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Abstract

The aim of this communication is to clarify some aspects related to the
power consumption in continuous Oscillatory Baffled Reactors (OBRs). The
first aspect studied is the effect of the flow superimposition on the power
consumptions associated to the net flow and the oscillatory flow. The quasi-
steady model is used to obtain an expression for the oscillatory flow effect on
the net flow power consumption, and vice versa. The expression obtained for
the oscillatory flow effect is in good agreement with the one available in the
literature, whose deduction is still unknown. The second aspect is the effect
of the energy recovery in the power consumption. An analytical expression,
function of the pressure drop-velocity phase lag, is derived, showing that the
power consumption difference between a system with and without energy
recovery can be significant.
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Nomenclature

R

&

osc

Fner

uOSC

S

Zo

cross sectional area of the tube (m?), 7D?/4

tube inner diameter (m)

oscillation frequency (Hz)

factor for the influence of the oscillatory flow on the net pump

power consumption
factor for the influence of the net flow on the oscillator power

consumption
factor for the influence of no energy recovery on the oscillator

power consumption
constant for the pressure drop losses along the test section

(Pa/(m?/s%))

instantaneous pressure drop (Pa)

pressure drop amplitude, considered as a perfect sine wave

(Pa)
flow rate amplitude, considered as a perfect sine wave (m?/s)

time (s)

period (s)

mean velocity of the net flow (m/s)

mean instantaneous velocity of the oscillatory flow (m/s)
mean instantaneous overall velocity of the flow (m/s)
averaged power consumption (W)

oscillation amplitude, center to peak (m)

OBR length (m)

Dimensionless groups
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Re, net Reynolds number, pU,D/u
Regse oscillatory Reynolds number, p(27 fzo)D/p
G velocity ratio, Re,s./Re,

Greek symbols

) pressure drop-velocity phase lag (rad)

1 dynamic viscosity (kg/(m-s))

p fluid density (kg/m?)

0 phase (rad)

o phase at which the overall velocity is zero (rad)
w angular frequency (rad/s)

Subscripts

ER considering energy recovery

NER considering no energy recovery

n related to the net flow pump

osc related to the oscillator

0 without considering the effect of the flow superposition

1. Introduction

Oscillatory baffled reactors (OBRs) are a form of plug flow reactor, ideal for
performing long reactions in continuous mode, as the mixing is independent
of the net flow rate [1]. The superposition of an oscillating motion on a

low velocity, net flow through a baffled tube creates a series of well-mixed
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volumes, which are responsible for the decoupling of plug flow from net flow
velocity. A full review of the applications of oscillatory flow technology is
presented in [2].

Several aspects of OBRs have been thoroughly analysed in the open lit-
erature, like mixing [3], heat transfer enhancement [4] and scaling-up [5].
However, the number of investigations dealing with the power consumption
mechanisms in OBRs is comparatively scant, and only a few works based
on CFD have addressed this problem in the last years [4, 6, 7]. In most of
the cases, the approach for analysing the power consumption is based on
neglecting the effect of the net flow rate. This is supported by the high
oscillatory-to-net velocity ratios that are required in OBRs for achieving an
adequate level of plug flow [1]. As a result of this approach, the most used
empirical models for the analysis of power consumption in OBRs, namely the
quasi-steady model [8] and the eddy enhancement model [9], take only into
account the power consumption for the generation of the oscillatory motion
(oscillator power consumption).

The crossed influence of net flow and oscillatory flow components on power
consumption is, however, intuitive, and both contributions must be simul-
taneously considered for a proper modelling analysis in OBRs. A precursor
work following this strategy was performed in 1984 by Noh and Baird [10],
who analysed the net component of pressure drop in a cocurrent reciprocat-
ing plate extraction column. Applying the quasi-steady model, they derived
a numerical expression for the averaged pressure drop in a flow with superim-
posed net and oscillatory components. The results showed an overestimation

of the quasi-steady model for high net flow velocities, and an underestima-
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tion for low net flow rates when there is no oscillation. The authors proved
a better performance of the model for the higher frequencies, which was ex-
plained by the more uniform orifice coefficient values found for the resulting
higher Reynolds number regime. However, the expression proposed has been
seldom adopted by other authors, apparently due to its relative complexity.
In 1995, Mackley and Stonestreet [11] introduced a factor to quantify the
augmentation of the pumping power that sustains the net flow rate (net flow

pumping power), when an oscillatory flow is superimposed (Equation 1).

Fae (1+ (%)) )

This factor is referenced in [11] as a personal communication with Prof.
M.H.I. Baird, who authored a significant number of works in the field of
pulsating columns [12, 13, 14]. It is striking that, in spite of being the
most utilised approximation for the assessment of the interaction between
net and oscillatory flows [7, 15, 16], the experimental or theoretical evidence
of this expression is not available -to the best of our knowledge- in the open
literature.

A complementary factor, able to evaluate the increased oscillator power con-
sumption as a result of a net flow rate through the tube has not been devised
so far. This aspect has been justified by the fact that, in OBRs, the oscilla-
tory flow is much higher than the net flow (i.e. high velocity ratio). However,
it would be interesting to quantify that statement.

Alternatively, recent studies [7] have proposed to nondimensionalize the power
consumption by using the maximum velocity (net plus oscillatory) as the

characteristic velocity. This total power is of high interest to correlate the
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mixing quality and the power density, and quantify the performance of the
OBRs under given flow conditions. However, this approach is not able to
distinguish the net flow pumping power from the oscillator power, which is
an important aspect in order to design both systems.

Another aspect of interest, which has been barely treated in the modelling
of power consumption in continuous OBRs, is the ability of the oscillation
mechanism for absorbing and releasing mechanical energy. Jealous and John-
son [8] pointed out that this aspect could be relevant as, in a certain period of
the oscillation cycle, the power demand is negative and therefore susceptible
to storage. This takes place when the pressure drop and velocity signals have
opposite signs. Hafez and Baird [13] explained that the ability of an oscil-
lation system to store mechanical energy requires the inclusion of a flywheel
or other highly inertial components. Baird and Stonestreet [9] discussed the
possible energy recovery effects at the end of strokes of the oscillation pis-
ton of a continuous OBR, since velocity becomes null and a different sign
between pressure and velocity could occur. The most extended expression
for power dissipation in OBRs [17] accepts that the system is able to recover
energy, even though the classical assemblies for the generation of oscillation
in continuous OBRs are not designed to this aim.

The aim of this communication is to clarify, from a theoretical basis, some
open questions exposed above related to the power demand in OBRs. Firstly,
the quasi-steady model and a formulation based on the integral form of the
momentum equation along an OBR is developed, in order to devise analytical
expressions for the net flow pumping power, the oscillator power consumption

and the consequent implications of the interactions between both components
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of the flow in continuous OBRs. Secondly, a mathematical expression is
obtained for the evaluation of the oscillator power consumption in a pure
oscillatory flow system without energy storage. It should be noticed that,
while of interest, the calculation of the absolute power is out of the scope of

this communication.

2. Oscillatory and net flows interaction

2.1. Physical model

Elements related to power consumption. A simplified schematic of the el-
ements of a general continuous OBR is shown in Figure 1. A pump (1)
sustains the net flow rate across the test section, and a double acting cylin-
der (2) generates the oscillatory flow, which is superimposed upon the net
flow. The details of the oscillatory flow device are irrelevant in the context of
the following deductions, e.g., it could equally be a diaphragm or a syringe

pump. For sake of simplicity, it will be referred as an oscillator.
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Figure 1: Hydraulic schematic of a continuous Oscillatory Baffled Reactor: (1) net flow

pump, (2) oscillatory flow system.

Along the section of the circuit painted in red there is only a constant net
flow, as imposed by the pump (1). In the blue section there is only a pure
oscillatory flow, which follows, typically, a sinusoidal curve, according to the
displacement of the oscillator. In the violet section, representing the test

section A-B, both flows are superimposed.

Model assumptions and simplifications. These are the assumptions and sim-

plifications of the model:

e The oscillatory flow follows a perfect sinusoidal wave. This is a reason-
able approximation because the devices which generate the oscillatory

flow are designed in order to follow a sinusoidal movement.
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e The flow behaviour is quasi-steady, i.e., the instantaneous frictional
pressure drop is identical to the one which would exist in a steady
flow whose mean velocity equals the instantaneous velocity. Apart
from fully turbulent flows [7], this behaviour has also been reported in

laminar flows at very low oscillation intensities [18].

e The instantaneous pressure drop is a quadratic function of the flow
velocity during the whole oscillation cycle. It is evident that the flow
would be laminar during some fractions of the cycle when the mean flow
velocity is low, and the instantaneous friction factor would be a function
of the instantaneous Reynolds number. However, it is considered that
the chaotic behaviour affects the whole cycle and the relation between
the instantaneous pressure drop and velocity is not dependent on the

Reynolds number.

With regard to the quasi-steady and turbulent assumptions, we present here
a mathematical derivation that might clarify our assumption. The power
density, W,s./(AZ), of the oscillator assuming the previous hypothesis: 1)

pure sinusoidal velocity; 2) quasi-steady flow; and 3) fully turbulent flow, is:

1K,

. (zow)? (2)

where K, is a constant which is the relationship between the instantaneous
pressure drop and the flow velocity. This constant depends on the fluid
properties and the geometry of the baffles, but it has been considered as
independent of the Reynolds number. If this expression is compared with

the power density provided by the quasi-steady and the eddy enhancement
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models, the constant K, for these models is, respectively:

ny p (1 — 52)
Bre =502 5 )
9 ny p Iy
Kpepe = ——m— 4
P 8 ZTo S ( )

As a conclusion, both models can be seen as quasi steady and fully turbulent
models. The eddy-enhancement model has been validated at moderately low
oscillatory Reynolds numbers for single-orifice baffles with sudden constric-
tions [9]: Reyse = 40 — 85 at St = 0.95, and Re,s. = 130 — 350 at St = 0.15.
Ergo our model should be valid, at least, for the same operational regimes.
This statement should be taken very cautiously, because in those ranges the
flow in that geometry has been identified -at least- as chaotic, whereas this
hydraulic status can change completely for a different geometry. As an exam-
ple, the quasi steady model provided results lacking physical meaning [7]in
single-orifice baffled tubes with smooth constrictions for Re,s. &~ 100.

The third assumption implies that the pressure drop in the test section cannot
be obtained by superposition, i.e., by adding the pressure drop due to the
oscillatory flow and the net flow separately. Consequently, the respective
power consumptions of the net flow pump (1) and the oscillator (2) are

affected by the superposition of both flows.

Problem formulation. The mean flow velocity, u(t), between the points A

and B is the superposition of the net and the oscillatory flows:

u(t) = Uy + Upse(t) = up, + o w cos(wt) (5)

10
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The existence of a negative velocity (flow reversal) depends on the ratio of
the maximum oscillatory flow velocity and the net flow velocity, defined as
the velocity ratio:

To W
v =

(6)

The typical evolution of the net and the oscillatory flows is shown in Figure

Unp

2. As can be seen in Figure 2 (a), for the case with ¥ < 1, there is no flow
reversal. The interest of this case is merely theoretical, because in COBRs
a velocity ratio of ¥ > 1 is required (Figure 2 (b)) in order to achieve flow
reversal and generate cyclic vortex dispersion during both halves of the cycle,

increasing the radial mixing.

11
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Figure 2: Flow in the different sections of the circuit, for a case with a) ¥ = 0.7; (b) ¥ =2

Following the third assumption, the pressure drop in the test section, A-B,

experienced by the net flow pump and the oscillator can be expressed as:

Apag(t) = K, (u, + 2o w cos(w t)) |up, + 2o w cos(w t)] (7)

The constant K p takes into consideration all the elements between the points
A and B, where the pressure drop is a result of the overall flow velocity, i.e.
superposition of the net and the oscillatory flows. The absolute value ensures
that the pressure drop direction is the same as the overall flow direction at
each instant.This pressure drop has to be overcome by both the net flow

pump and the oscillator. Therefore, the averaged net flow pumping power is

12
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given by:

_ 1 [T
Wn = —/ A Unp, ApAB(t) dt (8)
T Jo

and the averaged oscillator power consumption is:

_ 1 (T
Woe = 7 / A ttguelt) Apap(t) dt (9)
0

2.2. Effect of the oscillatory flow on the net flow pumping power consumption
In order to solve the integral (Equation 8), the expression of the pressure
drop in the section A-B (Equation 7) is introduced and the change of variable

6 = wt is done:

B 1 2
W, = 2—/ A, Ky (u, + 29 w cos(d)) |u, +zow cos(d)| df  (10)
T Jo

Due to the presence of the absolute value in the integral, the way to solve it is
different if the velocity is negative or not during a fraction of the cycle. For a
case with flow reversal, ¥ > 1, the minimum flow velocity is negative during
a fraction of the cycle. The part of the cycle when there is flow reversal
can be delimited calculating the phase of the cycle when the velocity is zero.

From Equation 5:

U 1
0o = —— ) = —— 11
0 = arccos < o w) arccos ( \Il> (11)

Thus, the integral to be developed is:

27+6

W, K,
A 2

6o 2w —0g
(12)

13

2m—0g
—/ Un (U 4 o w cos(h))* db —i—/ U (Up + T w cos())* df
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As can be observed, the lower and upper limits of the integration are 6 = 6,

and 0 = 27w + 6, respectively. This way the number of sections to consider

in the integration is reduced.

For a case without flow reversal, ¥ < 1, the integral can be solved directly:
% = % 0% U (U + o w cos(h))” db (13)

The resolution of both expressions allows us to obtain the oscillatory flow

effect on the net flow, F,,, as the relation between the net flow pumping

power considering the effect of the oscillatory flow, W,, and the pumping

power without considering it, ano. Thus:

A+BUY+C U2 U >1

F,= W —
n Wn,O \112
1+7 U <1 (14)
__ 206, . __ 4sin(6o) . _ 20p—m+sin(26))
A=T0-1 B=——75 0= 75—

In Figure 3 the oscillatory flow effect factor is plotted as a function of the
velocity ratio, and compared with the expression proposed by Baird and used

by Mackley and Stonestreet [11].

14
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Figure 3: Oscillatory flow effect factor on the net power consumption according to Equa-

tion 14

As can be seen, both expressions provide seemingly identical results. In order
to observe in detail the difference between both expressions, Figure 4 shows,
as a percentage, the deviation of the expression proposed by Baird from the

one calculated in this section (Equation 14).

15
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Figure 4: Deviation of the factor used by Mackley and Stonestreet [11] from the factor

obtained from Equation 14

The maximum deviation is around a 4 %, and it decreases significantly for
higher velocity ratios. For a velocity ratio ¥ > 2, typical in an OBR, the
deviation between both expressions is lower than a 2 %. Based on these
observations, it can be concluded that the expression proposed by Baird, in

spite of not being exact, is precise enough for design purposes.

2.3. Effect of the net flow on the oscillator power consumption

In order to solve the integral (Equation 9), the expression of the pressure
drop in the section A-B (Equation 7) is introduced and the change of variable

0 = wt is done:

16
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osc — 5 _
27

/%A (xo w cos(0)) K, (u, +xow cos(f)) |u, + xow cos(f)| db
° (15)
For the cases with ¥ < 1 and ¥ > 1 we proceed in an analogous way to the

previous section.

The factor that accounts for the effect of the net flow rate on the oscillator

power consumption, F., is calculated as the relation between the oscillator

power consumption in the presence of a net flow rate, W,,., and without it,

Wosc,O:

3 (A B

s+ +0) v=1

3T

3 U<l (16)

A =4 sin(fy); B =20 —m+sin(26p); C = 4sin(b,) — 3 sin’(6p)

F. o= Wose _
osc Wosc,O

This factor is represented in Figure 5 as a function of the velocity ratio.
As can be observed, the factor tends to infinity when the velocity ratio is
near zero, when the oscillator power consumption would be zero. The factor
decreases sharply when the velocity ratio is increased. In practice, OBRs
work with a velocity ratio U > 2, being 2 < ¥ < 4 the optimum range
proposed by Stonestreet and Van der Veeken [1]. For this range, it would be
obtained an increase in the oscillator power consumption of around 36 % for
U =2 and ~9 % for ¥ = 4. Therefore, it can be stated that the net flow
effect on the oscillator power consumption can be significant in the typical

working range of an OBR.
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Figure 5: Net flow effect factor on the oscillatory flow power consumption

The implementation of Equation 16 is not simple, so a simplified expression

is proposed in the form of Equation 1:

3o\ 3 3

Foe = (1 + (E) ) (17)
This expression has been obtained from a statistical fitting, obtaining the
coefficient and the two exponents which provide the best fitting to the values
predicted by Equation 16 in the range 0 < ¥ < 20. The coefficient and the
two exponents have been rounded to achieve a more simplified expression.
The maximum deviation of this expression from the exact solution (Equation
16) is lower than a 4 % in the range 0 < ¥ < 20. Thus, as Equation 1, it

can be applied with enough accuracy for design purposes.
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We can infer that Equation 1 was obtained in a similar way: solving the
integral for the averaged net flow pumping power (Equation 8), either ana-
lytically or numerically. Then, a suitable mathematical expression was fitted

to the values predicted by that solution.

Application of the flow interaction factors. In this paragraph, a simple scheme
for applying the flow interaction factors is presented. The first step is to de-
cide the nominal conditions for the design of the OBR, i.e., net Reynolds

number, oscillatory Reynolds number and Strouhal number. Then:

e The net flow pumping power consumption should be calculated from
the net flow rate and the pressure drop related to that net flow. This
information is not commonly available in the open literature on OBRs,
because the studies are commonly focused on the consumption of the
oscillator. As an example, the net Fanning friction factor can be found

for single-orifice and tri-orifice baffles in [19] and [18], respectively.

e The previous power is multiplied by the factor in Equation 1, function
of the velocity ratio, Re,s./Re,. This power should be used for the

selection of the net flow pump engine.

e The oscillator power consumption is calculated by means of experi-
mental or numerical tests, or alternatively using one of the two models

available [9].

e The previous power is multiplied by the factor in Equation 17, function
of the velocity ratio, Re,s./Re,. This power should be used for the

selection of the oscillator engine.

19
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3. Effect of the energy recovery on the power consumption

The ability of the system to store/recover energy has been discussed in few
number of investigations. The flywheel effect, i.e., the ability of the oscillator
to store kinetic energy, was firstly mentioned by Jealous and Johnson [8],
but the first attempt to assess if a system fulfils that model was made by
Hafez and Baird [13]. The authors proposed that the flywheel effect could be
checked if the power consumption deducted from the pressure drop-velocity
curves matches the value measured by a wattmeter connected to the motor
of the oscillator.

If there is energy recovery, i.e., if the energy is recovered by the system
during the fraction of the cycle when the pressure drop and the velocity have

opposite directions, the power consumption, Wgg, is:

T

where ¢4, and Ap,,q. are the amplitudes of the instantaneous flow rate and

_ 1 [T
Wgr = —/ Umaz SIN(W 1) APz sin(w ¢+ 0)dt (18)
0

pressure drop signals, respectively. The only assumption in this procedure
is that both variables follow a sine function. This assumption is based on
some experimental results in single-orifice baffles [9] and the fact that, if the
pressure drop is not sinusoidal, it can be described by a fundamental sine
wave obtained by statistical fitting [6, 18]. It is important to point out that no
assumptions have been made regarding the flow behaviour (quasi-steadiness
or turbulence) or the type of baffle geometry.

The change of variable: § = wt is made:

2T
Wgr = %/ Gmaz SIN(0) Appas sin(f + 6)do (19)
0

20
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The result of the above integral over an oscillation cycle gives the expression

obtained by Mackay et al. [17]:

- maz DPmaz €0s(0

However, for the case with no energy recovery, the part of the cycle with

opposite directions of the pressure drop and the flow velocity should not be
taken into account for the calculation of the averaged power consumption.

In Figure 6 this part of the cycle is delimited between dashed lines.

halfcycle 1 (+) half cycle 2 (-)
g
S 05
~
S
5
0
g
g
3
E 05 F
< velocity
pressure drop
-1 F
0 /2 T 37/2 27

Phase, 0 (rad)

Figure 6: Velocity and pressure drop in a pure oscillatory flow

sz Due to the symmetry of the functions between 6 = [0, 7] and 0 = [, 27] it is

a3 possible to integrate over only one of the ranges. After removing the part of

21
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the cycle when the pressure drop and the velocity have opposite directions,

corresponding to 6 = [ — J, 7], the integral to solve is:

3 2 T—0
WNER = %/0 Amazx sin(@) Apmax sin(@ + 6)d9 (21)

The amplitudes of the pressure drop and the flow rate are constants, so they

can be extracted from the integral:

T—08
Wyer = qu—Apmw/ sin(6) sin(0 + 0)do (22)
0

™

Applying the product-to-sum trigonometric identity, the expression left is:

T—0
WyEeR = Qn’zamz—iprnam / —co0s(26 + &) + cos(0)dd (23)
0
T Amazx Apmam 1 o
WNER = T |:—§ sm(29 + (5) + COS(6> 0 (24)
0
T mazx A mazx o —0) +sin(6
WNER — q p [COS( )(ﬂ- ) Sln( )] (25)

2

This is the power consumption required by the oscillator in a circuit with
only oscillatory flow and without energy recovery. The relation between the
power consumption in a system without energy recovery (Equation 25) and
with it (Equation 20) is given by:

Wner  cos(0)(m — 8) +sin(d)  m— &+ tan(d)

F = — = = 26
NER Wenr 7 cos(d) s (26)

The power increase (as a percentage) is plotted in Figure 7 as a function of the

pressure drop-velocity phase lag. For a low phase lag, 6 < 0.5, there is almost

no increase in the power consumption, lower than a 1.5 %, but the effect is

22
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significantly higher when the phase lag is increased above that value. The
power consumption increase tends to infinity when the phase lag reaches the
value 7/2. This situation corresponds to a null power consumption if there

is energy recovery in the system.

100

S 80f

0~
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2 60f

>

Sa|

= 40t

0~

m

z

= 20t
0 A 1 ']
0 025 05 075 1 125 L5

Phase lag, ¢ (rad)

Figure 7: Pressure drop-velocity phase lag effect on the power consumption of a system

without energy recovery

It should be noticed that, in order to apply this factor, the phase lag should
be known. The phase lag for a given condition has to be obtained by ex-
perimental testing or numerical simulation (assessment of the pressure drop
and the velocity signals), because there are no predictive models in the open
literature, and the available experimental data is scant. For the sake of prov-

ing the relevance of these results in practice, the only experimental results
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available in the open literature [9] are used as a mere reference: the maxi-
mum phase lag reported, 1 rad, would imply a power consumption increase
of around 18 % as compared with the expression proposed by Mackay et al.
(Equation 20).

To sum up, in the first place, it should be established if the system is able
to store/recover energy. If the system is capable of recovering energy, the
expression proposed by Mackay et al. [17] (Equation 20) for the power density
can be used to obtain the power consumption. If there is no possibility for
energy recovery, the factor proposed in this section (Equation 26) should be
applied, multiplying the power consumption of a system with energy recovery

(Equation 20).

4. Conclusions

e Assuming that the flow is quasi-steady and fully turbulent, a fac-
tor which considers the nonlinear effect of the oscillatory flow on the
net pump power consumption has been proposed. This factor is a
function of the velocity ratio. The factor proposed by Baird: F,, =
(14 (4 ¥/7)*)Y3 is in agreement with the one proposed in this com-
munication (with deviations lower than 2 % for ¥ > 2), while no jus-
tification has been found for Baird’s factor. Due to its simplicity we

recommend the use of the factor proposed by Baird.

e Assuming that the flow is queasi-steady and fully turbulent, a factor
which considers the nonlinear effect of the net flow on the oscillator
power consumption has been proposed. The superposition of the net

flow can lead to an increase of around 36 % for ¥ = 2.
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e Assuming that both the velocity and the pressure drop follow a perfect
sine wave, an expression has been proposed to quantify the increase in
the power consumption if the system is not able to recover energy. For
example, an 18 % increase in the oscillator power consumption can be

observed for a phase lag § = 1 rad.

Acknowledgements

The authors gratefully acknowledge the financial support of the project DP12015-
661943-P by Ministerio de Economia y Competitividad (MINECO, Spain)
and the Fondo Europeo de Desarrollo Regional (FEDER).

25



369

370

371

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

5. References

1]

P. Stonestreet, P. M. J. van der Veeken, The effects of oscillatory flow
and bulk fow components on residence time distribution in baffled tube
reactors, Chemical Engineering Research and Design 77 (8) (1999) 671
684.

X. Ni, M. Mackley, A. Harvey, P. Stonestreet, M. Baird, N. Rama Rao,
Mixing through oscillations and pulsations—a guide to achieving process
enhancements in the chemical and process industries, Chemical Engi-

neering Research and Design 81 (3) (2003) 373-383.

M. Avila, D. F. Fletcher, M. Poux, C. Xuereb, J. Aubin, Mixing perfor-
mance in continuous oscillatory baffled reactors, Chemical Engineering

Science 219 (2020) 115600.

D. Gonzélez-Juarez, R. Herrero-Martin, J. P. Solano, Enhanced heat
transfer and power dissipation in oscillatory-flow tubes with circular-
orifice baffles: a numerical study, Applied Thermal Engineering

141 (January) (2018) 494-502.

K. Smith, M. Mackley, An experimental investigation into the scale-up of
oscillatory flow mixing in baffled tubes, Chemical Engineering Research

and Design 84 (11) (2006) 1001-1011.

G. Jimeno, Y. Chu, X. W. Ni, On the evaluation of power density mod-
els for oscillatory baffled reactors using CFD, Chemical Engineering &
Processing: Process Intensification 134 (2018) 153-162.

26



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

[7]

[10]

[11]

[12]

[13]

[14]

M. Avila, D. F. Fletcher, M. Poux, C. Xuereb, J. Aubin, Predicting
power consumption in continuous oscillatory baffled reactors, Chemical

Engineering Science 212 (2020) 115310.

A. C. Jealous, H. F. Johnson, Power requirements for pulse generation
in pulse columns, Industrial & Engineering Chemistry 47 (6) (1955)
1159-1166.

M. H. 1. Baird, P. Stonestreet, Energy dissipation in oscillatory flow
within a baffled tube, Chemical Engineering Research and Design

73 (A5) (1995) 503-511.

S. H. Noh, M. H. Baird, Mass transfer and pressure drop in a cocurrent
reciprocating plate extraction column, AIChE Journal 30 (1) (1984)
120-127.

M. R. Mackley, P. Stonestreet, Heat transfer and associated energy dissi-
pation for oscillatory flow in baffled tubes, Chemical Engineering 50 (14)
(1995) 2211-2224.

M. H. I. Baird, J. H. Garstang, Power consumption and gas hold-up in a
pulsed column, Chemical Engineering Science 22 (12) (1967) 1663-1673.

M. M. Hafez, M. H. I. Baird, Power consumption in a reciprocating plate

extraction column, Trans IChemE 56 (1978) 229-238.

M. H. I. Baird, N. R. Rao, Power dissipation and flow patterns in recip-
rocating baffleplate columns, The Canadian Journal of Chemical Engi-

neering 73 (4) (1995) 417-425.

27



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

[15]

[16]

[17]

[18]

[19]

P. Stonestreet, A. Harvey, A Mixing-Based Design Methodology for Con-
tinuous Oscillatory Flow Reactors, Chemical Engineering Research and

Design 80 (January) (2002) 31-44.

J. R. McDonough, A. N. Phan, A. P. Harvey, Rapid process develop-
ment using oscillatory baffled mesoreactors - A state-of-the-art review,

Chemical Engineering Journal 265 (1) (2015) 110-121.

M. Mackay, M. Mackley, Y. Wang, Oscillatory flow within tubes con-
taining wall or central baffles, Trans IChemE 69 (1991) 506-513.

J. Munoz-Camara, J. Solano, J. Pérez-Garcia, Experimental correla-
tions for oscillatory-flow friction and heat transfer in circular tubes with
tri-orifice baffles, International Journal of Thermal Sciences 156 (2020)
106480. doi:10.1016/j.ijthermalsci.2020.106480.

URL https://doi.org/10.1016/j.ijthermalsci.2020.106480

J. Munoz-Camara, D. Crespi-Llorens, J. Solano, P. Vicente, Experi-
mental analysis of flow pattern and heat transfer in circular-orifice baf-
fled tubes, International Journal of Heat and Mass Transfer 147 (2020)
118914.

28



