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Figure 4.22 Free surface profile for the two-bank reactor having constricted joint

(colored with velocity magnitude m/s)

For a future investigation of the hydrodynamic behavior of these three reactors, the free
surface heights at the symmetry boundary are plotted in Figure 4.23. It is clear that for the
reactors having straight and expanded joints the flow depths are exactly similar till the
downstream point of the first lamp bank. However for the expanded joint the flow depth
suddenly increases at the joint section and in the second lamp bank region the flow depth
have similar oscillation compared to the straight joint case. The flow depth in the
constricted joint gradually decreases within the whole joint section and suddenly

increases just immediately before the second lamp bank.
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Figure 4.23 Comparison of the free surface heights for the two-bank reactors having

different joints

The reason that the flow depth decreases in the constricted channel and increases in the
expanded channel can be explained using the conventional specific energy concept in
open channel flows. The total energy head H is the total energy (kinetic + potential +
pressure) per unit weight of the fluid and can be expressed as:

& P

+y+-—

H=—
2g Y

where V represents the mean fluid velocity and y represents the flow depth. y is the
specific weight of the liquid. For an open channel having a zero bed slope, the pressure
loss between two different points at the stream-wise direction can be ignored if the
frictional effects are ignored. Considering an open channel having rectangular cross
section with unit width and denoting the flow rate per unit width as g(= y * V), the total

energy head H can be expressed as:

q2

H =
2gy*?

+y

This equation is known as the energy head versus depth relation. The quadratic nature of

the equation in terms of y suggests that there exist two different y values at the same H
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for the fluid. This is shown in Figure 4.24 as the alternate depth line (green line) for the
operating conditions of the reactor considered. In this figure the black H — y curve is
plotted based on the g value (flow rate per unit width) in the reactor having the straight
joint. Another two lines are plotted based on the g values for the constricted and the
expanded channels. It should be noted here that since the flow rate should be conserved at
every cross section, the flow rate per unit width at the joint will decrease for the

expanded joint and increase for the constricted joint.

The red line indicates the critical flow condition and the flow above this red line is
termed as sub-critical flow, whereas the lower section is termed as supercritical flow.
The alternate depth line (green in color) is a constant energy line. Therefore, all the points
on this line represent the same energy of the fluid. If we consider that the energy (H) at
the constricted section is the same as the energy at a regular cross section, point a and
point ¢ in Figure 4.24 would represent the flow depths at the regular and the constricted
sections, respectively. It is easily noticeable that the flow depth corresponding to point ¢
is lower than the flow depth corresponding to point a, suggesting that at the constriction
channel the flow depth should decrease if the there are no losses (H =constant). Similar
reasoning can be applied for the points a and e to show that at the expansion channel the

flow depth would increase at the subcritical flow region.

The decrease or increase of the flow depth predicted by this curves is not quantitatively
correct as it assumes there are no losses and also the alternate depth line is drawn
considering the free surface height at the immediate upstream of the joint is 0.6096 m,
which is not exactly the case. It can be concluded that the variation in flow depth
predicted by the VOF solver is in well agreement with the conventional specific energy
concept in open channel flow. Since the multiphase model utilized in this work
incorporates the frictional losses which is manifested by the loss in pressure head, the

variation in flow depth calculated should be more accurate.
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Figure 4.24 Energy-depth curve

4.7.2 Disinfection Behaviour in the Reactors with Two Lamp Banks

The particular attention in this section is on the additive nature of the RED in the reactors
due to addition of the second bank. The RED for the three reactors having two lamp
banks are plotted along with twice the RED achievable from the reactor having one bank.
It can be noticed that for all the reactors having two lamp banks the achievable RED is
lower than twice the RED of reactor having one bank. The constricted joint has the
highest positive impact on the RED increase, which is probably due to the decreased flow
depth and velocity at the second bank section. The expanded joint has more positive
impact on RED increase compared to the straight joint. The quantitative values of the
RED increase are summarized in Table 4.1 in terms of the multiplication factor (M. F.).
This multiplication factor quantifies the ratio of the RED of the reactors having two lamp
banks with respect to that in the reactor having only one bank at the same flow condition

and the UV sensitivity (d10) of the target microbes.
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Figure 4.25 Reduction equivalent dose (RED) for the two-bank reactors compared

with the one-bank reactor at 4320 gpm.

Table 4.1 Additive behavior of RED in the reactors with two lamp banks

Reactor with
d10 only one Reactor with two lamp banks in series (4320 gpm)
values bank
RED e " : .
m Straight joint Expanded joint Constricted joint
[cmzlog] mJ
[sz ] RED M. F. RED M. F. RED M. F.
1 4.5151 6.2338 1.3807 | 6.6952 1.4828 | 8.0689 | 1.7871
5 6.6017 11.2972 | 1.7113 | 11.7298 | 1.7768 | 12.2885 | 1.8614
10 7.8028 13.6737 | 1.7524 | 14.1370 | 1.8118 | 14.6808 | 1.8815
15 8.6141 15.1963 | 1.7641 | 15.6882 | 1.8212 | 16.3122 | 1.8937
20 9.2363 16.3511 | 1.7703 | 16.8622 | 1.8257 | 17.5671 | 1.9020
25 9.7408 17.2874 | 1.7747 | 17.8104 | 1.8284 | 18.5860 | 1.9081
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4.8 Scaled Down Reactor

In the following section, the hydrodynamic and disinfection behaviors of the scaled down
model are compared with the full size one. The comparison elucidates the applicability of

the developed scaling down methodology.

4.8.1 Hydrodynamic Behaviour of the Scaled Down Reactor

The free surface height for the scaled down reactor is compared with that of the full size
reactor as shown in Figure 4.26. For the sake of comparison, in this figure the free
surface height from the scaled down system is multiplied by the scaling ratio. It can be
noticed that for the same Froude number, the free surface profile for the small scale
reactor has similar fluctuation as the full size one. However, the amplitude of the surface
waviness is somewhat reduced. This deviation could be due to the reduction of Reynolds
number by one order of magnitude, while keeping the Froude number the same. Probably
the increase in the viscous forces might have attenuated the surface fluctuations through

viscous damping.

It can be observed that for the scaled down reactor, maintaining both the Froude and
Reynolds numbers the same between the model and full size reactors, shows almost

similar free surface shape, with a slight deviation at the downstream of the lamps.

Figure 4.27 shows that, for the reactor under consideration, the residence time has a
narrow distribution suggesting that the use of mean velocity ratio to calculate the

residence time ratio is not that erroneous.
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Figure 4.27 Probability density of particle residence time at full size and scaled
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4.8.2 Disinfection Behaviour of the Scaled Down Reactor

Figure 4.28 shows the disinfection characteristics of the full size and the small scale
reactors. The achievable log removal values for the small scale reactor agree better with
the full size reactor when using both Reynolds and Froude numbers compared to the one
using the Froude number only. The deviation in log removal values especially in the low
d10 region can be attributed to the deviation in the free surface shape in scaled down
model using only Froude number. This error can however be mitigated by ensuring that

the volume averaged intensity value is scaled down.

Figure 4.29 shows that the average dose and the dose distribution both remains the same
as per the requirements set to maintain the same log removal and consequently the RED
of the reactor. However, for reactor scaled with the Froude number only, the distribution

is slightly wider thus affecting the log removal in the low d10 region.

The above results suggest that the scaling down methodology works reasonably well.
Keeping only the Froude number constant, along with implementing the developed
scaling down procedure in radiation field can produce nearly similar disinfection
behavior. If both the Froude and Reynolds number are kept constant, the scaled down
reactor produces exactly same disinfection behavior. However, the implementation of this
technique in the experiments requires the decrease in viscosity value of the working fluid.

The viscosity modifier additives available in the commercial market can be used for that

purpose.
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Chapter 5

5 Conclusions

A comprehensive CFD model was developed to study the performance of an open
channel ultra-violet wastewater disinfection reactor. The developed model was validated
against the available experimental data. It was found that the multiphase volume of fluid
(VOF) method along with the selected turbulence models can well describe the physics of
the open channel flow. Both the Reynolds stress model and the realizable k — € model
predicted similar turbulence characteristics. Since no secondary fluid motion was
observed, suggesting the effect of anisotropy in turbulence is negligible for this reactor,
the realizable k — e model can be used for further studies considering its lower

computational cost.

A parametric study was performed to investigate the influence of different parameters on
the performance of the open channel reactor. It was evident that the decrease in the flow
velocity would improve the disinfection performance. The developed CFD model can
quantify the extent of the improvement. It was noticed that a velocity boundary layer is
formed around the lamps which becomes thicker at lower flow velocity. This boundary
layer development inhibits proper lateral mixing. Therefore, modification to the reactor

geometry such as addition of baffles could be considered.

It was observed that the shape of the free surface especially in the lamp region affects the
disinfection performance of the reactor. Therefore, the rigid lid approximation at the free
surface is not recommended. It was identified that, for microbes having very low UV
sensitivity, the disinfection performance gets very little improvement if the water UV
transmittance (UVT) is increased. This suggests that, to improve the inactivation of the
low UV sensitive microbes, rather than improving the water UVT, other methods need to
be considered. For example, the distance between the lamps could be decreased or some
filler rods could be inserted in the regions away from the lamps where UV intensity is

low.
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Effective visualization technique was developed which could be utilized to plot the low
dosed particles within the reactor. This method could be useful in the decision making

during the reactor design process to improve its dose distribution.

It was found that for all the reactors having two lamp banks the achievable reduction
equivalent dose (RED) is lower than twice of the RED of a reactor having only one bank.
The reactor having a constricted joint between the two lamp banks exhibited the highest
positive influence on the additive nature of the disinfection. The reactor having expanded
joint exhibited comparatively better disinfection behavior than the one having straight
joint. These findings suggest that, while placing the lamp banks in series, both the
constricted and expanded joint could be considered to improve the overall disinfection

performance.

The scalability of the open channel ultra-violet disinfection reactor was also investigated.
Scaling methodology for the hydraulics and optics were developed from the theoretical
and practical considerations. Two scaling methods were evaluated: 1) the Froude number
was kept constant and 2) both the Froude and the Reynolds numbers were kept constant
by modifying the viscosity of the working fluid. Scaling methodology for the UV
radiation field was formulated to ensure the same RED values for the full size and scaled
down reactors. This methodology was implemented numerically using the developed
CFD model. The full size and the scaled down reactors exhibited similar hydraulic and
disinfection characteristics. For highly UV sensitive microbes some deviations in the
achieved log removal were observed when only the Froude number was kept constant.
However, when both the Froude and Reynolds numbers were kept constant, the scaled
down reactor produced the same disinfection behavior. Therefore, experiments could be
performed following this scaling down methodology to further validate the procedure. If
validated, the behavior of a large scale open channel disinfection reactor could be

predicted from a small scale laboratory test.
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Appendices
Appendix A - User Defined Function (UDF)

The skeleton of this UDF was found from the Sandia National Laboratories website. It

was updated to suit the open channel flow application and new features were added.

[ R KA A KA AR KA KA KK A AR K KK K K K KK KKK KK KK KO KK o KK S KoK oK

/* Compiled UDF for integrating the UV intensity over time along a particle */
/* trajectory. Particles are deleted from the domain if it reaches a cell where */
/* volume fraction is very small. Low dosed particles are identified and */
/* residence times are obtained at the reactor outlet. */

[ sk sk ks sk ok sk ok sk o sk sk ok ok sk ok sk sk ok sk ok stk K sk ok sk ok sk sk R stk ok sk ok sk sk sk sk sk ok skok sk sk ok stk ok sk ok sk sk ok sk stk Kok ok ok ok ok /

#include "udf.h"

#include "dpm.h"

#include "sg _disco.h" /* to access the UV intensity values at the cell */
#define C_DO(c,t)C_STORAGE_R_XV(c,t,SV_DO_IRRAD,®)

#tdefine fdout "doseout.txt"
#define ftrack "trackfilters.txt"
#define ftime "restime.txt"

FILE *pdout;

FILE *ptrack;

FILE *ptime;

static real uv_intensity;
/* Macro for integrating the UV intensity over time along a particle trajectory */

DEFINE_DPM_SCALAR_UPDATE(uv_dosage, cell, thread, initialize, p)

{
cphase_state_t *c = &(p->cphase);
Thread *ts=THREAD_SUB_THREAD(thread,1); /* get the water domain thread */

if (initialize)

¢ p->user[@] = O.;
uv_intensity = C_DO(cell,thread);
}
else
{

if(C_VOF(cell,ts)<0.001)

/* particle deleted if it reaches a cell where water VF is <0.001 */
p->stream_index=-1;
}
else
{
/* UV intensity integrated over time using Trapezoidal rule */
p->user[@] += P_DT(p) * .5 * (uv_intensity + C_DO(cell,thread));
uv_intensity = C_DO(cell,thread);



}

/* Macro for writing the UV dosage, residence time and the ID for low dosed */
/* particles at reactor outlet. */

DEFINE_DPM_OUTPUT (uv_output, header, fp, p, thread, plane)

{
if (header)
{
}
else
{

/* write the dosage values */
pdout=fopen(fdout,"a"); /* delete previous files */
fprintf(pdout, "%10.6g \n",p->user[0]);
fclose(pdout);

/* write the particle id of low dosed particles */
ptrack=fopen(ftrack,"a"); /* delete previous files */
if(p->user[0]<30.0) /* change this value accordingly */

fprintf(ptrack, "%d,",p->part_id);
}
fclose(ptrack);

/* write the particle residence times */
ptime=fopen(ftime,"a"); /* delete previous files */
fprintf(ptime,"%10.6g \n",p->state.time);
fclose(ptime);

}
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