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Ultraviolet disinfection serves as a safe physical method that generates no chemical by- Disinfection,

products, making it a highly desirable alternative to traditional water treatment processes.
However, conventional submerged reactors encounter severe operational challenges such
as significant pressure drops along the fluid path. This study presents the first physical
fabrication and comprehensive validation of a novel UV photoreactor featuring a fully
segregated architecture. In this configuration, a central quartz water channel is
accompanied by two mercury radiation sources situated in the surrounding air and outside
the fluid domain. A concentric cylindrical reflector encloses this entire assembly. This
specific design optimally reflects the omnidirectional radiation emitted by the mercury
lamps back into the fluid domain. To develop a deeper understanding of the transport
phenomena, computational fluid dynamics simulations were conducted. These
simulations simultaneously integrated flow hydrodynamics, the discrete ordinates
radiation model, and first-order inactivation kinetics. To validate the developed model,
an experimental setup was constructed and subjected to biodosimetry testing utilizing
Escherichia coli (strain ATCC 8739). The implementation of a thermal management
mechanism based on forced convection stabilized the lamp surface temperature at an
optimal 36.3 degrees Celsius. This stabilization ensured the consistency of the radiant
power output. Microbial evaluations revealed that at the maximum operational flow rate
of 27.5 liters per minute, the experimental log reduction value was 3.48. This value
demonstrates excellent agreement with the calculated numerical value of 3.29. At lower
flow rates of 21.7 and 17.6 LPM, complete pathogen inactivation was achieved,
exceeding the laboratory detection limit. The numerical model predicted LRVs of 4.10
and 4.93 for these flow rates, respectively. These findings demonstrate that the synergy
between direct and reflected radiation significantly enhances the uniformity of the
radiation dose. The successful alignment of experimental and numerical data confirms
that this segregated reactor design offers a new paradigm for developing efficient and
economical water treatment systems with minimal maintenance requirements.
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1. Introduction

Ensuring a safe drinking water supply requires
effective disinfection, but traditional chemical
methods generate toxic by-products and struggle
with resistant pathogens (Adeoba et al., 2024).
Consequently, ultraviolet ! disinfection has
emerged as a preferred chemical-free alternative.
However, conventional UV reactors rely on
submerged lamps, which leads to severe pressure
drops, quartz sleeve fouling, and constant
maintenance challenges. While placing light
sources externally resolves these hydrodynamic
issues, implementing such external designs with
the high-power cylindrical mercury lamps
necessary for industrial applications remains a
fundamental challenge. To address this
fundamental gap, this study presents the design,
fabrication, and computational fluid dynamics
validation of a novel UV photoreactor with a fully
segregated architecture. The system features a
central quartz water channel surrounded by two
external mercury lamps, all enclosed within a
concentric cylindrical reflector. This specific
configuration overcomes critical engineering
challenges by optimally reflecting omnidirectional
radiation into the fluid domain and implementing
a thermal management mechanism to stabilize
lamp temperatures for maximum efficiency.
Ultimately, this research demonstrates that the
segregated cylindrical architecture provides a new
paradigm for developing highly efficient,
economical, and low-maintenance water treatment
systems.

2. Methodology

The core innovation of this research is a novel
water disinfection configuration where radiation
sources are positioned outside the fluid flow to
maximize the effective dose and improve
Escherichia coli inactivation. In this design, a
central quartz water channel is surrounded by two
external UV mercury lamps and enclosed by a
concentric cylindrical reflector, with the precise
geometric dimensions detailed in Table 1. The
physical reactor was constructed using a polyvinyl
chloride tube lined with reflective aluminum foil,
which demonstrated a 49% reflectance at the target
254 nanometer wavelength. To maintain optimal
lamp radiation efficiency, a forced air cooling
mechanism was implemented, successfully
stabilizing the lamp surface temperature at
approximately 36.3°C. For the experimental

! Ultraviolet (UV)
2 Liters Per Minute (LPM)

Table 1. Geometric dimensions of the simulated
photoreactor

Value

Parameters (mm)

Total length of the photoreactor 560

Diameter of the reflector 300
Diameter of the central quartz 46
water channel
Diameter of the UV lamp 28
Distance from the lamp surface 46

to the quartz channel surface
Total length of the photoreactor 560

Diameter of the reflector 300

e W | T 0 ey

Vu; Flow Regulating '

UV Reactor
(External View)

3 Primary Feed Tank
i (Chemical Tank)

Fig. 1. Experimental arrangement for the
biodosimetry evaluation

validation, a closed loop biodosimetry circuit was
developed, as illustrated in Fig. 1, utilizing
distilled water and Escherichia coli ATCC 8739 at
an initial concentration of one million colony
forming units per milliliter. The system was tested
at three different flow rates of 17.6,21.7, and 27.5
LPM?, with collected samples carefully handled in
strict darkness to prevent photoreactivation prior to
incubation and colony counting. Complementing
this extensive experimental setup, computational
fluid dynamics simulations were employed to
model the multiphysics nature of the reactor. This
numerical approach integrated Reynolds averaged
Navier-Stokes equations for flow hydrodynamics,
the discrete ordinates model for radiation transport
(Sobhani and Shokouhmand, 2017), and first order
Eulerian kinetics for pathogen inactivation
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Fig. 2. Experimental temperature profiles of the UV lamp surface at positions: (a) adjacent to, and (b) far from the
cooling fan over time

(Sanz et al., 2007). Finally, a rigorous grid
independence study utilizing the grid convergence
index method confirmed that the selected mesh
resolution provided highly accurate numerical
results to support the physical experimental
findings.

3. Results and discussion

Precise thermal management is essential for
optimizing UV photoreactor performance, as
temperature  fluctuations severely  degrade
radiometric output due to changes in internal
mercury vapor pressure. To prevent the
detrimental effects of photon self-absorption, a
forced air-cooling system was utilized. The
experimental temperature profiles of the lamp
surface, presented in Fig. 2, confirm that this
mechanism successfully stabilized the temperature
at approximately 36.3 degrees Celsius during
continuous  operation.  Simultaneously, the
concentric  cylindrical reflector effectively
captured and redirected divergent rays back into
the central fluid domain, ensuring a highly uniform
radiation dose.

The efficacy of this combined thermal and
optical design was validated through biological
assays, with Table 2 providing a direct comparison
between the experimental and simulated log
reduction values'. At the maximum flow rate of
27.5 LPM, the experimental LRV reached 3.48,
demonstrating excellent agreement with the
calculated numerical value of 3.29. The
remarkable consistency between the physical and
computational data at this maximum velocity
validates the accuracy of the multiphysics model,
proving its reliability for predicting reactor
behavior across diverse hydrodynamic conditions.

1 Log Reduction Value (LRV)

Water and Wastewater

Furthermore, at the reduced flow rates of 21.7 and
17.6 LPM, the increased hydraulic retention time
led to absolute pathogen inactivation. Specifically,
the computational model predicted elevated LRVs
of 4.10 and 4.93 for these respective flow rates,
providing a mathematical justification for the zero
viable colonies observed during the physical
experiments. This complete disinfection exceeded
the laboratory limit of detection?, perfectly
aligning with the numerical model predictions and
confirming the exceptional performance of the
reactor across all tested operational conditions.

Table 2. Comparison of experimental and
simulated LR Vs at various flow rates

Flow rate Experimental Simulated
(LPM) LRV LRV
27.5 3.48 3.29
21.7 >LOD* 4.10
17.6 >LOD* 4.93

Note: Complete bacterial inactivation at these flow rates
resulted in zero viable colonies on the plates, meaning
the true log reduction exceeds the biological assay's
LOD.

4. Conclusions

In conclusion, the development of a novel UV
photoreactor with an external lamp architecture
successfully eliminates the inherent pressure drop
and surface fouling limitations of conventional
submerged systems. The integration of forced
convection thermal management maintained the
mercury lamps at their optimal operating
temperature, while the cylindrical reflector
maximized optical efficiency by synergizing direct
and reflected radiation. The strong alignment
between the experimental microbial data and the
computational fluid dynamics model confirms the

2 Limit of Detection (LOD)
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accuracy and reliability of the numerical approach.
By achieving high log reduction values at
maximum flow rates and complete pathogen
inactivation at lower speeds, this segregated design
proves to be highly effective. Ultimately, this
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validated computational and experimental
framework demonstrates that the external reflector
configuration provides a robust, scalable, and
highly efficient engineering solution for modern
water disinfection applications.
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Table 1. Geometric dimensions of the simulated photoreactor

Symbol Description Value (mm)
Lreactor Total length of the reactor 560
D eflector Diameter of the reflector 300
Dchannel Diameter of the central quartz water channel 46
diamp Diameter of the Ultraviolet lamp 28
Lictance Distance from the lamp surface to the quartz 46
channel surface

Fan
b)

Water Flow

Ll’eﬂtl()l'

Dreﬂector

Ldistance

(c)
Fig. 1. Configuration of the UV photoreactor: (a) the reactor body, (b) cross section view showing external lamp
placement and the central quartz water channel, (¢c) computational geometry for numerical simulations
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Table 2. Comparison of experimental and simulated LRV at various flow rates

Flow rate (LPM) Experimental LRV Simulated LRV
27.5 3.440.03 3.29
21.7 > LOD* 4.10
17.6 > LOD* 4.93

*Note: Complete bacterial inactivation at these flow rates resulted in zero viable colonies on the plates,
meaning the true log reduction exceeds the biological assay’s limit of detection.
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Fig 6. Cultured petri dishes from biological assays. (a) Initial baseline sample taken before UV exposure. Samples
taken after UV exposure at flow rates of (b) 27.5 LPM, (c) 21.7 LPM, and (d) 17.6 LPM
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