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ABSTRACT

In this study, the computational fluid dynamics (CFD) approach combined with the residence
time distribution (RTD) analysis was implemented to examine the mixing performance and
flow pattern of rotary pressure exchanger (RPE). Based on oscillatory Reynolds number, a
flow regime classification was established for RPE. A concept of extended angle of RPE was
proposed, and then, its effects on mixing behavior were evaluated by CFD simulation in
laminar model. Meanwhile, flow pattern in RPE was quantified by RTD study, and was well
captured in the flow field analysis. In addition, the effects of operating conditions on the mix-
ing and flow pattern were discussed. According to the results, it was shown that the extended
angle of RPE is beneficial for mixing control, and a minimum volumetric mixing rate was
achieved when the extended angle is +30° compared with other configurations. In different
operating conditions, the mixing rate was minimized at an oscillatory Reynolds number of
about 178. Moreover, the smaller RTD variance, the closer was the flow pattern to an ideal
plug flow, leading to a lower volumetric mixing rate of RPE. This study indicates that the RTD
and CFD simulation are capable for mixing study and flow analysis in RPE device, and they
are complementary and verifiable with each other.
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1. Introduction

The demand of water resources is still increasing
with the development of human society, and the glo-
bal population living in water-stressed regions is esti-
mated to reach 3.5 billion by 2025 [1,2]. Seawater
reverse osmosis (SWRO), as the most efficient technol-
ogy in seawater desalination [3], has shifted people’s
attention from overexploited groundwater to abundant
seawater resources. In this technology, the application
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of isobaric energy recovery devices (ERDs) decreases
the energy consumption by up to 60%, making the
production of freshwater economical with low carbon
emission [4]. By far, more than 80% of newly built
SWRO plants are utilizing Isobaric ERDs [5].

Rotary pressure exchanger (RPE), as one kind of
isobaric ERDs, has attracted increasing interest for its
unique advantages including maintenance-free opera-
tion, flexible capacity, ease of control, and high energy
recovery efficiency (up to 98%). Due to these remark-
able features, RPE has been applied in worldwide
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desalination plants such as Hadera plant, which is one
of the largest SWRO plants with an expanded produc-
tion capacity of 150 million cubic meters annually [6].
Moreover, the promising application of RPE can also
be extended to other membrane processes where the
pressure of concentrate stream needs to be recovered.
Interestingly, it has been already employed in a con-
ceptual process design for juice concentrate produc-
tion, in order to reduce the power consumption of the
flow system [7].

The working principle of RPE is simple: pressure
energy is transferred between two liquids by follow-
ing Pascal’s law which states that the applied pressure
on a confined liquid is to transmit uniformly in all
directions. As shown in Fig. 1, high pressure brine
flows into a rotor with a plurality of open-ended
ducts. Meanwhile, seawater in the duct has been
instantaneously pressurized and pushed out. When
the duct rotates to low pressure side, fresh seawater
fills in the duct and displaces the depressurized brine
reversely. A continuous pressure exchange is accom-
plished with this periodic process. However, during
the pressure transfer process, mixing of brine and
seawater occurs inevitably due to the direct contact
between the two fluids. In SWRO system, a 2.5%
increase in salinity at the membrane will lead to an
increase of operating pressure by 0.13 MPa [8]. As a
result, the energy consumption will rise. For the
potential application in any other process industries,
the purity of pressurized fluid in RPE also needs to be
guaranteed. Therefore, the mixing control is a key
issue to improve the RPE performance.

Several researchers have studied the mixing behav-
ior of RPE. Zhou et al. [9,10] simulated the concentra-
tion distribution in RPE wusing k-e model, and
obtained the effects of rotor parameters and operating
conditions on the mixing performance. It was found
that the length of mixing zone had a maximum value
at optimization of the duct quantity and length. Also,
the mixing intensified with an increase in flow rate
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Fig. 1. Working schematic diagram of RPE.
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and a decrease in rotation speed. Xu et al. [11] also
carried out a simulation of mixing in RPE with the
turbulence model. A second-order polynomial rela-
tionship between the mixing rate and the dimension-
less inflow length was obtained, and was validated by
an experiment. Considering the duct flow as laminar,
Mei et al. [12] performed a theoretical calculation to
predict the longitudinal dispersion of salt along each
duct of RPE. Assumed that the flow velocity was
inputted as series of rounded rectangles, the spreading
time and the amount of salt that transferred inside the
duct was estimated. To prevent the mixing, Al-Hawaj
[13] presented an RPE structure which contains a slid-
ing ball piston as the physical barrier in each duct.
However, this design is difficult to realize practically
because ducts and pistons are prone to wear during
the continuous friction process.

Although some work has been done on mixing
evaluation of RPE by numerical method and theoreti-
cal approximation, the specific assessment of flow
characters and its inherent relationship with mixing
performance have not yet been performed, and an
accurate simulation with appropriate model is still
necessary to provide detailed flow information in
RPE. Hence, in this work, the flow pattern and mixing
behavior of RPE were investigated. A flow regime
classification was developed before numerical study.
On this basis, the laminar model was implemented in
a three-dimensional CFD simulation. Mixing perfor-
mance of RPE with different extended angles has been
evaluated. Besides, flow pattern of RPE was quantified
through residence time distribution (RTD) analysis,
and was well captured in the flow field analysis. In
addition, the effects of operating conditions on the
mixing and flow pattern of RPE were also discussed.
The aim of this work is to study the effects of flow
pattern on RPE mixing performance, and to propose
an optimal method for mixing control from a new
perspective.

2. Flow regime

For most pipe flow, the transition from laminar
flow to turbulence occurs at a Reynolds number of
2,300. However, many researchers found that this kind
of unidirectional steady flow is less stable compared
with purely oscillatory pipe flow [14]. Due to the spe-
cial flow features of RPE device, the continuous outlet
streams are composed of series of reciprocating
oscillatory flows in each duct. The criterion for transi-
tion in RPE device needs to be reconsidered.

The Reynolds number for oscillatory pipe flow can
be written as:
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where u is the mean velocity, and v is the kinematic
viscosity. The stokes’ layer thickness is:

5st = - 2
w

where @ is the oscillation frequency.

Since the flow is injected into each duct periodi-
cally with rotation, the frequency of oscillating motion
can be related to rotation period. Experiments on
transitional flow structure of oscillatory pipe flow
were carried out and the critical Reynolds numbers
Re. were investigated by several researchers [14-17].
As shown in Fig. 2, four curves represent transition
lines based on experimental critical Reynolds num-
bers. Flow structure in a regime below the line is more
close to laminar flow, while it becomes turbulent
above the line at a high velocity or low rotation speed.
Although the values of critical Reynolds numbers are
slightly different, they are of same magnitude in
observation. In common operating conditions of RPE,
the rotary speed ranges from 500 to 2,000 r/min [8],
and the inflow velocity is mostly below 4 m/s with a
flow rate between 4.5 and 60 m®/h [18,19]. Based on
the transition criterion of oscillatory flow, the duct
flow is more close to a laminar flow, this is in agree-
ment with the literature [12]. In the present study, the
maximum rotary speed is set to 1,200 rpm and the
inflow velocity is no larger than 2.5 m/s. Therefore,
flow regime under this operating condition is laminar
flow according to the critical Reynolds number.
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Fig. 2. Flow regime transition lines in RPE.
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3. Numerical study
3.1. CFD model

In accordance with the flow regime for the given
working conditions, laminar model has been chosen to
close the governing equations:

Mass conservation:

op o
§+V'(pv)—0 (3)

Momentum equation:

0] -
a(p?)’)JrV-(p%):—Vp+V‘t+(,0§+F) “)

Species transport equation:

%(pYi) + V- (pBYy) = =V, )

where J; is the mass diffusion flux of species i, which
is determined by Fick’s law for laminar flows:

Ji = —pDin VY, 6)

In equations above, p is the density, ¥ is the veloc-
ity vector, p is the static pressure, 7 is the tension ten-
sor, § is the gravity constant, E is the external volume
force, and Y; is the mass fraction for species i.

As effective diffusion coefficient consists of
molecular diffusion coefficient and convective diffu-
sion coefficient, it is worthwhile mentioning that the
diffusion of NaCl in aqueous solution begins with salt
dissociation. However, the interionic attraction
between sodium ion and chloride ion makes the inde-
pendent diffusion of each ion equivalent to the diffu-
sion of the ion pair. For this reason, the mass
diffusivity of species NaCl is set to a constant value of
1.5e—9 m*/s [20]. This diffusion effect should not be
neglected for most laminar flow at low Reynolds
number.

The simplified geometric model is shown in Fig. 3.
Main geometrical parameters include duct length
I'=150 mm, end cover height H = 10 mm, duct diame-
ter d = 15 mm, and rotor radius R =40 mm. In Fig. 3,
the inlet in endcover is extended by an angle com-
pared with outlet. The angles a and f are defined as
extended angles. For convenience to identify, a is
given to a positive value which implies the duct con-
tacts with the extended inlet before connecting to the
outlet, whereas f is given to a negative value which
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Fig. 3. Simulated domain of RPE.

means that the duct rotates out of the outlet while still
exposing to the inlet. In this figure, the extended angle
is written as +30°, suggesting the inlet has just covered
one more duct in both sides. In order to make a com-
parison for the mixing performance of RPE, different
configurations are built with an extended angle of 0°,
7.5°,15°, 22.5°, 30°, and +30° respectively.

Fig. 4. Meshed grid system of computational flow domain.
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In Fig. 4, the unstructured grid is used to discretize
the computational domain, as shown in Fig. 4. The
RPE model consists of 1,208,717 nodes and 1,154,100
cells with a finely meshed grid by Gambit tool. All
ducts in rotor are connected with endcovers through
interface on the assumption that no gap exists and
therefore no leakage happens between each duct. The
moving mesh method is selected for ducts to achieve
the stable rotation provided by external driving force.

The differential equations are solved by commer-
cial CFD software Fluent 6.3a, which is a widely used
solver depending on the finite volume method. An
unsteady, incompressible flow is considered in the
numerical analysis. The inlet velocity is specified for
both HP saline water and LP seawater inflow with a
flow rate of 5.0 m>/h, and pressure boundary condi-
tions of 6.0 and 0.2 MPa are used at HP outlet and LP
outlet, respectively. In addition, the NaCl concentra-
tion of brine is set to 6.5%, and the concentration of
fresh seawater is set to 3.5%. To achieve a stable rota-
tion of RPE, the rotor speed is assigned as 1,000 rpm.

The preliminary settings of geometric parameters

and operating parameters satisfy the following
criterion:
L,<l (7)

(a) unstructured grid on
one cross section of duct

- (b) refined mesh near the
interface
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where L,, is the inflow length of high concentrate flow,
which can be calculated based on the mass balance in
a steady-state flow condition, as shown below:

Q v A (p1/o) +20- A (¢y/w)

Lm = A_l = Al (8

where Q, v, and w are the flow rate entering the duct,
the inflow velocity, and the rotating speed, respec-
tively. During the duct rotation, ¢, represent the rota-
tion angle when duct is fully connected to the
endcover, and ¢, represent the central angle of a sin-
gle duct. A; and A,, respectively, represent the cross
area of each duct and the effective flow area during
duct switching in process. Under the given operating
condition, the theoretical L,, is estimated to be 0.02 m,
which is much smaller than the duct length.

3.2. Flow pattern characterization

The flow pattern of fluids in chemical process has
a significant effect on mass transfer performance. Con-
sidering the unsteady characters and the non-uniform
velocity distribution in most flowing systems, fluid
elements spend different time in flowing through the
system. By monitoring the amount of fluid elements at
the outlet vs. time, the RTD can be obtained. In the
analysis of numerical characteristics of RTD, it is help-
ful to reveal flow characters and mixing performance
of the process. The technology of RTD analysis was
first introduced by Danckwerts to study the non-ideal
flow behaviors of chemical reactors [21], and now it
has been widely applied in continuous flow systems
such as chemical and petrochemical process, food pro-
cessing system, environmental monitoring, and metal-
lurgy industry. The general applicability and
quantitative feature make it an efficient method to
evaluate flow characters for unsteady and complicated
flow.

The RTD data are acquired by measuring tracer
concentration at the outlet of a flow system. The most
common tracer injection methods include pulse, step,
and periodic input. For RPE device, brine stream
flows into HP inlet at a constant rate. Therefore, in
this study, the 6.5% NaCl is adopted as numerical tra-
cer by a step input method. The accumulative RTD
function F(t) represents the fraction of outflowing tra-
cers, and it is given by the following equation:

F(r) = <) ©
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where c(t;) is the concentration of tracer in the outlet
stream, and ¢y is the constant concentration of the
injected stream.

The RTD density function E(f) is the distribution of
times of the tracers leaving the system for the length
of time between t and f + dt, which can be calculated
as follows:

_dF(t)

E(t) = T (10)

Once the RTD function is obtained, some important
digital features can be calculated for the quantitative
description on the flow pattern.

The mean residence time 7 represents the average
time the outflowing tracers spend in the flow system.
It is the first moment of the RTD which can be
determined by the following equation:

T= /x tE(t)dt = > KE(t)At; (11)
0 i=0

The variance ¢ measures the extent of the spread

of the distribution, which is an important index to
evaluate the flow pattern. It is the second moment of
the RTD, as shown below:

(12)

a?:/magwfaﬂww:xarwfﬂmAh
0 =0

i
In order to make a parametric RTD analysis in differ-

ent flow configurations and operating conditions, the
dimensionless time 6 is introduced:

t

§ = (13)
T
A normalized RTD function is then given by:
E(0) = <E(1) (14)
And the normalized variance of RTD is:
2
=2 (15)

A normalized variance approaching to zero sug-
gests that an almost ideal plug flow is achieved. While
a normalized variance close to one indicates that there
is a severe longitudinal mixing caused by non-uniform
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velocity distribution and diffusion, and the flow
pattern is close to a perfectly mixed flow.

3.3. Mixing performance characterization

In isobaric RPE device, axial mixing of brine
stream and seawater stream is inevitable due to the
continuous contact of two fluids. The degree of mixing
in RPE device is reflected by volumetric mixing rate
V.., which is defined as:

~ Sno — Su

Vi =
Sur — Su

(16)

where Sy is the salinity of the pressurized seawater
at high pressure outlet, Sy is the salinity of fresh
seawater at low pressure inlet, and Sy represents the
salinity of incoming brine at high pressure inlet. In
this equation, the mixing behavior at low pressure
outlet is less concerned. This is because the pressur-
ized seawater will be circulated in the membrane pro-
cess, and will influence the membrane performance in
SWRO system. Meanwhile, waste brine is discharged
after the pressure recovery process is finished, and it
will not enter the membrane system again.

4. Model validation

A numerical validation has been made using a
4-port RPE with 0 extended angles presented in the
literature [11]. As the parameters are not all provided,
the model parameter settings follow approximately
the experimental conditions. As the rotor size, duct
size, mass fraction of NaCl, flow rate, and rotary
speed are known, we assume that the high pressure
outlet is 6.0, and 0.1 MPa. It is mentioned that
although the validation model and RPE models in our
work are of different sizes, the working principle and
pressure exchange process are identical. Therefore, the
validation results can be used to confirm the accuracy
of the numerical model used in our simulation.

In Fig. 5, the calculated volumetric mixing rates
have been compared with the corresponding experi-
mental data in different operating conditions. The
ratio of inflow length and duct length is defined as
the dimensionless inflow length, and it is slightly
smaller in simulation results than that in experimental
data. Besides, the curves of numerical result and
experimental data follow a similar trend, and the val-
ues of mixing rate are in a good agreement with a
+#10% range of the percentage relative error. This
outcome therefore makes an acceptable quantitative
validation of the numerical model used in this work.

Z. Cao et al. | Desalination and Water Treatment 57 (2016) 15265-15275
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Fig. 5. Comparison between the numerical results and

experimental data in Ref. [11].

5. Results and discussion
5.1. Mixing formation

Fig. 6 shows the mixing formation process of RPE
with different extended angles. Since the RTD func-
tions are obtained based on the tracer concentration
vs. time data, a liner relationship is observed between
the volumetric mixing rate V,, and the accumulative
RTD function F(t). All curves exhibit a similar trend,
which is expected to characterize the mixing formation
process. As the high concentration of NaCl is injected
into the HP inlet and RPE starts to rotate, the mixing
process increases rapidly after a small delay, and then
slows down until a relevant steady mixing is formed
at about 2.0s. It is found that the effects of various
extended angles on mixing performance become

0.030 0.5523
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Fig. 6. Mixing formation process of RPE with different
extended angles.
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obvious at about 0.6 s. Thereafter, the overall V,, of
+30° case appears to remain at the lowest level,
whereas the 0° case seems to keep a highest V,,.

5.2. Flow pattern

For various RPE configurations with different
extended angles, the average V,, and the normalized
variance of RTD are presented in Fig. 7. These two
parameters, indicating mixing performance and flow
pattern, respectively, show a good accordance with
each other. This implies that in RPE, the smaller the
normalized variance, that is, the closer the flow pattern
adjusts to plug flow, and the smaller the volumetric
mixing effect will be. It can be well explained that mix-
ing occurs in ducts of RPE when the brine and seawa-
ter make a contact and axial dispersion is enhanced
due to non-uniform velocity profile and molecular
diffusion; however, the plug flow pattern has a relative
plane velocity distribution which will keep concentra-
tion of two streams separated only if the piston-shaped
interface is disordered or expelled from of HP outlet.
Besides, Fig. 7 also confirms that the +30° case has the
lowest V,,, and smallest variance in all configurations,
and the variance may be regarded as an indicator of
the extent of mixing in RPE as well as volumetric mix-
ing rate. Therefore, optimizing flow pattern to a plug
flow is effective for mixing control.

As contained much flow information over time,
Fig. 8 gives the distributions of the normalized RTD
function for the two extreme cases at a maximum V,,
and a minimum V,,. In this figure, it is found that the
overall E curve of +30° case is narrower than that of
the 0° case, and a lower peak point suffers a displace-
ment to the right and deviates less from the mean
residence time. These are implying that +30° case
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2
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Fig. 7. Comparison of mixing performance and flow
pattern between various extended angles.
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Fig. 8. Normalized RTD function various with dimension-
less time in 0° and +30° cases.

approaches the plug flow behavior and 0° case tends
to have a stronger mixing. In a flow system, a dead
volume refers to a slow moving or completely stag-
nant region, while a backflow zone is a region where
the velocity direction of fluid is opposite to its inflow
direction. As is shown in Fig. 8, both RTD curves
fluctuate around zero with a long tail after the mean
residence time, indicating that there might be a dead
volume and backflow in RPE device. This oscillating
tailing phenomenon can be easily understood if con-
sidering the working process of RPE. After the steady
mixing state achieved, the concentration of brine
inflow and seawater inflow reaches a balance. The
numerical tracer is entrained by the HP inlet flow,
however, a large part of it is trapped in the sealed
area with the rotor rotation, and some of it is then
rejected by the inverse LP inflow, the numerical tracer
in the mixing zone reciprocates in each cycle, therefore
the E curve shows up-and-down fluctuations.

5.3. Flow field in RPE

Fig. 9 shows the streamlines colored by velocity on
HP side at a time of 2.403 s. As shown in Fig. 9(a), the
duct just entering the HP side (first from left) has a
strong rotating flow caused by duct rotation and peri-
odic rotor—stator interaction, the streamlines are more
disordered compared with Fig. 9(b). Another con-
spicuous difference lies in the duct just leaving the HP
side (first from right), an intense laminar jet flow is
formed in duct inlet due to the sudden closure of HP
inlet with a zero extended angle. This figure illustrates
that the non-ideal flow structures could be eliminated
by extending inlet in both directions.
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e

Fig. 9. Streamline of RPE device with an extended angle of 0° (a) and +30° (b).

In order to observe flow pattern and mixing inside
RPE, the axial velocity vectors and concentration fields
on internal cylinders at a time of 3 s are illustrated in
Fig. 10. The cylinders pass through all duct axes, and
are extended along I-I and II-II directions, respec-
tively. The rotation around axis z has therefore been
transformed into a two-dimensional motion from left
to right. Considering the symmetry of the model
structure and reverse inflow of RPE, axial velocity vec-
tors of high pressure side and concentration distribu-
tion of low pressure side are shown together in one
picture.

In Fig. 10, it is seen that the velocity distribution is
relatively uniform in connected area. During the duct
rotation from connected area to sealed area, a laminar
jet flow is formed. Meanwhile, the fluid close to sealed
area becomes almost static, and its velocity is inclined
to reverse when subjects to a shear force, this results
in a recirculation. In sealed area, fluids are in a sta-
tionary state in the dead volume (marked as D) except
for the recirculation region (marked as R). In addition,
the concentration field can be divided into three
regions: brine of high NaCl concentration, mixing
zone, and seawater of low NaCl concentration. They
are in a relatively fixed position in sealed area, and
are propelled forward in flow direction in connected
area. Through comparison, the velocity profile in
Fig. 10(a) is more uneven in connected area than that
in Fig. 10(b), and a more distinct and longer

recirculation region is observed when the duct is
entering the sealed area. This phenomenon might be
caused by the sudden connection of duct ends to end-
cover inlet and outlet, initiating a velocity disturbance
or swirling motion under a big pressure gradient. In
the configuration with an extended angle of +30°, the
endcover inlet is connected to the duct ahead of the
endcover outlet, and begins to separate until the duct
is fully sealed. Therefore, the dramatic change in pres-
sure and flow velocity will not happen simultane-
ously, and the duct flow is more close to a plug flow
in this case. As the concentration distribution is
affected by velocity field, a smoother and shorter
mixing zone is observed in Fig. 10(b), which makes
contribution to a lower mixing rate in RPE device.

5.4. Effects of operating conditions

The operating parameters such as rotary speed
and inflow velocity have a great effect on the mixing
rate of RPE. In the 1D simplified analysis for inflow
length of RPE, it is implied that the mixing rate could
be decreased by increasing rotary speed or by decreas-
ing inflow velocity. However, the flow field in RPE is
extremely complex, and the concentrate can be
affected by many unsteady flow structures such as
laminar jet, swirl flow or recirculation flow. In some
operating conditions, the effects of rotary speed and
inflow velocity on mixing rate may be different.
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Fig. 11. Mixing rate in different operating conditions.

As shown in Fig. 11, an interesting trend reversal
of mixing rate vs. rotary speed is observed when
inflow velocity increases. At an inflow velocity of
1m/s, the mixing rate increases with rotary speed,
while decreases with rotary speed at a relative high

inflow velocity of 2.5 m/s. Among them, the mixing
rate fluctuates and no liner relationship is observed.
This suggests that the mixing behavior is affected by a
combination of the rotary speed and inflow speed,
and an adjustable rotary speed can be used advanta-
geously to control the mixing performance of RPE.

Fig. 12 presents the variation of mixing rate with
oscillatory Reynolds number. The trend reversal phe-
nomenon could be easily observed by extracting the
two operating parameters. As shown in Fig. 12(a),
with the decrease in rotary speed from 1,200 to
600 rpm, the slope of curve changes from negative to
positive, and the mixing rate gradually shows a
positive correlation with the increasing oscillatory
Reynolds number. A similar trend is presented in
Fig. 12(b), with the increase in inflow velocity, the
correlation between oscillatory Reynolds number and
mixing rate changes from negative to positive. It is
indicated that there exits an optimal oscillatory
Reynolds number to minimize the mixing rate. In this
work, a minimum mixing rate is achieved at an
oscillatory Reynolds number of about 178.
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Fig. 12. The variation of mixing rate with oscillatory Reynolds number.
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Fig. 13. Mixing performance and flow pattern in different
operating conditions.

Based on the RTD analysis, the mixing rate and
normalized RTD variance in different operating condi-
tions are presented in Fig. 13. A good accordance
between the two curves suggests that the RPE mixing
performance has a close relationship with the flow
pattern in various operating conditions. At an oscilla-
tory Reynolds number of about 178, the normalized
RTD variance is more close to 0, indicating the flow
pattern is more close to the plug flow, which is
believed to contribute to the minimum mixing rate of
RPE.

6. Conclusions

In this study, an integration of CFD and RTD tech-
niques was used to obtain the mixing performance

and flow behavior of RPE devices. Based on a flow
regime classification, the numerical simulation of
unsteady flow in RPE was accomplished using
laminar model. The effects of extended angle on the
volumetric mixing rate and flow pattern were then
investigated. In addition, the effect of various operat-
ing conditions was also discussed. And a close rela-
tionship of mixing performance with flow pattern in
RPE was found using RTD analysis. The simulation
result suggests that applying extended angle in RPE is
beneficial to eliminate non-ideal flow structures
caused by sudden opening and closing of ducts. The
volumetric mixing rate for the extended angle of +30°
is the minimum compared with other RPE configura-
tions in the present research. Besides, the mixing rate
is minimized at an optimal oscillatory Reynolds num-
ber of about 178 in different operating conditions. A
strong positive correlation was found between volu-
metric mixing rate and the RTD variance, which could
be concluded that the smaller the variance, the more
likely the flow pattern in RPE will tend to a plug flow,
thus the lighter mixing could be achieved. The
detailed information of the flow field in RPE was pre-
sented and was used to validate the flow pattern
identification in RTD analysis. The combined of CFD
and RTD technique applied in this work may be a
viable method to study the mixing and flow behavior
in RPE, and will provide preliminary insights for flow
pattern optimization and mixing control.
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