plot as a result 

of increasing viscosity.  
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The cumulative volume distribution curves for both nozzles atomizing 80% glycerin/water 

solution at 700 psi are shown in the lower-right plot in Fig. A4. The 𝐷𝑣10 of the spray generated 

by N2 nozzle is smaller than its counterparts, while the 𝐷𝑣90 is larger. This indicates that the 

spray generated by N2 nozzle has a wider range of droplet sizes and there are more smaller 

droplets in the spray, which result in a smaller SMD than the spray generated by N1 nozzle.   

 

   
Figure A4. Comparison of accumulative volume distribution under different operating conditions 

 

A3.4 Conversion of Volume Distribution to Size Distribution 

In order to find the corresponding size distribution to a volume distribution, we will start with 

guessing a size distribution, and then calculate the volume distribution based on that and 

compare with the experimental results. The parameters of the size distribution are then changed 

to match the experimental data. This is complicated since we have a bimodal volume 

distribution.   

We will seek a mixture number distribution 𝑓0(𝑑)  that is the summation of two different 

unimodal distributions 𝑓0,1(𝑑) and 𝑓0,2(𝑑) as   

𝑓0(𝑑) = 𝑘𝑛𝑓0,1(𝑑) + (1 − 𝑘𝑛)𝑓0,2(𝑑), 
such that their corresponding volume distributions have the following relationship 

𝑓3(𝑑) = 𝑘𝑣𝑓3,1(𝑑) + (1 − 𝑘𝑣)𝑓3,2(𝑑), 
where 𝑘𝑛 is the number ratio of the droplets generated by each distribution and 𝑘𝑣 is the volume 

ratio of the droplets. Since volume distribution based on a size distribution can be written as 

𝑓3(𝑑) =
𝑑3𝑓0(𝑑)

∫ 𝑑3𝑓0(𝑑)𝑑𝑑
∞

0

, 

it can be shown that 
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𝑘𝑛 =
𝑘𝑣𝑆2

𝑆1 + 𝑘𝑣(𝑆2 − 𝑆1)
 

where 𝑆𝑎 = ∫ 𝑑3𝑓0,𝑎(𝑑)𝑑𝑑
∞

0
, 𝑎 = 1,2. 

As a result, as long as a bimodal distribution is fit to the volume distribution, their corresponding 

number distribution can be calculated. Although there are some methods developed for fitting a 

mixture model to the bimodal distribution, the author found that the performance of many of 

them largely rely on the initial value picked for these methods and it needs lots of effort to find 

the best initial guess to fit the bimodal distribution properly. Since the goal is to determine the 

parameters in the mixture model to fit the bimodal distribution properly rather than develop an 

algorithm with good mathematical base, the following method is used by the author. The main 

idea is to fit a distribution to the main peak first, and then adjust the ratio between two 

distributions to fit the residual, For a bimodal volume distribution function 𝑓3(𝑑), we first guess 

the ratio 𝑘𝑣, then fit the main peak (the peak for larger droplets) by approximating the mean and 

variance for the main peak These values are used as an initial guess, and the parameters are 

optimized by minimizing the distance between the main peak and fitted distribution 𝑓1(𝑑). The 

distance used in this work is the Earth Mover Distance (EMD) as:  

𝐸𝑀𝐷1 = ∫ |𝑓3(𝑑) − 𝑘𝑣𝑓3,1(𝑑)|𝑑𝑑
∞

𝑑𝑡

 

where 𝑑𝑡 is the diameter corresponding to the local minimum value in the bimodal distribution at 

the trough of volume distribution to separate the main peak and minor peak. Then the residual of 

the distribution is found: 𝑟(𝑑) = 𝑓3(𝑑) − 𝑘𝑣𝑓3,1(𝑑), and parameters in 𝑓3,2(𝑑) are optimized 

with similar method:  

𝐸𝑀𝐷2 =  ∫ |𝑟(𝑑) − (1 − 𝑘)𝑓3,2(𝑑)|𝑑𝑑
∞

0

 

The above process is then repeated to minimize the total distance between the bimodal 

distribution and the mixture model, which optimizes the ratio 𝑘. 

In order to fit the data, a distribution function is needed. One of the popular number distributions 

used in the literature is the Gamma distribution with 2 parameters 𝛼 and 𝛽:  

𝑓0(𝑑; 𝛼, 𝛽) =
𝛽𝛼

𝛤(𝛼)
𝑑𝛼−1𝑒−𝛽𝑑 

For example, Villermaux et. al. (2004) found that the number distribution of droplets generated 

from a ligament with size 𝑑𝑙𝑖𝑔 is a gamma distribution with 2 parameters as  

𝑓0(𝑑; 𝜅, 𝜈, 𝑑𝑙𝑖𝑔) =
1

𝜅𝑑𝑙𝑖𝑔

𝜈𝜈

Γ(𝜈)
(
𝑑

𝜅𝑑𝑙𝑖𝑔
)

𝜈−1

exp(−𝜈
𝑑

𝜅𝑑𝑙𝑖𝑔
) 

where 𝜅  and 𝜈  are determined empirically from experiment, in which the corresponding 

functions are 𝛼 = 𝜈, 𝛽 = 𝜈 𝜅𝑑𝑙𝑖𝑔⁄ . The corresponding volume distribution based on the original 

size distribution parameters can be written as 

𝑓3(𝑑; 𝛼, 𝛽) =
𝛽𝛼+3𝑑𝛼+2𝑒−𝛽𝑑

𝛤(𝛼+3)
=

𝛽𝛼
,

𝛤(𝛼,)
𝑑𝛼

,−1𝑒−𝛽𝑑, 

which is also a Gamma function with 𝛼 , = 𝛼 + 3. However, as it shown on Fig. 10, a mixture 

distribution with two Gamma distribution does not fit well to experiment case 5. When fitting 

one Gamma component to the peak for larger droplets, although it fits the peak on right-hand 

side properly, its value is greater than the experimental data on the left-hand side, which makes it 
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impossible to find a mixture distribution by adding another Gamma component whose value is 

always positive. Another issue is, an 𝛼 , value less than 3 will result in a negative 𝛼 value when 

converting the volume distribution back to number distribution, which is unrealistic. Although 

Yongyingsakthavorn et. al (2008) successfully fit a mixture distribution with generalized Gamma 

distributions for an ultrasonic nozzle with smaller flow rate, a mixture distribution of Gamma 

distributions does not fit for the swirl nozzle at operating conditions tested in this work as shown 

in Fig. A5. 

 
Figure A5. Fitting a mixture distribution of two Gamma distribution to experiment case 5. One 

of the components has a greater value than the experimental distribution in certain range. 

 

Since Gamma distribution did not work well, we tried the lognormal distribution, which has the 

following form  

𝑓0(𝑑) =
1

𝑑𝜎√2𝜋
exp (−

1

2
(
𝑙𝑛(𝑑 𝜇⁄ )

𝜎
)

2

) 

whose corresponding volume distribution is  

𝑓3(𝑑) =
𝑑3

𝑒3𝜇+4.5𝜎
2 𝑓0(𝑑) 

Figure A6 shows several results for fitting a mixture of lognormal distribution to experimental 

data. The mixture of lognormal distribution can not only follow the position of two peaks and the 

troughs properly for bimodal distribution (case 1 and case 5), but also fit to the unimodal 

distribution well (case 11). The mixture model has the form   

 

𝑓3(𝑑) = 𝑘𝑣𝑓3,1(𝑑; µ1, 𝜎1) + (1 − 𝑘𝑣)𝑓3,2(𝑑; µ2, 𝜎2) 
 

with 5 parameters. The parameters fitted for each case and the corresponding 𝑘𝑛 are listed in 

Table A3.  
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Figure A6. Fitting a mixture distribution of two lognormal distribution to experiment case 1, case 

5 and case 11. 

 

Table A3: Parameters in fitted mixture distribution of lognormal distributions 

Case  𝑘𝑣 𝑘𝑛 𝜎1 µ1 𝜎2 µ2 
𝑑32  

(𝜇𝑚) 
Experimental 

Result (𝜇𝑚) 
1 0.97 0.173 0.66 9.5 0.483 2.4 24.19 27.85 

2 0.96 0.234 0.636 9.3 0.468 2.869 21.92 22.75 

3 0.955 0.132 0.636 8.8 0.547 1.987 19.92 21.88 

4 0.98 0.138 0.685 10.4 0.383 2.5 28.82 29.68 

5 0.975 0.166 0.685 9.1 0.413 2.45 25.12 25.79 

6 0.955 0.152 0.612 9.9 0.453 2.6 20.76 22.28 

7 0.99 0.088 0.734 16.2 0.433 2.72 54.97 58.76 

8 0.985 0.066 0.636 17.6 0.438 2.48 41.49 45.44 

9 0.985 0.073 0.66 14.8 0.432 2.28 37.70 40.31 

10 0.985 0.749 0.88 4.5 0.433 3.873 29.41 30.97 

11 0.98 0.666 0.807 5.3 0.428 3.677 25.17 26.54 

12 0.965 0.594 0.734 6.7 0.383 4.534 23.36 24.18 

13 0.994 0.425 0.977 3.7 0.333 2.16 37.30 37.52 

14 0.99 0.471 0.977 3.2 0.373 2.26 31.67 32.83 

15  * *  *  *  *  * * 27.71 

16 0.99 0.075 0.782 12 0.498 1.938 48.40 50.18 

17 0.986 0.102 0.807 8.8 0.542 1.766 38.76 42.27 

18 0.989 0.133 0.831 7.3 0.408 1.913 35.85 37.38 

 

For most of the cases, 𝑘𝑣 > 0.95 , which means the distribution which has a larger µ  is 

responsible for more than 95% fluid atomized. However, for most of the cases 𝑘𝑛 < 0.2, which 

means that the small droplets take up more than 80% of the total number of droplets and the 

number distribution will be largely dominated by the small droplets. As a result, the 

corresponding number distributions may appear unimodal for a bimodal volume distribution. 

This can also explain why a single unimodal distribution cannot fit the number distribution of 

droplets in swirl nozzle properly (Tratnig and Brenn, 2010). 

One reason for the huge number of small droplets is the uneven bin sizes in the result from the 

Dropsizer. Since the bins are in logarithmic scale, the bin width increases as the droplet size 

increases. Figure A7 shows the volume distribution converted from a volume distribution plot 

with the same height for all bins. It shows that the same percentage for smaller particles (those 

below 10 𝜇𝑚 ) resulted in a much larger value in volume distribution than that for larger 

particles. This indicates that the number of smaller particles, especially those less than 10 µm, is 

extremely prone to small errors.  
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Figure A7. Volume distribution converted from a volume distribution plot with same height for 

all bins 

A.4. Characteristic Droplet Sizes 

The 𝑆𝑀𝐷 of all the testing cases are plotted versus injecting pressure in Fig. A8, which shows 

that the 𝑆𝑀𝐷 decreases as the injection pressure increases. The N1 nozzle, which has a smaller 

orifice diameter, generates finer droplets than the N2 nozzle for low viscosity fluids, such as 

water and 60% glycerin/water solution. However, when atomizing high viscosity fluids, such as 

80% glycerin, N1 generates much larger droplets than N2.   

The empirical correlation usually has the form of the power law. A dimensional analysis is 

carried out to study the relationship between the SMD and relevant parameters in the 

experiments for water and water-glycerin solutions. In order to calculate the non-dimensional 

groups such as 𝑅𝑒 and 𝑊𝑒, the velocity of the liquid sheet needs to be determined. Consider a 

fluid enters a pressure-swirl nozzle with a swirl insert at an injection pressure 𝑃. The liquid 

forms a swirling conical liquid sheet at the nozzle exit.  

For a swirl nozzle, the mass flow rate of is written as 𝑚̇ = (𝜌𝑈 cos 𝜃) 𝜋𝑡𝑜𝑟(𝑑𝑜 − 𝑡𝑜𝑟) where 

𝑈 is the total velocity of the sheet. However, since the size of the air core is hard to measure 

directly, the sheet thickness remains unknown, which makes it hard to calculate velocity 𝑈 

directly from the mass flow rate. The sheet velocity is determined using the pressure at the 

nozzle inlet 𝑃   as 𝑈 = 𝑘√2𝑃 𝜌⁄ , where 𝑘  is the discharge coefficient. Although there are 

numerous methods to calculate the discharge coefficient in literature, they are all empirical and 

different from each other. As a result, the Re and We are modified to be as 𝑅𝑒𝑝 and 𝑊𝑒𝑝 based 

on the inlet pressure, which is directly measured from the experiment. Since 𝑃~𝜌𝑢2 , 𝑅𝑒𝑝 =

√𝑃𝜌𝑑0 𝜇⁄ ,  𝑊𝑒𝜌 = 𝑃𝑑0 𝜎⁄ . The correlation found for the non-dimensional SMD is 

𝑑32
𝑑𝑜
= 42.52𝑅𝑒𝑝

−0.151𝑊𝑒𝑝
−0.519 (4) 

The comparison between the experimental result and predicted SMD is shown in Fig. A9 on the 

left. The 𝑅2 score for the correlation is 0.853, indicating a good result. However, the plot shows 

that there are 3 datapoints off the trends from the rest of the points. These datapoints are the 

experiments for the N1 nozzle, which has a small orifice diameter, atomizing 80% glycerin/water 

solution. If these datapoints are excluded, the new correlation found is  
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𝑑32
𝑑𝑜
= 7.37𝑅𝑒𝑝

−0.103𝑊𝑒𝑝
−0.404   (5) 

The 𝑅2 score improves to 0.894. This indicates that atomizing highly viscous fluid using nozzles 

with small orifice size may result in a different atomizing behaviour, generating larger droplets. 

 
Figure A8. SMD versus Injection pressure for all testing cases. 

 

 
Figure A9. Comparison of non-dimensional SMD between experiment and prediction. Left: 

Correlation fit with all the data. R2 = 0.853. Right: Correlation fit with data excluding ones from 

N1 nozzle, 80% glycerin (triangle points) R2 = 0.894. 
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The comparison between the 𝑑32 calculated from LISA model and the 𝑑32 measured from the 

experiments for the current work is shown in Fig. A10. LISA model tends to overpredict the 

droplet diameters in most cases, which is also true for Tratnig and  renn’s data (2010). One 

main reason, also pointed out by Tratnig and Brenn (2010), LISA model overpredicts the 

breakup length in these cases. The breakup length predicted by LISA model for high viscosity 

fluid is 60~80 mm, while the near nozzles images show that the liquid sheet is already broken up 

into a web of ligaments within 20 mm for all the testing cases. A comparison between the 

breakup length measured and that predicted by LISA model is listed in Table A4. Such 

difference comes from the assumption that the liquid sheet stays intact until its thickness is 

attenuated less than twice the amplitude of the surface wave. In addition, according to LISA 

model, a shorter breakup length will result in a larger sheet thickness at the breakup, and thus, 

larger droplets. However, the experiments shows that not only the breakup length is smaller than 

predicted, but the 𝑑32 is smaller than that predicted by LISA model. As a result, it is important to 

study the breakup mechanism and see how it differs from what depicted by the LISA model. 

 

Figure A10. Comparison between 𝑑32 calculated from LISA model and experiment. 

Table A4: Comparison of breakup length between experiment measurement and LISA 

model prediction. 

Test 

Case 

Breakup length 

predicted by LISA 

model (mm) 

Breakup length 

measured (mm) 
𝑑32(𝜇𝑚) 

1 20.35 6.13 27.85 

2 14.59 5.95 22.75 

3 11.27 5.49 21.88 

4 32.12 7.6 29.68 

5 24.30 7.23 25.79 

6 19.80 6.51 22.28 

7 77.52 16.79 58.76 

8 63.39 14.20 45.44 

9 54.26 13.11 40.31 

10 18.55 8.74 30.97 
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11 13.48 * 26.54 

12 10.65 7.16 24.18 

13 32.06 8.96 37.52 

14 24.14 8.28 32.83 

15 19.69 7.94 27.71 

16 79.07 14.83 50.18 

17 63.47 14.24 42.27 

18 53.85 13.74 37.38 

 

A.5. Atomization Mechanism in Pressure-Swirl Nozzle 

 

Table A5 shows the images of the water spray atomizing with nozzle N1 at different pressures. 

The liquid sheet is not intact before the liquid sheet breaks up. The earliest observable 

perforation on the conical sheet is about 2 mm from the nozzle exit. These perforations occurred 

on the liquid sheet surrounded by the thicker rims, which is mostly span-wise. As a perforation 

grows, it will either be limited by the thick rims surrounding it or coalesce with its neighboring 

perforations and form stream-wise thick ligaments. As the sheet getting thinner and perforations 

growing, the liquid sheet will eventually become a web of ligaments. The stream-wise ligaments 

generated by the perforations usually have a smaller diameter compared to the rims and they tend 

to break faster in the atomization process. The sheet eventually breaks when most of the stream-

wise ligaments break into droplets. The thick rims will then breakup into several shorter 

ligaments and then into droplets. Those shorter ligaments are still aligned in the span-wise 

direction as those rims. 

Table A5: Near nozzle images for water spray atomizing with nozzle N1 at different pressures. 

Z(M

m) 
N1 - Water - 500PSI N1 - Water - 700PSI N1 - Water - 900PSI 

0 

   

4.98 
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Table A6 shows the images of spray with 60% glycerin/water solution for atomizing with nozzle 

N1 at different pressures. It can be observed from the edge of the cone that, the wavelength on 

the liquid sheet is larger compared to that of water spray. In addition, the amplitude at the wave 

crests is larger than that of water spray. It implies that the span-wise rims are thicker than that in 

the water spray, which is responsible for the larger droplet sizes. These thicker rims stay in the 

form of long ligaments while those stream-wise thin ligaments have already break up into 

multiple droplets. 

Table A6: Near nozzle images for 60% glycerin/water spray atomizing with nozzle N1 at 

different pressures. 

Z(m

m) 

N1 – 60% glycerin - 

500PSI 

N1 – 60% glycerin - 

700PSI 

N1 – 60% glycerin - 

900PSI 

0 

   

4.98 

   
 

Table A7 shows the images of spray with 80% glycerin/water solution for atomizing with nozzle 

N1 at different pressures. The edge of the cone at the nozzle exit is smooth due to the high 

viscosity of the fluid. At 4.98 mm downstream, the amplitude of the wave crests starts to 

increase and the wave crests becomes thicker. In addition, the distance between the two 

consecutive wave crests increases. Take the spray atomizing at 700 psi as an example. It can be 

measure in the frame at 9.96 mm downstream that the distance between two wave crests is about 

2 mm, which is much larger than the Kelvin-Helmholtz wavelength (481 µm). Compared to the 

lower viscosity cases, the thicker span-wise rims are more aligned in the horizontal direction.  
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Table A7: Near nozzle images for 80% glycerin/water spray atomizing with nozzle N1 at 

different pressures. 

Z(m

m) 
N1 - 80% glycerin - 500PSI N1 - 80% glycerin - 700PSI N1- 80% glycerin - 900PSI 

0 

   

4.98 

   

9.96 

 

 

 

 

   
 

Table A8 shows the images of spray with 0.25% CMC/water solution for atomizing with nozzle 

N1 at different pressures. Compared to water and 60% glycerin solution, the conical sheet does 

not perforate until about 6 mm downstream. Compared to 80% glycerin, the sheet is wavier and 

the wavelength is smaller.  The liquid sheet still breaks up due to perforations on the sheet. 

However, the streamwise ligaments do not break immediately as shown at 9.96 mm downstream 

for all the cases. There are almost no droplets generated at this position and the streamwise 

ligaments are stretched and entangled with the spanwise ligaments. It will take longer time for 

the web of ligaments breaks completely into the droplets. 
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Table A8: Near nozzle images for 0.25% CMC/water spray atomizing with nozzle N1 at 

different pressures. 

Z(mm) N1 - 0.25% CMC - 500PSI N1 - 0.25% CMC - 700PSI N1- 0.25% CMC - 900PSI 

0 

   

4.98 

   

9.96 

 

 

 

 

   

 

Table A9 shows the images of spray with 0.5% CMC/water solution for atomizing with nozzle 

N1 at different pressures. Compared to the above-mentioned cases, the injection pressure cannot 

provide enough inertia forces to counter the viscous force to form a stable air core at the center 

of the cone. The radius of the cone does not increase proportionally with the distance 

downstream. This will result in a breakup mechanism in a different regime which is not desired 

and will generates lots of large droplets (~1mm) as shown in Fig. A2. 

 

 

 

 



31 

 

Table A9: Near nozzle images for 0.5% CMC/water spray atomizing with nozzle N1 at different 

pressures. 

Z(mm) N1 - 0.5% CMC - 500PSI N1 - 0.5% CMC - 700PSI N1- 0.5% CMC - 900PSI 

0 

   

4.98 

   

9.96 

 

 

 

 
   

 

A.6. Summary  

Experiments were performed using two pressure-swirl nozzles with different orifice diameters. 

Eighteen different operating conditions were tested with high injection pressure (up to 900 psi) 

and high viscosity fluids (up to 60 mPa.s). The droplet sizes distribution and other statistics were 

measured using Malvern Spraytec Dropsizer at 80 mm downstream from the nozzle exit. In 

addition, images at the near nozzle region (within 20mm from the nozzle exit) were taken to 

study the breakup mechanism of the liquid sheet. The conical liquid sheet was found to break up 

due to the perforation growth on the thin region between the wave crests of the Kelvin-

Helmholtz surface wave. This resulted in a much shorter breakup length compared to the 

prediction made in the popular LISA model, especially for the high viscosity cases. Two 

different breakup mechanisms were identified from the near nozzle images: the thick span-wise 

ligaments generated by the thick wave crests forms large droplets and the thin stream-wise 

ligaments generated by perforation on thin sheet between wave crests forms small droplets. The 

mixture distribution with lognormal distributions were found to fit the experimental data best and 

it made good predictions on the 𝑑32 of the sprays.  
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Appendix B - Twin-Fluid Nozzle 
  

B.1. Benchmark data set: Two-fluid nozzles 

To best support the analysis in Objective 2, we have focused on planar, external mixing two-

fluid nozzles. That is, nozzles where the atomization occurs at the exit plane of the nozzle where 

it can be easily viewed and imaged. We have chosen the 1/4J external mixing family of nozzles 

from Spraying Systems Co., as their modular design allows for many nozzle geometries across a 

wide range of scales. Figure B1 shows the exploded view of this nozzle setup along with the 

relevant dimensions being controlled. These dimensions are the liquid orifice diameter, 𝐷𝑙, and 

the gas annulus inner and outer diameters, 𝐷𝑔,𝑖  and 𝐷𝑔,𝑜 , that determine the gas annular 

thickness, 𝑏𝑔, which is commonly used in many analyses. 

   

Figure B1: Exploded view and relevant dimensions of Spraying Systems Co. 1/4J external 

mixing two-fluid nozzle. 

The two components that can be changed to alter the nozzle geometry are the fluid cap and air 

cap. Table B1 tabulates the fluid and air caps used in the present study with their related 

dimensions, as well as the standard setup configurations recommended by Spraying Systems Co. 

The 2050 and 2850 fluid caps are representative of typical lab-scale two-fluid atomizers (𝐷𝑙 < 1 

mm), while the 60100 fluid cap is representative of production-scale two-fluid atomizers (𝐷𝑙 > 1 

mm). While many nozzle permutations are available, we have focused specifically on the 2050-

70 and 2850-70 setups for the lab-scale tests and the 60100-120 setup for the production scale. 

Comparing these setups allows us to isolate the effect of changing only 𝐷𝑙  while keeping 𝑏𝑔 

constant. 𝐷𝑙 is a stronger governing factor as it alters the interfacial area between the liquid and 

air streams, while 𝑏𝑔 primarily serves to change the gas speed for a given flow rate, which is 

already being controlled directly via the flow rate. 

Table B1: Spraying Systems Co. 1/4J external mixing two-fluid nozzle dimensions (in mm) and 

setups 

Fluid Caps 𝑫𝒍 𝑫𝒈,𝒊  
Air 

Caps 
𝑫𝒈,𝒐  

Tested Standard 

Setups 

2050 0.51 1.27  70 1.78  2050-70 

2850 0.71 1.27  120 3.05  2850-70 

60100 1.52 2.55     60100-120 

 

The testing carried out in this project has captured both the droplet (or particle) size distribution 

(PSD), as well as near-nozzle images (NNI) and has consisted of three phases: 1. Water tests as 

𝐷𝑙 

𝐷𝑔,𝑖 

𝐷𝑔,𝑜 

𝑏𝑔 

1. Retainer ring 

2. Air cap 

3. Fluid cap 

4. Nozzle cap 

gasket 

5. Nozzle body 

6. Back seal 

gasket 



35 

 

the baseline inviscid fluid, 2. Aqueous glycerin mixtures as a baseline for viscous fluids, and 3. 

Aqueous polymeric fluids, consisting of PEG 4000 (a viscous Newtonian polymer) and CMC (a 

shear-thinning non-Newtonian polymer). The tested mixture ratios and their viscosities are 

tabulated Table B2.  

 

Table B2: Fluid viscosities 

 Fluid Wt.% Viscosity [mPa.s] 

Baseline inviscid Water  1 

Baseline viscous Glycerin (aq.) 

60 12 

85 148 

90 213 

Newtonian Polymer PEG 4000 (aq.) 
20 6.2 

30 14.2 

Non-Newtonian Polymer 

(shear-thinning) 
CMC (aq.) [1] 

0.25 >20-15 

0.5 >40-30 

Note that the viscosities of the CMC mixtures are the expected viscosities based on ref. [1]; 

however, testing performed in the Rheology Laboratory and the University of Toronto using 

similar equipment have not provided results consistent with ref. [1]. The tested values suggest a 

Newtonian behaviour and a much lower viscosity. The measurements indicate a Newtonian 

behaviour with a considerably lower viscosity than expected; however, our spray testing 

indicates that the CMC mixtures behave as if they have a much higher viscosity, even than that 

reported by [1], similar to that of the 85% glycerin mixture. This can be seen in Figure B2, where 

the sprays of water, 60% glycerin, 85% glycerin, and 0.25% CMC mixtures are compared. 

 

Figure B2: Comparison of water and glycerin mixtures to 0.25% CMC mixture 

The more viscous the spray is, the more pronounced the ligaments become. If the CMC mixture 

really had a viscosity closer to that measured or reported in [1], then it would be expected to 

behave similarly to the 60% glycerin mixture; however, it clearly behaves more like the much 

more viscous 85% mixture. We suspect this is due to the CMC mixture exhibiting a much higher 

extensional viscosity, which would not be apparent in the measurement method implemented in 

[1] or in our own rheology measurements. We are still working to find an accessible 

measurement of the extensional viscosity to verify our theories. 
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Although previous studies have focused typically on mean spray statistics, such as the Sauter 

Mean Diameter (SMD), a significant drawback of these statistics is that they do not describe the 

distribution of the spray, particularly, it’s modality.  eal-world sprays, especially viscous ones, 

produce wide, multi-modal distributions. Although the SMD can provide a reasonable prediction 

of some trends, it does not tell the full story of the spray distribution. 

NNI’s of the glycerin mi ture sprays at two selected conditions (one at low flow rates and one at 

high flow rates) using the pilot-scale (2850-70) and production scale (60100-120) nozzles are 

shown in Figure B3 and Figure B4, respectively. 

 

Figure B3: Images of pilot-scale spray for water and glycerin mixtures at low (top) and high 

(bottom) flow rates. 

 

Figure B4: Images of production-scale spray for water and glycerin mixtures at low (top) and 

high (bottom) flow rates. 
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The measured PSDs for the water and glycerin mixtures at varying flow conditions using the 

pilot-scale (2850-70) and production scale (60100-120) nozzles are shown in Figure B5 and 

Figure B6, respectively. 

 

 

Figure B5: PSDs for water and glycerin mixtures at varying flow rates for pilot scale nozzle 
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Figure B6: PSDs for water and glycerin mixtures at varying flow rates for production scale 

nozzle 
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B1.1 Measurement of ligament sizes 

In addition to acquiring the P   of the droplets from the spray, the NNI’s were collected to 

provide a visualization of the atomization process, as well as to provide an opportunity to 

measure the ligaments that are prevalent in viscous sprays. While we had hoped to develop 

automated image processing algorithms to provide an extensive characterization of the 

ligaments, attempts to do so were not successful due to the complexity of the ligament networks. 

As a first step towards quantifying the ligament sizes, we have measured their thicknesses 

manually from images, randomly selecting ligaments and locations on them at which to take the 

measurements across 200 images. Such a measurement campaign is very time intensive, thus the 

same measurements for other liquids and nozzles are still in progress. The results of the ligament 

measurements for the water (inviscid) base case at varying gas and liquid flow rates for the 2850-

70 nozzle are presented in figure below. Although these measurements are for an inviscid fluid at 

low gas flow rates, these conditions provide a dynamically similar spray to the more viscous case 

and provide a good basis for comparing our theoretical models for the formation of the ligaments 

independent of the viscous effects. Note that we have independently measured the ligaments 

generated immediately at the surface of the liquid jet, as well as those that result from the 

breakup of the bulk of the liquid jet. The ligaments generated at the surface of the jet are 

typically smaller than those generated in the breakup of the bulk of the jet. 

 
 

B.2. Correlations for nozzle scaling, size distribution 

When developing correlations for sprays, it is important for the correlation to consider the 

phenomenology of the spray. One of the key factors for developing correlations for two-fluid 

atomization, therefore, is the morphology of the spray, which depends on the operating 

conditions of the nozzle. While various researchers classify these morphologies differently, the 

two morphologies of interest in the present work are membrane-type breakup and fiber-type 

breakup [2], which are shown in Figure B7. 
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Figure B7: Example images of membrane- and fiber-type breakup 

Previous studies have shown empirically that the breakup morphology can be categorized in 

terms of the Weber number (𝑊𝑒) and the Ohnesorge number (𝑂ℎ) [2,3]. 𝑊𝑒 number describes 

the competition between the flow inertial and the surface tension forces, while 𝑂ℎ relates the 

viscous forces to the same. Fiber-type breakup occurs at higher 𝑊𝑒  than membrane-type 

breakup, although as 𝑂ℎ increases, the 𝑊𝑒 at which this transition occurs increases, as higher 

aerodynamic forces are required to overcome the damping viscous forces. 

𝑊𝑒 =
𝜌𝑔𝑈

2𝑑0

𝜎
, 𝑂ℎ =

𝜇𝑙

√𝜌𝑙𝜎𝑑0
,   

The existing analytical models for two-fluid atomization are focused on the fiber-type breakup 

morphology [4,5] as this morphology typically provides the smallest droplet sizes and a mono-

modal droplet size distribution. However, for very viscous fluids, this morphology is not easily 

attainable as the gas velocities required are supersonic. Achieving these conditions requires 

specialized nozzle geometry and a very high consumption rate of the atomizing gas. No 

analytical models exist for the membrane-type breakup morphology, even for low viscosities. 

Importantly, the existing models do not predict the formation of the ligament networks 

characteristic of these types of breakup. This is further complicated by the need for the prediction 

of the size distribution, as the existing models are based only on one mechanism in the breakup, 

which in turn gives only a single size prediction that is typically related to the SMD. To model 

the distribution of the breakup, particularly for multi-modal distributions, multiple modes and 

mechanisms of breakup must be considered. This is evident in Figure B8 and Figure B9, where 

the sprays for varying glycerin mixtures (varying viscosity) are compared. The water and 60% 

glycerin cases exhibit similar morphologies (fiber-type breakup), which result in similarly 

shaped PSDs, while the 85% and 90% glycerin mixtures show a different morphology 

(membrane-type breakup), and exhibit much wider and multi-modal distributions. 

 

 

 

Membrane-type 

breakup 

Fiber-type breakup 
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Figure B8: images of sprays at varying viscosities. Water and 60% glycerin solutions exhibit a 

similar morphology to each other, while the 85% and 90% glycerin mixtures exhibit a different 

morphology. 

 

Figure B9: Size distributions for the cases in figure 3. 

The two-fluid atomization process has been likened to the breakup of droplets in a high-speed 

airflow, which also exhibit various morphologies with 𝑊𝑒 and 𝑂ℎ, such as bag or membrane-

like morphologies at low 𝑊𝑒. Many of the existing analytical models for sprays use droplet 

breakup models to handle the breakup of the surface waves that form on the liquid jet [4,5], 

however droplet breakup modelling is also limited to the high We morphologies [6,7] which do 

not relate to the membrane-type morphology of interest in high viscosity atomization where 

ligament networks are formed. To formulate an analytical model for the breakup of a high-

viscosity jet, it is therefore necessary to first model the breakup of inviscid drops and sprays in a 

way that models the formation of the ligament networks, and how the generated ligament 

networks break by a variety of mechanisms. 

Therefore, the steps for the development of the two-fluid spray correlation are as follows: 

1. Develop a model for inviscid droplet breakup, focusing on bag-type morphologies 

a. Formation of ligaments 

b. Breakup of ligaments into a distribution of sizes 

2. Modify the droplet model for the geometries of inviscid two-fluid spray atomization 

3. Modify the spray model to incorporate: 

a. High viscosity 

b. Elevated temperatures 
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B.2.1. Droplet breakup 

B.2.1.1 Ligament formation 
In our paper “On aerodynamic droplet breakup” [8], we presented a detailed study of the 

dynamics that lead to the ligament formation in droplet breakup. We showed how the initial 

expansion of the windward droplet face follows a linear relationship modelled by 

𝑑̇

𝑑0
=
1.125

𝜏
(1 −

32

9𝑊𝑒
). 

This expansion of the windward droplet face results in the formation of a windward disk in front 

of an undeformed core. The windward disk goes on to form the rim and bag, while the 

undeformed core may go on to form a stamen or undergo its own breakup following the breakup 

of the windward disk. The expansion rate of the windward disk, in addition to a balance with the 

surrounding air flow, results in it forming a rim of thickness 
𝑑𝑖
𝑑0
=

4

𝜌𝑙𝑑̇2𝑑0
4𝜎 + 10.4

− 0.05. 

The windward disk, consisting of the peripheral rim (1) and the thinned sheet (2), and the 

undeformed core (3) are shown in Figure B10. 

 

Figure B10: Images of the structures formed in the initial deformation stage for bag and stamen 

(left) and multibag (right) breakup, showing the rim (1), thinned sheet (2), and core (3). 

The rim goes on to form the dominant ligament in the breakup, while the thinned sheet becomes 

the bag(s). If the core undergoes its own breakup, as in multi-bag or sheet-thinning breakup, it 

may also form ligaments. Based on the prediction of the rim thickness, the volumes of the 

windward disk and undeformed core can also be predicted, which are related to the morphology 

of the droplet breakup. As the bag grows inside of the rim, the bag forces the rim to expand. As 

the rim expands, it thins to conserve its volume, where the final thickness of the rim will govern 

the sizes that it breaks into. The bag growth was modelled considering a force balance on the bag 

tip and was related to the expansion of the rim from the time it was formed to the time it breaks. 

The nature of the relationship was assumed to be related to the morphology; however, since the 

work modelled the morphologies as discrete steps instead of continuous transitions, it is simpler 

to consider an average rim thinning ratio of 𝑑𝑖/𝑑𝑓  ≈ 1/0.64. Assuming that the rim breaks by 

the Rayleigh-Plateau capillary instability mechanism, an assumption commonly used in the 

literature, the rim child droplet size will be given by 

𝑑𝑐
𝑑0
= 1.89

𝑑𝑓

𝑑0
= 1.89 (

𝑑𝑓

𝑑𝑖
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𝑑𝑖
𝑑0
) . 
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3

 0 = 2.49 mm,   = 22. 
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The result is compared to the experimental measurements of the mean rim droplet sizes in Figure 

B11.  

 

Figure B11: child droplet size vs We in droplet breakup 

The results show reasonable agreement to the experiments; however, the prediction is somewhat 

high. This is due to the assumption that the Rayleigh-Plateau mechanism governs the rim’s 

breakup, as shown in Figure B12. The primary focus of this paper was to model the formation of 

the rim ligament, which was done successfully. The other mechanisms at play in the breakup of 

the droplet are discussed in the following section. Note that the factor −0.05 in the equation for 

𝑑𝑖/𝑑0 is an empirical correction for the air-flow separation in the wake of the deformed droplet. 

 

Figure B12: Comparison of the theoretical Rayleigh-Plateau breakup prediction of the rim to the 

experimental measurements. 

 

B.2.1.2. Ligament breakup and size distribution 
In our upcoming work, currently being prepared for submission to the Journal of Fluid 

Mechanics, we have extended the model for the formation of the rim ligament to include a 

plethora of breakup mechanisms, each of which contribute to the breakup, with the aim of 
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predicting for the first time the resulting size distribution of the spray. The main questions 

addressed in this work are 1. What are the main mechanisms of breakup for the various 

structures in the droplet, 2. What is the source of variation in these mechanisms that leads to a 

distribution of sizes, and 3. How can models of these mechanisms be combined to provide a 

prediction of the overall droplet size distribution. 

There are three main geometries that form in droplet breakup that are considered: 1. The nodes 

that form on the rim of the drop, 2. The bag, and 3. The rim that remains after the nodes have 

formed.  

The nodes that form on the rim are shown in Figure B13. In a previous work [9], the nodes were 

assumed to form by the Rayleigh-Taylor acceleration instability, and a prediction was made for 

the number of nodes formed but not the size of the nodes.  

 

 

Figure B13: Image of nodes forming on the rim of a droplet undergoing breakup. 

In our work, we compared this theory to the Rayleigh-Plateau capillary instability. In these 

analyses, the previous prediction of 𝑑𝑖/𝑑0 is used to estimate the rim dimensions at the time the 

instability takes hold. The two instability theories were found to give comparable results in terms 

of the predictions for both the number of nodes formed, as well as the resulting size of the 

droplets. The variation in the node sizes that can form was attributed to local effects that cause 

more or less of a segment of the rim to flow into the node, rather than remain in the rim. This 

factor was defined as the node-disk volume fraction, 𝑛, defined as the volume fraction of the 

windward disk that ultimately ends up in the node, and ranges from 𝑛 = 0.2 − 1 with a mean 

value of 𝑛 = 0.4. The prediction of the node sizes using the Rayleigh-Taylor and Rayleigh-

Plateau theories are compared to the experimentally measured node child drop sizes in Figure 

B14. 

 0 = 2.0  mm,   = 9. 

 = 2.22 ( .8  ms)
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Figure B14: Rayleigh-Taylor (a) and Rayleigh-Plateau (b) predictions for the node child drop 

size. 

 

The breakup of the bag is difficult to study as its dynamics span over a wide range of scales. The 

whole bag may form a bubble on the scale of mm, while the bag may have a thickness on the 

scale of µm, with its breakup taking place in ms, all while the entire drop moves over a few cm. 

This multi-scale characteristic makes the process difficult to image in a way that all relevant 

measurements can be made; in particular, the droplets resulting from the breakup of the bag. For 

this reason, the breakup is described mainly qualitatively, with some modelling used to estimate 

the characteristic sizes in its breakup. Images of the bursting bag are shown in Figure B15. 

 

Figure B15: images of the bursting bag 

The model of [10], developed for the bursting of static surface bubbles, was found to match the 

dynamics of the bag very well in terms of its recession speed and the instability at the rim that 

forms at the perforation of the bag. Using this model, the minimum bag thickness was estimated 

to be ℎ𝑚𝑖𝑛   =  2.3 ±  1.2 𝜇m. The other relevant sizes in the breakup are the rim thickness, 

estimated by the model of [10], and its breakup due to capillarity.  

 

( ) ( )

 0 = 2.0  mm,   = 9. 

 = 2.22 ( .8  ms)  = 2.2  (8.0 ms)
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As mentioned previously, the breakup of the remaining rim has been assumed to be due to the 

Rayleigh-Plateau instability; however, this assumption leads to an over-prediction in the average 

size of the rim drops. By carefully analyzing the breakup phenomenology, we discovered that an 

additional mechanism in the breakup of the rim is the collision of the receding rim of the bag, as 

shown in Figure B16. 

 

Figure B16: Images of the collision of the receding rim with the main rim of the drop 

Since the receding rim is heavily corrugated owing to its own instability, as described previously, 

it imparts an unequal impulse on the rim, effectively forcing it to break at the same wavelength 

as the receding rim instability. Variation in this mechanism arises from different collision angles 

with the rim, which cause the effective imparted wavelength to be longer. At very high collision 

angles, the force of the collision is insufficient to dominate over the capillary Rayleigh-Plateau 

mechanism, and so Rayleigh-Plateau breakup can also occur in the breakup of the rim. Figure 

B17 shows how this variety of mechanisms leads to wide range of breakup sizes, where the 

Rayleigh-Plateau prediction gives the upper limit of the breakup sizes, the collision mechanism 

approximately follows the mean sizes, and the satellites resulting from the collision mechanism 

estimate the lower limit of the breakup sizes of the rim. 

 

Figure B17: Rim child drop sizes from a variety of mechanisms 

 

The distribution of sizes resulting from breakup is assumed to come from a combination of all of 

these mechanisms as well as the subtle variations within each mechanism. These mechanisms are 

are grouped in terms of the primary modes of the breakup (i.e. the geometries within the 

deformed droplet) such that the overall distribution is the result of the sum of the modes, which 

( ) ( ) ( ) ( )
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can lead to a multi-modal distribution. While the volume weighting of each mode is determined 

by models for the volume estimation of each geometry, the relative number weighting of the 

mechanisms within each mode are assumed to vary as a two-parameter gamma distribution 

function where the parameters are estimated based on the mean and standard deviation of the 

predicted sizes for each mechanism within the mode. 

In Bag breakup, there are three modes resulting from the rim nodes, the remaining rim, and the 

bag. The ranges of sizes given by the mechanisms for each of these modes is shown in Figure 

B18 (a). The resulting combined distribution using the analytical weightings is given in Figure 

B18 (b). While the location and width of the peaks are reasonably matched by the predicted 

distribution, the height of the peaks is not so well predicted. This is likely because the particular 

case being compared is near the transition to the Bag and Stamen morphology, where the 

breakup may exhibit the `twin-bag' transitional morphology in which a fold appears across the 

bag dividing it in two owing to the slightly larger mass at the center of the bag due to the small, 

undeformed core. While this fold primarily affects the bag, it may also have an influence on the 

rim; in particular, the formation of additional nodes on the rim where it is met by the fold of the 

bags. The presence of this fold then changes the assumed dynamics of the rim, and thus may 

reduce the remaining rim's volume more than presently predicted. Figure B18 (c) shows the 

result using fitted weights, with much better agreement. A better understanding of the 

transitional behaviour between the morphologies will lead to a better prediction at these 

conditions. 
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Figure B18: Comparison of distribution prediction to experiments [11] for bag breakup 

 

In multibag breakup, there is the addition of the breakup of the undeformed core, which itself 

breaks into an additional three modes. Figure B19 (a) shows the resulting distribution 

considering all six modes of the breakup. Notably, the contributing volume of the bag appears to 

be over-predicted. This is likely due to the folds between the azimuthal bags being neglected. 
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The folds between the azimuthal bags leave behind ligaments after the rupture of the bags, which 

result in sizes similar to the breakup of the rim. As a result, some of the mass of the bag breaks 

into sizes similar to those of the rim breakup. Since this effect is neglected, the smallest sizes due 

to the breakup of the bag are over-predicted, while the sizes near the characteristic size of the rim 

breakup are under-predicted. A better understanding of the dynamics of the bag that lead to the 

formation of the azimuthal ligaments is needed to improve the present prediction. 

 

 

Figure B19: Comparison of distribution prediction to experiments [11] for multi-bag breakup 

In multi-bag breakup, several of the modes overlap such that they appear to be monomodal. 

When this occurs, the weighted mean and standard deviation of the mechanisms contributing to 

each mode can be used to determine a lumped distribution that captures the overlapping modes 

as one. This is shown in Figure B19 (b), where the bag and rim modes for both the first and core 

breakups are lumped together. Since the volume weighting between the bag and rim is what 

caused the earlier deviation when the modes were treated separately, lumping the modes together 

somewhat negates this effect. 

 Figure B20 gives a flowchart of the calculation of the multi-modal distribution. 
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Figure B20: Flowchart of distribution calculation 
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B.2.2. Extension to two-fluid spray geometry 

To extend the droplet breakup models to two-fluid sprays, we first identify the similar 

geometries that occur in the breakup. Previous works have primarily considered only the 

varicose surface waves on the liquid jet; however, in practical sprays, the surface waves grow 

until they start to couple, forming sinuous bulk waves in the liquid jet. Both geometries are 

susceptible to breakup, as shown in Figure B21. 

 

Figure B21: image of spray showing surface and core breakup, and illustrations of the surface 

wave and core breakup geometries. 

The breakup of these geometries is modelled, as a first approximation, by the same model 

developed for the atomization of a liquid droplet. For the core breakup, the diameter of the liquid 

jet as it waves into the air flow is assumed to be the diameter of the equivalent droplet. The 

droplet breakup model for the prediction of the ligament size and characteristic breakup size is 

compared to the experimental measurements in Figure B22. 

 

Figure B22: (left) comparison of bulk ligament thickness to theory. (Right) comparison of 

droplet breakup model for bulk breakup to SMD for varying flow conditions. 

The trends and magnitudes in both are found to compare well; however, the effect of increasing 

liquid flow rate is not predicted by the model. To understand these effects, the PSD must be 

considered, as in Figure B23. Figure B23 shows how the modality of the distribution affects the 
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SMD. Since the current prediction only considers the one breakup mechanism, it does not 

capture the larger mode that grows as the liquid flow rate increases. The bulk breakup prediction, 

however, does give a good prediction of the lower mode in the PSD. 

 

Figure B23: PSD and SMD comparison for varying liquid flow rate. 

The larger sizes are believed to come from an intermittency in the breakup of the liquid core, due 

to the way it waves in and out of the airflow, as shown in Figure B24. This essentially relates to 

an incomplete breakup of the liquid jet due to insufficient aerodynamic forces, which occurs 

commonly in highly viscous sprays. This is expected to be modelled similarly to the breakup of 

the undeformed core in droplet breakup.  

 

Figure B24: Images showing the intermittent core breakup 

The breakup of the surface waves occurs when the surface waves grow to a critical size, given by 

the critical condition for droplet breakup of 𝑊𝑒 = 𝜌𝑔𝑈
2𝑑𝑠/𝜎 ≈ 8.8 . The measured surface 

ligament sizes are compared to the theory in Figure B25. The measurements are found to be 

higher than the prediction. This is due to viscous effects, as the surface waves are sufficiently 
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small at this scale that viscosity plays a role in their breakup, despite the fluid being relatively 

inviscid. 

 

Figure B25: Comparison of theory of surface ligament thickness to measurements, and the effect 

of the surface breakup on the PSD. 

The surface waves break at a characteristically small size. At low gas flow conditions, there is 

not enough surface breakup to dominate the volume distribution of the spray sizes. However, at 

higher flow rates, an additional mode in the PSD becomes apparent as the surface breakup begins 

to become important. 

Understanding the balance between these three modes of breakup is crucial to understanding the 

proper operation of the spray. If there are too many large droplets due to intermittent core 

breakup, then the spray quality will be poor as too many large droplets will be produced. To 

counter this, the gas flow rate can be increased so that the core breaks up fully; however, at the 

extreme, too high of a gas flow rate also decreases the spray efficiency due to the over-

production of fine droplets that do not settle in the drying air flow.  
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B.3. Elevated Temperatures 

In typical spray-drying with two-fluid nozzles, the atomizing gas is not heated, and instead a 

secondary heated air flow is used to dry the resulting spray. Since the primary atomization occurs 

entirely before the atomizing air-stream mixes with the heated drying air-flow, there will be no 

effect of the heating drying air on the primary atomization. This is illustrated in Fig. B26. 

 

Figure B26: Illustration of the drying and atomizing air flow interaction with the primary 

atomization of the liquid jet. 

 While it would be possible to heat the atomizing air, the atomization time for two-fluid nozzles 

is so short that no significant heating of the liquid jet occurs. Using worst-case estimates for the 

heat transfer coefficient between the air and the liquid jet and the liquid jet diameter and 

atomization time, an atomizing air at 80○C above the liquid temperature would result in a heating 

of approximately 0.3○C of the liquid, which is not enough to significantly affect the evaporation 

rate or properties of the liquid. Furthermore, heating the atomizing air for a typical two-fluid 

nozzle is relatively wasteful, as the expansion of the air jet out of the nozzle results in a 

significant temperature drop in the air flow, substantially increasing the heating requirements to 

achieve the desired outlet air temperature. The main effect of doing so would be to allow for 

higher gas-flow speeds through the nozzle; however, this would be at the expense of a lower 

atomizing air density, which would partially negate any gain in performance from increasing the 

air speed. The effect of the heating on the air speed and density out of the nozzle is shown in Fig. 

B27. The heated air would likely have a greater effect over time on the nozzle body temperature, 

which would in turn heat the liquid and change its properties. However, it would be far more 

effective to simply heat the liquid directly to alter its properties; namely, lowering its viscosity. 
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Figure B27: Effect of heating on the atomizing air speed and density. 

Since the heated air flows are not expected to have a significant effect on the primary 

atomization of two-fluid nozzles, we have decided not to pursue this aspect of the investigation. 

However, for higher viscosity and polymeric fluids, the ligaments persist far downstream of the 

primary atomization region. In these cases, the effects of the heated airflow on the ligament 

breakup dynamics will be more important. 
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IFPRI Research Project Brief 

Wetting and Dispersion of Organic and Biologically-Derived Powders 

 

The International Fine Particle Research Institute (IFPRI) wishes to fund a project in the broad area of 
dispersion and dissolution of organic particles.  The overall objective of the project is to develop 
systematic understanding of wetting, imbibition, dispersion, and dissolution to facilitate proactive design 
of powder formulations for optimal dispersibility.  

The project should explore and demonstrate approaches to control, design, and engineer nano to meso 
scale particle surface topology and surface chemistry of organic and biologically-derived materials to 
promote wetting and dissolution, in concert with addition of surface modifiers (surfactants, ions, 
polymers, etc.).  Dispersion by liquid incorporation into powders and powder addition to liquids should 
both be investigated.  A mechanistic model for dispersion and dissolution should be developed and 
validated.  This model should describe both modes of dispersion. 

IFPRI’s interest is in dispersion of powders common in food and pharmaceutical applications, with an 
emphasis on water dispersible, bio-derived materials of which, fully soluble particles and mixed 
soluble/insoluble particles are explored.  A phenomenological mechanistic model of the particle/powder 
wetting, dissolution and dispersion kinetics should be developed and validated as a predictive tool for 
assessing wetting/dissolution issues of powders/powder beds in both confined and unconfined vessels.  
The model should address powder to liquid ratios that are representative of localized conditions in 
transforming a wetted bed of powder having capillary or even funicular wetting at liquid-particle 
interfaces to a fully dispersed suspension of particles in excess liquid.  An understanding of the 
development of films, gelatinous layers, and fish eyes should be considered, as these are some of the 
most common issues encountered with reconstitution of powders.  Systems where little to no agitation is 
available to promote wetting and dispersion, such as gravimetric liquid incorporation are of particular 
interest.   
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IFPRI Research project - ExPowSE 

Exploring food powder surface under controlled environment 
LIBio – Laboratoire d’Ingenierie des Biomolecules (Université de Lorraine, France) 

Jennifer Burgain – Stéphane Desobry - Claire Gaiani 

I. Proposal context, positioning and objective(s) 
I.A. Objectives and research hypothesis 
The current inability of most consumers to achieve the recommended daily intake of fruits and 

vegetables triggers food research toward the generation of new and improved fruit- and vegetable-based 
products and ingredients. The World Health Organization (WHO) recommends consuming at least 400 g each 
day to reap their health and nutrition benefits. In 2017, some 3.9 million deaths worldwide were attributable 
to the lack of fruit and vegetables in the diet (WHO, 2019). Actions are needed to increase the production 
and consumption of fruit and vegetables and make them more economically accessible to consumers, 
while generating economic, social and environmental benefits in line with the Sustainable Development 
Goals. In declaring 2021 as the international year of fruits and vegetables, the United Nations (UN) general 
assembly aims to raise awareness of the nutritional and health benefits of fruit and vegetables and their 
contribution to a balanced and healthy diet and lifestyle (FAO, 2020). The diverse range and characteristics 
of fresh fruit and vegetables and their inherently perishable nature warrants the deployment of conservation 
techniques in order to: (1) guarantee their accessibility throughout the year and in particular outside 
production periods, (2) deliver stable products in non-producing regions by exportation, (3) reduce food 
waste due to seasonality and report the consumption by using drying and powdering methods. However, 
these operation units govern powder structure and functional properties and it is of paramount importance 
to master them. 

The overall scientific objectives of ExPowSE are: 

• Preserving product stability and quality. 

• Bringing knowledge in the technofunctionality of food powders using a multiscale approach with a 
focus on the particle surface. Even if the powder surface is one of the main players during the 
reconstitution or transport (powder flowability), it has been poorly studied in the literature for fruit 
and vegetables powders.  

• Elucidating physical mechanisms occurring when materials reach the glass transition by increasing 
temperature and/or relative humidity (RH). Until now, only hypotheses were proposed as the 
techniques were not able to probe the progressive evolution. Atomic Force Microscopy (AFM) is the 
technique of choice to gather physicochemical and nanomechanical data during the glass transition 
phase. 

A profound understanding of the process–structure–function relations to tailor the functional 
properties of fruits and vegetables powders is then required. A schematic representation of the key concept 
of the ExPowSE project is displayed in Figure 1. 

 
Figure 1: Schematic overview of the ExPowSE project: process–structure–function relations with a multiscale approach. 
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Research on this project will be performed at a nanoscopic, microscopic, and macroscopic level entailing 
particle surface investigations with the aim to answer to the following questions: 

• How surface modification (topography, chemistry, nanomechanics) can impact the macroscopic 
behaviour (reconstituability and flowability) of the powder? 

• What are the phenomena occurring at particle surface during the glass transition phase? 

• How to improve powder stability and quality during shelf-life? 
 
I.B. State of the art 
Many types of fruit and vegetables are processed to increase their shelf-life, year-round availability, or 

to increase their value, which integrates structure-enabling and preservation techniques. Minimal processing 
includes drying and/or grinding (powdering process) of fruits and vegetables and guarantee that such foods 
are as nutritious as the food in its unprocessed form (Fitzpatrick and Ahrné, 2005). However, fruits and 
vegetables powders contain a high quantity of low molar mass sugars with low glass transition temperature 
(Tg) (Fang and Bhandari, 2011). The direct consequence is that fruit powders are highly hygroscopic and sticky 
at high temperatures but also at ambient temperature if the water content is not well mastered. This feature 
causes the powder adhesion to surfaces and powder caking during the storage, which affects the quality of 
the final product. The Tg is one of the most important parameters to consider during powder storage. 
Indeed, the phenomenon of glass transition is the gradual and reversible transition of amorphous materials 
from a hard and "glassy" state into a viscous and rubbery state as the temperature and/or the moisture 
content is increased. The glass transition is also linked to the water activity and water as a strong plasticizer 
decreases the Tg. Also, the glass transition temperature depends on the molecular mass as the Tg of 
monosaccharides, disaccharides, oligosaccharides and polysaccharides increases with increasing their 
molecular mass (Roos, 2002). If the glass transition is reached during powder storage, unexpected 
phenomena can happen that affect powder functionality such as reconstitution ability.  

An important structure-determining component in this context is the particle surface. It should be 
noted that particle surfaces, in the case of fruits and vegetables powders, are essentially constituted by 
broken structures. Because of various origins, their particle size and shape distributions, chemical 
composition, surface composition, and physical properties are highly variable. Therefore, more than one 
analytical technique is often required to obtain a full set of information about a given scientific question 
(Burgain et al., 2017). Among these questions, the powders flowability and reconstitution are of upmost 
importance for the industry considering that most powdered ingredients are transported and dissolved or 
infused before use. For the past few years, numerous powder surface analysis techniques were used to 
further understand the role of powder surface on functionalities impairments. For example, microscopy 
techniques such as Scanning Electron Microscopy (SEM), Confocal Laser Scanning Microscopy (CLSM) or even 
chemical composition techniques such as X-ray Photoelectron Spectroscopy (XPS) are already widely used 
(Burgain et al., 2017). However, AFM is currently a rising star in the food powder surface analysis field, 
mainly for its resolutive capacity. AFM is a versatile tool compared to other surface analysis techniques. For 
example, AFM allows to study particle surface topography and roughness, surface chemistry and 
nanomechanics. 

In a previous project, we were able to have a better understanding of surface modification after high 
temperature storage of whey protein isolate and micellar casein powders (Burgain et al., 2016a, 2016b). 
Surface hardening with the development of a poorly dispersible skin layer composed of aggregated micelles 
was evidenced to be the phenomenon responsible for the reconstitution impairment. However only punctual 
analyses were possible and the development of an environmental chamber around the AFM will allow for 
continuous measurements at nanometer scale. By controlling the temperature and RH, their variation 
during time in the neighbouring of the sample will provide new insight in the elucidation of mechanisms 
occurring during powders storage or transport under unfavourable conditions, in particular when they 
reach the glass transition. Even if AFM was already applied to dairy powder, application to fruits and 
vegetables powders is still missing while there is an important industrial stake with the growth of the plant 
products market and the development of vegetable formulations. 

First experiments on fruits and vegetables powders provided hopeful results showing that when 
approaching glass transition, patches at the surface were crystallising by nucleation and the rest of the matrix 
presented a decreased elasticity (Figure 2). The glass transition event is accompanied by a physical change 
at the powder surface (modified topography) with a change in the Young modulus (modified nanomechanical 
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properties) (Palzer, 2007). Moreover, powder caking related to glass transition is promoted by moisture 
adsorption which create liquid bridges between hydrophilic groups at particle surface (modified 
physicochemical properties). The strength of the technique is that it is now possible to follow the evolution 
of the same area during dynamic variation of temperature and RH. These observations confirm the fact that 
a focus at particle surface is undeniably required to better understand macroscopic phenomenon such as 
powder flowability, caking or reconstitution. This is particularly true for fruit powders that are highly 
hygroscopic materials with low glass transition temperature and as a consequence easily affected by ambient 
temperature and RH. In a recent work, we evidenced that above Tg, a viscous layer around the particle limits 
water entrance and is the limiting step in the global reconstitution process (Gaudel et al., 2022). With AFM, 
surface structure and chemical properties will be correlated thanks to the combination of surface topography 
analysis and force measurements. 

 
Figure 2: Use of AFM on maltodextrin powders with progressive temperature increase. The same area was analysed in situ during temperature 

increased (unpublished results from the team). 

 
I.C. Project methodology 

The project will be divided into three Work Packages (WP).   
WP1: Fruits and vegetables powders screening (months: 0 – 12). The powder functional properties will be 
investigated at the macroscale by the evaluation of hygroscopicity, flowability and reconstituability. Powder 
thermal properties will also be determined and linked to powder proximate composition. In this WP, powders 
will be grouped as a function of their origin, Tg, solubility index, flowability index and only few powders of 
each group will be investigated in the WP2. 
WP2: Probing surface physicochemical and nanomechanical properties by AFM-CE (months: 6 – 30). In this 
WP, a newly designed Controlled Environmental chamber around the AFM (AFM-CE where temperature and 
RH can be managed) will be employed. AFM-CE will be employed for the determination of particle surface 
topography and roughness and for the estimation of nanomechanics and adhesion forces. Even if process 
parameters define powder surface structure and functional properties, they can be impacted by 
environmental conditions. The technical and scientific challenge in the ExPowSE project will be to observe 
and quantify surface evolution during temperature and RH modulation (Figure 1 - Locker 1). In fact, the 
design of the environmental chamber was done in a way to recreate thermal and hygroscopic conditions that 
can be encountered by powders during transport and storage, but it is also possible to reach higher 
conditions in order to exceed the glass transition region. However, mechanical features of the AFM tip can 
evolve with increasing temperature or water droplet can deposit on the tip. All of these technical issues must 
be mastered to produce reliable data. 
WP3: Modelling the process–structure–function relations (months: 24 – 36). Using mechanistic and 
statistical models, data will be processed in order to establish the process–structure–function relations and 
describe mechanisms at the basis of surface evolution (as a function of temperature and RH) and impacting 
powder reconstitution and/ or flowability. The second scientific challenge here will be to link powder surface 
structure with powder function and to get enough data to model the phenomena occurring and elucidate 
the underlying mechanisms (Figure 1 - Locker 2). 
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II. Team and link’s with the actual IFPRI project 
The work packages outlined above will be carried out by a dedicated full time PhD student 100 % funded 

by the IFPRI Consortium. Materials and consumables will be covered by the LIBio. This project can be 
leveraged to obtain local funds from the Grand Est region and the University of Lorraine Impact 
“Biomolecules” program leaded by a LIBio professor. These organizations provide 2-to-1 support for 
industrial cash grant. The PhD student will be embedded in the LIBio laboratory under the direct supervision 
of Prof. Claire GAIANI and Jennifer BURGAIN. They received more than of 2 000 k€ funding for projects on 
which they were principal investigators. Among other important activities, they successfully managed 
fundamental competitive programs including the French ANR and European projects. They also participated 
in international collaborations. Finally, they managed many industrial partnerships with leading international 
food companies (including Nestlé, Lactalis, Bel, Arla Food, and CNIEL). 

Nowadays, their research thematic deals with the establishment of links between surface and functional 
properties of food powders. The objective will be to further develop, the work that was recently initiated 
into the IFPRI project managed by Claire GAIANI (more particularly in the WP2). The idea is to loop the 
approach process-structure-function and the development of AFM in controlled environmental.  

The ExPowSE team will be managed by Claire GAIANI and Jennifer BURGAIN and composed of one PhD 
student, one technician (working mainly on the AFM technique) and a specialist of food glass transition (Pr 
Stephane DESOBRY). Therefore, four permanent staffs will be involved in the team plus one PhD student 
(IFPRI funds). The complementarity of the team members is clearly an asset for this project.  

Finally, this project will be in close collaboration with the IFPRI members with regular meetings and 
reports. We will test powders of interest for the industry and if possible directly from the industrial partners. 
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IFPRI Research Project Brief 

Rheology of Suspensions at High Solids Content: Bridging the Gap from Colloids to Grains 

 

Pumping, flow, conveyance, and the long-term flow stability of highly concentrated particle systems 
remain and industrial challenge.  Advancements in understanding surface turnover and chemistry-
mediated particle interactions have improved our understanding of highly concentrated colloidal systems. 
Improvements in understanding of jamming phenomena, particle shape and inertial streams have 
similarly improved understanding of granular systems. A recent revolution has taken place in 
understanding the rheology of high-solid-content dispersions (HSCDs), viz., that at sufficiently high stress, 
particles are pressed into contact, so that many ideas from granular flow may become transferable to 
suspension flow in this regime. This project aims to explore how this new paradigm can be applied to 
optimize the processing of HSCDs by understanding how their rheology is controlled by many of the classic 
variables (e.g. morphology and size distribution) viewed under the new paradigm, and by some of the 
variables made relevant by these recent advances themselves (e.g. roughness, friction). 

A key idea from recent advances is that HSCDs jam at a packing fraction φm substantially below random 
close packing, so increasing solid content involves increasing φm. The overall objective is therefore to 
understand what controls φm. Research themes under this heading may include: 

• The friction coefficient matters, but how this can be systematically modified on the micro to nano 
scales is not yet mastered.  

• Roughness almost certainly matters on some scale, but again, no systematic study yet exists.  

• Badly packed aggregates lower φm, so that it may be fruitful to study wet milling in this context. 
In particular, wet milling applies stress to an HSCD at φ > φm to break up aggregates, thereby 
lowering φm in the process; the new paradigm should give insight into how best to do this.  

• Polydispersity is known to affect random close packing; how it affects φm is largely unknown.  

• Identify key/dominant particle characteristics (e.g., morphology, surface friction, modulus, size 
distribution) that impact particle assembly, jamming and overall rheological behavior across the 
transition zone between low and high particle Peclet number concentrated (>40% vol) slurry 
systems for predictive modeling applications. 

• Explore the link between system level and particle level characteristics on the packing/jamming 
transitions and corresponding rheology of concentrated suspensions across the transition regime 
between surface dominated interactions and inertially dominated particle systems. 

To make progress, the contractor should be able to perform studies in well characterized systems using 
one or more of the following methodologies:  monitor structure and dynamics under flow using a mixture 
of real-space and scattering methods; develop framework linking measured structure and dynamics to 
constitutive properties of suspension; develop toolkit for systematic variation of relevant parameters 
(friction, roughness, etc.). 



IFPRI Project renewal: Erin Koos 
 
 
1. State of the art 
 
The structural properties of suspensions and other multiphase systems are vital to overall 
processability, functionality and acceptance among consumers. Therefore, it is crucial to 
understand the intrinsic connection between the microstructure of a material and the 
resulting rheological properties. In the previous portion of the project, we demonstrated how 
the transitions in the microstructural conformations can be quantified and correlated to 
rheological measurements. We found semi-local parameters from graph theory, the 
mathematical study of networks, to be useful in linking structure and rheology. Our results, 
using capillary suspensions as a model system, show that the use of the clustering coefficient, 
in combination with the coordination number, is able to capture not only the agglomeration 
of particles, but also measures the formation of groups [1]. A recent review paper outlines the 
various wetting-induced changes that occur in capillary suspensions [2].  
 

1.1. Methodology 
 
Capillary suspensions consisting of silica particles fluorescently labeled with rhodamine B 
isothiocyanate in a mixture of 1,2-cyclohexane dicarboxylic acid diisononyl ester (Hexamoll 
DINCH) and n-dodecane, with added aqueous glycerol. The three components are all index 
matched and the silica contact angle can be modified [3]. The attractive interaction strength 
can be modified by tuning the contact angle and fraction of secondary liquid. This lets us 
access both granular-like systems with weak interactions and strong attractive gels using the 
same model system. During the project, we switched from using porous silica particles to 
nonporous particles as there were problems noted with adsorption of the secondary liquid 
into the pores. This simplified the particle detection algorithm now includes a graphical user 
interface for both local detection and manual addition or removal of missing or misdetected 
particles improve the final detection efficiency.  
 
Our initial goal of the project was to track microstructural changes in the network in response 
to external shear applied via a linear shear cell. These structural changes were correlated with 
the rheological response of the material. Application of external shear via the linear shear cell, 
however, was unsuitable. Due to the very low yield strain in capillary suspensions, the applied 
shear was often above the flow point and specific changes during yielding could not be 
adequately captured. Furthermore, the present setup only allowed for the deformation 
profile to be captured in one shear plane. While this has provided valuable information, 
proving that capillary suspensions tend to undergo solid-body movement, where the rotation 
of particles around their respective bridges is resisted through both the structure of the 
network and the extra torque provided by the contact angle pinning and/or the contact angle 
hysteresis, full 3D tracking is necessary. Therefore, a rheometer has now been mounted onto 
a high-speed confocal microscope. The improved setup will allow us to directly compare bulk, 
rheological changes with local, microscopic changes to the clusters and network.   
 

1.2. Project results 
 



Semi-local measurements capture rheological changes: Using both the coordination number 
and the clustering coefficient (Figure 1), we could rationalize the transitions in the structure 
and tie these changes to the rheological properties of the material. For instance, the transition 
from a pendular network, where particles are connected by binary bridges, to the funicular 
state, where larger clusters are formed, occurs at 𝜙sec 𝜙solid⁄ = 0.09. This point corresponds 
to a peak in the coordination number and beginning of a plateau in clustering coefficient. 
While there is a slight shift in the distribution of coordination numbers, there is a large shift in 
the distribution of clustering. The number of particles with zero clustering drops significantly 
while there is an increase in intermediate and high clustering. These results are published in 
the journal Soft Matter [1].  

         

Figure 1: Difference between the 
coordination number 𝑧, the number of 
bonds per particle (dashed lines), and the 
clustering coefficient 𝑐. The clustering 

coefficient is defined as 𝑐 =
2𝑒

𝑧(𝑧−1) 
, where 

the number of bonds between neighbors 
(solid lines) is 𝑒. 

 
Particle volume fraction: Samples with particle volume fractions 𝜙 = 0.1 – 0.3 were 
examined. Below 𝜙 = 0.15, the flocs not fully percolated. The intracluster structure of all 
capillary suspensions was the same (𝑧 ≈ 5 and 𝑐 = 0.33), but the system becomes more 
dense with increasing particle volume fraction. This can be interpreted as a growing floc size 
with constant intrafloc structure. The microstructure after compression was examined for the 
higher particle volume fractions. The samples were compressed to a gap around 1 mm, equal 
to the measurement gap that was applied on the rheometer. The coordination number before 
and after compression remained constant, increasing at most by 𝑧 = 0.5 for the 𝜙 = 0.3 
sample. The clustering coefficient was unchanged for all three samples.  

 

Figure 2: Confocal images of capillary suspensions with increasing particle volume fraction using non-porous 
particles. 

 
Particle size: Samples with particles with sizes 3, 10 and 50 µm were prepared. The volume 
fractions are kept constant as is the contact angle and the mixing conditions. While it is 
expected that the particle size 𝑅 should have an influence on the structure through the 
balance between the capillary and gravitational forces (Eötvös or Bond number), 
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no densification of the structure was observed. Changes to the bridge shape and distribution 
account for this relatively constant structure. In all three samples, a distribution of bridge 

𝑧 = 0 
𝑐 = 0 

𝑧 = 3 
  𝑐 = 2/3 𝑐 = 0 

𝑧 = 6 
𝑐 = 1 



sizes, ranging from large, coalesced bridges connecting three or more particles, binary bridges 
connecting two particles, and very small drops and bridges between particle asperities are 
observed. These small bridges or patches of secondary fluid appear as a “uniform” film on the 

small particles whereas they form patches (with an apparent contact angle near 90) on the 
particle surface of the large particles. This implies an influence of the particle roughness. 
Comparing the yielding behavior, we see that the stress at the end of the linear viscoelastic 
region increases with decreasing particle size, as would be predicted from 𝜎𝑦~𝐹𝑐 𝑅2⁄ ~1 𝑅⁄ . 

The flow point, on the other hand, is nearly identical for the small 3 µm particles as the large 
50 µm particles and highest for the 10 µm. This change may be due to the changes in the 
bridge volumes and network structure of this sample.  
 
Particle polydispersity: Adding a small percentage of larger 10 µm particles to the small 3 µm 
particles shows some influence on the network strength. The storage modulus shows no 
change with 1% 10 µm particles but does increase slightly with the addition 5% 10 µm 
particles. This increases 𝐺′ towards the value with 100% 10 µm particles. The loss modulus 
shows no clear trend and the data for 100% 10 µm remains higher. We do not see a dramatic 
in the meniscus size that would be expected from large-large interactions. Instead, the 
structure is dominated by the interactions between the small particles with some small-large 
interactions. Preliminary image detection shows that the average network structure is the 
same with only local changes around the large particles. The large particles have a larger 
coordination number, owing to their larger size. We also see region, particularly around the 
large particles, where there are dense flocs consisting of many coalesced bridges. This may 
imply some change in the mixing conditions caused by the large particles.  
 
Particle roughness: To directly test the influence of particle roughness on our system, silica 
nanoparticles are electrostatically adsorbed onto the surface of the larger microparticles and 
then smoothed with a Stöber silica layer [4]. By attaching differently sized NPs, we can tune 
the roughness. For samples with a constant secondary fluid volume, the increase in roughness 
results in several changes. First, for the attachment of 40 nm particles to the 3 µm primary 
particles, the storage modulus remains unchanged, but the loss modulus increases, shifting 
the yielding region and the flow point shifts to higher strain. With further increases in the 
roughness (attachment of 100 nm and 200 nm particles), a transition to asperity wetting – 
with corresponding decrease in the storage modulus – is observed. By adjusting the secondary 
fluid volume, the storage modulus in all samples can be matched. There remains, however, an 
increase in the yield strain and decreasing trend in 𝑧 and 𝑐 (Figure 3).  

 

Figure 3: Influence of particle roughness for 
samples with secondary fluid volume 
adjusted to match the storage moduli. 
Increasing roughness increases the yield 
strain with very little effect on the flow 
point. The structure becomes less dense 
(decreasing both the coordination number 
and clustering coefficient) as the roughness 
increases.  



The influence of particle roughness was further examined using information obtained from 
the medium amplitude (or asymptotically nonlinear) oscillatory shear regime. Previous 
research has shown that the third harmonic is non-integer and non-cubic [5] and the scaling 
of the third harmonic is sensitive to particle collisions [6]. The strength of the Hertzian contact 
is decreases with roughness as the samples transition from bridge to asperity wetting 
demonstrating the sensitivity of this rheological measure to the particle contact strength. The 
ratio of the elastic to viscous scaling is tied to the nature of the frictional contact and a 
transition from adhesion- to load-controlled friction may occur in these samples, but 
additional measurements must be conducted.  
 
2. Proposed work 
 
After discussion with project liaisons, we have decided to concentrate on the rheo-microscope 
in the project renewal. This will allow us to better connect the changes in the microstructure 
with the dynamics. The initial focus will be on the changes in the asymptotically nonlinear 
region to study both the bridging dynamics and yielding of the network. This will be 
supplemented by better detection of the bridge shape to determine changes to particle 
clustering and bridged contacts. A generalization of the particle detection algorithm will also 
allow us to investigate the influence of particle shape, integrating changes to the particle 
orientation and contact type (e.g. edge-edge or corner-edge).  
 

2.1. Specific work packages 
 

WP1: Yielding of capillary suspensions 
We have now built a combined rheometer-confocal microscope setup that can be used to 
provide more accurate shear profiles while directly obtaining the resultant rheological 
properties. This new setup will allow us to better investigate the local, cluster-level changes 
to the structure and determine if yielding is the result of bond-breaking between a few, critical 
bridges or if general restructuring occurs.  By tracking the individual particle deformation and 
that of the neighboring particles, we can correlate the motion of individual particles to the 
local clustering and local bridge strength. Of particular interest is the development of the 
coordination and clustering coefficient during shear. 
 
To investigate the yielding dynamics, we will employ both oscillatory and step shear profiles.  
Our previous experiments showed how oscillatory shear in the asymptotically nonlinear 
regime is sensitive to particle collisions with little influence on the re-arrangement of the 
particles (resulting in network coarsening or compaction). Step shear profiles, however, can 
result in more pronounced re-arrangement and allow us to investigate the difference between 
inter- and intra-cluster bonds. We will also be able to directly track the different shear layers 
to investigate the influence of slip and shear banding.  
 

WP2: Bridge sizes and asperity wetting 
Previous experiments with both varying particle sizes and particle roughness have shown the 
importance of bridge size and size distribution on the structure and rheological properties. 
The transition between asperity wetting to particle bridging is associated with an increase in 
the storage modulus and decrease in the coordination number and clustering. This clustering 
can be highly inhomogeneous, however, as demonstrated for the mixtures of large and small 



particles. There, mixing conditions leads to a local change in the bridge size near the added 
large particles. Changes in the local displacement of particles both close to and far away from 
these inclusions should be further investigated. The previous experiments using large and 
small particle mixtures should further be expanded to investigate intermediate fractions and 
larger differences between the sizes.   
 
The experiments with rough particles also showed changes to the frictional contacts in the 
system with increased roughness. Despite matching the plateau storage modulus, the rougher 
particles had a lower clustering. There was scatter in the data between samples 
demonstrating adhesion- and load-controlled friction. This change should better be correlated 
to the local structure and the deformation of the particles. By modifying the particle 
hydrophobicity, we can include variations in the wetting to further investigate these changes.  
 

WP3: Particle aspect ratio and cubic particles 
The investigation of particles with a varying aspect ratio and/or angular shape is also viewed 
as of interest. Such particles can be printed using a Nanoscribe or particle stretcher. The 
strength of capillary suspensions varies with particle shape [7] and higher fractions of 
secondary fluid can induce changes from edge-edge contacts with high connectivity to 
hedgehog-like clusters formed through corner-corner contacts with low connectivity [8]. 
While these systems have been investigated rheologically, their structure remains largely 
unknown and of industrial interest.  The local structure and aggregate behavior will be 
monitored as a function of the applied shear.  
 

2.2. Gantt chart 
 

 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q7 Q8 Q9 Q10 Q11 Q12 

WP1              
WP2              
WP3              

 
3. Leverage opportunities 
 
I have already started to investigate the structure of capillary suspensions using these confocal 
microscopy techniques both within and outside of the present project. The project will also 
benefit from expertise added by a current doctoral student who is modeling capillary 
suspensions using the coarse-grained MD code ESPResSo. We recently improved the 
simulation methods so that pseudo-rheological experiments, mimicking the conditions 
present in the rheometer without the need for a biased shear, could be performed [9].  This 
can be further supplemented by the project “Computational Modeling of Particle 
Suspensions” currently in proposal stage. 
 
I am also participating in a Marie Skłodowska-Curie Innovative Training Network “Dynamics of 
dense nanosuspensions: a pathway to novel functional materials” combining expertise from 
several European universities and companies to study the influence of combination of 
particles of different sizes and wettabilities as well as the properties of the liquid phases on 
the network structure and rheology of capillary nanosuspensions (capillary suspensions with 
nanoparticles both as the primary particles and with nanoparticles incorporated into the 



bridges). The aim of this project is to fabricate and characterize porous bodies from capillary 
suspensions containing particles of at least two different wettabilities and nanoparticles.  
 
The industrial expertise of the IFPRI members has also been invaluable in identifying areas of 
specific interest for this project. This research should be a platform that we can use to gain a 
clear understand the dynamics on a limited scale.  Thus, the problems and test methods 
should be used as a starting point in this project. We can then identify the specific 
microstructural changes occurring during these tests or under these specific conditions. By 
highlighting the microstructural changes, especially in relation to the particle interactions, we 
can have a positive feedback loop with industry to suggest minor changes and tackle 
increasingly more complex problems.  
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IFPRI Review Brief 

Recent Developments in Dynamic Powder Flow 
 

 

The International Fine Particle Research Institute wishes to commission a comprehensive critical literature 

review of recent developments in characterizing, modeling, and simulating dynamic flows of powders and 

grains.  Decades of research on flows of powders and grains have produced a wide array of experimental 

data, models, and numerical simulations.  Development of novel particle tracking experimental methods 

are providing particle-level characterization of flow kinematics and dynamics.  Models range from highly 

complicated (kinetic theory) to deeply empirical (mu(I) rheology).   Advances in numerical simulations 

offer a means of exploring the detailed granular dynamics as well as a glimmer of hope for design of 

practical industrial units.  We would like this review to provide a synthetic view of the state-of-the-art in 

all these areas, which is not limited by the reviewers own interests. 

The scope of the review includes Intermediate and rapid flow regimes.  Quasistatic flow is out of scope.  

Free surface and confined flows should be considered, as should particle mixing and segregation.   

The primary audience for this review is the IFPRI membership, i.e., industrial scientists and engineers who 

are familiar with some aspects of dry powder flow but not necessarily experts.  Thus, it is important to 

discuss the underlying principles, assumptions, and limitations of each experimental, modeling, and 

simulation approach.  We hope that the review will eventually be published in the open literature. 

 

 



Recent developments in models, experiments, and

simulation of dynamic flows of grains

Over the past fifteen years there has been a paradigm shift in the continuum mod-
elling of granular materials; most notably with the development of rheological
models, such as the µ(I) rheology. This rheology is based on experimental mea-
surements and Discrete Particle Method/Discrete Element Method (DPM/DEM)
simulation data from six different steady state flow configurations, which show
that the friction µ is a monotonically increasing function of the nondimensional
inertial number I. The inertial number itself is defined as I = γ̇d/(p/ρ⋆)

1/2, where
γ̇ is the shear rate, p is the pressure, ρ⋆ is the particle density and d is the particle
size. The µ(I) rheology is therefore a non-trivial generalization of the constant
Coulomb friction coefficient, that introduces shear rate, pressure and particle-size
dependence into the law. This paper reviews the experimental observations that
led to the scalar µ(I) rheology and shows how it was generalized into tensorial
form (Jop, Forterre & Pouliquen 2006 Nature vol. 44, pp. 727–730).

If the granular material is assumed to be incompressible then the µ(I) rheol-
ogy has a similar mathematical structure to the Navier-Stokes equations of fluid
mechanics. This is a useful analogy, which enables existing numerical methods to
be relatively easily adapted to solve problems of practical interest. The challenge
lies in the fact that the granular viscosity is not constant, but is linearly depen-
dent on the friction and pressure, and is inversely proportional to the shear rate.
This makes the equations much harder to solve. However, early simulations of
granular column collapses and silo flow show that the rheology has the potential
to solve real world problems using a relatively simple continuum theory. This is
an exciting development, as continuum theories do not suffer from the computa-
tional restrictions of DPM/DEM in having to resolve every single particle in a
large domain.

The original form of the µ(I) rheology is well-posed for a wide range of iner-
tial numbers, but at high and low inertial numbers it is mathematically ill-posed.
This means that the growth rate of linear instabilities is unbounded in the high
number wave limit. This is a real problem, because it implies that numerical
simulations will not converge to solution as a numerical grid is refined, and wave-
like instabilities can grow catastrophically and break the numerical methods. One
way of circumventing this is to use the partially regularized µ(I) rheology (Barker
& Gray 2017 J. Fluid Mech. vol. 828, pp. 5–32.), which assumes that there is
no yield stress, i.e. µ(0) = 0, and uses the ill-posedness analysis to define a
new frictional function µ(I) that is well-posed for all inertial numbers below a
maximum threshold (Imax ≃ 17). This theory enables reliable computations to
be made with the incompressible µ(I) rheology that are grid converged over a
wide range of inertial numbers. In particular, it is possible to couple the theory
to recent models for particle-size segregation in multi-component mixtures (Gray
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& Ancey 2011 J. Fluid Mech., vol. 678, pp. 353–588) and solve for segregating
flows on chutes and in partially filled rotating drums. This is an important step
towards simulating realistic granular materials that are composed of particles of
differing sizes, as well as frictional and chemical properties. The resulting model
is intimately coupled, because the inertial number is dependent on the particle
size, so the local friction changes as the size distribution evolves during the flow.
It is this fact that often leads to unexpected segregation in many industrial pro-
cesses, which degrade the quality of the resulting products, and can cause severe
flow problems.

A new class of granular rheologies have also recently been developed, which
are called the Compressible I-Dependent Rheologies (CIDR). These essentially
combine rate-independent Critical State Soil Mechanics (CSSM) with the rate
dependence of the µ(I) rheology. In steady-state configurations these are designed
to reduce to the classical µ(I) rheology, so they can capture the same steady-
state behaviour observed in experiments and DPM/DEM simulations. However,
by construction these theories are guaranteed to be mathematically well-posed
and thermodynamically consistent. These models differ from the original µ(I)
rheology in their transient response in time-dependent problems. The CIDR
model is a framework, rather than a specific model, with considerable flexibility
still available to design yield and dilatancy functions to match experiments and
discrete particle simulations. Comparison of the inertial CIDR model (Schaeffer
et al. 2019 J. Fluid Mech. 2019, vol. 874, pp. 926–951) with DPM/DEM
simulations in one-dimensional time-dependent gravitationless shear, shows that
it accurately captures the right transient response, whereas the compressible µ(I)
rheology blows up catastrophically. The CIDR models include the important
physical effect of compressibility, are mathematically well posed and probably
show the greatest potential for the future, but at present a great deal of work
needs to done to narrow down the appropriate yield and dilatancy functions, as
well as develop robust numerical methods to solve the resulting equations in two
and three dimensions.

The µ(I) rheology has also been incorporated into depth-averaged models.
These exploit the shallowness of a flow in a particular direction to integrate
through the flow depth and thereby remove one spatial dimension from the prob-
lem. Such models are potentially useful for computing flows in industrial transfer
chutes, and are highly developed because of their application to large scale nat-
ural hazards, such as snow avalanches, rockfalls and debris flows. In particular,
the depth-averaged µ(I) rheology naturally leads to the derivation of a dynamic
basal friction law for chute flows that is dependent on the flow depth h and the
Froude number Fr = |u|/√gh cos ζ, where u is the depth-averaged velocity, g is
the gravitational acceleration and ζ is the slope inclination angle. It is measure-
ments of this basal friction law (Pouliquen 1999 Phys. Fluids vol. 11, 542–548)
which actually led to the original development of the µ(I) rheology. Indeed, care-
ful measurements of the depth-averaged flow velocity and thickness as a function
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of slope angle still provides the primary means of determining the parameters in
the µ(I) rheology. Tipping chute experiments should therefore become a routine
rheological test to determine these parameters in future.

The µ(I) rheology is a very useful rheology that does a very good job of
simulating many flows, however it is not a universal panacea. There are many
flow features that it can not explain. For instance, when a steady uniform flow
on a rough inclined plane is brought to rest by cutting off the supply, the grains
do not all run off the chute, but they leave a deposit of thickness h

stop
(ζ). To get

this material to flow again, the chute must be inclined to a steeper angle ζ
start

(h),
which is the inverse function of h

start
(ζ). As a result, there is a metastable range

of thicknesses h ∈ [h
stop

, h
start

] within which flowing and static states can coexist.

This leads to very rich flow behaviour, with the formation of (i) deposition waves,
(ii) retrogressive failures, (iii) self-channelizing flows that are bounded by static
levees and (iv) the formation of discrete wave pulses that progressively erode and
deposit material as they propagate downslope. All of this behaviour can not be
predicted by the µ(I) rheology alone, and are examples of non-local behaviour,
i.e. the local behaviour of the flow is affected by motion, or otherwise, of the
grains some distance away. In the case of these chute flow phenomena, it is the
presence of the static basal boundary that is felt some distance away. Recent
non-local models which capture some of these phenomena will be discussed.

Potential chapter titles

1. Experimental observations
2. The µ(I) rheology for granular flows
3. Simulation methods (Silos, rotating drums and column collapses)
4. Ill-posedness and partial regularization of the µ(I) rheology
5. Coupling rheology and segregation in granular flows
6. Well-posed Compressible I-dependent rheologies (CIDR)
7. Depth-averaged models incorporating the µ(I) rheology
8. Beyond the µ(I) rheology – weakly non-local behaviour
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The International Fine Particle Research Institute wishes to commission a comprehensive critical literature 

review of numerical methods for simulating the dynamics of dry particulate systems.  IFPRI’s membership 

is familiar with the discrete element method, and we have funded numerous projects and reviews of DEM, 

including an ongoing “round robin” project at the University of Birmingham that is exploring the accuracy 

of different DEM calibration approaches.  However, for many of us, DEM is the only simulation method 

we know of for modeling kinematics and dynamics of granular systems.  For this reason, we would like to 

commission a review of the state-of-the-art in modeling the dynamics of particulate systems beyond DEM. 

The scope of the review is quite broad: 

• Quasistatic through collisional flow regimes 

• Soft through hard particles 

• Non-cohesive through highly cohesive or adhesive particles 

• Flows with and without interstitial gas 

• General methods and techniques for particular scenarios, e.g., resistive force theory 

Particle flows with interstitial liquids and Brownian systems are out of scope. 

The primary audience for this review is the IFPRI membership, i.e., industrial scientists and engineers who 

are with some exceptions non-experts in simulations.  Thus, the review should discuss the underlying 

principles, assumptions, and limitations of each technique.  We hope that the review will eventually be 

published in the open literature. 
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The basic DEM (Discrete Element Method) can be described as a method for the 

integration of equations of motion for a collection of simple (spherical) rigid particles 
interacting via frictional Hertz contacts. The motion of each individual particle is incrementally 
calculated from the forces acting on it by other particles and bulk forces such as gravity. In 
basic DEM scale separation is assumed between contacts and particles and the contact scale 
is resolved. However, since only particle motions are of interest, the contact scale is generally 
described by a force law involving overlaps and relative velocities (strain variables attributed 
to the contacts and calculated from rigid-body motions of the particles). For this reason, in 
close analogy with the Molecular Dynamics method, the DEM is defined in terms of two major 
ingredients: 1) Equations of motion, and 2) Contact force laws.  

During the 1990s, the DEM evolved into a common simulation tool adopted by 
researchers and engineers in various fields. With rapidly increasing power and memory of 
computers, the DEM was subsequently extended to simulate particle clumps of arbitrary 
shapes, adhesion forces, electrostatic forces, solid bonding/debonding, and rolling resistance. 
This extended DEM is still the most common simulation tool for granular materials.  

Radically new features have, however, been developed more recently and evolved into 
advanced DEM codes. These developments have been mainly driven by industrial 
applications, requiring realistic simulations of complex granular processes. These advanced 
features comprise aspherical particle shapes, hybrid discrete-continuous modeling, liquid 
bridging, coupling with a fluid phase, coupling with a scalar field (temperature, humidity, 
charge, chemical species…) or vector field (electrostatic, magnetic), highly deformable 
particles, and comminution. In contrast to the common lower-level DEM, these features are 
not generic, require specialized techniques and allied methods, and are based on more 
sophisticated data-handling procedures. They also raise hard efficiency, accuracy, calibration 
and validation challenges. The allied methods include FEM (finite element method), CFD 
(computational fluid dynamics), MPM (material point method), SPH (smoothed particle 
hydrodynamics), LBM (lattice Boltzmann 
method), LEM (lattice element method), and 
Peridynamics.  

It is useful to represent the advanced 
features, often involving physics and techniques 
beyond DEM, with respect to the dynamics of a 
single particle, as illustrated in Fig. 1. Nearly all 
these features involve subparticle length scales 
ranging from contact scale to particle scale: 
pressure exerted by a fluid phase, internal 
stresses governing deformation and fracture, 
torques developed at cohesive extended contacts 
(face-face, face-edge…), interstitial liquid or solid 

 
Fig 1. Schematic view of particle-scale and 
subparticle-scale forces acting on a particle. 



phase stresses, long-range interbody forces (charged particles…), thermomechanical stress 
fields….  

To account for multiple length scales and forces, four modeling strategies have been 
developed: 

1) Subparticle resolution of particles, phases, fields and forces: The term DNS (direct 
numerical simulation) is often used for the methods of simulation of fluids at fine 
scales by solving Navier-Stokes equations or Boltzmann equation. This term can be 
generalized here to all other phases and fields such as cementing phase. Full resolution 
of particle shapes belongs to this category (for geometry).    

2) Coarse-graining subparticle forces to the particle scale: Effects of subparticle forces are 
taken into account at the particle scale by averaging subparticle equations. The contact 
forces are excluded as they govern the collective behavior. Averaged subparticles 
forces become either contact forces or body forces acting on the particle centers. The 
interstitial phases can also be modeled at the pore scale and solved over the pore 
network.  

3) Coarse-graining to a scale above the particle scale: The phase equations are solved on 
a grid containing several particles. Coarse-grained forces become body forces acting 
on the particles such as drag forces.   

4) Coarse-graining both particles and forces to a scale above the particle scale: This leads 
to a continuum particle phase coupled with other continuum phases and fields.  

 
The DEM refers essentially to the first three modeling strategies. Obviously, numerical 

efficiency increases from (1) to (4) at the expense of decreasing accuracy. The first strategy, 
despite its high computational cost, is needed for understanding the physical processes at fine 
scales and supports the elaboration of other strategies. The second strategy is closest to the 
spirit of DEM and it provides the best compromise between accuracy and efficiency. It can be 
compared to the Potential of Mean Force (PMF) used for mesoscopic simulations of 
nanoparticles (e.g. CSH cement particles and clay particles). For granular materials, this 
amounts to the elaboration of enhanced force laws based on both overlaps and interstitial or 
intercenter distance and involving stable minima (for cohesion), potential barriers (e.g. 
combination of capillary force and electric repulsion), evolving strength…, coupled with locally 
averaged fields (humidity, temperature, ionic species…). The four strategies have been 
extensively applied in powder technology for gas-particle flows. More recently, hybrid 
approached have been designed to describe different parts of a granular material alternatively 
as discrete or as a continuum depending on a criterion, allowing therefore to benefit from the 
advantage of accuracy for regions where high resolution is needed (for example at the outlet 
of a silo) and the advantage of efficiency where a spatial low resolution is sufficient (for 
example in the core of a silo flow).          

Many recent developments concern particle shape. Different fully analytic particle shapes, 
digitalized real shapes and general representations based on spherical harmonics have been 
considered with smooth surface. However, common overlap-based force laws have mostly 
been used without properly accounting for the changes of curvature. Consistent contact force 
laws accounting for the geometry should be formulated based on energy considerations. A 
special case concerns force laws for extended contacts, e.g. face-face and face-edge contacts 
between polyhedral particles. Such contacts require at least two (for face-edge) or three (face-



face) contact points since a line is parametrized by two points and a surface by three points. 
Without this description adhesive extended contacts cannot transmit torques.  

Simple reversible or irreversible cohesive force laws have been used to investigate the 
rheology of cohesive or cemented granular materials. It is often assumed that the effects of 
cohesion are uniquely controlled by the maximum tensile force sustained by the contact. 
However, it happens that the effective cohesive action of forces crucially depends on both 
contact stiffness and damping coefficients. This means that the contact stiffness cannot be 
downscaled (for the sake of numerical efficiency) raising therefore a difficult scaling problem 
for the simulation of cohesive powders. Such a dynamic effect is also relevant for liquid bridges 
in the pendular state where an approximate solution of the Young-Laplace equation in 
equilibrium is generally used. Extending the capillary force law to dynamic situations is 
necessary for the simulation of wet granular flows even in the pendular state.  

Regarding rough particle surface states, the general understanding is that they can be 
coarse-grained into enhanced friction force. However, elastic asperities lead to enhanced 
stress concentration and significant deviation from the Hertz regime. The asperities can be 
fully included as part of particle shape (first strategy), but a coarse-grained contact force law 
accounting for roughness size and angles can provide an interesting shortcut for DEM 
simulations. This is more specifically important for plastic asperities. The effect of damageable 
asperities can even be more complex with effects depending on how debris particles move 
inside the granular materials. They can lead to enhanced dissipation or solid lubrication with 
adverse effects for friction.  

Particle fracture and deformation involve internal texture and stresses inside particles. A 
fine treatment (first strategy) can be achieved by incorporating fracture mechanics in a 
continuum representation of each particle. This approach has been applied by means of FEM, 
MPM, LEM and Peridynamics in 2D and 3D. Two major issues arise for the simulation of 
contacts between meshed particles: 1) The usual overlap-based or penalization approach 
makes no more sense, and 2) fine meshing in the volume does not imply a fine meshing of the 
surface. Hence, a specifically fine meshing of particle surface is required and the contact needs 
to be enforced as a unilateral constraint. This aspect strongly moves the method away from 
the spirit of DEM, which is based on contact force laws, although the particles remain discrete 
entities and their contacts bear friction forces. A coarse-grained approach (second strategy) is 
possible to particle fracture and large deformations by “making soft from hard”, i.e. by 
subdividing each particle into rigid cells interacting through force laws. This bonded particle 
method has been applied and characterized, with several promising results. However, the 
interactions between primary particles should be further worked out in the light of what was 
discussed previously about the interaction laws between particles in order to implement 
correctly the material behavior (elastic, plastic…) and dynamic fracture (involving second law 
of thermodynamics).   

Since for advanced DEM we are concerned with realistic simulations at the industrial level 
(and not only with a better understanding of physical mechanisms and qualitative description 
of phenomena), the calibration issues are of paramount importance. Clearly, the DEM is an 
intrinsically predictive method with physical parameters fed into the system at the particle 
scale to predict the overall behavior emerging from the collective interactions of the particles. 
This bottom-top approach faces the challenge of measuring the relevant parameters at fine 
scales. There are not many examples in the literature based on this type of calibration and 
validation. In contrast, in many examples can be found with a top-down approach based on 



the adjustment of particle-scale and contact parameters to fit to a macroscopic descriptor of 
the material.  

There are several major issues that need to be solved in this respect: 1) There has not been 
enough fundamental research reported on the sensitivity of macroscopic (or effective) 
properties to the micro-scale (particle-scale and contact) parameters. Most parameters 
considered so far describe static packings of grains rather than dynamic properties; 2) Some 
micro-scale parameters have no influence on the (known) macroscopic parameters. For 
example, the interparticle friction coefficient bears on the angle of repose only for values 
below 0.5; 3) Furthermore, some micro-scale parameters may well be ineffective in steady 
states or in static equilibrium but effective in dynamic transients. This is the case for the 
restitution coefficient, which controls the compaction rate but not the solid fraction in the 
final stages of compaction; 4) Last, but not the least, we are used to assume that the particles 
have well-defined parameter values. In practice, however, one often observes high variability. 
This variability is well known, for example, in the case of particle fracture and characterized 
by the Weibull distribution. For other parameters, such as friction coefficient, no information 
is available. Such a variability can be included in the DEM, but the corresponding parameters 
should be provided from measurements. It is also important to note that finite numerical 
precision is a source of variability in normal restitution coefficient.  

As mentioned previously, gas-particle flows have been modeled through the four 
modeling strategies in connection with applications to chemical and pharmaceutical 
processes. The first approach is known as particle-resolved DNS. The multicomponent LBM is 
increasingly used as a volatile method with improved treatment of no-slip condition and 
momentum exchange at the particle surface using methods such as immersed boundary. The 
second approach consists in considering gas flow through the pore network and a pore-scale 
finite volume scheme. In the third approach (Euler-Lagrange or CFD-DEM) the equations of 
fluid are averaged and solved together with expressions of effective fluid stress and forces 
between particles and fluid in a Eulerian framework. In the fourth approach (Euler-Euler or 
two-fluid model) transport equations are applied to averaged variables of both fluid and 
particles. This approach needs models of phase stresses and the interface between the two 
phases.  

Advanced DEM simulations with resolved or partially resolved fields and phases involve 
much larger numbers of degrees of freedom than the basic DEM. Fully resolved simulations 
even for a few thousands of particles are possible only with parallelized codes or GPU 
techniques. Moreover, the huge amount of simulation data requires smart strategies for 
storage, access and analysis. For example, a single gas-particle simulation using a coupled 
DEM-LBM approach produces several terabytes of information. Future developments can 
benefit from progress in data science and Machine Learning techniques to manage both run-
time data flows and post-processing procedures to extract meaningful information from raw 
data.  

This review will expand and illustrate all the aspects mentioned in this brief outline. Here 
is a list of major topics that will be covered:  
Gas-particle flows 
Highly deformable particles 
Particle fragmentation 
Particle shapes and contacts 
 



Generalized force laws  
Cohesive interactions 
Tribocharging 
Cementing bonds 
Capillary bridges 
Transport of scalar and vectorial variables by particles and contacts 
 
Coarse-graining  
Data-driven approaches 
Hybrid discrete-continuum approaches 
Upscaling particle size 
Calibration issues 
Validation strategies 
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