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Abstract 

Drinking water quality and safety are vital factors for public health, and the consumption 

of contaminated water is one of the main causes of microbial disease transmission. 
Effective and reliable water disinfection methods at the point of use, especially at the 
household scale, play an important role in reducing such diseases. This study was 
conducted with the aim of designing and comparing the performance of four different 
UVC-LED reactor models for point-of-use water disinfection. To achieve this, 
Computational Fluid Dynamics was employed to simulate the flow field, mass transfer, 
and radiation field within the reactors, enabling a detailed assessment of UV distribution 
and its interaction with the flowing water. In the reactor designs, the influence of internal 
wall material-specifically polytetrafluoroethylene with diffuse reflectivity and aluminum 
with specular reflectivity-was investigated to evaluate how surface reflectivity impacts 
disinfection performance. The results demonstrated that the highest log reduction of 
Escherichia Coli and the most efficient microbial removal occurred in Reactor Type 4 
with an aluminum inner surface, achieving a log reduction of 1.64 and a disinfection 
efficiency of 30.6%. The findings highlighted that both the reactor geometry and wall 
material play critical roles in ensuring uniform radiation distribution and enhancing 
overall disinfection effectiveness. This study offers valuable insights and practical 
guidance for the optimal design of UVC-LED reactors intended for household and point-
of-use applications. 
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1. Introduction 
Access to safe drinking water remains a global 

challenge, particularly in rural and decentralized 

communities. Traditional UV disinfection 

systems rely on mercury lamps, which face 

limitations such as bulkiness, warm-up time, and 

environmental concerns. Recent advances in 

UVC-LEDs offer compact, durable, and mercury-

free alternatives for POU water treatment. 

However, their efficiency strongly depends on 

reactor design, LED arrangement, and wall 

reflectivity. This study aims to fill the knowledge 

gap by systematically evaluating how these 

parameters affect UV dose delivery and microbial 

inactivation in compact reactors. 
 

2. Materials and methods 
In this section, four different UVC-LED reactor 

models were designed and analyzed to evaluate 

disinfection performance. The objective of the 

numerical modeling was to simultaneously 

simulate the flow field, mass transfer, and 

radiation distribution inside the reactors using 

Computational Fluid Dynamics
1
. The geometry of 

each model was created and meshed in Gambit 

software. For each reactor, parameters such as the 

number of LEDs, geometric dimensions, and wall 

material (Teflon or aluminum) were considered 

differently. Fig. 1 presents the geometric design 

of the four reactor models. The inlet and outlet 

tube diameters were set to 6 mm. The diameters 

of Reactors 1, 2, and 4 were 4 cm, while Reactor 

3 had a diameter of 1 cm. The lengths of Reactors 

1 and 2 were 15 cm and 6 cm, respectively, 

whereas Reactors 3 and 4 each had a length of 10 

cm. In Reactor 2, the outer diameter was 4.7 cm, 

and the inner diameter (the region exposed to UV 

radiation) was 4 cm. The directions of the inlet 

and outlet flows are indicated by arrows in Fig. 1. 

For Reactors 1 and 2, a single UV-LED with a 

power output of 25 mW was used, while Reactors 

3 and 4 were equipped with two UV-LEDs, each 

with a power of 12.5 mW. 

For the simulation of the UV reactor, the 

continuity, Navier–Stokes, mass transfer, and 

radiation equations must be solved 

simultaneously. The water flow inside the UV 

reactor is turbulent in nature. The Discrete 

Ordinates Model
2
 was employed for radiation 

simulation. The continuity, Reynolds-averaged 

Navier–Stokes, mass transfer, and radiation 

equations are expressed as in Equations 1 to 4 

(White, 2011; Modest, 2003; Bird et al., 2006) 

                                                 
1
 Computational Fluid Dynamics (CFD) 

2
 Discrete Ordinates Model (DOM) 

(1) ȢɳÕ π

(2) ȢɳʍÕÕ  Ðɳ ʈɳ Õ Ȣɳʐ 

 

(3) ȢɳÕ# $ɳ # + ) #
 

(4) ÓȢɳ)ØȟÓ Ë ʎ )ØȟÓ 

Ë)4 ʎ ÓȟÓᴂ)ØȟÓᴂÄɱÓᴂה
 

 

 

3. Results and discussion 
To investigate the effects of reactor geometry and 

wall material on disinfection performance, the log 

reduction values for the four reactor types with 

PTFE and aluminum walls are presented in Fig. 2. 

In Reactor Type 1, no significant difference was 

observed between the two wall materials. Both 

cases resulted in a log reduction of 0.99, 

indicating that, in this specific configuration, the 

wall material was not a determining factor and the 

radiation distribution within the reactor volume 

was relatively uniform. 

In Reactor Type 2, the PTFE wall yielded 

better performance, achieving a log reduction of 

1.13 compared to 0.83 for the aluminum wall. 

This result suggests that in the more compact 

geometry of Type 2, diffuse reflections from the 

PTFE surface enhanced the radiation distribution 

throughout the reactor volume. 

In contrast, in Reactors Type 3 and Type 4, 

aluminum walls outperformed PTFE. For Type 3, 

the aluminum surface resulted in a log reduction 

of 0.68 compared to 0.45 for PTFE. Similarly, in 

Type 4, the aluminum wall led to a log reduction 

of 1.64, exceeding the 1.43 achieved with PTFE. 

These findings indicate that in more open 

geometries or those with multiple radiation 

sources (as in Types 3 and 4), the specular 

reflections of aluminum more effectively directed 

UV radiation toward the active region compared 

to the diffuse reflections of PTFE In Fig. 3, 

contours of microorganism concentration, UV 

intensity, and flow velocity are presented for 

Reactor Type 4 with PTFE and aluminum walls. 

In the radiation contours, a notable difference is 

observed between the two wall materials. With 

PTFE walls, diffuse reflections promote a more 

uniform distribution of radiation across the 

reactor cross-section, ensuring that regions near 

the walls also receive an adequate UV dose. This 

feature reduces low-irradiance zones and leads to 

a more homogeneous energy distribution across 

the reactor width. In contrast, with aluminum 

walls, the specular reflections focus the radiation 

toward the reactor center, while the intensity near
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(a)

 
(b)

 
(c)

 
 

 
(d)  

Fig. 1. Four different models of UVC reactor design a) type 1, b) type 2, c) type 3, d) type 4 

 

 

Fig. 2. Comparison of the logarithm value of 

different reactors with PTFE and aluminum  

wall materials 

the walls is noticeably lower. However, in this 

particular geometry, the central concentration of 

radiation is not a disadvantage; rather, it becomes 

beneficial due to alignment with the main flow 

path. 

In the microorganism concentration contours, 

a reduction in concentration from the inlet to the 

outlet is observed in both cases. For the PTFE 

wall, the concentration decrease is more uniform 

across the reactor width, consistent with the 

evenly distributed radiation. Conversely, with the 

aluminum wall, the reduction is more pronounced 

in the reactor center, particularly in the second 

section, reflecting the focused radiation and 

increased residence time in that region. This 

indicates that the majority of the flow passing 
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through the central region receives a higher UV 

dose, resulting in more effective disinfection. 

The velocity contours also exhibit a distinct 

pattern. The flow velocity is highest in the first 

section of the reactor and decreases in the second 

section. This reduction in velocity increases the 

residence time of the fluid in the latter section, 

which, combined with more effective radiation 

exposure, plays a critical role in enhancing 

disinfection efficiency. Specifically, in the 

aluminum configuration-where radiation is 

concentrated in the reactor center and the second 

section-the combination of longer residence time 

and higher UV intensity allows the 

microorganisms to absorb more energy, resulting 

in greater inactivation. 

 
(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

 

 
(e) 

 

Fig. 3. Contour of concentration, UVC radiation 

and velocity in the type 4 reactor a) concentration in 

PTFE wall, b) UVC radiation in PTFE wall, c) 

concentration in aluminum wall, d) UVC radiation 

in aluminum wall, e) velocity 

 

4. Conclusions 
The results showed that Reactor Type 4 with an 

aluminum wall achieved the highest microbial log 

reduction (log = 1.64). In terms of radiation 

distribution, effective residence time, and optimal 

flow guidance, it outperformed the other 

configurations. In contrast, in more compact 

reactors such as Type 2, the PTFE wall-with its 

diffuse reflectance-provided a more homogeneous 

radiation distribution and exhibited better 

performance compared to aluminum. 

Comparison with previous studies also 

indicated that even with low-power light sources 

and a limited number of LEDs, significant 

disinfection efficiency can be achieved through 

optimized geometric design and appropriate wall 

material selection. Therefore, the findings of this 

study can serve as scientific guidance for 

designing small-scale, practical UVC-LED 

reactors for household and point-of-use 

applications.
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Table 1  Comparison of characteristics of previous selected studies and the current research

Reference Study type Reactor 
geometry 

Reactor 
wall 

material 

Parameters 
studied Innovation / limitation 

Nguyen et al., (
)2019 Experimental Simple PTFE Flow rate, dose Focus on domestic 

wastewater application 
al., Kooshan et (

)2022 CFD U, L, S Aluminum Geometry, dose, 
power 

Various geometries; no 
wall material analysis 

Hessling et al., (
)2016 Experimental Rectangular 

Quartz + 
PTFE 

chamber 
Power, flow rate Small scale; no flow field 

evaluation 

)Wu et al., 2021( Statistical 
modeling U-shaped PTFE 

Flow rate, wall 
material, power, 

wavelength 

Systematic design 
framework; lacking CFD 

Keshavarzfathy (
and Taghipour, 

)2019 

CFD + 
Experimental Cylindrical Plexiglass Flow rate, power, 

current 

Two bacteria 
performance; no 

geometry comparison 
Matsumoto et al., (

)2019 Experimental Free flow Glass Flow rate, log 
reduction 

Open channel geometry; 
no environmental control 

Wang and Lin, (
)2021 Experimental Helical Not 

specified 
Helical pitch, 

power, flow rate 

Focus on radiation 
distribution; not wall 

material 

Oguma et al., (
)2016 Experimental Ring-shaped Quartz LED placement 

Two bacteria 
performance; LED 

arrangement 

)Wang et al., 2023( Experimental Rectangular 
channel 

Not 
specified 

Flow channel 
configuration Focus on flow field 

Present study CFD 
Four 

different 
models 

PTFE and 
Aluminum 

Geometry, wall 
material, radiation 
field, efficiency 

Combined analysis of 
wall material and 

geometry under identical 
operating conditions 

CFD

UVC-LED

Gambit

LED

UV-LED

LED

                                                 
1
 Point-of-Use
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(a)

 
(b)

 
(c)

 
 

 
(d) 

 

Fig  1. Four different models of UVC reactor design a) type 1, b) type 2, c) type 3, d) type 4 

:UVCabcd

 UVC 

Table 2. Specification of four different models of UVC reactors 

Reactor 
type 

Number of 
LEDs 

Reactor 
diameter 

(mm) 

Reactor 
length (mm) 

LED 
power 
(mW) 

Type 1 1 40 150 25 
Type 2 1 40 60 25 
Type 3 2 10 100 12.5 
Type 4 2 40 100 12.5 
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  PTFE 

Table 3. Grid independence study in reactors 1-4 with PTFE wall material 

Polyhedra meshes Logarithm value Error (%) Polyhedra meshes Logarithm value Error (%) 

              Reactor type 1             Reactor type 2 
43741 1.21 27 54469 1.32 20 
61167 0.99 4 84144 1.13 3 

114823 0.95 - 132034 1.10 - 
              Reactor type 3            Reactor type 4 

21457 0.57 32 86659 1.58 12 
30492 0.45 5 137577 1.43 1 
65323 0.43 - 210335 1.41 - 

 
UVC

Table 4  Boundary conditions for numerical simulation of UVC reactor 

Velocity inlet Inlet 
Constant value (=1) The concentration of microorganisms in the inlet 

Pressure outlet Outlet 

Stationary wall Reactor wall 

Zero diffusive flux The concentration of microorganisms in the reactor wall 

Opaque Radiation in the reactor wall 

Semi-transparent Radiation in the quartz wall 

 
Fig. 4. Mesh appearance in the type 4 reactor

 

#include "udf.h"

Constants for dose-response model (two-slope) 

define K1 0.0623            // Inactivation rate in low-

dose region (cm²/mJ) 

define K2 0.1859            // Inactivation rate in high-

dose region 

define SHOULDER 37.2        // Threshold dose 

separating low/high region (mJ/cm²)

Macro for accessing the local irradiation (Discrete 

Ordinates DO model) 

define C_DO(c,t) 

C_STORAGE_R_XV(c,t,SV_DO_IRRAD,0)

DEFINE_SOURCE: Source term 

DEFINE_SOURCE(uv_source, c, t, dS, eqn) 

 

real source, K; 
real vel_mag, residence_time, local_fluence, 

charac_length;

Step 1: Calculate flow velocity magnitude in the cell 

vel_mag = pow(C_U(c,t)*C_U(c,t) + 
C_V(c,t)*C_V(c,t) + C_W(c,t)*C_W(c,t), 0.5);

Step 2: Estimate characteristic cell length (cubic root 

of cell volume) 
charac_length = pow(C_VOLUME(c,t), 1.0/3.0);

Step 3: Estimate residence time = length / velocity 

residence_time = charac_length / vel_mag;

Step 4: Calculate local fluence = intensity × 
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residence time 
local_fluence = C_DO(c,t) * residence_time;

Save fluence to UDMI slot 1 for post-processing 

C_UDMI(c,t,1) = local_fluence;

Step 5: Dose-response model (shoulder behavior 

with two slopes) 
if (local_fluence <= SHOULDER) 

 

For low dose, use K1 

C_UDMI(c,t,0) = -log(C_YI(c,t,0)) / K1; 
K = K1; 

else 

 

For high dose, use K2 + correction to match 

continuity 
C_UDMI(c,t,0) = -log(C_YI(c,t,0)) / K2 + 

SHOULDER * (K2 - K1) / K2; 
K = K2; 

Step 6: Source term for UV inactivation: -K * rho * I 

* C 
source = -K * C_R(c,t) * C_DO(c,t) * C_YI(c,t,0);

Derivative of source w.r.t. species concentration 

(needed for solver) 
dS[eqn] = -K * C_R(c,t) * C_DO(c,t);
return source; 

DEFINE_DOM_SPECULAR_REFLECTIVITY: 

Directional reflection with cosine model 

DEFINE_DOM_SPECULAR_REFLECTIVITY(use
r_dom_spec_refl, f, t, nband, n_a, n_b, 

ray_direction, en, 
internal_reflection, 
specular_reflectivity,  
specular_transmissivity) 

 

real factor, cos_theta;

Step 1: Calculate the cosine of the angle between 

the incident ray and surface normal 
cos_theta = NV_DOT(ray_direction, en);       // dot 

Step 2: Only apply model when both media 

indices are air (example: n_a = n_b = 1) 
if (n_a == 1 && n_b == 1)

 

Set angular-dependent reflectivity and 

transmissivity 

Reflectivity decreases as angle becomes more 

aligned with normal 

specular_reflectivity = 1.0 - factor;          // R = 1 - 

cos(θ) 

specular_transmissivity = factor;              // T = 

cos(θ) 

 ..

 

U

LED

Qβ)Wu et al., 2021.(

LED

DOM

                                                 
1
 Azimuthal Angle 

2
 Polar Angle
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Wu et al., 2021) 

Table 5. Comparison of Logarithm value of the simulation of the present work with the experimental  

data of Wu et al. (Wu et al., 2021) 

Percentage 

error (%) 
Simulation of the present 

work 
The experimental data of 

Wu et al. 
Flow rate (L/min) 

5.4 3.31 3.14 0.5 
9.8 1.73 1.92 1 
1 1.23 1.39 1.5 

12.6 0.97 1.11 2 

 

Fig. 5. View of the reactor used in the work of  

(Wu et al., 2021)Wu et al. 

al., 2021) (Wu et
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Fig. 6. Comparison of the logarithm value of different 
reactors with PTFE and aluminum wall materials 

PTFE

Fig. 7. Comparison of the dose of different reactors with 
PTFE and aluminum wall materials 

PTFE

PTFE
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Fig. 8. Contour of concentration, UVC radiation and velocity in the type 1 reactor a) concentration in PTFE wall, b) 
UVC radiation in PTFE wall, c) concentration in aluminum wall, d) UVC radiation in aluminum wall, e) velocity 
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(e)
Fig. 9. Contour of concentration, UVC radiation and velocity in the type 2 reactor a) concentration in PTFE wall, b) 

UVC radiation in PTFE wall, c) concentration in aluminum wall, d) UVC radiation in aluminum wall, e) velocity
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(e)

Fig. 10. Contour of concentration, UVC radiation and velocity in the type 3 reactor a) concentration in PTFE wall, b) 
UVC radiation in PTFE wall, c) concentration in aluminum wall, d) UVC radiation in aluminum wall, e) velocity
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Fig. 11. Contour of concentration, UVC radiation and velocity in the type 4 reactor: a) concentration in PTFE wall, b) 
UVC radiation in PTFE wall, c) concentration in aluminum wall, d) UVC radiation in aluminum wall, e) velocity
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Fig. 12. Comparison of the efficiency of different 
reactors with PTFE and aluminum wall materials 
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