


mechanism of inactivation is the creation of pyrimidine dimers. The 
thymine (DNA) and cytosine (RNA) dimers change the structure of the 
nucleic acid and thereby preventing the organisms from replicating. 

Depending on the optical properties of liquid foods, the penetration 
depth of ultraviolet radiation can be low in comparison to drinking 
water. To overcome this problem different reactor types can be used, e.g. 
thin film (Pendyala, Patras, Sudhir Gopisetty, & Sasges, 2021), turbulent 
flow (Rossitto et al., 2012), Taylor Couette (Müller et al., 2017) or Dean 
vortex reactors (Choudhary et al., 2011; Junqua, Vinsonneau, & Ghi-
dossi, 2020; Müller et al., 2015). A turbulent flow may result in a rela-
tively high pressure drop. A turbulent flow requires a high velocity and 
therefor reactors have to be longer to deliver the same dose or several 
passes are necessary. A thin film reactor (TFR) with laminar flow how-
ever, shows low radial mixing. The distribution of the UV-C dose within 
the treated liquid is not as homogenous as with turbulent flow reactors. 
A thin-film reactor for practical operation has the disadvantage that it is 
structurally difficult to keep the gap width constant over the reactor 
length and also particles of the product can clog the gap. 

In this study special inserts for a thin film reactor have been tested for 
their ability to improve the energy transfer into the liquid (Graf et al., 
2017). These special inserts are called fluid guiding elements (FGE) and 
are built by a selective laser melting technique. It has been shown pre-
viously that, if FGE are applied to optimize a pipe-in-pipe heat 
exchanger, heat transfer can increase greatly in an extent dependent on 
the reactor length (Hansjosten et al., 2018). Gok et al. (2021) showed in 
their study that the inactivation of E. coli DH5α and Listeria innocua in 
milk can be improved by more than 4 log levels with a dose of close to 
4.2 kJ/L with these specific fluid guiding elements. 

The aim of this work is to better understand, how the insertion of the 
fluid guiding elements improves the efficiency of an annular thin-film 
reactor. Our model conception is based on the fact that the UV energy 
only penetrates the liquid to a limited extent and is thus attenuated. 
Therefore, not all the microorganisms are reached and inactivated. 

To investigate the change in the characteristics and the back mixing 
of the thin film reactor due to the insertion of the fluid guiding elements 
the residence time distribution was determined and the Bodenstein 
number was calculated. Computational fluid dynamic simulations have 
been used to visualize the flow dynamics inside the reactor. 

The UV-C dose was measured with an chemical iodide/iodate acti-
nometer according to Rahn (1997). to compare differences in the 
effectivity of the reactor. The inactivation of E. coli DHα5 and the far 
more UV resistant S. cerevisiae in a model solution was examined. The 
absorbance at 254 nm of the model solution was adjusted by varying the 
concentration of dye. 

2. Materials and methods

Unless otherwise described, all chemicals were purchased from
Sigma-Aldrich. 

2.1. Annular UV-C thin-film reactor (TFR) with fluid guiding elements 
(FGE) 

The TFR was developed and constructed in Max Rubner-Institut 
(MRI) / Department of Food Technology and Bioprocess Engineering 
as a prototype. The UV-source in the reactor is a 20 W low-pressure 
mercury (LPM) lamp (UVPro FMD Series) with 7.5 W emitted at its 

peak at 253.6 nm wavelength. The quartz tube surrounding the LPM 
lamp has an outer diameter of about 23.10 mm; the inner diameter of the 
reactor is about 29.24 mm (“outer tube”). The gap through which the 
medium flows is 3.06 mm. The luminous length of the lamp is about 344 
mm. 

The FGE are not mixing the fluid, but dividing the flow stream into 
three separated laminar currents which are guided alternatingly to the 
UV lamp. The dimensions of the FGEs are shown in Fig. 1. The gap be-
tween the quartz glass tube and the inner wall of the FGE is about 0.63 
mm. The length of 1 FGE is about 60 mm. The structure of each FGE
consists of 6 units (lunit 10 mm). 8 FGEs are inserted in the reactor.

The Reynolds numbers for the liquid flows inside the three gaps were 
calculated to classify the flow conditions. 

Re
ρ dhydω

η 

Here, ρ is the density, dhyd is the hydraulic diameter, ω is the mean 
velocity and η is the dynamic viscosity of the fluid. The hydraulic 
diameter is calculated as 

dhyd 4A
/

P 

Where A is the cross-sectional area of the flow and P the wetted 
perimeter of the cross section. In Table 1 all the Reynolds numbers for 
water at 20◦C were shown for the flow rates that were used in the 
experimental part of this study. Gap 1 is the inner one facing the UV-C 
source. All Reynolds numbers are well below the critical Reynolds 
number of 2400 for turbulent flow. This proves a laminar flow in all 
gaps. 

To calculate the flow conditions in an annular thin film the Navier- 
Stokes equation with cylinder coordinates was used:   

Assumptions used to simplify the problem were: 1. Steady state; 2. ωz 
depends only on r; 3. p depends only on z; 4.Rotational symmetry; 5. No 
volume force in z-direction. This results in the abbreviated form of the 
equation: 

Fig. 1. Schematic illustration of the fluid guiding element inserted into the 
thin-film reactor. r1 = 11.59 mm; r2 = 12.30 mm; r3 = 13.50 mm; r4 =
14.77mm; r2 and r3 are pointing to the middle of the wall; wall thickness ≈
0.160 mm; length of one FGE ≈ 60 mm length of one FGE unit ≈ 10 mm. 

ρ
(

∂ωz

∂t
+ωr

∂ωz

∂r
+

ωφ

r
∂ωz

∂φ
+ωz

∂ωz

∂z

)
∂p
∂z

+ η
[

1
r

∂
∂r

(

r
∂ωz

∂r

)

+
1
r2

∂2ωz

∂φ2 +
∂2ωz

∂z2

]

+ ρgz

B. Hirt et al.



0
∂p
∂z

+ η
[

1
r

∂
∂r

(

r
∂ωz

∂r

)]

The inner diameter is R and the outer diameter is κR, where κ is the 
ratio of the outer and inner diameter. Integrating this equation twice and 
using the boundary conditions ωz(r R) 0; ωz(r κR) 0 yield the 
equation for the flow profile of the velocity 
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The unknown term Δp
Δz is determined by the mean velocity in the gap. 

The mean velocity is calculated via the flow rate V̇ and the flowed- 
through cross-sectional area. 

ωz
Δp
Δz

R2

8η

[

1+ κ2 +
1 κ2

lnκ

]
V̇
A 

The flow condition was also investigated with Computational Fluid 
Dynamics (CFD) with Fluent 6.1. To simplify the problem, only a section 
of the reactor with an angle of φ 2◦ was simulated. Further only one of 
the three paths was simulated, since it is to be expected that they are 
equal in their flow conditions. In Fig. 3 the velocity of the flow inside the 
Fluid guiding elements is shown. The contours of the velocity in the 
middle of each section is also displayed in Fig. 2. The simulated profiles 
are congruent with the calculated. 

To investigate the amount of cross-mixing / the cross-mixing effect 
the path lines of the fluid inside the FGEs is displayed in Fig. 4. It can be 
seen that the flow is laminar. 

2.2. Residence time distribution 

To characterize the performance of the thin film reactor with and 
without FGEs, residence time distributions (F(t)), mean residence times 
(τ) and width of the residence time distributions were determined from 
measured tracer step responses. The step input was imposed by 
switching the inlet flow from demineralized water to a sodium chloride 

solution (10 g L− 1 NaCl, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) 
containing 0.06% dye (Sunset Yellow FCF) to visualize the entrance of 
the solution into the reactor at the same time. The conductivity σ(t) 
measurements started when the colored NaCl solution reached the 
reactor σ0 (t 0). σ(t) was measured at the outlet of the reactor by a 
conductivity sensor (FYA641LFP1, Ahlborn Mess- und Regelungstechnik 
GmbH, Holzkirchen, Germany) connected to a data logger (Almemo 
2690-8A, Ahlborn Mess- und Regelungstechnik GmbH, Holzkirchen, 
Germany). F(t) was obtained by dividing σ(t) through σ max. The resi-
dence time distributions were measured in triplicate for the volume 
flows (30 L/h, 40 L/h 50 L/h, 60 L/h, 70 L/h 80 L/h). 

The mean residence time τ was determined by 

τ
∫ 1

0
t dF(t)

∫ 1

0
t E(t) dt 

Where E(t) is the residence time sum function and F(t) the residence 
time distribution. F(t) was plotted against the time normalized Θ t/τ 
by the mean residence time. Each residence time distribution was 
measured three times. 

To evaluate the delay and the axial mixing in the system the Bod-
enstein number was determined. It characterizes the axial mixing and 
allows statements whether and how much volume elements or sub-
stances within a reactor mix due to the prevalent currents. The disper-
sion model states that the axial dispersion in a reactor can be described 
as 

∂ci

∂t
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∂z2 ω∂ci
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(3) 

With the axial dispersion coefficient Dax and the average flow ve-
locity ω in z-direction. Since the reactor is open on both ends, this dif-
ferential can be solved analytically to 
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To determine the Bodenstein number the solver Function of Excel 
was used to minimize the sum of the errors squared between E(t) and E 
(Bo) by varying the Bodenstein number. One Bodenstein number was 
fitted for E(θ ≤ 1) and one for E(θ > 1) according to Fitzer, Fritz, and 
Emig (1995). The mean and standard deviation of the six Bodenstein 
number of each triplet was calculated. 

2.3. Actinometry 

The UV-C energy absorbed by the liquid is based on specific system 
parameters, such as flow patterns and reactor geometry. The dose of UV- 
radiation was determined by the chemical iodide/iodate actinometer 
developed and described by Rahn (1997). This is the most commonly 
used chemical actinometer to measure the dose delivered in flow- 
through UV-C reactors (Junqua et al., 2020). 

This is a chemical reaction (Eq.3) in which a potassium iodide-iodate 
solution forms photochemical product as triiodide upon absorption of 
UV-C photons. The reaction is as follows: 

8 KI +KIO3 + 3 H2O+ hν→3 I3 + 6 OH + 9 K+ (5) 

Irradiation results in the linear formation of triiodide, which is 
quantified by measuring its absorbance at 352 nm. The UV-C dose can 
then be determined by linear regression. A solution of 0.6 M iodide and 
0.1 M iodate in 0.01 M borate buffer (pH 9.25) was used as a chemical 
actinometer to measure the UV-C dose at 254 nm in different passes. The 
aqueous solution is optically opaque to radiation below 290 nm and 
absorbs all of the germicidal wavelengths. With this method, it is 
possible to determine the amount of energy the solution has absorbed. 
The UV-C dose (Dact in J L− 1) was calculated using the following 
equation:

Fig. 2. Calculated flow profile(s) for the thin film reactor and each gap of the 
fluid guiding elements dependent on the gap width at 100 L/h flow rate in 
comparison to the CFD simulation of the flow in the Fluid guiding elements. 

Table 1 
Calculated Reynolds numbers for the thin film reactor with and without fluid 
guiding elements (FGE) with specific flow rates for water (20◦C).   

Reynolds number for the thin film reactor  

without FGE with FGE 

Flow L/h  Gap 1 Gap 2 Gap 3 
30 203 74 69 63 
100 675 247 229 209 
150 1013 371 344 313  
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Dact
A352 nm⋅P253.7 nm

pl⋅ɸ⋅ε352 nm
(6)  

where A352 nm is the measured absorbance at 352 nm, P253.7 nm the 
number of joules per Einsteins of 253.7 nm photons (4.716 × 105 J 
einst− 1), pl is the path length of the cuvette (1 cm), ɸ is the quantum 
yield (effects per photon in mol einst− 1), and ε352 nm is the molar ab-
sorption coefficient of triiodide at 352 nm (27,600 dm3 mol− 1 cm− 1). A 
basic value of 0.73 and its temperature and concentration dependence 
was applied as quantum yield: 

ɸ 0.73×(1+ 0.23× [ci 0.577] )× (1+ 0.02× [Ti 20.7◦C] ) (7)  

where ci is the concentration of the iodide (A300 nm ×1.061− 1) and Tiis 
the temperature in ◦C. Samples were taken before treatment (control) 
and after each pass. Samples were measured at 352 nm and to determine 
the quantum yield, the control was measured photometrically at 300 nm 
(Spectrometer UNICAM UV2 UV/VIS). 

2.4. Standard operating procedure for UV-C treatment with a TFR 

The standard operating procedure was applied for the microbiolog-
ical inactivation as well as for the actinometry. To ensure stable lamp 
performance the UV-C lamps were switched on 45 min prior to the 
experiment. During this phase water with 20◦C was pumped through the 
reactor to cool the reactor and to verify the flow rate (measuring volume 
of pumped water by time). 

The experimental solution was stored in a sterile bottle and tempered 
at 20◦C. The tube of the feeding peristaltic pump (Heidolph Hei-FLOW 
Precision 06) was sterilized with Bacillol® before pumping solution 
through the reactor. The first 150–200 mL emerging the reactor were 
discarded. At this point a steady state was reached. Approximately 50 
mL were sampled from the stream while the reactor was in steady state. 
The remaining solution was collected in a sterile bottle and was then 
used as the new feeding solution. This process was repeated for each 
pass. 

After the experiments the reactor was cleaned following this pro-
cedure: First 2 L of demineralized water was pumped through the 
reactor. Then a 70% ethanol solution was pumped in circulation for 
about 10 min. The reactor was then flushed again with 2 L demineral-
ized water. At the end the reactor was blown dry with compressed air. 
The lamps are being kept on during the cleaning process. At regular 
intervals the reactor is additionally cleaned with a 0.1 Mol NaOH 
solution. 

2.5. Investigation of microbial inactivation 

Escherichia coli DH5α was grown in standard nutrient broth 1 by 
shaking at 90 rpm on a shaking incubator for 18 h at 37◦C. The nutrient 
broth with E. coli was centrifuged and decanted. The E. coli was inocu-
lated into Ringer solution. An equal amount of nutrient broth and Ringer 
solution results in a concentration of approximately 108 CFU/ml. 
Saccharomyces cerevisiae (EATON SIHA®, strain D 576) was incubated at 
30◦C for 24 h at 90 rpm in YPM broth. The Ringer solution was inocu-
lated with 106 CFU/ml. The absorbance of the solution was adjusted 
with the food dye sunset yellow (SY). The solutions were treated with 
UV-C energy at different flow rates with and without FGEs inserted into 
the TFR. For each assay, the inoculated liquid was completely pumped 
through the reactor. The initial cell counts (before UV-C inactivation) 
were determined and samples were taken after each pass through the 
system and UV-C treatment. In order to determine microbial counts, the 
UV-C treated medium was diluted in tenfold dilution series in 0.9% NaCl 
and plated out on Standard nutrient agar 1. In order to obtain a low 
detection limit, 1 mL volumes of undiluted samples were also plated. 
Agar plates with E. coli were incubated at 37◦C for 24 h. Agar plates with 
S. cerevisiae were incubated at 30◦C for 48 h. Then colonies were

counted. All microbial count determinations were done in triplicate and 
the mean of triplicate determinations was calculated. 

Microorganisms in foods exposed to UV-C treatments can exhibit 
different inactivation behaviors. The behavior be described by a log- 
linear, linear with tailing, sigmoidal-like, linear with shoulder, 
biphasic types of curves etc. The inactivation kinetics of microorganisms 
depend on the type of microorganisms (bacteria, yeasts, molds etc.) 

2.6. Physical properties of the used liquids 

The physical properties of the liquids are important factors influ-
encing the efficiency of the UV-C treatment. Flow properties are based 
on viscosity and density. How many organisms are reached by UV-C 
light depends on the optical properties of the liquid. The extinction 
measured before and after inoculation. The extinction of a solution is 
called absorbance A. The extinction of a dispersion is called optical 
density OD. In this paper the term absorbance is only used for effect of 
the dye sunset yellow (SY) and therefore the liquid before inoculation. 
The term OD describes the extinction of the solution after inoculation 
with microorganisms. Relevant physical properties of the investigated 
liquids are reported in Table 2. The observed turbidity is only caused by 
the microorganisms themselves. The turbidity was measured with a 
Turbiquant® 3000 IR from the company Merck KGaA. 

3. Results and discussion

3.1. Reactor characterization

To evaluate the performance of the UV-C reactor and enable com-
parisons to other reactors the residence time distributions (RTD) were 
measured with and without FGEs. The RTD can further show the change 
in the reactor characteristics caused by the insertion of the FGEs. The 
mean residence time of the TFR is shorter with FGEs because the 
insertion of FGEs into the reactor causes a reduction of the reactor 
volume. To enable a comparison between the two setups, the residence 
time is normalized by the mean residence time. Fig. 5 shows the RTD for 
the TFR with and without the FGEs for the 3 flow rates used for the 
inactivation in 3.3. 

The residence time distribution in the TFR is narrower with FGEs. 
There is a lot more tailing without the FGE. It takes about 4 times the 
mean residence time before the concentration reaches 100%. Where the 
reactor with FGE reaches the 100% concentration before 2τ. There is no 
dependence on the flowrate of the RTD of the reactor without FGEs. The 
flow conditions stay the same. This is reflected by the almost identical 
Bodenstein numbers (Table 3). The fits for F(Bo) are not able to repro-
duce the tailing of F(t). The Dispersion model reached its limit, because 
the reactor acts almost like a laminar tube flow. 

The model fits for the TFR with FGE. The Bodenstein numbers reflect 
the change in the RTD due to the flow rate. 

Fig. 5 shows a comparison of the Bodenstein number of the thin film 
reactor with and without the FGEs. The insertion of the FGEs into the 
reactor raises the Bodenstein numbers (Table 3). This indicates that 
there is less axial mixing within the reactor with FGEs. 

The reactor volume can be calculated with the mean residence time 
for each flow rate. The mean volume for the TFR is 147,5 ± 7, 1 cm3. 
With the insertion of the FGEs the volume is reduced to 120,8 ± 6, 2 cm3. 
The reduction is by 18, 1 ± 5, 8%. 

3.2. Actinometric investigation of the reactor 

To estimate the effect of hydraulic characteristics on the energy 
absorption of the liquid, the UV-C energy input by iodide/iodate acti-
nometry was determined in triplets at different flow rates with and 
without fluid guiding elements (FGE). 

To determine the actinometric dose, the Iodide/Iodate solution was 
treated in 3 passes through the reactor. Fig. 3 shows the results of the 
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averaged actinometric dose and its deviations for the three flow rates 
(30 L/h, 100 L/h and 150 L/h) that were used for the microbiological 
inactivation. The actinometric dose increases linear with the numbers of 
passes through the reactor. This shows that the reagents are not depleted 

in the solution as a whole. (See Fig. 6). 
It is worth mentioning, that the multi-pass approach is in some ways 

similar to improving mixing. For each pass the low dose fluid elements 
are mixed with the high-dose ones. 

The actinometric dose is shown in comparison to the theoretically 
calculated UV-C energy input Dth.max PUV/V̇ (Fig. 7). The emitted 
power of the UV-C source at 254 nm is 7.5 W according to the manu-
facturer’s specification. The difference between the actinometric dose 
and the theoretical maximal dose at low flow rates exists due to the fact 
that the penetration depth of the UV light into the solution is so small 
that only the surface area facing the UV-lamp is treated. Rahn et al. 
(2003) showed that the quantum yield decreaces by about 6% when the 
iodide concentration decreases from 0.6 Mol to 0.1 Mol. If the concen-
tration decreases further the quantum yield drops very low. This is 
locally the case for the portion of the soultion facing the lamp. UV light is 
absorbed by the solution without generating new tri-iodide. The TFR 
with FGE is closer to the theoretical dose. The FGE direct 3 different 
elements of flow in the proximity of the UV lamp. At high flow rates the 

Table 2 
Physical properties of the used liquids.  

Properties A254, 1cm [− ] 
without 
organisms 

OD254nm,1cm 

[− ] 
turbidity 
[NTU] 

dynamic viscosity η [mPa*s] at 
20◦C 

density ρ [g/cm3] at 
20◦C 

Ringer’s solution +0.06% SY + E. coli DH5α (108 CFU/ 
ml) 21.0 ± 3.0 28.6 ± 2.2 270.0 ± 28.7 1.06 ± 0.02 1.00 ± 0.01 

Ringer’s solution + Saccharomyces cerevisiae (106 

CFU/ml) 0 0,1 ± 0.1 16,5 ± 0.1 1.04 ± 0.01 n.m. 

Ringer’s solution +0.03% SY + S. cerevisiae (106 CFU/ 
ml) 

12.1 ± 1.1 12,3 ± 0.9 16.2 ± 1.7 
17.7 ± 2.1 

1.04 ± 0.02 n.m. 

Ringer’s solution +0.07% SY + S. cerevisiae (106 CFU/ 
ml) 

29.2 ± 1.7 29.5 ± 2.1 17.1 ± 1.1 
17.9 ± 2.3 

1.03 ± 0.02 n.m. 

actinometric solution 179.0 ± 1.7 – 0 ± 0.1 1.02 ± 0.01  1.08 0.01

Table 3 
Comparison of the mean residence time and the Bodenstein number of the TFR 
with and without FGE at different flow rates.   

TFR without FGE TFR with FGE 

Flow [L/h] τTFR [s] Bo τTFR+FGEin [s] Bo 

30 16.80 ± 1.51 17 ± 4 13.53 ± 0.42 24 ± 1 
40 12.73 ± 0.31 23 ± 8 10.50 ± 0.14 30 ± 9 
50 10.30 ± 0.12 22 ± 7 8.50 ± 0.12 27 ± 2 
60 8.60 ± 0.01 22 ± 6 7.20 ± 0.01 28 ± 2 
70 7.20 ± 0.01 24 ± 6 6.50 ± 0.31 29 ± 2 
80 6.30 ± 0.47 23 ± 8 5.90 ± 0.23 40 ± 8 
100 5.46 ± 0.09 20 ± 3 4.93 ± 0.09 60 ± 4 
150 3.66 ± 0.19 19 ± 4 3.33 ± 0.19 72 ± 9  

Fig. 3. CFD Simulation of the flow velocity in the fluid guiding elements.  

Fig. 4. CFD simulated path lines of the flow inside the fluid guiding elements and their axial velocity.  
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actinometric dose of the TFR with FGE is almost identical to the theo-
retical one. The residence time in the reactor is shorter. Therefore, the 
reaction’s quantum yield limit is not exceeded. The high absorbance of 
the actinometric solution causes a low penetration depth. It can be 

assumed that all of the UV-C radiant power of the mercury-low pressure- 
lamp is absorbed by the solution. The difference between the actino-
metric dose and the theoretical one shows that not all of the radiant 
power is measured. Especially at long exposure times the actinometry is 
reaching its limit and the actinometric dose can not represent the actual 
UV dose absorbed by a liquid medium in the reactor. The theoretical UV- 
C dose is calculated with the manufacturer specification of 7.5 W radi-
ation at 254 nm. This specification is valid for the ideal temperature for 
this UV Pro N20-2 mercury-low-pressure-lamp of 21–25◦C (specification 
sheet). The actual emitted UV-C power is dependent on the temperature 
as well as the cumulative operation time of the lamp. 

This shows that the iodide/iodate actinometry is not viable to mea-
sure the total power of energy absorbed by a liquid in the reactor with 
laminar flow. Rather, the results give insight in the non-uniformity of 
the absorbed energy. This nonuniformity can be shown by the calculated 
dose distribution in the gap. The decrease of irridiance can be calculated 
with the Beer-Lambert law (Fig. 8 left). 

I(r) I0⋅
r0

r
⋅10 A⋅(r r0)

With the flow velocity ω(r) dependent on the radius of the reactor, A 
the decadic absorbance and the reactor length l the residence time t(r) 
can be calculated. With the Irridiance distribution the dose distribution 
can be calculated: 

D I(r)⋅t(r) I(r)⋅
ω(r)

l 

This calculated dose distribution is shown in Fig. 8 (right) for the 
actinometric solution as well as for the model solutions used for the 
inactivation experiments in the TFR with FGE at 100 L/h. 

This calculation can also show how much dose was absorbed by a 
partial volume dependent on the residence time. In Fig. 9 the UV-dose 
distribution for a model solution with an optical density of 12.3 is 
plotted over the normalized time. The partial volumes coming simul-
taneously out of the reactor were either facing the lamp or the outer 
reactor wall which results in different doses. At the outlet of the reactor 
the averaged dose distribution (displayed in Fig. 9) would be observed. 

Koutchma, Keller, Chirtel, and Parisi (2004) established a bio-
dosimetric method to measure this dose distribution in combination 
with residense time distribution by injecting E.coli K12 into the feeding 
stream as a tracer (Fenoglio, Ferrario, García Carrillo, Schenk, & Guer-
rero, 2020; Kaya & Unluturk, 2016). However, this method is not viable 
with the given residence times of the TFR. 

3.3. Efficiency of thin-film reactor with and without fluid guiding elements 

The efficiency of the system was also investigated using biodosimetry 
with the model organism E. coli DH5α as a further method to evaluate 
UV-C energy input. Using the food colorant Sunset yellow FCF, absor-
bance at 254 nm was adjusted to 28.3 ± 2.2. The inactivation of E. coli in 
a Ringer solution colored with sunset yellow in a TFR improves multiple 
orders of magnitude when FGEs are inserted. The inactivation of E. coli 
DH5α is dependent on the number of passes through the reactor as 
shown in Fig. 10. The inactivations without the FGE do not show any 
significant difference (ANOVA-Test). Analougus to the actinometric in-
vestigations only the organisms in the part of the solution facing the 
lamp are inactivated. The inactivation with FGE 100 L/h and 150 L/h 
show no significant difference. The inactivation with FGE at 30 L/h 
works slightly better due to the longer residence time and therefor 
higher theoretical UV dose of 840 J/L. The same inactivation curves as 
in Fig. 10 show no dose-response relationship to the theoretical dose 
caused by different flow rates (Fig. 11). 

The treated portion of the solution in proximty to the UV-source does 
not get interchanged. There is next to no axial mixing in laminar flow. 
Similar to the actinometry there seems to be a layer thickness in which 
the UV-light inactivates the E. coli population regardless of the 

Fig. 5. Residence time distribution in the thin film reactor with and without 
fluid guiding elements normalized by the mean residence time for flowrates of 
30 L/h, 100 L/h and 150 L/h. The respective Bodenstein-models are plotted. To 
keep the illustration lucid, the Bodenstein number for the TFR without FGE 
were averaged and only one graph was plotted. 

Fig. 6. Actinometric dose measurements for each flow rate in the TFR with and 
without the fluid guiding elements. 

Fig. 7. Comparison of the actinometric dose of the thin film reactor with and 
without fluid guiding elements and the theoretical maximal dose depending on 
the flow. 
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difference in the studied residence times. The inactivation shows a 
tailing or a convex curve. This is similar to the resuls shown by Mur-
akami, Jackson, Madsen, and Schickedanz (2006) for E.coli K12, where a 
biphasic curve with a tailing was observed. Other studies however found 
log-linear curves for the inactivation of other E. coli strains. Bhullar et al. 
(2018) for example invastigated the Escherichia coli ATCC 25922 and 
found a log-linear inactivation. It can be ruled out, that the reason of the 
observed tailing is based on the rector design, since the inactivation of 
S. cervisiae for example shows no such behavior.

E. coli Dh5α is known to be very sensitive to UV light. Therefore, the
inactivation efficiency of the TFR with FGEs was also investigated with 
the more UV resistant Saccharomyces cerevisiae with an initial load of 
106 CFU/ml in the model solution. 

Inactivation was measured at 100 L/h. The absorbance of the model 
solutions was set to values of about 0, 10 (0.03% sunset yellow) and 30 
(0.07% sunset yellow). The results are shown in Fig. 12. It is obvious that 
the inactivation curve of the S. cerevisiae D 576 shows a complete 
different characteristic than the E. coli Dh5α. The inactivation of 
S. cerevisiae shows a convex/shoulder. Sommer, Haider, Cabaj,

Heidenreich, and Kundi (1996) studied the inactivation of Saccharo-
myces and found strains (RC43a and a wild type) that show a similar 
shoulder comparable to the observed D576. They also found strains with 
a log-linear inactivation (YNN281 and YNN282). Junqua et al. (2020) 
studied the inactivation of S. cerevisiae FX10 in wine and also detected a 
shoulder in the inactivation curve. Feliciano, Estilo, Nakano, and Gabriel 
(2019) observed a similar convex characteristic for S. cerevisiae BFE-39 
in orange juice The inactivation for the solutions without the addition of 
sunset yellow (OD 0.1 ± 0.1) deteriorates by insertion of the FGEs. 
The penetration depth exceeds the thickness of the thin film layer and 
the walls of the FGEs are hindering the penetration of the UV-C light. As 
soon as there is an absorbing liquid, the inactivation is enhanced by the 
FGEs. With an absorbance of 11.7 ± 1.4 there is a 5-log reduction after 4 
passes through the reactor in comparison to an only 1.4 log reduction 
with the common TFR with an optical density of 12,7 ± 1,2 after 5 
passes. The inactivation of 1.4 log levels is also achieved with the FGEs 
and the optical density of 30.4 ± 2.3 of the solution. Only 0.3 log level 

Fig. 8. UV-irradiance distribution (left) and UV-C dose distribution (right) within annular UV-reactor with FGE of radius 11,59 mm and a gap of 6 mm at 100 L/h for 
absorbances of 12, 30 and 179. 

Fig. 9. Theoretical UV-Dose distribution dependent on the residence time for 
the thin film reactor with fluid guiding elements and a model solution with an 
optical density of 12.3. 

Fig. 10. Effect of Fluid Guiding Elements (FGE) on the inactivation of E. coli 
DH5α in Ringer Solution with 0.06% Sunset at 30 L/h, 100 L/h and 150 L/h 
plotted against the number of passes through the reactor with 108 initial mi-
crobial loads. Values are given as means (n = 3) ± standard deviation. OD 
(254nm;1cm) = 28, 3 ± 2, 2. 
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reduction is achieved with the TFR without FGEs with an absorbance of 
28.6 ± 1.7. These results confirm the findings with E. coli, that the 
inactivation in a thin film reactor can be significantly improved with the 
insertion of fluid guiding elements for liquids with an absorbance of at 
least 10. 

4. Conclusions

This study shows that the distribution of UV-C light throughout
optically absorbing liquids with a common thin film reactor can be 
drastically increased by inserting Fluid Guiding Elements (FGE). The 
actinometric dose measurements show that the FGEs successfully ex-
change the flow layers facing the energy input of the UV-C source. The 
width of the residence time distribution becomes narrower with the 
insertion of the FGEs indicated by the Bodenstein number. Therefore, 
the UV-C dose is distributed more homogeneously through the treated 
medium. 

The effect of an even distribution throughout the medium is visible in 
the inactivation of E. coli and S. cerevisiae. When treated in a thin film 
reactor with fluid guiding elements the inactivation of E. coli in a model 
solution (A 28.3) is 4 log levels higher than without the FGE in-
sertions. The inactivation is not connected to the examined flow rates in 

laminar flow conditions. Therefore, the inactivation is also independent 
of the dose measured by the actinometric system. It is rather dependent 
on the number of passes through the reactor. That is due to the fact that 
there is little mixing in laminar flow. 

The shown improvements of the UV-C reactors proved successful for 
the UV-C sensitive E. coli are as well as for the more resistant S. cerevisiae. 
The inactivation of S. cerevisiae with different absorbances shows that 
the use of fluid guiding elements with a 0.6 mm gap is especially useful 
for optically absorbing fluids. The gap of the fluid guiding elements 
should be fitted for future applications to the absorbance level of the 
treated liquid. 

To summarize the results, FGE considerably improve the efficiency of 
annular thin film reactors. 
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Fig. 11. Inactivation of E. coli in Ringer Solution with 0.06% Sunset Yellow 
with a UV TFR with and without fluid guiding elements at 30 L/h, 100 L/h and 
150 L/h plotted against the maximal theoretical UV Dose. A (254nm;1cm) =
28, 3 ± 2, 2. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 12. Effect of fluid guiding elements (FGE) on the inactivation kinetics of 
Saccharomyces cerevisiae in a model solution with different optical densities at 
100 L/h with 106 CFU/ml initial microbial load. Values are given as means (n 
= 3) ± standard derivation. 
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