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Abstract
Keywords:
Ultraviolet disinfection serves as a safe physical method that generates no chemical by- Ultraviolet Water
products, making it a highly desirable alternative to traditional water treatment processes. Disinfection,

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 °C. 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 aircooling
mechanism was implemented, successfully
stabilizing the lamp surface temperature at
approximately 36.3 °C. For the experimental

! Ultraviolet (UV)
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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 17.6 LPM, the increased hydraulic retention time
independence study utilizing the grid convergence led to absolute pathogen inactivation. Specifically,
index method confirmed that the selected mesh the computational model predicted elevated LRVs
resolution provided highly accurate numerical of 4.10 and 4.93 for these respective flow rates,
resu.lts to support the physical experimental providing a mathematical justification for the zero
findings. viable colonies observed during the physical
experiments. This complete disinfection exceeded
3. Results and discussion the laboratory limit of detection?, perfectly
Precise thermal management is essential for aligning with the numerical model predictions and
optimizing UV photoreactor performance, as confirming the exceptional performance of the
temperature  fluctuations  severely — degrade reactor across all tested operational conditions.
radiometric output due to changes in internal
mercury  vapor pressure. To prevent the Table 2. Comparison of experimental and
detrimental effects of photon self-absorption, a simulated LR Vs at various flow rates
forceq air-cooling system was utilized. The Flow rate Experimental Simulated
experimental temperature profiles of the lamp (LPM) LRV LRV
surface, presented in Fig. 2, confirm that this 275 3 48 329
mechanism successfully stabilized the temperature 21.7 > LOD* 4.10
at approximately 36.3 °C during continuous 17.6 > LOD* 4.93
operation.  Simultaneously, the  concentric Note: Complete bacterial inactivation at these flow rates
cylindrical refecor  effectivly captured and  e30ed et iablecolonies o th plats, meaning
redirected divergent rays back into the central fluid LOD.
domain, ensuring a highly uniform radiation dose.
The efficacy of this combined thermal and 4. Conclusions
optical design was validated through biological In conclusion, the development of a novel UV
assays, with Table 2 providing a direct comparison photoreactor with an external lamp architecture
between the experimental and simulated log successfully eliminates the inherent pressure drop
reduction values'. At the maximum flow rate of and surface fouling limitations of conventional
27.5 LPM, the experimental LRV reached 3.48, submerged systems. The integration of forced
demonstrating excellent agreement with the convection thermal management maintained the
calculated numerical value of 3.29. The mercury lamps at their optimal operating
remarkable consistency between the physical and temperature, while the cylindrical reflector
computational data at this maximum velocity maximized optical efficiency by synergizing direct
validates the accuracy of the multiphysics model, and reflected radiation. The strong alignment
proving its reliability for predicting reactor between the experimental microbial data and the
behavior across diverse hydrodynamic conditions. computational fluid dynamics model confirms the
Furthermore, at the reduced flow rates of 21.7 and accuracy and reliability of the numerical approach.
1 Log Reduction Value (LRV) 2 Limit of Detection (LOD)
Water and Wastewater ML g_;T
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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
validated computational and experimental

Water and Wastewater

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

Distance from the lamp surface to the quartz
channel surface

46

Ldistance

a) b)

Reflective Channel

UV Reactor Outlet

Water Flow

UV Reactor Inlet

<)

Lreaclor

D

reflector

L

‘distance

(©

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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evaluation

s 33 bl @ bl (S5 ploay Y IS

YV/OJT\/V‘\V/f)QjLwUQfdAMJJMLoLuw‘
Ao b obz ¢ 5 38 Ol Sl L) (aids 5 2
3>%J\5):&:ﬁ)>6)\:ﬂ4.i}oj e rbu\se,', 6)3-‘,&“?

Loas (\’.d‘ 23Sy 295 56909 3 (S is s i SIS

Water and Wastewater

336 33 5 o5 ol s Ol 5oy ot e B e sb
YOV dU = sedsb b SLidS 6 56 5l (sl g il 3 Y
Jsb 5 e tlw 0F usd Jsb ol /0 —2b ol g 25l
o3 5555 40 gomme cpl i 4 S Ceelo Qe e ol oo
Ao it e ahize 55 3l eaiiS e (6 ey (slaens eSS
Sl pd Bl glakl, shesliz wl b 55 (S50 OV
Jeata e 4 olS sl raiai 5 ol DUy Gy
s
4oy Y iats G YL Cnlir w2 g
N goSslr 5 g mhw slos Coti shteg oy Ol s
sl 0l b S sl G sl i ol
S (6152 0Lz o e (g3l (10 ad eslinal (gL
sebalr 5l —ab ol Dl Ll s Ll 653 65150 08
2 (oYl sl /8 (SudlnS o 5 55 L) ity
L sls 0Lt Slalos 558 J> 5 (53 Jan EES i3l
Y CE-“' los sl 20 ¥ sgam e 0l 2 s o Lais
b 25l osdon s g 4255 Y2/Y 05 50000 s
1523 G55 a3 S g0 5 5l Jmole 2 gl
58l (@Y Gl (o geds 423 TP B YY) oY (gl

35S el b o S 53 ) e (il Ol g0l

350 2L 5 (s ) (P 593 SS9 -Y-Y
e R P K PR PP NCPVS | B P N -Sow
AN @l e G Jold s il YL e S
0Lz (o0 JAS Gl 5 5l ol /0 S50 5l 5 Sy
S 516 s bl Jale Sl ol sea e O s as b
NS WU JC VR JUH P VO JP SN S E DTS PIY
nyJ}L 33 90,55 AA Uslas u:""‘ﬁ coslas L}AL:J asliziols ) ge
s 595w ¥ S S cnloe A/ Ll pH e sl YO
gt o a5 U I S 5 O saS e 5 szl
8yl b 5 45 (ATCC AVYR) g o ISL s 5l (6 S
POREIL S PR R PPV INE S I RPN CE S P PP
ua."\_& S.:. Q\}&d; 6,’?5\.' U'L‘ )‘ osla s uL"CJ‘ ua."l_&
cans o 61155580, 5 Shas 3l gleol Sadailone 50 o355 5
6l 3insse 353 5 Losas o o (sl e3Y Rl 50 155

NS 5 0

Vol. 37, No.1, 2026

\
VEO Jlo ) ol ¥V o9 =

\Al



dx.doi.org/10.22093/wwj.2026.592599.3567

b g a8 9351, SO (g0 g (225 (o

q = nvD ()

oasld s tels r—“w@ Slade 2Ll b 5 (e 3 Shes
255 o0 (65w oS ATCC 8739 S 5l iCun (S5 8]
b okl g sl S oo b sbaossl olad mss
230 % O3Sl Sz Jsl 4 e (2S1y eSS St

(Sanz et al., 2007) cof sus 55l Jon

LRV = log (%) = KinactIt = KingeeD (O)

OT B 45
15 Ko ol (sl el (5l d et 5 2ol Kinger
ol opl lade 2o gl YOY sl sb b (il oo (o
sl oad b S 55 03 U3 et /0 VYL Ll (S
393 r5\_> —ab &= < s2olx (Green et al., 2018)
(o B F 55 6okl e S Jmlead Jleel jrinl 3
el sai &1 285 4 (Seyedin et al., 2024) &

o e 3 sslazal b Jlad slagy s b sl Jlisl o opmiman
(Andersson et al.. 2012) Gl suds Llxd + /Y b ol azas]

o bwlowe 40 1 SRS -F-Y
Sl @by s g @L:J &8s 5l plawbl ol
st o3l b 4o laslismal b OF aials s oLl oS5
S maY s S e i slopbsl S 38s [ kil
55515 05l 55 sl slaplall (1 ¥ Jslas (6 S5 5
3ol amals gl et g Sl 08 IS gl s asland
\:«.\J‘ cMm&EYJ&iJAJ};‘S‘) KLEBX)

Olsea 5581y (29,5 53 SRelS o )80 (555 L g2 Jlade
oo 3l sl b it Ol s oS 5l ol Sme
(ciys) #AY e rS\Js L «Ss u (Celik et al., 2008)
YV/O Lﬁ))b Ou‘ ()f.)) Y&\ '/\s’ M (L_.aj:ﬁ) \5*'«4' A

Water and Wastewater

s 5l s Sskr sl el o sl LSS 90 el w4z
3 0Nk el Loeals Lo (S S slaadsad s 50!
s (S5l s 158 Loaigoi ad ool sllas (Sl Sl
o 055 S S5l s same 3l dlad sy 5L S 1
ol YH) 5l sSil 5 5T o smin Jge baa 53 oo 2S5
b (6l b S il d (g s TY B YO s

A el k)i,.mlf‘.:.ulil

Sl OY¥lw Saliss goludae -Y-Y
Sy i G55 Canle s (13508581 sl
sSealira g sion Jolo 1358 e plonil gz 56 a5 ST e
¢l 035h ssledWd b Satw 5 (26 Glae g5l de
U S Vslen 550, 0095 4xil 236815 0k 2 gleand
oS sl U 5 Ko, el Wl L eS > w5lasl &

Wk Jo 5y ead 650k
an _
9, =0 )
W) _z1op | 8 ) 0Ui o
ox; - p 0x; + oxj (V oxj ulu]) (Y)

S5 sT Jae ol jad 4 Sy 551 8 51 Yolos s (61
wels 5o b ous 3L Lol a eslizul realizable k — €
JUsl dslae i rbgl e slacgr Jouo s 5 50 Slowlxe
0303 b ¥ dblan & ooty asidin 50 5b S (6150 pinis

{Sobhani and Shokouhmand, 2017) &

(*)

V.(L(# 33 + (ay + o)L (7, 5)
o 41T _
I _Sf I GHo(35)de,
an b,1+47_[ | A(r s) (s s)

bl 056 3b 5l it (@) Sl i o 5
CA—M\J@\-’:J‘):? A.L:l_uu:))j_.oguid.b'\}um:)if%_,_.é
(Wols et al., 2015)

]| 0

Vol. 37, No. 1, 2026

Q
VEeO Jlo ) led ¥V o5 =



dx.doi.org/10.22093/ww;j.2026.592599.3567

Oan g (s9ho (g A

Fig. 3. Final generated computational grid (water domain)
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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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