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Innovations in fluid mechanics have been leading to better food since ancient history,
while creativity in cooking has inspired fundamental breakthroughs in science. Here,
we review how recent advances in hydrodynamics are changing food science and the
culinary arts, and, reciprocally, how the surprising phenomena that arise in the kitchen
are leading to discoveries across the disciplines, including molecular gastronomy, rheol-
ogy, soft matter, biophysics, medicine and nanotechnology. This review is structured
like a menu, where each course highlights different aspects of culinary fluid mechanics.
Our main themes include multiphase flows, complex fluids, thermal convection, hydro-
dynamic instabilities, viscous flows, granular matter, porous media, percolation, chaotic
advection, interfacial phenomena, and turbulence. For every topic, we first provide an
introduction and its connections to food, and we review how science could be made
more accessible and inclusive. We then assess the state-of-the-art knowledge, the open
problems, and likely directions for future research and indeed future dishes. New ideas
in science and gastronomy are growing rapidly side by side.
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l. INTRODUCTION

The origins of fluid mechanics trace back to ancient
water technologies [Fig. la], which supplied our earli-
est civilizations with reliable food sources (Mays, 2010).
Subsequently, as soon as the water flows, surprising phe-
nomena emerge beyond number. Their abundance nat-
urally sparked the interest of the first inventors, since
the kitchen can serve as a laboratory (Kurti and This-
Benckhard, 1994). As such, the scullery is a source of
curiosity that has driven innovations throughout history
(Drazin, 1987). The problems that emerge while cook-
ing have led to creative solutions, which have not only

improved food science. As we will explore in this Re-
view, these ideas also led to breakthroughs in modern
engineering, medicine, and the natural sciences. In turn,
fundamental research has improved gastronomy, and thus
the cycle continues. Hence, science and cooking are in-
trinsically connected across people and time.

Today, numerous chefs have written extensive cook-
books from a scientific perspective. Well acclaimed is
the work on molecular gastronomy (This, 2006), which
turned into a scientific discipline, as reviewed by Barham
et al. (2010). Another recent movement, known for us-
ing advanced equipment including centrifuges and blow
torches, is called modernist cuisine (Myhrvold et al.,
2021). With its striking photography, sometimes using
optical illusions, it also connects science with art in the
field of fine dining (Borkenhagen, 2017). The book by
McGee (2007) is particularly influential too: Celebrity
chef Heston Blumenthal stated it is “the book that has
had the greatest single impact on my cooking”, and then
he wrote eight books himself. Another excellent cook-
book containing various experiments and scientific di-
agrams was written by Lépez-Alt (2015). One of the
first people to approach cooking systematically, a cen-
tury earlier, was the ‘king of chefs and chef of kings’
Escoffier (1903), whose 943-page culinary guide still re-
mains a golden standard in haute cuisine (Trubek, 2000).

In the scientific community, a wave of excitement hit
when Kurti and Kurti (1988) solicited recipes or essays
on cooking from the members of the Royal Society. Sci-
ence can improve cooking, but they also showed that
food can lead to better science, a notion that may not
have been taken so seriously at the time (Mermin, 1990).
Later, in her essay ‘Food for thought’, Dame Athene Don-
ald FRS pleads that the scientific challenges are as ex-
citing in food as in any more conventional area. They
should not be overlooked or, worse, sneered at (Don-
ald, 2004). Her early vision sparked scientists to regard
food as an interdisciplinary research topic. Food science
now spans across many fields, including materials science
(e.g. Mezzenga et al., 2005), food chemistry and physical
chemistry (e.g. Fennema, 2017), nutrition genetics (e.g.
Capozzi and Bordoni, 2013), food engineering (e.g. Held-
man et al., 2018), food microbiology (e.g. Doyle et al.,
2019; Provost et al., 2016), food rheology (e.g. Ahmed
et al., 2016), soft condensed matter (e.g. Assenza and
Mezzenga, 2019; Pedersen and Vilgis, 2019; Vilgis, 2015)
and biophysics (e.g. Foegeding, 2006; Nelson, 2020).

However, to the best of our knowledge, and despite the
overwhelming number of surprising hydrodynamic effects
that emerge in the kitchen, there is no comprehensive re-
view of fluid mechanics in gastronomy and food science.
Therefore, we aim to address this topic here in a manner
that first provides a broad overview and then highlights
the frontier of modern research. As such, we aim to con-
nect the following communities.

First, for chefs and gastronomy professionals, fluid



Wine drainage,

FIG. 1 Hidden channels. (a) The Shushtar Historical Hy-
draulic System in Iran, listed by UNESCO as ‘a masterpiece
of creative genius’. This irrigation system, dating back to the
5th century B.C., features canals, tunnels, dams, and water
mills, which all work in unison. Image by Iman Yari, licenced
under CC BY-SA 4.0. (b) The first discovered specimen of
a Tantalus bowl (Pythagorean cup) from the late Roman pe-
riod, catalogue no.9 of the Vinkovci treasure. This silver-gilt
bowl empties itself when filled above a critical level by a hid-
den siphon, soaking a greedy drinker in wine. Image credit:
Damir Doracié, Archaeological Museum in Zagreb, from Vulié
et al. (2017). (c) The moka pot, a traditional stove-top coffee
maker, where the boiling water percolates through the coffee
by following the arrows. From Navarini et al. (2009).

mechanics can make or break their culinary creations.
Hydrodynamic instabilities can ruin a layered cocktail
[SITI.A], while the Leidenfrost effect helps with searing
a steak [§V.B], and baristas learn about percolation to
perfect their coffee [§VIL.D]. We will discuss these exam-
ples here, and quite a few more. Indeed, throughout this
Review we aim to connect the science with food appli-
cations. We also point out some common mistakes in
cooking and think of new ideas for recipes.

Second, for food scientists, it is important to unravel
hydrodynamic effects in order to develop better food
processing technologies (Knorr et al., 2011). For ex-
ample, microfluidic techniques are now extensively used
for edible foam generation and emulsification (Gunes,
2018; Skurtys and Aguilera, 2008), but also bioactive
compound extraction and the design of novel food mi-
crostructures (He et al., 2020). More generally, fluid
mechanics describes the transport of mass, momentum
and energy, which is to be optimised in food processing

(Welti-Chanes and Velez-Ruiz, 2016) and food preserva-
tion (Amit et al., 2017; Gould, 2012). We will highlight
a number of unexpected flow phenomena, and their rela-
tion with food science technologies.

Third, from the perspective of medicine and nutrition
professionals, flow physics has led to novel health care so-
lutions and provided insights on the physiology of diges-
tion (Donald, 2017). For example, flow devices can detect
foodborne pathogens or toxins (Kant et al., 2018), which
is essential for food safety (Bajpai et al., 2018) and food
quality control (Ozilgen, 2011). Similar technologies can
equally be used for in wvitro fertilization for agricultural
animal breeding, or other applications in animal health
monitoring, vaccination and therapeutics (Neethirajan
et al., 2011). Moreover, using next-generation DNA and
protein sequencing with nanopore technology (Drndié,
2021), the field of foodomics could help with improving
human nutrition (Capozzi and Bordoni, 2013). In this
article we will reflect on more of these food health inno-
vations.

Fourth, for engineers and natural scientists, kitchen
flows have led to breakthrough discoveries, and continue
doing so. To name a few here, Agnes Pockels established
the modern discipline of surface science after her observa-
tions of soap films while washing the dishes [§IX.C], and
Pyotr Kapitza discovered the roll wave instability while
under house arrest [§IX.E]. Most universities and labs
were closed during the COVID-19 pandemic, which again
lead to an unsolicited wave of kitchen science (American
Physical Society Press Office, 2020). Moreover, culinary
flows have given rise to engineering applications in com-
pletely different fields. The piston-and-cylinder steam
engine was inspired by Papin’s pressure cooker [§IT.A],
and inkjet printers rely on capillary breakups observed
in the sink [§II.G]. Indeed, because of the low activation
barrier, the kitchen is a hotspot for curiosity-driven re-
search where new ideas arise.

Fifth, for policy makers, the evolution of food science
often lies at the heart of historical developments (Mays,
2010; Toussaint-Samat, 2009) and it is key to the future
of our planet (Foley et al., 2011). Our soil resources are
under stress worldwide (Amundson et al., 2015), the use
of land has global consequences (Foley et al., 2005), and
food from the sea is similarly limited (Costello et al.,
2020). Solutions may come from food technology innova-
tions, global policy reforms, and better science education.

Finally, for science educators, the kitchen can serve
as an exceptional classroom (Benjamin, 1999; Rowat
et al., 2014; Vieyra et al., 2017) or indeed a lab (Kurti
and This-Benckhard, 1994) that is accessible to peo-
ple of different backgrounds, ages, and interests. Be-
ing a natural gateway to learning about fluid mechanics,
food science demonstrations equally connect to numerous
other disciplines. Examples include teaching oceanogra-
phy (Glessmer, 2020), chemistry education (Piergiovanni
and Goundie, 2019; Schmidt et al., 2012), geology (Giles



et al., 2020), soft matter physics (Ogborn, 2004), and
the science of cooking for non-science majors (Miles and
Bachman, 2009). Recently, based on their successful edX
(online) and Harvard University course, Brenner et al.
(2020) connected haute cuisine with soft matter science
in a textbook. Indeed, a lot of science awaits to be dis-
covered during our daily meals.

This Review is structured like a menu, where each sec-
tion corresponds to the course of a meal, and the sub-
sections correspond to different dishes. We begin with
washing our hands in §II about kitchen sink fundamen-
tals. Here, we provide a brief introduction to fluid me-
chanics in a manner that is accessible to scientists across
the disciplines. Then we are ready to pour ourselves a
cocktail, which we discuss in §III concerning multiphase
flows. The first course might be a consommé, so in §IV
we focus on complex fluids and food rheology. The main
course is often hot, so we review thermal effects in cook-
ing in §V. Tempted by dessert with honey and ice cream,
we consider Stokesian flows in §VI. We then brew a coffee
after the lavish meal, the thought of which sparks inter-
est in granular flows and porous media, as discussed in
§VII. Pouring another cup of tea, we discuss different as-
pects of non-linear flows and turbulence in §VIII. Once
the meal comes to an end, it is time to wash the dishes,
which brings our attention to interfacial flows in §1X. We
conclude the Review with an extensive discussion in §X.

We do not recommend working one’s way through this
entire menu (article) in one sitting. Instead, to optimise
digestion of the material, it might be better to come back
a couple of times. For each visit, one could then compose
a different meal (reading) with a few courses (sections)
by selecting from the available dishes (subsections) a la
carte. Enjoy!

Il. KITCHEN SINK FUNDAMENTALS

We begin this Review by introducing the basics of fluid
mechanics in the context of food science. Starting with
surprising aspects of hydrostatics, we quickly transition
to the hydrodynamics of wine aeration, hydraulic jumps
and satellite dishes, to name a few. Some of these con-
cepts are not as simple as appearance makes believe. In
the words of Drazin (1987),

A child can ask in an hour more questions
about fluid dynamics than a Nobel Prize win-
ner can answer in a lifetime.

As things get more complicated in the later sections, we
will often refer back to these kitchen sink fundamentals.

A. Eureka! Surprising hydrostatics

In his work “On Floating Bodies”, Archimedes of Syra-
cuse (¢.287—c.212 BC) described the principles of hy-

drostatics. The buoyancy force on an immersed object
equals the weight of the fluid it displaces (Chalmers,
2017). To see this for a simple incompressible liquid, we
note that the hydrostatic pressure increases with depth
as a consequence of the incompressibility. Consider, for
example, an immersed cube of volume V = L? that expe-
riences a pressure difference of Ap = pgL between its top
and bottom surfaces, where p is the fluid density, pg is the
object density, Ap = p — pp is the density contrast, and
g is the gravitational acceleration. The buoyancy force
is this pressure difference multiplied by the surface area,
L?, giving F;, = pgV, which indeed is the weight of the
displaced fluid. The total force, including buoyancy and
gravity on the object, is F' = ApgV', which vanishes for
neutrally buoyant objects. Note that buoyancy applies
not to solid objects only, but also to fluids of different
densities [see layered cocktails, §ITT.A].

Greece being a sea-faring nation, we note the impor-
tance of Archimedes’ principle to describe the stability
of ships: If the center of gravity is above the metacentre
(which is related to the centre of buoyancy), the boat
will topple (Barrass and Derrett, 2011; Lautrup, 2011).
We can test this by floating a cup upside-down in the
kitchen sink. Another classic experiment is throwing a
stone out of a boat (or an upright floating cup). Does the
water level rise? Furthermore, the Archimedes’ principle
is often used in modern engineering. A remarkable exam-
ple is the “Falkirk Wheel” in Scotland, one of the world’s
largest boat lifts, where it ensures that the weights of the
lift are always balanced (Kosowatz, 2011). As we will see
throughout this Review, buoyancy is essential in many
food science processes, including bubbly drinks [§ITL.E],
heat convection [§V.C], and latte art [§VIL.D].

The concept of pressure became more established in
the 17th century. Evangelista Torricelli (1608-1647) un-
derstood that “We live submerged at the bottom of an
ocean of the element air, which by unquestioned erper-
iments is known to have weight”. Hence, he invented
the barometer, by realizing that mercury in a top-sealed
tube was supported by the pressure of the air (West,
2013). Torricelli also wrote that air pressure might de-
crease with altitude, a prediction later demonstrated by
Blaise Pascal (1623-1662). Note that for compressible
fluids, the pressure does not necessarily decrease linearly
with altitude, as was the case for the simple incompress-
ible liquid we described above. Subsequently, these find-
ings led to the discovery of Pascal’s law, which states
that a pressure change at any point in an enclosed fluid
at rest is transmitted undiminished throughout the fluid
(Batchelor, 2000). This law lies at the heart of many ap-
plications with ‘communicating vessels’ including water
towers, modern plumbing, water gauges, and barometers
(Middleton, 1964).

While hydrostatics may seem elementary compared to
hydrodynamics, it can still be rather counter-intuitive.
For example, gravity can be defied when turning a glass of



water up-side down (Lindén, 2020). Another puzzling ef-
fect appears in siphons (Potter and Barnes, 1971). They
are devices wherein fluids first flow upwards, over a hill,
and then downwards, without a pump. Siphons are used
in many applications, including modern washing ma-
chines and anti-colic baby bottles (Marshall et al., 2021).
While it is generally agreed upon that these flows are
driven by gravity, it depends on the situation whether the
fluid moves primarily because of pressure differences or
intermolecular cohesion and capillary forces (Binder and
Richert, 2011; Hughes, 2011; Jumper and Stanchev, 2014;
Richert and Binder, 2011) [see §IL.F]. Hence, siphons re-
main an active topic of research (Boatwright et al., 2015;
Wang et al., 2022).

One of the oldest pranks in history that uses this
siphon effect is the Tantalus bowl [Fig. 1b], also known as
the Pythagoras cup. It is a drinking vessel that functions
normally when filled moderately, but if the liquid level
rises above a critical height, the siphon flow is initiated
and the bowl will drain its entire contents. Therefore,
the bowl concretises a “Tantalean punishment”, taking
away pleasure from to those who get too greedy! While
described in ancient literature, the earliest specimen of a
Tantalus bowl was discovered only very recently, in the
Vinkovci treasure (Vuli¢ et al., 2017). Finally, in his trea-
tise on pneumatics, Heron of Alexandria (c.10-¢.70 AD)
describes 78 inventions based on non-intuitive hydrostat-
ics (Woodcroft, 1851). Even today, modern chefs could
use these non-intuitive discoveries to serve their dishes in
a surprising fashion.

The use of pressure in the kitchen expanded with the
invention of the steam digester by Denis Papin (1647-
1713). His improved designs included a stream-release
valve to prevent the machine from exploding, an essen-
tial feature in all modern pressure cookers, and coffee
makers like the moka pot [see §VIL.D, Fig. 1c|]. Besides
kitchen appliances (Abu-Farah and Germann, 2022), the
steam digester was the forerunner of the autoclave to dis-
infect medical instruments, and the piston-and-cylinder
steam engine (Ferguson, 1964). Pascal’s principle also
underpins the hydraulic press, a force amplifier capable
of uprooting trees, invented by Joseph Bramah (1748-
1814). Bramah invented and improved many other culi-
nary technologies during the Industrial Revolution, in-
cluding high-pressure public water mains and the beer
engine (Dickinson, 1941).

B. Navier-Stokes equations and the Reynolds number

Moving on from hydrostatics, we shift our attention
to fluids in motion. These are described by the famous
equations named after Claude-Louis Navier (1785-1836)
and George Gabriel Stokes (1819-1903). When the veloc-
ity of the fluid is much smaller than the speed of sound,
which is true for typical kitchen flows, the Navier-Stokes

equations for a compressible Newtonian fluid [see §TV.A]
of constant dynamic viscosity u, constant bulk viscosity
¢, and density p, can be written as

p%’t‘ = —Vp+ pViu+ (c + %) V(V-u)+ f, (1a)
D
==V ). (1b)

Here u(x,t) is the flow velocity at position x and time
t, and p(x,t) is the pressure field, f is a body force
(usually gravity) acting on the fluid, and the operator
D/Dt = 9/0t+ (u- V) is the material derivative, which
includes both temporal and spatial variations experi-
enced by a fluid element. Physically, Eq. (2a) stems from
the conservation of momentum, essentially Newton’s sec-
ond law applied to an infinitesimal fluid parcel. Eq. (2b)
is called the continuity equation, which describes the con-
servation of mass.

In typical kitchen flows, we often deal with incompress-
ible fluids. In that case, the density of a moving fluid
parcel remains constant, so its material derivative van-
ishes, Dp/Dt = 0. Consequently, Eq. (2b) reduces to
V -u =0, and the term in Eq. (2a) concerning the bulk
viscosity disappears. Hence, the Navier-Stokes equations
for an incompressible fluid are written as

D
pDi; =-Vp+uViu+f, (2a)
0=V u. (2b)

Note that these expressions are often appropriate for wa-
ter, but not for gases.

The Navier-Stokes equations give us insight into the
character of flow. In his seminal work, Reynolds (1883)
observed the shape of a streak of dye injected into a
pipe flow. For low pumping speeds, the dye forms a
straight line, parallel to the streamlines [Fig. 2a.i]. Such
flow is called laminar because the fluid parcels move in
lamellas parallel to each other. With increasing pump-
ing speed, we see a gradual distortion of this regular
pattern, and the flow transits to turbulence. Here, the
streak of dye is quickly smeared all over the flow do-
main [Fig. 2a.ii], because of increased mixing and chaotic
streamlines [Fig. 2a.iii].

To characterise the transition from laminar (ordered)
to turbulent (disordered) flow (Mullin, 2011), we may
use the Navier-Stokes equations and examine the relative
magnitude of inertial to viscous forces which compete in
shaping the flow. By considering a steady flow with a
characteristic speed Uy, varying over a length scale Ly,
we find that the relative magnitude of the convective term
to the viscous term, called the Reynolds number, can be
written as

_ Inertial forces  |p(u-V)u| pUsLg

[1V2ul I

3)

" Viscous forces



FIG. 2 Turbulent pipe flow. (a) Drawings by Reynolds
(1883), showing (i) laminar pipe flow, (ii) turbulent flow, and
(iii) turbulent flow observed under the stroboscopic illumina-
tion achieved with an electric spark, revealing that the struc-
ture of the flow is comprised of eddies and vortices. (b) Space-
time diagram from a numerical simulation at Re = 2300,
showing the process of turbulent puffs splitting. (c) Visu-
alization of puff splitting in a cross section of the pipe. Time
increases in the snapshots from bottom to top. (b,c) From
Avila et al. (2011).

The character of flow will crucially depend on this quan-
tity. The low Reynolds number regime, Re < 1, is called
Stokes flow [see §VI.A], where viscosity dominates in-
ertia, while the other limit, Re — oo, corresponds to
inviscid flow [see §VIII]. The critical Reynolds number,
Re. =~ 2300, marks the value above which flow character
turns from laminar to turbulent. In the next section, we
will examine this transition in the particular example of
a pipe flow.

Today, over 200 years after their formulation, much is
still unknown about the Navier-Stokes equations. This is
mainly due to the non-linearity of the convective term,
(u - V)u, in the material derivative. One of the seven
Millennium Prizes of $1 million can be earned for the ‘ex-
istence and smoothness problem’ (Carlson et al., 2006).
However, highly accurate approximative techniques for
solving the Navier-Stokes equations have been developed,
which are used by physicists and engineers on a daily ba-
sis.

C. Drinking from a straw: Hagen—Poiseuille flow

Having in mind the notorious mathematical difficulty
of fluid mechanics, solutions to the Navier-Stokes equa-
tions can be found in specific cases. An important ex-
ample is laminar pipe flow, which occurs when we drink
through a straw. This current is driven by a difference
in pressure, Ap, where we consider a cylindrical tube of
radius R and length L with negligible gravity. Then, the
volumetric flow rate (the flux) going through the tube is
described by the Hagen—Poiseuille equation,

Q = mR'Ap/(8uL). (4)

The expression was first deduced experimentally, in-
dependently by Gotthilf Hagen (1797-1884) and Jean
Poiseuille (1797-1869). Soon after, it was confirmed the-
oretically, as reviewed by Sutera and Skalak (1993). One
of the most renowned theories was derived by Sir George
Stokes (1819-1903) in 1845 (Stokes, 1880). However, he
did not publish it until 1880, supposedly because he was
not certain about the validity of the “no-slip” boundary
condition of vanishing velocity at the walls (Sutera and
Skalak, 1993). Stokes also derived the exact flow veloc-
ity w everywhere in the pipe. Starting from the Navier-
Stokes equations (2) in cylindrical coordinates (o, 8, 2),
assuming that the flow is steady, axisymmetric, and that
the radial and azimuthal components of the velocity are
zero, one finds the parabolic flow profile,

us = —Ap(R® - ¢%)/(4uL), ()

which, as expected, is strongest at the center line. The
consequences of the Hagen—Poiseuille equation (4) can
be substantial: It is 16 times harder to drink through a
straw that is 2 times thinner, to achieve the same flux.
This fourth-power scaling is even more problematic for
microscopic flow channels, in the field of microfluidics
[see (Bruus, 2008; Kirby, 2010; Squires and Quake, 2005;
Tabeling, 2005) and also §VL.F]. However, wider pipes do
not always make transport easier, because the hydraulic
resistance (friction factor) increases when the flow be-
comes turbulent (Cerbus et al., 2018; Mullin, 2011).

In the kitchen context, we can see this flow transition
in a sink. When the tap is opened a little, the water
column is clear and can be used as an optical lens. The
Reynolds number is low, and the flow is laminar. Open-
ing the tap further, the image begins to fluctuate. When
the flow turns completely turbulent, the fluid layers no
longer flow parallel to each other. This can cause the
entrainment of air bubbles into the water stream, to-
gether with other instabilities. These bubbles can turn
the water column opaque and white, because of Mie scat-
tering, which is roughly independent of the wavelength
of light (van de Hulst, 1981), as opposed to Rayleigh
scattering that turns the sky blue, as explained indepen-
dently by Smoluchowski (1908) and Einstein (1910).



The critical Reynolds number, Re., can be measured
directly from this faucet experiment: The characteristic
length scale Ly is often chosen to be the diameter of the
faucet nozzle, d ~ 1cm, and the velocity scale Uy can
be determined easily by holding a cup under the faucet
at the onset of turbulence (Thomsen, 1993). One should
find a volumetric flow rate of about @ ~ 1.8 cm?/s, which
corresponds to Re. &~ 2300 in pipe flow (Heavers and
Medeiros, 1990; Schlichting and Gersten, 2017). Near
this critical value, one observes puff splitting events
[Fig. 2b,c], showing that spatial proliferation of chaotic
domains is critical to fluid turbulence (Avila et al., 2011,
2022).

Interestingly, one can also determine the diameter of
the valve inside the faucet. Without seeing it, the onset
of turbulence can still be heard, as a hissing sound. Us-
ing the relation Re = 4Q/(v7d), with known Re, we can
find the critical @ at which the sound emerges, and thus
compute the valve diameter. Because the valve is usually
smaller than the nozzle, this happens at a lower flow rate.
In medicine, this listening technique called auscultation
(Chizner, 2008) can be used to detect narrowing of blood
vessels, sounds referred to as bruit or vascular murmurs
(Marsden, 2014; Seo et al., 2017; Stein and Sabbah, 1976)
and, similarly, obstructions of the airways in respiratory
conditions (Bohadana et al., 2014; Grotberg, 2001; Kle-
instreuer and Zhang, 2010). In §VIII.C we will talk more
about hydrodynamic sound generation.

D. Wine aeration: Bernoulli principle

In his book “Hydrodynamica”, Bernoulli (1700-1782)
found that pressure decreases when the flow speed in-
creases. More generally, Bernoulli’s principle is a state-
ment about the conservation of energy along a stream-
line. Swiss mathematician Leonhard Euler (1707-1783)
used this principle to derive the modern form of the
Bernoulli equation,

1u? + ¥ + w = constant along a streamline,  (6)

where it is assumed that the flow is steady and that fric-
tion due to viscosity is negligible, where ¥ = gz is the
force potential due to gravity, and w is called the en-
thalpy of the fluid per unit mass. For an incompress-
ible fluid, which is often an appropriate approximation
for water, this enthalpy corresponds simply to the en-
ergy of the pressure field, w = p/p. For a compressible
fluid, the enthalpy also includes the internal energy of
the fluid, such as the energy stored by the compression,
which depends on the fluid’s thermodynamic properties
(Batchelor, 2000).

Despite its apparent simplicity, the Bernoulli principle
is a powerful tool in many applications. On the one hand,
it can be used to compute flow rates by measuring a pres-
sure difference. A Pitot tube is a device that uses this

FIG. 3 Wine aeration. (a) Oxygen injection using the Ven-
turi effect: The wine moves down into a narrow funnel by
gravity. In the funnel the liquid accelerates, which lowers
the pressure compared to the surrounding atmosphere, as de-
scribed by the Bernoulli principle [Eq. (6)]. Hence, air bubbles
are drawn in, which aerate the wine. (b) Wine decanter: By
pouring and swirling the liquid around, ripples form that mix
in oxygen efficiently. See §IX.E about thin film instabilities.
(a,b) From Vintorio Wine Accessories, with permission.

idea, for example to determine the speed of an aircraft
(Anderson Jr, 2017) or to measure air flows in food pro-
cessing applications (Moyls, 1981). On the other hand,
the Bernoulli principle can be used to compute pressure
differences by measuring flow rates, for example to de-
termine the pressure distribution around a plane wing
(airfoil) and thus the lift force (Anderson Jr, 2017).

Together with the principle of mass conservation, the
Bernoulli equation also explains the Venturi effect: In a
pipe constriction, the pressure decreases as the flow speed
increases. In the kitchen, this Venturi effect is exploited
in wine aerators [Fig. 3a]: The wine moves through a
main tube with a constriction, where the lower pressure
is used to draw in bubbles from a side tube. These air
bubbles can improve the wine flavour (Balboa-Lagunero
et al., 2011; Ribéreau-Gayon et al., 2006). Indeed, this
was already known to Louis Pasteur, who famously wrote
“C’est l'oxygeéne qui fait le vin” (Pasteur, 1873), or “It is
the oxygen that makes the wine”. Note, Fig. 3b shows
aeration based on mixing with thin film ripples, which
we describe in §IX.E. The Venturi effect is also used
in gas stoves and grills, where inspirators mix air with
flammable gas (instead of wine) to enhance combustion
efficiency. One can read more about the use of fire in
the kitchen in §V.F. Finally, the Bernoulli principle can
be used to regulate pressures in hydraulic devices such
as food grippers, for instance to handle sliced fruits and
vegetables (Davis et al., 2008; Petterson et al., 2010).



E. Pendant droplets: Surface tension

The Bernoulli and Navier-Stokes equations describe
the motion of fluids, but they do not say much about the
interesting phenomena that occur at interfaces: How can
droplets hang upside-down from a tap? Water molecules
are attracted to each other by cohesion forces, particu-
larly by hydrogen bonds (De Gennes et al., 2004; Rowl-
inson and Widom, 2013). This cohesion leads to a sur-
face tension, v, a force per unit length, which acts as if
there was a taut elastic sheet covering the liquid inter-
face (Marchand et al., 2011). Indeed, surface tension acts
to minimise the surface area, so free droplets tend to be
spherical. This inward force is balanced by a higher pres-
sure inside the droplet. The pressure difference across the
water-air interface, called the Laplace pressure, is given
by the Young-Laplace equation,

Ap = —vH, (7)

where H is the mean curvature of the interface. For
spherical droplets of radius R, we have H = 2/R. The ex-
pression is named after Thomas Young (1773-1829) and
Pierre-Simon Laplace (1749-1827).

In the kitchen, the surface tension of water-air in-
terfaces can be measured with a dripping tap experi-
ment: A drop of radius R hanging from a faucet balances
surface tension (F, = 2w Ry) with the force of gravity
(Fy = %ng’Apg). Therefore, the pendant drop will fall
if it grows larger than R* ~ A, the capillary length

Ae = \/ATpg. 8)

Then, by measuring this critical droplet radius, the sur-
face tension can be estimated using the known values
for gravity ¢ and the density difference Ap between wa-
ter and air. For a more accurate result, we should take
the exact shape of the nozzle and the pendant drop into
account (Berry et al., 2015). To make this experiment ac-
cessible to students, they can be asked to use their smart-
phone camera (Goy et al., 2017). For water-air interfaces,
one finds that the surface tension is v ~ 0.07 N/m. This
value (double-O-seven) might be easy to remember be-
cause the non-dimensional parameter that characterises
the importance of gravity compared to surface tension is
called the Bond number,

Bo — Gravitational forces 2ApgLy (Lo>2 9)
Capillary forces 3 v Ae )
named after the English physicist Wilfrid Noel Bond
(1897-1937). Here, Lj is a characteristic length scale,
such as the drop radius R. Note that the Bond number
is also called the E6tvos number (Eo), named after the
Hungarian physicist Lordand E6tvos (1848-1919).
Surface tension can lead to a vast number of counter-
intuitive phenomena, and new effects are still discovered

every day. This is particularly important for nanotech-
nology and miniaturization in microfluidics, because the
characteristic length scale is much smaller than the cap-
illary length. This leads to small Bond numbers (Eq. 9),
so surface tension dominates gravity and indeed most
other bulk forces (Tabeling, 2005). Also in microgravity
experiments, the effects of surface tension are amplified
(Kundan et al., 2015). This is highlighted in a video
where an astronaut tries to wring out a wet cloth in the
International Space Station (Hadfield, 2013), but the wa-
ter stays near the cloth because of surface tension. Back
on Earth, when a pendant drop falls, it makes a dis-
tinct ‘plink’ sound, which we explain later in §VIII.C.
Not least, pliking droplets are a characteristic of drip
coffee, discussed in §VIL.D.

F. Rising liquids: Wetting and capillary action

Besides cohesion forces that lead to surface tension, lig-
uid molecules are also subject to adhesion forces, when
they are attracted to other molecules (Rowlinson and
Widom, 2013). This can be observed directly when look-
ing at a water droplet sitting on a kitchen benchtop
(De Gennes et al., 2004). The line where the liquid,
gas and the solid meet is called the contact line or the
triple line. The contact angle, 6., is defined as the an-
gle between the liquid-gas interface and the surface. If
the benchtop is hydrophilic (attracts water), the droplet
spreads out and wets the surface (Bonn et al., 2009),
leading to a small contact angle of 0 < 6. < 90°. But
if the adhesion forces are weak, such as on waxed sur-
faces, the surface is called hydrophobic (fears water).
Then the cohesion forces prevent spreading by pulling
the drop together, leading to a large contact angle of
90° < 0. < 180°. The equilibrium contact angle is found
by minimising the total free energy, for example using
calculus of variations. This leads to the Young equation,

cosf, = u’ (10)

LG

where the interfacial energies 7;; encode the relative
strengths of the cohesion and adhesion forces between
the three phases i,j € (Liquid, Gas, Solid). Note that
without subscript we imply v = y.a, and the gas phase
is sometimes also called the vapour phase. Indeed, in-
stead of an energy balance, Eq. 10 can also be inter-
preted as a force balance between the acting interfacial
tensions. When these forces are no longer in equilibrium,
the Young equation can be improved by accounting for
advanced effects like contact line dynamics (Jasper and
Anand, 2019; Tadmor, 2004).

The degree to which a drop will wet a substrate can
be estimated with the spreading parameter (De Gennes
et al., 2004), given by

S =7s¢ — (7a +s1) - (11)



When S > 0, the drop spreads indefinitely towards a
zero equilibrium contact angle, as is the case of silicone oil
spreading on water. When S < 0, the drop instead forms
a finite puddle, as when a drop of cooking oil is placed
on a bath of water in a simple kitchen experiment. Due
to its weight, the drop deforms the water surface. The
amount of distortion depends on the relative magnitude
of buoyancy to surface tension forces, as characterized
by the Bond number [Eq. (9)]. The spreading dynamics
for partially wetting droplets were recently studied by
Durian et al. (2022).

Leonardo da Vinci (1452-1519) first recorded that lig-
uids tend to flow spontaneously into confined spaces,
an effect now called “capillary action” or “capillarity”
(De Gennes et al., 2004). When dipping a narrow glass
tube or a straw into water, the liquid will rise up until it
reaches a constant height h. The narrower the capillary,
the more the liquid ascends. It may take a longer time
to reach the final height, though, because the hydraulic
resistance increases significantly for smaller tube radii, as
seen from the Hagen—Poiseuille equation (4).

This effect of capillarity is also explained by inter-
molecular adhesion and cohesion forces, as the liquid is
pulled down by gravity, but attracted up by the surfaces.
Quantitatively, the height to which the water rises in a
capillary can be calculated by balancing the hydrostatic
pressure, Ap, = pgh, with the Laplace pressure as in
Eq. (7). If the capillary is cylindrical with inner radius
R;, and the meniscus has a spherical shape, its radius of
curvature is R = R;/cosf,. in terms of the contact an-
gle. Combining these ingredients yields the Jurin’s law
(Jurin, 1718),

h = 2vpg cosb./(pgR;). (12)

For a typical glass microchannel of R; = 50 um, the water
can rise up to ~ 30 cm and much more for thinner tubes.

Hence, wetting and capillary action have many appli-
cations (De Gennes et al., 2004). For example, you may
like growing your own basil for cooking. Plants use capil-
larity for transporting water from the soil to their leaves,
together with other mechanisms including osmosis and
evaporation, which become more important for tall trees
(Jensen et al., 2016; Katifori, 2018). Conversely, if the
contact angle 6. > 90° for hydrophobic surfaces, h turns
negative in Jurin’s law [Eq. (12)], so liquid is expelled.
Then one can observe dewetting, the process of a liquid
spontaneously retracting from a surface (Herminghaus
et al., 1998; Redon et al., 1991; Reiter, 1992). Conse-
quently, thin liquid films are metastable or unstable on
these surfaces, as they break up into droplets. Therefore,
dewetting is often not desirable in industrial applications
because it can peel off protective coatings or paint (Pala-
cios et al., 2019), and in machinery it can inhibit lubrica-
tion [§VI.C|. Dewetting also has important implications
for human health. For example, dewetting of lung surfac-
tant layers can inhibit breathing (Hermans et al., 2015),

and dewetting of the tear film caused by e.g. dry eye
disease (Madl et al., 2022) or by wearing contact lenses
(Suja et al., 2022) can cause ocular discomfort and vision
loss. Dewetting is also important in solid-state physics
because it can damage thin solid films. Sometimes, this
effect can be turned into an advantage for making pho-
tonic devices and for catalyzing the growth of nanotubes
and nanowires (Thompson, 2012). An example of a fine-
dining accessory exploiting the effects of surface tension
is the ‘floral pipette’ (Burton et al., 2013), which presents
a novel means of serving small volumes of fluid in an el-
egant fashion. Not least, wetting properties are crucial
for making cooking equipment with non-stick coatings
[§V.H].

G. Break-up of jets: Plateau-Rayleigh instability

Dripping kitchen taps offer a direct example of an im-
portant hydrodynamic instability [Fig. 4a]: When a ver-
tical stream of water leaves a worn tap, it narrows down,
stretched by gravity. Once the liquid cylinder is suffi-
ciently thin, we observe its breakdown into droplets be-
fore hitting the sink. Plateau (1873b) was the first one
to describe this instability systematically, which then en-
ticed Lord Rayleigh (1879) to provide a theoretical de-
scription and a stability analysis of an inviscid jet. He
showed that a cylindrical fluid column is unstable to dis-
turbances whose wavelengths A\ exceed the circumference
of the cylinder. The most unstable mode for a jet of ra-
dius R has the wave number k = 27/\ = 0.697/R and
from the growth rate of this mode, a typical jet breakup
time can be estimated as 7, ~ 34/pR3/7y, which in a
kitchen sink is typically a fraction of a second. Inter-
estingly, this estimate does not depend on the jet veloc-
ity, although that is no longer expected to be true when
one would account for air drag. On a separate note,
kitchen jets also exhibit cross-sectional shape oscillations
attributed to capillary waves, which can easily be seen
in home-made experiments (Wheeler, 2012). By mea-
suring these variations of jet eccentricity, occurring at a
frequency proportional to 7, ! one can measure the sur-
face tension, following an experimental protocol by Bohr
and Ramsay (1909).

The physics and stability of liquid jets are fundamen-
tally important for a number of applications, as reviewed
by Eggers and Villermaux (2008). The break-up of jets
has some universal features, which result in a number of
self-similar solutions. The scale invariance is manifested
both in the conical shape of the tip of a French baguette
(figure 4 in Eggers and Villermaux, 2008), and in a bi-
modal distribution of droplets produced, independently
of the initial conditions, in the pinch-off process. The
latter is an important technological problem in ink-jet
printing (Eggers, 1997; Martin et al., 2008a). In microflu-
idic systems, the surface-tension-assisted breakup is also



jump line

FIG. 4 Jets in the kitchen sink. (a) Example of the Rayleigh-
Plateau instability, where a thin jet from a faucet breaks into
droplets. Image by Niklas Morberg, licenced under CC BY-
NC 2.0. (b) A circular hydraulic jump forms when a thicker
liquid jet impinges on a planar surface. (c) A triangular hy-
draulic jump, seen from below through a glass plate. The
impinging jet is the black center region, and the jump line is
the triangular black line surrounding it. An additional roller
structure, marked with a dye, extends from the jump line to
the outer radius. In the corner region, the dyed fluid is ex-
pelled in radial jets. (b,c) From Martens et al. (2012).

used to create mono-disperse droplets (Anna, 2016), and
drinking (lapping) mammals including cats and dogs may
adjust their jaw-closing times to the pinch-off dynamics
to maximise water intake (Jung, 2021). Citrus fruits can
eject high-speed microjets from bursting oil gland reser-
voirs, up to 5000 g-forces, comparable to the acceleration
of a bullet leaving a rifle (Smith et al., 2018). The break-
up of these jets enables aerosolization, leading to a strong
citrus scent.

H. Hydraulic jumps in the kitchen sink

When a thicker water jet (that does not break up) im-
pinges on the kitchen sink, it will first spread out in a thin
disk at high velocity. Surprisingly, at some distance from
its origin, the thickness of the film suddenly increases;
a hydraulic jump is formed [Fig. 4b]. Again, Leonardo
da Vinci was the first known to study hydraulic jumps
(Hager, 2013), and Lord Rayleigh (1914) first described it
mathematically. He postulated that a balance between
inertia and gravity forces lead to the jump. In other
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words, a jump is expected when the Froude number,

Fr— \/ Inertial forces pUZ /Ly Uo
"=V Gravitational forces o9 ~ VLo’
(13)
transitions through unity, since the flow in the thin film
continually loses momentum as is spreads out radially.
Here, Uy is the velocity at the free surface of the film, g
is gravity, and Lg is the film thickness. Rayleigh did not
include effects of surface tension [§IL.E] in his analysis.
However, he wrote that “On the smallest scale surface-
tension doubtless plays a considerable part, but this may
be minimised by increasing the stream, and correspond-
ingly the depth of the water over the plate, so far as may
be convenient”. Watson (1964) included effects of vis-
cosity in his description of circular jumps, and two years
later, in 1966, Olsson and Turkdogan (1966) performed
complementary experiments to validate Watson’s theory
and hypothesized that surface tension contributed to the
loss of kinetic energy at the jump. Bush and Aristoff
(2003) expanded Watson’s theory by exploring the role
of surface tension on the formation of circular hydraulic
jumps, and Mathur et al. (2007) found surface tension to
dominate over gravity for films on the micrometer scale.
However, all of the above-mentioned authors regarded
capillary pressures (due to surface tension, see Eq. (7)) as
being negligible compared to hydrostatic pressures (due
to gravity) on the scale of kitchen sink hydraulic jumps.
Bhagat et al. (2018) observed that when a strong jet im-
pinges on a planar surface, the radius of the disk (inner
region before the jump) is independent on the orienta-
tion of the surface. They concluded that gravity is not
causing the hydraulic jump when the film is sufficiently
thin, as it is when produced by a strong jet. Instead,
a capillary pressure competes with the transport of mo-
mentum, and this balance is characterised by the Weber
number,

: 2

o — Inertl.al forces N pU; Lo7 (14)
Cohesion forces ¥
where v denotes surface tension and p denotes the density
of the impinging liquid. For weaker jets, however, gravity
can no longer be neglected. By balancing the energy at
the jump and adopting the approach by Watson (1964)
by assuming a boundary layer flow inside the film, Bhagat
et al. (2018) found the gradient of the radial velocity to
be singular whenever

We ' +Fr 2 =1, (15)

in which case a hydraulic jump can be expected. Here,
the first term is associated with capillary waves and the
second is associated with gravity waves. The difference
of the power of two comes out of the derivation because
the Froude number (Eq. 13) is historically defined as the
square root of the force ratio.



As we have seen, the rich physics characterizing cir-
cular hydraulic jumps has attracted researchers for cen-
turies, and the degree to which surface tension controls
these jumps remains an active research topic. Duchesne
et al. (2019) and Bohr and Scheichl (2021) consider a
static control volume and argue that surface tension has a
negligible influence as it is fully contained in the Laplace
pressure, while Bhagat and Linden (2020, 2022) come to
a different conclusion by an energy-based analysis. An-
other aspect of hydraulic jumps concerns the influence of
different surface coatings on the jump radius and shape,
and Walker et al. (2012) showed that when a water jet im-
pinges on a shear thinning liquid [see §IV.A], the radius
becomes time dependent. Later, the same group used vis-
coelastic liquids to enhance the degree of particle removal
through inducing normal stresses [see §IV.A] that ‘lift’
the particles away from the substrate (Hsu et al., 2014;
Walker et al., 2014). Abdelaziz and Khayat (2022) dis-
cuss non-circular jumps for inclined jets. Finally, it is also
possible to create polygonal jumps, either by leveraging
hydrodynamic instabilities in viscous liquids (Bush et al.,
2006; Ellegaard et al., 1998, 1999; Martens et al., 2012;
Nichols and Bostwick, 2020), as displayed in Fig. 4c, or by
utilizing micro-patterned surfaces (Dressaire et al., 2009).

I. How to cook a satellite dish

The importance of parabolas to focus light rays was al-
ready known since classical antiquity: Diocles described
it in his book On Burning Mirrors, and legend has it that
Archimedes of Syracuse (c.287-¢.212 BC) used these to
burn down the Roman fleet (Knorr, 1983). The latter
is probably fictional, but Archimedes did write that the
surface of a rotating liquid forms a paraboloid (Knorr,
1983). At hydrostatic equilibrium, the gravitational force
on a fluid element is balanced by the centripetal force and
buoyancy [Fig. 5al, such that the liquid height profile is
given by

h(p) = h(0) = w?p?/(29), (16)

where p is the radial distance from the rotation axis, w
is the angular velocity, and the corresponding focal dis-
tance is f = g/2w? [Fig. 5a]. Liquid-mirror telescopes
use exactly this concept: the Large Zenith Telescope
[Fig. 5b] is made of a 6-meter pool of liquid mercury,
which is rotated such that the camera sits at the focal
point (Hickson et al., 2007). Instead of a parabolic mir-
ror, the earliest known functional reflecting telescope,
which was made by Isaac Newton (1642-1727), used a
spherical mirror, because paraboloids are hard to fabri-
cate (Wilson, 2007). For modern large telescopes, the
parabolic mirror is sometimes made by spinning molten
glass in a rotating furnace. You can try to do this yourself
in the kitchen, by melting some wax (or gelatin) and let-
ting it cool on a record turntable. Once it has solidified,
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you could even coat it with reflective paint. Parabolic
reflectors are also widely used in solar cookers and large-
scale solar engineering (Price et al., 2002), opening up
interesting avenues for future research in renewable en-
ergy technologies (Duffie et al., 2020).

Equation (16) holds under the assumptions that the
whole fluid rotates as a rigid body and that there is no
local rotation of neighbouring fluid elements. Then the
flow is called irrotational (Acheson, 1990). In closed con-
tainers, one must also account for surface tension and
potential dewetting when the bottom becomes dry in the
middle of the vessel (Lubarda, 2013). For higher rotation
speeds, however, this static description is no longer valid
as the flow becomes rotational. In fact, this transition is
also highlighted by a symmetry breaking, leading to the
formation of polygonal rotating structures (Bergmann
et al., 2011; Jansson et al., 2006) before all symmetry
is lost in turbulence at even higher rotation speeds.

This local rotation of fluid elements is quantified by
the fluid vorticity (Acheson, 1990), defined as w = V x
u. The Navier-Stokes equation (2) for an incompressible
fluid (V- u = 0) can be recast upon taking a curl of both
sides, giving

% = (w-V)u+vViw. (17)
Here the first term of the right-hand side accounts for the
stretching or tilting of vorticity due to the flow gradients,
while the last term describes the diffusion of vorticity
in the fluid. Vortices formed across all scales, from at-
mospheric to molecular processes, are described by their
velocity or vorticity distribution. The simplest models
assume an axisymmetric velocity field in which the fluid
circles around the vortex axis. However, the flow field
is more complex in most practical cases. For instance,
secondary flows can arise due to this circling motion and
friction with surfaces (Okulov et al., 2022). Interestingly,
these secondary flows give rise to the tea leaf effect [see
§VIIL.A].

J. Washing and drying hands, skincare

In Shakespeare’s Scottish play, Lady Macbeth repeat-
edly washes her hands ‘for a quarter of an hour’ to cleanse
away her murderous guilty conscience. At the start of the
COVID-19 pandemic, her troubled soliloquy was used
to satirise WHO posters that offer personal hygiene in-
structions in public restrooms (Smith, 2020). Jokes aside,
washing hands with soap is “a modest measure with big
effects” to combat pathogen dispersal (Handwashing Li-
aison Group, 1999), which is of particular importance
for the food industry (Todd et al., 2010). Also coron-
aviruses can be cleaned off the skin with soap, or with
hand sanitisers that contain sufficiently high concentra-
tions of agents such as ethanol or isopropanol (Bar-On



FIG. 5 Liquid mirrors. (a) Diagram of a rotating liquid that
forms a parabolic reflector by the principle of hydrostatic equi-
librium. The black arrows denote the force balance between
gravity, rotation and buoyancy. The red (vertical) lines rep-
resent light rays that come together at the focal point. (b)
The Large Zenith Telescope uses this principle. It was one of
the largest optical telescopes in the world. Diameter: 6.0 m,
rotation period: 8.5s, mercury thickness: 1.2mm, accessible
area of sky: 64.2deg®. Person for scale. From Hickson et al.
(2007).

et al., 2020; Chin et al., 2020; Poon et al., 2020). Dancer
(2020) also reminds us that besides our hands, we should
not forget to clean the surfaces that we touch, follow-
ing the legacy of Florence Nightingale (1820-1910), often
called the founder of modern nursing. Despite the impor-
tance of proper sanitation, its hydrodynamics is not so
well explored. Mittal et al. (2020) recently wrote “Amaz-
ingly, despite the 170+ year history of hand washing in
medical hygiene (Rotter, 1997), we were unable to find
a single published research article on the flow physics
of hand washing.” There is of course a large body of
literature about micelle formation and multi-phase flows
[§IT1], foaming [§II1.F] and the physics of micro-organisms
[SVLE], but connecting this network of knowledge in the
context of personal hygiene is only just starting.

Motivated by this gap in the literature and without
access to a lab due to stay-at-home orders during the
pandemic, Hammond (2021) conducted a theoretical as-
sessment of hand washing. Using a lubrication approxi-
mation, he came a long way in describing how and when
a virus particle is released from our hands when we rub
them together. Hammond found that the rubbing speed
needs to exceed a certain value set by the depth of the
surface undulations of the skin, which in his model are
represented by sinusoidal waves. Surprisingly, he found
that multiple rubbing cycles are needed to remove a par-
ticle. More generally, the study of washing biological
surfaces could widen our understanding of hydrodynamic
interactions between particles, rough surfaces and fluid
flows, which is a largely unexplored research field with
important implications in the food industry, for exam-
ple. A natural extension of this work is to include vis-
coelastic effects, which are likely to enhance the particle
removal (Walker et al., 2014) [see §II.H], and which also
might more realistically represent the material properties
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of the soap film. Moreover, two recent review papers that
discuss the biological physics and soft matter aspects of
COVID-19 were written by Poon et al. (2020) and Bar-
On et al. (2020).

After washing our hands, it is essential to dry them
properly (Gammon and Hunt, 2020; Todd et al., 2010).
When we use a towel, the water gets pulled into the fab-
ric by capillary action [see §II.F]. This only works well
if the towel is more hydrophilic (water-loving) than the
surface of our hands. Paper and cotton cloth are espe-
cially hydrophilic, aided further by the large surface area
of the fibres. Another method is to dry hands by evapora-
tion. Whereas evaporation has been studied extensively
on idealised surfaces [see §VIL.E], not so much is known
about wetting and evaporation on soft materials like the
skin (Gerber et al., 2019; Lopes and Bonaccurso, 2012).
An ongoing debate is whether the dispersal of viruses
and bacteria can be stopped more efficiently by warm air
dryers, or jet dryers, which on the one hand may avoid
having to touch surfaces but on the other hand could
cause pathogen aerosolization (Best et al., 2014; Huang
et al., 2012; Mittal et al., 2020; Reynolds et al., 2020),
which is especially problematic in food processing plants
(Kang and Frank, 1989).

A common medical condition that comes with wash-
ing and drying hands frequently is xeroderma, or dry skin
(Walters et al., 2012). This can lead to symptoms includ-
ing itching, scaling, fissure, or wrinkling (Aharoni et al.,
2017; Cerda and Mahadevan, 2003). These problems
can often be alleviated with moisturisers or emollients,
but in more severe cases an effective treatment requires
understanding the underlying biophysical mechanisms
(Proksch et al., 2020). Liquid transport has been stud-
ied in the networked microchannels of the skin surface
(Dussaud et al., 2003), as well as the physics of stratum
corneum lipid membranes (Das and Olmsted, 2016), and
more generally soft interfacial materials (Brooks et al.,
2016). Connecting the disciplines of physics and medicine
will become increasingly important in future research.

I1Il. DRINKS & COCKTAILS: MULTIPHASE FLOWS

After washing our hands, it is time to start dinner with
a beverage of choice. In this section we review a wealth
of hydrodynamic phenomena that can emerge inside your
drink. The Roman emperor Marcus Aurelius (121-180
AD) once said:

Look within. Within is the fountain of good,
and it will ever bubble up, if thou wilt ever
dig.

Examples of surprising effects happening inside bever-
ages are shock waves in the tears of wine, efferves-
cence in Champagne, or ‘awakening the serpent’ during
whisky tasting. These multi-phase flows (Brennen, 2005;



Michaelides et al., 2016) have seen rapid scientific ad-
vances recently, and they are applied extensively in in-
dustrial processes. Perfect to contemplate while waiting
for the main course to arrive, or to impress at a cocktail
party. But, as the Dutch proverb says, “Do not look too
deep into your glass”.

A. Layered cocktails

A classic example of a culinary multi-phase fluid is
a layered cocktail [Fig. 6a]. For instance, an Irish flag
cocktail is made by first pouring créeme de menthe, then a
layer of Irish cream, topped off with orange liqueur. This
beverage is called stably stratified, because each layer is
less dense than the one below it, so buoyancy keeps the
layers separate [see Archimedes’ principle, §II.A]. Note
that density of liquids can be measured with high accu-
racy using a hydrometer (Lorefice and Malengo, 2006),
which can also used in breweries for assessing the strength
of alcohol (alcoholometer) or in the dairy industry for
measuring the fat content of milk (lactometer). Then,
multiple coloured cocktail layers can be formed using
a density chart for the different liquid ingredients, also
called a specific gravity chart (Ouimet, 2015). Stratifica-
tion is essential for life on Earth, both in the atmosphere
(Mahrt, 2014), where sharp cloud layers can be observed,
and in the ocean (Li et al., 2020), where water layers can
be characterised by large gradients in density (pycno-
cline), but also gradients in temperature (thermocline) or
salinity (halocline), immediately impacting environmen-
tal stratified flows (Grimshaw, 2002) or phytoplankton
migration (Sengupta et al., 2017), and more generally
geophysical fluid mechanics (Pedlosky, 1987).

1. Inverted fountains

The cocktail layers will separate readily if the ingre-
dients are immiscible, such as, say, lemon water and
rose oil. However, if the liquids are miscible, it is rec-
ommended to pour the layers slowly (ideally along the
side of the glass with the help of a spoon) because oth-
erwise the layers will mix. We can understand this tur-
bulent and miscible mixing process as an ‘inverted foun-
tain’ (Hunt and Burridge, 2015; Turner, 1966), where the
lighter fluid is forced down into the heavier fluid, opposed
by buoyancy (Xue et al., 2019). The (inverted) height of
the fountain, z¢, and thus the mixing volume, depends
strongly on the Reynolds number [Eq. (3)], where Uy is
the pouring velocity and L is the radius of the injected
jet, but also the densimetric Froude number, where g in
Eq. (13) is replaced by |¢'|, the reduced gravity due to
buoyancy, given by

9" =9(pi — pa)/pa: (18)

FIG. 6 Multi-phase cocktails. (a) B-52 shot made by layer-
ing Kahlua, Bailey’s Irish Cream and Grand Marnier, with a
splash on top. Image from J. D. Baskin on Flickr, licenced
under CC BY 2.0. (b) Kelvin-Helmholtz instability waves
formed at an oscillated water-oil interface. From Yoshikawa

and Wesfreid (2011). (c¢) Evaporation-induced Rayleigh-
Taylor instability. The ethanol concentration is measured by
Mach—Zehnder interferometry, showing plumes welling down
from the top of the glass (low concentration) to the bottom
(high concentration). Image courtesy of Sam Dehaeck.

in terms of p; and p,, the densities of the injected and
the ambient fluid. Conventionally, ¢’ is negative for
inverted fountains. For large Froude numbers, Turner
(1966) showed that the fountain height is given by

z; ~ 246 LoFr. (19)

This classical result predicts a linear relation, which
agrees well with modern experiments. Note that differ-
ent scaling laws have been derived for weaker fountains
with a smaller Froude number, as reviewed by Hunt and
Burridge (2015).

2. Internal waves

Once the cocktail layers are established, more inter-
esting flow phenomena can be observed. For example,
when the glass is slightly disturbed, gravity waves can
be seen (not to be confused with the gravitational waves
in general relativity), and these waves propagate inside
the fluid instead of on its surface (Benjamin, 1967; Hel-
frich and Melville, 2006). Specifically, they are called
interfacial (internal) waves when they propagate hori-
zontally along an interface characterised by a density
gradient, dp/dz < 0. Consider a fluid parcel in a con-
tinuously stratified fluid, with a smooth density profile
p(z), that is in hydrostatic equilibrium at zo. If the par-
cel of density pg = p(zo) is displaced a vertical distance



Az = z — zg where the surrounding fluid has a different
density p(zo + Az), it will feel a gravitational restoring
force [§II.A]. To first order, that leads to simple harmonic
motion (Vallis, 2017) with an oscillation frequency given
by

1 g dp

= 21 po dz’ (20)
This expression was independently co-discovered by
Viisdlda (1925) and Brunt (1927), so it is called the
Brunt—Vaisala frequency. These internal oscillations are
typically slow compared to surface gravity waves at the
liquid-air interface, because the density gradient between
the liquid layers is much smaller [see §IX.D].

Internal waves are also common in oceanography (Gar-
rett and Munk, 1979) and atmospheric science (Ped-
losky, 1987), where they lead to beautiful patterns such
as rippled clouds or lenticular clouds (Lamb and Ver-
linde, 2011). As such, internal waves appear both in
compressible and incompressible media. Equation (20)
is valid in the Boussinesq limit, when the density differ-
ences are sufficiently small to be neglected, except where
they appear in terms multiplied by g. This approxima-
tion is appropriate for weakly compressible fluids, when
the variations in density due to volume expansion are
also small compared to buoyancy. Generalizations of
the Brunt—Vaiséla frequency can be derived outside the
Boussinesq limit, which is important when the effects of
compressibility become important, for example in stellar
oscillations (Emanuel, 1994).

3. Kelvin—Helmholtz instability

Another spectacular atmospheric phenomenon is the
formation of fluctus clouds, which look like breaking
ocean waves in the sky. They are caused by the shear-
induced Kelvin—Helmholtz (KH) instability (Drazin and
Reid, 2010; Lord Kelvin, 1871), when two fluid layers
move alongside each other. Indeed, the same can be ob-
served when a layered cocktail is sheared. By rotating
the glass, a velocity gradient du/dz is created between
the stratified layers. This shear is especially pronounced
if the liquid spins up by friction with the bottom wall
instead of the side walls [see §VIIL.A]. The velocity gra-
dient drives the KH instability, while it is opposed by
buoyancy, quantified by the density gradient 9p/dz. The
ratio of these two forces is encoded by a dimensionless
quantity named the (densimetric) Richardson number,

. _ Buoyancy forces g 0p/0z
Ri= p Ou/02)% (21)

The fluid layers are unstable when the shear is large
enough, when Ri < 1, depending on the system con-
figuration. In a setup resembling our cocktail, the in-
stability was characterised recently in a spin-up rotating

Shear forces
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cylindrical vessel by Yan et al. (2017), and in an oscilla-
tory cylindrical setup by Yoshikawa and Wesfreid (2011),
as shown in Fig. 6b. Naturally, the KH instability will
cause the stratified layers to mix with one another, as
reviewed by Peltier and Caulfield (Peltier and Caulfield,
2003), or cause emulsion formation if the layers are im-
miscible [§IV.D]. In the latter case, surface tension sta-
bilises the short wavelength instability on top of buoy-
ancy, which strongly affects emulsion formation (Drazin,
1970; Thorpe, 1969). Therefore, the KH instability is
important for many processes in industry and food sci-
ence. Think about making mayonnaise with a blender,
for example. From a fundamental point of view, under-
standing these flows is intrinsically connected with the
heart of theoretical physics: symmetries. Only recently,
Qin et al. (2019) described that the KH instability re-
sults from parity-time symmetry breaking. Moreover, the
Kelvin-Helmholtz instability also features in the magne-
tohydrodynamics of the sun (Foullon et al., 2011), ocean
mixing (Pedlosky, 1987), relativistic fluids (Bodo et al.,
2004) and superfluids (Blaauwgeers et al., 2002).

4. Rayleigh-Taylor instability

Until now we have discussed stably stratified cock-
tails. Yet, when a heavier fluid sits on top of a lighter
fluid, the latter pushes into the former by gravity. Then,
if there is no or little surface tension between the lay-
ers, the mechanical equilibrium is unstable. Any small
perturbation then leads to a familiar pattern of finger-
like structures with a mushroom cap, as seen in Fig. Gc.
This phenomenon is explained by the Rayleigh-Taylor
(RT) instability, which was first discovered by Lord
Rayleigh (1882), and later described mathematically by
Taylor (1950) together with systematic experiments by
Lewis (1950). Many developments followed, and Chan-
drasekhar (1961) extended the theoretical description in
his famous book. Like the KH instability, the RT in-
stability is relevant across the disciplines, from the astro-
physics of supernovae (Abarzhi et al., 2019; Kuranz et al.,
2018) to numerous technological applications (Drazin
and Reid, 2010).

The RT instability arises because the system seeks to
minimise its overall potential energy. Its onset is primar-
ily governed by the Atwood number,

At — u7 (22)
Ph + pi

the non-dimensional difference between the densities of
the heavier and the lighter fluid, p;, and p;. This number
is most likely named after George Atwood FRS (1745-
1807), who also invented the Atwood machine, but we
could not find the original source. To describe the RT
instability more generally, one must account for the fluid
viscosities and surface tension (Andrews and Dalziel,



2010), and potential effects due to fluid compressibility
(Boffetta and Mazzino, 2017). Moreover, the dynam-
ics depend strongly on the initial conditions: They be-
gin with linear growth from perturbations, which tran-
sitions to a non-linear growth phase involving charac-
teristic structures of rising ‘plumes’ and falling ‘spikes’.
Subsequently, these plumes and spikes interact with each
other through merging and competition, and roll up into
vortices. The final stages are characterized by turbulent
mixing [see §VIII].

In the words of Benjamin (1999), the RT instability is
a fascinating gateway to the study of fluid dynamics [see
also §X.B]. It can readily be observed in kitchen experi-
ments, but it also occurs spontaneously without us even
noticing [Fig. 6¢]: In a well-mixed (non-layered) cocktail,
the alcohol evaporates faster than water. Hence, at the
air interface, a water-rich layer develops that is denser
than the bulk mixture, which gives rise to the RT insta-
bility (Dehaeck et al., 2009). The plumes of such ‘evapo-
rating cocktails’ are observed using a Mach—Zehnder in-
terferometer. By demodulating the fringe patterns us-
ing a Fourier transform method (Kreis, 1986), it is pos-
sible to compute the refractive index field, and hence
the local ethanol concentration. Evaporation-induced
Rayleigh-Taylor instabilities also occur in polymer so-
lutions (Mossige et al., 2020), so your cocktail need not
necessarily be alcoholic.

Interestingly, the RT instability is often inseparable
from the Kelvin-Helmholtz instability. RT flows cre-
ate velocity gradients that trigger KH billows, while KH
flows create density inversions that trigger RT fingers.
Moreover, the RT instability is closely related to the
Richtmyer—-Meshkov (RM) instability, when two fluids
of different density are impulsively accelerated (Abarzhi
et al., 2019), and to the Rayleigh-Bénard convection,
where an instability occurs due to heating a single liquid
from below or cooling it from above, which we describe
in more detail in §V.C.

B. Tears of wine

One of the most surprising phenomena in multi-
phase flows is the Marangoni effect, named after Carlo
Marangoni (1825-1940) (Marangoni, 1871). You may
have seen this effect already in the kitchen, when a
droplet of dish soap falls into a bowl of water sprinkled
with pepper: Within the blink of an eye, the pepper
moves to the edges by an outward flow along the liquid-
air interface. Another striking example is adding food
colouring drops to a bowl of milk, where poking it with
a soap-covered cotton bud generates beautiful flow pat-
terns (try it!). These Marangoni flows arise because the
surfactant molecules in the soap lower the surface surface
tension (Levich and Krylov, 1969), leading to a differ-
ence in surface tension along the interface, of Ay = f~,
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FIG. 7 Shock waves in tears of wine. (a) Schematic of a
conical-shaped glass of inclination angle «, showing a one-
dimensional thin wine film traveling up an inclined flat glass
surface. The film height h* is exaggerated for clarity. (b)
Experiment using 18% ABV port wine and o = 65°. Swirling
the wine around the glass creates a front that forms out of
the meniscus. The draining film advances up the glass and
destabilises into wine tears. (c) The formation of a reverse-
undercompressive (RUC) shock. (a-c) From Dukler et al.
(2020).

where the factor f ~ 107! for most soaps. Consequently,
the water without soap pulls more strongly on the wa-
ter with soap, generating a current from regions of lower
to higher surface tensions. For a difference in surface
tension A~y over a characteristic length Ly parallel to
the interface, the Marangoni stress that drives the flow
scales as Ay/Lg. The viscous stress that opposes this mo-
tion scales as pu/Lg. Hence, when these stresses balance
each other, the flow strength can be roughly estimated as
u =~ Avy/u = fv/u. Using using v ~ 0.07N/m and vis-
cosity p ~ 0.9mPas for water, we find that the flows are
readily observable even for small fractions f. Then, the
ratio between advective and diffusive transport is given
by the Marangoni number,

__ Advective transport rate  AvyLg

Ma = 23
a 'U,D, ()

Diffusive transport rate

where D is the diffusivity of the surfactants or any ad-
ditive that changes the surface tension. Note that the
estimate u = A~y/u does not depend on Ly, which is
only true if this is the only length scale in the problem.
This assumption breaks down for shallow liquids, for ex-
ample. More detailed calculations must take these effects
into account, including solubility, surface contamination
and system geometry (Halpern and Grotberg, 1992; Kim
et al., 2017; Lee and Starov, 2007; Levich and Krylov,
1969; Roché et al., 2014).

Fortunately, the Marangoni effect does not only oc-
cur with soap, but also with edible ingredients. In fact,
the phenomenon was first identified by James Thomson



(1822-1892) in the characteristic “tears” or “legs” of wine
(Thomson, 1855), and indeed other alcoholic drinks in-
cluding liquors and whisky [see §III.C]. These tears are
formed because the alcohol is more volatile than water,
and it has a lower surface tension (Fournier and Caz-
abat, 1992). To see this, pour yourself a glass of wine
[see Fig. 7a]. In the thin meniscus that the wine forms
with the glass surface, the alcohol evaporates faster than
the water, so the surface tension here is higher than in the
bulk. The wine is then pulled up the meniscus, forming
a thin film that starts climbing up along the side of the
glass. After a few seconds, the film forms a ridge approxi-
mately 1cm above the meniscus. This ridge becomes un-
stable under its own weight as more wine climbs up, so it
collapses into “tears” that fall down towards the menis-
cus [Fig. 7b]. Large tears can fall back into the bulk,
but small tears can also be pulled up again by the con-
tinuously climbing film that replenishes the ridge. This
can cause the tears to bounce up and down, especially at
the meniscus. The effects are beautifully imaged using
the Schlieren or shadow projection techniques (Settles,
2001).

In fact, the mechanism by which the droplets form and
collapse is more complex. As the wine film climbs to its
terminal height, when the Marangoni stresses are bal-
anced by gravity, this transient stationary state is sub-
ject to various hydrodynamic instabilities (Fanton and
Cazabat, 1998; Hosoi and Bush, 2001; Vuilleumier et al.,
1995). Besides alcohol concentration differences, the
evaporation also induces temperature gradients that lead
to additional Marangoni stresses (Venerus and Simavilla,
2015). The ridge instability that triggers the formation of
wine tears was also studied and analysed with a Plateau-
Rayleigh-Taylor theory (Nikolov et al., 2018). Yet, the
dynamic formation of the ridge itself is still not well un-
derstood.

Until now we have discussed a wine film that spon-
taneously climbs up a dry wine glass, but it is common
practice among connoisseurs to swirl the wine around.
This often creates a wet coating film much higher than
the terminal climbing height, which can give rise to rather
different behaviours. Dukler et al. (2020) showed that
such swirled films can feature a ‘shock wave’ that climbs
out of the meniscus [Fig. 7c|, again driven by Marangoni
stresses due to evaporation. This wave can be observed
as a ridge that propagates upwards, where the wine film
above the shock front is thicker than below it. Specif-
ically, the dynamics can be described as a reverse un-
dercompressive (RUC) shock. This type of shock wave
is unstable: Small inhomogeneities in the wine film are
amplified into thick drops, which then fall down as tears.
As described previously for rising films driven by thermal
gradients (Miinch, 2003; Sur et al., 2003), different shock
morphologies can occur in other circumstances. This is
of great scientific and technical interest, including dip-
coating and painting applications. Moreover, it would
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FIG. 8 Whiskey webs. Different patterns emerge after letting
whiskey droplets of different alcohol percentages evaporate on
a glass surface. At 35 % ABV (left), the deposits are evenly
distributed, while at 10 % ABV (right), the deposits are
distributed preferentially near the rim of the drop. At inter-
mediate (20 % ABV) concentration (middle), the deposits
form complex ‘whiskey web’ patterns. From Williams et al.
(2019).

be interesting if people’s dining experience could be im-
proved by developing a new dish that uses the shock wave
as a surprise effect.

C. Whisky tasting

We use all of our senses when we taste whisky or
whiskey (Velasco et al., 2013). The spelling whiskey is
common in Ireland and the United States, while the term
whisky is common for produce from the UK and most
other countries. While complete volumes have been writ-
ten about the art of whisky tasting, see e.g. (Maclean,
2020), we would like to highlight some of its hydrody-
namic aspects, which are often clearly visible. That is, a
good deal of information may be gained by assessing the
appearance and dynamics of spirits (Miller, 2019; Russell
et al., 2014). The following tests can give clues about the
whisky quality and vintage before any smelling or tast-
ing.

As a first examination, it is customary to inspect the
tears that we described in §III.B. This gives an indica-
tion of the whisky’s alcohol content, its viscosity and its
surface tension, which in turn depend on the exact chem-
ical composition. When the tears run down slowly, with
thick legs, it indicates that it will give more mouthfeel
(MacLean, 2010). Conversely, if the legs are thin and run
quickly, the whisky is likely to be younger and of a lighter
body. This is because the texture changes during the ag-
ing process, as viscous natural oils and other compounds
are released from the wooden casks (Mosedale, 1995),
which inevitably also influence the whisky colour. The
rheological and thermophysical properties are also af-
fected by storage and temperature (Hlavac and Bozikové,
2013). However, a whisky with more pronounced tears
is not automatically sweeter or better in quality, since
the tear formation is a purely physical phenomenon. In-
deed, the tears vanish when the glass is covered, since
the evaporation-induced Marangoni stresses disappear.

A second experiment is the ‘beading’ test (Davidson,



1981; MacLean, 2018; Miller, 2019). When a whisky bot-
tle is shaken vigorously, a foam can appear on the liquid
interface if the alcohol concentration is higher than ap-
proximately 50% alcohol by volume (ABV). The beading
is not necessarily more pronounced at higher concentra-
tions, but it is not observed below a certain percentage.
Beading can also say something about the age of the
whisky: The bubbles tend to last longer in older vintages
because the compounds released from the wooden casks
can stabilise the foam. Read more about foam stability
in §IIL.F.

A third inspection method is called whisky viscime-
try (MacLean, 2010; Smith, 2011). When adding a lit-
tle water to the whisky, small vortices called ‘viscimetric
whirls” appear when the liquids of different viscosities mix
with one another. Connoisseurs sometimes refer to this
phenomenon as ‘awakening the serpent’ (Smith, 2011).
These vortices only last for a few seconds, but again they
tell us something about the texture of the whisky. The
more persistent the whirls, the thicker the mouthfeel and
the higher the alcohol concentration. To the best of our
knowledge, this effect in whisky has not been quantified
systematically in the scientific literature, but it is related
to the miscible droplet dynamics discussed in §IX.F.2.

Depending on the distillation method, spirits reach an
initial strength of ~ 70% ABV (pot still) or even higher
(column still). Most whiskies are then diluted down to
~ 60% ABYV prior to storage in casks. After maturation,
they are often mixed with more water to ~ 40% ABV,
the minimum in most countries. There are several rea-
sons for this dilution: First, it can enhance the flavour
because many of the taste-carrying molecules, such as
guaiacol, are thermodynamically driven up to the liquid-
air interface at low ethanol concentrations (Karlsson and
Friedman, 2017). Second, the ethanol concentration in-
fluences the sensory perception (Harwood et al., 2020;
Velasco et al., 2013), where lower strengths are more
palatable by most consumers. Third, besides enhanc-
ing the flavour of spirits, dilution can lead to a better
mouthfeel. At 20°C, the viscosity of pure ethanol and
water is p; ~ 1.2mPas and pe =~ 1mPas, respectively,
but the viscosity of an ethanol-water mixture features
a maximum of pio &~ 3mPas at 40-50% ABV (Dizechi
and Marschall, 1982). This surprising non-linear effect of
binary mixture viscosities is described in more detail in
§IV.B.

Remarkably, diluting your drink can also help with dis-
tinguishing whether it is whisky or whiskey: An evapo-
rating bourbon droplet of 40% ABYV tends to leave a uni-
form surface deposition [Fig. 8], while a diluted droplet at
20% ABYV leaves distinctive patterns called whiskey webs
(Carrithers et al., 2020; Williams, 2021; Williams et al.,
2019). Apparently, Scotch whisky and other distillates do
not feature these web patterns and they are unique across
different samples of American whiskey, so they could act
like fingerprints. Indeed, the flavour profile results from
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FIG. 9 Marangoni-stress powered cocktail boats. (a) A fleet
of cocktail boats with different designs. The fuel (any liquor)
is stored in the central cavity. The thin slit at the rear slowly
releases the fuel into the glass, which establishes a surface
tension gradient that drives the boat forward. (b) Trajectory
in a cocktail glass. This boat is ~ 1.5cm long and fueled by
Bacardi 151 (75% ABV). (a,b) From Burton et al. (2013).

the intricate chemical composition, which also affects the
web patterns through the interplay of bulk chemistry
with surfactants and polymers. Similarly, the webs do
not form in droplets below 10% ABV, where instead the
coffee-ring effect is observed [see §VIL.E]. In general, this
rich variety of surface depositions results from a combina-
tion of intrinsic (chemical composition) and extrinsic fac-
tors (temperature, humidity) that lead to an interplay of
Marangoni flows and macromolecular surface adsorption.
The non-uniform residues are often undesired in many
industrial applications including 3D printing, so whisky
experiments could help us with understanding and con-
trolling uniform coatings (Kim et al., 2016). Drying drop
technologies may also be used for wine and hard drinks
quality control (Yakhno et al., 2018).

D. Marangoni cocktails

Another well-known demonstration of the Marangoni
effect is the ‘soap boat’ (Keller, 1998; Wasin, 2017).
These boats propel themselves in the kitchen sink by re-
leasing surfactant molecules from the back: The surface
tension of water is then higher at the front, so the boat is
effectively pulled forwards. The same effect is also used
by water-walking insects as a quick escape mechanism
(Bush and Hu, 2006). However, this propulsion is short
lived when using soap as fuel in a closed geometry, be-
cause the interface becomes saturated with surfactants.
A prolonged motion can be achieved by using other com-
monly available fuels (Renney et al., 2013). Moreover,
continuously moving boats can be made with camphor,
a volatile surfactant that evaporates before the interface
can saturate, allowing for persistent propulsion (Kohira
et al., 2001).

Recently, this technology was extended to create
alcohol-powered ‘cocktail boats’ that move around in
your glass (Burton et al., 2014, 2013). We depict them
in Fig. 9. A typical commercial spirit can provide a sur-



face tension difference up to Ay ~ 50mN/m compared
to pure water, but sugar and other cocktail ingredients
tend to reduce this value somewhat. By collaborating
with chefs, various materials were tested to make the
boats edible. Gelatin boats were found to be capable of
sustained motion and suitable for a wide range of flavour-
ings, but they are susceptible to dissolving and sticking
to the glass walls. Wax boats performed the best, with
speeds up to 11 cm/s and travel times up to 2 minutes,
but unfortunately they are not well digestible (Schmidt-
Nielsen and Randall, 1997). It would be interesting if
future research could improve or discover new edible ma-
terials.

Marangoni propulsion does not only lend itself to ap-
petizing divertissements. The same mechanism can be
used to create microscopic swimming droplets (Maass
et al., 2016), which can be used as cargo carriers that
move deep inside complex flow networks (Jin et al.,
2021). Recently, Dietrich et al. (2020) developed very
fast Marangoni surfers that can swim over ten thousand
body lengths per second, and Timm et al. (2021) devel-
oped Marangoni surfers that can be remotely controlled.
More generally, similar phoretic effects (Anderson, 1989),
where interfacial flows are driven by gradients in con-
centration, electric fields, temperature etc., can be ex-
ploited to make a broad range of self-propelled colloids
that are of extraordinary interest to understand collective
dynamics and emergent phenomena out of equilibrium
(Bechinger et al., 2016; Cates and Tailleur, 2015; Elgeti
et al., 2015; Howse et al., 2007; Koch and Subramanian,
2011; Marchetti et al., 2013; Zottl and Stark, 2016). The
same mechanisms are also at play in active emulsions
(Weber et al., 2019), the transport of molecules in bio-
logical systems (Anderson, 1986; Needleman and Dogic,
2017), and the fragmentation of binary mixtures into
many tiny droplets, a process called Marangoni bursting
(Keiser et al., 2017).

E. Bubbly drinks

Go ahead and pour yourself some nice sparkling wine
into a glass, and observe the beautiful sight of rising bub-
bles and their effervescence [Fig. 10(a)]. Champagne and
sparkling wines are supersaturated with dissolved COq
gas, which, along with ethanol, is a product of the wine
fermentation process (Liger-Belair et al., 2008). When
the bottle is uncorked, there is a continuous release of
this dissolved COs gas in the form of bubbles. Hence,
this physicochemical system provides a great opportunity
to study several fundamental fluid mechanics phenomena
involving bubbles: their nucleation, rise, and bursting
dynamics, which in turn affect the taste of carbonated
drinks (Chandrashekar et al., 2009; Liger-Belair et al.,
2008; Mathai et al., 2020; Planinsic, 2004; Polidori et al.,
2009; Rage et al., 2020; Zenit and Rodriguez-Rodriguez,
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FIG. 10 Laser tomography of champagne glasses. (a) Nat-

ural, random effervescence in an untreated glass. Inset:
Growth of bubbles as they rise. (b) Stabilized eddies in a
surface-treated glass. (a,b) Courtesy of Gérard Liger-Belair.
(c) Counter-rotating convection cells self-organise at the air-
champagne interface. From Beaumont et al. (2016).

2018).

Before savoring the wine or bubbles, you need of course
to first open the bottle. We are all familiar with the cu-
rious “pop” sound, and of course the dangers of uncon-
trolled corks flying out! This uncorking process is also
accompanied by the formation of a small fog cloud just
above the bottle opening. It has been shown recently
that uncorking champagne creates supersonic CO, freez-
ing jets (Liger-Belair et al., 2019). What is the underly-
ing physical principle behind these interesting phenom-
ena? It turns out that there is a sudden gas expansion
when the bottle is uncorked (pressure drop from about
5 atm to 1 atm). This leads to a sudden drop in the
temperature (about 90 °C), resulting in condensation of
water vapour in the form of a fog cloud.

The uncorking also leads to a drop in the COq partial
pressure above the champagne surface. Hence, the dis-
solved COs in the champagne is no longer in equilibrium
with its partial pressure in the vapour phase. In fact, just
after the uncorking, it turns out that the champagne is
supersaturated with COs. As described by Lubetkin and
Blackwell (1988), this is quantified by the supersatura-
tion ratio,

S = (CL/C()) — 1, (24)

where cy, is the CO5 concentration in bulk liquid and ¢q
is the equilibrium CO3 concentration corresponding to
partial pressure of COy of 1 atm. Just after uncorking,
cr/co = 5, so S & 4, and the champagne must degas
in order to achieve stable thermodynamic equilibrium.
The gas loss occurs through two mechanisms, by diffu-
sion through the liquid surface (invisible to us), and by
the vigorous bubbling (effervescence) that we can readily
observe and also hear (Poujol et al., 2021) [see §VIII.C].

How do these bubbles form in the first place? To an-



swer this question, one should first look at the phase di-
agram of COs and its solubility in water as a function
of pressure and temperature (Bisweswar et al., 2020).
Higher temperatures and lower pressures give a lower sol-
ubility, which encourages bubble formation. But these
bubbles do not just pop out of nothing. The dis-
solved CO5 molecules need to break free from the water
molecules and cluster together. This bubble formation
process is controlled by a nucleation energy barrier (Ford,
2004). As described by Jones et al. (1999), the critical
radius of curvature r* that is necessary for gas pockets
to overcome this barrier is

" 2 29/ (paim). (25)

where the surface tension of champagne is v = 50 mN/m,
the atmospheric pressure is pazm ~ 10% Pa, and S ~ 4 at
the time of uncorking. Using these values, we find that
this critical radius for bubble formation is r* & 0.25 pm.
Such large bubbles are not likely to form spontaneously.
Indeed, instead of this homogeneous nucleation in the
bulk of the liquid, bubble formation is more likely to
occur at prenucleation sites on glass surfaces, typically
at the bottom.

As such, the pleasing effervescence (bubbling) that
we observe in champagne can arise from either natu-
ral or artificial sources (Liger-Belair et al., 2008; Poli-
dori et al., 2008), as shown in Fig. 10(a,b) respectively.
On the one hand, natural effervescence refers to bubbling
from a glass which has not received any specific surface
treatment. The champagne contains hollow cylindrical
cellulose fibres that naturally act as bubble nucleation
sites. These fibres are approximately 100 pm long, and
they contain trapped gas cavities (lumen) that are about
10pm wide. Such hollow tubes are typically adsorbed
on the walls of the champagne glass. Another source of
natural effervescence are gas pockets trapped in tartrate
crystals precipitated on the glass wall. Hence, natural ef-
fervescence can vary significantly depending on how the
glasses are cleaned, dried, and stored. On the other hand,
artificial effervescence refers to bubbling from a glass sur-
face where precise imperfections have been engraved by
the glass manufacturer. The typical imperfections intro-
duced on the glass are micro-scale scratches to produce a
specific pattern, which give rise to bubbling phenomena
that are markedly different from natural effervescence
(Liger-Belair et al., 2008).

The bubble release mechanism from a fibre’s lumen
has been well studied (Liger-Belair et al., 2008). After
a champagne bottle is uncorked, the supersaturation of
carbon dioxide implies that such molecules will escape
to the vapour phase using every available gas/liquid in-
terface. The trapped tiny air pockets on fibre lumens
offer gas/liquid interfaces to the dissolved carbon diox-
ide molecules enabling them to cross the interface to gas
pockets. The CO4 gas pockets grow in size, and when it
reaches the fibre tip, it is ejected as a bubble. However,
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a portion of the gas packet is left trapped behind in the
lumen, and the bubble ejection cycle continues until the
dissolved CO5 supply is depleted. Interestingly, the de-
tachment of bubbles from the nucleation site is analogous
to a dripping faucet [§II.E]. The size of the bubble at the
moment of detachment is approximately the radius of the
mouth of the cellulose fibre, Ry ~ 10 pm.

After the bubbles detach, they rise towards the lig-
uid surface due to their buoyancy, and they also grow
in size since they absorb more dissolved COy molecules.
The repetitive production of bubbles from the nucleation
sites has been captured in a model by Liger-Belair et al.
(2002), and it has been found that the bubble radius R
increases linearly with time ¢ as:

R(t) = Ry + kt, (26)

where Ry is the initial bubble radius, k = dR/dt is the
growth rate. Bubble rise experiments conducted with
champagne and sparkling wines revealed k values around
400 pm/s and experiments in beer revealed growth rates
of around 150 pm/s, indicating that the physicochemical
properties of the liquids influenced the bubble growth
rate (Liger-Belair et al., 2002).

According to wine tasters, the smaller the better,
which in this context means that small bubbles make
a better wine. Hence, plenty of attention has been fo-
cused on modeling the average size of the rising bubbles
[Fig. 10(a), inset], which is a resultant of their growth
rate and velocity of ascent. As discussed in detail by
Liger-Belair et al. (2006), the average bubble radius is

2/9 1/3
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where T is the liquid temperature, p is the liquid density,
g is gravity, Henry’s law constant kg ~ 1.4kg/(m?> bar)
for a typical champagne at room temperature, and h is
the distance travelled by the bubble from the nucleation
site. It is interesting to note that so many factors can
influence the average bubble size, which is typically in the
sub-millimeter length-scale in bubbly drinks. The bubble
size in beer is significantly smaller than in champagne,
and the reason for this is that the amount of dissolved
COg in champagne is about two times higher.

Bubble growth is beautifully visualised by the oscillat-
ing dynamics of a raisin in a glass of Champagne, also
known as the “fizz-ball” effect (Cordry, 1998; Moinester
et al., 2012). Initially the raisin sinks, but the textured
surface of the raisin provides nucleation sites for bubbles
to grow on the surface. As they grow larger, these at-
tached bubbles pull up the raisin by buoyancy. However,
when the raisin reaches the air interface, some of the bub-
bles pop, so the raisin sinks again. This cycle of rising
and sinking continues for a long time, until the CO; is
depleted. The fizz-ball effect can be observed in many



carbonated drinks (beer, soda) and for many different
objects (berries, seeds, chocolate chips).

In addition to the visual beauty and fascination, the
bubbles actually play an important role in the drink — the
bubbles have been shown to generate large-scale time-
varying convection currents and eddies inside the glass
(Beaumont et al., 2015, 2016, 2020; Dijkstra, 1992; Liger-
Belair et al., 2008), often with surprising self-organised
flow patterns [Fig. 10(b,c)]. Since they cause a contin-
uous mixing of the liquid, bubbles are thought to play
a key role in the flavor and aromatic gas release from
the wine-air interface. These release rates are dependent
on the fluid velocity field close to the surface, which is
in turn significantly influenced by the ascending bubbles.
As the bubbles collapse at the air interface, they radiate
a multitude of tiny droplets into aerosols (Liger-Belair
et al., 2009), which evaporate and release a distinct ol-
factory fingerprint (Ghabache et al., 2016).

In the future, we can look forward to several innova-
tions in bubbly drinks, where numerous factors must be
taken into consideration — different types of glass shapes,
natural versus artificial effervescence, engraving condi-
tions, kinetics of flavor and COs release under various
conditions, and sensory analysis.

F. Foams

Bubbles [§II1.E] can burst when they reach the surface,
but there is a finite lifetime associated with this process
(Liger-Belair et al., 2008). Thus, when the bubble pro-
duction rate is very fast, greatly exceeding the surface
bursting time-scales — then the bubbles start accumu-
lating on the surface to create layers of bubbles called
“foams” (Cantat et al., 2013; Kraynik, 1988; Weaire and
Hutzler, 2001; Weaire et al., 2002). In many beers, these
foams last long since they tend to be stabilized by pro-
teins. They add to the visual appeal, and provide a
creamy texture enhancing the mouthfeel [Fig. 11]. How-
ever, in champagne, the foam is more fragile and less
stable due to the lack of proteins. Foams are formed in
many other fizzy drinks and also in specially prepared
coffees such as cappuccino, where the foam layer lasts
for a long time since it is stabilized by milk proteins.
These observations naturally bring up questions concern-
ing the mechanisms behind the formation, stability, age
and drainage of foams — we will discuss these aspects
below.

A foam is essentially a dispersion of gas in liquid, and
gas bubbles tightly occupy most of the volume. The lig-
uid phase in the form of films and junctions is continu-
ous unlike the gas phase. Foams are also characterized
by the presence of surface-active molecules called surfac-
tants, which stabilise the bubbles at the interfaces of gas
and liquid (Manikantan and Squires, 2020). The same
type of molecule can also stabilise an oil/water inter-
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face in an emulsion [see §IV.D] or on individual droplets
[see §IX.F]. Foams consist of significant quantities of gas,
hence being less dense than the liquid it contains, and
this is why a foam floats on the surface of a liquid. An-
other interesting property of foam is the large surface
area per unit volume, since the foam contains a large
number of interfaces. Hence, foams enhance the possibil-
ities for molecular transfer and find applications in foods
for flavor enhancement (e.g. chocolate or spices) and also
reduce the need for high sugar or salt content (Cantat
et al., 2013). Foams also have special mechanical proper-
ties — they exhibit both solid-like and liquid-like behavior
(Janiaud and Graner, 2005). If the deformation is not
too high, foams can show weak visco-elastic solid proper-
ties and can return to its original shape. However, if the
foam is subjected to a high deformation, it can behave
like a visco-plastic solid that can be sculpted. Foams
can flow like liquids and seep through pores and cavi-
ties, so they can be poured into containers and tubes of
various shapes. The foam’s viscous resistance increases
less quickly with flow rate compared to a normal fluid
enabling it to reduce frictional losses. Moreover, most
foams behave as ‘yield stress fluids’ [see §IV.A] with in-
termittent flow via avalanche-like topological bubble re-
arrangements (Durian, 1995). Hence, given their unique
properties, in addition to the food industry, foams find
applications in many other areas of science and technol-
ogy — e.g. cosmetics (Durian et al., 1991), cleaning, re-
ducing pollution, surface treatment, fire-fighting, army,
and building materials (Cantat et al., 2013). In food sci-
ence, foams on beer, cream, and egg white have been im-
aged and characterised using magnetic resonance imag-
ing (MRI) to noninvasively estimate densities, drainage
rates, and collapse throughout their structure (German
and McCarthy, 1989).

We will now examine the physical properties that al-
low a foam to exist in equilibrium. There are four rele-
vant length-scales to consider: (i) the meter scale, where
the foam appears to be a soft and opaque solid, (ii) the
millimeter scale, where individual bubbles can be dis-
tinguished in the foam, (iii) the micron scale, which re-
veals liquid distribution between bubbles, and (iv) the
nanometer scale, where molecules (e.g. soap molecules)
at the interfaces (air/water) are relevant. The physics
of foams is hence a very broad subject covering so many
length-scales (Cantat et al., 2013), and here we will only
touch upon a few aspects.

At the scale of the gas/liquid interface, the surface ten-
sion [§IL.E] and the Young-Laplace law, Eq. (7), deter-
mine the shape of the interface. An interface is flat if
geometric constraints allow it, while the surface of an
interface that is completely surrounded by some fluid be-
comes spherical. The high pressure on the inside tries to
curve the surface while surface tension tries to flatten it.

Foams are prepared using additives that chemically
consist of a polar head and a tail with a long carbon



FIG. 11 Examples of foams in the kitchen: (a) Beer, (b)
Dish washing, (c) Egg beating, and (d) Chocolate mousse.

chain. The head is hydrophilic and the tail is hydropho-
bic [see §IL.F]. The combination of these properties re-
sults in an amphiphilic molecule (both water-loving and
fat-loving). Such a molecule, when dissolved in water,
tends to adsorb at the air/water interface. This forms a
monolayer, which greatly affects the interfacial surface
tension properties. Hence, these molecules are called
surface-active molecules or surfactants. In our every-
day experience, there are several examples where we find
many small bubbles that burst quickly (few seconds), e.g.
in sparkling wine or champagne. Here, the small volume
of gas in the bubble encloses a thin film which is unsta-
ble due to van der Waals forces, and hence breaks. How-
ever, the presence of surfactants such as soap molecules
[Fig. 11b] carry a small charge, giving rise to an elec-
trostatic repulsion, which cancels out the van der Waals
forces and stabilises the thin film — helping the foam last
for a longer period.

A bubble is essentially a small volume of gas enclosed
by a film of water. The bubble assumes the smallest
possible surface area to contain the gas, which typically
results in a spherical shape for an isolated bubble. The
pressure inside most foam bubbles is only slightly greater
than the atmospheric pressure and is not sufficient to
compress the gas appreciably, so the volume of gas can
be considered to be fixed. If the bubble has a large size,
then the interface becomes deformed and is no longer
spherical under external forces such as gravity (Prakash
et al., 2012). When two bubbles come in contact, they
share an interface and hence change shape to reduce the
total interfacial area, and can no longer remain spherical.
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So far, we mainly discussed foams in the context of
air bubbles in liquid. However, edible foams (Briceno-
Ahumada et al., 2022) extend to soft solids or even hard
solids, such as meringues, bread, and chocolate mousse
[Fig. 11¢,d]. They are a pleasure to eat because of their
lightness and texture, which is determined by their com-
plex mechanical properties (Cantat et al., 2013; Haedelt
et al., 2007; Janssen et al., 2020; Kraynik et al., 1999;
Robin et al., 2010). Edible foams are often prepared
by solidification through refrigeration, cooking or bak-
ing, such as bubbles in a pizza crust (Avallone et al.,
2022). Since these foams are solidified before their col-
lapse, they often do not need a stabilizing agent. Another
interesting point is that air is an important raw material
in these edible foams: air contributes greatly to increas-
ing the volume of the product, but it is practically free.
On a final note, many other popular deserts are edible
foams, these include favorites such as ice cream, marsh-
mallows, many types of cakes, baked Alaska, etc.

We have mainly discussed foams which are stable for
a finite duration of time. There are several interesting
examples of dynamic and unstable foams, we show two
popular examples in Fig. 12. We know in general that
bubbles rise due to their buoyancy in a liquid, but in
Guinness beer there is a collective downward movement
of bubbles, creating a ‘cascade of bubble textures’. It has
been demonstrated that this bubble texture cascade mo-
tion [Fig. 12a] arises due to a roll-wave instability of grav-
ity currents (Watamura et al., 2019), a phenomenon that
is analogous to the roll-wave instability in liquid films
that cause water films to slide downhill on rainy days
[§IX.E]. Furthermore, it has been theoretically shown
that these bubble cascades can occur in systems other
than the Guinness beer (Watamura et al., 2021).

Another interesting phenomenon is ‘beer tapping’ — a
beer bottle foams up resulting in an overflow when it is
tapped from the top [Fig. 12b]. The fascinating fluid
physics underlying this phenomenon was explained re-
cently by Rodriguez-Rodriguez et al. (2014). It turns
out that when the beer bottle is first hit at the top, a
compression wave travels through the bottle. This wave
gets rebounded through the liquid as an expansion wave.
At the base of the bottle, the compression and expan-
sion waves interact to cause ‘mother’ bubbles to break
up. This is a rapid cavitation process [see §VIIL.D] re-
sulting in the formation of smaller ‘daughter’ bubbles,
which expand rapidly to create foam that starts to over-
flow (Rodriguez-Rodriguez et al., 2014).

IV. SOUP STARTER: COMPLEX FLUIDS

Most foods are neither purely liquid nor solid, but
rather something in between: they are called viscoelastic
or complex materials. The fractalist Benoit Mandelbrot
(1924-2010) once said:
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FIG. 12 Examples of dynamic and unstable foaming phe-
nomena: (a) Unique foamy textures in stout with nitrogen
bubbles. From Watamura et al. (2021). (b) Foam overflow
‘volcano’ due to tapping on a beer bottle. Public domain im-
age.

A formula can be very simple, and create a
universe of bottomless complexity.

Similarly, you can make excellent sauces following one
simple recipe, where small variations in the ingredients
can completely change the sauce flavour and consistency,
because changes in the molecular interactions lead to
very different food properties. These complex proper-
ties strongly affect how we perceive taste, since they
are directly linked with mouthfeel, the oral processing
and texture of foods (Sahin and Sumnu, 2006; Stokes
et al., 2013). The rheology of complex fluids is also of
extreme importance in the food industry because they
affect transport phenomena, production processes, stor-
age, and processing techniques that need to be adapted
to the properties of materials at hand (Ahmed et al.,
2016; Borwankar and Shoemaker, 1992; Brummer, 2006;
Fischer and Windhab, 2011). Complex fluids are a rich
and broad area, so we begin this section with an intro-
duction to food rheology. Then we get into the thick of it,
reviewing the science of food suspensions, emulsions, and
the mixing of sauces. Shall we board the gravy train?

A. Food rheology

A large amount of syrup can be collected by pulling a
knife vertically out of the jar. First, the syrup is lifted
up by tangential forces, ‘dragging along’ neighbouring
fluid layers. Then, as the syrup slowly drips down, the
stream is stretched by tensile forces. Thus, a viscous fluid
has two important properties: it resists both tangential
and tensile stresses, because of internal friction between
the molecules. However, the same experiment done with
oobleck (a solution of cornstarch in water) will show you
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an even richer phenomenology: Depending on the speed
of lifting the knife, the solution flows easily, with diffi-
culty, or even cracks like a solid! This is because the
cornstarch solution has a complex internal microstruc-
ture which responds to external agitation with a certain
delay. Viscosity alone is often not enough to determine
the character of flow, but rather it is the interplay be-
tween the viscosity, elasticity, and inertia that gives rise
to a wealth of different food properties.

To understand the rheology of the fluid is to know
the stresses that arise in the effect of actuation, and
vice versa. Consider a rheometer where a simple incom-
pressible fluid is sheared between two parallel plates that
translate in opposite directions. The fluid moves steadily
along x, with a velocity wu,(y) varying along y. Then,
the force (per unit area) required to shear the plates is
determined by the shear stress, o. This tensor has only
one component in our example, o,,, which is given by
Newton’s law of viscosity,

Ouy

where the constant of proportionality is the dynamic vis-
cosity, u, and the second term is called the shear rate,
4. So, a Newtonian fluid is defined by the linear relation
between stress and shear rate. Most simple liquids are
indeed Newtonian, including water, alcohol, and most
thin oils. However, many kitchen fluids, such as milk-
shakes, emulsion dressings, and even chapati and bread
dough, deviate from this linear relationship because of
their complex internal structure. For example, Louhichi
et al. (2022) studied dough by characterizing the linear
and nonlinear viscoelastic properties of an aqueous gluten
solutions. Such non-Newtonian fluids can feature many
different types of behaviour.

In shear-thickening liquids, the viscosity increases with
the shear rate. When agitated, they seem to harden and
increase their resistance to motion. This is commonly
seen in oobleck, mentioned above, and other starch solu-
tions (Dintzis, 1996). In some cases, they can effectively
behave as solids, as seen in the famous demonstrations of
people walking on a swimming pool filled with an aque-
ous mixture of cornstarch [Fig. 13a]. However, if a per-
son stops mid-way through the pool, they would start to
sink, which demonstrates stress relaxation as the shear
rate is reduced. But one needs to be careful, because
the material will solidify again when people try to resist
the sinking. Fluids that gradually become more viscous
with the duration of stress are called rheopectic fluids. A
good example is the beating of egg whites, which slowly
stiffen, because the proteins unravel and form large net-
works. Rheopecty can also result from heat — think of
pancake batter in a frying pan [see §VI.D].

The contrary behaviour is seen in shear-thinning flu-
ids, whose viscosity decreases with increasing shear rate.
Such fluids appear less viscous when set in motion. Think



of yoghurt, mustard, clotted cream, or the well-known
example of ketchup, reluctant to leave the bottle at first
but spilling generously when shaken. Another example is
paint, which should be easy to spread on a wall and stay
there when the brush is removed. A particular sub-class
of shear-thinning substances are thizotropic fluids (Lar-
son and Wei, 2019), that become less viscous over time
when agitated, so their response is also time-dependent.
Thixotropy is often a consequence of their fibrous or poly-
meric internal composition. Ketchup and yoghurt belong
to this category, together with margarine and even honey
at large strain (Munro, 1943). This quality is desirable
in spreads and jams, which should be easy to spread on
toast, but stay solid once applied, as shown in Fig. 13b.
The shear rate is almost a step function in this case,
and the viscosity of jam would show an inverted rela-
tionship, with decreased viscosity when spreading at in-
creased stress.

Some materials, called Bingham plastics or yield-stress
materials, behave as solids at low stresses but start flow-
ing above a critical stresses. A prime example is our
daily experience with toothpaste, which only flows when
enough force is applied. Yield stress is also seen in nu-
merous food products (Griebler and Rogers, 2022; Wilson
and Strasser, 2022a,b). Think about mayonnaise, where
ridges and peaks on the surface show the existence of a
critical stress above which it flows (Balmforth et al., 2014;
Figoni and Shoemaker, 1983; Goshawk et al., 1998). Sim-
ilarly, Fig. 13c shows that cream, once whipped, can be
squeezed out from a cone, but will stay rigid on a piece of
cake in the absence of forcing. Moreover, many emulsions
[SIV.D] and foams [§IIL.F] behave as Bingham plastics,
because a certain minimal amount of force is required for
the bubbles to rearrange within the material before it can
flow.

In most non-Newtonian fluids subject to small or
slowly varying deformations, it suffices to assume that
stress and strain are linearly related, and a plethora of
phenomenological models have been proposed to quantify
this relationship. Many non-Newtonian fluids are called
viscoelastic because they exhibit both viscous (creep) and
elastic (relaxation) effects. In fact, they are something in
between fluids and elastic solids, and can display both
behaviors depending on the circumstances. To inves-
tigate them, two typical tests can be run (Borwankar
and Shoemaker, 1992; Fischer and Windhab, 2011). The
creep test consists of measuring a time-dependent strain
upon the application of a steady stress. The material
starts to flow with a certain delay, which is measured by
this experiment. In the linear approximation, doubling
the stress doubles the strain. This is widely observed,
for example, in processed fruit tissues (Alzamora et al.,
2008), or in dynamic rheology measurements of honey
(B. Yoo, 2004). A complementary experiment, the stress
relaxation test, measures the time-dependent stress re-
sulting from a steady strain. In the range of small defor-
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FIG. 13 Examples of complex rheological behaviour of fluids:
(a) People walking over a swimming pool full of oobleck, a
mixture of cornstarch and water. Image courtesy of Ion Fur-
janic, director of We are KIX (2014). (b) Thixotropic fluids
become thinner with time when they are sheared, and solidify
again at rest. Classic examples are paint or sandwich spread.
(c) Whipped cream is an example of a Bingham plastic, which
can be squeezed out like a fluid, but then turns solid in the ab-
sence of stresses. From Wikimedia Commons, licensed under
CC BY 2.0. (d) The Weissenberg rod climbing effect seen in
a 2% solution of high molecular weight polyacrylamide. From
Wikimedia Commons, licensed under CC BY 4.0. (e) Ore-
ology. A sandwich cookie is mounted on a rheometer, where
one wafer is rotated relative to the other. Hence, the prop-
erties of the creme between the wafers are measured. Image
courtesy of Crystal E. Owens.

mations, many food products can be aptly described by
linear models. Rheology measurements of frankfurters
of various compositions show a good linear response for
strains of up to about 3.8% (Skinner and Rao, 1986).
Stress relaxation and creep recovery tests on oat grains
also show linear behaviour for a range of temperatures
and moisture content (Zhao et al., 2020). Linear models
have been successfully used to describe stress relaxation
behaviour for a variety of semi-solid food products, such
as agar gel, meat, mozzarella cheese, ripened cheese, and
white pan bread (Del Nobile et al., 2007). Even systems
with finer microstructure, such as protein-stabilised oil-
in-water emulsions, can also exhibit linear viscoelastic
behaviour (Ruiz-Marquez et al., 2013).



To assess whether the deformations are large or rapid
enough for a fluid to exhibit linear response, we can com-
pare the typical observation time (or the process under
consideration) 7y to the typical stress relaxation time
measured in the experiments above to yield the dimen-
sionless Deborah number,

_ time scale of relaxation 7

De = ~ — 29
¢ time scale of process 70 (29)

which indicates whether the material should behave like
a fluid (at low De) or exhibit non-Newtonian properties,
with an increasingly manifested elasticity at high De.
For example, viscoelastic ice cream (Bolliger et al., 2000)
should preferably be consumed at high De for practical
reasons [see §VL.G.

However, some biological fluids are non-Newtonian
at any De. Rheology measurements of yoghurts show
that overlapping polymer molecules cause viscoelastic be-
haviour even at dilute concentrations, resulting in a sharp
increase in viscosity with concentration (Benezech and
Maingonnat, 1994). Yoghurts are shear thinning in addi-
tion to being viscoelastic. Shear thinning or thickening
cannot be explained using linear constitutive equations,
thus more complex models are needed to quantify their
behaviour. Non-Newtonian effects manifest themselves
particularly in the material properties that become dy-
namic quantities and in particular depend on the shear
rate 7.

The Weissenberg number is another dimensionless
group that quantifies the ratio of elastic to viscous forces.
For a fluid with a characteristic stress relaxation time A
under shear, we write this ratio as

elastic forces

Wi= ~ M. (30)

viscous forces
Although seemingly similar to De, the Weissenberg num-
ber has a different interpretation because it captures
the degree of anisotropy introduced by the deformation,
rather than the effect of time-dependent forcing (Poole,
2012). This is an intrinsic response of the fluid rather
than the setup, whereas for the Deborah number the
setup is more relevant. The two numbers span a phase
space interpolating between purely viscous and purely
elastic deformations, with linear (typically at moderate
De and low Wi) and nonlinear viscoelasticity (at higher
Wi) in between.

A first step into the non-linear territory is the gen-
eralised Newtonian fluid model, in which the stress de-
pends only on the instantaneous flow, but the viscosity
in Eq. (28) is replaced by a shear-dependent function
u(¥). Tts form is usually derived empirically from the
available data. Some common approximations include a
power law fluid with pu(¥) = k(5)" "1, where k and n are
fitting parameters. If n > 1, the fluid is shear-thickening
(dilatant), and if n < 1, it is shear-thinning. Most fruit
and vegetable purees belong to the latter category and
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can be efficiently described by this model (Krokida et al.,
2001). Another set of examples are Carreau-Yasuda-
Cross models (Carreau, 1972; Cross, 1965; Yasuda et al.,
1981), which interpolate between the different zero and
infinite shear rate viscosities (po and p, respectively)
by (1(3) = proo + (o = poo)[1 + (X9)*]"~D/4, with ad-
ditional fitting parameters A, a,n. Such models success-
fully describe, for example, the flow of skim milk concen-
trate (Karlsson et al., 2005) or semi-solid Spanish dairy
desserts called natillas (Tarrega et al., 2005). An im-
portant category are yield fluids, which flow only above
some critical stress o > o.. Within these, the Bingham
models satisfy u(§) = po + o./¥ (Bingham, 1922). This
type of behaviour is seen commonly, e.g., in tahini, curry
and tomato pastes (Rao and Cooley, 1992). The Herschel
Bulkley models use u(%) = k6"~ ! + 0./ (Herschel and
Bulkley, 1926), and have proven useful in aptly describ-
ing the rheology of stirred yoghurts (Ramaswamy and
Basak, 1991).

The truly non-linear shear-dependent properties of
kitchen matter can be seen in the context of mixing and
whisking. The “Weissenberg effect” (Freeman and Weis-
senberg, 1948) is an illustrative proxy of viscoelasticity.
As depicted in Fig. 13d, it is seen when a spinning rod
is inserted into an elastic fluid: Instead of the meniscus
curving inwards, the solution is attracted towards the rod
and rises up its surface. This is due to normal stresses
in the fluid acting as hoop stresses and pushing the fluid
towards the rod (Muller, 1961). When egg whites are
whisked with a mixer (Walker, 1978), we see the solution
rise up close to the mixer shaft, rather than move out-
wards in a parabolic shape characteristic for Newtonian
liquids, as described in §II.I. Reiner et al. (1949) observed
this effect in sweetened condensed milk after thickening,
when it becomes a highly thixotropic gel; they linked
it with the uncoiling of globular protein molecules dur-
ing heat denaturation of the albumin-globulin fraction.
Muller (1961) suggested that the extent to which the
cake batter exhibits the Weissenberg effect depends on
its egg content, and isolated the so-called thick white as
the egg component that exhibits it most markedly. The
rheology of an inside of an egg was also investigated by
Bertho et al. (2022), who determined its shear-thinning
properties and, motivated by the famous problem of dis-
tinguishing between raw and hard-boiled eggs, observed
its residual rotation on a table to deduce its viscosity.

Importantly, the viscosity may also change as a result
of a change in the chemical composition under external
stimuli, such as heat. This complex landscape is par-
ticularly important in the kitchen environment, where
we often work with thickening agents such as roux or
Xanthan gum (also found in bubble gum), gently heat
up egg yolks to make Hollandaise sauce, or milk for the
béchamel. For demonstration purposes in the home labo-
ratory, Wiegand (1963) showed the transition from New-
tonian to Weissenberg-like behaviour of a gelatine solu-



tion when cooling down from 32°C to 26°C.

Composite food products typically respond in a non-
Newtonian manner to deformation. Dynamic quantities
that characterise the rheology of food products are of
paramount importance for food processing, in which ap-
propriate length and time scales should be chosen for
the expected result. For example, pasta products such
as curly spaghetti can be thought of as a hydrated gel
(D’Angelo et al., 2022). A chef can gauge pasta by
its texture, but a rheological study of pasta cooking by
Hwang et al. (2022) showed that an objective measure for
spaghetti can be derived from its time-dependent length,
and the measurement can be adjusted for other types of
pasta. In a rheological study of lutefisk (Norwegian dry
cod, soaked in lye to re-hydrate), Feneuil et al. (2022)
measured the elastic modulus of the material to identify
the key element of the preparation process that deter-
mines the mouthfeel. Working on plant-based meat sur-
rogates, Ghebremedhin et al. (2022) studied the structure
and rheological properties of meat-, vegetarian-, and ve-
gan sausages. Another subjective textural property of
food products is spreadability, which can be effectively
measured using the vane method (Daubert et al., 1998).
In this method, a vane composed of 4 to 8 blades is at-
tached to the narrow shaft of a rheometer. This vane is
then immersed and rotated through a sample, imitating
a knife that spreads out a food product. Its spreadability
is then related to the torque required for a given angular
velocity.

Numerous articles quantify the rheological response of
food products; Nelson et al. (2018) measured the exten-
sional yield-stress of Nutella and showed that it can be
modelled as a classical yield-stress fluid. However, other
food products can have a more complex rheological sig-
nature; Martinetti et al. (2014) characterised a range of
bubble and chewing gums under shear, finding that while
in small-amplitude oscillatory and steady shear they be-
have like power-law critical gels in the linear regime, in
start-up flows or large-amplitude oscillatory shear nonlin-
ear viscoelastic effects were observed. They found in par-
ticular that extensional thickening, more pronounced in
bubble than chewing gums, stabilises film blowing, which
is important for the ability to blow large bubbles, desired
by consumers. Steady-shear measurements of the prop-
erties of various commercially available salad dressings
by Elliott and Ganz (1977) showed that they can be de-
scribed as modified Bingham bodies. On the other hand,
the choice of a particular constitutive model depends on
the physical situation — for example, the transient flow
of mayonnaise in a coaxial viscometer is similar to that
of polymer melts, and a similar mathematical descrip-
tion can be used (Campanella and Peleg, 1987). These
are only a few examples of a wide current that aims to
describe transient effects in the flow of food products
(Kokini and Dickie, 1981).

Since the beginnings of rheologic characterisation of
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materials, it has been tempting to answer the inverse
question: Can we produce a material with the desired
properties? Such questions have particular implications
for cooking and food science. What properties do we
need in terms of texture, ease of processing, mouthfeel?
What effect do we want the consumer to see or taste
when they interact with it? And finally, once these qual-
ities are identified, how can we get there from the basic
microstructure or processing? The design of complex flu-
ids has evolved to be a prominent research field (Ewoldt
and Saengow, 2022), with many open questions that can
potentially be answered when physicists and cooks team
up and interact.

We also note here that the kitchen might play an im-
portant educational role in the teaching of rheology. In a
recent paper, Hossain and Ewoldt (2022) proposed a do-
it-yourself home rheology course, where students were en-
couraged to select complex fluids and produce the desired
flow types to infer their rheological properties, such as
yield stress, extensional viscosity, or shear viscosity. In-
spired by the similarity between a sandwich cookie, com-
posed of two wafers separated by a cream filling, and a
parallel plate rheometer, Owens et al. (2022) investigated
‘oreology’ and the deformation of cream by torsional ro-
tation and the subsequent separation of the cookie into
two pieces, as shown in Fig. 13e. They then presented a
home-made rheometer (or ‘oreometer’) that can be used
for such measurements, thus providing an inspiring ex-
ample with an accessible home experiment.

Rheology is a vast field, discussed widely in classic
textbooks, also in the context of the applicability and
structure of different models (Macosko, 1994; McCrum
et al., 1988). The rheological properties of food are also
important for microbial motility in complex fluids (Spag-
nolie and Underhill, 2022) and medical conditions includ-
ing dysphagia (Nita et al., 2013), where fluid dynamics
can help predict the ease of swallowing (Marconati et al.,
2019). For a more detailed description of food rheology,
we recommend reading the following books and reviews
(Ahmed et al., 2016; Bird et al., 1987; Borwankar and
Shoemaker, 1992; Brummer, 2006; Fischer and Windhab,
2011), as well as these works on soft matter (Assenza
and Mezzenga, 2019; McLeish, 2020; Pedersen and Vil-
gis, 2019; Piazza, 2011; Ubbink et al., 2008; Vilgis, 2015),
and references therein.

B. Mixing up a sauce

When we make a sauce, rather counter-intuitive effects
can emerge: the combination of two thin liquids can sud-
denly lead to a thick mixture, or vice versa. Indeed, as
discussed in §III.C, we saw that an ethanol-water blend
has a higher viscosity than both pure liquids. In general,
the viscosity p12 of most binary mixtures is not a linear
function of their relative composition (Bingham, 1914).
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50% : 50%

Honey: 100% Mayo: 100%

FIG. 14 Blending sauces. Left: pure honey. Middle: 50:50
mixture. Right: pure mayonnaise. Top row: Rheometry ex-
periments of the sauces mixtures flowing down an inclined
plane. While honey and mayo move slowly, the mixture runs
down fast. Bottom row: The same dynamics simulated with
a shear-thinning mixing model and displayed using computer-
generated imagery (CGI). Image courtesy of Yonghao Yue.

Instead, a first approximation is given by the Arrhenius
equation,

Inpio =1 Inpy + zoln o (31)

where x; and p; are the mole fraction and viscosity of the
ith component, respectively. This expression holds for
an ideal binary mixture, where the volume of the com-
ponents is conserved, i.e. the excess volume of mixing is
zero. Building on this work, a more accurate description
was given Grunberg and Nissan (1949) and Oswal and
Desai (1998), which reads

Inpio =1 Inpy + zoln po + exq2
+ Kix120 (1‘1 — IQ) + Koxq1xo (3’51 — 1‘2)2 s (32)

where €, K1, K5 are empirical parameters that account for
molecular interactions. While there is no universal theory
that accurately predicts the viscosity of a liquid blend,
more extended models have been derived that are im-
portant for many industrial applications including food
science (Schikarski et al., 2017; Zhmud, 2014).

In terms of mixing sauces, most ingredients each have
different elasto-viscoplastic properties. To describe the
material properties of food mixtures, Nagasawa et al.
(2019) considered a wide range of theoretical models and
derived a viscosity blending model for shear thinning flu-
ids. Using rheometry experiments, they also tested these
models for various sauces including honey, mustard, may-
onnaise, ketchup, hot chilli sauce, condensed milk, choco-
late syrup, sweet bean sauce, oyster sauce, Japanese pork
cutlet sauce, and BBQ sauce. When mixed together, un-
expected behaviours can arise: The top row of Fig. 14
shows experimentally that pure honey flows down an in-
clined slope slowly because of its high viscosity (left) and
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pure mayonnaise remains stagnant because of its yield
stress (right) (Balmforth et al., 2014). However, a 50:50
mixture runs down the slope quickly, with a much lower
viscosity pi12 than its constituents (middle). In the bot-
tom row, the authors accurately reproduced these sur-
prising dynamics using numerical simulations combined
with high-end computer-generated imagery (CGI) tech-
niques.

C. Suspensions

Drinks and foods often take the form of a particle
suspension (Moelants et al., 2014), with examples rang-
ing from unfiltered coffee and wine to Turkish pepper
paste and Kimchi. The texture and mouthfeel of sus-
pensions depend on their rheology [see §IV.A], which is
sensitive to the particle size, microstructure and concen-
tration. Dilute suspensions such as coffee and juices,
are typically Newtonian fluids, while concentrated sus-
pensions such as pastes and purees typically display
non-Newtonian behavior due to both long-ranged hydro-
dynamic interactions between the particles [see §VI.A]
and various short-ranged interactions including friction
(Guazzelli and Morris, 2011; Zenit and Feng, 2018). In-
deed, these rheological properties have been studied to
optimise food paste 3D printing (Zhu et al., 2019).

The influence of internal structure on macroscopic
properties of suspensions has been actively investigated
since the birth of statistical physics. Einstein (1906) es-
tablished that the viscosity of a dilute suspension in-
creases by adding solute according to the Einstein vis-
cosity,

= 1o (1 " Z¢>> , (33)

where 1o is the (dynamic) viscosity of the solvent, and
¢ the volumetric concentration of particles. This re-
lationship which was later developed in the context of
other transport coefficients, included the diffusion and
sedimentation coefficients of suspended particles, and to
account for higher volume fractions and different interac-
tions between the particles (Guazzelli and Morris, 2011).
This is reviewed in the context of food suspensions by
Genovese et al. (2007) and Moelants et al. (2014).
When we grind coffee beans or otherwise create a sus-
pension, the particles are not all of the same size, but
instead they follow a size distribution. The width of this
size distribution is called the dispersity, and it can be
tuned to control the rheology of a suspension. Notably,
the Farris effect (Farris, 1968) explains how the viscosity
of a suspension decreases when the dispersity increases;
that is, a broader distribution of particle sizes yields a
lower viscosity as compared to a narrow distribution of
particle sizes. In food science, the Farris effect has been
exploited to adjust the rheological properties of edible



microgel suspensions such as cheese (Hahn et al., 2015),
and it has been used to minimise the apparent viscos-
ity of cooked cassava pastes (Ojijo and Shimoni, 2008).
Conversely, by narrowing the particle dispersity in coffee
and unfiltered wine, it should be possible to enhance the
mouthfeel by the opposite mechanism, but we are not
aware of any reports on this topic. The Kaye effect is a
phenomenon that occurs when a complex fluid is poured
onto a flat surface, where a jet suddenly spouts upwards
(Kaye, 1963). Many non-Newtonian liquids feature this
effect, including shampoo, and recent experiments have
explained it by using high-speed microscopy to show that
the jet slips on a thin air layer (King and Lind, 2019; Lee
et al., 2013; Versluis et al., 2006).

D. Emulsions

Food emulsions consist of oil drops dispersed in water
(oil-in-water emulsion) or vice versa (water-in-oil emul-
sion) and are ubiquitous in gastronomy and food science
(Berton-Carabin et al., 2018; Dickinson, 2010), with ev-
eryday products such as cream, yoghurt, mayonnaise,
salad dressing, and sauces (McClements, 2015). Emul-
sions are easy to make, and even an amateur chef can
make an emulsion in seconds by vividly shaking or stir-
ring the oil and water phase, which efficiently breaks up
the dispersed phase into droplets by a Rayleigh-Plateau
instability [see §II.G]. But, as anyone who have tried to
make a Hollandaise sauce would painfully know, such col-
loidal systems are by design thermodynamically unstable
and prone to phase separation, sometimes called a ‘bro-
ken sauce’.

In the food industry, phase separation is an even big-
ger problem as it can severely degrade the food product
and shorten the shelf life, but fortunately stabilizers such
as emulsifiers, texture modifiers, ripening inhibitors and
weighting agents can be added to keep the system in a
metastable state (by creating a free energy barrier), effi-
ciently extending the lifetime to hours, days, months, or
even years (Friberg et al., 2003). Protein molecules are
particularly good stabilizers (Ferrari et al., 2022). This
is useful when making mayonnaise, for example, where a
full cup of oil is slowly added to an egg (or only the yolk)
while stirring. The resulting emulsion is stabilized be-
cause the proteins reduce the interfacial tension, thereby
reducing the capillary driving force for drop-drop coa-
lescence, and by the formation of viscoelastic networks
that act as physical barriers against coalescence (Mc-
Clements, 2004; Tcholakova et al., 2006). The stability
of mayonnaise can be increased further by adding a tea-
spoon of mustard to the egg before adding the oil (Mayer
and Krechetnikov, 2012). This is an example of a Pick-
ering emulsion (Pickering, 1907; Ramsden, 1904), where
nanoparticles coating the interface of the droplets prevent
their coalescence. Pickering stabilization has promising
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applications in drug delivery and structured nanomate-
rials (Chevalier and Bolzinger, 2013; Zanini et al., 2017),
but also in food science. For example, Cuthill et al.
(2021) used cocoa shells, which are a food grade industry
co-product, to produce colloidal lignin-rich ready for use
as Pickering-type stabilisers.

In addition to the stabilization, these surface proteins
control the complex rheology of emulsions (Brummer,
2006), which is responsible for the appearance and our
sensory perception of food products (Fischer and Wind-
hab, 2011). Salad dressing is a widely studied kitchen
emulsion, which has been examined in the context of its
complex rheological response (Barnes, 1994) and process-
ing (Franco et al., 1995), stability, and linear viscoelas-
ticity (Franco et al., 1997). Due to the enormous surface
area of emulsion drops, the overall rheology and stability
is controlled by interfacial properties, and in particular,
by the surface coverage and structure of adsorbed pro-
tein layers (Fischer and Windhab, 2011). Animal pro-
teins such as whey and casein readily form viscoelastic
networks with high surface coverage, leading to excel-
lent emulsion stability, while plant-based proteins such
as those from cereals and pulses are less efficient stabi-
lizers, and this is mainly due to their poor solubility in
the aqueous phase (Fischer, 2021). While heating can
be used to increase the stabilizing abilities by denaturing
the proteins (Amagliani and Schmitt, 2017), such treat-
ment can degrade the taste as well as the texture and
the nutritional value of plant based foods. As such, the
ability to control the interfacial properties of plant-based
emulsions without denaturing the protein is an impor-
tant goal, and an exciting new direction in food science
for vegetarians and vegans (Liu et al., 2021).

Emulsions are often used in food for their creamy tex-
ture, where tribo-rheology can be linked with mouthfeel
(Mu et al., 2022). As such, they even appear in forms
that you may not expect. Espresso crema is an emulsion
of coffee oil in water that floats on the coffee like a foam
[SVIL.D], while foie gras and paté are fatty liver-based
emulsions (Via et al., 2021). The process of converting
separate fluids into an emulsion is called homogenization
(Hakansson, 2019) and is industrially realized with high-
energy mechanical methods, such as blenders or ultrason-
ics (Kentish et al., 2008), where strong shear forces break
up the dispersed phase into droplets. The degree of ho-
mogenization that translates to the distribution of sizes
of constitutive droplets or suspended particles affects the
mouthfeel. For example, ice cream is a frozen emulsion
made with water, milk fat and air. Upon repeated heat-
ing and cooling when taking the box out from the fridge
multiple times, the size of ice crystals within the mix-
ture changes, giving a more gritty and crunchy texture
while keeping the same chemical composition [see §VI.G].
Another example is rice flour batter, shown by Ichikawa
et al. (2020) to change the bubble size distribution dur-
ing whipping, with the potential aim to create new tex-



tures for rice flour products. The manufacturing of an
emulsion does not necessarily need mechanical process-
ing. Another special type is spontaneous emulsification,
as we will discuss in the next section.

E. Ouzo effect

Ouzo, raki, arak, pastis, and sambuca are popular
aperitifs in Southern Europe. They are known for their
anise aroma and the remarkable change in turbidity:
Clear when pure, they turn milky white when clear water
or ice is added, which has been termed the ‘ouzo effect’
(Vitale and Katz, 2003). The key to this puzzle lies in
the chemical composition of the drink, being mostly a
mixture of water, alcohol, and essential oils, of which
anethole is a prominent part. Anethole (also known as
anise camphor) is highly soluble in ethanol but not in
water (Ashurst, 2012), thus an undiluted spirit has a
completely clear appearance. Upon the addition of small
amounts of water, however, the oils start separating and
create an emulsion of fine oil droplets which act as light
scattering centres, resulting in the final cloudiness.

The ouzo effect, also called louching or the louche
effect, can be regarded as spontaneous emulsification.
Such emulsions are highly stable and require little mix-
ing (Sitnikova et al., 2005). In these multi-component
mixtures, the thermodynamic stability of the emulsion
comes from the trapping between the binodal and spin-
odal curves in the phase diagram (Ganachaud and Katz,
2005; Grillo, 2003). The ouzo effect has been widely
studied to elucidate its mechanisms (Vitale and Katz,
2003). However, the microscopic dynamics are still un-
der active investigation. Small-angle neutron scattering
studies in Pastis (Grillo, 2003) and Limoncello (Chiappisi
and Grillo, 2018) measured the size of the demixing oil
droplets to be of the order of a micron, a bit larger than
the wavelengths of visible light, giving rise to Mie scat-
tering [see §I1.C]. Sitnikova et al. (2005) established the
mechanism for oil droplets growth to be Ostwald ripen-
ing without coalescence and observed the ripening rate
to be lower at higher ethanol concentration, with stable
droplets reaching an average diameter of three microns.
Lu et al. (2017) tried to disentangle the effects of con-
centration gradients from the extrinsic mixing dynamics
by following the nanodroplet formation in a confined pla-
nar geometry and observed universal branch structures of
the nucleating droplets under the external diffusive field,
analogous to the ramification of stream networks in the
large scale (Cohen et al., 2015; Devauchelle et al., 2012),
and the enhanced local mobility of colloids driven by the
emerging concentration gradient. The ouzo effect can be
triggered not only by the addition of water but also by
the evaporation of ethanol, e.g. in sessile ouzo droplets
(Diddens et al., 2017; Tan et al., 2016, 2017), leading to
an astoundingly rich drying dynamics involving multiple
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phase transitions.

The remarkable stability of the spontaneously formed
emulsion gives hope for potential generation of
surfactant-free microemulsions without resorting to me-
chanical stabilisation, for example high-shear stabilisa-
tion that is often used in fat-filled milk formulations
(O’Sullivan et al., 2018). Thus, the ouzo effect has been
used for the creation of a variety of pseudolatexes, sil-
icone emulsions, and biodegradable polymeric capsules
of nanometric size (Ganachaud and Katz, 2005). Nano-
precipitation can also be used for drug delivery and the
design of nanocarriers (Lepeltier et al., 2014). Parti-
cles created using the ouzo effect are kinetically sta-
bilised, and provide an alternative to thermodynamically
stabilised micelles formed using surfactants (Almoustafa
et al., 2017). Thus, this field offers many interesting di-
rections of future research.

F. Cheerios effect

In the previous sections we have seen complex fluid
effects in the bulk, but a similar complexity can arise
at interfaces. Imagine sprinkling pepper on your soup.
Interestingly, small objects that are more dense than
the fluid may still float at the air-fluid interface because
of surface tension (Vella, 2015). Moreover, floating ob-
jects tend to aggregate at the surface, brought together
by capillary forces induced by the presence of a curved
meniscus around floating objects. Aptly named the ‘chee-
rios effect’ (Vella and Mahadevan, 2005), this is seen not
only with corn flakes, but also bread crumbles (Singh
and Joseph, 2005), foams, and generally objects that are
large enough to create menisci of considerable size. The
mechanism of lateral capillary interaction due to interfa-
cial deformation admits a universal theoretical descrip-
tion for particle sizes ranging from nanometers to cen-
timeters (Kralchevsky and Nagayama, 2000). Initially,
the interaction of widely spaced particles may be re-
garded as a two-body problem (Paunov et al., 1993), but
eventually multiparticle rafts are formed (Lagarde et al.,
2019). The dynamics of these aggregates are more com-
plex, since they may undergo internal redistribution and
destabilisation (Abkarian et al., 2013). An interesting
example is an active assembly of dozens of fire ants on
a water surface (Mlot et al., 2011). The presence of sur-
face tension allows to sustain deformed surfaces which
can support a load of an insect walking on water (Bush
and Hu, 2006; Childress, 2010; Gao and Jiang, 2004),
or a biomimetic water-walking device (Hu et al., 2010).
Similar behaviour, termed the inverted cheerios effect, is
seen when water droplets sit on a soft, deformable sub-
strate, and the induced deformation drives their assembly
(Karpitschka et al., 2016; Pandey et al., 2017).

By a combination of capillary forces and externally
controlled fields, e.g. electromagnetic field, both static



and dynamic assembly can be achieved in capillary disks
(Koens et al., 2019; Wang et al., 2017b). Capillary forces
between spherical particles floating at a liquid-liquid in-
terface have also been quantified to show a qualitatively
similar behaviour (Vassileva et al., 2005). Same guid-
ing principles are used in micro-scale for colloidal self-
assembly, driven not by gravity but by an anisotropically
curved interface (Ershov et al., 2013). Finally, in active
microrheology (Furst and Squires, 2017; MacKintosh and
Schmidt, 1999; Mizuno et al., 2008; Squires and Mason,
2010; Zia, 2018), an external force field (usually mag-
netic or optical) is used to distort surface active or bulk
probes in order to extract viscoelastic responses of com-
plex materials, with direct applications in food science
(Yang et al., 2017).

A separate class of interfacial interaction involves the
dynamic problem of stone skipping, known in Britain as
‘ducks and drakes’, where the interfacial properties de-
termine the optimal angle of attack for the most success-
ful rebound and therefore maximal range (Clanet et al.,
2004; Hewitt et al., 2011; Lorenz, 2006). Moreover, elas-
tic ‘stones’ have been shown to demonstrate superior
skipping ability by assuming hydrodynamically optimal
shapes during the collision (Belden et al., 2016). Al-
though seemingly unrelated, the dynamics of interfacial
deformation by contact with a boundary might be of im-
portance in the development of ergonomic kitchen uten-
sils such as spatula and scrapers, optimal coatings for
baking surfaces (Magens et al., 2017), dealing with food
adhesion in industrial processing (Frabetti et al., 2021)
and may also inspire novel approaches to these proce-
dures.

V. HOT MAIN COURSE: THERMAL EFFECTS

The word ‘cooking’ refers to the preparation of food
in general, but specifically to the operations involving
temperature and heat such as boiling, frying, baking and
poaching, to transform food products into a final dish.
Thus, many kitchen flows are subject to thermal effects
that alter their taste, texture and mouthfeel. Below
we discuss such culinary processes involving heat trans-
fer, the Leidenfrost effect, temperature-driven flows, the
physics of seared steaks, and even hot vapours, smoke
and fire. Nothing beats a warm meal, but be careful
not to get burned. In the words of William Shakespeare
(c.1564-1616),

Heat not a furnace for your foe so hot, that
it do singe yourself.
A. Feel the heat: Energy transfer

Heat is transported in fluids in a way similar to mo-
mentum [§11.B]. Fluid parcels are advected with the flow,
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and additionally exchange heat by conduction. Local
variations in temperature can additionally induce density
gradients, which can drive macroscale convective motion.

The relevant quantity characterising the thermal prop-
erties of the fluid is the scalar temperature field, T'(7,t).
The spread of temperature is described by the heat equa-
tion, which for a fluid of density p and heat capacity at
constant pressure c, can be written as

DT
P = V2T + h+ Q, (34)

where k is the thermal conductivity, governing the dif-
fusive spread of temperature by thermal conduction, h
is a source term accounting for local heating (e.g. by
chemical or nuclear reactions), and @ is the viscous dis-
sipation term, which can be neglected in most practical
situations. In the absence of local heat sources, the heat
equation becomes simply a Fourier’s diffusion equation,
with the thermal diffusivity Dy = k/(pcp). The dom-
inant (heat) transport mechanism is determined by the
(thermal) Péclet number,

Diffusion time LoUy
Dy’

Pe(T) = (35)

Convection time
which besides thermal diffusion can equally be used to
characterise molecular diffusive transport.

The concept of heat diffusion suffices to explain several
kitchen processes. Baking a cake requires the heat to
reach the inner parts of the dough but changing either the
dimensions of the cake or the amount of batter used alters
the baking time in a way that can indeed be predicted
from the diffusion equation (Olszewski, 2006). Heat flow
considerations can guide the development of an optimal
flipping schedule when frying burgers (Thiffeault, 2022).
And the problem of perfectly boiling an egg can also be
quantified in terms of the energy equation (Roura et al.,
2000) to aid many breakfast table discussions.

B. Levitating drops: Leidenfrost effect

The famous Maillard reaction (Brenner et al., 2020) is
what gives browned food its nutty, delicious flavor and is
known for turning uncooked, raw meat into tender, de-
licious steaks or sausages (Ghebremedhin et al., 2022).
When grilling steaks, a simple way to assess whether
the frying pan is sufficiently hot is to sprinkle a hand-
ful of water droplets onto it. When the surface tempera-
ture slightly exceeds the water boiling point, the droplets
start vigorously evaporating, producing a sizzling sound.
However, if the pan is left on full heat for a while and
becomes considerably hotter, small droplets change their
behaviour completely and start levitating above the hot
surface without boiling [Fig. 15a,b]. This levitation can
help with preventing the meat from sticking (Herwig,
2018).
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FIG. 15 Leidenfrost effect. (a) Diagram of a droplet levitat-
ing on a cushion of evaporated vapour above a heated surface.
(b) The Leidenfrost effect prevents meat from sticking to a
hot plate. Artwork entitled ‘Bacon Prelude’ by Pedro Moura
Pinheiro, licensed under CC BY-NC-SA 2.0. (c¢) Star-shaped
oscillations of Leidenfrost drops (Ma et al., 2017) that make

characteristic sounds. Top view. From Singla and Rivera
(2020). (d) Time-lapse image of a self-propelled Leidenfrost
drop on a reflective wafer heated at 300 °C. Side view. From
Bouillant et al. (2018a).

This phenomenon was first known to be observed by a
Dutch scientist H. Boerhaave in 1732, and later described
in detail by a German doctor Johan Gottlob Leidenfrost
in 1756. He provided a record of water poured onto a
heated spoon that “ does not adhere to the spoon, as
water is accustomed to do, when touching colder iron”
(Leidenfrost, 1756). The Leidenfrost effect, as it was later
termed, has been studied extensively in the scientific con-
text (Curzon, 1978; Quéré, 2013; Thimbleby, 1989), and
even became a plot device in Jules Verne’s novel Michel
Strogoff in 1876.

The explanation of this effect boils down to the analy-
sis of heat transfer rate between a hot plate and a droplet.
For intermediate excess temperatures above the boiling
temperature (between 1°C and ca.100°C) the droplets
undergo either nucleate boiling, with vapour bubbles
forming inside, or transition boiling, when they sizzle
explosively upon impact on the plate. However, above
the Leidenfrost temperature, which for water on a metal
plate is approximately 150-180°C, the heat transfer dy-
namics change when a thin vapour layer is created be-
tween the droplet and the plate. This thin cushion both
insulates the droplet and prevents it from touching the
substrate which would cause nucleate boiling inside the
droplet [Fig. 15a]. Due to the competition between evap-
oration and film draining, the typical thickness of the
insulating layer is about 100 pm. Because of this effect,
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the lifetime of droplets on a substrate can increase by an
order of magnitude (Biance et al., 2003). Further increase
in the substrate temperature naturally decreases the life-
time but the decrease is slow. The minimum temperature
required for the Leidenfrost effect to occur on smooth sur-
faces was characterised recently by Harvey et al. (2021).

The presence of a thin lubricating vapour layer, which
is characterised by a low Reynolds number [§VI.A], pre-
vents meat from sticking to a hot plate [Fig. 15b]. It
makes water droplets highly mobile due to the dimin-
ished friction [Fig. 15d]. As soon as a spontaneous in-
stability causes a slight difference in the thickness of
the vapour layer, a flow emerges which triggers self-
propulsion by rolling motion (Bouillant et al., 2018b;
Leon and Varanasi, 2021). The interaction with a struc-
tured substrate can also be used to induce directed mo-
tion, for example across ratcheted grooves (Jia et al.,
2017; Linke et al., 2006; Wiirger, 2011), and the motion
may further be controlled with thermal gradients (Sobac
et al.,, 2017). A video featured on BBC Earth shows
how the Leidenfrost effect can be used to make water
run uphill (BBC Earth Unplugged, 2013). Besides self-
propulsion, the energy injected by droplet heating can
cause droplet vibration with star-shaped droplet modes
(Ma et al., 2017) that lead to distinct Leidenfrost sounds
(Singla and Rivera, 2020) [Fig. 15¢].

The Leidenfrost phenomenon is seen all across the tem-
perature scale and is controlled mainly by the tempera-
ture difference between the substrate and the droplet,
and surface roughness. Interestingly, the substrate need
not be solid: a similar effect is observed with acetone
droplets (nail polish remover) on a bath of hot water
(Janssens et al., 2017). More generally, the Leidenfrost
state, in which an object hovers on a solid or on a lig-
uid due to the presence of a vapour layer, can be seen
in a variety of contexts. For example, it occurs when
a block of sublimating solid carbon dioxide (dry ice) is
placed on a plate at room temperature (Lagubeau et al.,
2011), which is also termed the inverse Leidenfrost effect
(Hall et al., 1969), or when room temperature ethanol
droplet falls on a bath of liquid nitrogen (Gauthier et al.,
2019) and starts moving. Furthermore, when two water
droplets are placed on a hot plate, the vapour layer be-
tween them prevents their coalescence, which is called the
triple Leidenfrost effect (Pacheco-Vazquez et al., 2021).
Frequently demonstrated in popular lectures and science
fairs, the Leidenfrost effect allows a person to quickly
dip a wet finger in molten lead or blow out a mouthful
of liquid nitrogen without injury (Walker, 2010).

C. Heating and Boiling: Rayleigh-Bénard convection

Let us cook some pasta (Audoly and Neukirch, 2005;
Heisser et al., 2018; Hwang et al., 2022; Tao et al.,
2021b). We place a pot with water on the stove and



start heating. Heat from the stove is transferred to the
water, first through conduction, and then through natu-
ral convection (Batchelor, 1954), which we see as charac-
teristic structures called ‘plumes’ near the bottom wall
[Fig. 16a,b]. The fluid layer adjacent to the heated sur-
face becomes unstable and starts to rise [Fig. 16¢,d], since
it is lighter than the bulk fluid [see also §II1.A]. This fun-
damental process has been widely studied in many dif-
ferent configurations. One of the most well-studied is
the Rayleigh-Bénard Convection (RBC) system, consist-
ing of a fluid layer bound between two horizontal plates,
heated from below and cooled from above, as reviewed
by Ahlers et al. (2009); Kadanoff (2001); Lohse and Xia
(2010). Tt occurs ubiquitously in natural contexts, in-
cluding astrophysics (Cattaneo et al., 2003; Moore and
Weiss, 1973), geophysics (Mckenzie et al., 1974; Prakash
et al., 2017) and in engineering applications such as met-
allurgy, chemical, and nuclear engineering (Brent et al.,
1988; Zhong et al., 2010).

The key non-dimensional parameters governing natu-
ral convection is the Rayleigh number,

heat diffusion time  gBrATH?3

= 36
heat convection time vDy (36)
and the Prandtl number,
Pr— momentum .diﬁ‘l.lSi.Vity v 7 (37)
thermal diffusivity Dr

where g is gravity, B is the coefficient of thermal expan-
sion, AT is the temperature difference between the walls,
H is the height of the fluid layer, v is the kinematic vis-
cosity of the fluid, and Dy is the thermal diffusivity of the
fluid. Note that the Prandt]l number only depends on the
inherent properties of the liquid. Most oils have Pr > 1,
which means that heat diffuses very slowly in oils. Then,
depending on the magnitude of Ra, we can identify dif-
ferent regimes of natural convection. The heat transfer
through the fluid is solely through conduction until a crit-
ical Ragy ~ 1708 (Krishnamurti, 1970a,b), above which
the convection consists of steady ‘laminar’ rolls [Fig. 16e].
At Ra ~ 10%, these convection rolls become unsteady,
and beyond Ra ~ 10° the convection is characterized as
turbulent natural convection. A clear example of this is
seen when pouring milk in coffee [Fig. 16f]. Another im-
portant manifestation of thermally driven flows is found
in deep-fat fryers, where plumes transport oxygen from
the air interface into the hot oil, leading to reactive hy-
droperoxides and toxic compounds (Touffet et al., 2021).

Now we come back to our water pot. As we continue
to supply heat, the temperature will eventually reach
the boiling point of water. At this point, the boiling
process begins with vapour bubbles forming in a super-
heated layer adjacent to the heated surface (Dhir, 1998).
In this two-phase system, the vapour bubbles enhance
the convective heat transfer in the standard RBC sys-
tem (Lakkaraju et al., 2013). This boiling process is so
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FIG. 16 Rayleigh-Bénard convection. (a) Rising plumes in a
pot of water heated from below, visible because the refractive

index changes with temperature differences. (b) Contrast-
enhanced magnification. (c) Side-view of mushroom-like
plumes in a high-viscosity fluid. The green line at the bottom
is the boundary layer. (d) Top-view of dendritic line plumes.
(c,d) From Prakash et al. (2017). (e) Temperature field in a
simulation of Rayleigh-Bénard convection at Ra = 5000 and
Pr = 0.7. From Emran and Schumacher (2015). (f) Vortex
structures in a coffee cup with milk at the bottom, which gets
displaced by cold plumes that sink down from the evaporating
interface. Inset: IR thermograph showing convection cells of
colder (downwelling) and warmer (upwelling) regions. From
Wettlaufer (2011).

complicated that we currently only have an empirical un-
derstanding of it (Dhir, 1998), and theoretical progress
has been lacking. However, cutting-edge numerical sim-
ulations seem to be a promising direction to model these
processes accurately (Dhir, 2005). We put the pasta into
boiling water and allow it to cook for approximately 10
minutes (or until it extends to a desired length, as dis-
cussed by Hwang et al. (2022) and in §IV.A. Once the
pasta is cooked, we drain the excess water and serve with
a favorite sauce [see §IV.BJ.

D. Layered latte: Double-diffusive convection
In §V.C we discussed Rayleigh-Bénard convection,

which occurs because the fluid density depends on tem-
perature. Often the density also depends on a second



scalar, like salt or sugar concentration. Importantly, their
molecular diffusivity, Dg, is smaller than the thermal
diffusivity, Dr, so that heat is transported faster that
mass. This explains why your tea cools down before the
sugar diffuses up, but it can also lead to double-diffusive
convection (DDC) that can cause a range of unexpected
phenomena, as reviewed initially by Huppert and Turner
(1981), and more recently by Radko (2013) and Garaud
(2018). Besides the Rayleigh and the Prandtl numbers
[Egs. (36), (37)], DDC also depends on the Schmidt num-
ber, which is often used to characterize convective flows
involving simultaneous momentum and mass diffusion
processes:

_ momentum diffusivity v

molecular diffusivity “ Ds’ (38)
One surprising DDC phenomenon that is readily ob-
served in the kitchen (Heavers and Colucci, 2009) is called
salt fingering, which happens when warmer saltier water
rests on colder fresher water of a higher density (Yang
et al., 2016). Then, in the words of Stern (1960), “[the]
‘gravitationally stable’ stratification ... is actually unsta-
ble”. If a parcel of warm salty water is perturbed to move
down a bit, it loses its heat quicker than its salinity, so
it will keep sinking further. Hence, salt fingers (verti-
cal convection cells) spontaneously start growing down-
wards, accelerated by thermal diffusion, which gives rise
to strong mixing. Kerr (2002) jokes that one might have
a Martini cocktail “fingered, not stirred”, which could in
fact be quite a spectacle with coloured layers [Fig. 17a].
This mixing effect is likely important for nutrient trans-
port in the ocean and climate change (Ferndndez-Castro
et al., 2015; Johnson and Kearney, 2009). In astronomy,
thermohaline mixing can occur in evolved low-mass stars
(Cantiello and Langer, 2010). DDC can equally feature
in porous media (Griffiths, 1981), which might be rele-
vant for heat and mass transfer in porous materials under
microwave heating (Dincov et al., 2004).

Another striking example of DDC is the formation of
distinct layers in a caffe latte (Xue et al., 2017) [Fig. 17b].
To make one, warm a tall glass with 150 ml of milk up
to 50 °C, and pour 30 ml of espresso at 50 °C into it. The
milk is denser than espresso, so the dynamics will follow
an inverted fountain effect [§II1.A] leading to stratifica-
tion with a vertical density gradient. Subsequently, a
horizontal temperature gradient is established because
the glass slowly cools down from the sides. This double
gradient leads to stacked convection rolls separated by
sharp interfaces, as seen in creaming emulsions (Mueth
et al., 1996). The coffee pouring (injection) velocity sets
the initial density gradient, and thus the Rayleigh num-
ber, which much exceed a critical value for layers to form
(Xue et al., 2017). This was investigated further with
direct numerical simulations by Chong et al. (2020), who
also discussed the mechanism how the layers merge over
time: they found that as the circulation weakens, hot
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FIG. 17 Double-diffusive convection phenomena. (a) A cock-
tail with blue salt fingers, produced by warmer salty water
resting on colder fresh water of a higher density. Image cour-
tesy of Matteo Cantiello (Flatiron Institute). (b) Layered
caffe latte. Adapted from Xue et al. (2017). Black arrows are
added to highlight the layer boundaries.

fluid accumulates by the hot sidewall, where buoyancy
forces, larger for hotter fluid, eventually break the layer
interface. The two layers merge, and a new circulation
pattern is established within the thicker new layer. Be-
sides café au lait, similar stacked layers are observed in
the ocean, meters thick and kilometers wide, called ther-
mohaline staircases (Tait and Howe, 1971; Yang et al.,
2020b).

E. Tenderloin: Moisture migration

So far, we have described various fluid mechanical phe-
nomena related to drinks or liquids. When cooking solid
foods, it is also important to understand moisture mi-
gration to achieve a tender result (Hwang et al., 2022).
We will consider the example of meat cooking (e.g. ten-
derloin), where two important physical aspects include
time-dependent protein denaturation and cooking loss
(water loss). To reach the desired meat textures, the
meat must be cooked at well-defined temperatures to
ensure selective protein denaturation (Zielbauer et al.,
2016). Since our focus here is on fluid dynamics, we will
discuss water loss during the heat treatments, which also
depends on the temperature (Zielbauer et al., 2016). This
cooking loss has been described using the Flory-Rehner
theory of rubber elasticity (Van der Sman, 2007; Vilgis,
1988). This theory models the transport of liquid mois-
ture due to denaturation and shrinkage when the protein
is heated. The moisture transport is due to a shrinking
protein matrix, similar to a ‘self-squeezing sponge’. It is
assumed that the poroelastic theory applies here. Then,
this theory describes moisture transport by Darcy’s law



[see §VIL.D], where the fluid flow rate is linear with pres-
sure gradient. The pressure is due to the elasticity of the
solid matrix of the porous material, and here it is referred
to as the ‘swelling’ pressure, pgsyen- According to Flory-
Rehner theory, the swelling pressure can be decomposed
into two components,

Pswell = Pmix + Del, (39)

where ppix is the mixing or osmotic pressure, and pe is
the pressure due to elastic deformation of the cross-linked
polymer gel (Vilgis, 2000). In equilibrium, the network
pressure opposes the osmotic pressure, and the swelling
pressure is zero. The temperature rise during cooking
causes an imbalance between the osmotic pressure and
network pressure, leading to the expelling of excess fluid
from the meat. Hence, the swelling pressure in meat is
proportional to the difference between moisture content
and water holding capacity. The gradient of this swelling
pressure will drive the liquid moisture flow, and is used
in Darcy’s Law [Eq. (54)]. This model has been found
to agree well with experimental data, proving that the
Flory-Rehner theory provides a sound physical basis for
the moisture migration in cooking meat (Van der Sman,
2007).

F. Flames, vapours, fire and smoke

Next, we consider the flows generated around the hot
cookware, utensils, or hot beverages. There are various
heat transfer processes in the kitchen that can give rise
to vapours, fumes, fires, and smoke. We of course en-
joy the smell of a good dish that is cooking, and unex-
pected smoke is oftentimes an indicator that something
is burning. Hence, in addition to increasing the overall
room/kitchen temperature, the vapors/smoke also play
an important role in giving us positive or negative feed-
back on how the cooking is going. Hot utensils transfer
heat into the surrounding air setting up buoyancy-driven
convection or natural convective flows around them. Fig-
ure 18 shows the beautiful flow of vapours and convection
around a hot espresso cup (Cai et al., 2021), and around
a hot tea kettle, visualised with Schlieren imaging as re-
viewed by Settles (2001); Settles and Hargather (2017).
Such convective flows are present around all heated ob-
jects, and one can imagine how different geometries of
vessels and cookware can give rise to complicated flows
around them.

The kitchen is our safe place to prepare food, but we
must remember that it is also a place where several safety
hazards exist. At some point in our lives, most of us
have forgotten to turn off the kitchen stove and suffered
the consequences. When food is overheated, it starts to
burn and eventually the temperature gets so high that
the carbon content gets converted to soot that give rise
to smoke and fumes. Smoke decreases the overall air
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FIG. 18 Buoyancy-driven plumes. (a) Flows developing over
an espresso cup visualised with schlieren imaging. The largest
amount of fluid displacement is observed on the sides and
above the cup. From Cai et al. (2021). (b) Plume around a
hot tea kettle captured with schlieren imaging. From Settles
and Hargather (2017).

quality and inhaling it can adversely affect our health
(Comstock et al., 1981), especially if the burning becomes
intense and the heating is continued. While the disper-
sion of smoke as a general pollutant in the atmosphere
has been studied extensively, smoke in the kitchen has
also been the subject of several studies (Comstock et al.,
1981; Rogge et al., 1991). A critical issue related to this is
ventilation, i.e. how well a kitchen is designed to get rid
of harmful smoke and fumes. Most modern kitchens fea-
ture a ventilation or exhaust ‘hood’ right above the stove.
Both Experimental Fluid Dynamics (EFD) and Com-
putational Fluid Dynamics (CFD) techniques such have
been utilized to study the flow through kitchen hoods in
order to maximise their performance (Chen et al., 2018).
Fires in the kitchen are the most dangerous safety haz-
ard (Gao et al., 2014), and can result in destruction of
property and loss of life. Given the importance of min-
imizing safety hazards in the kitchen, fire engineers rely
on fluid dynamics modeling to develop safe kitchen ven-
tilation (Chen et al., 2020; Norton et al., 2013; Yeoh and
Yuen, 2009).

G. Melting and freezing

We tend to naturally associate cooking with heat. Boil-
ing, melting, freezing, solidifying, dissolving and crystal-
lizing food products need the external heat stimulus to
transform. Thermally driven reconfiguration can happen
on a molecular level but more often it is enough to con-
sider phase transitions due to the heating or cooling of a
substance.

Melting is another fundamental process of phase tran-
sition. From thawing to cooking, solid substances are
transformed into soft matter or liquid products. The
sole process of melting and flows induced therein are



still of fundamental interest for physicists. The mech-
anism of heat transfer relies, in the simplest case de-
scribed in §V.A, on the Fourier law, where the heat flux
q across a surface is locally proportional to the temper-
ature gradient VT'. The temperature field thus satisfies
the advection-diffusion equation (34), which can then be
solved numerically or analytically in specific geometric
configurations. The geometry itself inspires questions on
how the process of thawing can be exploited to create
desired forms, i.e. seen in constantly evolving ice sculp-
tures or in ordinary ice cubes melting in a cocktail. Al-
though the initial shapes of frozen structures may be arbi-
trary, macroscopic objects such as melting ice cubes and
growing stalactites can approach non-intuitive geometric
ideals. For the dissolution of non-crystalline objects, a
paraboloidal shape was shown to be the geometric at-
tractor (Nakouzi et al., 2015). Even the simple melting
of icicles is governed by a combination heat transfer from
the air, the latent heat of condensation of water vapour,
and the net radiative heat transfer from the environment
to the ice (Neufeld et al., 2010), which emphasizes the
complexity of phase change processes.

In food products like chocolate, melting and freezing
strongly affects their microstructure. Their flow prop-
erties are non-Newtonian, and their response to tem-
perature variations is non-linear because of this. Even
though the flow of molten chocolate in a fountain is aptly
described by a power-law fluid (Townsend and Wilson,
2015), the process of melting involves different crystalline
phases and is thus highly complex. Subsequent freez-
ing typically leads to a change in structure and appear-
ance, with different physical properties and even taste.
The quality of chocolate products, in particular their
gloss, their brittleness, their texture and their melting be-
haviour, depends primarily on two processing steps: the
precrystallisation of the chocolate mass, and the even-
tual cooling process (Mehrle, 2007). These factors must
be considered in confectionery manufacturing and, funda-
mentally, in the modeling of crystallization and melting
kinetics of cocoa butter in chocolate (Bhattacharyya and
Joshi, 2022; Le Révérend et al., 2009). For a good result,
chocolate is often ‘tempered’ by subsequently heating
and cooling it, in order to make the chocolate smoothly
textured and glossy (Chevalley, 1975).

Butter (plant or animal-based) itself, being a vital
product for cooking, responds strongly to external tem-
perature, transiting from completely solid and brittle
when taken out from the refrigerator, to pleasantly
spreadable at intermediate temperatures, to liquid. This
empirical feeling can be related to its viscoelastic char-
acteristics (Hayashi, 1994; Landfeld et al., 2000), which
additionally depend on the substance and on the method
of production (Shukla et al., 1994). Rheology and tex-
ture [see §IV.A] are often the basic characteristics when
heating or baking cheese (Lucey et al., 2003), such as
in the melting and browning of mozzarella in the oven
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(Rudan and Barbano, 1998). The temperature can be
also coupled to the nonlinear viscoelastic properties,
for instance when considering starch gelatinisation while
making gravies and thick sauces (Ratnayake and Jack-
son, 2008) or when freezing and thawing a gelatin-filtered
consommé (Lahne and Schmidt, 2010).

H. Non-stick coatings

Many non-stick pans or cookware are designed to be
hydrophobic (water repellent) and oleophobic (oil repel-
lent), which together is called amphiphobic (Tehrani-
Bagha, 2019; Williams, 2018). Waterproof fabrics of-
ten use chemical coatings such as polyurethane (PU),
polyvinyl chloride (PVC), or fluoropolymers. However,
there are many concerns for these materials regard-
ing toxicity and other environmentally damaging effects
(Sajid and Ilyas, 2017), and to limit their destructive
impact, the European Union has announced a ban on
such chemicals by 2030 (European Commission, 2020).
As such, interest has risen for purely physical coatings
that make use of the ‘lotus effect’ (Barthlott et al., 2017;
Marmur, 2004). Like leaves of the lotus plant (Nelumbo
genus), micron-sized structures can be designed that give
rise to superhydrophobicity (Dupuis and Yeomans, 2005;
Feng et al., 2002; Lafuma and Quéré, 2003). A droplet
that impacts these surfaces can bounce off without wet-
ting them (Reyssat et al., 2007; Richard et al., 2002).
Moreover, decorating sub-millimetric posts with nan-
otextures can lead to ‘pancake bouncing’, where the con-
tact time of droplets with the surface is significantly re-
duced (Liu et al., 2015, 2014). This is important for anti-
icing (Mishchenko et al., 2010) and self-cleaning surfaces
(Blossey, 2003), with possible applications for airplanes
and cars. Remarkably, superamphiphobic coatings can
also be made with candle soot (Deng et al., 2012).

VI. HONEY DESSERT: VISCOUS FLOWS

Viscosity shapes our notion of ‘thick’ substances such
as coconut oil or honey (Wray and Cimpeanu, 2020).
This notion is hard to grasp, because when a liquid is
cooled by just a few degrees, its viscosity can increase by
a factor of a million. Quoting the Nobel laureate Edward
M. Purcell (Purcell, 1977),

The viscosity of a fluid is a very tough nut to
crack

Besides the nature of viscosity itself, the motion of thick
liquids, often called ‘creeping’ flow, can be equally puz-
zling. A famous example of this is G.I. Taylor’s kine-
matic reversibility experiment, as depicted in Fig. 19a:
A mixing device with a cylindrical stirrer is filled with
a viscous fluid containing dye streaks. When the stirrer



FIG. 19 Examples of Stokes flows relevant to kitchen setting.
(a) Experimental demonstration of kinematic reversibility in
an annular cylindrical space filled with silicone oil. Upon ro-
tating the inner cylinder slowly a number of times and then
reversing the forcing, the dyed fluid blobs remain unchanged,
thus illustrating the difficulties in mixing viscous fluids. From
Wikimedia Commons, licensed under CC BY 2.0. (b) Coiling
of a liquid rope made of a viscous fluid (corn syrup) demon-
strates the complexities of free-surface gravity flows and also
of pouring honey on the pancakes. From Ribe et al. (2006).
(c) Snapshots of the falling cloud: (left) in point-particle
Stokesian dynamics simulation with 3000 particles and (right)
in sedimentation experiments using 70 pm glass beads in sili-
con oil. From Metzger et al. (2007).

is rotated in one direction, the dye streaks seem to mix
with the fluid. However, the streaks are recovered when
the stirrer is rotated back. This experiment, shown ex-
plicitly in this video (Taylor, 1967), demonstrates that a
time-reversible driving force will lead to time-reversible
particle trajectories in Stokes flow. Another example is
pouring honey or golden syrup on a pancake [Fig. 19b],
showing unexpected coiling dynamics because of the rich
interplay between gravity, viscosity, and surface tension
(Ribe et al., 2006). Finally, as seen in Fig. 19c¢, the com-
plex shapes of sedimenting clouds of food colouring added
to a cocktail can be aptly described using many-body
hydrodynamic interactions between microparticles (Met-
zger et al., 2007; Zenit and Feng, 2018). Indeed, the
theory of microhydrodynamics underlies the behaviour
of most composite food products, such as emulsions, sus-
pensions, and particle-laden fluid substances. Below, we
will discuss how these viscous flows manifest themselves
in a myriad of culinary aspects, and how they improve
our understanding of science at a more fundamental level.

A. Flows at low Reynolds number

As discussed in Sec. I1.B, flows dominated by viscosity
have a very small Reynolds number, Re = pUpLo /1 < 1.
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This condition is satisfied either in highly viscous flu-
ids, at very low velocities, or at small length scales. For
example, when humans swim in water at a velocity of
Up =~ 1m/s with a dynamic viscosity pu ~ 0.9mPas and
density p ~ 103kg/m?, we find Re ~ 10°. This means
that the fluid inertia is much more important than vis-
cosity, and the flow is likely turbulent. For microbes
(Lo ~ 1pm) swimming in the same medium at typically
Uy ~ 10 um/s, however, we have Re ~ 1075, so the vis-
cosity is overwhelmingly dominant (Purcell, 1977). For
such flows, the Navier-Stokes equations (Egs. (2)) in the
incompressible case reduce to the Stokes equations,

0=—-Vp+uViu+ f, V- -u=0. (40)

These equations have several important properties.
Firstly, they are linear, which makes them much easier to
solve than the Navier-Stokes equations. This also means
that, for given set of boundary conditions, there is only
one unique solution (Kim and Karrila, 1991). Secondly,
the Stokes equations do not depend explicitly on time.
Viscosity-dominated flows will therefore respond essen-
tially instantaneously to changes in the applied force,
pressure, or the boundary conditions. In other words, the
flow profile adjusts itself nearly instantaneously, much
faster than the rate at which mass is transported by the
flow. Thirdly, Egs. (40) are kinematically reversible, i.e.
they are invariant under the simultaneous reversion of
the direction of forces and the direction of time. This
means that if the forces driving the flow are reversed, the
fluid particles retrace their trajectories in time, as seen
in Fig. 19a, where a droplet of dye remains undeformed
upon shearing it reversibly between two cylinders. As
a consequence, it is notoriously difficult to mix fluids at
low Reynolds number [see §VIIL.E]. Apart from beau-
tiful demonstrations of mixing and demixing under re-
versed forcing in famous video experiments by G.I. Taylor
(1967), this issue bears great significance for microfluidic
flows as Ly ~ 1um), which are becoming increasingly
relevant for food science [see §IV.D and §VIL.F].

The fundamental solution to the Stokes equations, the
Green’s function, is called the Stokeslet. It is the flow
ug(x,t) at position  and time t due to a point force,
with the distribution f(z,y,t) = d(x — y)F(t). The
force has a time-dependent strength F'(¢) exerted on the
liquid, and is located at position y(t), as expressed by
the Dirac delta function. For an unbounded fluid, the
boundary condition is u = 0 as |z| — co. Physically, one
could think of this point force as a small particle being
dragged through the liquid, such as a sedimenting coffee
grain [see §VI.B|. The flow generated by this point force
is given by

us(w,t) = J (@ —y(t) - F(b), (41)



where the Oseen tensor J;;(r) has Cartesian components

1<%+””) (42)

Jij(r) = % r r3

with indices i, € {1,2,3}, the relative distance is r =
x — vy, and r = |r|. There are different ways to derive
this tensor, as summarised by Lisicki (2013).

This Stokeslet solution is powerful, analogous to
Coulomb’s law for electric point charges. Like the Stokes
equations, it also reveals important properties of viscous
flows. First, Eq. (41) shows that the applied force is
directly proportional to the flow velocity. As opposed
to Newtonian mechanics, where the forces are propor-
tional to acceleration, this reflects Aristotelian mechanics
(Van Leeuwen, 2016), where there is no motion in the ab-
sence of forces. Inertia vanishes at low Reynolds number,
that is, so the dynamics are overdamped. Second, hydro-
dynamic interactions are very long ranged. The Stokeslet
flow decays as 1/r with distance, as opposed to gravita-
tion or electrostatics that both follow inverse-square laws.
This has interesting consequences in the kitchen. For ex-
ample, in a particle suspension such as sedimenting coffee
grains, the motion of one grain will produce a flow that
moves other grains, which in turn generate flows that
affect the first grain again [see §IV.C].

The fundamental solution can also be used to derive
the widely celebrated Stokes law,

F = 6mpal, (43)

which describes the viscous drag force that a sphere of
radius a moving with velocity U exerts on a viscous fluid
(Batchelor, 2000; Guazzelli and Morris, 2011; Stokes,
1851; Yeomans et al., 2014). The significance of Stokes’
law can hardly be overemphasized. Dusenbery (2009)
writes that it is directly connected to at least three No-
bel Prizes. Can you name them?

B. Coffee grounds in free fall: Sedimentation

In the words of Pendergrast (2010), “Possibly the cra-
dle of mankind, the ancient land of Abyssinia, now called
Ethiopia, is the birthplace of coffee”. Thus, before dis-
cussing coffee brewing further in §VII.D, we analyse here
the oldest method of preparation: Sedimentation of cof-
fee grounds under gravity. To optimise our daily cup,
we may want to assess the size distribution of the coffee
particles after grinding. This can be achieved using the
Stokes law we just discussed in §VI.A. The gravitational
force, F,; = mg, pulling on a sphere of radius a is propor-
tional to the mass differential with the surrounding fluid,
m = (pp — p) 37a®. The same grain is slowed by a vis-
cous drag force, given by Eq. (43). When the drag force
balances the gravitational force, the terminal velocity is

_2a%(pp—p)g

U = 5—,

(44)

36

To measure Uy, in the kitchen, we can use a mobile phone
to videotape individual grains sedimenting. Eq. (44) can
be rearranged to solve for the particle size a. Conversely,
it is possible to solve for p if a is known, which is the
principle of falling sphere viscometry (Sutterby, 1973).
Not least, Millikan (1913) used a form of Eq. (44) to find
the elementary electrical charge. Note that the above
equation was developed under several assumptions, and
in the paragraphs to follow we assess the validity of these.

The first assumption is that the grain sediments
at low Reynolds number [see §II.B], given by Re =
aUs (pp — p) /. Using Eq. (44), we find that a typ-
ical grain of radius ¢ = 1mm sediments at 0.1 mm/s,
yielding a Reynolds number just below order unity. We
should therefore be cautious when using Stokes’ law in
this case (Arnold, 1911). In order to obtain the range
of Reynolds numbers over which Eq. (44) gives a good
approximation, one can turn to experiments. Numerous
reports have been published on this topic (Flemmer and
Banks, 1986; Ruby, 1933), and it is generally agreed that
Eq. (44) gives good estimates up to Re = 1 (Guyon et al.,
2001).

The second assumption is that the grain is spherical
and smooth, as shape irregularities and surface hetero-
geneities increase the surface area. Omne might expect
that this surface roughness increases the drag force, and
since a coffee grain is neither smooth nor spherical, one
might think that it falls slower than a sphere having the
same density and volume. However, in the low Re limit,
it turns out that the Stokes drag force is relatively insen-
sitive to shape (Rubey, 1933), and Eq. (44) is thus likely
to approximate Uy, well even for irregular coffee grains.
Moreover, at high Re, surface roughness can even reduce
drag, as seen for the dimples of a golf ball (Bearman and
Harvey, 1976). Of course, if the particle is smooth be-
cause it is a liquid instead of a solid, then the boundary
conditions will change, which typically reduces the drag
force, as discussed in §IX.F.

The sedimenting coffee grain generates a flow field that
decays slowly with distance from its center [see §VI.A].
Close to the particle, viscous forces dominate, while in
the far field the inertial terms dominate. It is the absence
of walls that facilitates this shift from viscous to iner-
tial dominance, as walls provide friction to the flow. By
accounting for inertial effects, considering an unbounded
fluid, Oseen (1910) developed the following improved for-
mula for the drag coefficient, Cp = F/paynA4,
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where pgyn = pUZ /2 is the dynamic pressure and A the
cross-sectional area of the sedimenting particle. The first
term in Eq. (45) is the Stokes drag close to the particle,
while the second term stems from inertial effects far away
from the particle. Oseen’s formula agrees fairly well with
experiments up to Re ~ 10 (Dey et al., 2019).



Beyond the Oseen regime, inertial effects in the flow
surrounding the particle can no longer be neglected. This
causes the nearby fluid streamlines to divert from the
particle, causing the flow to separate. Then the pres-
sure drop across the particle is reduced, which leads
to a drag reduction. A simple experiment using cof-
fee grains released in air (instead of water) can be per-
formed to observe this behavior. By accounting for in-
ertial effects around a sedimenting sphere, Stewartson
(1956) found the drag coefficient to be approximately
1.06, which may be compared to the value of 7.2 using
Eq. (45) for Re = 10. For more details, we refer the in-
terested reader to the excellent review paper on Stokes’
law, and its legacy, by Dey et al. (2019).

Wall effects: We now return to the assessment of the
validity of Stokes’ law for sedimenting coffee grains in
bounded water. In developing Eq. (44), we assumed that
the grain falls without influences of walls, and this is
our third assumption. However, building on pionnering
works of Lorentz (1907) and Faxén (1923), O’Neill (1964)
showed that hydrodynamic contributions due to walls can
slow down a sedimenting grain (or a rising bubble) by as
much as 5% when the distance to the walls is ten times
its size. The degree of retardation increases linearly as
the grain gets closer to the vessel walls. Using matched
asymptotic expansions, Goldman et al. (1967) obtained a
solution for the drag force acting on a sedimenting sphere
moving parallel to a wall,
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which is normalized by the Stokes drag force [Eq. (43)].
Thorough experiments have been performed to validate
the above result, showing good agreement (Brown and
Lawler, 2003).

For spheres very close to a wall, lubrication effects
become important [§VI.C], yielding a logarithmic rela-
tionship between the force and the distance to the wall
(Cichocki and Jones, 1998). This strong logarithmic de-
pendence can be readily observed when making French
press coffee: grains close to the vessel container sediment
much slower than grains out in the bulk. Another im-
portant aspect of spheres moving parallel to the wall in a
Newtonian fluid is that there is no lateral component (to-
ward the wall) to the motion, as a result of time-reversal
symmetries (O’'Neill and Stewartson, 1967). This intu-
ition no longer holds for patterned surfaces (Chase et al.,
2022) and non-Newtonian fluids (Rad and Moradi, 2020),
which has important biophysical implications, for exam-
ple for microbial biofilm formation [see §VI.E].

Collective effects: Our final assessment of Eq. (44)
concerns the possible influence of multiple particles cor-
related by long-ranged hydrodynamic interactions [see
§VL.A], and as Eq. (43) does not include such effects,
our fourth and final assumption is that these can be ne-
glected. However, when two spheres sediment side-by-
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side, they fall slower than in the absence of the other
particle, while if they are separated by a vertical line go-
ing through their centers, the opposite is true (Guazzelli
and Morris, 2011; Zenit and Feng, 2018). In a suspension
containing several grains, the influence of other parti-
cles always leads to a decrease in sedimentation velocity.
This observation is known as hindered settling (Richard-
son and Zaki, 1997) and is mainly due to an upward
flow generated by each particle as it sediments. In a di-
lute suspension, the hindered settling velocity depends
on the particle concentration as U =~ Ux (1 —6.55¢),
as shown by Batchelor (1972). Other effects such as
Brownian motion (Lin et al., 2019) and shape (Ruby,
1933) can also affect the sedimentation velocity and intro-
duce memory effects (Szymezak and Cichocki, 2004). Fi-
nally, if particles sediment towards a surface covered with
moving actuators, a self-cleaning effect can occur where
hydrodynamic fluctuations repel the particles, leading
to a non-Boltzmannian sedimentation profile (Guzmén-
Lastra et al., 2021). An important topic for future
research is how such non-equilibrium distributions can
evolve dynamically in active and living systems (Gomp-
per et al., 2020).

C. Pot stuck to stove top: Stefan adhesion and lubrication
theory

If a pot of pasta overboils, a common subsequent prob-
lem is that the pan is “stuck” to the surface. This effect
does not require any glue or the formation of molecu-
lar bonds. Instead, it stems from the viscous liquid film
that is sandwiched between the objects, which requires
a large force to be displaced. Josef Stefan (1874) first
described this “apparent adhesion”, and later Reynolds
(1886) quantified it with a detailed treatise on lubrication
theory.

It is important to notice a separation of length scales:
The thickness h of the fluid layer is much smaller than the
radius R of the pot. Thus, we can define a small param-
eter, ¢ = h/R < 1. In a simplified 2D system, where the
directions z and x are perpendicular and parallel to the
substrate, we can expand the Stokes equations to leading
order in this parameter, giving
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The first expression tells us that the pressure changes
little with height in the thin gap above the substrate,
and the second expression says that the pressure change
along the substrate is related to the flow variation across
the gap. The general three-dimensional case of these ex-
pressions are referred to as the Reynolds equations, as
reviewed by Batchelor (2000); Oron et al. (1997); Szeri
(2010). These equations may be solved analytically or
numerically for a range of different applications.



For a cylindrical pot stuck to the surface, the Reynolds
equations can be used to show that the force required to
lift the pot, the Stefan adhesion force, is given by

3ruR* dh
F= —.
2h3  dt

(48)

Because it is hard to squeeze a viscous liquid through a
narrow gap, this force can be very large for thin films. For
example, we estimate that for a pan of radius R ~ 12 cm,
film thickness h ~ 100 pm, and separation speed % =
100 um/s, the force is F' ~ 102N, which can be larger
than the weight of the pan filled with water. Conversely,
it is very difficult to bring two surfaces into close contact.
However, in reality the force required is smaller than this
estimate due to surface irregularities, dry spots in the
film, and angling of the pot, for example. Generalizations
of these problems are described by squeeze flow theory,
for example for viscoelastic fluids (Engmann et al., 2005).

Indeed, lubrication theory is used ubiquitously when-
ever one system dimension is significantly smaller than
the others. In tribology, it is crucial for reducing wear
and friction between bearings (Khonsari and Booser,
2017). In biology, tree frogs can climb vertical walls using
liquid film flows, which has inspired new tire technology
(Barnes, 1999), and biomimetic materials that adhere
under wet conditions (Barnes, 2007; Meng et al., 2019).
Thin films significantly alter the motion of trapped mi-
croorganisms (Mathijssen et al., 2016a), governing their
surface accumulation. Using ferrofluids, adhesion can
also be made switchable for use smart adaptable ma-
terials (Wang et al., 2018). Recent developments on
the nanoscale physics can improve lubricant design (Xu
and Leng, 2018), and enhance painting and coating
flows (Ruschak, 1985). Additionally, lubrication the-
ory has been used to model air hockey (Weidman and
Sprague, 2015) and, in the spirit of kitchen experiments,
Reynolds also used it to determine the viscosity of olive
oil (Reynolds, 1886). Pan lubrication is also an impor-
tant step in industrial baking (De La Cruz Garcia et al.,
2014). Finally, the lubrication theory can also be used to
model hand washing, as explained in §II.J.

D. Making perfect crépes: Viscous gravity currents

“Open the front door of a centrally-heated house and a
gravity current of cold air immediately flows in.” These
opening words by Huppert (1982b) describe many pro-
cesses in the kitchen: Opening the fridge or the oven
door, but also the spreading of oil in a frying pan. To
understand how long this spreading takes, we need to de-
termine the evolution of the height profile, h(r,t), which
strongly depends on the dynamic viscosity and density
of the oil, p and p, gravity, g, and the pouring rate, Q.

The presence of inertia makes predictions of the radial
spreading velocity difficult. If we instead pour the oil re-
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ally slowly, at low Reynolds number, assuming that both
the oil layer thickness h and the ‘jet’ radius R; are small
compared to the current R, then we can use a lubrication
approximation [see §VI.C] to obtain a simplified version
of the radial force balance:
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(49)
By adding a mass conservation equation to Eq. (49), and
by introducing a similarity variable, Huppert showed that
the radial extent of the evolving puddle, R, is given ex-
actly by:
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Note that this expression holds for the case of constant
flow rather than constant volume.

The dominant balance of forces in Huppert’s analysis
is between the hydrostatic pressure head that drives the
fluid, and viscous stresses that slow the fluid down. Hup-
pert discarded effects of surface tension, 7, and Eq. (50)
requires that the Bond number be large, Bo = pR?/y >
1 [see §I1.E]. Many geophysical flows are characterized
by large Bond numbers, and the scalings by Huppert
have seen widespread use for predicting spreading rates of
saltwater currents into freshwater, lava flows, and many
other geophysical gravity currents (Craster and Matar,
2009; Huppert, 2006; Meiburg and Kneller, 2010). The
success of these scalings in miscible fluids might seem
surprising. However, geophysical flows are often charac-
terized by high Péclet numbers [Eq. (35)], such that the
transport of momentum outpaces the transport of mass
[see §V.A]. On the fast time scale of the flow, diffusion
does not have sufficient time to blur the interface sepa-
rating miscible liquids, resulting in the liquids displaying
immiscible behavior. Recently, Eq. (50) was found to
accurately describe the spreading rate of miscible sessile
drops of corn syrup and glycerol in water (Walls et al.,
2018). Other important contributions to the study of
gravity currents include the spreading of French vinai-
grette (Benabdelhalim and Brutin, 2022), the spreading
of a saltwater current under a bath of freshwater (Did-
den and Maxworthy, 1982), spreading hot plumes in cold
environments (Britter, 1979), and oil spreading on the
sea (Hoult, 1972). These and other works are described
in detail in a number of review papers (Huppert, 2006;
Simpson, 1982) and in the book by Ungarish (2009).

Making the perfect crépe: When pouring pancake bat-
ter into a frying pan, it is tempting to speed up the
spreading by holding the pan inclined. However, vis-
cous currents down a slope can be unstable, as shown in
another famous paper by Huppert (1982a). An initially
uniform propagation front can break up into long fingers,
leading to undesired stripes instead of a uniform crépe.
Another problem arises because the pan is heated, so
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FIG. 20 Microbial dynamics and food safety. (a) Time lapse
of an E. coli bacterium performing oscillatory rheotaxis, with
fluorescently labelled flagella to reveal its reorientation with
respect to the flow (large arrow, pointing down). From Math-
ijssen et al. (2019b). (b) Working principle of an optofluidic
pathogen detector. When FE. coli bind to Y-shaped mono-
clonal antibodies, it induces a shift in refractive index which
can be detected by an optical sensor. From Tokel et al. (2015).

the spreading problem becomes more complicated as the
viscosity is a non-linear function of time. Initially, a tem-
perature rise is associated with a viscosity decrease, but
later in the spreading process, the batter starts to solidify,
leading to a viscosity increase. Since the current continu-
ally loses momentum as it spreads, the solidification can
arrest the flow long before it extends the entire pan. Mo-
tivated by the aim of making a perfectly flat and uniform
crépe, Boujo and Sellier (2019) recently approached the
spreading problem with both time-dependent viscosity
and gravity. Armed with numerical tools, they identi-
fied different swirling modes and measured the resulting
pancake shape. Interestingly, a swirling mode that is
naturally adopted in pancake making, namely draining
all the batter in one place and then rotating the batter
around the perimeter of the pan in one big swirling mo-
tion, appeared to optimise the pancake shape. To learn
more about the rheology of pancake making and other
cooking processes, see §IV.A.

E. Microbial fluid mechanics

Microbes play an important role all across Eastern and
Western cuisines (Tamang et al., 2020). On the one hand,
their presence can improve texture and taste of food, such
as sourdough bread (Arendt et al., 2007), yoghurt, and
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many fermented products (Sanlier et al., 2019). On the
other hand, their growth and development can cause ill-
ness (Chitlapilly Dass et al., 2020). It is thus crucially
important to understand the mechanisms of their growth,
interactions, and locomotion to control their influence on
food products and the living systems they inhabit (Doyle
et al., 2019).

Because of their size, the hydrodynamics of microor-
ganisms is governed by the Stokes equations [see §VI.A].
As such, they experience the remarkable and profound
consequences of living at low Reynolds number (Purcell,
1977). Unlike us, cells cannot use inertia to coast forward
after each swimming stroke; viscous dissipation slows
them down almost instantly. Furthermore, microswim-
mers must obey the “scallop theorem”, stating that a
time-reversible swimming gait cannot lead to a net dis-
placement (Elgeti et al., 2015; Lauga, 2020). That is, a
scallop would not be able to swim in viscous fluids; while
closing and opening its shell, it would just move back and
forth. Thus, microorganisms must employ more sophis-
ticated mechanisms in order to propel themselves.

Most bacteria swim using helical flagella driven by a
rotary motor, while eukaryotic swimmers often use whip-
like beating organelles called cilia (Brennen and Winet,
1977; Gilpin et al., 2020; Lauga and Powers, 2009). Both
these flagella and cilia can be modelled as slender fila-
ments that exert viscous drag forces on the liquid. To
understand this better, we can consider a generalisation
of the Stokes law [Eq. (43)] for a cylinder of length ¢ and
radius a, with ¢ > a. When it moves through the fluid
sideways, perpendicular to its major axis, it will exert a
viscous drag force
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as predicted by slender-body theory (Batchelor, 1970;
Cox, 1970; Gray and Hancock, 1955; Johnson, 1980).
Note, this expression depends only weakly on the fil-
ament radius, which is on the order of a =~ 10nm.
Thus, a typical cilium of length ¢ ~ 10pm and veloc-
ity U ~ 100 pm/s can exert a force F| =~ 1pN. While
this force is relatively large for a small cell, it is of little
use if the same force is exerted forwards and backwards
during periodic beating cycles. However, because of the
structure of the Oseen tensor, J;; given by Eq. (42), the
cylinder will exert a smaller drag force on the fluid when
it moves parallel to its axis,

Crucially, both cilia and flagella rely on this fundamental
principle. A cilium can exert more force on the liquid dur-
ing its perpendicular “power stroke” and less force during
its parallel “recovery stroke”. Similarly, a bacterial flag-
ellum can force liquid backwards because each rotating
helix element moves with velocity components parallel



and perpendicular to the filament (Lauga, 2016). This
result [Eq. (52)] lies at the heart of numerous transport
processes for viscous fluids. Indeed, numerous synthetic
swimmers and microrobots are based on this hydrody-
namic anisotropy (Bechinger et al., 2016). Moreover, hu-
mans also use cilia to remove pathogens from our lungs
(Bruot and Cicuta, 2016; Ramirez-San Juan et al., 2020;
Sleigh et al., 1988) and to transport liquid in our brain
ventricles (Faubel et al., 2016).

Microbes cannot rely on external forces to swim:
They are force free, such that their propulsion and drag
forces balance. Therefore, instead of a Stokes monopole
[Eq. (41)], the flows they generate are described by Stokes
dipoles and higher multipoles (Mathijssen et al., 2015).
These flows can be used to model their long-ranged in-
teractions with each other and with their environment
(Elgeti and Gompper, 2013; Lauga, 2020; Wensink et al.,
2012). Cell motility takes on additional complexity be-
cause they often reside in viscoelastic fluids [see §IV.A].
This can change the swimming speed of the cells, in a
way that depends on the properties of the fluid and the
nature of its complexity (Martinez et al., 2014; Spagno-
lie and Underhill, 2022; Sznitman and Arratia, 2015).
These non-Newtonian materials also break the time-
reversal symmetry of Stokes flow, so Purcell’s scallop
theorem described above no longer holds, allowing for
different motility mechanisms (Lauga, 2009, 2011; Qiu
et al., 2014).

Because the hydrodynamics of microorganisms has
been studied so extensive recently, it is now possible to
connect it with food science in terms of infectious dis-
ease transmission (Mittal et al., 2020), bacterial con-
tamination by upstream swimming (Mathijssen et al.,
2016b), and the microbiology of bacterial coexistence
(Gude et al., 2020). For instance, Fig. 20a shows how
E. coli bacteria can reorient with respect to externally
imposed rinsing flows, a phenomenon called rheotaxis
(Mathijssen et al., 2019b). Moreover, recent engineering
improvements have lead to sensors capable of detecting
harmful microbes. For example, a porous silk micronee-
dle array can be used to sense the presence of E. coli in
fish fillets (Kim et al., 2021). In general, a wide spectrum
of potential pathogens stimulates future research on food
safety (Ali et al., 2020), as we discuss next.

F. Microfluidics for improved food safety

Foodborne pathogens such as E. coli and Salmonella
bacteria cause approximately 420,000 deaths and 600
million illnesses yearly (World Health Organization,
2015). Such pathogens often originate from bacterial
biofilms in food processing plants (Mathijssen et al.,
2018; Vidakovic et al., 2018) and poor hygiene [§II.J,
§IX.C]. Therefore, on-site rapid detection is necessary to
prevent these harmful bacteria from entering our gro-
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cery stores and ending up in foods. The traditional
way of detecting pathogens is by cultivating them in
Petri dishes, but slow bacterial growth limits the use-
fulness of such ‘babysitting’ in food plants. This has led
to alternatives such as nucleic-acid based methods (in-
cluding polymerase chain reactions (PCR) (Kant et al.,
2018), which is the primary method to test patients for
COVID-19), but extensive training requirements, expen-
sive equipment and labor intensive steps prevent a robust
and efficient implementation in food production facilities.

Fortunately, microfluidic-based biosensors can detect
or “sense” pathogens on much faster timescales thanks
to small volumes and flow-mediated transport, with
high-speed imaging enabling real-time monitoring (He
et al., 2020; Mairhofer et al., 2009; Skurtys and Aguil-
era, 2008). Biosensors work by measuring an electrical
or optical signal induced by a chemical reaction as a tar-
get molecule (pathogen) binds to a bioreceptor molecule
(Karunakaran et al., 2015; Van Dorst et al., 2010). The
bioreceptors are designed to exactly match the surface
elements of the pathogen (these elements are called anti-
gens) like a lock and key fit. Due to their excellent speci-
ficity, monoclonal antibodies (mAbs) are the most widely
used bioreceptor molecules. Figure 20b shows the work-
ing principle a biosensor functionalized with Y-shaped
mAbs molecules for detecting E. coli (Tokel et al., 2015).

The speed and accuracy of surface-based biosensors de-
pend on a number of factors where the most important
are the pathogen concentration, the number of available
binding sites on the sensor, the transport of pathogens
from the bulk fluid to the sensor via flow and diffu-
sion, and finally, the kinetics of the binding reaction.
Without flow, the sensing time is usually limited by the
time it takes for a pathogen or a virus to diffuse to the
sensor, which can take several hours in a microchannel
due to the low diffusivity of such large particles. How-
ever, by leveraging microfluidic flow, solute transport can
be sped up by several orders of magnitude, leading to
reaction-limited kinetics. We recommend the pedagogi-
cal reviews on transport and reaction kinetics in surface
based biosensors by Gervais and Jensen (2006), Squires
et al. (2008) and Sathish and Shen (2021).

G. Ice creams

Although first mentions of this classic dessert as
“flavoured snow or ice” date back to the Persian and
Roman Empires, evidence suggests that dairy iced prod-
ucts originate from 12th century China (Marshall et al.,
2003). From a chemical point of view, ice cream is an
emulsion [see §IV.D] made with water, ice, milk fat and
protein, sugar and air. The ingredients are mixed to-
gether and turned into foam upon the addition of air
bubbles. The colloidal emulsion is then frozen to preserve
the metastable mixture. The details of the process have



been extensively studied within the food science commu-
nity (Arbuckle, 2013; Goff and Hartel, 2013), but also
from the physics and general science viewpoint (Clarke,
2003, 2015). Special attention has been paid to the col-
loidal character of the emulsion (Goff, 1997).

An appealing texture and rheology are crucial aspects
of ice cream quality. Due to its popularity, ice cream
was apparently the first food product to have its exten-
sional viscosity measured, as early as in 1934 (Leighton
et al., 1934). Since then, rheological properties of ice
cream have been examined in detail, and various dynam-
ical models have been proposed to account for their be-
haviour (Martin et al., 2008b). The breadth of related
topics has even inspired an interdisciplinary undergradu-
ate course taught within the physics programme (Trout
and Jacobsen, 2019).

The production of ice cream involves a flow undergo-
ing a structural and phase transition by a combination of
mechanical processing and freezing. The dynamics of ice
crystallisation therein are not fully understood. Because
an ice cream mix is opaque, in situ crystallisation has
not been observed and its mechanism is debated (Cook
and Hartel, 2010). In a typical ice cream freezer, ice is
formed on externally cooled walls by surface nucleation
and growth, and is then scraped off to the bulk fluid,
where secondary nucleation and ripening take place (Har-
tel, 1996). The number and size of ice crystals formed is
also heavily dependent on the mixture composition, and
also affects the melting rate and hardness of the final food
product (Muse and Hartel, 2004). Studying the charac-
teristics of ice cream production leads to the development
of novel methods for rapid freezing and thawing of foods
(Li and Sun, 2002). The structure of ice cream can be
practically controlled in most common conditions. How-
ever, environments with large temperature fluctuations
remain problematic, so developing a detailed description
of the underlying processes remains an interesting path-
way for future research.

Interestingly, as opposed to frozen ice cream, one some-
times sees “hot ice cream” that seems to melt upon cool-
ing. This effect can be achieved using methyl cellulose,
a thickener that acts in high temperatures to produce
a product with surprising, “opposite” melting properties
(The Master Chef, 2021). Perhaps not the obvious choice
on a hot summer day, but definitely worth a taste!

VIl. COFFEE: GRANULAR MATTER & POROUS MEDIA

The Hungarian probability theorist Alfréd Rényi
(1921-1970) once said (Suzuki, 2002),

A mathematician is a device for turning cof-
fee into theorems.

Coffee is arguably one of the most popular beverages
world-wide, and many of us look forward to our cup of
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joy several times a day! It is not surprising that we are
fascinated with the fluid dynamics of coffee — the focus of
this section. We start with the flow of coffee beans and
other granular materials, including avalanches, hoppers,
and the Brazil nut effect. We then consider brewing cof-
fee using different methods in the context of porous me-
dia flows and percolation theory, and we finish with the
illustrious coffee ring effect. In the words of Wettlaufer
(2011), there is a “universe in a cup of coffee”.

A. Granular flows and avalanches

Granular materials (de Gennes, 1999) are found every-
where in the kitchen. Take, for example, flour, rice, nuts,
coffee beans, sugar or salt. Indeed, the food industry
processes billions of kilograms of granular material every
year (Gray, 2018). They are composed of discrete, solid
particles (grains) over a wide range of sizes. Therefore,
the grain diameter D is often denoted on the Krumbein
phi scale, ¢ = —log,(D/Dy), with Dy = I mm (Krum-
bein, 1934). For example, ¢ = —6 and 6 correspond to
oranges and powdered sugar, respectively.

Granular matter can have many surprising properties
(Herminghaus, 2005; Mehta, 2012). One such example
is the Janssen effect: The hydrostatic pressure at the
bottom of a cylindrical container does not grow linearly
with the filling height of grains, unlike in a liquid [§IT.A].
Instead, the pressure saturates exponentially to a value
much less than the weight of the grains, because they
are partially supported by the vertical silo walls due to
friction forces (Aguirre et al., 2010). Another example
is that granular matter can behave like solids, liquids, or
even gases, depending on the amount of kinetic energy
per grain (Forterre and Pouliquen, 2008; Jaeger et al.,
1996; Lun et al., 1984). For this reason, granular flows
are challenging to analyze and predict.

A notorious example thereof is avalanche dynamics
(Frette et al., 1996; Hunt and Vriend, 2010; Nagel, 1992;
Paczuski et al., 1996). A pile of grains [Fig. 21a] is held
together by ‘chains’ of frictional and compressive forces
(Mueth et al., 1998), but the pile will suddenly collapse if
the slope exceeds a maximum angle, 6,,,. This sliding will
only stop after the slope has reduced below the critical
angle of repose, 6,., of which typical values range between
45° for wheat flour to 25° for whole grains (Al-Hashemi
and Al-Amoudi, 2018). The angle of repose is important
across food industry, from silo roof design to conveyor
belt transport (De-Song et al., 2003) and the geology of
hillslopes (Deshpande et al., 2021) that limits farming.
It also sets a fundamental rule for food plating, which in
turn affects the perception of taste (Zellner et al., 2011),
and the design of food sculptures [Fig. 21b]. In this art-
work the grains are sticky, but the weakest links are still
susceptible to avalanche dynamics. From a fundamental
point of view, avalanche dynamics exhibits self-organized



critical (SOC) behaviour for rice grains with a large as-
pect ratio, as shown by Frette et al. (1996). Moreover,
Einav and Guillard (2018) used a column of puffed rice
to investigate the crumbling of a brittle porous medium
by fluid flow. These ‘ricequake’ experiments may give
insight how to prevent the collapse of rockfill dams, sink-
holes, and ice shelves. Needless to say, avalanches can be
extremely dangerous, also in food science such as entrap-
ment in grain storage facilities (Issa et al., 2017), where
a silo of grains can clog [Fig. 21c] because of force chains
forming between grains that prevent them from relative
motion [Fig. 21d]. However, a disruption of this delicate
balance might lead to large-scale avalanche flows. Thank-
fully there are helpful rescue strategies in case of grain
entrapment (Roberts et al., 2011).

Sometimes it is desirable to make granular matter
flow faster. This can often be achieved with granula-
tion (Cuq et al., 2013), where a powder or small grains
are made to clump together. Perhaps counter-intuitively,
these aggregates can flow more easily. This has many
important examples in the kitchen, such as granulated
sugar: Compared to powdered sugar, granulated sugar
has a smaller angle of repose and considerably better flow
characteristics (Teunou et al., 1999) because the larger
grains are less cohesive and more easily fluidised (Krantz
et al., 2009). Moreover, it is much easier to compactify
granulated materials than powders, which is of vital im-
portance for making tablets in the pharmaceutical and
food industry (Kristensen and Schaefer, 1987). Food for
thought when you next sweeten your coffee.

B. Hoppers: Grains flowing through an orifice

An important quantity across food science is how
quickly a granular material can pass through an orifice
(Beverloo et al., 1961). Chefs experience this daily when
dispensing spices or grains from a hopper. The flow rate
Q is given empirically by the Beverloo law,

Q = C(,0)pp\/g(D — kd)*/?, (53)

where C' is a fitting parameter that depends on the fric-
tion coefficient p and the hopper angle 6, p; is the grain
bulk density, D is the neck width, d is the grain diameter,
and the parameter k ~ O(1).

The Beverloo law can be explained partially by di-
mensional analysis, scaling arguments and hourglass the-
ory (Nedderman, 2005), but its foundations are still un-
der active investigation, as discussed recently by Alonso-
Marroquin and Mora (2021). This problem is hard to
solve because the grains behave both like a liquid and a
solid near the opening (Zuriguel, 2014). This is the re-
sult of jamming (Liu and Nagel, 1998, 2010), where the
effective viscosity increases dramatically above a criti-
cal particle density, so the flowing grains suddenly form
a rigid arch or vault (Tang and Behringer, 2011), as
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FIG. 21 Granular matter. (a) In a pile of grains, the motion
is quantified by the rate of strain ¢ using spatially-resolved
diffusing wave spectroscopy (DWS). From Deshpande et al.
(2021). (b) Rice sculpture by doctor and food artist Nawa-
porn Pax Piewpun (2021). (c) The velocity field of grains
flowing in a 2D hopper is measured by direct particle track-
ing. The seven particles that are marked form a jamming

arch, shown in the inset. (d) Force chains in a jammed
state, visualised by photoelastic particles that show intensity
fringes under stress, highlighted in the inset. From Tang and
Behringer (2011). (e) The Brazil nut effect, with 8 mm black
(small) glass beads and 15 mm green (grey, large) polypropy-
lene beads. Evolution in time from left to right. From Breu
et al. (2003).

shown in Fig. 21c,d. This clogging becomes exponen-
tially unlikely as the opening size is increased, so all
hoppers have a non-zero probability to clog (Thomas
and Durian, 2015). Clogging is particularly common in
grain hoppers (To et al., 2001) and microfluidic devices
(Dressaire and Sauret, 2017), but also in sheep herds and
pedestrian crowds moving through a bottleneck (Zuriguel
et al., 2014). Jamming is equally essential for food pro-
cessing (Barker, 2013), for biological tissue development
(Lawson-Keister and Manning, 2021) and for food struc-
turing (Van der Sman, 2012).

The non-linear nature of jamming can lead to sur-
prising consequences. For example, the observed flow
rate does not depend on the filling height of the hopper
[Eq. (53)]. This was assumed to be due to the Janssen
effect [§VIL.A], but Aguirre et al. (2010) showed that the
grain flow rate remains constant even if the pressure at
the orifice decreases during discharge, and that different
flow rates can be achieved with the same pressure. More
counterintuitively, inserting an obstacle just above the
outlet of a silo can in fact help with clogging reduction



(Zuriguel et al., 2011). In fact, it has been shown that
“the sands of time run faster near the end”, which is
caused by a self-generated pumping of fluid through the
packing (Koivisto and Durian, 2017) — you may want to
take this into account for your kitchen timer. By vary-
ing the softness of the grains, Tao et al. (2021a) showed
that clogging occurs more often for stiffer particles, and
that clogging arches are larger for particles with larger
frictional interactions. Hence, understanding jamming
dynamics can help with the design of clog-free particle
separation devices (Mossige et al., 2018).

C. Brazil nut effect

When you repeatedly shake a box of cereal mix, the
larger (and heavier) grains often rise to the top [Fig. 21e].
This phenomenon was called the “Brazil nut effect” af-
ter the seminal work by Rosato et al. (1987), also known
as granular segregation (Gray, 2018; Kudrolli, 2004; Ot-
tino and Khakhar, 2000). One explanation is buoyancy,
but the effect can happen even when the larger grains
are denser than the smaller ones. A second contribut-
ing factor is called percolation (not to be confused with
brewing coffee, §VII.D). Here, smaller grains fall into the
gaps below the larger grains during shaking. However, a
container shape can be designed where the larger grains
move downwards (Knight et al., 1993). This was ex-
plained by a third effect called “granular convection”,
where the shaking leads to a flow pattern of grains mov-
ing upward along the walls and downward in the middle
of the container (Knight et al., 1993). Soon after, gran-
ular convection was imaged directly using MRI (Ehrichs
et al., 1995; Knight et al., 1996) and studied using exten-
sive computer simulations (Gallas et al., 1996). However,
the scientific trail was mixed up again by the discovery
of the “reverse Brazil nut effect” by Shinbrot and Muzzio
(1998), verified experimentally by Breu et al. (2003).
Here larger but lighter particles can sink in a shaken bed
of smaller grains, which cannot be explained by granu-
lar convection alone, nor by percolation nor buoyancy.
Furthermore, Mobius et al. (2001) showed that particle
segregation depends on the interstitial air between the
grains, and depends non-monotonically on the density.
Huerta and Ruiz-Sudrez (2004) then found that there
are two distinct regimes: At low vibration frequencies,
inertia and convection drive segregation, where inertia
(cf. convection) dominates when the relative density is
greater (cf. less) than one. At high frequencies, segre-
gation occurs due to buoyancy (or sinkage) because the
granular bed is fluidized and convection is suppressed.
Vibration-induced fluidization is used widely in the food
industry to dry, cool, coat or mix granular materials and
powders (Turchiuli, 2013).

Interestingly, granular convection can occur even in
very densely packed shaken containers, on the brink
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of jamming, where unexpected dynamic structures can
arise under geometrical restrictions (Rietz and Stannar-
ius, 2008). Murdoch et al. (2013) studied granular con-
vection in microgravity during parabolic flights, reveal-
ing that gravity tunes the frictional particle-particle and
particle-wall interactions, which have been proposed to
drive secondary flow structures. Recently, D’Ortona and
Thomas (2020) discovered that a self-induced Rayleigh-
Taylor instability [see §III.A.4] can occur in segregating
granular flows, where particles continuously mix and sep-
arate when flowing down inclines.

Granular separation is of vital importance in the food
industry. It might be convenient if grains need to be
sorted, but the effect is often undesirable when we re-
quire an even grain mixture. This is especially prob-
lematic when the product must be delivered within a
narrow particle-size distribution or with specific com-
positions of active ingredients (Gray, 2018). However,
most food storage facilities (heaps or silos) and process-
ing units (chutes or rotating tumblers) are prone to grain
segregation (Baxter et al., 1998). Researchers are learn-
ing how to prevent separation, but this is hard because it
strongly depends on details of the flow kinematics. One
technique is to add small amounts of liquid to make the
grains more cohesive (Li and McCarthy, 2003), but at
the cost of reduced food longevity due to rot. Another
strategy is to use modulation of the feeding flow rate
onto heaps (Xiao et al., 2017). The Brazil nut effect
might also be suppressed using a system with cyclical
shearing, where grains remain mixed or segregate slowly
(Harrington et al., 2013). There are also new develop-
ments in machine vision systems for food grain quality
evaluation (Vithu and Moses, 2016). Granular flows are
often hard to image with opaque particles, but power-
ful techniques to measure the 3D dynamics include MRI
(Ehrichs et al., 1995), Positron Emission Particle Track-
ing (PEPT) (Windows-Yule et al., 2020) or X-ray Com-
puted Tomography (CT) (Gajjar et al., 2021).

Finally, coming back to our kitchen, the Brazil nut ef-
fect may occur too when stir-frying. This is why chefs
often toss the ingredients into the air repeatedly, fluidis-
ing the grains, to mix them evenly and to avoid burn-
ing them at very high temperatures. Notably, Ko and
Hu (2020) recently described the physics of tossing fried
rice. There is also an interesting connection between the
Brazil nut effect and popcorn (Da Silva et al., 1993; Ho-
seney et al., 1983; Virot and Ponomarenko, 2015), where
the grains that have not popped conveniently sink to the
bottom. Granular physics hence plays a key role in sev-
eral culinary contexts, both in the food industry and in
our kitchens.
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FIG. 22 Coffee brewing. (a) Schematic of percolation in an
espresso machine basket. A pressure differential pushes water
down through the pore spaces. Image courtesy of Christo-
pher H. Hendon. Inset: Espresso drops by photographer the-
ferdi, licensed under CC BY-NC-SA 2.0. (b) Diagram of a
French press. The water moves up around the coffee grounds
(upward arrows) by applying a constant gravitational force
on the plunger (downward arrows). From Wadsworth et al.
(2021). (c) A cappuccino with latte art in the shape of a
phoenix. From Hsu and Chen (2021).

D. Brewing coffee: Porous media flows

Henry Darcy (1803-1858) was a French hydrologist
who studied the drinking water supply system of Dijon,
a city also known for its mustard. In an appendix of his
famous publication (Darcy, 1856), he describes experi-
ments on water flowing through a bed of sand. From the
results he obtained Darcy’s law, an empirical expression
for the average velocity g of the liquid moving through
the bed. It was refined by Muskat (1938), and can be
written as

q=—-K(Vp—pg)/u, (54)

where IC is a tensor that describes the permeability of
the material in different directions, sometimes replaced
by a constant k£ for isotropic materials. Note that the
local velocity in the pores is u = q/¢, where ¢ € [0, 1]
is called the porosity. Darcy’s law can indeed be de-
rived theoretically (Whitaker, 1986), and it is integral to
many industrial processes in food science, such as sand
filtration and antimicrobial water treatment (Hills et al.,
2001; Yang et al., 2020a). Moreover, it can be applied
to a much broader class of porous media flows (Bear,
2013; Blunt, 2001; Philip, 1970), which are found every-
where in gastronomy: Examples include percolation in
a salad spinner, drizzle cake, squeezing a sponge, and
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not least, making coffee (Egger and Orr, 2016; Thurston
et al., 2013).

For espresso brewing (see e.g. Giacomini et al., 2020),
one can use the first term in Darcy’s law for pressure-
driven flow [Fig. 22a], while drip coffee (see e.g. Angeloni
et al., 2019) can be described using the second term for
gravity-driven flow in Eq. (54). In both cases, the per-
meability K can be changed by tamping the grounds or
adjusting the grain size, in order to tune the flow rate and
thus the extraction time (Corrochano et al., 2015). An-
other particularly well-studied method of making coffee
is using the Italian ‘moka’ pot [see Fig. 1c|. Its sophis-
ticated design was patented by Alfonso Bialetti (1888-
1970) (Binder and Scheidle, 2020). Gianino (2007) used
a moka pot to measure the flow rate through a bed of
grains and applied Darcy’s law to measure its permeabil-
ity. Later, Navarini et al. (2009) improved this method
by accounting for the decreasing permeability as aro-
matic substances dissolve into water. In a third study,
King (2008) investigated the effect of packing and coffee
grain temperature on the permeability. Percolation in a
moka pot was visualised beautifully by looking through
the metal using neutron imaging (Kaestner, 2012).

Most studies on coffee extraction showcase some di-
rect applications of Darcy’s law under idealized condi-
tions, but they do not attempt a description beyond the
Darcy regime (Fasano et al., 2000). For instance, they
ignore the initial stage of percolation, when the water
invades the (initially dry) coffee grain matrix. This pro-
cess can be described with percolation theory (Stauffer,
2018), where the pores between the coffee particles can
be considered as a random network of microscopic flow
channels (Blunt, 2001). If the coffee is coarsely ground
or tamped lightly, the many open microchannels (bonds)
allow the water to find a connecting path through the
coffee. Then this process is first characterised by capil-
lary wetting (Singh et al., 2019) [see §IL.F] and consid-
erable swelling of coffee grains (Mo et al., 2022), after
which Darcy’s law becomes applicable. For intermedi-
ate tamping, as the permeability K decreases, we ap-
proach the percolation threshold. Then the extraction
time will significantly increase, which can result in over-
extraction (Severini et al., 2017). Finally, if the coffee
is tamped too strongly or too finely ground, the water
cannot find a path between the grounds. Then, either
there is nothing to drink, or the pressure builds up until
we see hydraulic fracturing (Adler et al., 2013). In that
case, large flow channels suddenly crack open that bypass
the microchannels (Berre et al., 2019). Channelization
might be induced by flow-mediated rearrangement of the
porous coffee bed (Derr et al., 2020; Mahadevan et al.,
2012). This ‘fracking’ can give the coffee a bad taste
because it leads to uneven extraction (Moroney et al.,
2019). Symptoms that your espresso is fractured are lig-
uid spraying through the bottom of the basket, irregular
flow, and a cracked coffee cake. Percolation theory has



many other applications, including predictions for forest
fires, disease spreading, and communication in biology
(Mathijssen et al., 2019a; Sahimi, 2014). With these ef-
forts to perfect the taste of resulting beverage, there are
still aspects of coffee brewing that are understood only
qualitatively and described empirically. Microscopic de-
tails of swelling and extraction remain to be explored in
order to fully understand the complex physics of reactive
transport in espresso machine brewing.

Coffee can be made in many ways, each involving dif-
ferent fluid mechanics. Here we only mention a few
preparation methods, with some recent results: To make
an espresso, it is important to note that coffee beans are
often prone to variations in quality. Even if the theory
is perfect, the ingredients are not. To overcome this,
Cameron et al. (2020) offer advice to systematically im-
prove espresso brewing by proposing a set of guidelines
towards a uniform extraction yield. Interestingly, they
also found that the smallest grains do not give the high-
est yield as they tend to clump together and form aggre-
gates [see granulation in §VII.A]. For drip brew coffee, it
is common to use a precise temperature-controlled ket-
tle, but Batali et al. (2020) surprisingly found that the
brew temperature may not have quite so much impact on
the sensory profile at fixed brew strength and extraction.
Considering the French press, Wadsworth et al. (2021)
recently determined the force required to operate the
plunger [Fig. 22b]. They recommend using a maximum
force of 32 N to complete the pressing action in 50's, using
54 g of coffee grounds for 11 of boiling water. Looking at
cold brew coffee, Cordoba et al. (2019) recently evaluated
the extraction time and flavour characteristics, Rao and
Fuller (2018) investigated its acidity and antioxidant ac-
tivity, and Ziefuf} et al. (2022) showed that cold-brewing
can be achieved rapidly using picosecond-pulsed laser ex-
traction. Finally, Greek and Turkish coffee rely on the
sedimentation of fine particles, which we discuss in §VI.B,
and Café de Olla is a Mexican coffee drink which is made
with aromatic spices and sugar.

After having made the perfect cup of coffee, it can be
decorated with latte art [Fig. 22¢]. Indeed, Hsu and Chen
(2021) showed that coffee tastes sweeter with latte art,
which they related to brainwave activity using electroen-
cephalography (EEG). The fluid mechanics of pouring
steamed milk foam into the denser coffee can be described
as an inverted fountain [see §III.A], which depends on
the jet diameter and the pouring height via the Froude
number [Eq. (19)]. Large fountains lead to more mixing
and brown foam, while gentle pouring gives white foam.
After much practice, these colours can be combined in
rapid succession to make exquisite patterns, including a
heart and the phoenix (Bez, 2021). Some people prefer
their coffee without milk, but with a thin layer of espresso
crema (Illy and Navarini, 2011). Undesirably, this coffee
foam can agglomerate along the perimeter. This effect
can often be suppressed by heating the cup beforehand
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FIG. 23 Coffee ring effect. (a) Schematic of an evaporating
droplet containing a suspension of microparticles. Stronger
evaporation near the contact line drives an internal flow to
the outer edge. From Jafari Kang et al. (2016). (b) A dark
rim is formed by particles that accumulate at the pinned con-
tact line. From Li et al. (2016). (c) Example of a heart-
shaped coffee ring. Image by Robert Couse-Baker, licensed
under CC BY 2.0. (d) Suppressing the coffee ring effect by
adding cellulose nanofibers (CNF) to a drop of 0.1 wt% col-
loidal particles. From left to right: CNF concentration of 0,
0.01, 0.1 wt%. From Ooi et al. (2017).

since it is caused by Bénard-Maragoni convection, which
we discuss in the next section.

E. Coffee ring effect

When the last sip of coffee or wine is left overnight,
it dries out creating a stain with a brighter interior and
much darker borders, where most residues are deposited
[Fig. 23]. The coffee ring effect, as it has been termed,
can be observed in almost any kitchen mixture containing
small particles. As explained by Deegan et al. (1997),
the coffee ring effect results from the drying dynamics
of the droplet, combined with the pinning of its contact
line with the substrate (Mampallil and Eral, 2018; Marin
et al., 2011). As the solvent evaporates, the outflow of
matter decreases the thickness of the droplet at every
point. If the contact line was not pinned, the droplet
would shrink. This additional constraint, together with
the surface tension requirement to keep the contact angle



fixed [see §I1.F], induces an outward flow from the interior
to replenish the evaporated liquid at the borders. This
flow transports the sediment, which is then deposited at
the outer ring, leaving the lower-concentration interior.

Instead of a solid particle suspension, the coffee ring
effect also emerges if the dissolved component is another
liquid. In that case, the edge of the puddle remaining
after a volatile solvent evaporates forms either “fingers”
or spherical “pearls”, or some combination of the two
(Mouat et al., 2020). Understanding the underpinning
dynamics of coffee ring formations remain an active re-
search topic. An example of the many excellent publica-
tions in recent years is the study by Moore et al. (2021) on
the effects of diffusion of solute from the pinned contact
line to the bulk of the drop on the pattern formation.

Interestingly, by adding some alcohol to the drop to
make it more volatile, the coffee ring effect can be sup-
pressed by consequential Marangoni flows from the con-
tact line to the drop’s interior (Hu and Larson, 2006).
These flows are induced by a surface tension gradient
along the surface of the drop [see §III.B], which is in turn
caused by nonuniform cooling as the droplet evaporates,
because the surface tension increases as the tempera-
ture decreases. This is referred to as Bénard-Marangoni
convection [also see §V.C]. The deposition pattern then
depends on the strength of the relative magnitude of
thermocapillary stresses to viscous ones, as expressed by
the dimensionless Marangoni number, Ma, as defined in
Eq. (23) with Ay = (0v/9T)AT. For large Ma, the par-
ticles end up in the center, for intermediate Ma, they
are deposited evenly along the substrate, while for small
Ma, the coffee ring effect is fully recovered. Therefore, by
tuning Ma, for example through tuning the alcohol per-
centage in the coffee, it is in principle possible to control
the deposition pattern. Moreover, the coffee-ring effect
can also be suppressed by shape-dependent capillary in-
teractions (Yunker et al., 2013, 2011) or the addition of
cellulose nanofibers [Fig. 23d].

The applications of the coffee-ring effect and the dry-
ing of thin colloidal films in general go far beyond kitchen
experiments (Mampallil and Eral, 2018; Routh, 2013).
For example, it is the basis of Controlled Evaporative
Self-Assembly (CESA), which is used to create functional
surfaces with controllable features (Han and Lin, 2012).
The coffee-ring effect can also be used for controlled
ink-jetting of a conductive pattern of silver nanopar-
ticles (Zhang et al., 2013), and particle deposition on
surfaces could be controlled further using light-directed
patterning by evaporative optical Marangoni assembly
(Varanakkottu et al., 2016). Moreover, the effect can be
used for nanochromatography to separate particles such
as proteins, micro-organisms, and mammalian cells with
a separation resolution on the order of 100nm (Wong
et al., 2011). Interestingly, the growth dynamics of cof-
fee rings are altered when active particles such as motile
bacteria move around in the evaporating droplet (Andac
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et al., 2019; Hennes et al., 2017; Nellimoottil et al., 2007;
Sempels et al., 2013), and bacterial suspensions can fea-
ture active de-pinning dynamics. Hence, in the spirit of
frugal science, it might be possible to exploit the coffee

ring effect to detect antimicrobial resistance (Kang et al.,
2020).

VIIl. TEMPEST IN A TEACUP: NON-LINEAR FLOWS,
TURBULENCE AND MIXING

What is turbulence? This intriguing question has fas-
cinated fluid mechanicians throughout history. Leonardo
da Vinci already eluded to two important properties of
turbulence (Marusic and Broombhall, 2021): The gener-
ation of motion at large scales, and the destruction due
to viscosity at the smallest scales. The many scales of
motion in turbulence is arguably its main signature; for
example, a volcanic plume spans over several kilometers,
with eddies all the way down to the Kolmogorov mi-
croscales (Kolmogorov, 1941). As the turbulent struc-
tures break up, energy is transferred from large whirls to
smaller ones. The poem by Richardson (2007) beautifully
describes this energy cascade:

Big whirls have little whirls

That heed on their velocity,

And little whirls have littler whirls
And so on to viscosity.

The consequences of turbulence are numerous in our ev-
eryday lives. It gives us the characteristic sound of a
kettle whistle, it helps with mixing milk into our tea or
coffee, and it gives us some frictional losses when biking
home from the restaurant. In this section, we will catch
a whiff of turbulence in the kitchen.

A. Tea leaf paradox: Secondary flows

Before diving into chaotic realms, we consider the sur-
prising effects that the non-linearity of the Navier-Stokes
equations [Eq. (2)] can bear in laminar flow. One such
surprises is the “tea leaf paradox”. Biological tissues tend
to be denser than water (Aoyagi et al., 1992), thus soaked
tea leaves will sink to the bottom of a cup. When the wa-
ter is stirred around in circles, the leaves are expected to
move towards the edge of the cup because of centrifugal
action. The opposite happens, however: The leaves al-
ways migrate to the center of the cup, as seen in Fig. 24a.
Thomson (1892) first recognised that the solution of this
paradox stems from ‘friction on the bottom’. Later, Ein-
stein (1926) gave a detailed description of the tea leaf
experiment itself, in order to explain the erosion of river-
banks. A detailed theoretical treatment was provided
later by Greenspan and Howard (1963).
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FIG. 24 Tea leaf effect due to secondary flows. (a) After stir-
ring a cup of tea, rotating liquid (primary flow) slowly comes
to a halt because of friction with the walls (spin-down). This
friction also induces toroidal recirculation (secondary flow) di-
rected outwards at the top and inwards at the bottom, which
causes the leaves to collect in the center. Inspired by drawing
from Einstein (1926). (b) Spiral dye streaks due to secondary
flows in a cake pan. Instead of slowing down, the liquid is ro-
tated increasingly faster (spin-up), so the secondary flow is
reversed, such that the dye spirals outwards at the bottom of
the cake pan. From Heavers and Dapp (2010).

The paradox is resolved with fluid mechanics, as fol-
lows: As the liquid rotates in the cup, the first approx-
imation of the fluid flow is just a solid-body rotation.
Specifically, we have u = Q X r with a uniform an-
gular velocity 2. On the fluid acts a centrifugal force,
F. x Q2 x (@ xr). If Qis constant in space, then this
force does not modify the flow. However, frictional drag
with the cup walls slows the fluid down in the boundary
layer. In particular, near the bottom surface the angu-
lar velocity Q(r) and thus the centrifugal force will be
less than near the top water-air interface. Consequently,
an in-up-out-down recirculation emerges [Fig. 24a] as the
liquid slowly stops spinning. Interestingly, this recircu-
lation can also be reversed [Fig. 24b], when the liquid is
rotated increasingly faster (spin-up) from rest (Baker Jr,
1968; Greenspan and Howard, 1963).

The tea leaf effect has many applications. In the
kitchen, it can be applied conveniently when poaching
eggs (Heavers and Dapp, 2010; Moore, 1989): Before
cracking the egg into the pot, the hot water can be gyred
to keep the egg whites together at the center of the pot.
But be quick, because the flow ceases after a time

H2

TE ~ —
v’

(55)
called the Ekman time (Ekman, 1906; Greenspan and
Howard, 1963), in terms of the kinematic viscosity v and
H is the height of the liquid layer, the depth. The same
technique is also used to separate out trub during beer
brewing (Bamforth, 2009), and to separate blood cells
from plasma in microfluidics (Arifin et al., 2007). Also in
geophysical flows, the same in-up-out-down circulation is
seen in tornadoes (Rotunno, 2013). In modern additive
manufacturing (AM) technologies, secondary flows can
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have a negative on the desired product, so the Ekman
time sets a limit to how quickly objects can be 3D printed
(Kelly et al., 2019).

When discussing the tea leaf paradox, we saw that ro-
tating a liquid in a cup gives rise to (1) a horizontal rigid
body motion, and (2) a vertical flow structure due to
frictional drag with the surfaces [Fig. 24a]. Indeed, it
is a powerful concept to understand such fluid flows in
terms of a “primary flow”, guessed from basic physical
principles, and a “secondary flow”, a correction due to
high-order effects such as obstacles in the main flow.

Another classical example of secondary flows can be
used when we inactivate microorganisms during the
transport of fruit juices in pipes. This can be achieved
by trapping the microbes in vortices, and exposing them
to UV-C light (Miiller et al., 2011). These so-called Dean
vortices naturally emergence in a curved pipe (Dean,
1927). The primary structure can be taken as a straight
Poiseuille flow [see §II.C], and the secondary structure
consists of vortices that can be explained using a pertur-
bation method based on Poiseuille flow accounting for
centrifugal forces (Boshier and Mestel, 2014; Germano,
1989). To tune the vertices, we must quantify the relative
strength of the secondary flow compared to the primary.
This is determined by the balance between inertial and
centrifugal forces with respect to viscous forces, which is
given by the Dean number,

De = Rey/R,/R., (56)

where Re is the Reynolds number [Eq. (3)], R, is the
radius of the pipe, and R, its radius of curvature. For
small Dean numbers the current is unidirectional, mostly
primary flow. Dean vortices emerge for intermediate val-
ues, and for large De the flow turns turbulent (Kalpakli
et al., 2012). This knowledge can also be used in applica-
tions to separate particles by size using inertia (Di Carlo,
2009). These vortices also emerge naturally in straight
channels when two stratified fluid layers such as air and
water flow through them (Vollestad et al., 2020), which is
associated with large pressure losses in (food) industrial
pipelines.

In the beer brewing industry, secondary flows are
widely use in hot trub sediment removal (Jakubowski,
2015), where the suspension is injected tangentially to
a cylindrical tank, called the whirlpool, where it gradu-
ally spins down, while the sediment migrates towards the
center, following the so-called Ekman spirals, known from
meteorological flow considerations (Bédewadt, 1940). A
variant of this process involves a whirlpool kettle, in
which a heating rod is placed at the axis, which distorts
the flow and leads to the formation of a ring of deposit
instead of the central cone (Jakubowski et al., 2019).

Similar calculations can be performed to study sec-
ondary flows in many other applications, including
kitchen sink vortices (Andersen et al., 2003), in turbo-



machinery compressors and turbines (Langston, 2001),
and oceanic and atmospheric currents with Ekman lay-
ers (Ekman, 1906; Eliassen, 1982; Garratt, 1994). Ekman
layers are associated with transport of biomaterials in the
ocean through so-called Ekman transport processes. The
secondary flow pattern of Ekman transport can lead to
upwelling and downwelling of algae and nutrients that
promote or growth of phytoplankton populations (Miller
and Wheeler, 2012). A thorough understanding of the
underpinning mechanisms is crucial to mitigate the dev-
astating implications of harmful algal blooms that im-
pact fish production and aquaculture. Secondary flows
can also contribute to bridge scour (Wang et al., 2017a),
by the removal of sediment such as sand and gravel from
around bridge abutments or piers, leading to one of the
major causes of bridge failure around the world.

Thus, understanding secondary flows is useful in many
scenarios (Bradshaw, 1987). Of course, not all currents
can be decomposed in a simple primary and secondary
flow structure. Care must be taken with such superposi-
tions, since the Navier-Stokes equations are non-linear.
However, secondary flows can give quick insights and
more advanced perturbation methods can often be fol-
lowed (Van Dyke, 1975).

B. Tea kettles: Turbulent jets

When the water in the tea kettle boils, a turbulent
jet of steam emerges from the spout with a conical pro-
file [Fig. 25a]. To describe the dynamics of a turbulent
jet, it is useful to decompose the velocities into an aver-
age and a fluctuating component. This averaging proce-
dure is named after its inventor, Osborne Reynolds, and
is written as u; = 4; + w} with i={z,y} for the veloc-
ity components in two dimensions (White and Corfield,
2006). By Reynolds averaging we arrive at the famous
equation for the conservation of momentum in turbulent
flow
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using FEinstein notation. The third term is an appar-
ent stress due to turbulent fluctuations, and the remain-
ing ones are the averaged transport terms in the Navier-
Stokes equation [see §I1.B], where the last (viscous stress)
term can be neglected in inertia-dominated flows. Inter-
estingly, the flux of momentum remains constant beyond
a certain distance from the spout (Guyon et al., 2001).
To maintain its momentum, the jet must continually en-
train ambient air. This is why blowing on a finger burnt
by a hot kettle has a cooling effect.

Moreover, fluid jets tend to follow convex surfaces,
rather than being scattered off, which is called the
Coanda effect (Barros et al., 2016). This is some-
times demonstrated by extinguishing a candle by blow-

48

ing around a tin can. Similarly, when a steam kettle jet
curves around another pot, it can pose an unexpected
safety hazard. An interesting application is robotic food
processing using Coanda grippers (Lien and Davis, 2008).
The Coanda effect should not be confused with the teapot
effect (Duez et al., 2010; Lépez-Arias et al., 2009; Scheichl
et al., 2021), where a liquid follows a curved surface like
a teapot spout [Fig. 25b], because this flow is dominated
by surface tension and wetting [§II.F]. While the teapot
effect can cause a mess when pouring too slowly, it can
be advantageous for coating or making complex shapes
(Jambon-Puillet et al., 2019), perhaps in novel culinary
decorations.

Other examples of turbulent jets include the con-
trails produced by aircrafts. According to one study
(Burkhardt and Kércher, 2011), this warms the planet
even more than the carbon emitted by the jet engines,
but fortunately it seems these effects can be mitigated
by avoiding certain altitudes (Teoh et al., 2020). In any
event, when flying it is best to steer clear off plumes,
such as those emanating from smoke stacks or volcanoes.
As part of a safety assessment, we can use the predic-
tions by Taylor (1946) for the shape and final height of
such plumes. Taylor’s theory is valid across many length
scales: It could equally be used to estimate the shape of
a plume rising from a cup of coffee [Fig. 18].

C. Sound generation by kitchen flows

The tea kettle we just discussed can make a pleas-
ant whistle (Chanaud, 1970; Henrywood and Agarwal,
2013), which propagates by pressure waves at the speed
on sound (Lord Rayleigh, 1877a), approximately 343 m/s
in air. Sir Isaac Newton (1642-1726) was the first known
to measure the speed of sound, as reported in his book
on classical mechanics Principia (Newton, 2020). Since
then, many creative attempts to measure this quantity
have been reported, including the accurate experiments
by the Reverend William Derham (1657-1735) involving
a telescope and gunshots (Murdin, 2009). According to
Lord Rayleigh (1877b), the parameters determining the
sound generation of a whistle are a characteristic length
scale, Ly, the frequency, fo, the fluid (steam) viscosity,
v, and the steam jet velocity, Uy. They form two dimen-
sionless groups, namely the Strouhal number,

St — Time scale of background flow  foLg (58)
~ Time scale of oscillating flow Uy ’

and the Reynolds number [Eq. (3)]. Henrywood and
Agarwal (2013) found that for a typical tea kettle with
two orifice plates [Fig. 25c], the frequency giving rise
to the sound generation is sensitive to the jet diame-
ter, §, and not the plate separation distance, h, in the
diagram. So Lg is to be replaced with §. Furthermore,
the same authors found that the whistle’s behaviour is
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FIG. 25 Tea time. (a) A turbulent jet emanating from a tea
kettle. Image courtesy of Gary S. Settles. (b) The teapot
effect, showing a liquid stream following the curved surface of
the spout (arrow). Pouring any slower will make the liquid
stick to the pot entirely. From Scheichl et al. (2021). (c)
Diagram of a tea kettle whistle. The steam passes through
two orifice plates from left to right. From Henrywood and
Agarwal (2013).

divided into two regions: For Res < 2000, the whistle
operates like a Helmholtz resonator, with an approxi-
mately constant frequency (pitch). However, above a
critical Reynolds number, Res 2 2000, the whistle’s tone
is determined by vortex shedding (Bearman, 1984), with
a frequency that increases with Uy at an approximately
constant Sts &~ 0.2. This increases the whistle’s pitch by
the end and produces the characteristic shrieking sound.

Vortex shedding often occurs through the formation
of von Karman vortex streets, where counter-rotating
vortices detach from objects in an oscillatory fashion
(Von Karman, 1954). These oscillations can drive the
sound of our tea whistle, but also the ‘singing’ of power
cables in strong winds (Rienstra, 2005). Similarly, tall
buildings or bridges can swing in a destructive manner
if the aerodynamic driving frequency resonates with the
structural eigenmodes (Irwin, 2010). To prevent damage
from happening, newer buildings are designed to have
several eigenfrequencies to effectively dissipate the en-
ergy, or to have roughness elements, as perfected by the
glass sponge FEuplectella aspergillum (Fernandes et al.,
2021). The sound of the tea kettle whistle might in-
spire you to whistle for yourself while stirring your tea
[§VIIT.A]. The physiology of mouth whistling was dis-
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cussed by Azola et al. (2018); Shadle (1983); Wilson et al.
(1971).

Plink. plink. plink. Another kitchen sound is the mad-
dening noise of a leaky tap (Leighton, 2012a; Schmidt
and Marhl, 1997; Speirs et al., 2018), which can also
be annoyingly irregular because of its choatic behaviour
(D’Innocenzo et al., 2002; Schmidt and Marhl, 1997).
The paradox of how a single drop impacting on a lig-
uid surface can be so loud, compared to a more energetic
continuous stream, is still not fully understood. Franz
(1959) already discussed that the droplet can entrain air
bubbles, which oscillate to make sound at a frequency
f=1(1/2ma)\/3vpo/p given by Minnaert (1933), where a
is the bubble radius, -~y is the ratio of specific heats of air,
and pg is the pressure outside the bubble. However, not
every drop makes a sound. Longuet-Higgins (1990) and
Oguz and Prosperetti (1990) developed the first detailed
analytical models to explain this in terms of the Froude
number [Eq. (13)] and the Weber number [Eq. (14)] given
the droplet radius and impact velocity. The sound vol-
ume is set by the wave amplitude, but how does sound
generated underwater cross the water-air interface? Pros-
peretti and Oguz (1993) reviewed the underwater noise
of rain, and Leighton (2012b) discusses whether gold-
fish can hear their owners talking. Looking at the drip-
ping tap, Phillips et al. (2018) tested previous theories by
comparing sound recordings with direct high-speed cam-
era imaging. They write that the airborne sound field
is not simply the underwater field propagating through
the water-air interface, but that the oscillating bubble in-
duces oscillations of the water surface itself, which could
explain the surprisingly strong airborne sound.

Glug. Glug. Glug. Another classical kitchen sound is
made when pouring liquid from a bottle (Whalley, 1987).
Recently, this was studied in more detail by Rohilla and
Das (2020), describing how sounds are formed by the
breaking and making of interacting interfaces.

Ting. Ting. Ting. The “hot chocolate effect” (Craw-
ford, 1982) occurs when heating a cup of cold milk in
the microwave, mixing in cocoa powder, and tapping the
bottom with a spoon: The sound pitch initially descends
by nearly three octaves, comparable to the vocal range
of an operatic soprano, after which the pitch gradually
rises again. This happens because air is less soluble in
hot liquids, so it becomes supersaturated with heating,
and adding a fine powder provides nucleation sources
for fine bubbles. Air is more compressible than water,
which lowers the speed of sound, and thus the pitch.
The same musical scales are heard when opening a fresh
beer (Crawford, 1990), which is supersaturated with COq
[SIII.E]. The hot chocolate effect was visualised directly
by Trévnicek et al. (2012).

Pop. Pop. Pop. It is impossible to cook without mak-
ing noise, sometimes because of intense hydrodynamic
phenomena. We already mentioned the supersonic ‘pop’
made by cracking open a Champagne bottle [§IIT.E]. Sim-



ilarly, supersonic shock waves can be generated by snap-
ping a tea towel (Bernstein et al., 1958; Lee et al., 1993).
Dropping an object in a filled kitchen sink can also create
a supersonic air jet (Gekle et al., 2010). By investigat-
ing the popping sound of a bursting soap bubble, Bus-
sonniére et al. (2020) found a way to acoustically mea-
sure the forces that drive fast capillary flows. Finally,
Kiyama et al. (2022) investigated the morphology and
sound generation of water droplets in heated oil baths
such as deep-fat fryers.

D. Imploding bubbles: Cavitation

After having discussed flows that break the sound bar-
rier in the previous section, we now focus on another in-
tense hydrodynamic phenomenon called cavitation (Ples-
set and Prosperetti, 1977). Here, cavities (sometimes
named bubbles or voids) are formed in the fluid under
low pressure or rapid motion. These cavities can im-
plode and lead to shock waves, often damaging nearby
objects (Sreedhar et al., 2017). In nature, mantis shrimps
use this effect to crush the shells of their prey (Patek
et al., 2004). Sometimes, cavitation causes ultrasonic
fields that are so intense that they produce light flashes,
which is called sonoluminescence (Jarman and Taylor,
1964; Patek et al., 2004), with internal temperatures
reaching thousands of degrees Kelvin (McNamara et al.,
1999).

Interestingly, numerous situations in food science in-
volve cavitation. In §IIL.LF and Fig. 12, we already dis-
cussed how ‘beer tapping’ leads to cavitation and bot-
tles overflowing with foam (Rodriguez-Rodriguez et al.,
2014). Cavitation also occurs at the rotating tips of
a smoothie blender, aiding the homogenization process
(Gogate and Kabadi, 2009).

Indeed, the power of cavitation can be used in many
positive ways. For example, beer brewing could bene-
fit from cavitation by accelerating the production pro-
cess and by reducing gluten in beer (Albanese et al.,
2017a,b). Cavitation may equally be used as a non-
thermal and energy-efficient tool to enhance emulsifica-
tion, mixing, homogenization, pasteurization and ster-
ilization (Asaithambi et al., 2019; Gogate, 2011a), to
process food and water (Gogate, 2011b), to improve
the structure and functionality of proteins (Dash et al.,
2022), or to accelerate wine aging and coffee brewing, and
more generally to increase flavour extraction (Gavahian
et al., 2022).

E. Making macarons: Chaotic advection
A droplet of milk with a typical diffusivity of D ~

107°m?/s takes a long time to mix in a cup of coffee
in the absence of fluid motion, typically 7 = L3/D, so
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days, and much slower than the diffusion of heat [§V.D].
However, stirring reduces the mixing time dramatically,
down to seconds, as turbulent eddies stretch the drop into
thin filaments so diffusion can act efficiently (Dimotakis,
2005). Moreover, hydrodynamic instabilities [§III.A] can
lead to turbulence, which enhances the mixing rate by
maximizing the exposed surface area and the concentra-
tion gradient between adjacent fluids (Chandrasekhar,
1961). However, turbulence does not occur in viscous
fluids at low Reynolds numbers [§I1.B]. Instead, mixing
can be achieved by combining diffusion with chaotic ad-
vection (Aref, 1984). This is beautifully demonstrated by
the baker’s map (Fox, 1997). Imagine a piece of dough
that is stretched out and folded on top of itself. Re-
peating these steps creates many exponentially thin lay-
ers, or laminae. A minimal amount of diffusion then
mixes the layers together. This is called ‘chaotic mix-
ing’ (Arnold and Khesin, 1998; Ottino, 1989). Notably,
examples of Stokes flows in a bounded region exhibit-
ing chaotic streamlines have also been found, inspired by
‘stretch-twist-fold’ flows that arise naturally in the dy-
namo theory (Bajer and Moffatt, 1990), but they seem
rather impractical in the kitchen context.

A culinary example of chaotic advection is making
macarons, where highly viscous batter must be mixed
gently to maintain its foam structure (Ozer and Agan,
2020). The choice of stirring protocol has a dramatic im-
pact on the mixing rate: If we move a spatula back and
forth through a viscous Newtonian fluid, we see no mix-
ing at all because of kinematic reversibility [see Fig. 19
in §VI], as explained by the scallop theorem (Purcell,
1977). Thus, to mix fluids at low Re, we must break
time-reversal symmetry. This is already achieved natu-
rally to some extend if the fluid is viscoelastic (Qiu et al.,
2014). To enhance this effect, we change our stirring pro-
tocol to moving the spatula in circular patterns instead
of back and forth motion. Now the fluids do mix, but
slowly, because they are stretched only linearly. Next,
we stir in figure-of-eight patterns (Thiffeault et al., 2011)
[see Fig. 26a], which speeds up the mixing rate dramat-
ically as this strategy yields exponential stretching (Me-
unier and Villermaux, 2003). This can also be achieved
by rotating two rods, at the same speed but in opposite
directions, as in commercial egg beaters (Franjione et al.,
1992).

To come up with an optimal mixing protocol is a diffi-
cult non-linear task (Eggl and Schmid, 2020) but a num-
ber of clever ideas have been proposed. A particularly
efficient mixing protocol is the ‘blinking vortex’ (Aref,
1984), where two rotors alternately spin in the same di-
rection. For the first half period, the first rod rotates
while the other one is stationary, then vice versa. A
task that could perhaps be performed by a cooking robot
(Bollini et al., 2013). This canonical and time-periodic
blinking vortex is used ubiquitously in chaotic mixing
theory to compare the effectiveness of different mixing
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FIG. 26 Chaotic stirring protocols can be used for a broad
range of applications, from making macarons to cryptography.
(a) Experiment (left) and simulation (right) of the figure-of-
eight stirring protocol used to mix a blob of dye in sugar
syrup. From Thiffeault et al. (2011). (b) Chaotic advection
used to create a digital message hashing function. Image cour-
tesy of William Gilpin.

protocols (Aref et al., 2017). Similarly, the Arnold-
Beltrami-Childress (ABC) flow is often considered the
archetypal flow for many studies on chaotic advection in
3D (Arnold and Khesin, 1998). Besides expedient cook-
ing, chaotic advection has numerous applications in other
disciplines (Stroock et al., 2002). For example, Gilpin
(2018) used a blinking vortex model to create digital
hash functions with potential applications in cryptogra-
phy [Fig. 26b].

By adding another pair of counter-rotating rods, for
example by using two eggbeaters, one obtains the fa-
mous ‘four-roll mill’. This concept was invented by Tay-
lor (1934) to study the formation of emulsions [§IV.D].
Oil drops immersed in golden syrup (ideal for baking)
were placed at the center of the mill, in a stagnation-
point flow, which elongates them. The drops split when
the viscous stresses on their surface exceed the stabilising
surface tension, as described by the capillary number,

viscous stresses  uUy
e e B0
)

Ca= (59)

surface tension ~y
where the characteristic velocity, Uy = 7 Lg, can be writ-
ten as the local shear rate times the droplet size. The
four-roll mill laid the basis for studies of droplet break-
up and stability, but fluctuating stagnation points made
practical implementation difficult. To alleviate this is-

sue, Bentley and Leal (1986a) implemented an image-
based feedback loop that controlled the speed of each
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roller independently. Using their invention, the same
group (Bentley and Leal, 1986b) validated theoretical
limits for drop deformation (Barthes-Biesel and Acrivos,
1973; Hinch and Acrivos, 1979) and paired their exper-
iments with theory for studying drop dynamics (Stone
and Leal, 1989). Flow fields generated by the automated
four-roll mill also pioneered polymer elongational rheom-
etry (Fuller and Leal, 1980, 1981). More recently, Hudson
et al. (2004) introduced the microfluidic analogue of the
four-roll mill, which has been used extensively to charac-
terise the material properties of biomaterials and single
cells by extensional rheometry (Haward, 2016). And in
applications of microfluidic stagnation point flows it has
been extended to include substrate patterning (Juncker
et al., 2005; Perrault et al., 2009; Safavieh et al., 2015)
and the trapping of cells by hydrodynamic confinements,
allowing new developments in analytical chemistry and
in life sciences (Brimmo and Qasaimeh, 2017).

F. Sweetening tea with honey

Returning to the mixing of two liquids, we now make
a cup of tea sweetened with a drop of honey. By pure
dissolution, a viscous drop mixes slowly with the tea,
but stirring can help us again. However, since the drop
is very viscous, turbulent eddies cannot stretch the drop
into thin filaments, as was the case with much less viscous
milk drops [see §VIILE]. Instead, the sharp flow velocity
gradients around the drop increase the mass transfer by
maintaining a correspondingly sharp concentration gra-
dient (Leal, 2007). We seek an estimate of the mixing
time. We consider a drop of honey of size Ly ~ 1mm
and diffusivity D ~ 107! m? /s in water (Fan and Tseng,
1967). We also assume a very viscous honey drop, so the
mass transport is dominated by advection due to large
Schmidt numbers [Eq. (38)]. Using a stirring speed of
Up ~ 1mm/s, the Péclet number [Eq. (35)] is large,
Pe ~ 10%, but the flow close to the drop is still lami-
nar at an intermediate Reynolds number, Re < 1. Then,
as the drop dissolves, a diffusion layer develops between
the pure phases. Acrivos and Goddard (1965) showed
that, in the low Reynolds number and high Péclet num-
ber limit, this diffusion layer has thickness

§ ~ LoPe™ /3, (60)

In our case, at high Pe, the boundary layer is rather thin,
Ly/6 ~ 20. By substituting J for Ly in the expression for
the diffusion time, 7p ~ L2/D, following Mossige et al.
(2021), we obtain a typical mixing time

Tmix ~ (L2/D)Pe™2/3, (61)

By inspecting this expression, we can immediately appre-
ciate the dramatic effect of fluid flow: It can reduce the
mixing time by a factor of a thousand or more. Putting



in the numbers, it takes ~ 22s to stir the viscous honey
droplets (or sugar grains) into our tea. This is surpris-
ingly long compared to milk mixed by turbulence in a
matter of seconds. This approximation can be improved
by accounting for open streamlines and inertial effects
(Krishnamurthy and Subramanian, 2018a,b).

Instead of stirring, we can also let the honey drop sedi-
ment down. If it is sufficiently small, it will remain spher-
ical and sediment at low Reynolds number [§VI.B]. When
we substitute the terminal velocity Uy [Eq. (44)] for Uy
in Eq. (61), we obtain a characteristic time scale of mix-
ing for the sinking drop,

) 1/3
1
Tmix, sink ~ | 77— 35 < . (62)
((Apg)2 D)

This timescale also applies to the inverted system of
a water drop rising in another viscous, miscible liquid,
such as corn syrup, as recently examined both experi-
mentally (Mossige et al., 2021), theoretically (Nordbot-
ten and Mossige, 2022) and numerically (Vorobev et al.,
2020).

IX. WASHING THE DISHES: INTERFACIAL FLOWS

After our long meal, from cocktails to coffee and tea
[SITI-§VIII], it is now time to do the dishes. Food hygiene
is paramount [see also §II.J], and the cleaning will not be
difficult if everyone helps a little. As Johann Wolfgang
von Goethe (1749-1832) wrote,

Let everyone sweep in front of his own door,
and the whole world will be clean.

Moreover, doing the dishes is much alleviated by the mes-
merizing colors of soap bubbles and the startling wave
dynamics. Fun, you might think, but interfacial phenom-
ena have led to exceptional scientific discoveries ranging
from cell biology to nanotechnology (see e.g. Myers, 2020;
Rosen and Kunjappu, 2012). In this penultimate section,
we will pop the bubble of some old misconceptions, and
catch the wave of the latest developments concerning in-
terfacial flows.

A. Greasy galleys smooth the waves

Benjamin Franklin (1706-1790) noticed a remarkable
phenomenon during one of his journeys at sea, sailing
in a fleet of 96 ships. “I observed the wakes of two of
the ships to be remarkably smooth, while all the others
were ruffled by the wind, which blew fresh” (Franklin and
Brownrigg, 1774). Being puzzled with the differing ap-
pearance, Franklin at last pointed it out to the captain,
and asked him the meaning of it. The captain’s answer
may come as a surprise: “The cooks, says he, have, I
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FIG. 27 Waves and splashes. (a) Protecting a ship by calm-
ing the waves with oil. The Dutch fisherman Isak Kalisvaar
reported to have conducted this experiment, in a letter to
Frans van Lelyveld in 1776, after his ship got into a vio-
lent storm. From Mertens (2006). (b) Diagram of capil-
lary wave dampening by surfactants. (c) Representative im-
age of coffee spilling. From Mayer and Krechetnikov (2012).
(d) Schematic of sloshing dynamics in an oscillated container.
From Sauret et al. (2015).

suppose, been just emptying their greasy water.” The
calming effect of oil on water was common knowledge
to seamen at the time, and had indeed been described
since ancient Greeks. However, legends circulated about
a ship that miraculously survived a storm by taming it
with olive oil [Fig. 27a], so Franklin decided to initiate
a series of systematic experiments (Franklin and Brown-
rigg, 1774). The amusing details of these stories, and
the scientific interest that emerged since, are described
eloquently by Mertens (2006) and Tanford (2004).

While the dampening of surface waves was known for
millennia, its precise cause was a mystery until recently,
as described by Behroozi et al. (2007); Henderson and
Miles (1994); Kidambi (2011); Nicolas and Vega (2000)
and references therein. Franklin thought that the oil film
stopped the wind from catching the water, but more than
a century passed before more progress was made. In
her kitchen, Agnes Pockels performed pioneering experi-
ments on the surface tension of oil films [see §IX.C]. We
now know that this surface tension increases when the
oil film is stretched thin, for example by the wind. Be-
cause of the Marangoni effect [see §II1.B], the resulting
gradients in surface tension then induce flows that op-
pose the film deformation, thus dampening surface waves
[Fig. 27b]. This interfacial restoring force is referred to as
the Gibbs surface elasticity, or the Marangoni elasticity
(Kim and Mandre, 2017), which is a multiphase flow ef-
fect that occurs in many other applications, as reviewed
extensively by Brennen (2005).



B. Splashing and sloshing

No culinary achievement happens without a little mess
left behind, be it an accidental spill, or the usual drop
of wine from the cook’s glass on the kitchen table [see
§VILE]. Splashes and spills can be dangerous, though.
Carmody et al. (2022) recently investigated the health
concerns of washing raw chicken, where splashes could
contaminate culinary surfaces. The question of sloshing,
why liquids spill out of a container under acceleration,
has received prior attention in the context of space vehi-
cles and ballistics: Depending on the size of the container,
and the type of agitation, large-scale oscillations of the
encased fluid can be enhanced to the point of spilling
(Herczyniski and Weidman, 2012; Ibrahim, 2005). In the
academic context, it is known to everyone trying to walk
to seminars with their coffee cup [Fig. 27c|. It turns
out that spilling results from a combination of excess ac-
celeration for a given coffee level when we start walk-
ing, and a complex enhancement of vibrations present
in the range of common coffee cups sizes (Mayer and
Krechetnikov, 2012). With some relief came the realisa-
tion that beer does not slosh so easily, since the presence
of even a few layers of foam bubbles on the free surface
introduces strong damping of surface oscillations (Sauret
et al., 2015) [Fig. 27d].

We generally want to avoid or control splashing or
spreading, especially when mixing and pouring liquids.
The impact and breakdown of droplets on a solid or lig-
uid surface is mainly controlled by the Reynolds num-
ber [Eq. (3)] and the Weber number [Eq. (14)]. Another
important factor determining the splashing behaviour is
the type of substrate, which regulates the contact an-
gle dynamics of impinging droplets (Quetzeri-Santiago
et al., 2019). The elasticity of the substrate also plays a
role (Vella, 2019), because soft solids absorb kinetic en-
ergy from fluids in motion and noticeably reduce or even
eliminate splashing. Estimates and experiments show
that the droplet kinetic energy needed to splash on a
very soft substrate can be almost twice as large as in
the rigid case (Howland et al., 2016). Droplet spread-
ing and recoil can result in a number of complex fluid
dynamics phenomena, when the elongating and stretch-
ing drops form jets and sheets which further destabilise
into smaller droplets via the Rayleigh-Plateau instability
[SII.G]. The possible outcomes of a collision of a droplet
with a solid substrate involve deposition, a fervent splash,
so-called corona splash in which the liquid forms a cir-
cular layer which detaches from the wall, and retraction
in which the droplet can de-stabilise and break up or re-
bound (partially or entirely) (Liu et al., 2014; Richard
et al., 2002; Richard and Quéré, 2000). The process is
controlled by the wettability of the surface, the param-
eters of the droplet, and its impact speed. At a larger
scale, inverted bell structures are formed when a jet im-
pacts a liquid container, as observed during the washing
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FIG. 28 Thin-film interferograms showing the evolution of
surfactant driven flows in soap bubbles. (a) When the soap
bubble is brought through an air-liquid interface in one sin-
gle step, an unstable dimple forms at the apex. The dimple
is quickly washed away by surfactant plumes rising from the
periphery. (b) When the bubble is instead elevated in mul-
tiple, small steps, controllable Marangoni instabilities can be
utilized to stabilise the bubble and to prolong its life span.
From Bhamla and Fuller (2016).

of vials (Mohd et al., 2022).

Before a stream separates into impacting droplets, lig-
uid jets are frequently seen and used in the kitchen (Eg-
gers and Villermaux, 2008). When plating a gourmet
meal, the way sauces are spread on a plate is carefully en-
gineered to achieve a variety of shapes and textures. The
same questions appear when glazing a cake, where vari-
ous edible jets and streams are produced on surfaces in
an artful manner that manages buckling instabilities. In
artistic paining, the understanding of hydrodynamics was
crucial to Jackson Pollock, for one, who used a stick to
drizzle paint on his canvas in a variety of ways (Palacios
et al., 2019). The complex fluid dynamics behind differ-
ent painting effects has only recently been analysed and
reviewed by Herczyriski et al. (2011) and Zenit (2019).

C. Dishwashing and soap film dynamics

The interference patterns on soap bubbles have fasci-
nated physicists for centuries (Patsyk et al., 2020), which
has resulted in pioneering discoveries in optics, statisti-
cal mechanics, and in fluid mechanics by Newton (2012),
Plateau (1873a), and De Gennes et al. (2004). An even
more remarkable story is how the self-taught chemist
Agnes Pockels (1862-1935) was inspired to study surface
tension while doing the dishes. Women were not allowed
to enter universities, so she did not have a scientific train-
ing and could not publish her work in scientific journals



(Byers and Williams, 2006). Ten years after her first ex-
periments, she was encouraged to write a letter explain-
ing her findings to Lord Rayleigh, who then forwarded
it to Nature (Lord Rayleigh, 1891). Along with her sub-
sequent papers (Pockels, 1892, 1893, 1894, 1926), all in
top-level journals, she contributed to the establishment of
the field of surface science. Without formal training and
without access to a lab, Pockels also used simple kitchen
tools to develop the precursor to the now widely cele-
brated Langmuir trough, which is now used to measure
the surface pressure of soap molecules and other surfac-
tants upon compression (Fuller and Vermant, 2012).

Soap bubbles are comprised of a thin aqueous film that
is sandwiched between two surfactant layers, where each
color corresponds to a different film thickness. This film
starts to drain immediately due to gravity (Bhamla and
Fuller, 2016). The drainage causes a small deficit in
soap concentration at the bubble apex and the forma-
tion of a small dimple [Fig. 28a, left panel]. This gra-
dient in surfactant concentration sets up a Marangoni
flow towards the apex. By replenishing interfacial ma-
terial, these flows stabilise the bubble against rupture.
However, such Marangoni flows are short-lived and are
quickly destroyed by chaotic flows which de-stabilize the
soap film [Fig. 28a, right panel]. A simple trick can solve
this issue. Bhamla et al. (2017) showed that by elevat-
ing the soap bubble in multiple small steps through a
soap solution (instead of in one huge step), it is possi-
ble to induce a cascade of Marangoni instabilities. Each
Marangoni instability arrests the previous one, and this
prevents chaotic flows from developing. This method,
coined ‘placing Marangoni instabilities under arrest’ by
the authors, produces beautiful flow patterns, as dis-
played in Fig. 28b.

The rate of draining depends on the viscosity of the
soap film. Adding glycerol, a natural ingredient in soap,
effectively extends the life span of a bubble. Adding corn
syrup or honey does the same job, but it might not help
to clean your dishes. However, it will help to make giant
soap bubbles. By retarding film drainage and by reducing
the evaporation rate, a bubble stabilized by viscosity has
sufficient time to grow before it eventually pops. Another
approach was taken by Frazier et al. (2020). They ap-
preciated the central role of viscoelasticity in bubble sta-
bility, where a network of polymer chains holds the thin
liquid film together. Using polyethylene glycol (PEG), a
long-chained polymer commonly found in hand sanitiz-
ers, they created bubbles with surface areas of ~ 100 m?,
the area of a badminton field.

Interfacial fluid mechanics offers exciting avenues for
future research. Recently, looking at the hardness of do-
mestic tap water, Giacomin and Fischer (2021) used in-
terfacial rheometry to study how this affects thin films
floating on black tea, which crack like sea ice. These films
are primarily composed of oxidized polyphenols, salts,
and calcium carbonate; and they can be reduced by de-
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creasing water hardness and pH, for example by adding a
slice of lemon. Revisiting the work by Sir James Dewar
after 100 years, Seimiya and Seimiya (2021) shed new
light on the emergence of pearl string structures dur-
ing bubble drainage. In modern video games, to render
bubbles realistically, computer-generated imagery (CGI)
techniques are coupled to interfacial flow models that
vary soap film thickness (Ishida et al., 2020). Moreover,
in biology, the nature of the boundary between water
and oil is crucial to many nanometre-scale assembly pro-
cesses, including biological functions such as protein fold-
ing and liquid-liquid phase separation (Chandler, 2007;
Hyman et al., 2014).

Finally, when we are finished with doing the dishes,
when we pull the plug from the kitchen sink so that the
liquid drains away, we observe a vortex (Andersen et al.,
2003). When the drain flux is small enough to avoid
the formation of a central surface dip, this vortex can
be approximated as a Rankine vortex (Tyvand, 2022).
The hysteresis in two-liquid whirlpools was investigated
by Naumov et al. (2022).

D. Ripples and waves

Whenever an interface between two fluids is disturbed,
ripples and waves emerge and propagate along the surface
[also see §IIT.A]. When a group of waves moves across a
pond, we see waves of different wavelengths A propagat-
ing at different speeds and, importantly, groups of waves
travelling at different speeds than the crests and troughs
of individual sinusoidal perturbations. The reason for
this is the dispersity of water waves. Dispersity refers
to the dependence of the wave propagation speed on the
wavelength, with longer waves generally travelling faster.
For a wave of frequency w, the relationship between the
wave speed ¢ and the wavenumber k is ¢ = w/k, where the
dependence of the frequency w = w(k) on the wavenum-
ber is called the dispersion relation. In a wave packet,
where each crests travels at the speed ¢, the velocity of
travel of the whole group is ¢; = dw/dk and is called the
group velocity.

On deep water, where the dispersion relation reads
w? = gk, the wave speed ¢ = \/g/k is twice as large
as the group propagation speed. This is the reason why
in a travelling wave packet, individual crests will seem
to continuously appear at the back of the packet, propa-
gate through it towards the front, and eventually vanish
there. Here, deep water means that the depth of the layer
is much larger than the wavelength, A = 27 /k, in which
case the dispersion relation above is obtained from the as-
sumption of a potential flow with a linearised boundary
condition at the free surface, which is appropriate when
the wave amplitude is small compared to the wavelength
(Acheson, 1990). Such waves are referred to as gravity
waves.



However, in many small-scale flows, the surface tension
forces at the interface cannot be neglected. Account-
ing for them leads to a dispersion relation for capillary-
gravity waves, w? = gk +~k3/p, where the importance of
the surface tension parameter is measured by the dimen-
sionless number S = vk?/pg.

For very short waves, the capillary term dominates,
so S < 1 and the dispersion relation simplifies to w? =
vk?/p. Such waves are termed capillary waves, and for
water, the typical cross-over wavelength when S = 1 is
about 1.7 cm. Notably, for capillary waves, the group
velocity exceeds the wave (or phase) velocity (¢, = 3¢/2).
So crests move backwards in a propagating wave packet.
In most small-scale kitchen flows, surface tension has a
pronounced effect on the appearance and propagation of
waves. A familiar example of this kitchen phenomenon
are the waves created by a dripping faucet in a filled sink.

Moreover, in various food science circumstances, we
might have to consider waves of wavelength comparable
to the depth of the vessel in which they propagate. For
such shallow-water waves, the propagation speed depends
on the local depth with larger speeds at deeper water. In
particular, for gravity waves the dispersion relation be-
comes in this case w? = gktanh(kh), with h being the
water depth. This again holds for wavelengths small as
compared to h. The general case is much more com-
plex and nonlinear in nature, yet the linear wave theory
is often enough to grasp the dominant behaviour. We
considered here only free-surface flows but the reasoning
can easily generalised to any fluid-fluid interface (Lamb,
1993).

E. Rinsing flows: Thin film instabilities

Thin fluid films lead to remarkable kitchen flows. For
example, in a wine decanter, thin film instabilities give
rise to ripples that enhance wine aeration [Fig. 3b], and
similar ripples are seen when rinsing plates or chopping
boards. The stability of falling films was the subject of
investigation of a father-son team of the Kapitza family,
led by the elder Nobel prize winner Pyotr Leonidovich
Kapitza, in the 1940s (Kapitza and Kapitza, 1948). Af-
ter World War II, Kapitza was removed from all his po-
sitions, including the directorship of his own Institute
for Physical Problems, for refusing to work on nuclear
weapons. He was ordered to stay at his country house
and, deprived of advanced equipment, devised experi-
ments to work on there, including a famous set of ex-
periments on falling films of liquid (Kalliadasis et al.,
2012). Kapitza and Kapitza (1965) were the first to ex-
perimentally investigate traveling waves on the free sur-
face of a liquid film falling down a smooth plate. The
emerging Kapitza instability takes form of roll waves
(Balmforth and Mandre, 2004), and evolves from a two-
dimensional disturbance (i.e., invariant in the spanwise
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direction) into a fully developed three-dimensional flow
(Liu et al., 1995). Since the early works of Kapitza, the
dynamics of waves in viscous films over the flat substrates
have been reviewed extensively (Chang, 1994; Craster
and Matar, 2009; Oron et al., 1997). We often encounter
such waves after a rainfall, on an inclined asphalt road,
or even in flowing mud (Balmforth and Liu, 2004). Film
and rivulet flows at solid surfaces bear importance for gas
exchange also in industrial applications, including distil-
lation columns (De Santos et al., 1991), and in coating
processes, they must be suppressed to obtain a smooth
surface without ripples. In the kitchen context, they
emerge predominantly in rinsing flows or spreading flows,
where the thin film dynamics may be governed either by
capillarity or external driving, such as gravity or cen-
trifugal forces (Walls et al., 2019). We discussed the vis-
cous spreading phenomenon in §VI.D, thus here we focus
purely on the waving instability.

In the Kapitza instability, the formation of the roll
waves is governed by two dimensionless parameters: the
Reynolds number describing the flow character, and the
Kapitza number:

vy

Ka ~ pgL/3u1/e

(63)
where ¢ is the gravitational acceleration driving the flow.
The latter is derived as the ratio of capillary to viscous
damping forces, Ka = (A\./\,)?, where X\, = (v/pg)*/? is
the capillary length, and \, = (v2/g)'/? is the viscous-
gravity length scale (Kalliadasis et al., 2012; Mendez
et al., 2017). For a flow down a slope with an inclination
angle 3, the gravitational acceleration g is replaced by its
streamwise component g sin 8. In the context of thin-film
flows down an inclined slope, the formation of roll waves
can also be discussed in terms of the Froude number,
Fr, defined in Eq. (13) in §II.H. For moderate Reynolds
numbers, the value of Fr &~ 2 marks the onset of instabil-
ity in the thin film flow equations (Barker et al., 2017).
However, Benjamin has shown in his seminal paper (Ben-
jamin, 1957) that such a flow is unstable for all values of
Re. He also found that the rates of amplification of un-
stable waves become very small when Re is made fairly
small, while their wavelengths tend to increase greatly.
He proposed a criterion that for an observable instabil-
ity of flow down a slope, the critical Reynolds number is
Re = % cot 3, as later corroborated by Yih (1963).

F. Dynamics of falling and rising drops
1. Immiscible drops

When a drop of water is released in cooking oil (or
vice versa) it falls (or rises) due to gravity. During its
journey, surface traction from the outer liquid mobilises
the fluid-fluid interface and the degree of surface mobil-
ity is given by the viscosity ratio between the ambient



and drop fluid, fi/p. For very viscous drops translating
through low viscosity liquids (such as a drop of oil rising
through water, i/ — 0), the small surface traction is
insufficient to mobilise the interface: this results in the
drop translating at the velocity of a rigid Stokes’ sphere
of the same size and volume [see Eq. (43)], which we
discussed in §VI.B about the sedimentation dynamics of
coffee grounds. The opposite mobility limit is reached
when the viscosity ratio is reversed such that ji/u — 00):
the interface is then expected to be completely mobile,
which causes a vortex ring to develop within the drop. A
completely mobile interface is not able to resist viscous
stresses, which reduces the prefactor from 67 to 47 in the
Stokes law (43). This leads to the terminal drop veloc-
ity becoming one and a half times as high as that of a
Stokes’ sphere of the same size and density [Fig. 29a,b].
The solution to the flow field within a translating, rigid
drop at low Reynolds number was worked out simulta-
neously and independently by the French mathematician
Hadamard (1911) and the Polish physicist and mathe-
matician Rybczynski (1911).

In reality, most small droplets rise or descend at ve-
locities that lie between the theoretical prediction by
Hadamard and Rybczynski and the Stokes prediction for
rigid spheres (Manikantan and Squires, 2020), and this is
true even in pure liquids with no surfactants added. The
terminal velocity generally depends strongly on size, as
reported by Bond (1927), who found small water droplets
to descend through castor oil at only 1.16 times the
Stokes’ velocity, while drops exceeding a critical radius
of about 0.6 cm descended at 1.4 times the Stokes’ ve-
locity. To explain the sudden jump in velocity with drop
size, Bond and Newton (1928) postulated that a ratio of
buoyancy to surface tension determines the mobility of
the interface. Boussinesq (1913) instead suggested that
an increased viscosity at the drop’s surface is responsible
for slowing the drop. However, without experimental ev-
idence of the flow field within the drop, it is impossible
to judge the correctness of these models.

Aiming to obtain a better description, Savic (1953)
published photographic evidence of the flow stream-
lines inside water droplets descending through castor oils
[Fig. 29¢]. His visualizations showed that the streamline
patterns of drops exceeding 1 cm in radius are almost
indistinguishable from the Hadamard-Rybczynski solu-
tion and that the terminal velocities for large drops are
in good agreement with theory as well. However, for
smaller drops, the vortex rings are shifted forward, and
this occurs as a stagnant cap emerges in the rear of the
drop. As the drop size is further reduced, the stagnant
region covers a larger and larger portion until it envelops
the entire drop, with the result of the drop sedimenting
as a Stokes sphere.

To explain his observations, Savic (1953) proposed that
the interface is immobilized by surface active molecules,
which are in turn de-stabilized by viscous stresses from

96

the outer fluid. For the smallest drops, the viscous stress
is insufficient to distort the surface layer: this leads to
a complete immobilization. However, as the drop size
increases, the shear stress increases as well, and this
leads to a gradual removal of the surface layer until the
Hadamard-Rybczynski theory is fully recovered for the
largest drops.

Savic (1953) also developed a theory to calculate the
drag of a drop from the degree of surface coverage, which
he extracts from the flow visualizations. He also at-
tempted to calculate the critical drop size of the tran-
sition between a mobile and an immobile no-slip bound-
ary, however the transition occurred at larger radii than
predicted, and he suggests this discrepancy to be due to
a finite solubility between water and castor oil not ac-
counted for in the theoretical model. Later, Davis and
Acrivos (1966) improved Savic’s analysis to obtain bet-
ter agreement with experiments, and Sadhal and Johnson
(1983) extended these results to obtain an exact solution
of the drag force on the drop for a given surface cover-
age. For a droplet sedimenting at a given rate, Sadhal
and Johnson (1983) also obtained an analytical expres-
sion for the total amount of surfactant adsorbed to the
interface. However, the solution to the internal flow field
and the corresponding sedimentation rate for a drop of a
given size remains an open question.

The literature describing buoyant immiscible drops is
vast, and we refer the interested reader to the many ex-
cellent reviews and books written on this topic, see e.g.
Harper (1972) and Leal (2007).

2. Miscible drops

As compared to immiscible drops covered in the last
section, transport problems involving buoyant miscible
drops have enjoyed far less attention, and as a result,
their dynamics is far from understood. Or, in the words
of Joseph and Renardy, “A basic and basically unsolved
problem of fluid dynamics is to determine the evolution of
rising bubbles and falling drops of one miscible liquid in
another” (Joseph and Renardy, 2013). In section §VIIL.F
we looked at how fluid motion can accelerate the mixing
rate between a viscous drop and its surroundings in the
low Reynolds number case. In this section, we discuss
how finite inertia may influence the shape of falling drops,
and we discuss the stabilizing effects of transient tensions
between miscible liquids.

When a miscible drop descends in another liquid, it
changes shape in response to the viscous drag acting on
it, and when it reaches a critical velocity, inertial effects
also start to play a role. A simple way to visualise the
effect of inertia on the drop shape is to produce a drop
of food dye in air and let it fall into a glass of water.
Upon impact with the water surface, the central part of
the drop gets accelerated upward in a Rayleigh-Taylor
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FIG. 29 Interfacial phenomena in bubbles and drops at low
Reynolds number. (a) The drag force on a rigid particle is
one and a half times higher than the drag force on a clean
bubble having the same size and density. This drag force is
affected by ‘hidden’ surfactant transport variables (b) includ-
ing (i) Interfacial viscosity can resist the surface flow. (ii) Sur-
factant concentration gradients generate Marangoni stresses.
(iii) Marangoni forces weakened by surface diffusion against
the gradient. (iv) Diffusive transport of surfactants in the
bulk. (v) Adsorption and desorption kinetics of soluble sur-
factants. (a-b) From Manikantan and Squires (2020). (c)
Streakline visualization showing the flow field inside a water
drop falling through castor oil. From Savic (1953). (d) Wa-
ter drops ascending through corn syrup and glycerol undergo
shape transformations from prolate to oblate spheroids. The
travel time ¢ is rescaled by the characteristic mixing time 7
from Eq. (61). From Mossige et al. (2021).

instability, and this causes the drop to evolve into an
open torus. For drops made of honey or corn syrup, this
shape transformation is delayed by the high viscosity, but
on a long time scale, even the most viscous drops deform
into oblate spheroids or donuts.

Kojima et al. (1984) developed a theory to explain the
shape transitions of miscible drops and validated their
theory against experiments with corn syrup drops falling
through diluted corn syrup solutions. They showed that
when the drop is created in air, immediately above a
water surface, the descending drop does not experience
inertia in the early stages of its descent. In this case, it
is solely deformed by viscous traction forces, causing the
drop to develop into an oblate spheroid. However, later in
the drop’s descent, inertia does play a key role in its shape
evolution, and this causes the drop to develop into an
open torus. The fact that inertia is relevant at long time
scales is intuitive; however, they also had to incorporate
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a small, but finite tension across the miscible interface to
fully explain the material deformation. Recently, Mossige
et al. (2021) examined the inverted system concerning
water drops ascending through corn syrup [Fig. 29d].

The tension existing between miscible liquids is not a
surface tension as defined in the classical sense between
immiscible phases [see §IL.E]. Instead, it is caused by
sharp gradients in composition between the pure phases
by giving rise to so-called Korteweg stresses (Joseph
et al., 1996) that mimic the effect of a surface tension.
These tensions are typically at least two orders of mag-
nitude smaller than the surface tension between immisci-
ble fluids (for example, 0.43 mN/m between glycerol and
water (Petitjeans and Maxworthy, 1996) as compared to
73mN/m between water and air) and diminish in time
as diffusion smears out the miscible interface; as a re-
sult, they are inherently difficult to measure and usually
neglected. However, in many situations including misci-
ble displacements in capillary tubes (Chen and Meiburg,
2002) and in Hele-Shaw geometries (Chen et al., 2008),
effective interfacial tensions must be accounted for to
accurately describe a deforming, miscible interface, and
theoretical and experimental evidence for this is given in
Refs. (Davis, 1988; Joseph, 1990; Joseph and Renardy,
2013; Lacaze et al., 2010; Pojman et al., 2006; Zoltowski
et al., 2007). Non-equilibrium stresses are not only of
academic interest, but can be tuned to control the mor-
phology of miscible interfaces in modern industrial pro-
cesses. Notably, Brouzet et al. (2019) utilized transient
tensions to align nanofibrils in microfluidic flow focusing
geometries, with implications in the paper production in-
dustry and in the development of new, sustainable alter-
natives to plastics, and Wylock et al. (2014) explored its
potential for controlling gravitational instabilities, with
relevance in e.g. carbon sequestration plants.

X. DISCUSSION

In this Review, we have presented an overview of culi-
nary fluid mechanics and other currents in food science.
We discussed that, starting from ancient times, the con-
nection between cooking and fluid mechanics has led to
innovations that benefit both. Toussaint-Samat (2009)
put it more eloquently,

Eating, at first a purely visceral pleasure, be-
came an intellectual process.

We have explored throughout this paper how this con-
nection between science and food grows stronger every
day, to the frontier of modern research and gastronomy.
Since kitchen science is so accessible, we can learn an
great lot just by observing simple phenomena and see
how they are connected. Therefore, innovations in fluid
mechanics lead to better food, but creativity in cooking
can equally generate new knowledge in different areas.



Indeed, culinary fluid mechanics brings people together
from across societies, from chefs to food scientists, physi-
cists and chemical engineers, medical and nutrition spe-
cialists, and students across the disciplines.

A. Summary

To make this article accessible to this broad audience,
we started our discussion with an overview of kitchen
sink fundamentals [§II], where we summarised the ba-
sics of fluid mechanics in the context of food science.
Beginning the meal with drinks [§III], we reviewed hy-
drodynamic instabilities in cocktails, Marangoni flows,
bubble effervescence and culinary foams. Getting into
the thick of it with a soup for starters [§IV], we discussed
the rheological properties of viscoelastic food, non-linear
sauces, suspensions and emulsions. Moving on to a hot
main course [§V], we analysed the role of heat in cooking,
including the Leidenfrost effect, Rayleigh-Bénard convec-
tion, double-diffusive convection, flames and smoke. Go-
ing for a sticky desert [§VI], we described flows at low
Reynolds numbers, from Stokes’ law to lubrication the-
ory, viscous gravity currents, ice cream and microbial
fluid dynamics. Eager for a postprandial espresso [§VII],
we examined the physics of granular matter and porous
media flows, different brewing methods, and the coffee
ring effect. Thirsty for another cup of tea [§VIII], we de-
lineated the tea leaf paradox and other non-linear flows,
succeeded by turbulence and chaos. Finally, when doing
the dishes [§IX], we explored interfacial phenomena in-
cluding the Gibbs surface elasticity, soap film dynamics,
waves and jets, miscible drops and roll wave instabilities.
Quite a bit to digest, but a place worth coming back to.

B. Learning from kitchen experiments

Humans are naturally curious. From an infant age,
we explore by actively interacting with our surround-
ings (Lindholm, 2018). Through touch, smell and taste,
we learn about the natural world. Becoming a scientist
starts with asking questions like “what?”, “why?” or
“how?”.

In physics education, we try to answer these ques-
tions the by comparing observations with theoretical de-
scriptions. Traditionally, this knowledge is transferred
from teacher to students through in-class lecturing and
instructor-made assignments (Cagiltay et al., 2006), but
this linear learning protocol is not necessarily compat-
ible with curiosity-driven exploration and observation
(Kallick and Zmuda, 2017). As a result, students of-
ten feel alien to the physics topics taught in class (Rowat
et al., 2014) and lose the natural intuition and curiosity
that is so important for learning (Gruber et al., 2019;
Jirout et al., 2018). Inevitably, physics has a reputa-
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FIG. 30 Kitchen-based learning is an affordable and accessi-
ble strategy to foster curiosity and intuition for a wide range
of physics topics, to engage people of different backgrounds,
ages, and interests. (a-c) In a science class for non-science
majors, cake making was used to demonstrate heat transfer
and elasticity. From Rowat et al. (2014). (a) Thermocouples
are used to measure the rise in temperature at different points
inside a molten chocolate cake as it bakes in an oven. (b) The
thickness of the solid crust of the cake L increases over time.
(c¢) Results of experiments. (d) Students pour pancake bat-
ter to learn about viscous gravity currents. They used cell
phones to video-record the spreading rate and fit their data
into a theoretical model to back-calculate the viscosity. Im-
age courtesy of Roberto Zenit.

tion for being difficult and abstract and with little rele-
vance to students’ daily lives, and this disconnection is
largely responsible for the relatively poor recruitment to
science and education disciplines in higher education (To-
bias and Birrer, 1999). To address this issue, it is vitally
important to develop effective teaching strategies that
foster both intuition, engagement and curiosity. This is
best achieved through a hands-on active learning strategy
(Deslauriers et al., 2011; Freeman et al., 2014), without
creating the perception of learning by ineffective engage-
ment (Deslauriers et al., 2019), where experiments that
relate to our daily lives have a prominent role.

The kitchen is an accessible learning environment
where simple physics experiments can be performed at
home with humble ingredients; Nelson (2022) recently



described how rheology can be made more accessible us-
ing food materials, and Hossain and Ewoldt (2022) pro-
vide a detailed toolbox for do-it-yourself rheometry. Mo-
rover, Benjamin (1999) showed that students in elemen-
tary physics education can learn about surface tension,
mixing and gravity by studying Rayleigh-Taylor instabil-
ities [see §I11.A] in their own kitchen. The simple experi-
mental design allowed for a high degree of flexibility and
were designed in such a way that they could be performed
either individually, or in groups to foster collective ac-
complishment and collaborative learning. As compared
to experiments conducted in school laboratories, kitchen
experiments have a higher potential for engagement as
we encounter them every single day. Moreover, since they
require very little equipment, they offer a low-cost ‘fru-
gal science’ alternative that is less susceptible to budget
cuts, and more accessible to students from underrepre-
sented socioeconomic backgrounds (Byagathvalli et al.,
2021; Whitesides, 2011).

Affordable and accessible kitchen experiments can also
be utilized to develop intuition for advanced mathemat-
ical concepts. Notably, a famous class at Harvard and
UCLA teaches general physics concepts such as heat
transfer and phase transformations to non-science majors
through the lens of cooking [Fig. 30a-c] (Rowat et al.,
2014). In this popular course, top chefs give weekly
seminars for further engagement. Kitchen experiments
can also be used to learn about more specialized topics
in fluid mechanics; For example, take-home experiments
such as measuring the flow rate from a hose and estimat-
ing the density and the viscosity of household fluids has
been used to enhance learning in an introductory fluid
mechanics class (Kaye, 2021). In addition, the kitchen
can be a gateway to learn about the intrinsic fluid prop-
erties that govern these flows. Notably, in a special ses-
sion on Kitchen Flows at the 73rd Annual Meeting of the
APS Division of Fluid Dynamics (APS-DFD), Zenit et al.
(2020) demonstrated how pancake-making can be used
to teach students about fluid viscosity. Instead of ex-
tracting the viscosity from a classical sedimenting-sphere
experiment (Sutterby, 1973), which is less common in
our daily lives, the students were asked to pour pancake
batter and other viscous fluids like honey and syrup into
frying pans and measure the spreading rate [Fig. 30d].
By fitting their data to a theoretical prediction (Hup-
pert, 1982b), which is described in §VI.D, the students
were able to back-calculate the viscosity. In the proposed
course of do-it-yourself rheometry, Hossain and Ewoldt
(2022) outlined an efficient way to convey the key no-
tions of rheology to students confined to their homes due
to the pandemic. Even twisting an Oreo can be an inspir-
ing physics experiment (Owens et al., 2022). Such in-situ
kitchen measurements can be used for numerous other
scientific concepts, as discussed throughout this Review,
thus creating direct links between physics and everyday
experiences.
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In addition, many canonical flows can be generated
with simple kitchen tools, including circular hydraulic
jumps [see §II.H], and Poiseuille flows [§II.C], which can
be used to validate theoretical predictions taught in class
as a means to develop intuition for advanced mathemat-
ical concepts. Moreover, Kaye and Ogle (2022) devel-
oped a pedagogical approach with hands-on activities to
tackle common misconceptions in fluid mechanics educa-
tion. Finally, to further accelerate the learning in fluid
mechanics, e-learning tools can be implemented (Rah-
man, 2017) such as the extremely extensive Multimedia
Fluid Mechanics Online (Homsy, 2019).

From these examples, it is evident that easy-to-do
kitchen experiments can be implemented for enhanced
learning and engagement across all ages. They are highly
scalable, and can even be taught on an online platform
to make learning available for large groups of students,
including students who can not afford enrollment in an
educational program. Therefore, kitchen-based learning
represents a viable strategy to increase the number of
competent scientists and engineers in the world, which
is necessary to address immediate threats to humankind
and ensure a sustainable future (Sheppard et al., 2008).

C. Curiosity-driven research

As well as being a vehicle for accessible and affordable
science education, culinary fluid mechanics is a hotspot
for curiosity-driven research (Agar, 2017; Fuller et al.,
2022). Indeed, Agnes Pockels found inspiration for her
breakthrough discoveries in surface science and hydro-
dynamic instabilities from dish washing [§IX]. Valuable
data can be extracted relatively quickly from a kitchen-
based laboratory, in the spirit of a ‘Friday afternoon ex-
periment’ (Smith, 2015). A minimum of investments of
time, training and equipment are needed, which makes
this field approachable not only to experimentalists, but
also to theorists and researchers in other fields. Since
many kitchen flows can be described by scaling theories
and other analytical techniques, they can serve to vali-
date theoretical models in fluid mechanics and materials
science (Tao et al., 2021b). As such, kitchen experiments
are attractive to theorists, and by lowering the activa-
tion barrier to start a new experiment, they can be com-
bined with mathematical models to solve a large class of
problems in science and in engineering. Curiosity-driven
learning is foundational to human cognition (Ten et al.,
2021), and sometimes the best discoveries are made in a
few hours.

Perhaps the most influential fluid mechanicist of all
time, Sir G. I. Taylor, was known for his special ability
to make groundbreaking discoveries from humble ingre-
dients and to design simple experiments that could be
described theoretically (Batchelor, 1996). Instead of fol-
lowing the hypes in science and ‘going with the flow’, Tay-



lor was merely driven by his own interest and curiosity,
without thinking about specific applications. Outstand-
ing contributions in fundamental science always find use-
ful applications, which is immediately evident when we
look at the enormous implication of Taylor’s contribu-
tions to science and engineering. However, today’s fund-
ing schemes often require that research should prefer-
entially address a particular problem and have immedi-
ate impact (Amon, 2015), which leaves little room for
curiosity-driven research and scientific investigations for
its own sake (Woxenius, 2015). But, since curiosity is a
prerequisite for exploration and discovery, the scientific
philosophy of Taylor and his predecessors could serve as
inspiration for the modern physicist.

D. Conclusion

Culinary fluid mechanics is the study of everything
that flows in the food supply chain, covering a wide range
of surprising phenomena that can be harnessed for the
benefit of gastronomy, food science, and for our planet
as a whole. This field naturally connects practical tech-
nologies with basic research, just how fluid mechanics
once started. Culinary flows are accessible to experi-
mentalists and theorists alike: Their intuitive geometry
and well-defined conditions are suitable for mathematical
modelling, while the relatively low equipment costs re-
duces the activation energy for pilot investigations, thus
catalysing curiosity-driven education [§X.B] and research
[§X.C].

Where ‘kitchen science’ papers may initially have been
considered occasional or incidental, their breath and
depth now constitute a rapidly growing field. It is a field
that this Review can cover only partially because it is so
interconnected. Yet, culinary fluid mechanics is unified
by a number of well-defined research directions and goals:
Firstly, it aims to establish a sustainable and fair global
food supply (Bloemhof and Soysal, 2017). Secondly, it
has the potential to develop reliable food technologies
with a strong fundamental backbone (Knorr et al., 2011;
Loépez-Alt, 2015). Thirdly, it can facilitate new discov-
eries far beyond gastronomy, particularly by making sci-
ence and engineering more accessible (Lee and Butler,
2003; Nelson, 2022; Tuosto et al., 2020; White and Fred-
eriksen, 1998). Finally, it can advise policy makers on
important decisions for our future generations, such as
the announced EU ban on PFAS non-stick coatings by
2030 (European Commission, 2020) and help the reduc-
tion of climate change (Dauxois et al., 2021; IPCC, 2021).
To achieve these goals, scientists from related fields must
become even more interconnected.

Indeed, as we discussed, culinary fluid mechanics di-
rectly links to other disciplines across the sciences, from
molecular gastronomy to biological tissue mechanics and
rheology. Furthermore, it has extensive engineering ap-
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plications ranging from the stream engine to 3D print-
ing and nanotechnology. Not least, there are immediate
connections with food safety, microbiology and medicine.
However, unlike many fields in science, kitchen flows cre-
ate a bond with people who could not have a scientific
training. People who want to learn more, and people
who want to contribute themselves. People like Agnes
Pockels writing to Lord Rayleigh. So much talent is lost
in this world full of inequality, and we have a responsi-
bility to make science more inclusive and accessible to
people from under-represented backgrounds. Through
science communication, through education, and through
research itself. We hope that more scientists will stand
up to this challenge.
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