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44  2-D modeling to understand the design configuration and flow dynamics of

45 Pond-In-Pond (PIP) wastewater treatment system for reuse
46

47  Abstract

48 Water reuse for irrigation is increasingly recognized as an essential and economical

49 strategy in areas with water scarcity. A simple, low cost, low-maintenance, and highly

50 efficient Pond-In-Pond (PIP) treatment system can be used for wastewater reuse. PIP is a
51 treatment technology in which two types of ponds -- anaerobic and aerobic -- are combined
52 into a single pond and consists of a deeper inner section entirely submerged within the

53 outer pond. Previous studies on PIPs and PIP-like systems have reinforced the potential for
54 reuse through promising performance results with BOD removal over 80% and a reduction
55 in land area requirements by approximately 40%. Yet, no prior efforts have been made to
56 understand the performance mechanism of such systems. This study makes use of two, 2-D
57 modeling tools in developing a fundamental understanding of PIP flow dynamics and the
58 expected performance. The modeling results showed that the PIP configuration offers

59 improved flow-diversion along with reduced flow velocity. Additionally, the PIP retained
60 approximately 17% more (p<0.05) particles than the traditional pond with most of the

61 particles concentrated within the inner pond. Lower velocity and the higher solids retention
62 in the PIP thus allowed for better treatment performance compared to traditional ponds.

63 The findings from this study can be used as preliminary data for future in-depth

64 investigations of the PIP system leading toward effective and optimal designs. This will

65 help address the major societal concern of water scarcity with low-cost and effective

66 wastewater treatment.

67

68 Keywords: wastewater reuse; irrigation; sustainability; pond-in-pond; pond configuration;
69 2-D modeling
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70 1. Introduction

71 Wastewater is increasingly recognized as an important water, energy, and nutrient

72 resource [1, 2, 3, 4]; reclamation and reuse of such water is much more economical than finding
73 new sources of water [5, 6]. Reuse for irrigation is often viewed as a positive means of recycling
74 water and offers two major benefits — 1) wastewater reuse improves the environment as it

75  reduces the amount of waste (treated or untreated) discharged into water courses, and 2)

76  conserves water resources by lowering the demand for freshwater [7, 8]. Also, the public tends to
77  be more supportive when it comes to the reuse of water in irrigation rather than the reuse in

78  households [9, 10, 11]. Many sources of wastewater are readily available and are produced

79  within close proximity of the crop production operations, thus potentially large volumes of water
80  can be reused [12, 13]. If our crop production systems can adapt to using reclaimed water, we

81  will be able to sustain and possibly increase crop production for a much longer time [14] while

82  continuing to provide adequate potable water.

83 For land application systems, the effluent quality is less stringent, usually 2-3 times

84  higher than that required for stream discharge [15, 16] thus, the need for expensive advanced

85  wastewater treatment facilities can be diminished through reuse. Considering the reduced cost in
86 treatment plant construction for reuse systems, billions more in capital costs could be saved in
87  the future as the population continues to grow. Several feasibility studies [17, 18, 19, 20] have
88  been completed to quantitatively evaluate economic, environmental and resource availability of
89  water-reuse projects, and the results from such studies have concluded water reuse as a profitable
90 option even under conservative measures. But only 6% in the US [21] and less than 3% globally

91 [22] is reclaimed for beneficial use. This situation exists due to the perceived difficulty of
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92  reusing wastewater for agricultural purposes and the lack of a single best treatment technology of

93  wastewater for reuse.

94  1.1. Wastewater treatment systems

95 Pond treatment systems have been widely used for treating wastewater because they are

96  lower in capital construction costs as compared to conventional mechanical systems [23, 24, 25,

97 26, 27]. Ponds used for treating municipal wastewater range from aerobic to facultative to

98  anaerobic [28] and several procedures have been developed to design these various types of

99  ponds [29, 30, 31, 32, 33, 34, 35]. Numerous studies [16, 36, 37] have been done on different
100  pond systems and existing design criteria and their limitations. Many of these pond designs have
101  been in existence for decades, yet there is a lack of design specifications with respect to pond
102  performance. Also, there exist strong contradictory viewpoints regarding pond dimensions as
103  they relate to pond performance [16]. This clearly illustrates that existing knowledge on the
104  design of ponds is inadequate and that more research is required to develop an effective pond

105  design procedure.

106 One of the potentially viable and sustainable treatment technologies could be a simple,
107  low-cost, and low-maintenance natural treatment system known as Pond-In-Pond (PIP). The PIP
108 is a treatment technology in which the two types of ponds--anaerobic and aerobic--are combined
109 into asingle pond [16, 28, 38]. The PIP system combines the functionality of two different ponds
110  and provides more efficient conversion of wastewater, including high-strength waste, to end

111 products through the synergistic relationships of the various microorganisms’ present. The

112 deeper pond submerged inside the outer shallower pond provides the anaerobic environment

113 required for more complete conversion of complex organic matter. The outer pond with an
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114  aerobic surface helps control the odor and allows for aerobic digestion of the volatile fatty acids
115  produced by the anaerobic process. The previous study by the authors [16] provides a detailed
116  discussion of the need for the PIP; and their later article [39] evaluates the applicability of the
117  PIP for effluent reuse in irrigation through analysis of performance data for ponds with similar

118  configurations.

119 1.2. Pond-In-Pond

120 The initial concept of the PIP was first considered by Stone [40] in which a small, deeper
121 sub-basin was placed within one corner of a much larger basin. This concept was further

122 advanced by Oswald [38] when he not only placed the deeper section within a larger outer pond,
123 but the inner pond had berms added for confining the influent to a small section of the overall
124 pond. Other researchers [28, 41, 42] later adopted the system for treating various types of

125  wastewater ranging from municipal to industrial to animal waste. Thus, far, the concept of the
126  PIP system has been practiced in multiple locations in USA and some other nations such as

127  India, New Zealand, Australia, and Ethiopia [36].

128 The PIP concept has been adopted for multiple purposes such as stream discharge, energy
129  and nutrient recovery, and reuse of effluent on land application sites. Evaluation of existing PIP
130  and PIP-like systems shows an average BOD removal above 80% while reducing the land area
131  requirements for the pond by approximately 40% [39]. Yet, there has not been significant

132 progress in the identifying design characteristics or configuration of such systems. The latest

133  advances in pond design have been the use of mechanistic modeling tools to describe the process
134  [43, 44, 45, 46, 47]. The use of mechanistic models on traditional pond systems have helped

135  design engineers better understand the flow dynamics and the effects of pond configuration on
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136  the treatment performance [48, 49, 50] .

137 Proper understanding and knowledge of the design configuration and flow dynamics of
138  the PIP will aid in addressing the existing knowledge gap on the PIP. The objective of this

139  research, therefore, is to evaluate the configuration of the PIP to provide basic guidelines for
140  selecting design parameters for such ponds. Additionally, this research aims to simulate the

141  effects of having a deeper basin inside a larger, shallower basin through mechanistic analysis on
142  the PIP configuration. The modeling results will contribute to the understanding of the flow
143  behavior, velocity pattern, and particle distribution in the PIP thus providing a fundamental

144  understanding of why the PIP configuration offered better performance compared to traditional
145  ponds. To the authors’ knowledge, this study is the first attempt to investigate the PIP systems

146  using the 2-D modeling approach.

147 2. Pond-In-Pond design parameters

148 Oswald [51] adopted the idea of the PIP and introduced a preliminary design guideline.
149  The PIP consists of an inner deeper section as an isolated volume where wastewater solids are
150  collected and remain allowing for more complete degradation of the complex organic matter.
151  One of the simplest design techniques is the septic tank criteria. The inner pond must be sized to
152  have a minimum of 2 days hydraulic retention time. The outer pond is designed with a minimum
153  retention time of 15 to, preferably, 20 days [51], with longer retention times used as the climate

154  changes from warmer to colder temperatures.

155 Another design technique proposed is the anaerobic loading criteria [51]. This approach
156  takes into consideration the volume for non-degradable materials and grit volume in the inner

157  pond. The maximum permissible organic loading into the ponds is determined based on the
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158  percentage of solids in the sludge. The volume of the inner pond is the sum of volume required
159  for settleable solids, inert ash volume, and grit volume for the estimated service life of the pond.
160  The outer pond is designed similarly to the septic tank approach. Figure 1 shows the plan and

161  sectional view for the PIP system including some basic design configuration parameters.

W Inner Pond

— ™ — |

0.6-0.9 m \ r ———
(2-3 1t -
3m
Effluent Pipe (10 ft) —

1.5m
l (5t

162

163  Figure 1: Plan (top) and profile (bottom) of a PIP system (Depths shown are relative)
164  2.1. Pond configuration

165 In general, the inner pond is typically designed for a 2-day retention time and with a volume
166  adequate for holding settleable solids, inert ash volume and grit volume for the estimated service
167 life of the pond. Whereas the outer pond is typically designed for a retention time of 10 to 20

168  times the inner pond retention time, with larger values for cold regions [51].
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169 The inner pond can be of any shape depending on the site conditions. However, based on
170  the design guideline for clarifiers, frusto-conical shapes with sloping sides may provide

171  additional performance benefits [52]. The slope helps reduce the up-flow velocity as the

172 wastewater rises in the pond thus promoting separation of finer solids. The solids then

173 agglomerate and fall to the bottom of pond and undergoes anaerobic degradation. In addition, the
174  reduced bottom area concentrates and reduces the volume of sludge handling thereby reducing

175  the disposal and handling costs [53].

176 The top surface area for the inner pond is kept small enough, typically 0.1 to 0.16

177  hectares (0.25 — 0.4 acres), to prevent mixing. The up-flow velocity is typically kept under 2

178  m/day (6 ft/day) to optimize sedimentation and to prevent most helminth ova and ova cyst from
179  leaving the inner pond [51]. Additionally, the inner pond includes a berm at the top on all sides.
180  These berms act as a barrier to the mixing of the contents of the inner pond that can be caused by
181  seasonal temperature stratification of the water and subsequent wind. Further, these berms serve
182  as a baffle and provides flow diversion thus reducing short-circuiting. The change in direction
183  due to the berms separates the larger mass of sludge flow by inertia similar to that in a clarifier
184  [52]. The pond area and height for these barriers, however, depends on the prevalent wind

185  velocity in the region and can vary.

186  2.2. Pond depth and orientation

187  The existing PIP systems typically have depths between 4 m (13 ft) to more than 6 m (20 ft) for
188  the inner pond and about 3 to 5 m (9 to 15 ft) for the outer pond [16, 28, 39, 42]. In addition to
189  more complete degradation of organic matter, the increased depth also provides better control of

190 vegetation and better inhibition of insect breeding. Ponds with shallow depths (<6 ft) have high
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191  risk of nuisance and odor problems [54]. The increased pond depth allows for a reduction in the
192  area required for wastewater treatment thus reducing the land area requirements and the capital
193  cost for the system. There exists a strong contradiction on optimal depth for such systems,

194  specifically the inner pond, and a study by the EPA [36] on pond design for the last few decades
195  shows an increasing trend in the adopted depths from about 3 - 4 m (9 — 13 ft) to about 6 - 7 m

196 (19 - 23 ft) in recent years.

197 The aspect ratio of the pond is often 3:1 for the length: width. This ratio, however, largely
198  depends on the site conditions and can vary accordingly. The inner pond is preferably located on
199  the downwind side of the predominate wind rose for two major reasons — 1) to prevent short-
200 circuiting of the influent and 2) to push the floatable materials away from the outlet. The other
201  important factor in pond design is the location of inlets and outlets and they should be placed to
202  avoid the short-circuiting of the influent. The recommended effluent pipe location is 0.5to 1 m
203 (2 - 3 ft) below the water surface to avoid discharge of floatable material in the effluent while the
204  influent is introduced into the inner pond 1 to 1.5 m (3 - 5 ft) off the bottom with a concrete pad
205  beneath to prevent erosion of the soil and promote mixing. Gentle mixing of the influent (near
206  the bottom) encourages flocculation of very fine particles [55] and prevents fine solids from

207  escaping into the outer pond.

208 3. Mechanistic analysis of PIP configuration

209 The effects of having a deeper basin inside a larger basin was evaluated using 2-D
210  modeling simulation tool. To confirm the validity of the modeling results, the simulation was
211  performed using two different modeling tools — 1) SToRM (System for Transport and River

212  Modeling), available in iRIC [56] and 2) TELEMAC-2D available as a solver package in

10
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213 TELEMAC-MASCARET [57]. The SToRM model offers improved visualization capabilities
214 while the TELEMAC-2D is best known for its increased compatibility in parameter definition.
215  Both models use the two-dimensional, depth-averaged equations, also referred to as the shallow
216  water equations (SWEs), to simulate surface waters [57, 58]. Depth averaged modeling has been
217  widely used in rivers, lakes, estuaries, and coastal flows, and has been shown to effectively predict

218  flow features.

219  3.1. Model Development

220 To comply with the boundary definitions required by the 2-D modeling, the inner pond of
221  the PIP was located at the influent edge such that water flows directly into the inner pond and
222  overflows to the outer pond (Figure 2) compared to the configuration shown in Figure 1. The
223  depths for inner and outer pond sections in the PIP modelled were kept as 6m (20 ft) and 3m (10
224 ft), respectively. The straight-sided berm around the inner pond was designed at a height of 1.5 m.
225  The influent was fed into the inner pond while the outlet was located at the opposite side of the outer
226  pond. In comparison, the traditional pond was provided with a uniform depth of 3 m (10 ft), and the

227  inlet/outlet were located at two opposite ends of the pond (Figure 2).

228 For all the simulations, a constant discharge of 10 m®/s was used as an inflow boundary
229  condition, and a fixed stage of 6 m (20 ft) was used as the outflow boundary condition. The

230  cross-sectional areas for inlet and outlet were approximately 5 m? [5 m width with 1 m of water
231  depth] resulting in an approximate mean inlet velocity of 2 m/s. Figure 2 shows the water depths

232  for the PIP and traditional pond.

11
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Water
Depth (m)

233
234 Figure 2: Water depths for the PIP (top) and traditional pond (bottom)

235  3.2. Results and discussion

236  3.2.1. Velocity Profile
237 Figure 3 illustrates the velocity magnitude for both the PIP and traditional pond

238  configurations. In the PIP, the higher incoming velocity is dissipated within the inner pond with
239  significantly reduced velocity in the outer pond as energy is lost when water flows from inlet into
240  the deeper basin and then upward toward the shallow region. The rapid change of flow rate from
241  the inlet into the inner basin and the existence of the berms around the inner basin increase the
242  energy dissipation due to irregular circulation created by velocity jets throughout the inner basin
243  [59, 60]. As aresult, the velocity of the water is reduced significantly with better balanced and
244 more stable flow moving into the outer shallow region of the PIP [61]. Such distribution of

245  velocity in the PIP contributes to the higher settling of suspended particles. Conversely, within

12
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246  the traditional pond, the incoming higher velocity is propagated over a longer distance with

247  nothing causing a shift in the momentum, thus maintaining a higher velocity of flow toward the
248  outlet [60]. The higher velocity leads to increased particles exiting from the outlet before they
249  can settle. Additionally, a similar run was performed for the traditional pond with a uniform

250  depth of 6 m to evaluate the effects of difference in volume (though negligible as compared to
251  the pond area) between the PIP and the 3 m deep conventional pond. No difference in the flow
252  pattern was observed and the incoming higher velocity dispersed along the pond length as in the
253  pond with a 3 m depth. The results further confirms that the flow dynamics and the reduced

254  velocity in the PIP is primarily due to the configuration of the PIP rather than the increased depth

255  alone.

13
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Figure 3: Velocity profile plot from SToRM simulation for PIP system (top) and traditional basin

(bottom)

A similar velocity profile was obtained using the TELEMAC-2D simulation as shown in
Figure 4. Both modeling tools provided similar results with similar velocity profiles and
magnitude as can be seen from Figures 3 and 4. As these modeling tools have been used for the
first time in simulating pond-like structures, the two models were used to verify the results. The
confirmatory results from both models validate the accuracy and reliability of each of the models
for application in future studies on pond systems. Comparisons between two models at different
simulation times are provided as supplementary figures in Appendix A (Figure Al and Figure

A2). The supplementary file consists of velocity profile plots for SToORM and TELEMAC-2D

14
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267  runs at different simulation times where similar transient flows can be observed throughout the

268  entire simulation period.

Velocity
(m/s)
Above 2.25
210225
1.75t0 2
1.5t01.75
1.25t01.5
1t01.25
0.75t0 1
0.51t00.75

0.25t0 0.5
Below 0.25

270  Figure 4: Velocity profile plot from TELEMAC -2D simulation for PIP system (top) and

269

271  traditional basin (bottom)

272 Figure 5 shows the corresponding velocity vectors (direction of flow) for the PIP and the
273  traditional pond. The flow is channelized in the traditional pond and it is also observed that the
274  higher velocity in the traditional pond caused the shift of flow toward one edge of the pond

275  creating a rotational movement at the corner of the pond. As high velocity water moves from
276  larger pond area to the small cross-section at the outlet, not all flow can change the direction to
277  exit from the outlet. The flow thus gets diverted back to the entrance of the pond following the

278  path of least resistance (toward one of the edges) in order to increase its specific energy thereby

15
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284
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286

287

288
289

290

291

292

allowing the incoming flow to pass through the outlet. This diversion causes water circulation
through the pond to the inlet forcing the flow jet to bend toward the edge. Bending of flow
creates the vortex at the corner of the pond. Such areas will reduce the effective treatment
volume of the pond inhibiting the pond performance due to suspension of the particles caused by
vortices. Whereas the flow in the PIP is more uniformly distributed in the outer pond with

minimal disturbance as it exits with much lower velocity from the inner pond.

_ < Velocity (m/s)
oY

2
.2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00

Figure 5: Velocity vector plot from SToRM simulation for PIP system (top) and traditional basin

(bottom)

3.2.2. Particle Profile

Next particle movement and distribution within the pond was observed using the particle
tracking visualization in the SToORM modeling. Equal numbers of particles (illustration presented
for 10 particles) were introduced into both ponds. At every time-step, the same number of new

particles continued being added into the ponds. Figure 6 illustrates the distribution of particles in

16
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293  the PIP vs. traditional pond at different simulation times. In the traditional pond, the particles are
294  carried away by the high velocity, and the particles reach the outlet much faster. Whereas, in the
295  PIP, most of the particles are confined within the inner pond and only few particles make their
296  way out. Additionally, the reduced velocity in the outer pond of the PIP inhibits particle

297  movement toward the outlet; and thus the particles tend to settle to the bottom of the pond.

298 Figure 6a and Figure 6b shows the introduction of particles in the pond. The particles are
299 introduced at the exact same location for both the ponds. After 5 minutes, the particles in the
300 traditional pond have already traveled over half the length of the pond (Figure 6¢), whereas in
301 the PIP, the particles have just moved into the outer pond (Figure 6d). At around 16 minutes, the
302 particles in the traditional pond can be seen at the outlet with some particles exiting from the
303 pond (Figure 6e). Whereas, at the corresponding time, the particles in the PIP have just traveled
304  half of the pond length (Figure 6f). It took almost twice the time (approximately 29 minutes) for
305 the particles in the PIP to reach the outlet (Figure 6h) compared to the flow in the traditional

306  pond. Lastly, at the end of the simulation, the traditional pond has particles distributed

307  throughout the pond but with a higher concentration near the outlet and in the circular zone near
308 the inlet (Figure 6i). On the other hand, in the PIP, few particles can be observed at the outlet and

309  most particles are concentrated inside the inner pond (Figure 6j).

310 The particles count at each time-step was exported from the STORM model. The exported
311 files consisted of a unique location for each particle along with the total particle count that

312  remained within the pond at a given time-step. Four different cases were used for this analysis
313  where 5, 10, 15 and 25 particles were introduced into the pond. A statistically significant

314  difference (p<0.05) in particle retention was observed. In all four cases, it was observed that 16-

17
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315  18% more particles were retained within the PIP as compared to the traditional pond as shown in
316  Table 1. Based on the higher percentage of retained particles and the reduced velocity in the PIP,
317 it can be assumed that the PIP offers higher potential for particle settlement and, thus, additional
318 treatment. The retention of the particles, however, cannot be considered as settling of the

319  particles in this 2-D simulation.

(a,t=305) (b,t=305)

(c,t=3005)
(d,t=3005s)

———

(e, t=10005s) (f, t=1000s)

18
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(i, t = 3600 s)

(j, t = 3600 s)

320 Figure 6: Particle distribution in traditional pond (left) vs. PIP (right) using the STORM model.
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335 Table 1: Summary of particles-in and particles retention in the traditional pond vs. PIP

Traditional Pond Pond-In-Pond
%
Particles-in  No. of Total . Particles ) Particles  Increase
) ) Particles ) Particles ) )
at each time-  particles- ) retained ) retained in
. . retained retained .
time step steps in % % particles
retention
5 121 605 399 66 464 77 16
10 121 1210 779 64 904 75 16
15 121 1815 1145 63 1338 74 17
25 121 3025 1935 64 2282 75 18
336
337 4. Summary and conclusions
338 While many attempts have been made to address the global issues of water shortages, few

339  have considered integrating wastewater reuse and converting those water resources into a safe
340 alternative to freshwater for agricultural irrigation. The integrated approach of natural

341  wastewater treatment along with land application of treated wastewater effluent will provide the
342  world with food while saving potable water for human consumption. Pond-In-Pond (PIP), a
343  simple, low-cost, low-maintenance, and natural system, can provide the necessary level of

344 treatment required for effluent reuse in agriculture. Previous studies on PIP-like configurations
345  have shown the potential for reuse systems through promising performance results with BOD

346  removal of over 80% and a 40% reduction in land area requirements.

347 The results from the STORM and TELEMAC-2D models showed that the PIP offers
348  improved flow-diversion with a significantly reduced velocity throughout the pond. The velocity

349  profile and the flow pattern suggest that the PIP configuration has a significant effect on the flow
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350  dynamics within the pond and, thus, higher pond performance. The incoming velocity is mostly
351  dissipated within the inner pond of the PIP, and the flow velocity is significantly reduced as it
352  passes toward the outer region. Such reduced velocity inhibits the movement of the particles so

353  more particles would be capable of settling in the PIP as compared to the traditional pond.

354 Further, as observed from particle distribution plots, most of the particles in the PIP are
355 trapped within the deeper, inner pond of the PIP with fewer particles in the outer region. The

356  settled particles in the PIP undergo anaerobic decomposition under a prolonged solids retention
357  time within the deeper basin of the PIP, thus providing more complete degradation of incoming

358  organic matter.

359 Modeling the flow dynamics of the PIP is an alternative to the costly field study of the
360  system and can be used to determine a more optimal way to continue this analysis in a 3-D
361  format. In addition, this modeling of the system will allow future research on field sites to be
362  completed more efficiently by identifying specifically the critical components of the system to
363  measure. All of this will then lead to applicable design approaches that can result in the lowest
364  cost with the highest treatment efficiency, thus providing society with a system applicable to

365  more sustainable water reuse.

366 5. Future recommendations

367  The 2-D modeling approach has recognized limitations, but it provided an initial understanding
368  of why the PIP system performs better than traditional ponds. Future modeling of the PIP using
369  3-D computational fluid dynamics is the next logical step in the process of developing an

370  understanding of pond configuration effects on performance. These 3-D results will provide the

371  necessary understanding of how to design the inner pond and the associated berms more
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372  effectively. Next, the integration of the biokinetics of the treatment process has the potential to
373  contribute to the development of appropriate design procedures for these ponds to be used in any
374 location. Lastly, the integration of a decision-support tool to test strategies for multi-objective
375  optimization will provide a design approach for specific situational needs. Overall, this type of
376  modeling effort will provide a future in which communities can utilize a more sustainable

377  approach to water treatment and reuse that is both environmentally friendly and energy efficient.
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437

438  Figure Al: Velocity profile plots for the PIP using SToRM (left) and TELEMAC-2D modeling
439 tools (right) at different simulation times [the color legend is same as in the figures
440 presented in the main text - Figure 3 for STORM and Figure 4 for TELEMAC-2D].
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449
450  Figure A2: Velocity profile plots for the traditional pond using SToRM (left) and TELEMAC-
451 2D modeling tool (right) at different simulation times [the color legend is same as in the
452 figures presented in the main text - Figure 3 for STORM and Figure 4 for TELEMAC-
453 2D].
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