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Abstract: UV-disinfection reactors may appear in a variety of forms, but it is useful for all types to
identify the inflow and outflow zones (those in which the fluid approaches or, respectively, recedes
from the radiation source) and the direct radiation zone (in which the flow occurs along the UV
lamp). Due to the spatial variability of the velocity field and the radiation intensity, the radiation
doses received in different zones of a reactor differ. In this work, theoretical considerations regarding
functions describing the variability of UV radiation doses in flow reactors are presented. The most
basic parameter of a UV-disinfection reactor is the minimal time required by the fluid to pass through
the reactor. Such time depends on the maximum fluid velocity in the reactor. Based on the theoretical
analysis of this phenomenon, the doses in different zones of the reactor have been compared for
laminar and turbulent flows. The result of the analysis states that UV-disinfection reactors should be
designed in such a way to deliver the required amount of radiation to the point at which the fluid
velocity is the highest. The other main conclusion resulting from this comparison yields that the most
effective in terms of disinfection is the direct radiation zone, whereas the influence of the inflow and
outflow zones is negligible.

Keywords: UV disinfection; absorption; bioreactors; flow

1. Introduction

The possibility of using UV technology for water disinfection purposes was noticed in the late
1870s. It was an attractive alternative to chemical methods since it allowed us to avoid the by-products
formed during chlorination. The first drinking water disinfection system was opened in Marseilles,
France in 1910, while in wastewater sector, the first full-scale UV installation was launched in 1978
in Northwest Bergan (Waldwick, New Jersey) [1]. One of the oldest installations, which has been in
continuous operation since 1991, is the wastewater treatment plant in the city of Altoona (Pennsylvania,
USA) [2]. Currently, due to the water scarcity and reduction of process costs, the number of water
and wastewater treatment plants using UV technology is increasing mainly in the USA, China, Russia,
Germany, and France. The world’s largest UV disinfection installation is located in Moscow in the
Luberetskaya wastewater treatment plant with capacity to treat over 6 million m? of urban wastewater
per day [3]. In the European Union, the largest UV installation was implemented in 2005 in Munich in
the Gut Marienhof wastewater treatment plant.

UV disinfection has been gaining increased interest since it is based on electromagnetic energy and,
in general, does not alter water quality. Its effectiveness in the inactivation of waterborne pathogens is
connected with the disruption of the DNA or RNA of living cells (bacteria, viruses, and protozoa). The
UV radiation, which passes through the cell body reacts with DNA/RNA nucleotides and, as a result,
thymine dimers are produced (other dimers are less probable). The formation of thymine dimers in
vital areas of the DNA prevents replication. UV radiation, which is responsible for DNA/RNA damage,
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ranges from 230 to 290 nm (optimum between 260-265 nm) and the degree of cell inactivation is directly
related to the UV dose. Thus, it is critical to provide the optimum UV dose during the disinfection
process and to obtain the complete inhibition of cell replication.
The UV dose (UVD) depends on the radiation intensity (irradiance) and the exposure time. It is
expressed as [4]:
UVD = I'tg, 1)

where the UVD (J/m?) is the delivered energy per unit area, I (W/m?2) denotes the irradiance (power
delivered by the UV source), and tg (s) is the exposure time.

The minimal effective dose of the radiation (UVDg), which provides the required level of
deactivation of the considered microorganisms, can be determined quite easily when batch reactors are
used. The reason for this is that the whole content of such a reactor can be held for an arbitrarily long
time within a radiation range with known intensity [5,6].

In the case of flow reactors, the problem becomes complex as fluid flows through the reactor.
Currently, computational fluid dynamics (CFD) is advanced enough to perform a numerical simulation
of such a process and estimate its parameters [6,7]. However, such an approach delivers only a
solution for a particular problem such as the selection of the reactor configuration or the UV lamps,
which will deliver the required dose of radiation to the fluid. In practice, however, CFD methodology
can hardly be considered as a typical toolset for exploiters of water and wastewater systems. It
requires specific knowledge and experience in the areas of domain discretization, solutions of systems
of partial differential equations, and visualization. All the above make such a methodology costly
and time-consuming, and, overall, not flexible since, each time, it is tailored for an exact case only.
Additionally, the accuracy of such computations can be problematic, especially in the case of turbulent
flows. Usually CFD methodology is used by research and development specialists or for the purpose
of scientific investigations.

Possibly for this reason in UV disinfection guidelines (e.g., [6]) dose-monitoring equations
developed by theoretical means (mostly based on CFD computations) are treated as auxiliary relations.
According to the regulations, the selection of the UV radiation dose is often based only on empirical
radiation testing. However, such an approach is strictly technical and has very limited advantages
from the scientific viewpoint. Additionally, it does not provide the general rules for practical design of
UV-disinfection flow systems.

It, therefore, seems reasonable to seek such theoretical models of this phenomenon, which will
have a low level of formal complexity and will provide a proper level of compatibility with physical
observations. Such models could be used as an aiding tool for using CFD methods (for example, to
estimate the starting values for iterative processes). Additionally, they could be used as part of a
simplified computational method in the process of the design of flow reactors.

The building of a mathematical model of such a process requires recognition of the hydraulic
structure of the considered object type. According to Equation (1), in the case of flow reactors used for
UV disinfection, two factors have to be considered:

e  Variability of the fluid flow velocity field, which influences the time spent by different fluid
elements in the UV radiation range (flow-through systems, especially these having a regular
geometry, can be conveniently and willingly described by the average flow velocity). Alas, when
the considered phenomena undergo the chemical and/or biological and/or physical processes,
which expected effectivity can be reached after the passage of a proper period of time and in
accurately determined conditions, like concentrations of reacting substances, radiation intensity,
temperature etc., application of the mean velocity would be an oversimplification. In real flows,
due to the momentum exchange, turbulence, and/or viscous factors, the velocity field is highly
differentiated. Its minimal value, which is equal to zero, appears close to the immobile walls.
In this case, one observes the longest detention time, whereas the maximal value of this time
is observed in some distance from the wall, along the main stream. When taking into account
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technical and economic aspects of the considered problem, it is clear that the basic form of the
flow in this case is a turbulent one. However, the laminar flow effects, because of its relatively
simple mathematical description, can be easier to understand. For this reason, to make the paper
more comprehensible, both laminar, with a cognitive value, and turbulent, with a practical value,
flow conditions were discussed.

e Decrease of the UV radiation intensity due to the growing distance from its source, i.e., UV
lamp (the radiation, penetration of the material medium, and losses regarding its intensity due
to the absorption). The effect of disinfection is also proportional to the detention time of the
microorganism in the system and, being aware that both these factors act together, one should
agree that it is purposeful to specify the reactor zones of a different fluence rate.

The analysis of the influence of these two factors on the estimated UV radiation dose (UVD) is the
subject of this paper.

2. Methods

2.1. Absorption of UV Radiation by a Fluid

The intensity of UV radiation, as every form of radiation, decreases as it penetrates through a
material substance, mostly due to absorption. In practice, the intensity of the radiation absorption is
described by transmittance, which is defined as a measure of the fraction of incident light transmitted
through the water column [6]. This quantity is usually expressed as part of the energy, which was
transmitted through a material of a thickness equal to h (usually h = 10 (mm)). Another widely used
quantity is absorbance, which describes the amount of the energy absorbed by the medium through
which it penetrates.

In practical applications, the radiation intensity is expressed using Beer-Lambert’s law, according
to which the radiation intensity can be expressed using the equation below [8].

I(x) = Ip-exp(—a-x), 2)

where x (m) is the distance from the source of the radiation, I(x) (W/m?) is radiation intensity at point x,
Iy (W/m?) is radiation intensity of the source, and & (m™) is a Napierian absorption coefficient.

The value of the coefficient « can be estimated from Equation (2) if the transmittance T of the
medium is known. By definition, the transmittance at the considered point is:

I(x =h)

T=
Ip

, ®)
which gives
x = —%lnT. 4)

The description of the radiation dose distribution, given by Equation (2), has a basic character. It
means that the efficiency of the microorganism elimination depends directly on the radiation intensity
value I. This model does not take into account such features, like microbial inactivation kinetics, nor
the wall reflection of the UV-light. Including these features of the considered process would complicate
its mathematical model and would not present the outcome in an analytical form, which is one of the
merits of this work.

The main goal of this paper is derivation of the respective equations in an analytical form utilizing
possible simplifications. Such an approach enables us to discuss the hydraulic structure and efficiency
of UV-reactors. Additionally, these simplifications create a profitable “margin of safety” (e.g., UV-wall
reflection enhances the reactor efficiency [9]).
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2.2. Computational Schemes for Determination of the Velocity Field and Radiation Dose

As mentioned above, the determination of the flow characteristics of reactors with
complex geometries is possible only through numerical modelling using the CFD approach or
through experiments.

Taking into account the huge amount of information, collected in this way, we make use of
rather compact methods of the process description. Likely the most popular and useful approach
is determination of the residence time distribution (RTD) [9,10]. Such specification of the flow pays
respect to the internal mixing of the moving fluid [11,12] and to the configuration of the reactor
including the form of the inlet and outlet [13].

The analysis of the shapes of the UV-disinfection devices provided by the manufacturers, however,
allows it to be stated that UV reactors usually have simple geometries. Therefore, for further
consideration, it was assumed that it is reasonable to treat disinfection devices as pipe reactors with
three different zones inside (see Figure 1):

e inflow zone of the length Ly,

e radiation zone of the length Lrz, which contains one or more UV lamps, placed in parallel or
perpendicularly to the flow direction,

e outflow zone of the length Loy;.

I/— inflow ouL['low—\l

I UV lamp I
| & |
Q | UV lamp Q
I e I
I UV lamp I
I ]
[ inflow radiation outflow |
zone ol g 7one >l 700
Lln LR/ L()m

Figure 1. Structural scheme of a typical UV flow reactor.

The greatest radiation intensity occurs in the radiation zone. However, the influence of the inflow
and outflow zones on the disinfection process should be taken into account as well. The results of such
an analysis could potentially be useful for estimating the effectiveness of the radiation zone. Thus, a
discussion of the process characteristics in the remaining zones becomes more important.

An analytical description of the hydraulic structure of the considered process is possible only for
simple geometries like a pipe reactor. Taking into consideration the previously mentioned issues, the
following flow schemes included in UV flow reactors will be considered:

e flow in the inflow area and the determination of the radiation dose (which come from a
computational point of view that is equivalent to the outflow zone) for laminar flow,

e asabove, but for turbulent flow,

e UV dose in the radiation zone (one lamp, parallel to the axis of the pipe) for laminar flow.
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2.3. Inflow Zone—Laminar Flow Considerations

2.3.1. Analysis of the Flow Profile and Flow Time

The velocity profile of pressurized laminar flow in a circular pipe can be described by the
Hagen-Poiseuille solution [14,15], according to which the velocity profile is given by the equation of
the paraboloid (Figure 2).

AP (n2 2_ .2
uy(r) = 4uL(R ) CL.<R -r ), ®)
where r is the actual distance from the centre of the cross-section, uy is the velocity in the direction of x,
R is the radius of the considered pipe, Ap is the pressure difference forcing the flow, L is the distance
at which the pressure difference Ap occurs, and p is the dynamic viscosity coefficient. The auxiliary
variable Cp, = Ap/(4 uL) was introduced to maintain the clarity of further rearrangements of this relation
(the subscript L refers to laminar flow considerations).

inflow r outflow
¥ 4 Y
I dr}i x(l)/um‘l\ ¥ I
7 laminar flow —""
| Rin o Equations (5, 6) |
Y.l .
/////// In
R o
I = /Z;;/ A(r)/umd\ I
dr ~ turbulent flow
| Equation (19) |
1 > I
P |
I“ln
(a) (b)

Figure 2. Flow in the inflow area (a) cross-sectional view, and (b) longitudinal cross-section view.
In the considered case, the largest velocity occurs in the centre of the pipe’s cross-section.
Umax = Ux(r = 0) = CL-R?, (©)
Thus, the UV exposure time of the particles flowing along the pipe’s axis is the smallest, and equals:

Lin _ Lin
Umax Co R?

tR,min = (7)

The further the distance from the pipe’s axis, the slower fluid elements flow. Therefore, they
remain longer in the radiation area when absorbing larger doses of radiation. In an extreme case
(r = R), the radiation time tends to infinity (tr—c0) due to adhesion on the pipe walls (Figure 2).

The aim of these considerations is the estimation of the UV radiation dose dependent on the
particle position in the cross-section. For this reason, it is convenient to introduce the “integral discharge
of the liquid” quantity, denoted as Qy,,, whereas the Q value denotes the total discharge. We define the
integral discharge Q,, as the volume discharge flowing through part of the pipe’s cross-section given
by the integral radius r = Ry, (for Ry, = 0, Qp, = 0, whereas for Ry, = R, Qp = Q). According to the
scheme depicted in Figure 2, introducing Equation (5), the following expression can be written

Rlr\

Qmn = f uy(r)27er dr = Cp(R*RZ, —0.5RY, ). ®)
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If Ry, = R, the integral discharge is equal to the total flow discharge Qr, = Q, equal to:

Q= Q = 0.5m-C R )

For subsequent considerations, we introduce the relative integral quantities of the discharge
and radius. o R
L L

Qmr = Hn, Rinr = ?n . (10)

In such a case, Equation (8) can be expressed in the following form.

2 2
QIn,R = RIH,R(Z - RIn,R)' (11)

The flow time of the fluid particle distant from the pipe axis by Ry, at the distance Ly, by definition

is equal to:
Lin Lin

CL'(R2 - an) N CL~R2(1 - anlR)'

tr(Rm) = (12)

Extracting from Equation (12), Rj, g, and introducing it into Equation (11), the relation between the
flow time tg and the relative integral discharge Qr, r is obtained by using the equation below.

LIn

CL'R2 \/1 - QIn,R

As can be observed, for r = 0, when Qyy, = 0, the time of exposure to radiation is tg = tg min (Equation (7)),
whereas, when the total flow Qp, g =1 (Qn = Q) is considered, then tg — oo, which is consistent with
already stated reasoning.

tR(QIn,R) = (13)

2.3.2. Analysis of the Received Radiation Dose (UVD)

In the considered case, the radiation intensity differs between the inflow cross-section and the
radiation source in the manner expressed by Equation (2). Each liquid element flows through the
elementary distance dx of the Ly, distance in the elementary time dtg, which, based on Equation (13),
can be expressed by the equation below.

dtg = dx : (14)
CLR? [1- Qunr
During this time, each element of the liquid receives the elementary radiation dose:
d(UVD) = I(x)-dtg, (15)
Thus, the total radiation dose received on the distance Ly, will be equal to
LIn
UVD(Qpur) = f I(x)-dtg. (16)
0

Substituting Equations (2) and (14) into Equation (16) and rearranging it, the following equation

is obtained:
It min ) 1- EXP(—CX'LIn)

V1-Qmnr oLin

Based on Equation (17), three significant components of the considered process can be highlighted:

UVD(Q ) = (17)

e the minimum required radiation dose, which can be called the “required base dose” (Ip‘tr Mmin);
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e anincrease in the radiation dose along with the distance from the pipe axis (expressed by the
denominator of the leftmost fraction in Equation (17)),
e the influence of the absorption of radiation by the fluid (rightmost fraction in Equation (17)).

It is convenient to use Equation (17) in cases when the UV disinfection efficiency of the fluid
is considered or when information on the amount of the discharge, which received a sufficient (or
insufficient) radiation dose, is required. In other cases, information about the spatial variability of
the radiation dose can be important. If so, then in Equation (17), the relative integral flow discharge
should be substituted with the relative integral radius Ry, g using Equation (12), which gives the
following formula:
lotRmin 1- exp(—o-Liy)
1-R2 . ol

UVD(RpnR) = (18)

Based on Equation (18), a detailed analysis of the influence of the UV reactor’s parameters on its
effectiveness can be performed. Additionally, Equation (18) can be used for the calculations performed
in the design process of UV reactors. For the proper functioning of the disinfection process, the most
significant is a comparison of the effective radiation dose UVDg with the minimal radiation dose
UVDin (given by Equation (17) or (18) for Qi r = 0 or for Ry, g = 0, respectively) received by the fluid.

The minimal effective radiation dose can be easily determined experimentally for batch reactors
and used in current computations. If UVDyin, > UVDg, it is guaranteed that the whole fluid volume
received a sufficient radiation dose. If that is not the case (UVDyin, < UVDgE), it means that some of
the microorganisms present in the fluid will not be inactivated and, thus, even after the disinfection
process, the fluid will not be safe for users.

Based on the above considerations, the clear conclusion arises that a UV reactor should be designed
in such a way as to provide a sufficient radiation dose for all the volumes of the flowing fluid, that is,
UVDyin = UVDg.

2.4. Outflow Zone—Laminar Flow

As a result of the formal symmetry of the model, the relations obtained previously are valid in
the case of the outflow zone. It is only required to substitute Loy for Ly,. This remark holds true
in the case of turbulent flow as well. However, one has to notice that the real velocity field in the
neighbourhood of the UV-lamp is not symmetrical, since, in the inflow zone, a wake region appears,
which complicates calculations, even if numerical CFD methods are used [7].

2.5. Inflow Zone-Turbulent Flow Considerations

2.5.1. Analysis of the Flow Profile and Flow Time

In the case of turbulent flow, the flow profile differs. The velocity profile in turbulent flow
can be described by the empirical “law of 1/7” [15], which results in a formula adequate for
analytical rearrangements:

N

us(r) = uman(1- ) (19)

The relative velocity uy(r)/umax profile for turbulent (as well as laminar) flow in the pipe has been
presented in Figure 2.
Based on Equation (19), the total discharge Q will be equal to:

R
4
Q= fux(r)-27r-r dr = %n-Rz-umax. (20)
0
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which allows for finding the unknown value of maximum velocity in the pipe by means of the
discharge Q:
60Q
497 R?
Finding the integral discharge for r varying from 0 to Ry, the formula expressing the relative flow
discharge corresponding to Equation (11) (including Equation (10)) for turbulent flow is obtained.

(21)

Umax =

8 8
Quug(Rink) = 1= (14 ZRing (1= Rip) . 22)

The flow time of the particle distant by r = Ry, from the pipe axis on the distance of Ly, is

shown below.
LIn

Umax* (1 - RIn,R)

Thus, the minimal time of exposure to radiation is (for Ry, g = 0, including Equation (20)) is shown
in the following equation.

tR(Rmr) = (23)

1/7°

497tR%L
tR min(Rm,r) = Wln (24)

2.5.2. Analysis of the Received Radiation Dose

The radiation dose is determined analogically, as it was done in case of laminar flow. The
expression for the elementary time dtg from Equation (23) for Ly, = dx. After rearrangements, the
equivalent of Equation (18) is obtained, but, in this case, for turbulent flow.

lotRmin  1- exp(—a-L)
(1- RIn,R)1/7 oL .

UVD(Rinr) = (25)

2.6. Radiation Zone—Turbulent Flow Considerations

2.6.1. Analysis of the Flow Profile and Flow Time

The main aim of these considerations is the analytic formulation of a model describing the
hydraulic structure of the flow in UV reactors. Such a proceeding should allow a discussion of the
properties of the flow in a reactor and the formulation of design guidelines for such devices.

When the radiation zone is considered, the analytical description is applicable only to such a case
in which one cylindrical lamp (of the length Lrz and radius Ry) is inserted into the reactor coaxially
(Figure 3).

[ ux(r)/uma\'

radiation
zone

Q RI;} -

radiation
zone

S/ ——

RZ

Figure 3. The flow profile in the radiation zone (R = 0.1 (m), Ry, = 0.02 (m), Umax = 0.07 (m-s1),
Cp =20 (m1sh)).
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In such a case, a general form of the Hagen-Poiseuille solution can be used [15].

A
uy(r) = _4uI-)L.r2 + CrInr 4+ Crp, (26)

where Ct; and Cr, are integration constants (the T subscript refers to turbulent flow). The required
boundary conditions for Equation (26) would be:

ux(r=Rp) =0, ux(r=R) =0. (27)

It can be noticed that, in the case without the lamp, the classical Hagen-Poiseuille solution given by
Equation (5) is obtained.

By including the boundary conditions in Equation (27) and inserting them into Equation (26), the
constants of integration will be obtained (for constant Cy, see Equation (5)).

CL-(R?-R?)
Cr1 = (—R (28)
h’l R_L
Crp = CLR? - CryInR. (29)

Introducing Equations (28) and (29) into Equation (26) yields the following.
r
uy(r) = CL(R* = 1?) + Cr1-In 2 (30)
Lastly, introducing the relative integral radius Rrz r into Equation (30) yields Equation (31).
Uy (RRZ,R) = CL~R2(1 — Rlz—{le) + CT,l'lnRRZ,R- (31)

As mentioned before, the significant parameter of the considered process is the maximum flow velocity.
The line at which the flow with the maximum velocity occurs is equivalent to the part in which the
exposure time to radiation is the shortest. The position of this line can be easily estimated from the
following expression
duy (RRZ,R)
dRrzr

C
= —2C R*RrzR + o

=0, (32)
RZ,R

which can be rearranged to obtain the relative radius at which the exposure time is the shortest.

C
Rrz,R Min = - 5 (33)
2C, R

2.6.2. Analysis of the Received Radiation Dose

An estimation of the radiation dose UVD(RRz r) in this case is simpler than before (Equation (15)),
as the radiation intensity varies along the same direction as the velocity profile.

UVD(Rrzr) = I(Rrz,r)trR(RRZ,R)- (34)

For the same reason, Equation (2) has to be adjusted (the independent variable is Rgzr instead of x,
and I = I for Rgzr = R1/R, not for x = 0 as previously). Finally,

I(Rrzr) = Ip- exp[—oc-R-(RRZ/R - %)] (35)
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The exposure time is given below.

Lrz
tr (R = —= 36
R(RrzR) o (Rez) (36)

which, after the introduction of Equations (31) and (33), gives the following,
IO‘LRZ‘ exp[—oc-R-(RRZ’R - %)]
CL'Rz'(l - R%{Z,R) + CT,l -lnRRle

UVD(RrzR) = (37)

Rearranging the relationship given by Equation (37) to one analogous to Equation (17) (laminar
flow, inflow zone) UVD(Qgrzr) is pointless as it becomes very complicated. However, this is not
necessary to perform in the following considerations.

3. Results
3.1. Outcome Analysis - Spatial Variability of the Radiation Dose

3.1.1. Inflow and Outflow Zone

The radiation dose absorbed by the mass of the fluid elements (including microorganisms) is given
by Equation (17) (which describes its variability according to an increase in the discharge measured
with respect to the axis of the pipe), whereas Equation (18) describes the absorption variability along
with the distance from the pipe axis.

In the case of turbulent flow, the equivalent of Equation (18) is Equation (25). The relation
analogous to Equation (17) can be obtained by numerical computations, which converts Ry, g values in
Equation (25) to Qg with Equation (22). It should be pointed out that the relation between Qr, r and
Ry r (Equations (11) and (22), Figure 4) is nonlinear.

0 02 04 06 08 1o
Figure 4. The relation of the integral relative flow discharge Qr, and integral relative radius Ryj.

To highlight the variability of these functions with respect to the position of the fluid element in
the pipe’s cross-section (Rp, = 0 + R, which means Ry, g = 0 + 1), it has been related to the appropriate
minimal required dose. The minimal dose was estimated for liquid elements with the maximum
velocity, as they receive the least amount of radiation. This leads to formulas expressing the relative
radiation doses.

For laminar flow with the independent variable Ry, g (Figure 5, Equation (18)):

UvD 1
UVDg = — = R (38)
UVD(Ring =0)  1-R2
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— — == T40)
""" (arbulent flow Equabiot &

0 t t t t
0.6 0.8 1.0
Rinr ()

Figure 5. The relation between the relative radiation dose and integral relative radius in the inflow and
outflow zones.

For laminar flow with the independent variable Qr, g (Figure 6, Equation (17)):

UVDgy = Uuvb = L (39)

UVD(Qnr =0)  [1-Q, ¢

0 : 1 1 :
0 0.2 0.4 0.6 0.8 1.0
Qe (-)
Figure 6. The relation between the relative radiation dose and integral relative discharge in the inflow
and outflow.

For turbulent flow with the independent variable Ry, g (Figure 7, Equation (25)):

UuvD 1
UVDgT = = . 40
RT UVD(Rpng = 0) (1 R )1/7 (40)

In,R
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Reactor wall

Rz, viin
i
}

0 0.2 0.4 0.8 1.0

0.6
Rpzr (-)

Figure 7. The relation between the UV radiation dose and the integral radius in the radiation zone.

The values for turbulent flow with the independent variable Qyy, g (Figure 6) obtained numerically
are based on Equations (40) and (22)).

3.1.2. Radiation Zone

In the inflow and outflow zones, minimal radiation doses will be absorbed by the fluid elements
that have the greatest flow velocity. As a result of this reasoning, the quantitative relations (Figures 5
and 6) were relatively simple to obtain.

The situation in the radiation zone is more complex, as with the exception of the line of maximum
velocity (Equation (33)), the radiation intensity still decreases (Equation (35)). Despite the fact that
the velocity decreases, the radiation dose can decrease as well to increase as a result of the velocity
decrease in the vicinity of the pipe wall (Rrzr = 1). Unfortunately, the expression describing this
behaviour (Equation (37)) is too complex to obtain the minimal dose in analytical form. The problem
becomes even more complex since, in Equation (37), the technical parameters of the reactor occur,
which prevents the standardization of the relative dose of radiation. This was completed for the
purpose of formulating the expressions given by Equations (38)—(40).

For illustrative purposes, the example distribution of the relative dose UVDR was estimated by
computations of UVD for subsequent values of Ry, g using Equation (37), and then by dividing it by
the dose UVDyyy, calculated with Equation (37) for Ry g Mmin as in Equation (33). The obtained plot of
the function has been displayed in Figure 8. The same set of data as used for plotting Figure 4 was
used. As expected, the minimal value of UVDy takes place for Ry, g = 0.6 > Ry R Max = 0.55. However,
it is only slightly lower than the dose absorbed by the fluid elements with the maximum velocity umax

(about 1% lower).
UvVD

UVDgt =
UVD(RRzRr = RRrz,R Min)

(41)

. 0.048
» L 20.5(m), DDR = Ly

L, =0 (m), DDR = 0
pd

0 0.2 0.8 10

4 0.6
Ly (m)

Figure 8. Comparison of the efficacies of the inflow and radiation zones.



Water 2020, 12, 231 13 of 15

4. Discussion

Looking at Figures 5 and 6, it can be noticed that the functions depicted there increase their values
relatively slowly from minimal values up to the boundaries. The growth of UVDRr becomes more
intensive close to the wall, and this value increases toward infinity. It is a formal consequence of the
fact that the flow velocity becomes zero due to adhesion at the pipe wall. This theoretically denotes the
infinitely long time of the exposure to UV radiation. In other words, in most of the device area, the
fluid receives a radiation dose slightly greater than the minimal one (see Figures 5-7). The example
level of the doubled minimal radiation dose was marked with dashed lines. As can be seen in the
inflow zone, this concerns 70% of the area for laminar flow and 90% of the area for turbulent flow
(Figure 5). A similar situation occurs in the radiation zone with laminar flow, where 75% of the fluid
receives a low radiation dose (Figure 7). For turbulent flow, it was impossible to obtain the analytical
formulas describing the flow profile. However, due to the similarity of the plots depicted in Figure 6,
similar results can be expected in the considered case.

If the disinfection process will not reach the maximum efficacy, some of the microorganisms will
remain in the flowing fluid. As a result, their consecutive development will lead to contamination of
the whole volume of the fluid.

The reliable parameter for the estimation of the required radiation dose (Equation (1)) is the
shortest flow time tg pin calculated for the maximal flow velocity (Equation (6) and Equation(7)). Such
an approach provides an advantage, which is a safety margin for the design of UV-disinfection devices.
Additionally, the estimation of this value is simple. Let us notice that the simplest value to estimate is
the flow time for averaged velocity tay.

v = o @)

where S denotes the pipe’s cross-sectional area. However, this value is, by definition, smaller than the
time of the flow with maximum velocity tr pin. As can be seen, based on Equations (6), (7), (9), (20),
and (21):

For laminar flow:

t .
RMin _ 5 (43)
tav
For turbulent flow: ‘
RMin_ 1 2. (44)
tav

The relations (43) and (44) are true for pipes with circular cross-sections. However, for technical
purposes, they can be treated as a good approximation for other more complicated shapes as well.

Comparison of the Effectiveness of the Inflow and Radiation Zones

So far, the problem has been considered separately for each part of a UV reactor: the inflow
zone (which is equivalent to the outflow zone) and for the radiation zone. The reason for such an
approach was the assumption that the device can be designed in every possible configuration (Figure 1).
However, it is important to estimate the relation between the effectiveness of each of these zones to
determine if one of them provides some advantages over another. The quotient DDR of the minimal
UV dose in the inflow zone: UVDyy, pin (Equations (6), (7), (18) for Ry, g = 0), divided by the minimal
UV dose in the radiation zone UVDgrz min (Equation (37) for Ry r = Rrzr Min computed according to
Equation (33)) has been determined. After rearrangement, the following expression is obtained.

[1 + R%{Z,R,Min'(ZIHRRZ,R,Min - 1)](1 —exp(—a-Lin))

DDR =
oLy exp[—oc-R-(RRz,R,Min - %)]

(45)

Expression (45) should be analysed from the viewpoint of the influence of the length of each part
of a UV reactor, denoted as L, and Lgrz. The remaining geometrical and flow quantities are common
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for the considered reactor (Figure 1). This allows Equation (45) to be written using a shorter expression,
which is convenient for further analysis.

1 - exp(~acLin)

DDR = K- (46)

«-Lrz

The value of the term K results from Equation (45).
The obtained expression allows for an estimation of the range of variability of the UV radiation
dose ratio in the inflow and radiation zones. If Ly, = 0, then DDR is equal to zero as well. This result
is clear as there is no inflow zone at all. If Ly, # 0, it can be observed that the exponential function
in Equation (45) tends to zero very rapidly. In fact, even with Ly, > 0.5 (m), Equation (45) becomes

the following
K

(X‘LRZ ’

DDR = (47)

Both considered zones (Ly, = 0 (m) and Ly, = 0.5 (m)) were presented graphically in Figure 8 (for
data identical as those used in Figure 3). As shown, the inflow zone radiation dose contribution is
significantly smaller than the dose contributed by the radiation zone. This remains valid even with a
small value of Lgz = 0.2 (m) and a much greater value of Ly, = 0.5 (m) for which the dose ratio is equal
only to 20%. This ratio decreases strongly when Ly increases.

This statement leads to the general conclusion that, in UV reactors, the radiation zone should
dominate, and the influence of the inflow and outflow zones is negligible. A more specific evaluation
of the situation can be obtained based on Equation (45).

5. Conclusions

The disinfection of water, especially for drinking purposes, is a very important technological
process. It has an attribute that differentiates it significantly from the removal of chemical contaminants
when the process can be evaluated by means of the whole fluid stream in the reactor. Therefore,
even different parts of the fluid volume are purified to a different degree. When the total decrease of
the targeted component fulfils the required criteria, the reactor operation is considered to be proper.
In the case of the disinfection process, the situation is different. If any part of the disinfected fluid
volume receives a UV dose significantly smaller than the reactor’s design dose, no sufficient UV energy
may reach the molecular components of a micro-organism’s DNA. As a consequence, undesirable
bacterial regrowth may be observed following UV treatment. Therefore, the definitive evaluation of the
reactor’s efficiency is done during validation testing. However, at the initial proceedings stage (design,
prototype construction), knowledge of the internal structure and the distribution of the components’
intensity of the processes taking place in the reactor is important.

In this work, the variability of the velocity field of the fluid and the radiation intensity were
analysed, which are the two most significant factors in a UV flow reactor. The flow velocity varies
from zero (at the pipe wall) to a maximum value in the centre of the stream, whereas the radiation
decreases along with the distance from its source due to the radiation absorption process. Next, the
spatial distribution of the radiation dose absorbed by different fluid elements was estimated. The zones
in which the fluid inflows or outflows to and from the UV lamp vicinity were considered separately
from the radiation zone where the fluid flows along the UV lamp. The outcomes of the analyses allow
the following conclusions to be formulated:

e  To estimate the minimal required radiation dose of UV radiation (Equation (1)), it is appropriate
to use the minimal flow time through the reactor tg \vin (Equations (7) and (24)),

e  Asignificant amount of the fluid flowing through the reactor receives a radiation dose slightly
greater than the minimal dose (computed for the tg pin time),

e  During the UV reactor design process, it should be assumed that the effective radiation dose
should be equal to the minimal one,
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For practical purposes, regarding turbulent flow, it can be assumed that the minimal exposure
time is equal to tg vin = 0.82 tay (Equation (44)). In the case of laminar flow, it becomes tg \in =
0.5 tay,

The technical solutions of UV reactors can take different forms. Therefore, it is appropriate to
define the structural scheme of a UV reactor as shown in Figure (1),

The effectiveness of the radiation in the radiation zone highly outranks the radiation efficiency
from the inflow and outflow zones. For this reason, it is suggested that UV reactors should be
designed in such a way that they have a dominating radiation zone.
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