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ABSTRACT

The objective of this study is to propose the experimental setup for investigating
of cleaning behavior of food deposited on stainless steel surface by falling liquid film.
The Shear Stress Transport k-@ (SST k-w) with the Volume of Fluid (VOF) model of
computational fluid dynamics is used to simulate the mechanical force or wall shear
stress on the surface. Testing plates coated with cooked tapioca starch paste and
cooked sweet condensed milk were installed and cleaned on the proposed
experimental unit to investigate their cleaning behaviors and to analyze the main
factors affecting to the cleaning process using the correlation analysis. From the
experiments, it was found that the cleaning behavior of tapioca starch paste can be
divided into 3 stages; swelling, rapid and gradual stages. In swelling stage, soil needed
the cleaning time for swelling; therefore, there was no specific factor requested in this
period. While the maximum flow velocity was recommended in the rapid stage. For
the last stage, the high wall shear stress created from the high flow velocity of cleaning
fluid was requested to destroy the adhesive strength between soil and surface. In case
of cleaning of sweet condensed milk, high temperature and concentration of cleaning

fluid were recommended to enhance the solubility during the cleaning process.
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,/
TYPE OF CLEANING FLUID // )
- Type 3:
Hot chemical 3
4 Cohesive solids
i removed with chemigal
Personal product and
phamaceutical creams
g Type 2:
Non-viscous Viscous Cohesive
fluids fluids Solids
Rinsingto remove / Type 1: ka"oaller SOIL COMPLEXITY
taints in packaging. etc.. /| Viscous liquids

/ removed with
[ hot water

! - Soils that dissolve
— in water: sugars
Product recovery: Product

!Z)airyfbrcwmg changeover:
industry Viscous fluids

Water at ambient
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FUVDUA LA LIAWINAAS
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2.3.3 LUUINADIVaganIue
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Khalid et al. [4] Anwaaumansnisnidansiutd$adudu (Pink suava puree) Uy
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Xcrp ~ Xt

% error = x100 (3.1)

Xt

108 % error Ao SoravAumAaIALAGOL
Xerp An AUALLREUINATINABY (UNdmna)
X, Ao ANULALREUD1IDY (U1dana)
3.1.1.1 shassnslnavasilduii
$rassnsluavesiidutilusuuuvandfdelusunsy Ansys Fluent 16.0 Tngld
wuudrassmnudutau SST ko daunuusiansi Ansys wuzilildsunisivaiisiniig
Fudouliun waglmnuwiudrnniigadeFeuisuiuuuuiiassnnuiutuuy 2 i
wUsTndu Lun STD ke, RNG kg, Realizable ke waz STD k-o (nan1531a03wansly
AANUIN N)

YanaINRIUNII1ae9deldhuUIIaevatsan ULl VOF S2uiulLuudnaad

1
=

anuiuliy SST ko wagldlassadisnanensmnmany (Hexagonal Mesh) (§Ui 3.3) @
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o ‘ﬂl o L2 dl = a o L2 ‘;’ U Y ! v
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(Incompressible Fluid) A1uniinvesvesluainined (Constant Viscosity) aaut3al
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Parameters Detail
Mesh Defaults

Physics Preference CFD

Solver Preference Fluent

Relevance 100

Sizing

Use Advance Size Function On : Proximity and

Curvature

Relevance Center Fine

Initial Size Seed Active Assembly

Smoothing High

Transition Slow

Span Angle Center Fine

Inflation

Use Automatic Inflation None

Inflation Option Smooth Transition
Method Method Multizone

Mapped Mesh Type Hexa
Sizing Type Number of Divisions

Bias Type
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Parameters Detail
Operating Conditions Gravity (m/s?) 9.81
Pressure (kPa) 101.325
Surface Tension (N/m) 0.072
Model Viscous Model SST k-©
Multiphase Model VOF
Phase Primary Phase Air (25°C)
- Density (kg/m>) 1.184"
- Viscosity (kg/m-s) 1.849x10™"
Secondary Phase Water (25°C)
- Density (kg/m?) 997"
- Viscosity (ke/m:-s) 0.000891"
Boundary Conditions Inlet water velocity (m/s) 0.63, 1.00 and 1.30
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Wall Shear Wall Shear
Shear Shear

4.878e+000 4.878e+000
4.607e+000 4.607e+000
4.336e+000 4.336e+000
4 065e+000 4.065e+000
3.794e+000 3.794e+000
3.523e+000 3.523e+000
3.252e+000 3.252e+000
2.981e+000 2.981e+000
2.710e+000 2.710e+000
2.439e+000 2.439e+000
2.168e+000 2.168e+000
1.897e+000 1.897e+000
1.626e+000 1.626e+000
1.355e+000 1.355e+000
1.084e+000 1.084e+000
8.130e-001 8.130e-001

5.420e-001 5.420e-001

2.710e-001 2.710e-001

1.851e-005 1.951e-005
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1.15 Adn Materials >>> Fluid >>> Create/Edit... >>> water-Liquid AaA1auguam

File Mesh Define Solve Adapt Surface Display Report Parallel View Help
O E-d @0 SeaAR A QAME-O-sp-WM-o-|W2ATN
@ Setup N 1: Mesh

E General
B Models Materials

= N

£ Cell Zane Conditions o
i« Boundary Conditions solid
B Dynamic Mesh aluminum
& Reference Values Name:

Order Materials b
: Material T
) Solution water-iqud [fud == 7] @ Name
@ Solution Methods O Chemical Formula
#° Solution Controls Chemical Formula

Fluent Fhid Materials

Monitors haod> o=
Solution Initialization | water-iquid (h20<1>) v Fluent Database

{5l Calculation Activities Hicture User-Defined Database

Run Calculation

[l Create/Edit Materials

nane ~
esults K
) Graphics propertes N ZJL.X
IT] Animations Density (kg/m3) | constant || Edit..
& piots
& Reports ”997 ‘ May 28, 2019
@ Parameters & Customization sthow, transient)
Viscosity (49/m5) | congtant | et
” 0.000881 ‘ )
eere
Help
, \dpBVFLU-
[change/create| | _pelete | [ cise | [ hep |
s v
KITIFF L & b Y >

sUT 13 mslélusunsu Ansys Fluent 16.0 (13)
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1.17 a@n Define >>> Phases >>> Primary Phase >>> Edit... >>> fispnaagunn
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Done.

Preparing mesh for display...
Done.

Setting Post Processing and Surfaces information ... Done.
Reading "\"| gunzip -t \"C:\Users\ASUS\Desktop\P'TONThesis\CFD\Wall shear stress_file
Parallel variables...

Done.
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Done.

Preparing mesh for display...
Done.

setting Post Processing and Surfaces information ... Done.
Reading "\"| gunzip -c \"E:\Users\ASUS\Desktop\P'TO\Thesis\CFDANall shear stress_file
Parallel variables...

Done.
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Parallel variables...
Done .

Setting Post Processing and Surfaces information ... .
Reading "\"| gunzip -c \"C:\Users\ASUS\Desktop\P'T0\Thesis\EFD\Wall shear stress_file
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Reading %[ gunzip -€ 1 C:\OGers\ASUS Desktop\P'TO\Thesis\CFD\Wall shear stres:s
Parallel variables...
Done.
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1.21 @@n Boundary Condition >>> inlet >>> phase >>> water >>> volume Fraction = 1
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Parallel variables.

Done ..
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Parallel variables.

Done.
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Parallel variables...
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Done.

Preparing mesh for display...
Done.

Setting Post Processing and Surfaces information ... Done.

Reading "\"| gunzip -c \"C:\Users\AsSUS\Desktop\P'TO\Thesis\CFD\Wall shear stress file
Parallel variables...

Done.

< >

sUfl 24 nsT4TUsunsY Ansys Fluent 16.0 (24)




1.27 Aan Run Calculation >>> ﬁ\iﬂ"]ﬁﬂgﬂmw

File Mesh Define Solve Adapt Surface Display Report Parallel View Help

64

B s-d-meSrad s /armE-O-m-E-o-[HATH
1: Mesh

ﬂ Setup Run C
E General

il

Check Case... | [ Preview Mesh Motion.... |

Time Stepping Method Time Step Size )

£ soundary Conaions |
B Dynamic Mesh Settings... Number of Time Steps

.4 Reference Values _mn =

3 Solution ’7 =

?> Solution Methods Options
+4" Solution Controls
Monitors [ extrapolate Variables
[ pata sampling for Time Statistics
Sampling Intervl

]
' £ st oo |
Time Sampled (<) ’07

Max Iterations/Time Si ting Interval
1 % Mesh (Time=0.0000e+00)

9, Solution Initialization
It

ANSVS Fluent Release 16.0 (34, dp, phing, vo, ssti, transient)

M

May 28, 2019

EIE EB

Pmﬁ\e Ui date Interval

wall-fluid
amb
DatzHethbes Acoustic Sig — fluid
parallel,
e
Preparing mesh for display...
Done .

Parallel variables...
Done.
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RNG k-g 5.441 7.062
Realizable k-¢ 5.420 6.649
STD k-o 5.222 2.759

SST k-0 5.061 0.407
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Linel >> clc

Line2 >> clear all

Line3 >> close all

Lined >> im = imread(‘%@lﬂ/\légﬂmw');
Line5 >> imgr = im(;,;,1);

Line6 >> imdb = double(imgr);

Line7 >> [M,N] = size(imdb);

Line8 >> imdbh = zeros (M,N);

Line9 >> for i=1:M

Linel0 >>  for j=1:N

Linell >> imdbh(i,j) = (0.00005*((imdb(i,))"2))+(0.0206*(imdb(i,j))-0.0462; @
Linel2 >> end

Linel3 >> end
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100 200 300 100 200 300 100 200 300
0-5 1.807 2.048 2250 2547 2862 3068 3.125 3416 3.649
5- 10 2.649 3040 3226 3911 4634 4882 4410 5285 5625
10 - 15 2.618 3470 3737 3801 4882 5234 4104 5347 5.740
15-20 2.624 3476 3.820 3804 5071 5791 4.103 5502 6.225
20 - 25 2.616 3420 3910 3798 5117 5774 4102 5524 6.377
25 - 30 2.623 3429 3982 3802 5134 5836 4.104 5527 6.424
30 - 35 2.622 3434 4014 3801 5129 5863 4.104 5529 6.444
35-40 2.623 3437 4023 3800 5127 5825 4107 5528 6.457
40 - 45 2624 3499 4024 3800 5129 5868 4108 5527 6.455
45 - 50 2.630 3443 4028 3806 5128 5866 4109 5532 6.455
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100 200 300 100 200 300 100 200 300
0-5 0566 0.735 0.774 0471 0607 0.681 0.457 0.563 0.645
5- 10 0.556 0.784 0.782 0.457 0.603 0.659 0.425 0.562 0.641
10 - 15 0.539 0.754 0.842 0.486 0.606 0.673 0.434 0.574 0.663
15 - 20 0.552 0.707 0.797 0.459 0613 0.691 0.443 0562 0.647
20 - 25 0.562 0.741 0.789 0446 0.606 0.681 0.447 0.570 0.635
25 -130 0542 0.702 0776 0447 0613 0.681 0436 0.584 0.659
30 - 35 0.531 0681 0.783 0.447 0610 0.705 0.430 0566 0.663
35-40 0.527 0689 0.871 0444 0606 0.714 0438 0594 0.647
40 - 45 0.566 0.652 0850 0.465 0610 0.700 0.432 0590 0.657
45 - 50 0564 0667 0.883 0461 0618 0.710 0.443 0.595 0.657




a YA a6 o av v
M1919N A.2 m’mLﬂULaaumaﬁWammVﬂmmﬂsqm/lmaaﬂ

72

AURULREY (Undana)

NG )]
STy
)} 30 60 90
(LuRLUng) ~ s
AN e (Bnsragalug)

100 200 300 100 200 300 100 200 300
0-5 2770 3594 3785 3989 5139 5768 4470 5506 6.308
5- 10 2721 3834 3824 3871 5107 5582 4.157 5497 6.269
10 - 15 2.637 3687 4118 4.116 5133 5700 4245 5614 6.485
15 - 20 2.699 3457 3898 3888 5192 5853 4333 5497 6.328
20 - 25 2750 32624 3858 3778 5133 5768 4372 5575 6.211
25 -130 2.649 3433 3795 3786 5192 5768 4264 5712 6.445
30 - 35 2595 3330 3829 3786 5166 5971 4206 5536 6.485
35-40 2577 3369 4259 3761 5133 6.048 4277 5810 6.328
40 - 45 2768 3188 4157 3939 5167 5929 4225 5771 6.426
a5 - 50 2760 3262 4318 3905 5234 6014 4333 5819 6.426
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A CFD study on wall shear stress of falling water film on food

contact surface

Nawaporn Suthanarak', and Navaphattra Nunak'"*

'Food Engineering Department, Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand

Abstract. This paper proposes a CFD model to simulate the wall shear stress of the falling water film on
the hydrophilic surface (aluminum) of the inclined flat plate in the range of 30°, 60° and 90° at a flow rate
of 100, 200 and 300 L/h. Wall shear stress simulated from the CFD using SST k-® with the VOF model
was compared with the real data obtained from the experiment. It was found that both inclined angle and
water flow rate had an effect to the wall shear stress and the CFD with the proposed model had the
potential to predict it with the maximum averaged error of 2.9%.

1 Introduction

In food industry, the removal of soil and microorganism
from food processing equipment and machines in wet-
cleaning with water is the most important process
indicating the level of food safety. If inadequate or
improper cleaning occurs, soil residues may remain on
the equipment surface causing to product contamination
and deterioration and foodborne disease in the
consumers.

Generally, cleaning of a large tank with the principle
of falling film using a spray ball is preferable. A series of
jets of water spraying injected through spray balls spread
out on the interior surface of a tank and flowed down by
gravity force creating the wall shear stress for removing
soil from the surface. From a theory of fluid mechanics,
the wall shear stress is an important factor to indicate the
cleaning performance. It depends on many parameters
such as liquid properties, flow characteristics and
inclination of the surface [1-4]. Fuchs et al. [3] and Lerch
et al. [5] have studied the cleaning process with falling
water film and found that the turbulent flow of water can
enhance the cleaning performance. This finding also is in
the agreement with Tamime [2]. Therefore, an
understanding on flow characteristics of cleaning fluid
effecting to cleaning performance in term of wall shear
stress is importance.

To obtain the wall shear stress, it can be achieved by
directly calculating from the measured thickness of
liquid film. However, it spends a lot of time and costs a
lot. Therefore, Computational Fluid Dynamics (CFD) is
introduced to simulate the wall shear stress [6-9].
Moreover, it is also widely used to simulate the flow
velocity of fluid and other applications about a decade
[10-11]. In this study, the CFD model was proposed to
estimate the wall shear stress of falling water film
created on the inclined surface at various flow rates.

sk
Corresponding author: Navaphattra@gmail.com

2. Theory of falling liquid film

Falling liquid film is a film flow downward under
gravity, the characteristics of film flow can be indicated
by film Reynolds number (Rey) as illustrated in equation
(1) [3, 12]:

Res=T/q=Tylv="VI/Bo (1)

where ["is the mass flow rate per wetted width (kg/h-m),
n is the dynamic viscosity of the liquid (kg/ms), Iy is
the volumetric wetting rate (m3/h-m), v is the kinematic
viscosity of the liquid (m?s), V is the volume flow rate
(m’/h) and B is the wetted width (m).

According to equation (1), the film flow
characteristic can be classified into three types as follow:
Rer< 4 is laminar flow or smooth laminar film, 4 < Rer <
400 is transient flow which is a laminar film with a small
wave on the interface and Rer > 400 is a turbulent flow
or wavy film having a large wave on the interface (fig. 1)
[12].

W Inlet
[

Smooth laminar film

Laminar-wavy film

§ Wavy film

Fig. 1. Falling film characteristic [12]

The thickness of liquid film can be evaluated from
the theory of Nusselt film which assumes that the film
flow characteristic is laminar under the action of gravity,

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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the shear stress at interface is neglected, and fluid
properties are constant [3, 4, 13]. The film thickness (J)
can be calculated by equation (2)

= (30°Redgsind) @)

where g is the gravitational acceleration (m/s?) and € is
the angle of inclination of the surface with respect to a
horizontal.

During the film flows down, there is a force acting
upwards created between the surface and the liquid film
that is called the wall shear stress, influenced by the
liquid film thickness. It is an important parameter
indicating the performance of soil removal from the
surface. It can be calculated by equation (3) with the
several assumptions, i.e. the fluid flow is uniform and
incompressible, the net pressure force is zero, and the
momentum flux through the control volume is zero [14].

Tw = pgosing 3)

where Tw is the wall shear stress (Pa), p is density
(kg/m?).

3 Materials and methods

3.1 The experimental setup

The experimental unit (see fig. 2) consisted of a
centrifugal pump, a tube, a ball valve, a water container,
and a testing surface. For the testing surface, an 10x50
cm aluminum plate used as representative of food
contact surface, can be adjusted for any angle. Water
was circulated by the centrifugal pump (Sonic AP1600
20-23 watt), installed in a water container with a tube
and a ball valve connecting, from a water container to
overflow on a testing surface.

Ball Valve

Micrometer

Testing
Surface

9\,
A
.
.
7
.

Water Container,
(Pum§

Fig. 2. Experimental Unit

Tube

3.2 Experimental method

The experiments were carried out under gravity driven
falling water film on a vertical and inclined testing

surface at various angles (30°, 60° and 90°). Water was
circulated at least 5 minutes before the data were
recorded. The flow rate of water was measured using
weighing method (SF-400A resolution 0.1g) and the
temperature of water was measured by thermocouple
type K (Fluke 54I1IB Thermometer S2). Experiments
were performed at the flow rate of 100, 200 and 300 L/h
with Reynolds number of 311, 622 and 932,
respectively. The micrometer with resolution of 0.01 mm
was installed on the tripod to measure the thickness of
water film at every 5 cm long from the origin point (0
cm) (fig. 3), then compared with the theoretical results
calculated from the equation (2) to consider the real data
of water film thickness for calculating wall shear stress
created on the surface by equation (3) [3, 4, 13]. They
were referred as the real data for validating the results
simulated from CFD.

x=0cm

li 50em ——p

em | OO |O|o|o|o|o|lo|o|o

[«

5 cm

© Measuring area

Fig. 3. Film thickness measuring position

3.3 CFD Modeling

In this study, the falling film flow was investigated by
the three-dimensional CFD simulation (ANSYS
FLUENT 16.0) with Navier-Stokes equation, which
assumes that fluid is incompressible flow and constant
viscosity. The shear stress transport k-0 (SST k-w), a
turbulent model, was used to simulate film flow with the
sensitivity inside and outside shear layer [15]. From the
preliminary experiments, it was found that the SST k-
model gave the minimum error comparing with the wall
shear stress simulated from other turbulent models, i.e.
STD k-¢, RNG k-¢ and Realizable k-¢ models (results
not shown).

In addition, the multiphase model, Volume of Fluid
(VOF) was also applied with SST k-o model and
hexagonal mesh for capturing the interface between two
phases since the film flow in this study was two-phase
flow (gas and liquid) [8, 15].

The wall shear stress of falling water film was
simulated with the CFD model by separating the water
film into many small elements, then it was considered
under the conditions as shown in Table 1.

To validate the CFD model, the simulated wall shear
stress was compared with the real data or theoretical data
obtained from section 3.2 in term of a relative error as
presented in equation (4)

%error = | (Xsim - Xt) / x¢ | x100 4)

where %error is a relative error, Xsim is a simulation data
and x; is a real data.
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Table 1. Simulation conditions fixed in the CFD

Parameter | Detail

Operating Conditions
Gravity (m/s?) 9.81
Pressure (kPa) 101.325
Surface Tension (N/m) 0.072
Model
Viscous Model SST k-o
Multiphase Model VOF
Phase
Primary Phase Air (25°C)

- Density (kg/m®) 1.184°

- Viscosity (kg/m-s) 1.849x1072
Secondary Phase Water (25°C)

- Density (kg/m®) 997°

- Viscosity (kg/m-s) 0.000891°
Boundary Conditions
Inlet water flow rate (L/h) | 100, 200 and 300

2 Physical properties of air [16]
b Physical properties of water [16]

4 Results and discussion

4.1 Wall shear stress validation

Fig. 4 shows the thickness of water film calculated
from the Nusselt’s film theory and measured by a
micrometer. The thickness measured from the
experimental unit are in a good agreement with the
findings of Fuchs et al. [3]. The thickness values
obtained from both methods were very close for flow
characteristic in the laminar or transient (100 L/h),
whereas the values obtained from the measurement were
higher than that from the theory at higher flow rate (200
and 300 L/h) or in the turbulent flow. Since the Nusselt’s
film theory is scoped only for the laminar film flow, the
calculated results are lower than the actual film
thickness. Besides, cleaning the internal surface of a
large tank should be processed with the turbulent falling
film flow. Therefore, in this study, the wall shear stress
considered to be the real data was calculated from the
measured film thickness and used to validate the CFD
model.

fg O Micrometer
E0.8 | mNusselt's film theory

100 300

200
Flow rate (L/h)

Fig. 4. Water film thickness on the inclined surface at 30°
calculated from Nusselt’s film theory and measured by
micrometer

Fig. 5 shows an example of comparing the wall shear
stress obtained from the CFD simulation and the
experiment at every 5 cm long from the origin point
(0 cm). It was found that the CFD simulation had much
relative error at the first one fifth of the whole distance
due to the influence of the water inlet of the
experimental unit. For this reason, the proposed CFD
model could be used to simulate the film flow at the
distance of 10-50 cm from the origin point. The contour
of wall shear stress created on the inclined surface as shown in
fig. 6. Therefore, the wall shear stress hereafter was the
CFD averaged from the distance of 10 to 50 cm as
presented in Table 2.

8.0

a

607 » . & 0 & & & 44
240

£

22.0 ®CFD

[s]

= Real Data
0.0

0 5 10 15 20 25 30 35 40 45 50
Distance (cm)

Fig. 5. Wall shear stress simulated from CFD and the real data
obtained from the experiment on the inclined surface at 60°
with a flow rate of 300 L/h

Wall Shear
Shear

6.462e+000
6.103e+000
5.744e+000
5.385e+000
5.026e+000
4 667e+000
4.308e+000
3.84%9e+000
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3.231e+000
2.872e+000
2.513e+000
2.154e+000
1.795e+000
1.436e+000
1.077e+000
7.180e-001

3.590e-001

2 689e-005
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Fig. 6. Wall shear stress contour of water film flow on the
inclined surface at 90° with a flow rate of 200 L/h

Considering Table 2, It was found that the thickness
of water film simulated from CFD had a good agreement
with Fuchs et al. [3] and represented the low relative
error. The maximum relative error under all
experimental conditions was less than 3%. This probably
due to different assumptions of the CFD model and the
equation (3). Since aluminum plate is a hydrophilic
surface having the surface tension close to other types of
food contact materials such as stainless steel, this model
could also be applied to simulate the wall shear stress
created on the food contact surface. The higher surface
tension is, the higher wall shear stress is [6]. However,
for more accuracy the further work on the correction
factor for any types of materials would be needed.
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Table 2. Comparison of experimental calculation and CFD simulation with relative error
Flow Wall shear stress (Pa) with different inclined angles and relative error (%)
rate 30° 60° 90°
(L/h) | Experiment CFD Error | Experiment CFD Error | Experiment CFD Error
100 2.689 2.624 2.437 3.879 3.767 2.895 4.323 4.198 2.900
200 3.472 3.464 0.247 5.082 5.061 0.407 5.634 5.592 0.747
300 3.986 3.941 1.112 5.844 5.761 1.432 6.367 6.385 0.283
film for different tilt angles,” Food Bioprod.
. Process., 93, 318-326, (2014)
4.2 Effect of inclined angle and flow rate 4 A To. S. R Annapragada, “Experimental
From Table 2, wall shear stress of water film on the parameters for small-scale cleaning
surface increased with the increasing of surface characterization. Part II: effect of fluid velocity on
inclination and water flow rate as water film was the kinetics of cleaning, Insitute of validation
influenced by gravity at a more inclined angle. When technology, (2015)
considering the water flow rate, the wall shear stress 5. K. Lerch, J. Hinrichs, P. Dittmer, J. Rauschnabel,
occurred form water film flow at 100 liters per hour, “Cleanability ~ of  surfaces  from  active
non-turbulent flow, was lower than that of at 200 and pharmaceutical ingredient surrogate riboflavin by
300 liters per hour, turbulent flow. The higher water falling film,” Chemie Ingenieur Technik, 85, 323-
flow rate caused the film flow more turbulent, and more 332, (2013)
wall shear stress. However, the film wall shear stress is 6. H. Lan, J. L. Wegener, B. F. Armaly, J. A.
influenced by the water flow rate more than an inclined Drallmeier, “Developing laminar gravity-driven
angle. thin liquid film flow down an inclined plane,” J.
Fluids Eng., 132, (2010)
i 7. B. B. B. Jensen, A. Friis, Th. Benezech, P.
5 Conclusions Legentilhomme, C. Lelievre, “Local wall shear
) ) ! stress variations predicted by computational fluid
Wa'll shjcar’stress 1S an 1mp0rtant factor for cleaning by dynamics for hygienic design,” Food Bioprod.
falhn'g l1'qu1d film. It was mﬂuepced by' wgter 'ﬂow rate Process., 83(C1), 53-60, (2005)
and inclined angle. The increasing of inclination angle 8. Y. Xu, J. Yuan, J. U. Repke, G. Wozny, “CFD
and water ﬂovx'/ rate caused the greater' wall shear stress. study on liquid flow behavior on inclined flat
When comparing wall' shear stress 51mulated'from the plate focusing on effect of flow rate,” Eng. Appl.
CFD using SST k-@ with VOF model and obtained from Comp. Fluid, 6, 186-194, (2012)
the egperlments, it was found that the CFD was a 9. Y. Yu, “A computational fluid study of falling
poteq‘qal tool to predict the ngl shear stress at different film behavior on flat plate,” FEDSM2014, (2014)
conditions with the maximum error of : 2.9%. 10. T. Norton, D.-W. Sun, “Computational fluid
Neverthe}ess, further r.esearch Wf)uld be peeded in case dynamics (CFD) — an effective and efficient
of changing the ma.terlal. type. Finally, this st}ldy would design and analysis tool for the food industry: A
be more benefits if this concept was applied to_ the review,” Trends Food Sci. Technol., 17, 600-620,
cleaning behavior of any types of soils using falling (2006)
water film in the future work. 11. S. Salo, A. Friis, G. Wirtanen, “Cleaning
validation of fermentation tanks,” Food Bioprod.
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