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ABSTRACT

Optimizing the cleaning time of thin fouling
layers, termed soil, is an omnipresent challenge in
the food processing industry. One approach to
address this problem is to identify different
prototypical modes of soil removal, called cleaning
mechanisms, and to simulate the cleaning process
with a dedicated model for each cleaning
mechanism.  Realistic  cleaning  procedures,
however, involve chemicals and varying operating
conditions that cause the cleaning mechanism to
change. In the present paper, a cleaning model
combining different cleaning mechanisms is
presented. The model transits inherently between the
different cleaning mechanisms and accounts for the
most important influencing factors on cleaning, like
flow velocity, hydroxide ion concentration, and
temperature. Each model component is validated
using both experimental and numerical data. Finally,
in a case study, the cleaning of a proteinaceous soil
in a heat exchanger is investigated, where a
simplified cleaning-in-place procedure is optimized
using the new model.

INTRODUCTION

A universal and economically viable method to
avoid fouling has not yet been developed [1]. Hence,
cleaning surfaces is an essential operation in
industrial and environmental applications [2].
Cleaning causes high ecological and economic costs
[3] due to the consumption of energy, chemicals,
and water [4]. Furthermore, in the food processing
industry, insufficient cleaning results in a high risk
for cross-contamination [5]. To avoid problems
resulting from insufficient cleaning, high safety
factors are introduced and overdimensioning is
accepted [6]. Many experts in the field of fouling
and cleaning state that there is huge potential for
optimization of cleaning processes, which can only
be used if the physical and chemical mechanisms
involved in cleaning processes are better understood
[7-11]. A possibility to assess this optimization

potential is a successive investigation of the relevant
effects on cleaning and the inclusion of this
understanding into models [10]. Once these models
are available, cleaning procedures can be simulated
under various operating conditions, and the results
can be used to find optimal parameters [11].

The present authors’ focus on developing
models for thin, film-like fouling layers, termed soil.
The ansatz pursued is the boundary condition
cleaning model (BCCM) approach, first introduced
in [12]. In a BCCM, the computation of the flow is
decoupled from the calculation of the soil removal.
This decoupling is valid if the following
assumptions are fulfilled [11, 13, 14]: 1. The soil
height is negligible compared to the characteristic
dimensions of the flow. 2. There is no influence of
the cleaning progress on the fluid forces acting on
the soil. Another assumption, which is not necessary
for decoupling, is that the soil height is negligible
compared to the remaining soil dimensions, i.e., in
the tangential direction. This allows modeling of
transport processes into the soil, like swelling and
heating, by one-dimensional transport equations,
which results in lower computational costs.

The way the removal of the soil is modeled
depends on the soils response when subjected to a
certain cleaning procedure. This mode of removal is
termed cleaning mechanism [15]. The cleaning
mechanisms used in the BCCM framework,
according to Kohler et al. [16], are diffusive
dissolution [12, 17, 18], cohesive separation [13],
adhesive detachment [11, 19], and viscous shifting
[14], as illustrated in Fig. 1. In case of diffusive
dissolution, soil molecules are transported into the
cleaning fluid by diffusion. Cohesive separation
occurs if the hydrodynamic loads acting on the soil
overcome the cohesion within the soil, causing soil
chunks to be removed. If the adhesion between soil
and substrate is weaker than the cohesion within the
soil, the loads acting on the soil cause adhesive
detachment, whereby large patches of the soil are
removed at once. Viscous shifting is present if the
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applied loads cause the soil to flow, often
accompanied by interfacial instabilities.

Diffusive dissolution differs fundamentally
from the other three cleaning mechanisms. With
diffusive dissolution, removal is achieved by a
diffusion mechanism, whereas with all other
cleaning mechanisms, removal is achieved by a
mechanical load. The diffusive mass flux of soil into
the cleaning fluid is typically modeled based on the
wall-normal gradient of the soil concentration [12,
20]. Hence, diffusive dissolution requires
knowledge of species transport in the cleaning fluid,
which is typically achieved by solving a convection-
diffusion equation. In the models for the three other
cleaning mechanisms, the mechanical load relevant
for soil removal is extracted from the flow
computation, and thus no additional transport
equation needs to be solved.

l ! q

Fig. 1. Cleaning mechanisms defined by Kohler et
al. [16], figure after [18].

Currently, a BCCM for each cleaning mechanism is
available [11-14, 17-19]. The BCCMs available
were developed using water at room temperature as
cleaning fluid so far. According to Sinners circle [6],
however, temperature and chemical composition of
the cleaning fluid, mechanical stress applied to the
soil, and the operating time are the most important
influencing factors for cleaning of soils. The
BCCMs available account for mechanical stress
applied to the soil and time effects. However, the
influencing factors temperature and chemical
composition of the cleaning fluid are missing thus
far.

A large body of literature is available reporting
the effects of temperature and sodium hydroxide
concentration of the cleaning fluid. Sodium
hydroxide is the most widely used chemical in
cleaning. In a review provided by Goode et al. [1],
these effects and many others were studied in detail,
which is summarized. Goode et al. [1] follow the
classification of soils suggested by Fryer and
Asteriadou [21] according to their cleanability. Type
1 soils can be cleaned entirely using hot water only.
In various studies [22-24] with type 1 soils, like
tomato paste, shampoo, and toothpaste, it was found
that an increase in temperature decreases the
cleaning time. Type 2 soils comprise microbes and
biofilms. Again, an increase in temperature causes a

decrease in cleaning time [25, 26]. Finally, type 3
soils require a chemical agent to be cleaned. An
example particularly relevant for the dairy industry
is whey protein concentrate (WPC) or isolate (WPI),
which forms on heat exchanger (HEX) surfaces
during pasteurization or ultra-heat treatment. The
first step in cleaning proteinaceous soils like WPC
is always contact with an alkaline solution [7, 9, 10,
20, 27, 28]. Upon contact with hydroxide ions the
protein matrix changes from a dense platelet
structure to a hollow matrix which is swellable [29].
This allows the cleaning fluid to diffuse into the soil,
causing cracks in the structure and reducing the
binding forces. Many authors found that there exists
an optimal hydroxide ion concentration of 0.5%(w/
w) to promote this swelling process [7, 8, 29, 30].
Further increase beyond this concentration leads to
polymerization of the protein, resulting in a rubber-
like structure that inhibits further swelling [8, 29].
For type 3 soils, in most studies, it was found that an
increase in temperature decreases the cleaning time
[20, 22, 29, 31, 32], although sporadically contrary
observations were made [32]. The decrease in
cleaning time is attributed to an increase in diffusion
speed, improved solubility, and faster protein
disentanglement [27, 29, 31]. Throughout most of
the studies discussed here, temperatures up to 70 °C
were investigated. Applying chemicals at higher
temperatures could damage facilities and cause
unwanted reactions of proteins in the deposit [29].
Besides the impact on cleaning time, it was also
observed that hydroxide ion concentration and
temperature directly affect the cleaning mechanism
[15, 33-36].

To summarize, it can be said that both, the
temperature and chemical composition of the
cleaning fluid markedly alter the cleaning
qualitatively and quantitatively. Thus, a cleaning
model that includes temperature and hydroxide ion
concentration in the cleaning fluid must also include
a transition between different cleaning mechanisms.
In the present paper, a combined cleaning model for
cohesive separation, adhesive detachment and
viscous shifting is presented that meets this
requirement. Diffusive dissolution is not considered
as the main challenge here is the estimation of the
wall-normal gradient of the soil concentration in the
cleaning fluid via the solution of a convection-
diffusion equation. In the present work, however,
the focus is on developing the cleaning model itself.
The model includes a new formulation of a swelling
model that is able to account for the transport of
water, hydroxide ions, and heat into the soil. After
devising the combined cleaning model, it is
validated quantitatively with pertinent reference
data. Finally, the model is used to simulate a
cleaning-in-place (CIP) procedure of a type 3
deposit in a HEX.
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COMBINED CLEANING MODEL

Overview

The three cleaning mechanisms, cohesive
separation, adhesive detachment, and viscous
shifting are combined into one model. While
cohesive separation and adhesive detachment can
cause a removal of soil, viscous shifting only causes
aredistribution, i.e. the soil is pushed out of a region
of interest over time. In the previous models for
cohesive separation [13] and adhesive detachment
[11, 19], the soil was discretized in wall-normal
direction only. In the model for viscous shifting the
soil was discretized in the main flow direction into
so-called segments, and mass or enthalpy fluxes
between the segments were defined [14].

To combine both approaches while keeping the
computational effort reasonable, the soil is
discretized in the main flow direction into Nq
segments. Each segment i is discretized in N,, ; cells
in wall normal direction. In each segment, one-
dimensional transport problems in wall normal
direction are solved for the water and the hydroxide
ions being transported into the soil. The heat transfer
problem is solved accordingly. The discretization is
illustrated in Fig. 2. The present model is formulated
for a two-dimensional scenario, which is present in
many cases of interest. An extension towards three-
dimensional problems is possible, as already
demonstrated in case of the model for adhesive
detachment [19].

Thyd,i Water Hydroxide Heat
—

MM in i hs,[ g,out i
—

Fig. 2. Model overview. Discretization of soil into
Ngeg = 5 segments and segments into cells.

Load calculation

The cleaning model requires the mechanical
load acting on the soil as an input. The stress exerted
by the flow is obtained from the CFD and is then
imposed in the simulation of the soil. This amounts
to one-way coupling between fluid and soil and is
visualized in Fig. 3. The single-phase flow
calculation uses the global coordinates x and y and
provides the stress on the soil, without resolving its
geometry. The evolution of the soil is simulated
separately, accounting for the actual dimensions of

the soil. It uses its own coordinates, x,-ys, with y,
resolving the thickness of the soil.

A single-phase flow solution, in particular the
shear stress, can be obtained in different ways, by
experimental measurements, by CFD simulations,
or analytical solutions, if available. In a general flow
situation, the load on the soil is constituted by a
combination of pressure and shear force. In the
present approach this is limited to shear forces since
the height of the soil is assumed to be small, so that
the side areas where the pressure force could attack
are very small and, hence, negligible compared to
the shear forces acting on the top surface of the soil.
It is understood that scenarios exist in which
pressure forces become relevant even in the case of
film-like soils. Examples involve pressure
oscillation or cavitation used for cleaning in some
processes, but these situations are not considered
here. In the present work a scalar reference value
Thya Characterizing the magnitude of the load is
employed. It is determined by integrating the fluid
forces along the interface between the fluid and the
soil, termed A;,, here, to give

yred)

Ajnt “4int

T-Q” dA. (D)

Thyd =

All quantities in Eq. (1) are depicted in Fig. 3.
The magnitude is used so that shear stresses in
opposing directions do not compensate each other
during the integration across the interfacial area. In
cases where pressure forces are relevant, these must
be included in the calculation of the reference load.

Aint

-
Eq. (1) hyd

e B

Fig. 3. Hlustration of the one-way coupling for the
load calculation.

Modeling of transport processes into the soil

Diffusion of water.  For the modeling of the
swelling process a volume of soil V(t) is
considered. Throughout the section, temporal
dependencies are dropped in the notation. The mass
mg of the volume 1} can be stated as

mg = mg + my, 2

where mg is the mass of water within the soil
layer and mg is the dry mass of the soil, without any
water. It is assumed that the swelling process only
affects the water mass. Hence, mg4 remains
unchanged. The modeling is carried out using a
Lagrangian framework, where the volume V, always
refers to the same dry mass. Furthermore, the two
materials water and dry soil, are incompressible with

153

ISBN: 978-0-9984188-3-4; Published online www.heatexchanger-fouling.com



Heat Exchanger Fouling and Cleaning — 2024

the densities p; and pg, respectively. Assuming the
whole volume V; is filled with either water or dry
soil, the volume can be decomposed as

Vs =Ve+ Vg (3)

A conservation equation for the water mass in a
segment can be stated as

dmg _

d
dt  dt fvs Prdv = _fAS[f,diff -nd4, (4)

where fS; is the water concentration with the
dimensions kg/m3, A = dV; are the bounds of the
segment, n is the outward facing surface normal
vector, and Jrqr are the diffusive fluxes. The

diffusive fluxes are computed using Fick’s law [37]
of diffusion

Jeaite = —DfV k. ©)

Here, Dy is the apparent diffusion coefficient of
the fluid. For the following discussion, an exemplary
segment is considered, and the index i is dropped for

convenience. The mass balance provided in Eq.
(4) is applied to each cell j and only one-
dimensional transport in wall-normal direction is
considered, as discussed in the previous sections.
The right-hand-side of Eq. (4) is discretized using
the midpoint rule and the temporal derivative is
discretized using the Euler-forward method,
yielding
mlI‘(n+1)_mII'(n)

”Ait“ = _]f(,:ili)ff,jﬂ/z +]f(,g?ff,j—1/2’ (6)

where the mass flux mg " = m{" /4, with 4,
being the area covered by the soil. The superscript n
indicates the time step and ]f(’zgff‘jﬂ/z = (lf,diff-

(m)
n) . The fluxes are further approximated
- j+1/2

using linear interpolation

Q) m 0B ™
S0, =D, o
fj+1/2 fj+1/2 dys j+1/2

(n) (n)

=~

m) ), ) )
_ hs,j+1Df,j +hs,j Df k1 ﬁf,j+1_ﬁf,j (7)
() [©) (D) [ONN
hs,j+1+hs,j 1/2(hs,j+1+hs,j)

Herein, hg}) are the cell heights. Further, a

relationship between soil mass, cell height and water
concentration is given by

11(n)

mf' .
B =t (®)
S,J

Dividing Eq. (3) by A; yields

W _ o,y mi mi
hS,j zhf'j +hd,j :p—f‘l'T (9)

As discussed in the introduction, diffusion of
cleaning fluid may be enhanced or inhibited
depending on the concentration of hydroxide ions
Bou-- The water concentration fS; and the
temperature 95 of the soil may further influence the
diffusion process. Therefore, the apparent diffusion
coefficient D¢ is in general not constant but rather a
function of the influencing factors of the form

D¢ = f (Bs, Bon-¥s) - (10)

To perform a simulation, the densities p¢, pq
and the relation for the diffusion coefficient Eq. (10)
must be known. The initial state of the problem must

be given so that the initial height hg}) and the initial

soil mass coverage mg, can be computed.
Furthermore, the initial and boundary conditions of
the concentration are given as Br(ys, t = 0) = B,

a

=0, Bils=hyt>0)=Pra. The
Sys=0

experiments to determine these boundary conditions

are described in [11].

Table 1. Conservative quantities, modelled by Eq. (11) with corresponding fluxes, boundary conditions and
initial conditions. Heat capacity is represented by c, and 9 ..¢ = 0 °C is used as reference for the enthalpy.

@ % J conv J aifr ys =0 ¥s = hs t=0
mg Be 0 DV, 9B _ 0 Bt = Bmax Be = co
9Ys
Mon- Bou- uPon- | ~Don-VBoy{  Bou- _ Bou- = PBp,ou- Bou- =0
9Ys
my ﬁd 0 0 — — —
Hg ﬁfcp,fﬁs + ﬁdcp,dﬁs u By Cpf —KsVIs U5 = Oy, s _ 95 =g
W, 0 | Sy k(@y —0s)
0y, "oy,
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Transport of hydroxide ions into the soil.
Describing diffusion of water into the soil
superimposed by diffusion of hydroxide ions is a
multicomponent diffusion problem. Theoretically, it
could be described using the Maxwell-Stefan-
Diffusion equations [38, 39] or multicomponent
Fickian diffusion equations [40]. These approaches
are not of practical use since many parameters, like
a diffusivity tensor, are required. In the context of
foodstuff, diffusion of a cleaning fluid into a
material has been described using only a single
diffusion equation [27, 28, 41, 42]. This approach
may be used for constant operating conditions. The
present paper aims to provide a cleaning model that
is able to capture multistep cleaning procedures,
where, e.g., a soil is prewetted with cold water and
subsequently cleaned with hot sodium hydroxide
solution. For such cases, it is necessary to account
for the transport of water and the transport of
hydroxide ions separately. Both processes feature
co-dependencies. If water containing hydroxide ions
diffuses into the soil, the hydroxide ions are
transported convectively with the water [43-45]. In
case the soil is saturated with water, but hydroxide
ions are present in the cleaning solution, no diffusion
of water occurs. However, hydroxide ions can
diffuse through the water within the soil, and the soil
matrix itself acts as a hindrance. The latter scenario
is well investigated in the context of ion diffusion
within geological materials, where the apparent
diffusion coefficient of hydroxide ions Dgy- is
modeled dependent on the water concentration [46].
As discussed in the introduction, there are also
practical applications where a soil requires
interaction with hydroxide ions before it becomes
swellable [7, 9, 10, 20, 27, 28]. Such cases may also
be captured using the present framework by setting
the apparent diffusion coefficient of water D¢ to zero
as long as no hydroxide ions are present in the soil.
Based on the above considerations, the
transport of hydroxide ions into the soil is now
described using a convection diffusion equation

do
o fAS[conv ‘ndA— fAsldiff ndA. (11)

Equation (11) is stated in terms of a conservative
quantity @, since it will be reused later to describe
the enthalpy conservation. The definitions of all
quantities related to hydroxide ion transport are
summarized in Tab. 1. Furthermore, the relationship
between @ and its density ¢ is given via

D= fV @ dv. (12)
The transport velocity u is determined using
the diffusive flux of water into the soil by

u = lf,diff. (13)
- 143

Equation (11) is discretized in the same manner
as Eg. (4). To obtain the interface values for
discretizing the convection term, an upwind scheme
is used. The apparent diffusion coefficient Dgy-
may be a function of B¢, Bou- and Y. Equivalently
to Eg. (8), the concentration of hydroxide ions Boy-
can be determined from their mass and the cell
height. The boundary conditions for the hydroxide
ion concentration are similar to the boundary
conditions for the water concentration. On the
interface of soil and cleaning fluid, the hydroxide
ion concentration of the bulk flow above the soil,
Po,on-, is assumed. Note that the present framework
is designed for small hydroxide ion concentrations
so that the mass of hydroxide ions does not
contribute significantly to the soil mass or volume,
so that Eq. (2) and (3) are still valid.

Heat transfer into the soil. Heat transfer can be
modelled according to Eq. (11) using the enthalpy
stored in the soil Hg as conservative quantity @. All
other terms of Eq. (11) are defined in Tab. 1. The
enthalpy H; is defined for the whole soil, assuming
that the water and dry soil within a volume have the
same temperature J5. Swelling only results from
water moving between the cells so that the
convective term only needs to account for the
enthalpy transported by the water. The discretization
is performed as shown in the previous section.

The boundary conditions for the soil
temperature are more complex. On top, at y; = h,
convective heat transfer between the cleaning fluid
and the soil is assumed, which is characterized by a
heat transfer coefficient k and the bulk temperature
of the main flow 9y,. At y; = 0, the soil is in contact
with a substrate of the thickness 6., which typically
has a high heat conductivity and absorbs heat from
the soil. To account for this effect, a one-
dimensional heat transfer equation

M 02Dy
at W ay?

(14)

is solved in each segment for y, € [—d,,, 0] tO
model the distribution of the wall temperature 9,,,
with a,, the thermal diffusivity of the wall. For the
present framework it is assumed that the wall is
isolated at y;, = —4,,, yielding al’J| =0.The

9y Ys=—0w

initial condition is given by 9, (ys, t = 0) = 9,. At
the interface, the two problems are coupled:

895
Is(ys = 0) = 9y (ys = 0) and sg o =
S yS:
w 0w . Equation (14) is also solved
9ys Ys=0

numerically using a finite volume method with
midpoint rule approximating the integrals, linear
interpolation for the diffusive fluxes and the Euler-
forward method for the temporal discretization.
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Modeling of the cleaning mechanisms

Adhesive detachment.  Adhesive detachment is
modeled in accordance to previous model versions
[11, 19]. Assuming the hydrodynamic load yyq4;
acting on a soil segment i is known, adhesive
detachment takes place once the hydrodynamic load
overcomes the adhesion between the soil and the
substrate t,4. See Fig. 2 for the definition of those
quantities. For the following equations, the index i
is dropped, as in the previous section. It is assumed
that the adhesion obeys the following dependencies

Tad = f(ﬁm/z' BOH',l/Z' 19s,1/2)- (15)

The index 1/2 refers to the interface between
soil and wall (Fig. 2). Soil removal by adhesive
detachment is modeled by the removal criterion

N+ N;En)' CadThyd < Tad 16
y - ( )
0, CaqThyd > Taq-

Criterion Eg. (16) removes all cells in case
adhesive detachment takes place. If this happens, the
soil height of a segment and its soil mass is set to
zero. The critical stress 7,4 can, e.g., be measured in
micromanipulation experiments [11, 13, 47, 48] or
determined by fluid dynamic gauging [49]. In these
experiments, the application of the load differs
significantly from the load applied in the cleaning
process. Therefore, the correction factor C,q was
introduced in previous publications [11, 13] to
overcome these differences.

Cohesive separation. Cohesive separation is also
modeled in accordance with the model presented in
[13]. It occurs when the hydrodynamic load ty,y4
acting on a segment i (index i dropped) overcomes
the cohesion between two different cells. Cohesion
is assumed to have the same dependencies as
adhesion, i.e.

Tcoh,j—-1/2 = f(ﬂf,j—l/z»ﬁOH‘,j—l/Z'ﬁs,j—l/Z)- (17)

See Fig. 2 for definition of t.,,. The removal
criterion reads

)
Ny ,
Ny(n+1) if CeonThya < m].in(TER,j_l/z) (18)

mjin({j —1] TEL?U._UZ < Ccohrhyd}), else.

The first condition in Eq. (18) is applied when
the minimum of the cohesive stresses is still larger
than the hydrodynamic load, and thus, no cells are
removed. In case there is at least one cell interface,
where the cohesion is overcome by the hydraulic
load, the interface closest to the wall is chosen, and
all cells above it are removed. If cells are removed
from a segment by cohesive separation, they do not

contribute to the soil mass or height of a segment
anymore. The boundary conditions for the swelling
and one-dimensional transport equations are passed
down to the uppermost remaining cell.

Viscous shifting. In case of viscous shifting the soil
flows and a linear velocity profile is assumed in each
segment i reading

us,i(ys) = ys,iYs- (19)

Herein, y;; is the shear rate and y, the wall-
normal coordinate. See Fig. 2 for definition of
us;(¥s). The rheology of the soil is assumed to be of
the form 5 = f(¥s,9s, Br, Bou—). The shear rate
within a segment y ; is determined by solving

Thyd,i = Ts = f Vs, Usi» Bei» Bou~i) (20)

where 9g;,B¢; and  Sou-; correspond to
average values in segment i. The velocity profile
determined in this way is then used to describe the
transport of the conservative quantities listed in Tab.
1, i.e., the water mass my, the dry soil mass mg, the
mass of hydroxide ions mgy- and the enthalpy Hg
between the segments. Since the existing
formulation for viscous shifting from [14] was
developed for a soil that is only discretized into
segments, the formulation for the present work
needs to be adjusted. The segments themselves are
further partitioned into cells and conservative
quantities must be evaluated cell-wise. The
derivation is again presented for a conservative
quantity & with a density ¢. The steps described
below are performed for all quantities listed in Tab.
1. Different from the swelling procedure, the soil
mass is affected by viscous shifting since here the
whole soil is flowable, not only the water within.
When performing viscous shifting the change of &
in cell i, j can be expressed as

dCDiJ'
dt

=& jin — Py jout- (21)

Equation (21) can be discretized using the
Euler-forward scheme reading
o — o) = 4t - &)

i,j,in L,j,out)'

(22)
The flux going out of a cell is, then, calculated from

() _ ), (n) _
D out = fAi’j Pij Ui (¥s)dA =
(n)

Yeri .
W [ o2 oy ydys, (23)

s,i,j—1/2

Herein, A; ; is the surface area of the outlet of
the cell i,j, shown in Fig. 4. The variables are
illustrated in Fig. 4. For the second equality sign a

two-dimensional problem of width W in cartesian
coordinates is assumed. When using non-cartesian
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coordinates, the surface integrals must be evaluated
accordingly, as shown in [14].
In the next step the calculation of the flux into a

cell, d)f])m, is discussed. To ensure conservation, the
amount flowing into segment i must be equivalent
to the amount leaving segment i — 1. The problem
is, however, that the segments in general may have
different heights and may also have different
numbers of cells caused by cohesive separation. As
a remedy, the inlet of cell in segment i is projected
onto cell i — 1. The projected y-positions can be

obtained using ys(:‘iprz(hgf?l/h("))ys(’l‘i The
projection is sketched exemplarily depicted in Fig.
4. Using these relations, the flux into a cell is

computed via

o7, = J, pr ro™ roul?  (y)dA =

(n),pr
Vs, .

WL o™ (07 dy. (24)
s,i,j—1/2

The integration is usually performed across
multiple cells of segment i — 1. Hence, when
evaluating the integral in Eq. (24) numerically,
@;-1(ys) is replaced by the corresponding cell
centered values.

pr

hs i—1
Jij+1/2

s
Vsjij+1/2

Y.

Fig. 4. Definition of quantities relevant for viscous
shifting at cell i, j, projection of cell j from segment
i on segment i — 1. For better readability, the
superscript (n) has been omitted for all quantities.

Computational algorithm

After initializing all quantities, the following
operations are performed in each time step:
1. For each segment:
1.a) Calculate diffusion of water into the segment
1.b) Calculate hydroxide ion transport into the
segment
1.c) Calculate heat transfer into the segment and the
substrate
1.d) Update adhesion (Eg. (15)), cohesion (Eg. (17))
and soil rheology (Eq. (20))
1.e) Check for adhesive detachment using Eq. (16)
1.f) Check for cohesive separation using Eq. (18)
2. Perform viscous shifting by updating all
conservative quantities listed in Tab. 1 using Eqg.
(22-24).

The model was implemented in Python (version
3.9.13). All computations were carried out on a
laptop with 4 cores (Intel Core i5-6300, 2.4 GHz).
Each calculation took less than 5 min.

VERIFICATION AND VALIDATION
Transport processes into the soil

Diffusion of water. To validate the diffusion of
water into the soil, a reference case reported in [13]
is investigated. Swelling of starch in water at 20 °C
is studied for different initial soil mass coverages
mg, and the evolution of soil height over time is
monitored. In the reference, another diffusion model
based on the water mass fraction w¢ = m¢/(ms +
mg) is proposed. For the water mass fraction, the
initial value values w¢(y,t = 0) = w, = 0.138, the
maximum water mass fraction w,,x = 0.91 and the
dry density pg = 1056.6 kg/m® were determined
experimentally [13]. Applying the definition of the
water mass fraction, the necessary values for the
present framework, B, = 144.62kg/m3® and
Pmax = 917.94 kg/m3, are determined. The
swelling calculation was performed with a single

segment and an initial resolution of hg‘?] =5pum
was used. The diffusion coefficient was determined
using a grid search [11, 13] to fit the experimental
measurements. The best fit was achieved using an
exponential ansatz for the diffusion coefficient D; =
Dgoexp (agfs), where D¢y = 2.5- 107 m?/s and
a¢ = 3.53 - 1073 m3/kg. The results are displayed
in Fig. 5. The model predicts almost the same
heights as the previous one and results are within the
error bars of the experiments. This validates the
functionality of the newly formulated diffusion
model.

hsin mm
[an)
e
1

Present model
== = Model Golla et al. [13]

02 A mlly = 0g/m? [13]
0.1 m!y = 50g/m? [13]
@ m!y = 30g/m? [13]
0.0 = T
0 1000 2000 3000 4000 5000
tins

Fig. 5. Comparison of the evolution of soil height
over time between the present diffusion model,
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experimental data [13], and the diffusion model of
[13].

Transport of hydroxide ions.  To validate the
diffusion model for the hydroxide ions a reference
case by Wiese et al. [27] is investigated. In the
reference, diffusion of hydroxide ions into a WPI gel
was studied at different temperature levels. WP is a
proteinaceous soil, which requires reaction with
hydroxide ions to become swellable. The
penetration front of hydroxide, &pe,, Was made
visible wusing the pH indicator molphthalein,
triggered at pH=>9.3. Apparent diffusion
coefficients for the hydroxide ions of Dog-20c =
6.21-107'" m?/s, Doy a0c = 7.89 -
107" m?/s and Doy-s5oc = 11.4- 1071 m?/s
are reported and used for the present validation
simulation. The hydroxide ion concentration in the
cleaning fluid was py,on- = 0.01 kg/m?® [27].
Diffusion of water into the soil was not considered
in the validation since the required quantities are not
reported in the reference. The results are provided in
Fig. 6. The results achieved with the present model
are in agreement with the model used in the
reference and the experimental data reported. The
deviations for 95 = 55°C are discussed in the
reference. In the experiments, the penetration front
is calculated with respect to the initial soil height and
the change of soil height due to swelling or
dissolving is neglected. These effects become more
dominant with increasing fluid temperature. The
results obtained validate the ability of the present
model to compute the hydroxide ion distribution.

2.0

1.0 A

Open i M

Present model

0.5 DR - = Sim by Wiese et al. [27]
3 A 55°C[27]
O 40°C[27]
& w0°c2n
OO 1 T T T
0 500 1000 1500 2000
tins

Fig. 6. Comparison of the evolution of hydroxide ion
penetration front over time between the present
diffusion model, experimental data [27], and the
diffusion model presented in [27] there.

Thermal model. To validate the thermal model, a
reference simulation was performed using the
chtMultiRegionFoam solver of the OpenFOAM v7
library. Positioning of the soil and coordinate system
are according to Fig. 2. The physical parameters
used are inspired by the test rig described in [11],
since it is used for cleaning experiments by the
present authors. In the present validation simulation,
the soil is immobile and has a length of Lg =
0.100 m with a height of h; = 0.5 mm. The wall
has a thickness of §,, = 15 mm and is made of steel
(kw =15W/(mK), cpw =500]/(kgK), pw =
7900 kg/m3). The thermal properties of the soil
employed here are inspired by Mahdi et al. [50]:
ks =05W/(mK), c¢,s=2000]J/(kgK), ps=
1030 kg/m3. The initial temperature was 9, =
20°C and the bulk flow temperature was 9y =
60 °C. A bulk flow velocity of u, = 1 m/swas
considered, resulting in a heat transfer coefficient of
k ~ 15000 W/(m?K) [51]. In the present
simulation a spatial resolution of N, =20 and
N, ., = 20 was used for each soil segment the-seil
and wall, respectively. The simulation was
conducted until t.,q = 200 s.

Results are now compared in terms of the
dimensionless temperature © = [9(ys = 0) — 9]/
[99 — 9] at the soil-substrate interface. The
maximum deviation of © between the reference
simulation and the present model is termed A® and
shown in Fig. 7 along the x-axis. Only half of the
domain in x is shown due to symmetry. Since the
present model uses a one-dimensional transport
equation, the generated results are independent of x.
In the reference simulation, however, two-
dimensional effects and heating of the soil through
the side are considered as well. The maximum
deviation is, therefore, smaller than 0.1 for regions
that are in the middle of the soil (0.1 < Lis < 0.9).

At x =0 and x = Ly the simulations deviate the
most, with A@,,., = 0.42. In a cleaning simulation,
the soil would be discretized into segments and an
average temperature within the segments would be
considered. Therefore, the deviations obtained for
an exemplary discretization with Ng., = 5 is shown
in Fig. 7 as well. It is seen that the worst deviations
in segments 1 and 5 are A@,,,, = 0.12, in this case.
Considering the reduced computational effort when
only accounting for one-dimensional transport in
wall-normal direction, this is an acceptable error.

Cleaning mechanisms

Adhesive detachment. In the next step the
combined model is validated by testing its ability to
predict single cleaning mechanisms correctly,
which is required, as these should all be covered
adequately when combining them. For adhesive
detachment, the experiments of Kohler et al. [11]
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are used as a reference. Here, cleaning of a ketchup
layer was investigated using water at 20 °C.
Experiments were performed in a rectangular duct
with a cross-section of 78 x 5 mm?. One of the
large walls was soiled with a thin layer of dried
ketchup. Since only regions far away from the
smaller side walls are considered, the flow in the
region of interest corresponds to a plane channel
flow. The diffusion parameter D, the function for
adhesion (Eq. (15)), and the correction factor C,q
were parameterized for the present model using the
experiments and procedure described in [11]. This
results in D¢ = Dgof; ", with Dy = 2.2 -

10713 m2+3at /(s kg®) and a; = 1.36, T,4 =
aexp(bfs), with a = 811 kPa and b =

—0.016 m3®/kg, and C,q = 14.2.

0.5

0.4 1 Continuous
2 03 _ - Present model
T 024+

0.1 A

0.0

0.0 0.1 02 0.3 04 0.5
x/Lg

Fig. 7. Maximum deviation A®.,, between the
simulation performed with the present model and a
reference simulation performed in OpenFOAM. The
dotted line represents the error along the x-axis
while the solid lines show the segment-wise
deviation of the average temperature when
discretizing the soil with Ng, = 5 segments. Only
half of the domain in x is shown due to symmetry.

In the cases shown, the initial soil mass
coverage was kept at my', = 278 g/m? and the flow
velocity was varied between wu, = 0.5 m/sand
up = 2.0 m/s. Simulations were carried out with
one segment and the segment was discretized with
N,, = 25 cells. The results are shown in Fig. 8 in
terms of the cleaning time t.. The present model
reproduces the results of the reference model and
experiments accurately.

Cohesive separation. The sub-model for cohesive
separation is validated with data presented by Golla
et al. [13]. Cleaning experiments and corresponding
simulations were carried out for a starch layer in the
same duct as considered in the previous section. The
parameters of the diffusion model were already
stated in the corresponding validation. The
remaining parameters required to describe cohesive
separation were determined as in [11, 13]: T =
aexp(bBf), with a=500MPa and b=
—0.021 m3/kg and C.op, = 0.67.

300
= Present model
= = Model Kbhler et al. [11]
200 X Exp. Kohler et al. [11]
n
100 A
O T T

0.0 0.5 1.0 1.5 2.0 2.5
upinm/s

Fig. 8. Cleaning times for varying bulk velocities
and comparison with reference data [11].

In the case presented in Fig. 9, an initial soil
mass coverage of m{, ~ 50 g/m3and a bulk
velocity of uy, = 1 m/s were employed. To account
for locally varying soil distribution, the method
discussed in [13] with a standard deviation of the
initial soil mass of o, =5 g/m? was used. The

results are compared with respect to the total dry soil
mass coverage over time. The present model
performs slightly better than the previous one but
both models tend to overestimate the time when
cleaning starts. The linear decrease of soil mass and
the decay at the end are well represented by both
models. However, the slope of the decrease is
slightly overestimated. Compared to the validation
case for adhesive detachment, the present model
does not exactly match the previous model. This is
because in the case of cohesive separation, the whole
distribution of water within the soil has an influence
on the result, while in the case of adhesive
detachment only, the boundary value plays a role.
Since the swelling model was updated, it is likely
that the distribution water within the soil is not the
same in both cases.

Q Experimental [13] ‘\\",,:.y,‘

0.0

T T T

1 !
0 100 200 300 400 500
tins

Fig. 9. Evolution of soil mass coverage over time
for up, = 1 m/sand mg, = (50 + 5) g/m?>.

Viscous shifting. To validate the new formulation
of viscous shifting, the layer removal of chocolate
by another chocolate in a straight pipe, radius R =
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13mm, length L =1m, under isothermal
conditions at 9 = 40 °C was investigated. The setup
was taken from Liebmann et al. [52], who performed
numerical simulations of the flushing process using
OpenFOAM. The case was already employed for the
validation of the original model [14]. During the
flushing process white chocolate is pushed out by
the dark chocolate, hence white chocolate acts as
cleaning fluid (of = 1260 kg/m3) and dark
chocolate as soil (pg = 1200 kg/m3). The rheology
of the chocolates is described using the Windhab
model [53], as described in [52, 54]. In the
OpenFOAM simulation, the whole flushing
procedure was simulated. A typical flushing process
consists of a core removal and a layer removal phase
[52]. The present framework can only be applied to
the layer removal phase, when the height of the soil
layer is sufficiently small. Hence, suitable initial
conditions for the present modeling approach must
be synthesized from the OpenFOAM simulation in
terms of the initial soil heights. The procedure to do
so is described in [14]. It was found that at tg, =
16.2 s the soil layer was hy < 0.1R and, hence,
small enough to be simulated with the BCCM
framework. At time ¢, the initial values h; were
taken. The hydrodynamic load for the present case
was obtained from the analytical solution of single-
phase flow in a pipe for a Windhab fluid [55, 56].
The bulk flow velocity of the main fluid was uy, =
0.1 m/s. The present simulation was performed
using Ngeg = 5 segments and At = 0.1s, and the

segments were initially discretized using hg‘?] =

0.02 mm. The results obtained are shown in Fig. 10.
As discussed in [14], the OpenFOAM simulations
cannot be used for comparison if the soil height is
below hg;/R = 0.01. Hence, these values are not
shown in the diagram. The present model is able to
reproduce the results obtained with the former
model and matches the OpenFOAM reference.

0.08
= Present model
""" Old model [14]
X OpenFOAM [14, 52]
0.06 1 —
—_—=2
& — =
= 0.04 A o
< —_— =5
0.00 T

T T T
ti 20 30 40 50 60
tins

Fig. 10. Comparison of present results to former
model results and resolved OpenFOAM simulations
presented in [14, 52] in terms of evolution of soil
height hg; over time. The starting time is ts =
16.2's. OpenFOAM results are only shown where
hs;or/R > 0.01.

Combined cleaning mechanisms. Finally, a
verification is presented that the model is able to
capture the simultaneous occurrence of cohesive
separation, adhesive detachment and viscous
shifting. To this end, a cleaning process at constant
temperature using water as cleaning fluid was
considered. The model parameters are fictional but
inspired by the validation cases shown in the
previous sections. The swelling parameters
(D, P, Pa» Bo» Bmax) @nd cohesive strength 7., are
those of starch. For the adhesive strength, 1,4 =
aexp(bBs) with a = 62.7 kPaand b = —0.009 was
used. The correction factors were set to C,q =
Ceon = 1. The soil rheology was described using a
Newtonian fluid, i.e. T4 = gy, With ng = 1Pas.
The soil was discretized using Ngg = 5 segments.
Since focus of the present validation is the cleaning
simulation, the hydrodynamic load of y,y4; =
140 Pa was imposed directly and identical for each
segment. The initial soil heights were h = ih{"
with hg"f =20pm and the segments were

discretized with hg‘?J = 5um, performing the
simulation until t.,q = 15s.

The results obtained are shown in Fig. 11 in
terms of the evolution of segment heights over time.
All cleaning mechanisms can be identified in the
diagram: The steps correspond to cell removal due
to cohesive separation, the continuous decrease of
the soil height between steps is due to viscous
shifting and the last cell is removed by adhesive
detachment. Hence, the model is stable when all
cleaning mechanisms occur simultaneously.

1 1 1
0.00 0.25 0.50 0.75 1.00
t/ton(l
Fig. 11. Evolution of soil height over time for

simultaneous occurrence of cohesive separation,
adhesive detachment, and viscous shifting.
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CASE STUDY: COMPLEX SOIL IN HEAT
EXCHANGER

Setup

To demonstrate the capabilities of the proposed
model, a fictional cleaning optimization study was
performed, inspired by the cleaning of a soil in a
HEX for dairy processing. Note, that the present
study makes gross simplifications about the soil
behavior. Detailed information about soils forming
in HEX can be found, e.g., in [8, 57-59]. The soil is
inspired by a so-called type A deposit [8, 9, 58, 59],
which forms in a HEX at temperatures of 75 —
110 °C and mostly consists of protein (50 — 70%)
and minerals. Hence, interaction with hydroxide
ions is required to make the soil swellable.

Typically, a CIP procedure consists of the
following steps [1]: i) Prerinse, to remove loosely
bound soil, ii) Detergent phase (alkali or acid), to
remove soil layers, iii) Intermediate rinse to remove
chemical, iv) Sanitization or disinfection, v) final
water rinse. In some cases, steps ii) and iii) are
performed twice: The first time with an alkaline
solution to remove proteinaceous soils and the
second time with an acidic solution to remove
minerals. The present modeling for film-like soils
addresses mainly parts ii) and iii) performed with an
alkaline solution. Extending the present approach
towards an acidic cleaning step would require
solving another transport equation for hydronium
ions and describing the material properties
dependent on the hydronium ion concentration. For
the present study, a simplified two-stage cleaning
procedure was used, shown in Fig. 12. In the first
stage, the soil is prewetted using sodium hydroxide
solution as cleaning fluid to reduce the strength of
the soil. In this stage, the cleaning fluid stands still,
and no hydrodynamic load is applied. In the second
stage, rinsing with clear water at constant bulk
velocity is performed so that a constant
hydrodynamic load 7,4 acts on the soil. The
suggested procedure bears the advantage that no
water is wasted in the first stage, and the binding
forces in the soil are still reduced. The time of the
switch between the two stages is denoted with t,,.
As a surrogate for a possible real-life application the
effect of varying ts,, on the cleaning time t. and the
required amount of water is studied. To this end, two
different, constant bulk flow temperatures 9, ; and
Uy, are considered.

Stage 1 i Stage 2
'

Bo.on

Th_\'cl ————————————————————

Igb

L, tsw,max t

Sw,min tsw

Fig. 12. Operating conditions of the simulated two-
stage cleaning procedure, with the respective values
provided in the text.

The  temperature  dependent  diffusion
coefficient for hydroxide ions was taken from [27]
giving Dgy-/(m?/s) = 3.6 - 107*(9/°C)? — 1.3 -
10713(9/°C)+7.2-107*2,  To model the
dependence of the diffusion coefficient of the water
on the hydroxide ion concentration

0, Bou- < Bou-crit

De = Bou——PLoH cri
f (01*701*'0)00]{—, Bow~ = Bowcrit

(24)

(Bv,on——Bou-crit

was used. When the hydroxide ion
concentration is smaller than the critical
concentration Boy- crit, the diffusion coefficient
remains zero. Once the critical concentration is
surpassed, the diffusion coefficient increases
linearly towards the value of the hydroxide ion
diffusion coefficient. The critical concentration is
assumed to be Soy- crit = 0.5Bp on-, Where the bulk
hydroxide ion concentration is B, oy- = 0.01 kg/

m3. The initial soil height was A" = 1 mm, and it
was assumed that the soil has the same density as
water, i.e, pf = pq = 1000 kg/m3. The initial and
maximum water concentration were 8, = 200 kg/
m3 and Bpa.x = 800 kg/m3, respectively. The
thermal properties of the soil and wall were the same
as in the validation case for the thermal model. The
wall thickness was 8, = 3 mm. The common initial
temperature of soil and wall was 9, = 20 °C, and the
bulk flow temperatures (9}, 1, 9,2) = (60,70) °C.
To model the cohesive strength, an ansatz
Tcoh(ﬁs' ﬁOH_' Bf) = a(ﬁs) eXp(b(ﬁOH_)ﬁf) is used.
The coefficients depend on temperature and
hydroxide ion concentration, respectively. The
temperature dependent coefficient a was modelled
using another exponential ansatz, a(¥) =
a, exp(—a,9¥), motivated by the well-known
Arrhenius dependency. The two constants were
calculated as follows. First the special case of
Bou- = Bou-crit Was considered, where the soil just
becomes swellable. In this case, the soil should just
be able to be removed, hence 7.y, (195 =9, Bou- =

Bow-crit Bt = Pmax ) = Thya-  Furthermore, the
effect of increasing the temperature was directly
modelled using Teon(Js = 90, Bou-» Br) =
CoTeon(Us = 94, Bou-, Br)- The coefficient b was
modelled using a linear relationship b(Boy-) =
—b,Boy-, Where b; was determined from
Teoh (U, Bou~- = .BOH_,crib Be) =

COH_Tcoh(ﬁs'.BOH_ = .Bb,OH_'.Bf)- The way the
cohesive strength is modelled introduces two
parameters, Cy and Coy-, which directly regulate the
sensitivity of the cohesive strength to a change of
temperature or hydroxide ion concentration,
respectively. To keep the number of parameters
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manageable, T,q = T.on Was assumed. The soil
rheology was characterized using

. {0' Bon- < Bon-crit (25)
B Thyd/ns(ﬁs) BOH' 2 BOH',crit-

Below the critical hydroxide ion concentration
Bon-crit it Was assumed that the soil is not able to
flow. Above the critical concentration the dynamic
viscosity decreases exponentially with the
temperature, described by ns(9s) = ngexp (—c 9s),
where n, = 1Pa, and the parameter ¢ is, again,
determined by n5(9,) = C;ns(9;). The present
study was performed using 7,4 = 10Pa, Cy =
1.44, Cou- =15, and C, = 2.0. The soil was
discretized using Nsg = 5 segments and N,,; = 10
cells per segment.

Results

By analyzing the suggested cleaning procedure,
a minimum and a maximum switch time can be
found. The time necessary for the soil-substrate
interface to barely reach the critical hydroxide ion
concentration Soy- crit 1S the minimum switch time
tswmin N€cessary so that complete cleaning can
occur. On the other hand, the maximum reasonable
switch time tg,, max COrresponds to the time the soil
layer needs to be entirely swollen and heated up
during stage 1. In that case the soil-substrate
interface reaches the maximum water concentration
Bmax and the bulk fluid temperature 9,
respectively. Remaining longer than t, max in Stage
1 would not change the outcome of the simulation.
In case of 9, = 60°C and 70 °C, the minimum
necessary switch times were found to be 6150 s and
2250 s, respectively, and the maximum reasonable
switch times 7200s and 3500s, respectively,
varying the switch time in steps of 50 s. For 9, =
60 °C, the optimal switch time to minimize the
cleaning time was found to be 7100 s, resulting in
temin = 7112's. For 9,, = 70°C, on the other
hand, the minimal cleaning time of ¢ ,;, = 3155 s
was found with tg, = 2600 s. In all simulations,
cohesive separation was the dominant cleaning
mechanism. To compare both temperature levels,
the switch time is non-dimensionalized using t3,, =
(tsw — tsw,min)/(tsw,max - tsw,min)' The results are
shown in Fig. 13. For both temperature levels, the
ratio t./temin rapidly decreases for 0 < tg,, < 0.25.
After reaching the individual minima, the cleaning
time increases again with increasing switch time.
For cases where the soil is entirely swollen, the
hydrodynamic load removes the soil as soon as it is
applied. In these cases, the least amount of water is
used, so the optimum in terms of water consumption
can be found at tg, = 1. For 9,, =70°C , in
contrast, the optimum in terms of cleaning time lies
at t3,, = 0.28 which demonstrates that even in this

very small fictitious study, the optima for different
questions can diverge.

2.0
-—= Oy, =60°C
18 T || —— 191)72 = 70 OC
".
g 1.6 A \
L \
~ 1
< 1.4 41
1.2 1
1.0

t*

SW

Fig. 13. Result of the cleaning optimization study in
terms of cleaning time over dimensionless switch
time, defined as t;w = (tsw - tsw,min)/(tsw,max -

tsw,min)'

CONCLUSIONS

In the present paper, a combined cleaning
model was proposed accounting for three different
cleaning mechanisms at once: cohesive separation,
adhesive detachment, and viscous shifting. The
model contains sub-models for the transport of heat
and hydroxide ions into the soil layer and its
interaction with the binding forces of the soil. The
transition between the cleaning mechanisms is not
modeled directly. In fact, the apparent cleaning
mechanism is a result of the simulation. Thorough
validation of the new model with reference data was
performed for all cleaning mechanisms covered.
Furthermore, it was demonstrated that the new
model is able to represent the three cleaning
mechanisms covered simultaneously. Finally, a
fictional case study of cleaning a typical soil
forming in a HEX was devised, in which several
cleaning mechanisms are involved. A simplified CIP
procedure consisting of a prewetting stage, and a
rinsing stage was simulated using the present model.
Although soil parameters were fictional, the study
indicates resource-saving potential by using
prewetting and demonstrates the potential of the
present model to perform realistic optimization
studies.

At this point, the model does not include the
cleaning mechanism characterized by diffusive
dissolution, so that the removal of such soils cannot
be described, which mainly applies to mineral soils.
However, a reasonable estimate can be made by
applying the sub-model for cohesive separation with
very small particles.
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While the model was formulated here using a
transport equation for hydroxide ions, this could also
be done for hydronium ions to account for acidic
cleaning, which is required to remove mineral soils.
Hence, a reasonable next step would be to extend the
model to also involve transport equations for other
chemicals. However, this also requires to describe
the soil properties as a function of the concentration
of these chemicals.

In the present study, a combined cleaning model
was developed and implemented. A validation with
real experimental data of a complex case could not
be presented. This is very difficult because such a
validation requires a comprehensive
characterization of the soil, i.e., describing the
cohesion, the adhesion, and the soil rheology
depending on the water and hydroxide ion
concentration as well as the temperature. Such a
characterization is cumbersome and left for future
work.

Currently very few methods are available that
can be used to determine the parameters required by
the model for realistic soils, such as soils forming in
heat exchangers. A promising approach would be to
apply iterative reverse engineering to estimate
model parameters. Due to the very short calculation
times, a larger number of parameter combinations
can be tested in reasonable time.

This would also pave the way towards even
more realistic and more complex cleaning
optimization studies.
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NOMENCLATURE

Latin symbols

A Area, m?

a Constant, —

b Constant, —

C Constant, —

c Constant, —

Cp Heat capacity, J/(kg K)
D Diffusivity, m? /s

D, Diffusion model parameter, —
H Enthalpy, ]

Height, m
Flux, —
Flux vector, —

Heat convection coefficient, W/(m? K)
Length, m

Mass, kg

Mass coverage, kg/m?
Mass flow, kg/s

Number of, —

Normal vector, —

Radius, m

Time, s

Flow velocity, m/s
Velocity vector, m/s
Volume, m3

Width, m

Spatial coordinate, m

Wall normal coordinate, m

<

gsﬁwl\\}

SR E<IER T =S

Greek symbols

Diffusion model parameter, —
Mass concentration, kg/m?3
Shear rate, 1/s

Time step, s

Depth, m

Dynamic viscosity, Pa s
Conservative quantity, —
Density of @, —

Heat conduction coefficient, W/(m K)
Density, kg/m?3

Standard deviation, —
Dimensionless temperature, —
Temperature, °C

Shear stress, Pa

Adbhesive strength, Pa
Cohesive strength, Pa
Hydraulic load, Pa

Shear stress tensor, Pa

Mass fraction, kg/kg

=<K

~

N LEAT A LSO

S
)
Q.

e 1= ;gﬂ
P

Sub- and superscripts
ad Adhesion

b Bulk

chr Characteristic
coh Cohesion
conv  Convective

d Dry

diff Diffusive

end End

f Fluid, water

i Index for spatial discretization
in In

int Interface

j Index for spatial discretization

max Maximum

min Minimum

n Index for temporal discretization
OH~  Hydroxide
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out Out

pen Penetration

S Soil

seg Segments

st Start

swW Switch

w Wall

0 Initial value

* Dimensionless

Abbreviations

BCCM Boundary condition cleaning model
CFD  Computational fluid dynamics

CIP Cleaning-in-place

HEX  Heat exchanger

pH Potential of hydrogen

WPC  Whey protein concentrate

WPl Whey protein isolate
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