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Experimental results of flow pattern and heat transfer in circular-orifice baffled tubes under pure oscillatory flow
and compound flow conditions are presented. The hydrogen bubble visualization technique is employed for
describing the unsteady flow structure, and particle image velocimetry is used in order to measure the velocity
field during eight different phases of the oscillation cycle. The existence of a central jet and the cyclic dispersion
of vortices upstream and downstream of the baffles is analyzed. The loss of the flow axisymmetry for Re,sc > 130

is clearly identified. Heat transfer measurements under uniform heat flux (UHF) conditions are obtained in a
thermal-hydraulic rig, allowing for the description of the influence of net and oscillatory Reynolds numbers on
the Nusselt number, using propylene-glycol as working fluid (Pr = 150). The impact of chaotic mixing, for
Reysc > 150, results in a uniform local heat transfer distribution along the reactor cell, as well as in thermal
uniformity in the transverse plane of the tube.

1. Introduction

Heat transfer enhancement has attracted a significant degree of
attention in the previous decades and still new techniques are being
researched and developed. Traditionally, enhancement techniques have
been classified [4] as active or passive, depending on whether or not an
external power source is required.

Nowadays, active and passive combined techniques are gaining
relevance [11,1,3], finding remarkable potential applications. This is the
case of the Oscillatory Baffled Reactors (OBR) and their use for reactions
with a high residence time [22], where the combined technique allows
the flow to achieve a good mixing. A conventional continuous tubular
reactor made of smooth tubes would require high Reynolds numbers to
operate under turbulent flow conditions, which are needed to achieve
good radial mixing. However, a high Reynolds number implies (for a
given fluid and geometry) a high bulk velocity and, consequently, an
extremely long tube in order to fulfil the high residence time require-
ment. An additional drawback would be the excessive pressure drop and
pumping power. This problem is solved by using a combined technique:
a set of equally-spaced baffles are introduced in the tube and an oscil-
latory flow is superimposed on a low net flow. This combination leads to
a flow mechanism characterized by cyclic vortex dispersion upstream
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and downstream of the baffles. As a result, an augmentation of heat and
mass transfer is achieved.

Flow patterns are one of the most studied aspects in OBRs. The aim is
to identify the radial mixing mechanism and the influence of the oper-
ating conditions on the onset of the flow asymmetry and the chaotic
behaviour. The first noteworthy study dates from 1989, when Brunold
et al. [5] tested several baffle spacings: | = 1 —2D. They observed that
the flow oscillation generates vortices downstream of the baffles during
both oscillation half cycles, causing an intense mixing. The authors
identified the optimal baffle spacing at I = 1.5D, a value which is
currently a reference for the OBRs design.

Mackay et al. [15] performed the first study focused on the instability
in OBRs. By using a qualitative flow visualization technique, the authors
collected in a map the flow behaviour (asymmetric or not) as a function
of the oscillatory Reynolds number, Reos, and the Strouhal number, St.
The equations for both dimensionless numbers are included in the
Nomenclature section. For the range of Strouhal numbers tested
(0.3 < St < 2), the flow was asymmetric at an oscillatory Reynolds
number of order 200.

During the past two decades there was a rise in the number of pub-
lications related to OBRs, introducing quantitative techniques such as
CFD or PIV [21], in contrast with the qualitative visualization performed
in previous studies. The main purpose of these studies was the study of
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Nomenclature

1 Volumetric flow rate

q"] Heat flux, W/m?

Q] Heat, W

Xo oscillation amplitude, center to peak (m)
t time (s)

T temperature (°C)

Ap heat transfer area (m?), zDLy,

¢ specific heat (J/(kg-K))
d orifice diameter (m)

D tube inner diameter (m)

f oscillation frequency (Hz)

k thermal conductivity (W/(m-K))
l cell length (m)

Ly heated length (m)

L, length between the inlet temperature probe and the heated
section beginning (m)

L, length between the heated section end and the outlet
temperature probe (m)

ng number of interrogation windows

R, axial-radial velocity ratio (-)

S open area (-), (n-d/D)>

u axial flow velocity (m/s)

U instantaneous bulk flow velocity (m/s), based on D

U, bulk velocity of the net flow (m/s), based on D

v radial flow velocity (m/s)

X axial distance from the start of the heated area (m)

Greek symbols
u dynamic viscosity (kg/(m-s))
p fluid density (kg/m®)
c standard deviation
2] phase angle (°)
Subscripts
bulk
e inlet of the heated section

in inlet of the test section
j section number

k circumferential position number
l lower position

[ outlet of the test section

s outlet of the heated section

u upper position

wi inner wall
amb ambient
L losses

Dimensionless groups

Ren net Reynolds number, pU,D/u

Reosc oscillatory Reynolds number, p(2zfx,)D/u

¥ velocity ratio, Reys:/Rey

Pr Prandtl number, uc,/k

Nu Nusselt number, hD/k

Ra’ Modified Rayleigh number, q p ¢, f D* qj/(v k?)

the flow patterns, but with some chemical aspects as main goal, e.g., the
scale-up [10], mixing and axial dispersion [18] or the viscosity effect on
mixing [9]. It should be remarked that all of them were focused on the
pure oscillatory flow, so they did not provide information about the net-
oscillatory flow interaction.

Fitch et al. [9] studied the flow patterns in a baffled tube, for a range
of Re,se = 6 —5500 and St = 1.0, using PIV and CFD. The authors found
a ’channeling’ effect with an inefficient vortex formation at very low
oscillatory Reynolds numbers, Re,. = 6, the symmetrical vortex for-
mation at moderate intensities, Re,c = 20 —150, and the onset of an
asymmetric flow at higher values, Re,sc = 500 —1000. The effect of the
flow patterns on the mixing was studied by the introduction of a new
parameter, the axial-radial velocity ratio. This parameter took high
values at low Re,s, pointing out a poor mixing due to the prevalence of
the axial component of the flow over the radial. The axial-radial velocity
ratio decreases sharply with the oscillatory Reynolds number up to a
value of ~ 2.

One of the studies mainly focused on the flow behaviour was per-
formed by Zheng et al. [28]. The authors developed a 3D model, which
was validated with PIV results. The model is used to obtain a two-
dimensional map which shows the level of flow symmetry as a func-
tion of the Strouhal number and the oscillatory Reynolds number, i.e.,
pure oscillatory flow conditions. The authors observed that the
maximum oscillatory Reynolds number at which the flow becomes
asymmetric is 225, at a Strouhal number of 1.0. For St < 0.5, there is a
reduction of the critical oscillatory Reynolds number. At St = 0.1 the
asymmetry can be seen at Re,. = 100. It is finally highlighted that, in
spite of not being a clear correlation, there is a connection between the
flow asymmetry and the mixing intensity.

From the previous review, we can conclude that, while the OBRs
have been widely studied, there are some relevant aspects of their per-
formance that have not been properly addressed. That is the case of the
flow patterns study in conditions with net and oscillatory flow (which is
the common operating condition for the OBRs) or the study of the

relation between flow asymmetry and mixing intensity and heat
transfer.

Another aspect which has been a focus of attention since the OBRs
conception is heat transfer. It has been motivated by the need of a right
sizing of thermal circuits for heat addition or removal when endo-
thermic or exothermic reactions take place in the OBR, or when the
temperature is a key factor for the reaction.

Mackley et al. [17] studied heat transfer in a tube with equally-
spaced one-orifice baffles. The range of dimensionless numbers tested
was a Prandtl number of 124, a net Reynolds number, Re,, between 100
and 700 and an oscillatory Reynolds number of 200-1600 (for a given
net Reynolds number). The main conclusions were: (1) under steady
flow conditions the baffles imply a significant heat transfer augmenta-
tion in comparison to a smooth tube, (2) under compound flow condi-
tions (net and oscillatory flow) the effect of the oscillation on heat
transfer was limited in the absence of baffles, while there was a signif-
icant increase for the baffled tube. Mackley and Stonestreet [16]
extended the previous study, carrying out two experimental campaigns:
the first focused on the study of the oscillating amplitude, and the second
on the superposition of the net and the oscillatory flow. Regarding the
amplitude, the effect on the Nusselt number was found to be moderate,
with a slight increase for lower oscillating amplitudes (and the same
maximum oscillatory flow velocity). The authors confirmed that an in-
crease on the Re, or the Re, imply a higher heat transfer rate. They
found that at high net Reynolds numbers, i.e., when the velocity ratio
Re,sc/Ren is reduced, all the results converged to the steady flow results
(Reose = 0). The research group P4G [23], from Cambridge University,
studied the heat transfer in OBRs obtaining similar conclusions.

Law et al. [14] studied a similar OBR under cooling conditions and
constant wall  temperature. @ The tested ranges  were:
Re, = 200 —1400, Reysc = 0 —2700 and Pr = 4.5 —9. The authors found
that, for all the net Reynolds numbers tested, at high values of the
oscillatory Reynolds number the Nusselt number converged to a given
value. According to the authors, this observation could be related to the
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minimum axial dispersion observed by Smith and Mackley [24] in the
range of oscillatory Reynolds numbers 800-1000. Above that range the
radial mixing and the perturbation of the boundary layer would not rise.

Regarding the heat transfer studies pointed out in this introduction,
the minimum net Reynolds number tested is of the order of 200, a value
which has been identified as the critical net Reynolds number for baffle
inserts in recent studies [19]. Therefore, it would be interesting to
extend the tested ranges to conditions where the net flow would be
laminar and, consequently, there would exist a poor heat transfer under
steady flow conditions.

This work presents a rigorous experimental study of a one-orifice
baffled tube, using a set of experimental techniques which comple-
ment each other: hydrogen visualization and PIV. Besides, a thermo-
hydraulic test rig has been used to characterise the heat transfer under
uniform heat flux conditions. The study is focused on several points
related to the heat transfer process and the interaction between the
oscillatory and net flows at low net Reynolds numbers.

2. Experimental method

This section describes the facilities and experimental methods which
have been used for this work. Three experimental methodologies have
been employed: hydrogen bubbles flow visualization, particle image
velocimetry, and heat transfer measurements. For that, two experi-
mental facilities have been built: a visualization facility and a thermo-
hydraulic testing facility.

The geometry under study, depicted in Fig. 1, consists of a tube with
an inner diameter D = 32 mm and annular equally spaced insert baffles
made of PEEK plastic, being their separation distance of 1.5D and the
inner baffle diameter of 0.5D. From now on, the space between
consecutive baffles will be referred to as cell tank.

Different mixtures of water and propylene glycol are used as working
fluid. The viscosity of the different fluid preparations has been measured
to determine the exact ratio of water and glycol. The rest of the fluid
thermophysical properties are deduced out of this ratio [2].

2.1. Visualization facility

The facility depicted in Fig. 2a is used to perform visualization ex-
periments under different working conditions. The working fluid is
prepared in a reservoir tank (10), which is connected to a closed loop
circuit. By the use of a chiller (8) connected through a plate heat
exchanger (7) and an electric heater (11), the working fluid temperature
is controlled. On the one hand, the system is built to generate a net flow
through the test Section (4) by using a centrifugal pump (1). On the
other hand, a hydraulic cylinder (14) is able to produce a 0.12 Hz to 1.2
Hz sinusoidal oscillatory flow in the test Section (4). Both systems can be
engaged at the same time, producing a compound flow: net and oscil-
latory. A flow control valve (2), has been used to ensure a stable net
flow. The position of the hydraulic cylinder (14) is measured by a
magnetostrictive position sensor (15). The visualization Section (4) is
surrounded by an acrylic box, which is filled with the working fluid and
avoids image aberration.

In this facility, two visualization experimental techniques have been
used: hydrogen bubbles and Particle Image Velocimetry (PIV), which are
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Fig. 1. Baffle geometry and thermocouple arrangement in the test section.

Experimental Thermal and Fluid Science 123 (2021) 110324

described in detail in the following sections. Flow field images for both
type of experiments are captured by a 1280 x 1024 pix> CMOS IDT
MotionScope M3 high speed camera.

2.2. Hydrogen bubble visualization

The configuration used to perform hydrogen bubbles experiments is
depicted in Fig. 2b. A copper wire is inserted along the cross section
diameter of the test tube, so that the symmetry plane containing the wire
and the tube axis will be seeded with bubbles. For that, salt is dissolved
in the fluid ("2 g/dm?), and a voltage difference is produced between the
formerly mentioned copper wire and a metallic accessory of the pipe
loop, downstream the test section. The velocity of bubbles generation is
adjusted by controlling the DC voltage difference (0-12 Vp¢) provided
by a power source (BLAUSONIC FA-350). Illumination to the flow is
provided by two 55 W halogen lamps. Fig. 2b shows two possible po-
sitions of the camera. One shows a frontal view of the seeded plane, and
provides most of the information of the flow field. The other shows a
lateral view of the seeded plane, and allows us to detect significant ve-
locities in transverse direction to the symmetry plane.

2.3. Particle image velocimetry

The configuration used to perform PIV experiments is depicted in
Fig. 2¢. To this aim, the flow is seeded with 57 pm polyamide particles
with a density of 1051 kg/m>. The symmetry plane is then illuminated
by a 1 mm thick laser light sheet of 808 nm wavelength (200 Watts class
IV Oxford laser with 0.15 mJ to 15 mJ per pulse). By taking two
consecutive images of the seeded flow with the Motionscope M3 camera,
and knowing the time elapsed between shots, the flow velocity pattern
can be obtained by the PIV algorithm.

PIV is carried out by using the PIVlab code, version 2.31, for Matlab
[27]. After PIV image pre-processing (histogram equalization, intensity
highpass and intensity capping), 97.7% of the velocity vectors are found
valid, PPR > 2 (peak-to-peak ratio). Image processing is carried out by
the adaptive FFT (Fast Fourier Transform) cross correlation algorithm in
four steps, where the last interrogation area size is 24 x 24 pix2. Post-
processing includes the application of a global filter and two self-
developed local filters, which are based on the signal-to-noise ratio
and on repeatability of the results across image pairs representing
equivalent flow fields.

The time step between consecutive images to measure the whole
oscillation cycle was chosen cautiously. The problem is that only one
time step can be selected, but, at the same time, the flow shows very
dissimilar velocities both in space and time during the cycle. The cri-
terion was the following: ensuring that PPR > 2 for at least a 90% of the
velocity vectors for the phase with a maximum instantaneous bulk fluid
velocity, & = 90°, and this time step is used during the whole cycle.

2.3.1. Determination of the initial phase. Instantaneous flow rate
calculation

The initiation of the images acquisition is triggered by a photoelec-
tric sensor (OMROM E3JM). Nevertheless, deviations from the exact
position or delays in the photoelectric sensor signal can lead to a wrong
estimation of the cycle beginning (initial phase). In order to improve the
determination of the initial phase, a PIV based instantaneous flow rate
estimation is used.

A discretization of the integral expression of the flow rate assuming

axisymmetric flow, V = f(;) sP u(r) 2zr dr, as a function of the velocity

across its cross section is used to obtain the instantaneous flow rate. To
that aim, the OBR test section is divided in a center circle and a series of
annular spaces with the same width, given by the PIV algorithm inter-
rogation area (IA) size. Each annular space, i, has a width d; = D/(2ny),
where ny is the number of IA in the radial direction. Thus, the axial
velocity, u;, is known for several radial positions, r;, from r =0 tor =
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Fig. 2. (a) Visualization facility, (b) image acquisition setup for hydrogen bubbles experiments and (c) PIV experiments. Visualization facility parts: (1) centrifugal
pump, (2) flow control valve, (3) P100 inlet, (4) baffles, (5) PT100 outlet, (6) manual valve, (7) plate heat exchanger, (8) chiller, (9) Coriolis flowmeter, (10)
reservoir tank, (11) electric heater, (12) gear-motor assembly, (13) connecting rod-crank, (14) hydraulic cylinder, (15) magnetostrictive position sensor.

D/2. r; is given by the position of the IA center. The flow rate is then
estimated by numerical integration,
ny d\?
_ 5)

V= f:u[A, :% Zu, <r; +%)2 - (r[
i=1 i=1

Fig. 3 shows the volumetric flow rate evolution throughout an
oscillation cycle for a test with pure oscillatory flow. As a reference, the

(€Y

0,6
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from PIV measurements
- - - . sinusoidal curve fitting

0,4

real cycle
beginning

Volumetric flow rate (1/min)

£
(=2}
T
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Fig. 3. Instantaneous volumetric flow rate obtained from the PIV velocity field.

maximum and minimum theoretical flow rates, derived from the
measured oscillation amplitude and frequency, are also plotted. The
maximum experimental values are close to the theoretical values, within
a range of 10%. As can be observed, the waveform is mainly sinusoidal
with a moderate noise level and the highest deviations are obtained
around the null mean velocity point.

The previously mentioned deviations require a deeper analysis. They
have been observed consistently over all the oscillation cycles, so they
cannot be due to random errors related to the PIV technique. A more
detailed observation of the measured instantaneous position of the pis-
ton revealed that the motion was not perfectly sinusoidal, but with a
plateau and a more abrupt change in position at the end of the strokes.
After deriving the instantaneous velocity (and then the flow rate) from
the position signal with a numerical approximation, the flow rate shows
a waveform which is very similar to that obtained from the PIV mea-
surements. So, we can conclude that the deviations of the flow rate are
generated by the imperfect (not sinusoidal) movement of the piston.

The previous methodology is only valid when the flow is axisym-
metric, i.e., the axial velocity at each radial position can be considered as
representative of the associated annular space. For the asymmetric case,
the phase-averaged instantaneous flow rate has been used: a total of 20
cycles have been analysed and the averaged flow rate calculated for each
phase of the cycle.
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However, the flow rate curve obtained with this method has a
noticeable noise level. Thus, if the raw signal were used to calculate the
cycle beginning the results would be inaccurate. Instead, raw data are
fitted to a sinusoidal curve. The zero crossing of this curve is considered
as a better approximation for the cycle beginning. In Fig. 3 the sinusoidal
fitting and the estimation of the cycle beginning are presented as well.

2.4. Heat transfer facility and methodology

A specific facility has been built for heat transfer tests (Fig. 4). The
main loop contains a reservoir tank (1), a Coriolis flowmeter (3) and a
gear pump assembly (2) consisting of three pumps in parallel. The
pumping system circulates the working fluid through a 32 mm diameter
AISI 316 stainless steel tube (5), where the test section is located.
Equally spaced insert baffles are arranged through the test section. Input
and output temperatures are measured by two PT100 temperature
probes (4, 7). A uniform heat flux is provided to the fluid by Joule effect,
using a transformer and an autotransformer (10) connected to the steel
tube upstream and downstream of the test section. The separation dis-
tance between electrodes is L, = 26D mm. A secondary loop, which has
been described in a previous work [19], is in charge of fluid temperature
control. The whole facility and specially the test section are properly
insulated.

As in the visualization facility, the sinusoidal oscillatory flow in the
test section is generated by a rod-crank mechanism (12, 13) attached to a
double effect piston (11), which is connected in parallel to the test
section. A magnetostrictive sensor (14) is used to determine the position
of the piston. The assembly is capable of creating an oscillatory flow
with a frequency ranging from 0.47 to 4.7 Hz.

In order to measure the tube wall temperature, a total of 8 x 8 type T
thermocouples are attached to the steel tube outer diameter at 8 axial
positions, each containing 8 thermocouples equally spaced around the
tube cross section (see Fig. 1). As can be observed in Fig. 5, the 8 test
sections are located well downstream of the first electrode (x; = 20D),
in order to ensure periodicity of the flow.

Fig. 5 is a schematic representation of the variables involved in the
local and average Nusselt numbers calculation. The bulk fluid temper-
ature can be estimated from the measurements of the inlet fluid tem-
perature (Tp;), the heat provided (Q) by the autotransformer and the
estimation of heat losses (Qp.¢, Qr, Qrs).

The estimation of the heat losses is done by considering the overall
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heat transfer coefficient, which considers the internal convection coef-
ficient, the conduction through the stainless steel tube wall and the
insulation material and the external convection coefficient (free con-
vection with the air). The last is calculated with the correlation for
horizontal tubes proposed by Churchill and Chu [6]. It should be pointed
out that the magnitude of the estimated heat losses is of the order of 2%
of the heat applied by Joule effect. In any case, the uncertainty in the
calculation of the heat losses (a conservative 50%) has been considered
during the uncertainty analysis.

The local Nusselt number at each testing cross section can be ob-
tained as

qll D

Nuj=——1 .~
DTy~ To ks

(2

where ¢” is the heat flux provided to the fluid, Tj; is the estimated bulk
temperature of the fluid at this section, Ty;; is the mean inner wall tube
temperature and k; is the thermal conductivity of the fluid. The inner
wall temperature is calculated using a one-dimensional conduction
model [13]. Previously, a set of tests is performed to calibrate the
thermocouples under isothermal conditions when they are placed on the
tube [19]. Finally, the Nusselt number Nu is obtained as the average of
local Nusselt numbers Nu = ZleNuj /8.

An uncertainty analysis has been performed following the procedure
described by Dunn [7]. This method takes into account: (1) the sys-
tematic error, due to the accuracy of the sensors and the acquisition
system, which is provided by the manufacturers; and (2) the random
errors, related to the repeatability of the measurements, which is esti-
mated using the standard deviation of the measurements. Finally, the
propagation of the individual measurements uncertainties on the final
results is calculated.

The experimental uncertainties, with a 95% confidence interval,
derived from the previously described methodology are summarised in
Table 1.

3. Results

This section presents the experimental results and the analysis of the
flow characteristics for the pure oscillatory flow and for the compound
flow.

The dynamic nature of the oscillatory flow makes it impractical to

lﬁ'

]
9 = =
1 Temperature
control loop

—

Fig. 4. Heat transfer facility setup. (1) Main Tank, (2) positive displacement pumping system, (3) Coriolis flowmeter, (4) input flow temperature probe B 1/10 DIN
PT100, (5) insert baffles, (6) type T thermocouples set, (7) output flow temperature probe, (8 and 9) manually operated valves, (10) autotransformer, (11) double
effect hydraulic piston, (12) connecting rod-crank, (13) gear-motor assembly, (14) magnetostrictive position sensor, (15) agitator.
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most significant positions of the oscillation cycle. For this flow, the
oscillatory Reynolds number is used, Res.

3.1.1. Qualitative observation of the full cycle

Hydrogen bubbles experiments have been carried out for oscillatory
Reynolds numbers ranging in Rey € [32,160] and an oscillation
amplitude of x,/D = 0.5.

Fig. 7 presents the visualization results for Re,s. = 32. Pictures show
two consecutive cell tanks, being the copper wire (cathode) located at

L X,
| e J
L,
Fig. 5. Temperature variation along the test section.
Table 1
Uncertainties of results.
Average Maximum
Re, 3.4% 4.9%
Re, 4.2% 5.2%
Xo/D 2.0% 2.8%
Pr 3.3% 4.0%
):08 5.2% 6.5%
Nu 7.1% 11.5%

collect and/or present its full complexity throughout the entire oscilla-
tion cycle. Consequently, the results shown in this work for PIV mea-
surements correspond to 8 equally spaced phases of the oscillation cycle,
as shown in Fig. 6 (blue line). However, for a pure oscillatory flow and
due to its temporal symmetry, the significant positions are reduced to 4.
Besides, results for hydrogen bubbles experiments are presented for
significant cycle positions, but those with a higher image quality have
been selected for their presentation in the figures.

3.1. Oscillatory flow

Two types of visualization experiments have been carried out to
analyse the flow behavior inside the device in conditions of pure oscil-
latory flow (nonexistent net flow). On the one hand, hydrogen bubbles
experiments provide a qualitative evaluation of the flow conditions and
a general overview of the full oscillation cycle. These experiments pro-
vide a valuable continuous observation of the oscillation cycle over time,
which is, as well, three dimensional. On the other hand, PIV experiments
provide quantitative results of the flow pattern within the device for the

— net velocity
— oscillatory velocity
— total velocity

u(t) /u,

270

180 360
0()=2nft

Fig. 6. Phases of the oscillation cycle for flow field representation
(PIV technique).

bottom of the lower tank. Fig. 7a shows the flow field just before the
change of direction in the oscillation cycle. At this point, the downwards
oscillation half cycle is about to finish and its recirculations can be
observed. They are located in the peripheral fluid region, all along the
cell tank. At Fig. 7b the flow field slightly after the new cycle beginning
is shown. A contraction of the flow is observed upstream of the baffle,
while downstream of it, a core jet with associated peripheral recircula-
tions begins to develop. The structure has evolved in Fig. 7c to a
mushroom shape, where the central jet and recirculations cover a longer
fraction of the cell tank. Finally, at Fig. 7b the jet and the outer recir-
culations cover the full span of the cell tank, after which the flow will
decelerate, and the same structure will be repeated in the opposite di-
rection. These flow structures were previously visualized in the dye in-
jection tests performed by Smith [25].

The front view of the flow field for Re,;c = 150 does not provide clear
information about the influence of the oscillatory Reynolds number in
this range, as significant deviations from the formerly commented case
cannot be clearly identified. In order to observe further differences when
varying the oscillatory Reynolds number, the same experiments are
carried out for a different position of the camera. In this case, the flow
plane which has been seeded with hydrogen bubbles is observed from a

] ,. 4 a
(d

Fig. 7. Front view of the hydrogen bubble seeded plane for Re,;c = 32. (a) 6 =

—22°,(b) & =22°,(c) #=55°y (d) & =90°. xo/D = 0.5.



J. Munoz-Camara et al.

lateral position (see Lateral view in Fig. 2b). From this perspective, the
seeded plane in the two-dimensional image captured by the camera is
observed as a straight line. Fig. 8 shows this view of the flow for Reys. =
32 and Reysc = 150. As can be seen, no velocity is detected in perpen-
dicular direction to the seeded symmetry plane for Re,, = 32. This
allows us to conclude that the flow is axisymmetric, showing laminar
characteristics all throughout the oscillation cycle. However, the
behaviour is different for Re,;; = 150, where velocities in perpendicular
direction to the plane are significant and they fluctuate across cycles,
showing a much more complex and unstable nature of the flow.

[Front and lateral views of the flow for both oscillatory Reynolds
numbers are presented in Video 1 for the full oscillation cycle. In this
video, the development of the flow structures along the oscillation cycle
is observed continuously and in detail. For example, the onset and
evolution of the recirculation vortex and the central jet in continuous
motion is key for the flow behaviour interpretation and shows details
which cannot be fully appreciated by using PIV.] [Video 1 - Caption:
Front and lateral views of the pure oscillatory flow for Re,,: = 32 and
Rese = 150.]

The observed flow structure within the analysed range of oscillatory
Reynolds numbers presents in any case significant momentum transfer
in radial direction. This has two benefits for the use of this device as an
OBR: flow mixing and heat transfer enhancement. However this quali-
tative technique does not allow us to quantify such benefits, other than
that they seem to increase with the oscillatory Reynolds number. This
point is addressed in the following sections.

3.1.2. Flow pattern

By using PIV, measurements and observations of the flow field have
been carried out for oscillatory Reynolds numbers within the range
Regs € [30,175] for x,/D = 0.5.

In this section, instantaneous velocity fields obtained with PIV
(Figs. 9, 10) are scaled using the non-dimensional form u*, by dividing
the instantaneous local velocity by the maximum instantaneous velocity
of the field:

[ (r, )]

u(
max (| (r, x)|)

3

This velocity u™ is only used for PIV flow field representation
purposes.

However, this non-dimensional form hides the differences in the bulk
velocity between different cycle positions. To provide such information,
velocity profiles are presented with a different non-dimensional velocity

B

u.

Flow
direction

Fig. 8. Lateral view of the hydrogen bubble seeded plane for instant § = 180°,
for (a) Regse = 32y (b) Reose = 150. xo/D = 0.5.
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< u(r,x)

= 2afx, “)

where 2zfx, is the maximum bulk velocity of the cycle, which occurs for
the middle position of the piston § = 90°,270°.

Firstly, the general characteristics of the flow are analysed as a
function of the oscillatory Reynolds number. The results show two
different flow regions which will be analysed.

On the one hand, in Section 3.1.1 the flow has been found to have
laminar characteristics and to be axisymmetric for low Reynolds
numbers. On the other hand, PIV results show that the flow pattern is
periodic for the same range of Re,s. This is observed in the flow patterns
plotted in Fig. 9a and b at position & = 180° for Re,sc = 51. The figures
present, respectively, the phase-averaged flow field and the instanta-
neous flow field at the same position of the cycle, showing no significant
differences between them.

The results for Reys. > 130 show a completely different behaviour.
Fig. 9¢ and d show, respectively, the average and instantaneous flow
fields at position § = 180° of the cycle for Re,c = 175. As can be seen,
there is no temporal periodicity across cycles and the instantaneous flow
field (Fig. 9d) is asymmetric, showing recirculations which are not
present in the phase-averaged field (Fig. 9¢). This chaotic behaviour is
also confirmed by the observations with hydrogen bubbles in Section
3.1.1. The critical value, for the onset of the asymmetric flow, was firstly
measured as of the order of Rey. =200 (in the range xo/D =
0.04—0.035), then by Smith [25] as Rey = 150 obtained (for an
amplitude of xo/D = 0.04) and, more recently, Re,: = 100 at xo/D =
0.8 by Zheng et al. [28]. Thus, in spite of the lack of results for the same
dimensionless amplitude, we can conclude that the critical value of
Re,sc = 130 is in good agreement with previous results.

Secondly, the flow field throughout the oscillation cycle is studied for
the flow regimes which have been identified. Fig. 10a shows the most
significant cycle positions 6 = 0°,45°,90°,135° for Re,, = 51. These
flow patterns agree with the observation using hydrogen bubbles, but
PIV results provide resolution and quantification of the different effects.
For example, for positions = 0°,90°,135°, the size of the central jet
(about 0.5D) and the recirculations are observed. Besides, the repre-
sentation for & = 45° shows the flow pattern after the oscillation cycle
has started. At this point a jet is developing downstream of the baffles,
but the flow pattern in the cell tank is dominated by low velocities in the
core region of the flow and high velocities in the peripheral region, most
probably due to inertial forces. This structure disappears for & = 90°,
where velocities in the outer region have changed their direction due to
the effect of the central jet.

Fig. 11a presents the velocity profile at the middle cross section of
the cell tank for 8 phase positions of the oscillation cycle. It can be
observed that for & = 0° the core flow is still governed by the central jet
due to the flow inertia, with relatively high negative velocities in the
central region, while the flow recirculations show velocities of the same
order of magnitude. A similar behaviour was observed by Zheng et al.
[28] at Reosc = 180 and xo/D = 0.08. For 6 = 45° all the axial velocity
profile takes slightly positive values and increases with 6 up to more
than four times the maximum bulk velocity for & = 90°. Besides it
presents a symmetrical behaviour for 180° < 6 < 360°.

As an example of the experiments for higher oscillatory Reynolds
numbers, Fig. 11b presents the equivalent results for Re,,c = 175. They
show a similar average behaviour of the flow to the case with a lower
Re,s.: flow field dominated by the alternative creation of a jet in the core
flow region and recirculations on the outer flow region. Apart from the
different nature of the flow, which is not time periodic nor axisym-
metric, the flow velocity is also different. As shown in Fig. 11a, the
velocities for Re,. = 175 are in general higher than for Re,. = 51,
presenting maximum velocities of 6 times the maximum average ve-
locity of the cycle, again for 6 = 90°.
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3.2. Compound flow

the net flow Reynolds number.

Besides, the rat
flow and the net flow (velocity ratio) is used as well,

in this section is the compound flow inside the

The object of study
baffled tube, meaning that an oscillatory flow is superimposed on a net

flow. To that end, the standard Reynolds number for flow in tubes is
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tank for different instants of the oscillation cycle. Pure oscillatory flow.
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The flow behaviour in this section is analysed by flow pattern visu-
alization (Section 3.2.1) and heat transfer measurements (Section 3.2.2).

3.2.1. Flow pattern

The analysis of the superimposed net and oscillatory flows requires
the evaluation of the velocity ratio, ¥. To that end, experiments have
been carried out for Re, = 34 while varying the oscillatory flow in the
range 1.5 <¥ < 5.

Fig. 12a shows the phase-averaged velocity fields at 8 phase posi-
tions for a periodic flow Rey,sc = 51 and ¥ = 1.5. In comparison with the
flow pattern observed for a pure oscillatory flow (Fig. 10 a), the flow is
very similar, but presents no temporal symmetry between the positive
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and negative oscillation half cycles. As can be observed, the compound
flow runs in the direction of the net flow (forwards) longer than in the
opposite direction (backwards). Consequently, the central flow jet
covers the full cell space during a significant portion of the oscillation
cycle 6 = 90°,135°,180° in forward direction, while the recirculation
vortices observed in backward direction § = 315° do not move along the
full cell space. This would most probably result in unsatisfactory mixing
in radial direction during this part of the cycle.

Fig. 12b shows, for the same net flow Reynolds number, the phase-
averaged velocity fields for a higher oscillatory Reynolds number Re,s. =
175 and ¥ = 3.5. As can be observed, the similarity of the flow pattern
to the one of the pure oscillatory flow is higher, for higher values of P.
For this case, the effect of the net flow is still evident, and the forwards
flow lasts longer than the backwards one. However, flow mixing during
the backwards flow is much higher than for ¥ = 1.5.

In addition, the effect of the Reynolds numbers in the compound flow
maintaining the same velocity ratio (¥) has been studied. For that, ex-
periments for ¥ = 1.7 have been carried out while simultaneously
varying both Reynolds numbers Re,s € [51,90] and Re, < [28,54]. Re-
sults for the phase position § = 225° are shown in Fig. 13. As can be
observed, the flow field is time-periodic for the case with Re, = 51 ,
while the periodicity is lost for the experiment with Re,. = 90 and the
flow becomes unstable, which will increase mass transfer in radial
direction.

Finally, the mixing intensity of the flow is analysed through the use
of axial-radial velocity ratio proposed by Manninen et al. [18],

—1
— s 1
RV - |:; Rv(ti):l (6)

where n; is the number of image pairs acquired during an oscillatory

cycle and R, is defined as

" (’) -3 @)
=1 |V./'(tf)|‘r./'

where r; is the distance from the interrogation area (IA) center to the

pipe axis and n,, is the number of IAs for which the corresponding ve-

locity vector has been calculated.

A value of R, < 3.5 has been found to guarantee a good mixing [9].

Fig. 14a presents the axial-radial velocity ratio R, for two values of
the net Reynolds number. For both cases, when the flow velocity ratio is
low, ¥ = 1, the axial-radial velocity ratio is far over 3.5, indicating a
poor mixing. Nonetheless, as the oscillation becomes more important
(increasing ¥), flow mixing increases significantly. Thus, a proper
mixing (R, < 3.5) is achieved for the experiments with Re, = 27 at ¥ =
4.5 and for Re, = 55 at ¥ = 2. It can be then concluded that increasing
the flow velocity ratio and/or increasing both Reynolds numbers, en-
hances mass transfer in radial direction.

The same results of the axial-radial velocity ratio R,, together with
the results of a pure oscillatory flow, are plotted in Fig. 14b in order to
observe the isolated effect of the oscillatory Reynolds number. These
results can be compared with those provided by Fitch et al. [9], they
obtained the values of R, ~ 4 and R, ~ 3, for a Re,,c = 50 and a Reyse =
150, respectively, in comparison with the values of R, ~ 5.5 and R, ~ 3
obtained from our experiments. The level of agreement is acceptable if
we take into account that Fitch et al. tested a quite different dimen-
sionless amplitude, xo/D = 0.08. The highly decreasing trend of the
axial-radial velocity ratio with the oscillatory Reynolds number and the
plateau at high oscillatory Reynolds numbers was also observed by Fitch
et al. [9] and Manninen et al. [18].

The main conclusion which can be extracted is that a proper mixing
in radial direction is obtained for oscillatory Reynolds numbers above
130. Thus, as pointed out by Stonestreet and Van Der Veeken [26], the
axial mixing is not only a function of the flow velocity ratio ¥, but also of
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the Reynolds numbers. The results of this study show that only with both
an oscillatory Reynolds number Rey > 130 and a flow velocity ratio
¥ > 2 a proper mixing level can be guaranteed.

3.2.2. Heat transfer

All heat transfer tests have been performed for the same Prandtl
number, Pr = 150, and oscillation amplitude, x,/D = 0.5. For each net
Reynolds number tested, the Rayleigh number is kept constant and the
oscillatory Reynolds number is modified. The three net Reynolds
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numbers tested are in the laminar flow regime, Re, < 170, according to
previous studies [19].

Local Nusselt number. The visualization results for the pure oscillatory
flow and the compound flow have shown that the flow patterns change
with time (throughout the oscillation cycle) and space (along the cell
tank). Previous results have studied the local Nusselt number variation
in baffle geometries under steady flow conditions [12], showing a strong
dependence on the net Reynolds number.

The thermocouples arrangement allows us to obtain the local Nusselt
number, based on the average wall temperature at each of the eight
measuring cross-sections. In Fig. 15 the local Nusselt number is plotted
as a function of the dimensionless axial distance (measured as the
number of diameters from the position of the baffle previous to the
measuring sections), for Re, = 65 and a total number of four different
oscillatory Reynolds numbers. The relative position of the baffles is
indicated by vertical dashed lines.

The solution for the steady case (Re,sc = 0) is presented in Fig. 15a.
As can be noticed, the distribution has an inverted U-shaped pattern:
downstream of the baffles, the local Nusselt number increases progres-
sively until it reaches a maximum. This region is associated with a
separation and reattachment flow structure [19]. Once the flow is fully
adhered to the wall, the boundary layer thickness increases in the axial
flow direction, which yields a progressive reduction of the Nusselt
number.

Another aspect to highlight is that the local Nusselt number variation
along the cell tank decreases with Re,. for Re,, > 102. This is in
agreement with the detected change of behaviour in the visualization
experiments for Re,, > 130. In order to further quantify this trend, a
parameter which measures the mean local Nusselt number variation in
comparison to the mean Nusselt number along the cell tank is calcu-
lated. This parameter, NVj, is obtained as:

Nujfm

8
>
j=1

NV, = (®

8 Nu
and can be considered as a measurement of the uniformity of the Nusselt
number distribution.

The parameter is plotted in Fig. 16 as a function of the oscillatory
Reynolds number for the three net Reynolds numbers tested. The three
cases show the same trend, from a value corresponding to the steady
case there is an increase on the Nusselt number variation, reaching the
maximum at Rey. = 100 —130 Above this critical value the variation
decreases asymptotically to a value of 5-10% at Reysc > 400. These re-
sults are once again in agreement with the flow regimes which have
been detected in the visualization results.
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Unexpectedly, for low values of Re,. the oscillatory flow super-
position leads to an increase of the local Nusselt number variation
(Fig. 16). This can also be observed in Fig. 15b, Reyse = 102: the laminar
flow oscillation implies a significant increase of the local Nusselt number
at the cell tank center, while the shadow effect caused by the baffles is
augmented. This effect is also observed in hydrogen bubbles experi-
ments, where flow velocity is very low (see [Video 1 and] Fig. 7c).

As shown previously by the visualization results, above an oscillatory
Reynolds number Re,s. > 130, the flow becomes chaotic [15] by the
effect of the oscillatory flow. The intense mixing during both oscillation
half cycles causes a more uniform local Nusselt number along the cell
tank.

Thermal stratification. The experimental arrangement also allows for
the study of the potential existence of mixed convection. The parameter
used to quantify the buoyancy effect is the difference between the upper
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and lower inner wall temperatures, which is averaged along the eight
measuring sections.

The average temperature difference is plotted in Fig. 17 as a function
of the oscillatory Reynolds number. As can be observed, for the three
steady cases (Reysc = 0) the stratification effect is evident, with differ-
ences of around 20-30 °C between the upper and lower wall tempera-
ture. The tests for each net Reynolds number have been performed with
a different heat flux and, consequently, a different Rayleigh number, so
no conclusions shall be obtained about the effect of the net Reynolds
number on the stratification.

When the oscillatory flow is superimposed there is a clear progres-
sive reduction of the temperature difference, which has already been
observed in tri-orifice baffled tubes at low Reynolds numbers [20]. The
temperature difference becomes negligible at an oscillatory Reynolds
number of Re,s. =~ 130 —150 and above. This limit value is very similar
to the critical oscillatory Reynolds number at which the oscillatory flow
becomes chaotic. Thus, the chaotic flow is enough to cancel mixed
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Fig. 17. Mean difference between the upper and lower thermocouples as a
function of the oscillatory Reynolds number.
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convection for the range of Rayleigh numbers in these tests, Ra =
5.8.107 —1.3-108.

Average Nusselt number. While the local Nusselt number provides
information related to the flow behaviour, the most important variable
for a proper design is the mean average Nusselt number. In Fig. 18 the
average Nusselt number is shown as a function of the oscillatory Rey-
nolds number.

There are two main trends in the results, one is the increase in the
Nusselt number when the net Reynolds number increases, and the other
is the augmentation of the Nusselt number when the oscillatory Rey-
nolds number is increased. Both trends have already been observed in
baffled tubes with oscillatory flow [16,14,23].

However, the results cannot be compared properly with any of the
three existing correlations for single orifice OBRs [16,14,23]. For the
tested range, the extrapolation of the three correlations provides
completely dissimilar results, and some of them without physical
meaning (as Nusselt numbers lower than the value for a smooth tube
under pure forced convection). None of these correlations has been
designed for very low Reynolds numbers, but Re, > 100; as a conse-
quence, they do not consider the change in flow behaviour at low net
Reynolds number, when the net flow is laminar, as has already been
observed [19]. Thus, the results prove that more investigation must be
done to understand the behaviour at very low net Reynolds numbers,
where the OBRs can find more potential applications.

For the range of velocity ratios tested, ¥<20, no noticeable satura-
tion has been observed, as the slope of the Nusselt number seems to be
the same for the tested range of oscillatory Reynolds numbers. This
observation agrees with the results previously reported by other studies
[16,23].

Wall temperature standard deviation. The outside wall temperature
standard deviation has been used previously to distinguish the different
flow regimes in smooth tubes under steady flow conditions [8]. There
are 64 thermocouples along the measuring section and the mean value
of the standard deviations for each thermocouple is used as the relevant
parameter. In this way, we aim at quantifying the local wall temperature
variation over time and not between different positions (in the axial or
azimuthal direction).

However, it is reasonable to argue that for a lower temperature dif-
ference between the wall and the bulk fluid, the standard deviation of
the wall temperature would also be lower for the same flow pattern. This
observation is relevant because the tests have been carried out for an
approximately constant Rayleigh (same heat flux); thus, a higher oscil-
latory Reynolds number implies a higher convection coefficient, and,
consequently, a reduction of the wall-bulk fluid temperature difference.
In order to compensate for this effect, a dimensionless standard devia-
tion of the wall-bulk temperature difference is considered:
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Fig. 18. Average Nusselt number as a function of the oscillatory Rey-
nolds number.
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This parameter is plotted in Fig. 19. For the three net Reynolds
numbers tested the values are quite low, 0.5%, for the steady flow case
and for oscillatory flow Reynolds numbers Re,, < 100. This non-zero
but low value can be again justified by the repeatability of the ther-
mocouples. Above Re,;. = 100 there is a sharp increase in the dimen-
sionless standard deviation up to 1.5% (three times the value found in
the laminar flow regime) at Re,;, = 200. This range coincides again with
the critical Reynolds number at which the flow becomes chaotic, con-
firming that the flow behaviour has a remarkable effect on the wall
temperature, caused by the deviation of the central, colder stream,
which moves towards the walls and increases the wall temperature
variation.

In the higher range of oscillatory Reynolds numbers tested (Reosc =
200 —600) this value does not suffer significant changes, suggesting a
flow with a similar level of chaos, or, at least, at the level at which the
chaos can have an influence on the wall temperature variation over
time.

4. Conclusions

e Under oscillatory flow conditions, flow axisymmetry and temporal
periodicity have been observed for Reys. < 130, pointing out a two-
dimensional laminar flow behaviour. During the negative and posi-
tive half cycles, recirculations are created downstream of the baffles
and they grow along the cell length. Above Re,s =~ 130, the flow
becomes asymmetric and three-dimensional.

e The effect of increasing the velocity ratio (¥) or the oscillatory

Reynolds number is to increase the mixing intensity (reducing the

axial-radial velocity ratio, R,). To achieve an appropriate mixing

(R, < 3.5), a high enough oscillatory Reynolds number, Res:>130, is

required, in addition to a high velocity ratio (¥>2).

Both net and oscillatory Reynolds numbers have a positive impact on

the Nusselt number. In the range tested, up to 3-5 times increases on

the heat transfer rate have been measured in comparison to the
steady flow case. No saturation of the heat transfer rate has been

detected for the range of velocity ratios tested (¥ < 20).

The results have shown a close connection between the local Nusselt

number (along a cell tank) and the flow structure, with a more uni-

form Nusselt number distribution when the oscillatory flow becomes

chaotic, Re,s =~ 130.

The existence of mixed convection has been observed under laminar

steady flow conditions and with a superimposed oscillatory for

Re,sc < 150. The onset of the chaotic oscillatory flow removes the

thermal stratification of the flow.
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Fig. 19. Dimensionless wall temperature standard deviation as a function of
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e The onset of the chaotic flow regime has a significant effect on the
standard deviation of the wall temperature over time. There is a
sharp increase of this value in the range 100 < Re,, < 200.
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