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a b s t r a c t

Traditionally, energy recovery from low-solid-content wastes occurs in Continuously Stirred Tank Re-
actors, whereas Plug Flow Reactors (PFR) are used to treat high-solid-content wastes. In comparison, this
study uses a special configuration of anaerobic PFR (AnPFR), consisting of a coiled tubular structure, for
energy recovery from a mixture of Food Waste and Wastewater, fed at a loading rate of 3 gVS.L�1.d�1 and
a solids content of 2.5%. The AnPFR was upgraded into a Flow Sculpting enabled Anaerobic Digester
(FSAD), an innovative plug flow design relying on flow sculpting via a sequence of pillars to provide
passive mixing. The purpose of the FSAD design is to optimize operational performance while main-
taining minimum mixing energy requirements. Computational fluid dynamics simulations revealed that
pillars induce local vorticity in the fluid and contribute to the inertial deformation of the flow to enhance
mixing. Coherently, experimental results proved that upgrading the AnPFR to FSAD resulted in a better
stability (VFA dropped from 4433 to 2034 mg L�1) and a higher efficiency (removal efficiencies of COD
and volatile solids increased from 75% to 77%e88% and 91%, respectively). Equally important, the
methane yield, indicative of energy generation potential, increased from 181 L kg VSfed

�1 to 291 L kg VSfed
�1.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Anaerobic digestion (AD) is a bioremediation method involving
the biodegradation of organic matter by anaerobic microorganisms,
leading to the formation of biogas (z60% CH4; a renewable energy
source) and treated effluent [1e3]. The most two common config-
urations are: Anaerobic Continuously Stirred Tank Reactor
(AnCSTR) and Anaerobic Plug Flow Reactor (AnPFR), which are
commonly used to treat wet and dry waste, respectively [4,5].

AD of waste with low-solid content (TS < 4%) often occurs in
AnCSTR,withrelatively long retention times, resulting inhighcost-to-
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energy yield ratio [4,5]. For instance, AD of raw domestic wastewater
(WW) is considered economically unfeasible because of high flow
rate, requiring large anaerobic digester volumes, and low TS resulting
in low CH4 generation, poor performance, and low process efficiency
[5e7]. Consequently, domestic WW is usually treated aerobically,
using the activated sludge process, and only the residual sludge is
collected and fed to an AnCSTR. The generated gas supplies a portion
of theWWTP energy requirements [8]. However, most of the energy
inherent in the carbonaceous material of the WW is lost through
aerobic biochemical reactions, before reaching the AnCSTR [6].

Other bioreactor configurations and designs adopted in AD of
low-solid WW include: Upflow Anaerobic Sludge Blanket (UASB)
[9,10], Expanded Granular Sludge Blanket (EGSB) [11], and Anaer-
obic Membrane Bioreactor (AnMBR) [12,13], among others. UASB
and the EGSB designs showed satisfactory (up to 80%) removal rates
for both Chemical Oxygen Demand (COD) and Volatile Solids (VS)
while generating up to 0.2 L CH4.g VSfed-1 [11,13e16]. Likewise,
AnMBR applications achieved adequate (up to 90%) COD and VS
removal rates [12,13,17]. However, AnMBR has high energy de-
mand, compared to UASB and EGSB, with high risk of membrane
fouling [12,13].
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In comparison, AnPFR is commonly used to treat high-solid-
content waste (Total Solids (TS) > 10%), also known as high-
strength waste, such as Food Waste (FW), organic fraction of
municipal solid waste, agricultural waste, and sewage sludge,
among others [5,18]. AnPFR showed several benefits, including low
concentrations of VFA in the effluent, high degree of sludge
retention, stable reactor performance, high conversion rates, low
volume requirements, low initial investment cost, and simple
operation and maintenance [5,19]. Yet, AnPFR is rarely used to treat
low-solid-content wastes. Limited reported applications of wet
AnPFR include the treatment of a mix of pineapple pulp and peel
(TS < 4%) with an average COD removal of 70% and an average CH4
yield reaching 0.09 m3/kg of CODremoved [20]. Also, inclined
AnPFR was used to treat a mixture of kitchen waste at a TS of 7%
[19], whereby VS and COD removal efficiencies reached 66e71%
and 71e78%, respectively, at Hydraulic Retention Times (HRT) of
22.5 d and 33.7d. Likewise, high rate baffled AnPFR systems were
used to treat low TS wastes (TS ¼ 2.5%) at a low HRT of 24 h and
reported a TS removal of 86% under mesophilic conditions [21].
However, studies on AD of low-solid waste using AnPFR with
improved mixing are limited [5,6].

On the other hand, Stoecklein et al. [22] have recently demon-
stratedtheability toengineer thecross-sectional shapeof afluidusing
the integrated inertial flow deformations induced by sequences of
pillars. The latterhasproventoproducea richphase spacewithawide
variety of flow transformations [22,23]. This concept has since been
used to: (1) solve problems inbiological and advancedmanufacturing
fields, (2) designpolymerfiber cross-sections, (3) create 3-Dparticles,
and (4) provide a solution to transfer around particles in flow, among
others [22,23]. This is a promising, low-energy strategy to enhance
mixing indigesters. However, thismethodhas not beenapplied yet to
PFR configurations or AD systems.

As to the feed mix, multiple studies addressed the co-digestion
of different types of wastes to benefit from their complementary
properties. Emphasis was put on adding FW to anaerobic digesters
treating WW sludge, at TS ranging between 7 and 13%, to improve
methane yield [24e26]. Due to its high-strength, FW possesses a
high specific CH4 yield varying from 200 to 500 L of CH4 per VSfed,
wet [5,27], which is triple the CH4 generated from WW sludge [28].
However, considering the high biodegradability of FW, Volatile
Fatty Acids (VFAs) generation occurs fast in the anaerobic digester,
leading to pH drop and inhibition of methanogenic reactions
[29,30]. As such, the presence of low-solid WW in the feed mix
provides dilution of acids, and other inhibiting byproducts, result-
ing in improved process stability [5,29e31]. Yet, the concept of
adding FW to rawWW, resulting in a feed of low TS content, hasn’t
been extensively tested.

In comparisonwith reported studies, this paper attempts to apply
the AnPFR concept, through a coiled (multi layered) structure, for the
treatment of low-strength (TS ¼ 2.5%) waste, made of a mix of FW
and WW. The coiled AnPFR design was upgraded into a Flow
Sculpting enabled Anaerobic Digester (FSAD), a novel application of
the flow sculpting approach, whereby cross-sectional deformations
of the fluid are induced by sequences of pillars that disrupt the flow.
This creates passive mixing and improves the net energy balance. To
the best of the authors knowledge, no similar configuration has been
reported for anaerobic digesters treating wastes. The key perfor-
mance indicators were monitored, and conclusions were made as to
the improvements associated with the FSAD design.

2. Methods

2.1. Experimental Setup

The lab-scale AnPFR (Fig. 1-a, Fig. 2) used in this experiment
consists of 28.3 m of nylon tubing (3/8” inner diameter) with a total
working volume of 2 L. The AnPFR (tubing) was coiled around a
cylindrical Plexiglas structure (F) having a height of 1 m, diameter
of 0.5 m, and a circumference of 1.6 m. The coiled assembly was
placed inside a cubic chamber (H) constructed of Styrofoamwith an
inner volume of 3.4 m3, in which two 250W infrared heater lamps
were installed and connected to a temperature controller and a
thermometer to maintain mesophilic conditions (37 ± 0.5ᵒC). A fan
was placed inside the chamber to improve air circulation and
distribute the heat. For passive mixing, sets of eight conical pillars
(base diameter ¼ 5 mm (3/16’’) and height ¼ 6.4 mm (1/4’’)) were
inserted into the tubing (separated by 127 mm (5’’) along the
centerline) and placed against the inner wall following, consecu-
tively, the configuration shown in Fig. 1-b.

For feeding, a Plexiglas container (I) was connected to a peri-
staltic pump (G), which was in turn connected to the inlet of the
AnPFR. The outlet was connected to an anaerobic tank (J) which has
four openings: (J1) to receive the digestate, (J2) to withdraw the
digestate, (J3) to recycle digestate into the digester, and (J4) to
release the biogas into a wet tip gas meter (D). The latter is con-
nected to a 10 L Tedlar bag (E) in order to capture the biogas
generated and analyze its composition on a daily basis.

2.2. Waste preparation and feeding

The low-solid waste feed was prepared by mixing FW, prepared
and shredded as in Ghanimeh et al. [30], with WW collected from
an on-campus WWTP to achieve the required TS content of 2.5%
(Table 1). The waste was stored in 0.5 L plastic bottles at �25 ᵒC. A
semi-continuous feeding schemewas adopted, consisting of 30min
of continuous feeding every day, at a rate of 0.11 mL s�1. A recir-
culation rate of 20% was adopted to increase the solid retention
time and enhance anaerobic microbial abundance [32].

2.3. Start-up and operation

Inoculation was achieved by adding 2 L of digestate from a lab-
scale operating mesophilic anaerobic digester treating FW. After a
two-day incubation period, equal wasting and feeding was initi-
ated. The systemwas loaded progressively, betweenweeks 1 and 5,
until reaching an OLR of 3.0 g VS.L�1.d�1. During the entire exper-
iment (30 weeks), the anaerobic digester was operated at an HRT of
14 days (2 weeks).

The experimental program consisted of two stages. In the first
stage, the coiled tubular AnPFR was tested, with up-flow feeding
and without induced mixing. After a five HRT start-up period, the
digester was operated for another five HRT stabilization period
(weeks 6e16), during which steady-state conditions were ach-
ieved. In the second stage, the AnPFR was upgraded by introducing
the physical obstructions (pillars), as described in sub-section II.A,
to induce passive mixing and test the novel FSAD design concept
over a period equivalent to 7 HRTs (weeks 17e30).

2.4. Analytical methods

Physico-chemical parameters were monitored on aweekly basis
(everyMonday), including: TS, Total Suspended Solids (TSS), VS and
Volatile Suspended Solids (VSS), using Standard Methods 2540B
and 2540E procedures; COD by spectrophotometry, applying the
modification of Standard Methods 5220D procedure [33] using
HACH medium-range COD kits (HACH Company, Loveland, Colo-
rado); ammonia concentration by spectrophotometry using HACH
high range ammonia kits (HACH Company, Loveland, Colorado. The
system stability was monitored by measuring total VFA levels
weekly, by titration methods [34], and comparing them to



Fig. 1. Experimental setup: (a) side view of the equipment layout; (b) section view of the tubing showing the sequence of pillars as attached to the inner wall in sets of eight.
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recommended ranges (1000e2000 mg L�1 [35]). Removal effi-
ciencies of solids and COD were determined as the difference be-
tween influent and effluent concentrations divided by influent
concentration. The pH was monitored, three to five times a week,
using a pH probe (Hack, 35641-51).

Biogas samples were collected on a daily basis and fed to a dual
wavelength infrared cell with reference channels (GEM-2000
monitor, Keison Products, UK) for analysis. Specific CH4 yield,
expressed as the volume of CH4 produced per gram VS fed to the
digester, was calculated weekly. Where deemed appropriate, the
analysis results are reported as average value ± standard deviation.
2.5. CFD modeling

A section of the FSAD was modeled, to represent one winding
(YZ plane in Fig. 3) of the coiled structure, comprising an entire set
of 8 conical pillars distributed angularly to enhance mixing by local
turning of the flow, across all directions. Considering the low TS
content, and being interested in passive fluid mixing, incompress-
ible fluid conditions were assumed.

The fluid-flow can be described at steady-state by solving the
Navier-Stokes equations (dimensional):

V:u¼0 (1)

ru:Vu¼ � Vpþ mV2u: (2)

where, u ¼ ½u; v;w�T is the fluid velocity (along X, Y, and Z,
respectively), p is the fluid pressure, r is the fluid density, and m is
the dynamic viscosity. Given the longtime experimental simulation
(five and seven HRT for the first and second experimental parts,
respectively), steady-state conditions were assumed. After solving
for the steady-state fluid flow, the propagation of the constituent
wastes was modeled using a (passive) scalar transport equation:

v4

vt
þu:V4 ¼ V:ðDV4Þ (3)

where, 4 is the concentration, and D is the diffusion coefficient
(taken to be very low for convection-dominated transport). Since
this work does not examine transient effects, it solves for back-
ground flow-field first and then for the steady-state scalar field for
the developed flow. ANSYS Fluent 18.1 was used to solve these
equations on an unstructured mesh using a Finite-Volume method.
A uniform inlet velocity and a zero-pressure outlet condition were
used, along with no-flux conditions for the concentration on all
boundaries except the inlet, where a fixed value is prescribed.

3. Results and discussions

3.1. System performance

3.1.1. Stability
During start-up (weeks 1e5), the pH level was slightly below

neutral (6.61 ± 0.21), which required the addition of an alkaline
solution (20 mL of NaOH 5M) during feeding. Afterward, the pH
stabilized at 6.95 ± 0.24 (Fig. 4-a) e considered satisfactory [5].
During steady-state operation of the AnPFR (weeks 6e16), the
average VFA concentration was 4433 ± 777 mg L�1, higher than the
recommended concentration for stable performance
(1000e2000 mg L�1 [35] (Fig. 4-a). Ammonia concentration was



Fig. 2. Experimental Setup: (a) Feeding tank, peristaltic tank, and digestate tank; (b) constant temperature chamber; (c) FSAD tube, coiled around a Styrofoam cylinder.

Table 1
Feed characteristics.

Parameters Feed

% VS 2.1
% TS 2.5
COD (mg.L¡1) 51,234
VS/TS 0.84
FW-to-WW 1 to 9
Inlet Kinetic Viscosity (m2.s¡1) 2.53*10�5

Outlet Kinetic Viscosity (m2.s¡1) 1.27*10�5

Fig. 3. Computational domain: one winding of the FSAD coil, with a set of 8 conical
pillars numbered as shown.
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about 547 ± 15 mg L�1, similar to reported values [29,30]. Total
alkalinity, considered as the buffering capacity of the digester,
started at an average of 3200 ± 943 mg L�1 during the start-up and
stabilizing at 5465 ± 781 mg L�1 during steady-state operation
(weeks 6e16). The observed alkalinity falls within reported ranges
(4500 and 15,000 mg L�1) for AD of FW [36].

In comparison, upon upgrading the AnPFR into FSAD (by
introducing the passive mixing pillars, weeks 17e30), ammonia
concentration decreased slightly to 531 ± 16 mg L�1, with a
noticeable decrease in both VFA and Alkalinity concentrations,
reaching 2033 ± 144 mg L�1 and 4126 ± 242 mg L�1, respectively
(Fig. 4), and an increase in pH to 7.14 ± 0.07, indicating improved
stability of the system [5,35].
3.1.2. Methane generation
During AnPFR operation, the average specific biogas and
methane yields were 462 ± 9 L kg VSfed�1 and 181 ± 6 L kg VSfed�1,
respectively (Fig. 4-b), which is considered low for AD of FW [27].
The lowmethane yield can be attributed to the settlement of solids
at the bottom of the tubing, in the absence of mixing, hence
increasing the concentration of acids, and other digestion



Fig. 4. Performance in terms of: (a) VFA, Alkalinity, and Ammonia Concentrations, (b) CH4 and Biogas Yields, (c) TS and VS removal, and (d) TSS and VSS concentrations.
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byproducts, in high-solid niches. This leads to partial inhibition of
methanogenic activities [2,37]. Upon shifting to FSAD operation, by
introducing passive mixing through pillars, the methane yield
increased by 61% to reach 292 ± 9 L CH4.kg VSfed�1.
3.1.3. Treatment efficiency
During the AnPFR’s operation (weeks 6e16), at OLR of 3.0 g

VS.L�1.d�1, the removal efficiencies were 70 ± 3%, 75 ± 3%, and
77 ± 3% for TS, VS, and COD, respectively (Fig. 4-c). Upon shifting to
FSAD (weeks 17e30), the treatment efficiency of the system was
substantially enhanced, and the removal efficiencies reached
82% ± 2% for TS, 88% ± 2% for VS, and 91 ± 2% for COD (Fig. 4-c).
Similar removal efficiencies were reported formesophilic AD of FW,
ranging between 82% and 91% for COD and 72% and 92% for VS, at
an OLR ranging from 1.5 to 3.5 g VS.L�1.d�1 [38e42]. The VSS, which
Fig. 5. Mesh convergence: (a) vorticity-magnitude at the channel centerline as a function of
refinement.
is often considered an indication of microbial abundance, repre-
sented 70 ± 1% of the TSS and was fairly stable throughout the
experiment: 4367 ± 130 mg L�1 between weeks 6 and 16, and
2184 ± 153 mg L�1 between weeks 17 and 30 (Fig. 4-d).
3.2. CFD model outputs

3.2.1. Mesh convergence
Since the effective Reynolds number in this system is low (~14),

no turbulence model needs to be considered. Therefore, mesh
convergence analysis was first performed on increasingly refined
meshes. Four sizes of meshes (0.5, 1, 2, and 4 million nodes) were
compared. The vorticity magnitude at the channel centerline and
average wall-shear across the channel walls were observed. From
Fig. 5a, it was found that the flow-fields converge for higher
the angle (inlet to outlet) for different refinements (b) average wall-shear for different



Table 2
Flow-field: volumetric integrals of normalized absolute value of u-component of
velocity and vorticity magnitude.

Volumetric Integrand Without pillars With pillars

juj 0.188 0.717����V� u
��j2�

U
D

� 378.42 392.81

Fig. 7. Flow-field: advection maps (quivers) across pillars (numbered) - length of
quivers indicates larger displacements and direction indicates direction of migration.
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refinements (2 and 4 million nodes), with vorticity peaks at the
pillar locations and minimal fluctuations far from pillars. Also, from
Fig. 5b, the average wall-shear shows negligible change after two
million nodes, which shows convergence in the wall refinements.
Hence, the two-million nodes was picked as a converged refine-
ment for further cases involving scalar transport.
3.2.2. Impact of pillars
Flow quantities, such as volume-integrated absolute u velocity

and vorticity magnitude, were observed (Table 2). The integrated
radial velocity components for the unobstructed and obstructed
cases are 48.87, and 50.22, respectively. Similarly, the angular
components measure 248.87, and 251.13, respectively.

It is observed that while all the quantities are higher when
pillars obstruct the flow, the u velocity component is significantly
higher than the unobstructed case. The vorticity, and velocity
magnitude fields, and streamlines are shown in Fig. 6 to examine
the effect of pillars on the flow. As mentioned before, the pillars
produce a sharp peak in local vorticity of the flow, thereby giving
a turning effect to the fluid, and this is also evident from Fig. 6
This effect can be expected to compound due to finite inertia of
the fluid and the spatial arrangement of the pillars. The finite
vorticity components in the plane of the coil act to enhance
mixing. It is also seen that the vorticity distribution and the sign
of vorticity at each pillar vary as a function of the pillar location
and orientation, and this non-uniformity may be essential for the
overall gain in efficiency in terms of mixing. In this respect, the
advection-maps (Fig. 7) were calculated, as reported by previous
researchers in the context of flow-sculpting [23]. These maps
essentially map the migration of cross-sectional “cells” or parcels
Fig. 6. Flow-field: (from top, row-wise) pillar number, y-vorticity, z-vorticity (color map:
around the pillars (colored by velocity-magnitude). (For interpretation of the references to
of fluid (and hence the solid matter) from their initial locations
(before the pillar) to new locations (after the pillar). The transi-
tion maps for the current case reveal that fluid (and solid matter)
near pillars is spread out from the pillars downstream, and fluid
away from the pillars and close to the walls is drawn closer to the
center.

Next, the study examines the concentration of a scalar of low
diffusivity (which mimics solid parcel moving in flow) released in a
fully-developed flow. The inlet boundary condition is given by the
coordinates: 0:249 � R ðin mÞ � 0:251; �
0:0047 � X ðin mÞ � 0:0047. Fig. 8 shows the concentrations at
cross-sectional slices before, at, and after the first pillar. It is seen
from the scalar field that the pillar creates a spread in the con-
centrationwhich enhances mixing. In contrast, it is evident that the
concentration is uniform in the angular direction for the traditional
designs (no pillars). However, for the FSAD, local mixing of the
transported scalar (wastes) is fortified by the clockwise-pattern
arrangement of the 8 pillars, which serve to successively induce
inertia and deformation in out-of-plane directions. The Dean
number (De) for the present case is calculated to bez 1, and gives a
relative estimate of the competing inertial, centripetal, and viscous
forces. It is also worth noting that the curvature of the pipe also
red to blue indicate positive to negative values), velocity-magnitude, and streamlines
color in this figure legend, the reader is referred to the Web version of this article.)



Fig. 8. Evolution of scalar field across pillar-1: in the absence of pillars (traditional
AnPFR) and in the presence of pillars (FSAD). The green section marks the location of
pillar-1, the red and blue sections mark locations upstream and downstream of pillar-1,
respectively; contour values are equalized within each cross-section for pillar-1. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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plays a role in creating a slightly asymmetric concentration field,
which is attributed to low De.
3.3. Benefits of FSAD

The studied system was stable even during the period of no
mixing (weeks 6e16), which indicates that solids settlement was
not detrimental to the process. On the contrary, it can be
assumed that syntrophic reactions were enhanced by avoiding
the separation of syntrophic microorganisms (e.g. hydro-
genotrophic methanogens and hydrogen generating bacteria) by
mixing [3]. Yet, in many instances, AnPFRs require physical
(radial) mixing to avoid the drawbacks experienced in stagnant
designs, including, but not limited to: (1) dead zones, (2) local
accumulation of inhibiting by-products, (3) uneven distribution
of heat, and (4) reduced contact between the nutrients and the
microflora [5,43e45]. Accordingly, it was hypothesized that the
novel FSAD design would improve the effluent quality and
Table 3
Variation of the FSAD performance before and after mixing.

Parameter Avg. Value (With

pH 6.95
VS (mg.L¡1) 5214
TS (mg.L¡1) 7523
COD (mg.L¡1) 11,938
VSS (mg.L¡1) 4367
TSS (mg.L¡1) 6200
Biogas Yield (L.kg VS¡1) 462
CH4 Yield (L.kg VS¡1) 180.8
VFA (mg.L¡1) 4433
Alkalinity (mg.L¡1) 5465
Ammonia (mg.L¡1) 546.7
energy generation potential. In fact, the slow mixing during
feeding proved to enhance the quality of the effluent by addi-
tionally reducing the concentrations of COD, TS, VS, and VFA by
14.8%, 12%, 12.9%, and 54.1%, respectively (Table 3). Equally
important, methane generation increased by 61.3%. The observed
benefits of the FSAD could be attributed to better accessibility of
the nutrient due to enhanced contact with the microorganisms
and reduced short-circuiting. Yet, this phenomenon can have a
positive effect only if the digestion byproducts remain below
inhibitory levels, which is more likely to occur in the presence of
mixing due to mechanical dispersion. Furthermore, by visual
inspection, the induced mixing (by up-flow pumping of
11 mL s�1) seems slow, which is expected to reduce potential
disturbance of syntrophic interactions e yet this observation
requires further investigation.

4. Conclusions

This study investigates the performance of a novel anaerobic
PFR design for the treatment of a mixture of FW and WW, at an
OLR of 3 g VS.L�1.d�1, and a low TS content of 2.5%. The novel
design introduces passive mixing by flow sculpting via a series of
obstructions (pillars) inserted throughout the length of the
digester, and was therefore called Flow Sculpting enabled
Anaerobic Digester (FSAD). The CFD modeling of the system
showed that mixing is enhanced in the presence of pillars due to
local vorticity created in the fluid in the vicinity of pillars, and an
out-of-coil-plane velocity component which is significantly
higher than the traditional design. In fact, experimentally, the
FSAD design boosted the system efficiency, resulting in a
decrease in the VFA concentration by 54%, and an increase of the
VS removal, COD removal, and CH4 yield by 17%, 19%, and 62%,
respectively.
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