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Abstract

The rheological characteristics of powders are crucial in the food industry, affecting production and prod-
uct quality. This research conducted at Santa Maria AB focused on the characteristics of cheese-based snack
seasoning powders’ flow properties under varying formulations and environmental conditions, utilizing both
rheometric and morphological assessments. It investigated silicon dioxide’s impact on flowability, compared
rheological traits of in-house and external suppliers’ samples, assessed humidity and storage effects on flowa-
bility, and assessed morphological data of five samples. Supplementary methods such as particle sieve analysis
and water activity testing were also employed for enhanced interpretation of powder behavior. Rheometric
assessments utilized the FT4 powder rheometer® by Freeman Technology, while morphological evaluations
were conducted by the Danish Technical Institute.

Key findings revealed that added silicon dioxide (SiO) improved flowability, agreeing with existing litera-
ture. In-house samples in the aeration test exhibited rheological similarities to external supplier samples when
SiO was included.However, original in-house samples with 1.3% SiO (SM-1.3%) had lower cohesion values
than external samples. This suggests that shear resistance alone does not capture the flow behavior of the
seasoning but also there is a possible interplay between cohesion and adhesion. Furthermore, PCA plot of the
collected data from the FT4 powder rheometer® displayed no apparent clustering among the samples but
rather indicated that differences in rheological behavior could be attributed to factors that were not captured
in the rheometric assessment. From the morphological assessment, findings revealed that the sample SM-1.3%
was larger than SM-1.75% in terms of diameter, further strengthening the observed effect of silicon dioxide on
flowability. Sample with higher silicon dioxide tended to have smaller and more spherical particles but also
a narrow particle size distribution. In addition, humidity testing confirmed the impact of SiO2 on flowability
where samples subjected to higher relative humidity displayed more cohesive behavior, aligning with previous
research. Lastly high shear mixers on fine powders increased cohesion and aerated energy, without improving
flowability. No significant particle size distribution differences were found between low and high shear mixing,
however, further replicates could provide statistical robustness.

Conclusively, results emphasized the importance of anti-caking agents such as silicon dioxide, environmental
control, and the use of appropriate mixing methods for optimizing powder flow. These findings provide a
framework for improving seasoning performance in industrial applications. Future research could benefit from
added replicates, visual inspection such as image analysis and the influence of fat content on powder behavior
to determine the influence of ingredient selection

Keywords:Powder rheology, flowability, food powder, FT4 powder rheometer®7 particle morphology, mixing
intensity, snack seasoning, anti-caking agents, humidity effects, adhesion
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Sammanfattning

De reologiska egenskaperna hos pulver ar avgorande inom livsmedelsindustrin, da de paverkar produktion och
produktkvalite. Denna studie, genomford vid Santa Maria AB, fokuserade pa odesegenskaperna hos ostbaser-
ade kryddpulver med varierade formuleringar och miljoforhallanden, genom anvandning av bade reometriska och
morfologiska analyser. Studien utvarderade inverkan av kiseldioxid pa odesegenskaperna, jamforde de reolo-
giska egenskaperna hos prover tillhorande Santa Maria och prover producerade av externa leverantorer. Studien
utvarderade aven paverkan av luftfuktighet och lagring pa odesegenskaper samt utvarderade morfologin hos fem
prover. Kompletterande metoder sasom siktanalys och vattenasktivitetstester anvandes for att ge en fordjupad
forstaelse for pulverbeteendet. De reometriska tester utfordes med hjalp av FT4 pulverreometern® fran Freeman
Technology medan morfologiska anlyser utfordes av den Danska Tekniksa Institutet (DTI).

De reometriska testerna utfordes med hjalp av FT4-pulverreometern® fran Freeman Technology, medan mor-
fologiska analyser utfordes av Danska Tekniska Institutet (DTI). Resultaten visade att okad mangd kiseldioxid
forbattrade odesegenskaperna, vilket overensstammer val med tidigare forskning. Prover fran Santa Maria (SM)
med tillsats av kiseldioxid hade liknande odesegenskaper i luftningstester som de fran externa leverantorer (SP).
Daremot hade SM med 1.3 % kiseldioxid (SM-1.3%) lagre varde i skjuvmotstand jamfort med de esta SP-prover.
Detta tyder pa att skjuvmotstand ensamt inte forklarar kryddans odesbeteende, utan att det sannolikt nns ett
samspel mellan partiklar av samma slag (kohesion) och partiklar av olika komponenter i kryddpulvret (adhesion).

Sammanfattningsvis understryker resultaten vikten av anti-klumpningsmedel sasom kiseldioxid, miljokontroll,
samt val av lamplig blandningsteknik for att optimera pulver ode. Dessa resultat utgor ett ramverk for att
forbattra kryddans prestanda i industriella tillampningar. Framtida forskning skulle kunna dra nytta av er
replikat, visuell inspektion sasom bildanalys, samt studier kring fettinnehallets inverkan pa pulverbeteende for
att battre forsta odesegenskaper hos blandpulver inom livsmedelsindustrin.
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1 Introduction

Powder rheology is a critical area of study within the food industry, as it directly in uences the e ciency of
manufacturing processes and the quality of nal products[1]. However, powder as an Newtonian material, is
unpredictable in uenced by various parameters such as particle-level attributes (size,shape, surface roughness),
interparticle forces (van der Waals, electrostatics, capillary bridges) and environmental factors such as humidity
and temperature [2][3]. Several studies have been dedicated to understanding the ow behavior of powder yet
little is known of the exact mechanisms behind powder ow or the interactions of the factors that in uence
owability. Additionally, there is limited research on complex particle interactions and real-life applications in
industrial settings based on the theoretical knowledge. This issue is particularly widespread in the food industry,
where predictive knowledge about the adhesion of food powders to snack foods remains limited.

The application of di erent seasonings as coatings is a common practice within the snack food industry[4]. Over
the past year, Santa Maria AB discovered that their cheese seasoning had poor ow properties during production,
where the seasoning adhered poorly to the nacho chips. Based on the feedback from their factory, the cheese
seasonings produced by their external suppliers exhibited superior performance in comparison. Non-homogeneous
coating is a prevalent problem within the snack food industry as it contributes not only to decreased quality in
the nal product but also leads to waste production, downtime, and possible machinery maintenance problems,
ultimately resulting in economic implications [5]. Therefore, increased knowledge of powder rheology is of great
importance.

1.1 Aim

The aim of this study was to investigate the rheometric properties of cheese-based snack seasonings under di erent
formulation, environmental, and processing conditions to improve powder owability and coating e ciency. The
research assessed the impact of silicon dioxide concentration on rheological properties using FT4 powder rheome-
ter ® by Freeman Technology. Additionally, the study compared the rheological behavior of Santa Maria's in
house seasoning powder to those from external suppliers to identify ow characteristics linked to improved traits
associated with superior performance. Environmental in uences were evaluated by simulating seasonal changes
and assessing their e ects on rheological properties. The study also investigated the impact of di erent mixing
methods (low vs. high shear) on cohesion, ow behavior, and particle size distribution. Lastly, the study evalu-
ated the di erence in particle morphology of the samples, linking the ndings to their owability. The outcomes

aim to establish a framework for optimizing future seasoning formulations to ensure e ective powder performance.

1.2 Gaps in literature

This study adresses the lack of a multifactorial methodology for evaluating the powder behavior particularly

in food applications such as cheese-based seasonings. Pre-existing literature have evaluated the in uence of
individual variables such as particle size, interparticle forces and environmental conditions like humidity, however
these variables are often studied in isolation. This study combines rheological testing using advanced powder
rheometer with morphological analysis for determining powder behavior.

1.3 Motivation for thesis work

My motivation for the thesis is based on my interest in food science, particularly in understanding how various
factors may a ect food quality and safety. | am eager to explore new innovative methods by combining my
biotechnological principles to improve food,quality preservation but also ensure sustainability in food production.

This area of study o ers opportunities to also explore powder rheology in combination with food science which
aligns with my academic and career goals. It also o ers a crossfunctional exploration into the subject, challenging
my way of thinking and other possible ways of approaching real-life problems.

1.4 Limitations

The study was limited primarily by the time frame allocated for its completion. Due to the unpredictable
nature of powders, there are many potential angles from which their behavior can be analyzed. However, this
research chose to focus exclusively on rheometric properties, thus only examining the physical characteristics of
the powders. Additionally, most of the experiments required considerable time to complete, limiting the ability



to collect more than duplicate measurements. This in uenced statistical analyses, potentially a ecting the results
and making de nitive conclusions di cult to establish. Additional constraints included the food waste produced
during testing. Because each test required a substantial amount of sample, replicates per sample were therefore
limited to duplicates. In addition, investigations in the ingredients of the cheese seasonings were limited by
intellectual property constraints and restricted access to con dential data. This led to limited exploration in
other factors such as the e ects of ingredients on powder ow.



2 Theoretical background

Powder rheology is the study of how granular bulk materials ow and deform under applied forces and stresses|[6].
It examines the complex behavior of particle systems, including their owability, cohesion, and internal friction
characteristics. According to Freeman Technology, there are three phases of powders: solids in the form of
particles, air that exists between the particles and liquids that are present on the surface or within the particles[7].
This three-phase composition makes powders unique materials and explains why their behavior can be challenging
to predict and control in industrial settings. The subsequent sections explore the various factors that a ect powder
owability and the current methodologies for determining powder ow.

2.1 Caking mechanisms and prevention

Caking represents the transformation of free- owing particles to forms with lumps, thereby diminishing in func-
tionality and quality[8]. It is often intensi ed by environmental factors such as temperature variations, relative
humidity changes, storage time and mechanical pressure[9]. The underlying mechanisms di er between two ma-
terial types of powders, crystalline and amorphous [10]. In 1995, Aguilera et. al de ned caking of crystalline
powders as a process that occurs in di erent stages, including bridging, agglomeration, compaction, liquefaction,
and solidi cation [8]. A recent study by Chen et al. groups the mechanism into three distinct stages: moisture
sorption, liquid bridge formation and crystal bridge development. Both articles describe caking as a progressive
phenomenon moving from bridging to nal solidi cation and recognize moisture as a primary initiator of caking.

In the initial stage, moisture absorption leads to surface deformation and sticking at contact points between par-
ticles. Moisture absorption can occur through direct absorption from the atmosphere, condensation on particles
surfaces due to temperature drops or accidental wetting during processing [9]. The particles absorb moisture
slowly below a speci c relative humidity (RHO), but soon after progress rapidly once they surpass the RHO[10].
Thereafter, humidity can progress to two main processes: capillary condensation and deliquescence. Capillary
condensation occurs when the speci ¢ relative humidity (RHO) surpasses RHcc, also known as the critical thresh-
old. While deliquescence occurs as a result of the relative humidity surpassing the specic relative humidity
(RHO). Capillary condensation forms discrete liquid bridges at particle contact points, maintaining the original
particle structure while liquid formation due to deliquescence covers the entire particle surface. This can lead to
particle dissolution as the liquid Im grows i.e. particle dissolves into a solution[11].In the agglomeration stage,
particles cluster together more tightly, changing in particle shape and size. The process is irreversible unlike
the bridging stage where connections could break under mild disturbance[9]. During compaction, a signi cant
transformation in the powder structures takes place due to increasing pressure and moisture content [8]. Particle
clumps deform, resulting in a loss of the powder's original characteristics leading to either wet sticky masses or
hard agglomerates in the solidi cation stage[9]. This results in a hard powder with poor owability, an unde-
sirable trait not only within the food industry but also prevalent in other industries that use powder, such as
additive manufacturing and pharmaceuticals.

While caking of crystalline powders involves moisture-related mechanisms, caking of amorphous powders involves
the glass transition temperature (TQ) in conjunction with moisture content. Tg is the temperature range at which
amorphous materials transition from a glassy brittle state to a more 'rubbery state [12]. Increased moisture
content lowers the glass transition temperature and water can act as a plasticizer between particles. When the
temperature exceeds the glass transition temperature, the powder decreases in viscosity[9]. Above Tg, powders
rapidly develop inter-particle bridges, leading to the formation of clusters and a loss in the powder structure.

Caking in all applications is undesirable but unavoidable. Strategies to mitigate caking include environmental
control and the use of anti-caking agents[10]. Moisture-induced caking can be controlled by maintaining conditions
below critical relative humidity threshold (RHcc) and the speci c relative humidity (RHO). Conversely, control of
the temperature can also prevent the powder from caking. In the food industry, it is common to add anti-caking
agents to food powders to prevent caking, lumping, and aggregation while enhancing owability of cohesive or
poorly owing powders[13]. Anti-caking agents act as physical barriers between host particles and prevent them
from coming into contact with one another. They also compete for moisture and inhibit crystal growth. Common
examples include calcium silicate (E552),magnesium silicate(E553a(i)), magnesium trisilicate (E553a(ii)), talc
(E553b) and silicon dioxide (E551)[13][14].In 2018, the rst four food additives were re-evaluated by the European
Food Safety Authority (EFSA) on their toxicity and the acceptable daily intake (ADI). Based on the evidence ,
none of the food additives received full safety approval for use due to insu cient data but were still approved as



food additives. Silicon dioxide as well was approved for use in the re-evaluation 2018 and remains widely used in
the food industry, especially in seasonings [15]. Anti-caking agents are also known as ow aids or glidants and
may be used interchangebly in this study.

2.2 Interparticle forces and mechanisms of particle interaction

Interparticle forces are the various forces acting between particles in powders [6]. They include contact forces
(normal and tangential) and long-range non-contact forces such as van der Waals, capillary, and electrostatic
forces. For macroscopic particles ¥ 100 pm), contact forces dominate, while in ne particles (<100 um), long-
range forces become more signi cant. Contact forces as the name suggests are forces that arise from particle
collision, or frictional forces. Non-contact forces, on the other hand, impose a force without direct contact with
the particle. Both of these forces fundamentally determine particle behavior in processes like packing, ow,
mixing, and fracture, making them crucial for understanding powder owability.

Non-contact forces, electrostatic- and capillary charges, are dominant for small ne particles due to their higher
surface-to-volume ratio, overcoming the gravity force [16][6]. This leads to stronger electrostatic interactions
between particles which can signi cantly impact their ow behavior. Electrostatic charges also contribute to
particle cohesion when the interparticle distance is reduced leading to stronger particle-particle interactions.
These forces cause particles to aggregate and cake together, which signi cantly impacts their ow characteristics.
Additionally, charged particles tend to form bridges between each other and are more likely to adhere to walls
of tubes. In the end, this can cause clogging in machines and disrupt e cient performance. On the other
hand, frictional forces and mechanical interlocking prevail when powder is consolidated in devices like hoppers
or feeders, as a result of increased contact point density, pressure, and area[7]. Friction as a key mechanism
in particle interaction is strongest for rougher particle surfaces which create more resistance to ow compared
to smoother ones. In conjunction with friction, mechanical interlocking can also restrict particle movement.
Particles with irregular shapes lock together and resist movement,thereby increasing in cohesion.

2.3 Powder morphology

Powder morphology refers to physical characteristics of powders such as size, shape and surface texture which
all play a role in in uencing powder behavior. Large particles(> 100 um) have better owability due to a smaller
surface area compared to small particles[6][17]. A larger surface area promotes interaction between particles
with more contact points during moisture-induced caking and interparticle adhesion as above-mentioned. Ad-
ditionally, larger particles have lower interparticle forces and cohesiveness, which reduces their stickiness to
one another.Typically, powders exhibit varying particle sizes, which is characterized as particle size distribution
(PSD)[18]. PSD represents the range of particle sizes in a powder and their relative proportions. The mean
particle diameter, often used as a size estimator, provides a central measure of the particle dimensions within
a sample [19]. Granulometric parameters such asig, dsg, and dgg are commonly calculated to describe the
distribution of particle sizes. These values represent the diameters at which 10% , 50%, and 90% of the particles
are smaller, respectively. In a study by Brika et al.it is noted that wider PSDs enable better particle packing as
smaller particles can Il the gaps between larger particles, thereby increasing in packing density[18]. Conversely,
a wide distribution leads to more contact points between particles due to the presence of smaller particles. In
terms of ow performance, some studies found wider PSDs decrease owability while others reported improved
ow with broader distributions due to smaller particles acting as lubricants between larger particles[20] [21].
However, this di erence in the observed ow performance can be attributed to the choice of methodology as well
as the material investigated.

Besides particle size, particle shape also plays a signi cant role in ow performance. A study found that powders
with spherical particles had better owability due to reduced surface friction and mechanical interlocking [18].
Furthermore, smooth particles exhibit better owability due to lower frictional interaction and mechanical in-
terlocking[7]. Surface roughness also a ects moisture sensitivity and inter-particle interactions which ultimately
a ect bulk powder behavior [22].

There are di erent methods to determine the physical characteristics of powders which include laser di raction,
particle sieve analysis, image analysis and particle morphology analysis[23] [24] [19]. Laser di raction and particle
sieve analysis determine the granulometric parameters as previously mentioned while image- and morphology
analysis derive three distinct parameters: circularity, convexity and elongation. Circularity refers to how spherical



a particle is and is evaluated based on a scale from 0 to 1, where particles with a value of 1 are considered to
be a perfect circle. Both particle shape and irregularities on the particle surface in uence circularity. Convexity
refers to how smooth a particle is and is also based on a scale from 0 to 1. The closer to 1 a particle shape is,
the smoother the surface, and is determined by calculating the particle's perimeter and comparing it with the
perimeter of a perfect circle of the same size. Unlike circularity, convexity is independent of the particle shape
but dependent on the irregularities of the particle surface. Lastly, elongation describes how long and wide a
particle is. The closer to zero a particle is, the more likeliness the particle has to a perfect circle. The elongation

is independent of a particle's roughness. The gures below illustrate how to interpret results based on the various
scoring.

Figure 1: lllustration of dierent particle shapes and Figure 2: lllustration of di erent particle shapes and
their interpretation in terms of circularity.lllustration their interpretation in terms of convexity.lllustration is
is self-produced. self-produced.

Figure 3: lllustration of di erent particle shapes and
their interpretation in terms of elongation.lllustration
is self-produced.



2.4 Methods for measuring owability

Due to powder's unpredictable and complex behavior, no singular method exists to quantify powder ow. Angle
of repose, Hausner ratio, compressibility index (Cl), shear cell tests, and bulk and tapped density are some of
the traditional methods that have been previously used and continue to be used to evaluate powder owability

in many industries [17]. Angle of repose is a method that measures the angle formed when a powder ows out
of a funnel or is poured onto a surface[25]. The angle of repose is the steepest angle measured from the bottom
of the stand against the horizontal plane of the powder from 0 to 90°. The greater the angle, the poorer the
owability is for a certain powder. This method provides qualitative insights into the powder's cohesiveness
and ow behavior. Hausner ratio (HR) is a straightforward method that assesses powder ow by measuring
the tapped density and aerated density of powder [5]. It is calculated as the ratio of the tapped density to the
aerated density and involves pouring the powder into a graduated vessel and tapping it a speci ¢ number of times
to achieve maximum compaction. The Hausner Ratio is categorized into three di erent ow behavior regimes
where an HR below 1.25 indicates good owability, between 1.25 and 1.4 indicates acceptable/poor owability,
and an HR value above 1.4 indicates poor owability. This method is used for qualitative evaluation of powder
cohesiveness and owability. The third method, compressibility index measures the volume reduction of a powder
under tapping which provides insights into its ow properties[5]. Cl is calculated as ratio of the di erence between
initial volume and volume over taps over the initial volume. Conversely, Cl can also be categorised to de ne
owability according to Carr's classi cation. A good ow has a C value between 0.05 and 0.015 while a very poor
ow has a value betweeen 0.35 and 0.40. Like Hausner ratio, this method is also used for evaluating cohesive
materials. Lastly the shear cell test is a widely used method for evaluating the ow properties of powders. It
involves applying a combination of normal and shear stresses to a powder sample to assess its owability[17]. It
is more complex and time-consuming as opposed to the other methods. In the shear cell test, measurements are
done on the pre-consolidated- and consolidated stress. The results give the yield locus, which helps de ne the
ow function (FF), angle of internal friction, and cohesion (c). The ow function describes how readily a powder
ows from a consolidated stage and cohesion details the adhesive nature between di erent powder material layers.
The Jenike classi cation that was proposed in 1964 and based on shear cell tests determines whether a material
has good owability based on the values:

Flow function ( () Classi cation
1< ¢ non- owing
1< <2 Very cohesive
c< 2 very cohesive and non- owing
2< < 4 cohesive
4< <10 easy owing
10< ¢ free owing

Table 1: Jenike owability classi cation[26]

Advancements in technology have signi cantly improved the study and application of powder rheology with the
invention of powder rheometers. Powder rheometers are reliable and are good for characterizing powders and
predicting their performance during handling and scale-up operations. While traditional methods can indicate
owability with a single value, results are often unreliable and the methodology is heavily operator-dependent.
The main advantage of powder rheometers involves their ability to test powder in moving conditions, providing
realistic insights. Powder rheometers, such as the FT4 powder rheometer by Freeman Technology, provide a
deeper understanding of powder behavior.

The study employs the FT4 Powder Rheometef and data analysis software from Freeman Technology to assess
the rheological characteristics of various cheese chip seasonings.Equipped with four categories of methodologies,
dynamic ow, processing, bulk, and shear properties, the tests can help simulate how the powder behaves under
di erent conditions: consolidated, loosely packed, uidized, or aerated [27].This study explored only three out of
four methodologies: dynamic ow, bulk- and shear properties. Aeration is a dynamic ow measurement that
assesses how easily air can be introduced to a powder by measuring the reduction of ow energy when air is
supplied into the vessel [2]. The reduction in aeration energy depends primarily on cohesion, with particle shape,
texture, size and density also in uencing the extent of energy reduction. Cohesive powders are generally less
arable as they require more air to break apart the cohesive forces between the particles. The aeration test data



generates various parameters, with particular focus on aerated energy (Ak), where 'xx' denotes the speci ¢ air
velocity which is synonymous with the total energy at a particular air velocity. The second parameter of interest
is the aerated ratio (AR), a ratio of the basic ow energy (BFE) and the aerated energy at the nal air velocity,
where BFE is the total energy at an air velocity of zero mm/s. AR explains how sensitive the powder is to air
ow. An AR value of about 1, de nes the powder as insensitive to aeration. AR values ranging from 2 and 20
indicate the powder has medium sensitivity to aeration, common to most powders. Lastly, an AR value of above
20 indicates the powder is highly sensitive to aeration and will probably become uidized, i.e the powder has low
cohesive forces. Table 2 summarizes what di erent values of AR indicate. This study employed this method to
quantify the cohesive forces between the particles.

AR value De nition
AR 1 Not sensitive to aeration
2 < AR < 20 | Average sensitivity to aeration
AR >> 20 Highly sensitive to aeration

Table 2: Aeration ratio values with corresponding de nitions.

The shear cell assesses the owability of a powder that has previously been stored at rest and measures its ow
resistance [28]. Over time, stored powders may cake due to pressure caused by the weight of the bulk material.
The shear test imposes normal stress to replicate various load conditions and test at what point, denoted yield
point, does the powder begin to ow [29]. The FT4 utilizes a rotational shear applying a low, gradually increasing
horizontal force to a powder layer while the adjacent layer stays stationary [28]. Upon reaching a speci c shear
force, the upper layer slides over the lower layer. From the test data, the following parameters of interest are
produced: cohesion (c), uncon ned yield strength (UYS, (), major principal stress (MPS, 1), ow function
(FF), the angle of internal friction (AIF), e ective angle of internal friction and angle of internal friction at
steady state. Cohesion (c) de nes how cohesive the powder is, with high values of ¢ denoting a highly cohesive
powder. Uncon ned yield strength (UYS, ), major principal stress (MPS, ;) are variables produced by tting
the Mohr stress circle which is a graphical representation of the internal stresses a material undergoes as a result
of applied normal- and shear stresses[30]. The ratio of MPS and UYS results in the ow function (FF), which
ranks the owability of a powder according to Jenike's classi cation [28]. FF values below represent poor ow
and above 10, the powder is easy owing 1. Figure 4 presents the graphical representation of the Mohrs circle
including the ow function as a ratio of MPS and UYS.

Figure 4: lllustration of the Mohrs circle. Self-produced illustration



The samples were measured at a preconsolidated stress of 6 kPa because this was the predicted pressure the
samples may experience during storage. This test was conducted to determine whether storage might play
a factor in the powder's decreased owability during storage and to quantify the cohesive forces between the
particles.

Compressibility measures the bulk properties of the powder by determining how density changes as a function of
applied normal stress [31]. Compressibility is in uenced by particle size distribution, cohesivity, particle sti ness,
particle shape and particle surface texture. Essentially smaller particles are more compressible in comparison to
large granular particles. Conversely, irregularly shaped particles will also be more compressible due to mechanical
locking. This test helps to create a correlation between the interaction of cohesive powders and their e ect in
packing e ciency. Packing e ciency refers to how well the particles will occupy the spaces in the void. The
test data produces a compressibility index (CPS), a function of the density over the conditioned bulk density
(CBD)[31]. CBD is a ratio of the split mass after conditioning and sample volume. A high compressibility index
signi es a cohesive powder with a small particle size that readily compacts upon pressure, i.e, lling up the
air pockets in the powder. On the other hand, a reduced compressibility percentage demonstrates resistance to
compaction, as particles are less prone to rearrange under pressure, or lacks excess air. Granular powder, i.e,
powders with large particles, usually have low compressibility.

Lastly, the basic owability energy (BFE) quanti es the energy needed to move a powder in its consolidated, non-
aerated state as the blade moves downward the powder[32]. This test is suitable for understanding the powder
performance when in motion. However, test data from BFE tests must be correlated with results from other tests
to make accurate interpretations. According to the manual, a high BFE may indicate a powder that is highly
resistant to ow, thus it is more cohesive and denser. Conversely, a low BFE may indicate a free- owing powder
with small cohesive force. However, this might also be true for a powder that may ow freely under gravity but
may have a high BFE value. Therefore, BFE measurements vary across di erent materials, and interpretation is
achieved when combined with another testing method.

In all the tests above-mentioned, a pre-conditioning step is performed to eliminate operator variability and
previous consolidation e ects by gently displacing the whole sample and slightly aerating the powder. The aim
is to construct a homogeneously packed powder bed which results in reproducibility. In downward motion, the
blade moves into the powder and upward. The conditioning cycle is also done before any test cycle as well. The
only exception is when the sample is being evaluated in its consolidated state.

2.5 Humidity and moisture content

Moisture content is a critical factor in uencing powder owability during transport and storage. Powders exposed
to humidity absorb water, which leads to increased cohesive forces between particles through liquid bridge for-
mation and electrostatic e ects [33] [34]. This phenomenon is particularly more apparent in hygroscopic powders
such as cheese-based seasoning powders. Hygroscopic powders are granular materials that readily absorb moisture
from air, resulting in stickiness and caking phenomena within the powder, signi cantly impairing ow behavior[8].
Hygroscopic materials have large surface areas allowing them to interact with more water vapor in the air[35].
Hausmann et al. sought to study the e ect of humidity on powder owability of sodium chloride, particularly
focusing on agglomeration/caking behavior in humidity-sensitive powders[34]. They analyzed the powder ow
energy under varying conditions, and ndings revealed that accelerated moisture sorption was achieved by intro-
ducing humidity through the powder bed. At 80%, sodium chloride underwent deliquescence, where a crystalline
solid transitions into saturated solution. Thus, resulting in signi cant caking and agglomeration. Therefore,
relative humidity plays a key role in powder owability.

In addition to moisture content, water activity (a ) and temperature jointly in uence caking properties of powders
through their e ect on glass temperature [36]. Higher water activity reduces Tg through plastization, making
powders more susceptible to caking even at constant temperature.(#) is a crucial parameter in food science
that measures the available water for biological and chemical reactions. It is de ned as the ratio of water partial
vapor pressure and the vapor pressure of pure water at the same temperature. The di erence therefore between
water content and water activity is that water content represents the total amount of moisture in a food product
[37].While two foods can have the same amount of water content, the available water for reactions could di er.
Thus, water activity is a better parameter for determining product stability and shelf life by controlling microbial
growth and chemical reactions.



2.6 Mixer intensity

Mixing operations are factors that a ect owability and ingredient homogeneity. The use of mixers in industrial
settings is important for obtaining and maintaining a quality blend [38]. Granular materials composed of di erent
particle size need to have a uniform distribution otherwise this can lead to signi cant production delays and
problems in downstream processes. Therefore, the understanding of mixing operations is of high importance.
The intensity of the mixing operation can be categorized as low- and high-shear mixing [39]. High shear mixers
are used for materials of varying densities, particle sizes or viscosities, potentially breaking larger agglomerates
and coating particles more evenly. It has a high rotational speed, a sharp blade and high torque and has a high
power consumption. Low shear mixers have gentler blends with lower rotational speed but the inability to break
large agglomerates. Low shear mixer impellers are often larger, dull and thicker. Freeman Technology emphasizes
that the use of a low shear mixer can minimize the risk of the particles breaking apart and the prevalence of
eletrostatic charges[2]. On the other hand, powders with higher ow rate index, i.e. powders with poor owability
are more cohesive could benet from a high shear mixer. Depending on the application and desired outcome,
both mixing intensities o er bene ts and disadvantages. High shear mixers are more suitable for emulsi cation,
while low shear mixers are more appropriate for powder blends such as spices [38].
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3 Experimental setup and methodology

This study investigated the rheological behavior of the di erent cheese-based seasoning powders employing var-
ious analytical techniques. Central to this study was the FT4 powder rheometer® from Freeman Technology,
supplemented by water activity measurements and particle morphology analysis. All experiments were conducted
at Santa Maria AB M elndal o ce except the morphology analysis that was conducted at the Danish Technical
Institute. The following subsections detail the preparation and methodology used throughout the study.

3.1 Materials & sample preparation

The experiments were conducted at Santa Maria using the material and machines present on-site. The supervisor
prepared and supplied the samples before performing the experiments. Samples used in the moisture- and mixing
speed study were prepared using a proprietary recipe. Due to con dentiality purposes, it will not be disclosed in
this study. The samples were placed and sealed in an aluminum bag that prevented light or air from entering.
They were then stored in a storage room with a temperature of 17.8 C and a relative humidity of 30% in a
plastic box.

The in-house samples were named according to the notation below:

Sample notation

SM  base identi er for in-house sample
xx%  SiO, concentration

> rework done

Table 3: Sample notation for the samples, where rework refers added Si@ to reach the nal concentration

Rework involves incorporating silicon dioxide into an initial batch to achieve the target SiO, concentration.
This is a common practice in the food industry to evaluate performance without generating unnecessary waste
and excessive production costs. Moreover, the samples denoted direct %-Si@vere samples that were freshly
produced in the factory, i.e did not undergo any rework.

Sample De nition

SM-1.3% direct 1.3%

SM-1.5% direct 1.5%

SM-1.75% direct 1.75%

SM-1.3%> 1.5% 1.3% 1.5% rework once
SM-1.3%> 1.5%>1.75% | 1.3% 1.5% 1.75% rework twice
SM-1.3%> 1.5% 1.3% 1.75% rework once

Table 4: Sample names for the in-house samples with di erent levels of anti-caking agent as well as whether they have
undergone rework or are directly from the factory

Table 5 denotes the sample names for the samples produced by external suppliers. The samples were named
according to the subjective grading received on their ow performance in the factory. All samples have di erent
batches and di erent avors, thereby di erent ingredients. SP-4 and SP-8 have the same avor but originate
from di erent batches.
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Sample name| Grade | Comment

SP-1 6/10 sticks a bit to much to the plates, lots of clumps and attracts moisture.
SP-2 7/10 No problems on the line, sticks a bit to the vibrating plates

SP-3 8/10 Stick well to chips, doesn't stick too much to the plate.

SP-4 8/10 Stick well to chips, doesn't stick too much to the plate.

SP-5 8/10 Stick well to chips, doesn't stick too much to the plate.

SP-6 8/10 Stick well to chips, doesn't stick too much to the plate.

SP-7 8/10 Stick well to chips, doesn't stick too much to the plate.

SP-8 9/10 Stick very well to chips, doesn't stick too much to the plate.

Table 5: Sample names of the suppliers' own cheese seasoning with di erent grades based on subjective feedback from the
factory.

3.2 Rheometric testing of in-house vs external supplier

This section outlines the step-by-step process used to evaluate the rheological behavior of all the samples listed
in table 4 and table 5. Each sample was subjected to four standard tests: aeration, shear cell, compressibility,
and basic ow energy (BFE) and each test was conducted in duplicate measurements. The order of the test was
not xed as the order did not in uence the outcomes.

All the tests began with selecting the appropriate test program from the FT4 software interface. Depending on

the test the corresponding vessel and accessories were assembled. For an in-depth methodology of the individual

tests, see appendix. Samples were weighed and loaded into the vessel using a funnel and a powder scoop. A
brush was used to brush o any excess powder from the vessel and instrument. Once the vessel was secured in

place, the FT4 ran the tests including conditioning and subsequent test sequences. Once all test sequences were
completed, the data was saved. The same steps were performed for a second replication and the whole process
was repeated for all the four rheometric tests.

3.3 E ect of humidity and moisture content on powder ow

To understand the e ect of humidity and moisture on the di erent rheometric properties, three samples were
prepared containing three di erent concentrations of silicon dioxide: 1.3% , 1.5% and 1.75%. Additionally,

a reference sample was prepared that contained no silicon dioxide to determine if anti-caking agents posed any
e ect. All samples were prepared on the same day and stored in aluminum bags for 24 hours prior to conditioning
in their respective environment. The following day, half of each sample was put into a 3 L bowl (reference and
1.3% SiG) and a 2 L bowl (1.5%, 1.75% SiQ), then placed in a climate chamber (HPP750eco, Memmert GMBH

+ ¢c0.KG) set to 80% RH and 25 °C. Similar setup was conducted for the winter condition, but the samples were
placed on the top shelf in a storage unit with 17.8° C and a relative humidity of 30%. See gure below for an
illustration of the setup.
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