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a b s t r a c t

An experimental study is performed to characterize the pressure drop and the power consumption in
Oscillatory Baffled Reactors, using dimensionless numbers: the oscillatory Fanning friction factor (f osc)
and the Power number (Po), respectively. Two baffle geometries (one-orifice and three orifices) are tested,
for different fluids and oscillating amplitudes. The range of oscillatory Reynolds numbers (Reosc) tested is
10–1000. Data reduction based on the statistical fitting and the FFT of the pressure drop and velocity sig-
nals is introduced to assess the maximum pressure drop and the phase lag between both signals. The new
set of experimental data proves the limitations of the conventional models available in the open litera-
ture. f osc and Po provide consistent dimensionless results for the different working fluids tested and their
trends are clearly related to different flow behaviours: laminar or chaotic flow. Correlations for f osc and Po
as a function of Reosc and dimensionless amplitude are obtained.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Oscillatory Baffled Reactors (OBR) have been a focus of interest
during the last decades due to their effective mixing properties and
overall adequacy for process intensification purposes. Some exam-
ples of chemical processes where they have been used are ozonifi-
cation (Graca et al., 2020), crystallization (Onyemelukwe et al.,
2020) or transesterification (Eze and Harvey, 2018). These devices
are based on the superposition of an oscillatory flow onto a low net
flow. Thus, there are two units requiring power: the main pump
and the oscillator.

The quantification of the power consumption in OBRs has been
a focus of attention for many researchers, due to its relevance to a
correct sizing of the oscillatory flow system. In addition, the power
consumption is necessary to compare the performance of the OBRs
to different devices as stirred tanks (Liu et al., 2019). However, the
number of experimental studies related to power consumption is
still scant as McDonough et al. (2015) highlighted.

The studies of the last decades can be divided in those focused
on Oscillatory Baffled Columns (OBC), which served as a base for
future studies on OBRs, and those focused on models for the energy
dissipation in conventional OBRs.

The precedent works on energy dissipation in oscillatory flow
devices were accomplished in 1955 by Jealous and Johnson
(1955), who studied the power consumption in an extraction col-
umn under oscillatory flow conditions. The authors developed a
quasi-steady predictive model, assuming that the frictional pres-
sure drop at each instant is equal to the pressure drop in a steady
flow with the same instantaneous flow velocity. The system was
considered as a series of individual baffles, using the conventional
discharge coefficient to model the pressure drop in each baffle.

Baird and Garstang (1967) studied the power consumption in
an oscillating column with different baffle configurations. The
results for different frequencies were compared with those
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Nomenclature

A cross-sectional area, (m2)
d orifice diameter (m)
D tube inner diameter (m)
f oscillation frequency (Hz)
l cell length (m)
lm mixing length (m)
Lp length between pressure ports (m)
no number of orifices
nb number of baffles
S open cross-sectional area
t time (s)
T oscillation period (s)
u instantaneous mean flow velocity (m/s)
Un net mean flow velocity (m/s)
V cell volume (m3)
W Average power dissipation over one cycle (W)
x instantaneous piston position (m)
x0 oscillation amplitude, center to peak (m)

Greek symbols
Dp pressure drop (Pa)
Dpmax maximum oscillatory pressure drop (Pa)

d pressure drop-velocity phase lag (rad)
ev power density (W/m3)
l dynamic viscosity (kg/(m�s))
q fluid density (kg/m3)
x angular frequency (rad/s)

Subscripts
ee eddy enhancement model
osc oscillatory flow
qs quasi steady model

Dimensionless groups
C0 discharge or orifice coefficient,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qU2

n
2Dp 1=S2 � 1
� �r

Ren net Reynolds number, qUnD=l
Reosc oscillatory Reynolds number, q 2pfx0ð ÞD=l
f n net Fanning friction factor, Dp

2qU2
n

D
Lp

f osc oscillatory Fanning friction factor, Dpmax

2q 2pfx0ð Þ2
D
Lp

St Strouhal number, D= 4px0ð Þ
Po Power number, Po ¼ Wosc

nbq 2pfx0ð Þ3D2

Table 1
Available models for the calculation of the energy dissipation in OBRs.

Model Quasi-steady (Mackley and
Stonestreet, 1995)

Eddy-enhancement
model (Baird and
Stonestreet, 1995)
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deducted using the quasi-steady model, obtaining deviations less
than ± 10 % for the configuration with only one baffle, and devia-
tions of a 30 % for the whole range tested for the baffle configura-
tion in series.

Hafez and Baird (1978) studied the energy dissipation in an OBC
with Karr type baffles. The quasi-steady model performed properly
for the tests with high amplitudes and low frequencies, but under-
predicted the power density at low amplitudes and high frequen-
cies. The authors provided some possible causes of these
discrepancies: the phase lag of the frictional pressure drop and/
or the variation of the discharge coefficient. The authors referred
to Daily et al. (1955): ”it appears that unsteadiness produces an
internal flow structure that is no longer comparable to any
steady-state condition”. Finally, the experimental results of power
consumption, Wosc , were fitted to a correlation using a dimension-
less form for the power consumption: Wosc=Wqs � 1

� �
, where Wqs

is the power consumption predicted by the quasi-steady model.
With the development of oscillatory baffled reactors (OBRs), the

need for characterising the power consumption in these continu-
ous flow devices led to the development of new models.

Mackay et al. (1991) introduced the power density concept, as
the power consumption per volume unit, which is still widely used
to characterise the energy dissipation in OBRs. The authors devel-
oped an expression for the average power consumption assuming
that both the fluid velocity and the pressure drop are perfectly
sinusoidal.

ev ¼ Wosc

V
¼ Wosc

nblA
ð1Þ
Power density ev ¼ 2nbq
3pLpC2

0
1=S2 � 1
� �

2pfx0ð Þ3 ev ¼ 1:5 qx3x20 lm
l�S

Characteristic
parameter

Discharge coefficient, C0 Mixing length, lm

Reference
values

C0 ¼ 0:6(Jealous and Johnson,
1955; Mackley and
Stonestreet, 1995),
C0 ¼ 0:7(Baird and Garstang,
1967)

lm ¼ 7mm(Baird and
Stonestreet, 1995),
lm ¼ 9mm(Baird and Rao,
1995)

Recommended
range of
application

x0=5–30 mm, f=0.5–2 Hz x0=1–3 mm, f=5–14 Hz
ev ¼ Dpmaxxx0 cos dð Þ
2nbl

ð2Þ

These authors performed numerical simulations, showing, for one-
orifice baffles and St ¼ 1, an increasing trend for the pressure drop-
velocity phase lag, d, which is almost null at Reosc ¼ 0:1 and reaches
a value d � 80� for Reosc ¼ 100. Above this value, the flow becomes
more complex and the model does not fit the experimental flow
patterns. Above Reosc ¼ 200, the phase lag decreases up to a value
2

of 0� at higher oscillatory Reynolds numbers, Reosc � 2000. The
authors suggested that the maximum phase lag coincides with
the onset of the flow asymmetry.

Mackley and Stonestreet (1995) calculated the power density
for different amplitudes (St ¼ 0:15� 0:95) in one-orifice baffles.
The experimental results for low amplitudes (St < 0:2) where
slightly higher than those predicted by the quasi-steady model
(orifice coefficient C0 ¼ 0:6). However, the quasi-steady model
underestimated the power density at lower oscillating amplitudes.

Baird and Stonestreet (1995) developed the eddy enhancement
model, using the same experimental data measured by Mackley
and Stonestreet (1995). This model tries to fix the quasi-steady
model problem at high frequencies and low amplitudes. The model
is based on the eddy turbulence coupled with the acoustic beha-
viour. The viscosity related to the vortices is modelled by introduc-
ing a new parameter: the mixing length lm, corresponding to the
average vortex travelled length. However, as the authors stated,
the model must be calibrated for different tube diameters and fluid
viscosities to select the appropriate value for the mixing length.

Table 1 collects the main characteristics of the two power den-
sity models available in the open literature.
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CFD models for oscillatory flow reactors have been employed
for analysing the existing models for energy dissipation, allowing
for a broader range of operating conditions and baffle geometries.
Jimeno et al. (2018) developed a CFD numerical model to validate
the aforementioned models, applied to OBRs with smooth periodic
constrictions (geometry NiTech� DN15). The authors studied two
net Reynolds numbers (70 and 140) and a wide range of oscillatory
Reynolds numbers (650–10000). The results showed that the
quasi-steady model overestimates the power consumption. Based
on these results, the authors proposed a quasi-steady model
adapted to the geometry under study. The effect of the interaction
between consecutive cells on the energy dissipation was modelled
by using a power law dependency between the power density and
the number of cells.

Avila et al. (2020) also studied the energy dissipation in an OBR
with smooth periodic constrictions (geometry NiTech� DN15)
using CFD. The study examines a range of low Reynolds numbers:
Ren ¼ 6� 27 and Reosc ¼ 24� 96, showing that the quasi-steady
model proposed by Jimeno et al. (2018) is not valid for OBRs oper-
ating in the laminar flow regime. The authors presented a new
parameter, the dimensionless power density:
Wosc

V

 !�

¼ Wosc=V
� �

D
q 2pfx0 þ Unð Þ ð3Þ
Fig. 1. Geometries under investigation: MH1 and MH3 baffles (Dimensions in mm).
Thus, if the dimensionless power density is plotted against the
oscillatory Reynolds number, it has a similar trend to the Power
number used in stirred tanks: a decreasing linear relation in the
laminar flow regime and a constant value in the chaotic flow
regime.

Recently, Sutherland et al. (2020) studied the energy dissipation
in OBCs with oscillating baffles using CFD. The authors introduced
a Power number as a dimensionless quantity to characterise the
energy dissipation in OBRs. However, the study does not check if
the Power number only depends on the relevant dimensionless
numbers and not on the fluid properties. A correlation for the
Power number as a function of the oscillatory Reynolds number,
Strouhal number and open cross sectional area is proposed for
the range Reosc ¼ 5000� 20000.

From the previous review, we can conclude that the two main
models for energy dissipation in OBRs, quasi-steady and eddy
enhancement models, show the same limitation: both require fit-
ting parameters which highly vary depending on the operating
conditions. However, there are no systematic studies focused on
determining which values for the discharge coefficient or the mix-
ing length are suitable for certain dimensionless flow conditions.
The results are mainly provided in a dimensional form and, conse-
quently, they are not valid for different fluids or scales. Further-
more, some dimensionless approaches have been introduced,
(Hafez and Baird, 1978; Avila et al., 2020), but their impact is still
scant because of the limited range tested and the lack of experi-
mental results validating its suitability.

The main goal of this work is to demonstrate the applicability of
a dimensionless number to account for the oscillatory power con-
sumption using a purely experimental methodology. Other rele-
vant aspects, seldom covered in the open literature, are studied
in depth, as the role of the oscillatory pressure drop amplitude
and the pressure drop-velocity phase-lag, which have an interest
from a practical and physical point of view, respectively. For that
purpose, a wide experimental campaign has been performed, mea-
suring a large range of oscillatory Reynolds and Strouhal numbers,
several working fluids and two different baffle geometries (with
one and three orifices).
3

2. Methodology

2.1. Geometries under investigation

Two different baffle designs, with one and three circular ori-
fices, are investigated in the present work. A sketch of these inserts
with their relevant dimensions is shown in Fig. 1. Both baffles pre-
sent the same open cross-sectional area, S ¼ 0:25, following a
widely used and recommended design criteria in the field of oscil-
latory baffled reactors (Ni et al., 1998). The distance between con-
secutive baffles is, however, dependent on the orifice diameter,
l ¼ 3d, to ensure a similar behaviour for different number of ori-
fices (same length for expansion per orifice) (Smith, 1999). The baf-
fle thickness is 1 mm in both cases.
2.2. Test rig

A hydraulic bench aimed at providing net and oscillatory flows
along the test section is employed in order to characterize the
oscillatory pressure drop in a wide range of operational conditions
(see Fig. 2). The test section (5) consists of an AISI 316 stainless
steel tube with 32 mm inner diameter, where the equally-spaced
baffles are placed.

Two pressure taps machined in the tube wall connect the test
section with the port holes of the piezoresistive sensors (9), which
are used to measure the instantaneous oscillatory pressure drop.
Four different fast response time pressure transducers have been
used, two of them absolute (model KISTLER Type 4260A with range
of 0–7 bara and 0–10 bara) and two differential (model KISTLER
Type 4264A with range �100 mbar and �1 bar) to cover all the
range of operating conditions tested.

With the aim of measuring the pressure drop where the flow
has achieved spatially-periodic conditions and unaffected by entry
effects, the first pressure tap is located at the middle position of the
fifth cell for the MH1 geometry. The second pressure tap is located
downstream, at a distance Lp ¼ 1296 mm, corresponding to 27
cells for the geometry MH1. Again, five cells are located between



Fig. 2. Experimental set-up. (1) Reservoir tank, (2) gear pump, (3) manual valve, (4)
PT-100 Class B 1/10 DIN temperature sensors, inlet, (5) baffles, (6) PT100 Class B 1/
10 DIN, outlet, (7) manual valve, (8) mixer, (9) pressure transducers, (10) double
acting cylinder, (11) displacement sensor, (12) crank and connecting rod, (13) gear
reducer and motor.
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the second pressure drop and the last baffle to avoid entry effects
during flow reversal.

At both ends of the test section, the circuit is connected to the
chambers of a reciprocating double-effect cylinder (10), creating
the oscillatory loop. The movement of the cylinder is generated
by an adjustable crank and rod arrangement (12), whose length
ratio ensures a quasi-sinusoidal motion. The rotatory motion is
provided by a reducer-motor (13), which operates in a frequency
range from 0.47 to 4.7 Hz. A magnetostrictive position sensor
(11), model BALLUFF BTL6-A500-M0100, with a 2 kHz frequency
measures the instantaneous position of the system.

The working fluid is pumped from the main reservoir (1) by a
gear pump (2). A mixer (8) ensures that the fluid mixtures are
homogeneous. To avoid cavitation, the oscillatory loop is properly
pressurised at 4 barg by closing the outlet manual valve (7), and
then the inlet manual valve (3) is closed to isolate the oscillatory
loop from the rest of the circuit. The fluid temperature is obtained
using the temperature measured at both ends of the test section
with PT100 RTDs (4,6). All the test were performed under isother-
mal conditions at room temperature.

The fast response signals (position and pressure) have been
acquired by a NI USB-6001 data acquisition card. The slow
response measurements, temperature at both ends of the test sec-
tion, are acquired by a datalogger, model 34980A.

In the search of validated non-dimensional results, the contri-
bution of different thermo-physical properties to the results was
analyzed using several mixtures propylene glycol–water, which
have been tested at room temperature: 95 %, 80 % and 60 % propy-
lene glycol for the geometry MH1; and 95 % and 60 % propylene
glycol for the geometry MH3.

Fluid samples are taken from the test section periodically in
order to measure the kinematic viscosity with a Cannon–Fenske
viscometer. Using the measured viscosity at a known temperature,
the mixture concentration can be inferred from water-propylene
glycol mixtures tables, in order to retrieve other thermo-physical
properties (ASHRAE, 2001).
Fig. 3. Raw and filtered oscillating pressure drop signals.
2.3. Data reduction

To characterize the power consumption by means of the power
density (Eq. (1)) or any other parameter, the average power, Wosc ,
must be calculated from Eq. (4). The instantaneous pressure drop
for the length between pressure ports, DpAB, and the instantaneous
oscillatory velocity, uosc , are used. Thus, no assumptions have been
4

made regarding the shape of the pressure drop and velocity waves
(unlike Eq. (2)).

Wosc ¼ 1
T

Z T

0
AuoscDpAB tð Þdt ð4Þ
2.3.1. Filtering
In order to reduce the noise level of the raw signals, a smooth-

ing algorithm has been applied. As an example, Fig. 3 displays the
original and filtered pressure drop signals.

2.3.2. Oscillating amplitude
The amplitude of the fluid flow oscillation is obtained from the

position signal measured by the magnetostrictive sensor. The
center-to-peak amplitude can be derived from the maximun and
minimum positions, however, in order to compensate the effect
of the electrical noise, the local maximum and minimum are calcu-
lated for each cycle, and, finally, the mean value of the center-to-
peak amplitudes for all the cycles is used.

It is taken into account that the cross sectional area of hydraulic
cylinder and the tube of the test section are different. So, the real
amplitude of the fluid movement in the test section is related to
the amplitude of the cylinder oscillation assuming that the flow
rate, in both cases, has to be the same, neglecting compressibility
effects.

2.3.3. Oscillating frequency
The frequency with a higher amplitude is obtained after apply-

ing the Fast Fourier Transform to the position signal.

2.3.4. Instantaneous mean flow velocity
The instantaneous velocity is calculated from the instantaneous

position data by using a numerical approximation of four points
(Gautschi, 2012):

u tð Þ � 1
12Dt x0 t þ 2Dtð Þ þ 8x0 t þ Dtð Þ � �8x0 t � Dtð Þ � x0 t � 2Dtð Þð Þ

ð5Þ

The time step, Dt, must be chosen carefully since a low value may
lead to a highly distorted velocity signal due to the noise level,
while a high value can attenuate the real amplitude of the velocity
signal.



Fig. 4. Velocity and pressure drop signal, measured (continuous line -) and
statistical fitting (dashed line –). MH1 Baffles, f = 1,41 Hz.
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2.4. Uncertainty analysis

An uncertainty analysis has been performed following the pro-
cedure described in Bejan and Kraus (2003), considering both the
bias error (due to the sensors, using the data provided by the man-
ufacturer) and the precision error (calculated from the standard
deviation of the repeated measurements) for each variable. The
uncertainty of the derived quantities is then obtained using the
error propagation theory.

The estimated expanded uncertainty for the derived quantities
of interest in this study are included in Table 2. The maximum and
mean value for the uncertainty is included for the maximum and
minimum amplitudes tested and for both baffle geometries. As
can be seen, there are points with significant uncertainties
(>20%) for both geometries at the lowest dimensionless amplitude
tested. This uncertainty is mainly due to the low accuracy of the
pressure sensors in comparison to the low amplitude of the pres-
sure drop measured.

3. Pressure drop and power consumption results

In order to characterize the pressure drop, its amplitude and
phase lagwith the velocity signalmust be calculated. Both variables
have a significant effect on the power consumption calculation (Eq.
(1)).

Theoretically, the phase lag can take any value from d ¼ 0, when
the pressure drop and velocity signals are in phase, corresponding
to a purely frictional system and the power density is maximum;
to p=2, which corresponds to a purely inertial system, where there
is energy recovery during one half of the cycle and the power den-
sity would be zero.

3.1. Characterisation of the pressure drop and velocity signals

Eq. (2) is obtained assuming that thepressuredrop is a perfect sine
wave. However, this hypothesis is not fulfilled as has already been
shown both numerically (Jimeno et al., 2018) and experimentally
(Muñoz-Cámara et al., 2020), even when the instantaneous flow rate
can be considered as sinusoidal. However, previous experimental and
numerical studies (Baird and Stonestreet, 1995; González-Juárez
et al., 2018) seem to omit this point, because the authors determined
the amplitude as the maximum of the pressure drop signal and the
phase lag from the zero crossings of the pressure drop and velocity
signal. Thus, several assumptions, which are valid only when perfect
sine waves are involved, have been used inappropriately.

Due to this problem, in this work we propose to determine the
expressions of the sine waves which provide a better representa-
tion of the pressure drop and velocity signals to, afterwards, calcu-
late their amplitudes and relative phase lag. Thus, simplicity is lost
in order to avoid inconsistencies and use the simplified equation
for the power density (Eq. (2)). Following this criterion, two meth-
ods have been used: (1) statistical fitting method and (2) Fast Four-
ier Transform method.
Table 2
Estimation of the uncertainty of the derived quantities.

Measurement Average uncertainty

- MH1

x0=d 0.5 1.0 0.
Dimensionless amplitude, x0=D 3.2 1.6 5.

Oscillatory Reynolds number, Reosc 4.8 4.1 6.
Pressure drop amplitude, Dpmax 9.0 3.8 7.

Power density, ev 9.2 4.7 9.
Oscillatory Fanning friction factor, Reosc 12.6 5.9 13

Phase lag, d 0. 3 0.3 0.
Power number, 12.3 5.8 13

5

3.1.1. Statistical fitting method
This method is based on determining the parameters of the sine

functions (amplitude, frequency and initial phase) which provide
the best fitting, i.e., minimum mean squared error, to the original
signals (pressure drop and velocity). Once the parameters are
known, the phase lag can be obtained as the difference between
consecutive peaks of the fitted signals. Regarding the pressure drop
amplitude, Dpmax, it is directly obtained as a parameter of the sta-
tistical fitting.

It should be noticed that, because of the nonlinearity of the sta-
tistical fitting, the algorithm is sensitive to the initial estimation of
the parameters (amplitude, frequency and initial phase) and,
sometimes, the valid solution can not be found automatically. In
order to mitigate these potential problems, the following proce-
dure has been used:

� The data set (corresponding to a minimum of 20 cycles) is
divided in a series of data packets, each one containing a total
of 4–5 cycles. Each of these packets is statistically fitted to a sine
function independently of the others.

� A set of measurements of amplitude and phase lag is obtained
and, previously to the calculation of the mean value, the Chau-
venet’s criterion is applied in order to remove any outlier. In
addition, the results which are not in the range with physical
meaning, 0 6 d 6 p=2, are discarded.

This set of experimental measurements also provides a way to
compute the uncertainty related to the repeatability of the
measurements.

Fig. 4 shows the measured pressure drop and velocity waves for
one test, and the corresponding statistical fitting for one of the
(%) Maximum uncertainty (%)

MH3 MH1 MH3

5 1.5 0.5 1.0 0.5 1.5
2 1.9 3.2 1.6 5.4 2.0
3 3.9 5.1 9.7 6.5 4.0
1 2.2 42.9 19.1 24.4 7.6
8 3.2 38.0 19.2 25.1 7.9
.9 4.8 43.4 19.5 26.8 8.6
3 0.3 0.9 0.7 0.6 1.0
.5 4.7 42.1 19.2 25.7 8.5
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packets of data. As can be observed, the velocity signal is close to a
sine wave while the pressure drop is more complex, with a sharp
fluctuation overlapping to a fundamental sinusoidal oscillation.
The fluctuation reaches its peak when the velocity is close to zero,
i.e., the end of the piston strokes. The fluctuation is due to the
abrupt acceleration/deceleration when the piston reverses its
movement. The peaks of both statistically fitted signals are high-
lighted in Fig. 4 to make the phase lag between both signals more
evident.
Fig. 6. (a) Amplitude of the pressure drop and (b) pressure drop-velocity phase lag
as a function of the oscillatory Reynolds number for both the statistical and Fast
Fourier Transform algorithms.
3.1.2. Fast Fourier Transform method
This method is focused on obtaining the fundamental ampli-

tude and frequency of both signals (pressure drop and velocity).
Subsequently, the inverse Fast Fourier Transform is used to recon-
struct the signal corresponding to the fundamental frequency and,
finally, calculate the phase lag between those signals. Fig. 5 shows
the measured pressure drop and velocity and the signals recon-
structed using only their fundamental frequencies.

There is a clear phase lag, related to the inverse Fast Fourier
Transform, between the measured and the reconstructed funda-
mental signal. However, this phase lag is the same for both the
pressure drop and the velocity because the fundamental frequency
is the same, thus, the relative phase d between the reconstructed
signals is the same as phase lag between the measured signals.

In Fig. 6, the amplitudes of the pressure drop (a) and the pres-
sure drop-velocity phase lag (b) are plotted for the statistical fitting
and Fast Fourier Transform methods. The results correspond to the
measurements for the MH1 baffles at room temperature and with
propylene glycol as working fluid.

Both algorithms provide very similar results for the phase lag,
with a maximum relative deviation of around 1.5 % in the tested
range, so they can be considered as equivalent in practice. Regard-
ing the pressure drop amplitude, the results are also similar, but in
this case the maximum relative deviation between both methods is
as high as a 5 %. The values provided by the FFT method are sys-
tematically below those predicted by the statistical fitting, pointing
out that there are still significant components in the frequency
domain which are not considered by taking into account only the
fundamental frequency. From this point forward, only the results
obtained by the statistical fitting will be plotted. This decision is
justified by two points: (1) it considers the whole real pressure
drop signal to compute the ’equivalent’ sine wave and (2) it is able
to provide a good estimation of the measurements repeatability.
Fig. 5. Velocity and pressure drop signal, measured (continuous line -) and
fundamental components from FFT (dashed line –). MH1 Baffles, f = 1,41 Hz.

6

3.2. Dimensional results

3.2.1. Pressure drop amplitude
The relation between the pressure drop amplitude and the max-

imum oscillatory velocity, 2pfx0, is represented in Fig. 7 for the
MH1 baffles and two fluid mixtures. As can be seen, Fig. 7(a), the
pressure drop amplitude, for a given maximum velocity, is signifi-
cantly higher, around a 10%, for the most viscous fluid (95% propy-
lene glycol). The amplitude follows a trend of Dpmax / v2:1

max. This
almost quadratic relation is remarkable because, in spite of the
inertial component of the pressure drop, the trend is very close
to that expected in a quasi-steady, purely frictional and turbulent
internal flow.

In Fig. 7(b), the pressure drop amplitude shows a noticeable
increase at lower oscillation amplitudes for the same maximum
oscillatory velocity in all the range tested. For example, at a maxi-
mum velocity of 0.012 m/s there is an increase of more than 40%
for a dimensionless amplitude x0=D ¼ 0:25 in comparison to the
case with x0=D ¼ 0:5, an increment which is much higher than
the uncertainty which corresponds to these measurements. It
should be noticed that the oscillating frequency must be increased
to keep the maximum oscillatory velocity at lower amplitudes.
3.2.2. Power density
The power density is plotted in Fig. 8(a) and (b) as a function of

the maximum velocity for several working fluids and oscillating
amplitudes, respectively. The power density (Fig. 8(a)) depends
on the fluid properties, especially at low oscillatory velocities.



Fig. 7. Pressure drop amplitude as a function of the maximum oscillatory velocity for: (a) several working fluids and x0=D ¼ 0:5; (b) several amplitudes and 95% propylene
glycol. MH1 baffles.

Fig. 8. Power density as a function of the maximum oscillatory velocity for: (a) different working fluids and x0=D ¼ 0:5; (b) different amplitudes and 95% propylene glycol.
MH1 baffles.
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According to the quasi-steady model, the trend should be a cubic
function of the maximum velocity, however, the exponent (corre-
sponding to the curve slope) is higher, around 3.5, at high oscilla-
tory Reynolds numbers. As can be noticed, the slope for the fluid
with higher viscosity (95% propylene glycol) is significantly lower
at low velocities, which could indicate a change in the flow
behavior.

Regarding the influence of the oscillating amplitude, in Fig. 8 (b)
there is a slight but noticeable increase in the power density at
lower dimensionless amplitudes and high maximum velocities.
For example, for a maximum velocity of around 0.01 m/s there is
an increase of a 25 % for the dimensionless amplitude
x0=D ¼ 0:25 in comparison to the case with the highest dimension-
less amplitude x0=D ¼ 0:5. The difference is, however, lower at low
oscillatory velocities. It should be remarked that these differences
are lower than those observed in the pressure drop amplitude,
indicating that there should be a significant variation of the pres-
sure drop-velocity phase lag, which is the remaining variable with
an influence on the power density.
3.3. Review of previous models

The quasi-steady and eddy enhancement models are revisited
in this section, by obtaining the model parameters (discharge coef-
ficient and mixing length, respectively) that fit the measured data
7

set for the different oscillatory Reynolds numbers and dimension-
less amplitudes tested.

3.3.1. Quasi-steady model
The power consumption predicted by the quasi-steady model is

given by (Baird and Stonestreet, 1995):

Wqs ¼
nbq 2pfx0ð Þ3 1=S2 � 1

� �
1:5C2

0

D2

4
ð6Þ

Normally, previous studies have proposed a value for the discharge
coefficient, C0, that fits their results. However, the methodology is
reversed here, the discharge coefficients obtained from the experi-
mental measurements of power consumption. The discharge coeffi-
cient is plotted as a function of the oscillatory Reynolds number for
the MH1 baffles in Fig. 9, for the three amplitudes and three work-
ing fluids that have been tested.

As can be observed, the definition of the discharge coefficient
(Pritchard, 2011) is able to provide consistent dimensionless
results (regardless of the fluid properties) for a given dimension-
less amplitude. These values of the discharge coefficient can be
introduced in Eq. (6) to predict the power density according to
the quasi-steady model. The discharge coefficient varies signifi-
cantly at low oscillatory Reynolds numbers, Reosc < 100, in contrast
to the constant values provided in the open literature, frequently in
the range C0 ¼ 0:6� 0:8 (Mackley and Stonestreet, 1995; Baird and



Fig. 9. Discharge coefficient as a function of the oscillatory Reynolds number for
different oscillating amplitudes. MH1 baffles.

Fig. 10. Mixing length as a function of the oscillatory Reynolds number for several
oscillating amplitudes. MH1 Baffles.
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Rao, 1995). At higher oscillatory Reynolds numbers, Reosc > 100,
the discharge coefficient becomes more stable, justifying why it
can provide good results for a given oscillating amplitude. The
more stable discharge coefficient can be explained by the onset
of the chaotic flow behaviour at Reosc > 150 (Muñoz-Cámara
et al., 2020).

It should be noticed that the orifice coefficient definition
assumes: (1) an independent single orifice, while there are many
baffles in series in OBRs, which are close enough to have flow inter-
action; (2) steady flow, while the flow is unsteady in OBRs. Thus,
any conclusion based on the discharge coefficient should be care-
fully taken because it is a concept which oversimplifies the real
physics of the problem.

In any case, the general trend of the discharge coefficient is sim-
ilar to that observed in single orifices under steady flow conditions.
For baffles with different open areas, Johansen (1930) observed the
linear increase of the orifice coefficient at low Reynolds number
(laminar flow), and a decrease (after a maximum value is reached)
towards a lower and constant value at high Reynolds numbers.

These results show that the suitability of the quasi-steady
model cannot be established based on dimensional quantities as
frequencies and amplitudes, since it depends on the oscillatory
Reynolds number and the dimensionless oscillating amplitude.

Another drawback related to the use of the discharge coefficient
concept is that it can not be applied to more complex baffle geome-
tries, as multiorifice baffles or helical baffles, without losing its
physical meaning.

3.3.2. Eddy Enhancement model
The power consumption predicted by the eddy enhancement

model (Baird and Stonestreet, 1995) is given by:

Wee ¼ 1:5nbqx3x20lm
S

pD2

4
ð7Þ

Thus, with the measurement of the average energy dissipation (Eq.
(4)) the corresponding mixing length can be calculated. In Fig. 10
the mixing length is plotted as a function of the oscillatory Reynolds
number for the three different amplitudes and fluids tested for the
MH1 baffles.

The mixing length also provides consistent results for each
oscillating amplitude, however it should be considered that the
problem of dimensionality could arise during scale-up, when the
amplitude is changed in accordance to the OBR size to keep the
same operating dimensionless numbers (Strouhal number or the
equivalent dimensionless amplitude).
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3.4. Dimensionless results

From the previous results, the complexity of the problem is evi-
dent: the flow behaviour seems to vary depending on the fluid
properties and the oscillating amplitude. In the following section,
we analyze the results in a more general dimensionless form.

3.4.1. Oscillatory Fanning friction factor
The pressure drop amplitude can be expressed in dimensionless

form using the oscillatory Fanning friction factor, which is based on
the definition of the friction factor used in pipes under steady flow.
The fitted amplitude (see Section 3.1.1) of the pressure drop wave,
Dpmax, and the maximum velocity of the oscillatory flow, 2pfx0, are
taken as characteristic pressure drop and velocity, respectively.

f osc ¼
Dpmax

2q 2pfx0ð Þ2
D
Lp

ð8Þ

This parameter has been widely used to characterize the pressure
drop in oscillatory flows (Bagci et al., 2015; Costa et al., 2014;
LLeong and Jineong and Jin, 2006).

3.4.2. MH1 baffles
In Fig. 11 the oscillatory Fanning friction factor is plotted as a

function of the oscillatory Reynolds number for the three different
amplitudes studied. For each amplitude, the results for the three
mixtures are distinguished according to the their markers (solid,
hollow or cross). As a reference, the net Fanning friction factor
for the MH1 baffles under steady flow conditions (Muñoz-
Cámara et al., 2020) is also plotted.

The most relevant result to be highlighted is the consistency of
the results for different fluid properties. This confirms the ade-
quacy of the oscillatory Fanning friction factor to characterize the
oscillatory pressure drop amplitude.

At low oscillatory Reynolds numbers, the different curves are
closer to the net Fanning friction factor results; it should be borne
in mind that the behaviour at sufficiently low oscillatory Reynolds
numbers should be quasi-steady and purely frictional, with the
total instantaneous pressure drop equal to the pressure drop in a
system with the same mean velocity under steady flow conditions.
Under these circumstances, the maximum pressure drop and, con-
sequently, the oscillatory Fanning friction factor would be identical
to the net Fanning friction factor.

The trend for the three amplitudes is similar, decreasing at low
oscillatory Reynolds numbers and more flattened at higher values.
The first region would correspond to a laminar flow behaviour and
the second one to a chaotic flow according to previous studies



Fig. 11. Oscillatory Fanning friction factor vs oscillatory Reynolds number. MH1
baffles.

Fig. 12. Oscillatory Fanning friction factor vs oscillatory Reynolds number. MH3
baffles.
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focused on flow visualization at an amplitude x0=D ¼ 0:5 (Mackay
et al., 1991; Muñoz-Cámara et al., 2020; Zheng et al., 2007). The
transition to a chaotic flow is much smoother for the oscillatory
flow in comparison to the net flow case.

The friction factor increases with decreasing values of the oscil-
lating amplitude (or increasing values of Strouhal number). For
instance, at Reosc ¼ 40, a reduction in the dimensionless oscillating
amplitude from x0=D ¼ 0:5 to x0=D ¼ 0:25 implies an increase in
the Fanning friction factor of an order of 50 %. This effect has also
been observed in previous experimental studies (Mackley and
Stonestreet, 1995), where the authors showed that the pressure
drop amplitude was higher at lower oscillating amplitudes and at
the same maximum oscillatory velocity.

3.4.3. MH3 baffles
The results for the oscillatory Fanning friction factor are shown

in Fig. 12 for the MH3 baffle design, at five different oscillating
amplitudes. Since the nominal amplitude for the MH3 baffles is
lower, x0 ¼ d ¼ 0:29D, a wider range of dimensionless amplitudes
has been reproduced in the test rig. Again, the Fanning friction fac-
tor for the net flow case is included as a reference (Muñoz-Cámara
et al., 2020).

In this case, the trend of the oscillatory friction factor at low
oscillatory Reynolds numbers is more evident, overlapping the
net Fanning friction factor. This confirms that the flow behaviour
is quasi-steady and purely frictional at low oscillatory Reynolds
numbers.

A noticeable inconsistency can be observed for the different flu-
ids at low amplitudes. This can be explained by the difference in
oscillating amplitude, which had to be adjusted manually. The lit-
tle deviation that has been measured, 0.2–0.4 mm, has a significant
effect for low amplitudes (4–8 mm).

A similar trend can be observed for all the amplitudes tested,
analogous to that obtained for the MH1 baffles.

3.4.4. Correlations
A modified Ergun’s equation is considered (Eq. (9)). This equa-

tion provides a proper fitting to the smooth curvature of the mea-
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surements and has been used previously to fit data for the friction
in oscillatory flows (Pamuk and Özdemir, 2012; Bagci and Dukhan,
2018).

f osc ¼
C1

Reosc
þ C2Re

m
osc

x0
D

� �n
ð9Þ

The first term accounts for the decreasing trend at low oscillatory
Reynolds numbers (corresponding to the laminar flow regime),
where the effect of the dimensionless amplitude is negligible. The
second term fits the curve behaviour at higher oscillatory Reynolds
numbers (chaotic flow), where the amplitude effect is important
and the trend, while more stable, has a slight slope.

In Table 3 the coefficients from the statistical fitting are pro-
vided for the two geometries tested. The maximum and mean rel-
ative deviation of the correlation from the experimental data is
also given.
3.4.5. Pressure drop-velocity phase lag
The power density can be calculated in a simplified way, assum-

ing that the velocity and pressure drop signals are perfectly sinu-
soidal, by Eq. (2), using the phase lag between them, d. Thus, in
spite of not being indispensable for the calculation of the energy
dissipation, it is evident that the phase lag has a significant role
in the energy dissipation. The phase lag also gives us the relative
weight of the frictional and inertial components of the pressure
drop, and it allows us to compare the trends observed with those
provided in the open literature.

The pressure drop-velocity phased lag is quantified in radians,
as a portion of the oscillating period, so it is a dimensionless
parameter on its own.
3.4.5.1. MH1 baffles. The phase lag is shown in Fig. 13 as a function
of the oscillatory Reynolds number for the MH1 baffles. For the
lower oscillatory Reynolds number tested, Reosc � 15, the phase
lag does not fall to zero, although there is a clear descending trend
in the phase lag when the oscillatory Reynolds number is
decreased. This supports the idea of the quasi-steady behavior



Table 3
Coefficients of the correlation for the oscillatory Fanning friction factor.

Baffles C1 C2 m n umax(%) �u (%)

MH1 23.43 2.80 �0.0445 �0.586 7.3 2.1
MH3 152.5 1.76 0.0739 �0.666 7.2 1.9

Fig. 13. Pressure drop-velocity phase lag as a function of the oscillatory Reynolds
number for several amplitudes and working fluids. MH1 baffles.

Fig. 14. Pressure drop-velocity phase lag as a function of the oscillatory Reynolds
number for several amplitudes and working fluids. MH3 baffles.
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which was previously presented with the oscillatory Fanning fric-
tion factor results in the low oscillatory Reynolds number region.

The decrease of the oscillating amplitude in this so-called
unsteady laminar region has a substantial impact on the increase
of the pressure drop-velocity phase lag. This phenomenon, which
at constant Reosc also implies an increase of the oscillating fre-
quency, yields an increment on the effect of the fluid inertia on
the pressure drop. At a higher oscillatory Reynolds number the
phase lag tends to remain in a close range, around 0.8–0.85 radi-
ans, for all the amplitudes tested. Above Reosc � 200, the trend is
reversed, and the phase lag decreases up to 0.6 radians at the high-
est oscillatory Reynolds number tested. This trend suggests an
increase in the frictional component of the pressure drop, which
can be related to the onset of the chaotic flow regime (Muñoz-
Cámara et al., 2020).
3.4.5.2. MH3 baffles. The results for the MH3 baffles (Fig. 14) follow
a similar trend to the MH1 results. In both types of baffles, a lower
oscillating amplitude leads to an increase in the phase lag. Conse-
quently, because the nominal amplitude for the MH3 baffles is sig-
nificantly lower, an increase in the phase lag should be expected.
However, the phase lag for the MH3 baffles is lower than for the
MH1 baffles. For instance, at Reosc ¼ 50 and x0=D ¼ 0:5 the MH1
baffles results show a phase lag d ¼ 0:84 rad, while for the MH3
baffles is d ¼ 0:55 rad for a lower amplitude, x0=D ¼ 0:43 . Thus,
it can be concluded that the MH3 baffles imply a significant rise
of the frictional component of the pressure drop, which could be
justified by the higher hydraulic diameter for the three orifice
diameter baffles (70% higher) and/or the higher proximity to the
tube walls of the jets generated by the orifices.
3.4.6. Power number
The evaluation of the energy dissipation in oscillatory flow reac-

tors has been traditionally characterized by the power density, ev
(Mackley and Stonestreet, 1995). However, the main problem of
this parameter is that is not dimensionless. In order to solve this
aspect, the Power number is proposed in this work in order to
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characterise the energy dissipation. This dimensionless number,
widely used in stirred tanks (Couper et al., 2005), is defined as:

Po ¼ Wosc

qN3D5 ð10Þ

where N is the stirring velocity. In OBRs, the characteristic angular
velocity can be taken as: 2pf , and the characteristic length as the
cell tank length, l. Thus, the Power number definition applied to
OBRs is:

Po ¼ Wosc

nbq 2pfð Þ3D5
ð11Þ

This definition was already used by González-Juárez (2017), show-
ing that it can provide consistent dimensionless results. However, it
should be noticed that the power consumption provided by the
quasi-steady model (Eq. (6)) is proportional to the cube of the max-
imum velocity, 2pfx0ð Þ, and, consequently, the Power number can
be reformulated as suggested by Sutherland et al. (2020):

Po ¼ Wosc

nbq 2pfx0ð Þ3D2
ð12Þ

This way, for a given geometry (diameter D, open area fraction S and
discharge coefficient C0), the definition of the Power number is
equivalent to comparing the real power consumption to the value
predicted by the quasi-steady model. This definition would also
be similar to the parameters presented by Hafez and Baird (1978)
or Avila et al. (2020).

The definition of the Power number is now obtained as a func-
tion of measured variables: pressure drop amplitude, Dpmax, and
pressure drop-velocity phase lag, d:

Po ¼ 1
32p

Dpmax cos d

nbq fx0ð Þ2
ð13Þ

The only assumption made is that both pressure and velocity sig-
nals can be fitted to sine waves and, consequently, can be character-
ized by their amplitudes and phase lag.

3.4.6.1. Relation with previous models. From the definition of the
Power number, for nb baffles, the power consumption can be
expressed as:

Wosc ¼ nbq 2pfx0ð Þ3D2Po ð14Þ
Matching Eqs. 14 and 6 we can find a relation between the orifice
coefficient and the Power number:
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C2
0 ¼ 1=S2 � 1

6Po
ð15Þ

Thus, the discharge coefficient is related to the Power number
directly for analogous geometries, i.e., same open area fraction, S,
and number of orifices, no.

Matching Eqs. 14 and 7 we can find a relation between the mix-
ing length and the Power number:

lm ¼ 8S
3p

x0Po ð16Þ

The mixing length is related to the Power number for a given geom-
etry and amplitude. The problem is that the mixing length is pro-
portional to the oscillating amplitude, so it should not be
expected that a given mixing length could be used for similar OBRs
with different amplitudes.
3.4.6.2. MH1 baffles. Experimental results of the Power number as a
function of the oscillatory Reynolds number are represented in
Fig. 15. As expected, the results are appropriately dimensionless
for the different fluids. The trend is similar for the three ampli-
tudes: a decreasing slope at low oscillatory Reynolds numbers,
while at higher values there is a minimum and a slightly positive
slope, which is related to the decrement of the pressure drop-
velocity phase lag at higher oscillatory Reynolds numbers. This
general trend is similar to that observed in stirring tanks (Couper
et al., 2005): a decreasing trend at low Reynolds numbers corre-
sponding to a laminar flow behaviour and a region approximately
constant where the flow is considered as turbulent.

Another aspect to be highlighted is that the three curves for dif-
ferent oscillating amplitudes overlap at low oscillatory Reynolds
numbers. This effect was also observed for the oscillatory Fanning
friction factor, but is more noticeable in the Power number results.
This makes sense because in a quasi-steady flow the power con-
sumption should not change with the oscillating amplitude but
with the maximum oscillatory velocity and, consequently, with
the oscillatory Reynolds number.

As a reference, numerical results from Avila et al. (2020) and
Jimeno et al. (2018) are also plotted. Only data with the following
conditions are considered: (1) similar conditions to a pure oscilla-
tory flow, i.e., low net Reynolds number in comparison to the oscil-
latory Reynolds number, and (2), similar cell length-diameter ratio
and open area fraction to our study. The main difference is the baf-
fle geometry, both studies are focused on an OBR with smooth
constrictions.
Fig. 15. Power number as a function of the oscillatory Reynolds number for several
amplitudes and working fluids. MH1 baffles.
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As can be seen, the data for x0=D ¼ 0:33 are close to those
obtained in this study for x0=D ¼ 0:375, and the trends are similar:
a decreasing slope in the laminar region and more stable values in
the chaotic flow region. It is true that lower values could be
expected due to the smooth constrictions in comparison to the baf-
fles here tested. However, it should be taken into account that the
numerical results include the effect of the net flow while this study
has no net flow.

The results from Avila et al. (2020) at x0=D ¼ 0:67 are far below
the experimental results at x0=D ¼ 0:5, but, at low oscillatory Rey-
nolds number, the trend seems to follow the same as the laminar
region tests. In addition, the numerical results are coherent with
the general trend observed in this study: a higher dimensionless
oscillating amplitude leads to a lower Power number.
3.4.6.3. MH3 baffles. The results for the MH3 baffles (Fig. 16) show a
trend very similar to that observed for the MH1 baffles, with all the
curves for different amplitudes overlapping at low oscillatory Rey-
nolds numbers. It is more evident for this geometry that the
change in the slope of the curve is delayed, i.e., at lower amplitudes
the deviation takes place at a lower oscillatory Reynolds number at
which the flow changes its behaviour. This could be related to a
sooner onset of the chaotic flow at lower oscillating amplitudes,
however the lack of experimental visualization results in this range
does not allow us to confirm this point.
3.4.6.4. Correlations. In order to provide correlations to make easier
the application of the results, a modified Ergun’s equation for all
the amplitudes tested is considered again (Eq. (17)).

Po ¼ C1

Reosc
þ C2Re

m
osc

x0
D

� �n
ð17Þ

In Table 4 the coefficients from the statistical fitting are provided for
the two geometries tested. The maximum and mean relative devia-
tion of the correlation from the experimental data is also given.
Fig. 16. Power number as a function of the oscillatory Reynolds number for several
amplitudes and working fluids. MH3 baffles.

Table 4
Coefficients of the correlation for the Power number.

Baffles C1 C2 m n umax(%) �u (%)

MH1 61.85 1.01 0.0906 �0.680 11.8 2.4
MH3 130.2 0.53 0.189 �0.622 9.8 3.1
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4. Conclusions

Time-resolved pressure drop measurements of oscillatory flow
in a baffled tube have been performed in a hydraulic test rig under
isothermal conditions. One-orifice and three-orifice baffles have
been tested. Instantaneous measurement of the piston displace-
ment has allowed to derive the oscillatory velocity signal. The
maximum oscillatory pressure drop and the maximum oscillatory
velocity, as well as the phase lag between signals, are obtained
from their statistic fitting and the FFT analysis. The subsequent
data reduction and analysis of results has allowed us to derive
the following outcomes:

� For both types of baffles and low oscillatory Reynolds numbers,
an increase in the oscillatory Reynolds number leads to an aug-
mentation of the pressure drop-velocity phase lag up to a max-
imum value. Beyond this critical oscillatory Reynolds number,
Reosc � 150, there is a decreasing trend in the phase-lag, sug-
gesting a transition to chaotic flow. This critical value is similar
to the value at which previous studies found the onset of an
asymmetric flow.

� Oscillatory Fanning friction factor is a consistent dimensionless
number to evaluate the maximum pressure drop as a function
of oscillatory Reynolds number and dimensionless oscillating
amplitudes. For very low values of Reosc , of the order of 10, the
flow behaviour is almost quasi-steady and purely frictional.

� The Power number has been applied, for the first time, to exper-
imental pressure drop measurements in OBRs, obtaining proper
dimensionless results for different working fluids.

� Power number becomes independent of the oscillating ampli-
tude at low values of Reosc , as a result of the quasi-steady nature
of the flow in this regime.

� For a given oscillatory Reynolds number, a reduction of the
dimensionless amplitude (or an increasing of the Strouhal num-
ber) leads to an increase of the oscillatory Fanning friction fac-
tor, the pressure drop-velocity phase-lag and the Power
number.

� Smooth curvature of the oscillatory Fanning friction factor and
the Power number curves has allowed to fit the data using a
modified Ergun’s equation, with a maximum deviation of
� 10%.
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