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ABSTRACT
The cleaning of machinery and facilities is a key
process to meet the safety needs in food and pharmaceutical
production. The high significance of cleaning is a reaction
to the rising importance of environmental protection. Due
to the mostly unknown interaction between process
parameters and cleaning behaviour of deposits, too many
resources are used in industrial cleaning steps. This results
in growing costs for the cleaning processes.
This publication presents results of laboratory scale
cleaning investigations of falling films with respect to the
influence of the film thickness and hence predictable
parameters. A fluorescence method was applied for
determination of film thickness on stainless steel samples.
With this publication it can be shown that a connection
exists between the falling film cleaning behaviour and the
wall shear stress or the mean velocity. Additionally it is
shown that a low wetting rate is the most effective setup for
saving cleaning fluid.
INTRODUCTION
Contamination free and safe consumer products are
given highest priority in the food and pharmaceutical
industry. Therefore meeting the requirement of consistently
high product quality cleaning is a key step. Validated and
mainly automatic cleaning-in-place (CIP) processes are
used, however currently resource efficiency is becoming
increasingly important, particularly targeting the reduction
of cleaning costs and down time including consideration of
environmental aspects. Environmental conservation is also
demanded by an EU directive 2008/1/EG. The
contradictory intensions of saving resources and producing
safe consumer products, necessitates the fulfilment of a
balancing act for the food and pharmaceutical industry. A
better understanding of influences on cleaning, especially
of the flow parameter, can provide a contribution to reach
resource-efficient processes.
For CIP-processes static or dynamic cleaning devices are

used. Using a spray ball or a rotating head, the main
mechanical cleaning effect is provided by the
gravity-driven falling film. Patel and Jordan (1970)
investigated cleaning for the first time under the application
of falling film. They used microorganisms to assess the
influence of tilt angle between 30 ° and 150 ° (relating to
the horizontal) on cleaning results. They identified that a
vertical substrate (90 °) leads to the best cleaning results.
Additionally, they determined a higher cleaning efficiency
with increasing flow rate, caused by intensified turbulence
and higher mechanical scrubbing. In addition, Patel and
Jordan (1970) supposed an intensified turbulence caused by
eddies and roll waves on the film surface, as an explanation
for better cleaning. Lerch et al. (2013) studied
washing-in-place processes (WIP) by falling film. In
cleaning studies they compared a particulate riboflavin test
soil in dry, pre-wetted and wet conditions. These
experiments concluded that a tilt angle of 67 ° leads to
faster cleaning than a vertical position describing it with a
constant diffusion coefficient. The coefficient is
independent of the tilt angle but, with diminishing
inclination of the plane, the film thickness and the
concentration gradient of the rinsing film increases. The
best cleaning results were obtained with a combination of
pre-wetting of dried soil, inclination of the sample and a
high flow rate. Finally, a general relationship for all WIP
processes could not be given, thus additional studies of flow
parameters influencing cleaning behaviour and cleanability
of material, as well as surface finishes, should be
conducted. In addition, the different experimental results of
Lerch et al. (2013) and Patel and Jordan (1970) indicate that
the acting cleaning mechanisms may also have an influence
on the design of components. Therefore it is necessary to do
further cleaning studies with different soils in order to
obtain general statements.
Wall shear stress is commonly used as a description of
cleaning (e.g. Detry et al. 2009), which can be calculated
through knowledge of film thickness (Brauer 1971).
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Resultantly, it is possible to quantify the influence of film
thickness and waviness of the film surface on cleaning.
Numerous methods were used to measure the local film
thickness. Optical systems allow a spatially and temporally
resolved measurement without influencing the falling film.
This method is based on fluorescence technique, first
introduced by Hewitt et al. (1964) and Hiby (1968). It was
used, for example, by Adomeit (1996) to investigate the
wave structure of Dimethylsulfoxid film flow on the inner
side of a transparent vertical pipe. In measuring the
intensity of the fluorescence of the film forming fluid it is
possible to calculate the 3-dimensional film thickness.
Al-Sibai (2004) used Cumarin 152a, mixed with silicone oil
and a laser light to excite fluorescence. Ausner (2006) also
used the light-induced-fluorescence (LIF) technique to
measure two fluids (water and Toluol) separately and in
parallel on smooth and structured stainless steel plates.
Whereas Hoffmann et al. (2005) used this experimental
data to validate his CFD (Computational Fluid Dynamics)
calculations. A fluorescence tracer Rhodamin B was used
for
the
water
phase
and
1-(4’-Nitrophenyl)-6-Phenyl-Hexa-1,3,5-triene for the
Toluol solution. In addition Vlachogiannis and
Bontozoglou (2001) used this technique to determine the
wave dynamics with the tracer Fluorescein. For film
thickness calibration different methods e.g. cuvettes,
contact needle and weighted Petri dishes were used.
This paper shows (a) the local film thickness and its
predictable flow parameters for different wetting rates in
comparison with cleaning results provided by falling film
on surfaces with only 30° inclination. The film thickness
was predicted by a modified LIF technique that uses a
non-toxic tracer with very high fluorescence intensity even
at low concentration. Several steps of correction are
minimising various errors and lead to high quality
measurement data. The paper comprises a droplet
calibration method, which allows the consideration of
different optical properties of the probes. Furthermore (b)
new results for cleaning a food based model soil by gravity
driven falling film are presented based on the discrete
cleaning rate. Finally this paper presents (c) a comparison
of film flow parameters and cleaning results.
EXPERIMENTAL TECHNIQUES
The test rig used for the cleaning experiments is shown in
Fig. 1. 200 litres of cleaning fluid (distilled water) are
stored in a tank and pumped into an intermediate container.
An overflow guarantees a constant fluid level. Hence as the
flow is not influenced by a pump, a constant pressure at the
outlet is ensured and so an undisturbed film formation can
be assumed. An electric heating element guarantees that all
experiments are done with a temperature of ~25 °C. The
flow meter is positioned between the tank and the outlet.
With an additional valve, it is possible to set a flow rate
between 22.8 l/h and 236 l/h.

Fig. 1 Cleaning and flow measurement test rig
In relation to the 100 mm wide stainless steel substrates
(EN 1.4435, AISI~316L), a volumetric wetting rate
Γ

(1)

from 0.23 m³/ h m to 2.36 m³/ h m is possible. To
assure a fully developed film flow, an inlet area with a
length of 500 mm is used. Takamasa and Hazuku (2000)
noted that for wave formation on a vertical surface the entry
length of L 333.5 mm is necessary for a completely
developed flow. An inlet area of ~500 mm used in the test
rig is sufficient to ensure a developed film flow; this has
been verified for each setting. Afterwards the measuring
area, with a length of 300 mm, was arranged. Optical
measurements are achieved by utilising a camera and an
illumination device above the measuring area.
METHODS
Soiling preparation
The model soil consists of distilled water merged with
0.8 % (w/v) Xanthan (CAS 11138-66-2) and 3 % (w/v)
zinc-sulfid crystals (Co. Honeywell® 50018 Lumilux®),
added as a tracer to increase the contrast between surface
and soil. The solution was mixed for 30 minutes with a
rotating speed of 700 r/min until all Xanthan was
dissolved.
Soiling process
A dip coating process was used for soiling, which
ensured a reproducible coating of the substrates. For this
probes with dimensions of 300 mm x 100 mm were dipped
in a container filled with the model soil. A constant dip
velocity of 5 mm/s and return stroke velocity of 2 mm/s
was applied. This slow dip velocity avoided the insertion of
air bubbles, whilst the slow return stroke velocity ensured
the draining of any excess amount of soil.
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puree water

oted that by using the baall cut appro
oach, the genneral
no
co
ontact angle range must bbe known. The
T equation for
caalculating the maximum heiight of a droplet with a conntact
an
ngle below 90° is:

Fig
g. 2 Shadow m
method to deteermine the dro
oplet height

δ

δ

,
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n Fig. 4 the reelationship bettween correctted and measuured
In
drroplet height with the connfidence ban
nd of 95% (ggrey
daashed line) is shown. To avvoid failure of weighting of,, for
ex
xample, Aescculin or chaanging opticaal properties of
su
urfaces, the au
uthors recomm
mend this calib
bration with evvery
seet up.

droplet height in mm

Fillm thickness
s
traceer for the fiilm
In order too choose a suitable
thicckness meaasurements, Riboflavin, Aesculin aand
Flu
uorescein werre compared. Aesculin dissolved in waater
witth a concentrration of 0.02
2 g/l (w/v) sh
howed the sam
me
fluorescence inteensity as Fluooresceine with
h a concentratiion
of 0.1 g/l and a much higgher intensity in contrast to
Rib
bolfavin (0.1 g/l). Aesculinn was chosen for its properrty
of high fluoreescence intennsity at low concentratioon.
Therefore the likelihood off the fluoresscent indicatoors
med
inffluencing the ffluid flow is loower. Thus it can be assum
thaat there is onlyy a small influuence of the trracer on relevaant
meedium propertties e.g. viscosity. The flu
uorescence w
was
exccited by 2 ulttraviolet lampps placed abo
ove, causing tthe
waater – Aesculinn solution to emit light. A band pass fillter
possitioned in froont of the cam
mera system av
voids disturbiing
ligh
ht. After that tthe camera takkes an image with
w an exposuure
tim
me of 1ms.
Using the shadoow measuremeent technique to examine tthe
oplet height, it was dem
monstrated thaat Aesculin, in
dro
com
mparison withh pure water, does
d
not chang
ge the properti
ties
at the solid – lliquid and liiquid - atmosp
phere interfacces
mpared with ppure water (F
Fig. 2). Hencee a similarity of
com
flow
w properties of pure waater and watter mixed w
with
Aeesculin can be assumed.
To calibrate the film thicknesss in dependen
nce of measurred
on process w
was
fluorescence inttensity a dropplet calibratio
useed, which wass tested in a similar manner to that usedd in
Sch
hulz and Schhmidt (2012). Attempts wiith a Petri diish
sho
owed that a hhigher thickneess is necessaary for compleete
weetting, thereforre it was not possible
p
to caalibrate low fiilm
thicckness. Additiionally, using drop calibratiion, it is possibble
to consider the cchange of opttical surface properties
p
of tthe
mples. The saame solution was used forr the calibratiion
sam
pro
ocess as well as film thicknness measurem
ment; serving to
elim
minate errorss by weightting, mixing and changiing
fluorescence inteensity throughh pH-Value. To
T determine tthe
oplet height tw
wo approachees were used to measure tthe
dro
maaximum thicknness in the midddle of a droplet. The dropleets
weere dosed withh a precise pipette and the mean
m
radius ̅ of
thee droplet was measured wiith a camera from above. T
To
callculate the drroplet height, the droplett shape can be
app
proximated byy a ball cut (Ausner 2006
6). It should be

/

Additionally,
A
th
he shadow m
method from beside
b
the drooplet
was
w used to vallidate the dropplet height (seee Fig. 2). A good
g
ag
greement betw
ween droplet ccalibration and
d shadow metthod
caan be shown. From a film
m thickness of
o approximaately
2 mm the drop
plet contour shhows an elliptical shape, whhich
n
gainn in Fig. 3. At higher film
f
leeads to the nonlinear
th
hicknesses thee droplet heiight was corrrected with the
fo
ollowing em
mpirical equuation, as determined by
measurements
m
with
w the shadoow method:

3.5
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2.5
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0.5
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drroplet height ccalculated by ball cut
co
orrected dropllet height

0.0
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1.0
1.5
2.0
2.5
3.0
0
droplet height measureed by shadow method in mm
m

hadow methodd
Fiig. 3 Comparison of droplett shape and sh
δds,corr, corrected droplet
height in mm

periments havve shown that soil with high
her viscosity aand
Exp
a slow
s
return stroke velociity result in a smooth aand
rep
producible soiil layer. Following the soiling process, tthe
sub
bstrates were dried for 24
2 hours in normal
n
climaatic
con
nditions (23 °°C, 50 % hum
midity). The test
t
samples ffor
callibration weree prepared with
w
different surface massses
witth the apparattus described in Mauermann et al. (20100a).
The applied sooil mass wass determined by differenttial
weeighting.

/
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b ball cut in
mm
Fiig. 4: Comparison betweeen calculated and correccted
drroplet height with
w 95 % connfidence band for the regresssion
off the droplet height
h
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1
2
3
thicckness in mm
Fig
g. 5 Calibratiion curve for film thickn
ness with 95 %
con
nfidence intervval
0

uation 2 andd 3 can be used
u
to determ
mine the actuual
Equ
maaximum droplet height as a function of droplet volum
me.
Consequently thhe parallel measurement
m
using shadoow
meethod can be omitted. Thhe relationship
p between fiilm
thicckness and greey values meaasured with thee camera systeem
is shown in Figg. 5; a weakeening of the intensity of tthe
pen
netrating fluidds can be obseerved, which occurs
o
as a ressult
of the Beer-Laambert law (B
Beer 1852, Lambert
L
176 0).
Through applicaation of a regreession, the following equatiion
(seee Adomeit 19996) can be deetermined
I δ

I

1

,

e

∙

(4))

here I ,
11550 and k 0.8002
2 ∙ 1⁄mm. Thhis
wh
equ
uation is onlyy valid up to a maximum fiilm thickness of
2.8
8 mm; above thhis level the grey
g
value doees not change. In
ord
der to eliminatte measuring errors,
e
such as distortion of tthe
cam
mera system, some calcuulation steps are done. T
The
pro
ocessing of thee data is descriibed in more detail
d
in Fuchss et
al. (2012). Durinng experimennts a maximum difference of
thee local illumiination intenssity of 20 % was observeed,
wh
hich would leaad to an error of the local film
f
thickness of
~40
0 %. This deeviation can be reduced significantly
s
by
meeasuring illum
mination distribbution; this iss not adequateely
con
nsidered in oother studies. For example by using tthe
following Look--up Table (LU
UT) (Dinstein et
e al. 1984)
I

I

,

//I

(5))

d subsequent ccorrection by matrix algebrra
and
I,

I, ∙I

.

(6))

b
a lineear
The application of the LUT is possible, because
pendency of tthe UV-intenssity with the extinction
e
exiists
dep
(seee Fig. 6).

R
R² = 0.9721

100
5
UV- inntensity in W//m²
Fiig. 6 Depend
dency of the measured emission and the
illlumination of a static film w
with 95 % con
nfidence band
0

300 m
mm
l2

l1
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flow direction
n
l1: 20 mm
l2: cleanin
ng 20 mm
film thickness 75 mm
m
Fiig. 7 Sample with
w area of annalysis
or the correctiion, the distribbution of the UV-intensity
U
w
was
Fo
measured
m
with a sensor in 500 mm steps (C
Co. Ahlborn, FLA
F
62
23-UVA). By
y using a reegression, a correction pllane
(R
R² 0.9946) can be determ
mined:
I x, y

5.799
9

∙ sin π

.
.

∙ sin π

.
.

(77)

herefore the illlumination is calculated an
nd the LUT cann be
Th
co
onsidered for every pixel.. The calculaation of the film
f
th
hickness was done by connversion of equation (4) for
in
ndividual pix
xels, which creates a time resollved
3--dimensional interface. Thhe considered area for film
f
th
hickness is sho
own in Fig. 7.
Fiilm thicknesss measuremennts are donee for volumeetric
wetting
w
rates between
b
0.46 m³/ h m and
a 2.36 m³// h
m . The temperrature of the ffluid was ~25 °C.
Cleaning
urement technniques for thee detection of soil
New measu
deeposits are deescribed in SSchöler et al. (2011) for pipe
p
clleaning and Mauermann
M
et al. (2010b) for
fo spray cleanning
in
n open systems. These ttechniques arre the basis for
in
ntensive investtigation of cleeaning processses. In enablinng a
sp
patially and temporally ressolved measu
urement, a clooser
lo
ook into cleaniing processes of falling film
m is possible. For
th
his purpose the phosphhorescence method prooved
paarticularly suittable. The moodel soil was excited
e
with LED
L
daay light for 6 s. After a shhort break off 0.5 s the im
mage
accquisition wass taken with a camera exp
posure time (Co.
(
Matrix
M
Vision, mvBlueCouggar-X125aG) of 2 s. The cyycle
off soil illumin
nation and im
mage acquisition was repeaated
ev
very 10 s. Sellection of the appropriate devices
d
(see also
a
Fiig. 8) and settiing is explaineed in Fuchs ett al. (2012).
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Detection: industrially
employed camera system
Excitation:
day light –
LEDs and
diffuser

side wall
Model soil:
Xanthan and
sample
tracer
Fig. 8 Experimental setup for cleaning tests

Through using a surface regression for the results shown in
Fig. 9, the following equation can be determined (R
0.9953):
I m, E

∙

maximum grey value
I = 36.8 µW/cm²
I = 76.5 µW/cm²
I = 114.8 µW/cm²
I = 153.2 µW/cm²
I = 161.8 µW/cm²

grey value (16Bit)

60000
50000
40000

d∙E

e (8)

∙

∙

∙

(9)

After this step, the mean surface mass m was calculated for
the middle zone of the substrate (see Fig. 7). The changing
grey value between dry state and first wetting is corrected
by a factor; thus optical damping of the emission by the film
is considered.
Based on Mauermann et al. (2010a) and Köhler et al. (2011)
a normalized cleaning curve can be calculated by using:
r t

(10)

The following data analysis steps are described in Köhler et
al. (2011) for a starch based model soil. For determining the
cleaning characteristics the following Weibull model
proposed by Dürr and Graßhoff (1999) was used:
r t

Data processing/Data analysis
The processing of the measurement data was also
conducted as described in Fuchs et al. (2012). Thus errors
through experimental setup and measurement were
minimized. Additionally, differential illumination of the
soil is taken into account; this allowed the relationship
between excitation, emission and surface mass to be
determined (see Fig. 9). The excitation was measured with
an irradiation intensity measurement device (Co. Ahlborn,
FLA 603 RW4) combined with a filter (Co. Asahi,
ZVS0490).

b∙m ∙ c∙E

Due to the non-linear relationship between the measured
intensity and the surface mass, the correction of the
irradiation is done for every pixel separately. The
calculation of the surface mass from the measured grey
value is possible using:
m

The cleaning tests were done for a tilt angle of 30 ° with 4
repetitions for each measuring point. Four volume flow
rates were used (93 l/h, 140 l/h, 192 l/h and 236 l/h).
Related to the wetted width of the sample (B 0.1 m ),
volumetric wetting rates in the range of 0.93 m³/ h ∙ m
to 2.36 m³/ h ∙ m were applied. The upper threshold
1.86. . .2.24 m³/ h ∙ m
was
chosen
based
on
recommendation of The American Society of Mechanical
Engineers (2008). The cleaning was carried out under a
temperature of ~ 25 °C , which guarantees comparable
temperature conditions to film thickness measurements.
Especially in the cleaning investigation, wetting problems
occurred with wetting rates below a volumetric wetting rate
of 0.93 m³/ h ∙ m .

70000

a∙m

e

(11)

Next the cleaning time for reaching a residual deposit of
5 % from the initial surface mass m can be calculated
with:
t

t

ln 0.05

(12)

To compare cleaning results, a main cleaning rate as
depicted below (also see Mauermann et al. 2010a),
R

.

∙
̅

(13)

defined as removed amount of soil per time, can be used.
With this characteristic value it is possible to describe the
time variation of the residual contamination independently
from the surface mass.

30000

RESULTS AND DISCUSSION
The structure of film boundary surface changes
between lower and higher Reynolds numbers is shown in
Fig. 10.

20000
10000
0
0

0.5
1
1.5
2
surface mass in mg/cm²
Fig. 9 Mean grey value in dependence of surface mass for
different excitation settings
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transient floow fully-turb
bulent flow

2.5

max. film thicknesss
mean
n film thicknesss

2
1.5
1
0.5
0
200

400
600
8000
Reynnolds number
0 °, bars repressent
Fiig. 12 Film thiickness for a ttilt angle of 30
standard deviation
0

g. 10 Flow struucture (from top
t left to botttom right Re =
Fig
143
3, Re = 290, R
Re = 366, Re = 437, Re = 59
98, Re = 734))
c
thee dimensionleess
To compare diffferent flow conditions
ynolds numbeer, which cann be calculated
d (Brauer 19771,
Rey
Rey
ynolds 1883) as shown beloow, was used..
∙

Re

(144)

∙

e
143 singgle
Forr a low Reynnolds numberr of about Re
larg
ge waves weere observed,, but above Re
366 tthe
waave structure vvaried. The nuumber of wavees increases w
with
inccreasing wettinng rate and wiith a Reynoldss number of 7 34
sin
ngle large wavves were no loonger observaable. Thus it ccan
be confirmed, thhat with increeasing Reynolds number, tthe
waaviness of thee film bounddary surface also increas es.
Ho
owever, the difference beetween the maximum fiilm
thicckness and thee average film
m thickness seeems to drop (ssee
also Fig. 13).
t fluid propeerties and the ttilt
To eliminate the influence of the
gle of the substrates, a dim
mensionless film
m thickness ccan
ang
be used (Al-Sibaai 2004):
δ∙

mean dimensionsless film
thickness δm+

δ

∙

/

(155)

n Fig. 11 the co
omparison of different auth
hors shows a good
g
In
ag
greement betw
ween the diffferent measu
urements of the
diimensionless mean
m
film thicckness. Especially compared to
Al-Sibai
A
(2004)) and Takamassa and Hazuku
u (2000), the film
f
th
hickness measu
urement show
ws a good corrrelation. Howeever
th
his is in contrrast with meaasurements of Nusselt (19916)
where
w
the dimensionless film
i lower. Nussselt
m thickness is
esstablished a relationship between film
m thickness and
Reynolds numb
ber, which is vvalid for a smo
ooth laminar film,
fi
allthough this condition
c
is ggiven only fo
or low Reynoolds
nu
umbers.
A summary off the determinned mean and
d maximum film
f
th
hickness for diifferent Reynoolds numbers is shown in Fig.
F
12
2 for 9 repetiitions per weetting rate. It is derivable that
beelow a Reynollds number off Re 400 th
he maximum film
f
heeight increases with Reynollds number an
nd for Re
4
400
th
he maximum film
fi thickness varies only sliightly. In conttrast
to
o Ambrosini et
e al. (2002), there is no detectable
d
genneral
in
ncrease of thee maximum ffilm thicknesss with increassing
Reynolds numb
ber. The decrrease of maxim
mum film heiight
beetween Re
366 and R
Re
437 iss caused by the
wave
w
form. Thee shape of the waves on the boundary surfface
ch
hanges from individual
i
higgh waves to numerous waaves
(ssee also Fig. 10). From thee mean film thickness
t
a mean
m
wall
w shear stresss can be calcculated. As th
he gradient off the
veelocity at the wall
w for turbuulent flow is (n
nearly) similaar to
th
hat of laminar flow, the wallll shear stress can be calculaated
with
w the adoptiion of a squaare flow profiile using (Braauer
19
971):
τ

16
14
12
10
8
6
4
2
0

Al-Sibai
Takamasaa
& Hazukuu
Author

sinα ∙ g ∙ ρ ∙ δ.

(16)

hus it can be concluded, thhat for low Reynolds
R
numbbers
Th
Re
400, thee variation of the wall sheaar stress is greeater
han for Reynollds numbers R
Re
400. Likewise, from
m the
th
fillm thickness, an average floow velocity caan be determinned:
w

∙

(117)

n Fig. 13 the calculated m
mean wall shear stress and the
In
mean
m
flow velo
ocity for a tilt aangle of 30 ° is shown.

300
500
700
Reynnolds number
Fig
g. 11 Compariison of dimenssionless film thickness
t
100
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0
0
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Fig. 14 Cleaning curves for different Reynolds numbers,
bars represent standard deviation

phase IV
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0.000
0
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300

time in s
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000

Re = 734
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With increasing volumetric wetting rate, the mean wall
shear stress and the mean velocity increases nearly linearly.
The flow velocity increases faster than the mean wall shear
stress (see Fig. 13). One explanation is the flow profile, in
which the gradient at the wall does not change as fast as the
increasing mean flow velocity.
In the following section the measurement of the film
thickness is compared with the cleaning tests. Typical
cleaning curves of Xanthan soil are shown in Fig. 14. The
residual contamination normalized to the initial surface
mass as a function of time is also illustrated. For the
presented experiments a clean surface is defined by a
residual contamination of 5 % (horizontal line in Fig. 14).
The cleaning process with the given set up shows four
cleaning phases (see Fig. 15). In phase I there is no
significant cleaning progress because swelling of the soil
must first take place in order to minimize cohesive and
adhesive forces. The three following phases are described
in Bode et al. (2007) for whey protein. In phase II the
cleaning rate increases with the progress of swelling, so the
diffusion process dominates because the deposit swells in
layers. In phase III the swollen soil is gradually carried
away by mechanical force of the falling film, demonstrating
a combination of dissolving and removing of the deposit by
shear action due to cohesive and adhesive loss. In contrast
to Bode et al. (2007), diffusion is apparently not the
dominant process in this phase due to the inconstant
cleaning rate. In the case of diffusion, the cleaning rate
would be approximately the same as the result of a nearly
constant concentration gradient. After phase III the cleaning
rate decreases as the loss of adhesion force between
material surface and model soil dominates, and hence
cleaned area is increasing. In this section the Xanthan
model soil is meanly removed by shear action of the
flowing fluid.

0.002

phase III

200
400
600
800
Reynolds number
Fig. 13 Mean wall shear stress and mean flow velocity for
tilt angle of 30 °
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0
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0
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cleaning rate in
mg/(cm²·s)

2

0.010

cleaning rate in
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3

1
0.8
0.6
0.4
0.2
0

0

100
200
time in s
Fig. 15 Discrete cleaning rate for
290 and 734, tilt
angle 30°
It is possible to calculate a mean cleaning time for all probes
of a wetting rate set up until the defined boundary condition
is reached. For the lowest wetting rate, the highest cleaning
time is necessary. Vice versa; the highest wetting rate
requires the lowest cleaning time. However the mean
cleaning time depends on the initial surface mass, which
makes another characteristic value necessary for
comparison.
For every cleaning experiment a main cleaning rate can be
calculated, which is independent from the surface mass
until a residual contamination of 5 % related to starting
soiling weight. A summary of the main cleaning rates with
falling film on stainless steel is shown in Fig. 16.

main cleaning rate in
mg/(cm²·s)

4

mean flow velocity
in m/s

mean wall shear
stress in Pa

Heat Exchanger Fouling and Cleaning – 2013

0.009
0.008
0.007
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0.005
0.004
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0.002
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0

Re = 290
Re = 598

Re = 437
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Fig. 16 Main cleaning rates for cleaning with gravity driven
falling film until a residual contamination of 5 %, bars
represent standard deviation
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y = 0.0073x + 0.0013
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0.0045
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mean velocity in m/s

0.9

0.008

Fig. 17 Fluid mechanical cleaning efficiency for different
Reynolds numbers, bars represent standard deviation
The influence of the wetting rate shows a good agreement
to investigations of Lerch et al. (2013) where a high flow
rate leads to faster cleaning. The main cleaning rate shows a
dependency on Reynolds number. Within comparisons of
mean cleaning time, it is not possible to decide which
parameters are most effective to improve cleaning. The
following fluid mechanical efficiency number according to
the cleaning efficiency for spray cleaning (Mauermann
2012) allows a better comparison;
,

0.0075

0.4

0

E

0.0085

5

,

∙

,

∙

∙

(18)
This number indicates the expense in relation to benefits.
Fig. 17 shows the comparison of different parameter
settings. Although the cleaning time is decreasing with
increasing wetting rate, the fluid mechanical cleaning
efficiency decreases. The mean cleaning rate R does not
increase in equal amount to the mean cleaning time ̅
decrease, therefore the cleaning efficiency is lower. One
explanation may be that simply a lower film thickness is
necessary to enable the diffusion process. The exterior fluid
does not contribute to the diffusion process. By using a low
flow rate, the cleaning efficiency can be raised by ~60 %
between Re
743 and Re
290 . But it should be
mentioned, that a complete wetting of the contaminated
surface is necessary, although for Re
290 in particular,
it was not always possible to secure this basic requirement.
However for cleaning tests this condition was guaranteed
through pre-wetting of the inlet area. In production
condition this requirement can be assured for instance by
applying an initial high wetting rate for a short time.
Obviously the most effective parameter selection has to
produce a low wetting rate so resources (e.g. cleaning fluid
and energy) can be saved, which brings ecological and
economical benefits. If time is the most important factor to
reduce down time of the facility, a high wetting rate is the
best option.

main cleaning rate in
mg/(cm²·s)

film cleaning efficiency in
mg/(cm²·s ) per m³/(s·m)

20

main cleaning rate in
mg/(cm²·s)
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0.007
0.006
0.005

y = 0.0021x - 0.0009
R² = 0.9895

0.004
2.5

3
3.5
4
mean wall shear stress in Pa
Fig. 18 Comparison of main cleaning rate and mean
velocity (upper diagram), cleaning rate and mean wall shear
stress (lower diagram) for a tilt angle of 30 ° (including
95 % confidence band, bars represent standard deviation)
Through comparing the flow parameters and cleaning
results, correlations can be confirmed between mean
velocity and main cleaning rate, as well as mean wall shear
stress and the main cleaning rate for the falling film
cleaning (see Fig. 18). This suggests an influence of the
wall shear stress and also of the mean velocity on the
cleaning behaviour for the Xanthan model soil. There is
also an influence of the volumetric wetting rate, because the
walls shear stress is impacted by the flow velocity gradient
at the wall and hence through the wetting rate. The
maximum film thickness (maximum wave height) is not a
dominating factor, since it is nearly constant in the
investigated Reynolds number range (see Fig. 12). The
variation of film thickness through waves is also not a
dominant factor, because the ratio of maximum and mean
film thickness, respective to wall shear stress, is for
Re
400 greater than for Re
400. Thus in contrast to
Patel and Jordan (1970), no influence of large waves could
be determined. Therefore it is generally not necessary to use
a fully turbulent film flow ( Re
400 Brauer 1971,
Kraume 2004) to clean a soil that swells easily and is
removable by relatively low shear action. However, the
condition of a complete wetting has to be ensured.
CONCLUSIONS
1. The determination of film thickness and its
applications to derive characteristic values, such as
wall shear stress and mean flow velocity for a tilt angle
of 30 °, could be shown.
2. The application of a measuring method for
determination of cleaning behaviour could be shown.
3. The fluid mechanical cleaning efficiency was
introduced to evaluate cleaning efficiency.
Consequently the flow with a low Reynolds number of
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4.

5.

6.

about Re 290 shows the best fluid mechanical
cleaning efficiency.
The use of a low flow rate (Re 290) rather than a
high flow rate (Re 734) results in an increase of
fluid mechanical cleaning efficiency of about 60 %.
Under observance of this knowledge, it is possible to
have the highest efficiency of cleaning fluid and thus
resource-efficient cleaning.
It was demonstrated that the wall shear stress as well as
the mean velocity appears to be the dominating
influencing factors for cleaning of a Xanthan model
soil.
Further work must be performed to determine the
influence of other parameters, e.g. tilt angle, on
cleaning and the comparison with flow characteristic.
Furthermore, the influence of film surface waviness on
the cleaning behaviour with, for example, frequency
distribution should be evaluated.
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NOMENCLATURE
a
Factor, cm4/mg2
A
Area, m²
b
Factor, cm²/mg
B
Wetted width, mm
c
Factor, cm4/µW²
d
Factor, m²/µW
E
Irradiance, µW²/cm², W/m²
e
Factor, dimensionless
Fluid mechanical efficiency, mg/(cm²·s) per
E ,
m³/(s·m)
g
Acceleration due to gravity, m/s²
Intensity of the camera, grey value, dimensionless
I
Maximum intensity of the camera, grey value,
I ,
dimensionless
Grey values before correction, dimensionless
I,
I,
Grey values after correction, dimensionless
I
Look up table, dimensionless
I
Reference, dimensionless
I ,
Maximum reference value, dimensionless
I
UV-intensity, dimensionless
k
Parameter, 1/mm
m
Surface mass, mg/(cm²)
m
Mean surface mass, mg/(cm²)
Minimum mean surface mass, mg/(cm²)
m
Maximum mean surface mass, mg/cm²)
m
Initial surface mass, mg/cm²
m
r
Remaining soil, dimensionless
R
Radius, mm
Main cleaning rate, mg/(cm²·s)
R
Slope of the cleaning characteristic, dimensionless
r
Re
Reynolds number, dimensionless

R

Coefficient of determination, dimensionlesst
Time, s
Cleaning time to remove 95 % of soil, s
Typical cleaning time constant, dimensionless
Volume, mm³
Total Volume, m³
Volume flow rate, m³/h
Mean flow velocity, m/s
Direction x, mm
Direction y, mm

t
t
V
V
V
w
x
α
δ
δ
δ
δ
δ
ρ
τ
Γ
ν

,

Tilt angle, °
Thickness, mm
Dimensionless film thickness, dimensionless
Droplet height, mm
Corrected droplet height, mm
Droplet height measured by shadow method, mm
Density, kg/m³
Wall shear stress, Pa
Volumetric wetting rate, m³/(h·m)
Kinematic viscosity, m²/s
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