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Three-orifice baffles equally spaced along a circular tube are investigated as a means for heat transfer
enhancement under net, oscillatory and compound flows. An unprecedented, systematic analysis of the relative
orientation of consecutive baffles — aligned or opposed - is accomplished to assess the changes induced on the
flow structure and their impact on the thermal-hydraulic performance. The results cover the Nusselt number,
the net and oscillatory friction factors and the instantaneous velocity fields using PIV in an experimental
campaign with a 32 mm tube diameter. The study is conducted in the range of net Reynolds numbers
50 < Re, < 1000 and oscillatory Reynolds numbers 0 < Re,,. < 750, for a dimensionless amplitude x,/D = 0.5
and Pr = 65. In absence of oscillatory flow, opposed baffles advance the transition to turbulence from Re, = 100
to 50, increasing the net friction factor (40%) for Re, > 50 and the Nusselt number (maximum of 27%) for
Re, < 150. When an oscillatory flow is applied, augmentations caused by opposed baffles are only observed for
Re, < 150 and Re,,. < 150. Above Re,, Re,, > 150, opposed baffles are not recommended for the promotion
of heat transfer, owing to friction penalties. However, the chaotic mixing and lack of short-circuiting between
baffles observed with flow velocimetry over a wide range of operational conditions point out the interest of
this configuration to achieve plug flow.

1. Introduction in tubular baffled reactors, as a means for achieving plug flow charac-
teristics [12], promotes also high tube-side heat transfer coefficients,
allowing to accommodate high heat fluxes in chemical reactions that
require simultaneous heating or cooling. Nusselt number correlations
for the so-called Oscillatory Baffled Reactors (OBRs) were proposed for
the first time by Mackley et al. [13], taking into consideration the effect
of the net flow velocity and the frequency and amplitude of oscillation
using the net Reynolds number and the oscillatory Reynolds number.
Single-orifice circular baffles were placed inside the tube, allowing for
the oscillatory flow to generate a mechanism of cyclic dispersion of

The superposition of an oscillatory flow to a net flow in a pipe is a
well-known means for heat transfer enhancement [1,2], driven by the
increase in wall shear stress and the potential change in flow direction.
Heat transfer characteristics of pulsating pipe flows have been a focus of
interest in a wide variety of applications, ranging from turbomachinery
cooling [3-5], cleaning in place for food industry [6] or heat sinks for
electronics cooling [7], among others. A comprehensive review of heat

transfer enhancement by pulsating flows can be found in [8].

When this active technique is combined with artificial tube rough-
ness [9,10] or with the use of inserts [11], the resulting compound
enhancement method provides a significant heat transfer augmenta-
tion, remarkably when low net flow velocities yield long residence
times in the pipe and laminar flow characteristics exist in the absence
of pulsation. In particular, the superposition of net and oscillatory flows
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vortices upstream and downstream of the periodically-spaced inserts,
that were responsible for the high degree of mixing, reduced axial
dispersion and heat transfer enhancement.

Table 1 collects the details (tested range and geometry under study)
of previous experimental studies on thermal-hydraulic aspects of OBRs.
Only studies with oscillating flow (instead of oscillating baffles) are
presented.
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Propylene glycol weight concentration, %
Specific heat (J/(kg K))

Orifice diameter (m)

Tube inner diameter (m)

Oscillation frequency (Hz)

Heat transfer coefficient (W/(m? K))

Electric current (A)

Thermal conductivity (W/(m K))

Cell length (m)

Heated length (m)

Distance between pressure ports (m)

Baffled tube length in PIV facility (m)
Entry-outlet length in PIV facility (m)

Mass flow rate (kg/s)

Heat flux, W/m?

Heat losses, W

Open area (-), (n-d /D)2

Temperature (°C)

Velocity vector (m/s)

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

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

Voltage (V)

Axial distance from the start of the heated area
(m)

Oscillation amplitude, centre to peak (m)

Coefficient of volumetric thermal expansion
(1/K)

Dynamic viscosity (kg/(m s))

Kinematic viscosity (m2/s)

Fluid density (kg/m?)

Oscillation phase angle (°)

Time step between consecutive images (s)
Net pressure drop (Pa)

Amplitude of the oscillating pressure drop (Pa)

bulk

Inlet of the test section

Section number

Circumferential position number
Inner wall

Dimensionless groups

Net Fanning friction factor, 22 2
20Uy L,
Oscillatory Fanning friction factor,
APmax

2 Qx [ %P L,
Net Reynolds number, pU,D/u

Oscillatory Reynolds number, p(2z fxy)D/u
Velocity ratio, Re,,./Re,
Prandtl number, uc,/k
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Modified Rayleigh
gpc, B DY q" /(v i
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The scale-up of single-orifice OBRs, however, showed a reduction
of intensity and length-scale of mixing. To overcome this problem,
Smith and Mackley [14] suggested the use of multi-orifice baffles, that
would mimic the many smaller diameter tubes in parallel proposed by
Ni [15] as a solution for the scaling-up of single-orifice OBRs. This
approach would be rather similar to a reciprocating plate column [16],
but oscillating the fluid and not the baffles.

One distinctive feature of the multiorifice designs is that they of-
fer the option to rotate alternatively consecutive baffles, in order to
break the strict flow periodicity. This involves a modification of the
flow structures, in comparison with aligned multiorifice baffles. Heat
transfer performance, energy dissipation or radial mixing might also
be affected by this misalignment. However, while aligned baffles have
been generally characterized (flow behaviour [17], mixing [18], heat
transfer and pressure drop [19]), the effect of opposed multiorifice
baffles has rarely been treated in the open literature [20]. In their
publication, Baird and Rao [20] studied the effect of the misalignment
of multiorifice plates in oscillatory baffled columns on power dissi-
pation. They found a significant influence of the misalignment for a
distance between plates / = 50 mm and oscillating amplitude x, =
10 mm, with D = 190 mm. The differences, however, were negligible
for x, = 5 mm, as well as for / = 100 mm and both amplitudes. The
authors did not provide any measurement uncertainty analysis, which
limits the significance of the results. The absence of flow oscillation also
limited the conclusions of this work to the corpus of oscillatory baffled
reactors. To the best of our knowledge, no further investigations on the
misalignment of multiorifice plates in OBRs have been reported so far
in the open literature.

The lack of strict periodicity of the baffles’ orientation in OBRs
has been conversely studied from the perspective of different axial
baffle arrangements. In their search for the rupture of the shortcut
between consecutive baffle orifices, Mazubert et al. [21] introduced
a central baffle between single-orifice baffles. The authors reported
a significant increase in pressure drop and shear strain rate, but nei-
ther the axial dispersion nor the radial mixing were improved. Zhang
et al. [22] evaluated different chambers connecting consecutive cells in
oscillatory baffled crystallizers, with the aim of breaking the shortcut.
They demonstrated the positive impact of these designs on the particle
suspension performance of the reactor.

On the basis of this literature review, the impact of the misalign-
ment of consecutive orifice baffles on the fluid mechanics and heat
transfer performance of OBRs is still unclear. Most of the designs rely
on the generation of jets across the orifices that yield vortex dispersion
and further dissipation of the accelerated flow along each cell tank.
Depending on the amplitude of the oscillation, a shortcut phenomenon
might occur when jets cross aligned baffle orifices. The misalignment
of consecutive orifice baffles, however, might involve different flow
pattern mechanisms, whose description and influence on the friction
and heat transfer characteristics of the flow have not been analysed.

In this work, a global approach to these open questions is applied to
a tube with three-orifice baffles orientation with aligned and opposed
configurations working under net, oscillatory and compound flow con-
ditions. To this aim, three main measurement techniques are used
in both a thermal-hydraulic and a visualization rig: (1) heat transfer
tests to obtain the Nusselt number under uniform heat flux conditions
and a Prandtl number of 65, (2) pressure drop tests under isothermal
conditions to determine the net and oscillatory Fanning friction factors,
and (3) PIV tests to derive the instantaneous velocity fields. The results
are presented and discussed in different sections according to the type
of flow: net, oscillatory or compound. The dimensionless amplitude
tested was the same for all the cases, x,/D = 0.5, covering a wide
range of Reynolds numbers: 50 < Re, < 1000 and 0 < Re,,, < 750.
The outcomes of this investigation allow us to establish the operational
regions where opposed baffles can provide a significant enhancement
over the aligned baffles.
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Table 1

Experimental studies on oscillatory baffled reactors.
Ref. Type of test Re, Re,,, xo/D Pr Geometry D (mm) / N
[23] FV, PD 0 300-4000 0.07-0.26 - MH1 25.7 1.5D 0.35
[11] HT 100-700 200-1600 0.12 124 MH1 12 15D 0.34
[13] PD, HT 150-1000 300-800 0.29-0.57 72 MH1 12 1.5D 0.60
[24] HT 0 50-1000 0.08-0.47 102 MH1 24 1.5D 0.16
[25] FV 0 12-560 0.05-2.5 - SPC 4.4 3D 0.13
[26] Fv 0 182-300 0.08 - MH1 50 1.5D 0.25
[27] HT 100-1000 0-1590 0.21 - MH1 24 1.5D -
[28] FV 0 650-1300 4 - MH3a 60 09D 0.24
[29] HT 200-1400 0-2770 0.23 4.4-9 MH1 26.2 2D 0.25
[30] HT 10-55 0-200 0.1-0.4 5.4 SPC 5 2.6D 0.16
[19] PD, HT 10-600 10-440 0.5 190-470 MH3a 32 0.87D 0.25
[31] Fv, HT 20-65 0-650 0.5 150 MH1 32 15D 0.25
[32] PD 0 10-1000 0.14-0.50 - MH1, MH3a 32 1.5D 0.25
[20] PD 0 4 -10%-36 - 10° 0.025-0.05 - MH3a, MH30 19.4 0.25D 0.169

Type of test: HT = Heat transfer, PD=Pressure drop, FV = Flow visualization.

Geometry: MH1: one-orifice baffles, MH3a = three-orifice aligned baffles, MH30 = three-orifice opposed baffles.

SPC = Smooth Periodic Constrictions.

(b)

Fig. 1. Three-orifice baffles configurations tested: (a) aligned and (b) opposed.

2. Experimental methodology
2.1. Baffles tested

The baffles selected for the present investigation are depicted in
Fig. 1 and will be abbreviated as MH3 baffles from this point forward.
Three-circular orifices, n, = 3, separated 120° provide the same open
cross-section area than the standard orifice baffle, S = 0.25 (which was
proposed as the optimum value by Ni et al. [12] from the results of
mixing times for different operating conditions). The distance between
baffles, /, is shorter if compared to one orifice baffles where / = 1.5- D,
allowing for the appropriate dispersion of vortices along smaller cells.
Following the recommendation from Gonzalez-Juérez et al. [18], the
ratio / = 1.5 - D, is kept constant, where D,, = D/ \/”_o

The baffles are made of PEEK plastic, to avoid electrical and thermal
conduction from the tube wall, with thickness e = 1 mm.

Consecutive baffles present the same orientation with respect to the
tube axis in the aligned baffle arrangement (Fig. 1a). Conversely, the
opposed baffle arrangement (Fig. 1b) is built with a rotation of 60°
between consecutive baffles.

2.2. PIV facility

The facility depicted in Fig. 2a was built for visualization purposes.
The test section is made of acrylic tube with equally spaced inserted
baffles. A total number of 12 baffles ensures the spatial periodicity of
the flow field in its middle section. The test section is L, = 331 mm long
and complies with the dimensions in Fig. 3 with a wall thickness of

3 mm. The flow is visualized in the space between consecutive baffles.
Around the visualization area, a flat-sided acrylic box, filled with the
same working fluid, is placed to reduce optical distortion. Water is used
as working fluid.

The temperature of the working fluid is adjusted using an elec-
tric heater (11) and a chiller (9) connected through a plate heat
exchanger (8). A centrifugal pump (1) circulates the net flow from
the reservoir tank (10) to the test section in a closed loop. The su-
perposition of an oscillatory flow is achieved by the connection of
a double-effect hydraulic cylinder (16) to the test section. The use
of a slider-crank mechanism (15) allows for its activation, generating
a sinusoidal linear displacement with frequencies between 0.12 Hz
and 1.2 Hz. A flow control valve (2) is used to ensure a stable net
flow. The position of the hydraulic cylinder (16) is measured by a
magnetostrictive position sensor (17).

The flow is seeded with 57 pm polyamide particles with a density of
1051 kg/m>. A 1 mm thick laser light sheet of 808 nm wavelength illu-
minates a vertical plane of the tube. Consecutive images of the seeded
flow are captured by a 1280 x 1024 pix> CMOS IDT MotionScope
M3 high speed camera. The spatial resolution of the images is around
0.031 mm. PIV is carried out by using PIVlab v2.31 for Matlab [33].

After PIV image pre-processing (background removal, histogram
equalization, intensity high-pass and intensity capping), 97.7% of the
velocity vectors are found valid, PPR > 2 (peak-to-peak ratio) for the
net flow tests. Image processing is carried out by the adaptive FFT
(Fast Fourier Transform) cross correlation algorithm in four steps, with
interrogation area sizes: 192 x 192 pix?, 128 x 128 pix?, 96 x 96 pix?
and 88 x 88 pix? (all of them with a 50% overlap), leading to a spatial
resolution of the velocity field equal to 1.35 mm. Post-processing
includes the application of a global filter (based on the manual selection
of the points that deviate significantly from the main cloud of points,
when x and y velocity components are represented) and two local filters
(based on the standard deviation and the median of the neighbour
windows velocities).

Given the dissimilar velocities found both in the space and time
domains, a time step between snapshots that ensured PPR > 2 for at
least 85% of the velocity vectors at # = 0° (maximum average velocity)
was chosen.

Table 2 summarizes the PIV tests carried out for both geometries
and the time step between consecutive images that was used. This
nomenclature (N1, N2, etc.) is also used along the paper to represent
the tested points in the pressured drop and heat transfer results.

2.3. Thermohydraulic facility

Fig. 2(b) shows the thermohydraulic facility, where three different
types of tests have been performed. The test section consists of a
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(a) PIV facility setup: (1) Centrifugal pump, (2) flow control valve, (3) input flow temperature probe B 1/10 DIN PT100, (4) test section with
insert baffles and compensation box, (5) output flow temperature probe B 1/10 DIN PT100, (6) manual valve, (7) Coriolis flowmeter, (8) plate
heat exchanger, (9) chiller, (10) reservoir tank, (11) electric heater with temperature control system, (12) PIV high speed camera equipped with
a MACRO lens, (13) PIV laser, (14) motor-gear assembly, (15) rod-crank system, (16) double effect piston and (17) magnetostrictive position
Sensor.

14 15 /\

17 -—

—
(o)

5
2l L° ;

6 -
4 — -
1 Temperature
’—l control loop
—)

(b) Thermohydraulic facility setup. (1) reservoir yank, (2) gear pump, (3) Coriolis flowmeter, (4 & 12) manual valves, (5 & 11) input/output
temperature probes B 1/10 DIN PT100, (6) test section with insert baffles, (7) type T thermocouples set, (§) SMAR LD-301 static differential
pressure sensors, (9) Kistler 4264A dynamic differential pressure sensors, (10) autotransformer, (13) agitator, (14) double effect hydraulic
piston, (15) rod-crank assembly, (16) gear-motor group, (17) magnetostrictive position sensor

Fig. 2. Experimental facilities.

Table 2

PIV tests data.
Test m (kg/h) xo (mm) f (Hz) Re, Re,,, At (ms)
N1 10 - 0 115 0 20
N2 20 - 0 230 0 10
N3 30 - 0 460 0 5
01 0 16 0.056 0 190 20
02 0 16 0.112 0 380 6.7
03 0 16 0.165 0 570 5
Cl 10 16 0.056 115 190 20
Cc2 10 16 0.112 115 380 6.7
Cc3 10 16 0.165 115 570 5

2 m long 316 stainless steel tube, with 32 mm i.d. and 1.5 mm wall
thickness, where the baffles are introduced. The main tank (1) includes
an electrical heater and mixer (13) that ensures a homogeneous mixture
and heats the fluid when it is required. An external loop can keep
constant the tank temperature in the range 15-40 °C.

Table 3 shows the values of the variables that have been modified
to cover the tested ranges. The ranges tested were selected to reproduce
conditions.

The flow rate range has been selected to reproduce the net Reynolds
number range 50 < Re, < 1000 that: (1) covers the expected critical net
Reynolds number (~100 [19]) for the aligned baffles, so the differences
between both configurations can be appreciated more clearly, and (2)
there are potential applications, because a smooth tube would produce
intense mixing at higher Reynolds numbers (Re > 4000).

The particularities for each type of test are described below.

2.3.1. Net pressure drop tests

The net pressure drop tests are carried out with valves (4) and
(12) open, the oscillatory system (14-16) and transformer (10) are
turned off, so there is only net flow (provided by the main pump (2))
and no heating is applied. These tests are performed under isothermal
conditions at room temperature.

The net pressure drop is measured by a differential pressure trans-
ducer, model LD301 (8). Two different ranges are used for this study:



J. Mufioz-Cdmara et al.

Applied Thermal Engineering 236 (2024) 121566

Table 3

Thermohydraulic tests data (for both configurations).
Type of test C (%) T, (°C) m (kg/h) X, (mm) f (Hz) q" (W/m?)
Net pressure drop 50, 80 22 30-500 - 0 0
Oscillatory pressure drop 50, 80 22 0 16 0.22-2.2 0
Heat transfer 50 307 30-500 16 0, 0.26, 0.66, 0.98, 1.30 5500-9000

2 Bulk temperature measured at the first thermocouple section, T, .

0-50 mbar and 0-500 mbar. The distance between pressure ports in
the test section is 1295 mm, with 46 baffles located between them.

The fluid properties are evaluated at the mean temperature in
the test section (PT100s (5) and (11)). Two propylene glycol-water
mixtures, 50% and 80% propylene glycol, are used to widen the range
of net Reynolds numbers covered and, at the system, check the repeata-
bility of the measurements.

For each net Reynolds number tested, 100 samples are taken by the
datalogger (model Agilent 34972A) at a frequency of 1 Hz.

2.3.2. Oscillatory pressure drop tests

For the oscillatory pressure drop tests, the main pump (2) is turned
off and valves (4) and (12) are closed. The system is previously pressur-
ized to avoid the potential risk of cavitation in the test section. Again,
the transformer is not connected, and the tests are performed at room
temperature under isothermal conditions.

The flow takes place in the oscillatory loop, provided by the motion
of a double-effect hydraulic cylinder (14). A crank and slider mecha-
nism (15) ensures that if follows a quasi-sinusoidal motion when it is
connected to the motor (16). A magnestroctive sensor (17) measures
the instantaneous position of the cylinder rod.

The instantaneous pressure drop between the pressure ports (the
same used for the net pressure drop tests) is acquired by piezoresistive
differential pressure sensors, model KISTLER 4264A, ranges +100 mbar
and +1000 mbar. These sensors have a response frequency of 2000 Hz,
enough to resolve the pressure drop signal for an oscillating cycle.

The high frequency signals (pressure drop and position) are ac-
quired by the acquisition card USB-6001 (National instruments) at a
sample rate of 2.8 kHz for each channel. At least 20 oscillation cycles
have been obtained for each oscillatory Reynolds number tested.

The fluid properties are evaluated at the mean temperature in the
test section (from (5) and (11)).

To characterize the oscillatory pressure drop, the oscillatory Fan-
ning friction factor is calculated. It is based on the common definition of
the Fanning friction factor, but using the maximum oscillatory velocity,
27 f x,, and the pressured drop amplitude, 4p,,,., as the characteristic
velocity and pressure drop, respectively.

Apmax D

— “Pmax 2 1
20 @x f %P L, W

fOSC =

Ap,.., is obtained by a nonlinear statistical fitting (of the real
pressured drop signal) to a sine wave. The value of the fitted amplitude
is taken as 4p,,,,-

2.3.3. Heat transfer tests

The heat transfer tests are performed for net flow conditions and
compound conditions (net + oscillatory flow). Thus, valves (4) and
(12) are open and the heating by Joule effect applied (10). The only
difference between the tests for net flow and compound flow is the state
of the oscillatory system (14-16), turned off or not, respectively.

The local Nusselt number at a given axial position is evaluated from:

V.I-

Nuj — Qlosses . l (2)
aLy(Ty,; — T,,J) k;

V and I are the voltage and intensity applied by the transformer,

their product corresponds to the raw heat applied to the tube. The

voltage is measured directly by the datalogger, while the intensity is

[l /=27.6 mm []

32 mm

D=
1.5 mm

e=1lmm

—

(b) Misaligned baffle arrangement.

Fig. 3. Dimensions of the baffles and thermocouple disposition (red dots) for aligned
(a) and opposed (b) baffles.

measured by a hall effect sensor. L, is the heated section length, which
corresponds, for this case, to the distance between the two electrodes
that connect the test section to the transformer, L, = 1420 mm. k; is the
thermal conductivity of the test fluid evaluated at the bulk temperature
at the axial position j. It should be noted that the inner pipe wall is
considered as the heat transfer surface area, due to the low thermal
conductivity of the baffles.

T, ; is the fluid bulk temperature at the axial position j, which can
be calculated as:
V-Il- Qlosses . x_]

n-c, Ly

where T, is the inlet fluid temperature (from PT100 (5)), n is the
mass flow rate (Coriolis flow meter (3)), and ¢, is the specific heat of
the fluid at the inlet temperature. x; is the distance between the axial
position j and the start of the heated section.

The inner wall temperature cannot be measured directly, so the
outer wall temperature is taken instead by type T thermocouples (7).
For each axial position j, 8 thermocouples equally distributed are
placed on the outer wall of the tube as depicted in Fig. 3 (ensuring an
accurate measurement when flow stratification is present). The average
of these 8 measurements is taken as the outer wall temperature. To
derive the inner wall temperature from the outer, a 1D discrete model
is used to solve the heat conduction with internal heat generation in
the tube.

The heat losses, Q,,,.;, are estimated from the averaged outer wall
temperature, by considering the thermal conductivity and thickness
of the thermal insulation layer and the outer heat transfer coefficient
(natural convection) from well-known correlations for a horizontal
cylinder [34]. The tube was thermally insulated with a layer of rock-
wool (thermal conductivity of 0.035 W/(m K)) with a thickness of
50 mm. The outer surface was covered with a 5 mm thick multilayer
insulation (aluminium and polyethylene) of low emissivity (0.06).

These calculations are repeated for 8 axial sections to catch the vari-
ability of the Nusselt number along one cell (distance between baffles),

Ty, =Ty + ©)
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Table 4 Table 5

Measurement uncertainties. Uncertainties of the relevant variables.
Measurement Uncertainty Variable Max. uncertainty (%) Mean uncertainty (%)
Mixture concentration, C 0.7% Re, 5.8 2.2
Tube diameter, D 0.1% measure Re,,, 5.7 3.8
Heat transfer section, L, 0.01 m xo/D 1.8 1.8
Thermocouples position, x; 0.005 m Pr 3.4 1.9
Pressure test length, L, 0.005 m Rax 4.7 3.5
Mass flow rate, m 0.2% measure fn 15.1 4.2
Net pressure drop, 4p, 0.1% full scale (50 or 500 mbar) Sose 16.0 5.7
Frequency, f 0.004 Hz Nu 10.2 6.9
Oscillation amplitude, x, 0.3 mm
Oscillatory pressure drop, 4p,,,. 0.2% full scale (100 mbar or 1 bar)
Inlet temperature, T}, 0.1-(0.03 4+ 0.005 - T(°C)) 30r

1.0 °C

0.06% measure + 0.04% full scale (10 V)
2% full scale (600 A)

50% measure

Outer wall temperature, T,
Voltage, V

Intensity, /

Heat losses, Q,,;.;

which is due to the fact that the baffles prevent the flow development.
Because one cell length is too short to place 8 measurement sections
(64 thermocouples in total), the periodicity of the flow is considered to
place the measuring section in 8 different cell positions (relative to the
previous baffle) and different cells.

For all the signals, 30 samples for each test are acquired by two
dataloggers (model Agilent 34970A and 34972A), with an acquisition
rate of 0.1 Hz.

2.4. Fluid properties

The required fluid properties (density, dynamic viscosity, specific
heat and thermal conductivity) are calculated by interpolation on the
tabulated data of propylene-glycol and water mixtures included in
ASHRAE’s 2001 fundamentals book [35], as a function of the temper-
ature and the propylene-glycol concentration.

Because the propylene-glycol concentration is sensitive to previous
tests (dead zones in the hydraulic circuit) and the humidity in the lab
(propylene-glycol is hygroscopic), it is important to consider a method
to periodically measure the real concentration. To do so, a Cannon-
Fenske viscometer is used to measure the kinematic viscosity in a
thermostatic bath at a known temperature (around 30 °C), then the
concentration that better fits the measured viscosity is considered. The
high sensitivity of the fluid viscosity with the concentration provides a
low uncertainty.

2.5. Uncertainty analysis

The uncertainty analysis follows the methodology included in [36].
As a sum up, the uncertainty of each direct measurement (e.g., net
pressure drop) includes the bias component (obtained from the sensor
manufacturer, collected in Table 4) and the random component (de-
rived from the standard deviation of the corresponding measurements
of a variable); then, error propagation is applied to calculated the global
uncertainty of the variables of interest (e.g., net friction factor).

As can be observed, the fluid properties uncertainties are not in-
cluded in Table 4, because these are not a variable directly measured,
but derived from the concentration and temperature of the fluid. Con-
sequently, they are calculated for each tested by applying the error
propagation (from the uncertainties of the fluid temperature and con-
centration). Because the properties are derived from interpolation on
tabulated data, the partial derivatives to apply the error propagation
formula were obtained numerically.

The uncertainty for each test for a 95% confidence interval is
included directly in all the figures throughout this work. Table 5
shows the maximum and average uncertainty for the different results
of interest.
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Fig. 4. Net Fanning friction factor vs. net Reynolds number for both MH3 baffle types.

3. Results
3.1. Net flow

Pressure drop. Fig. 4 shows the Fanning friction factor under net flow
conditions for both the aligned and the opposed three orifice baffles.
The results for the opposed baffles are obtained for two different
propylene glycol-water mixtures to increase the range of net Reynolds
numbers tested and to prove the consistence of the results where the
ranges for both mixtures overlap (Re, = 50 — 300).

At low net Reynolds numbers, Re, < 40, both configurations display
the same trend and differences below the experimental uncertainty.
However, the opposed baffles experience a sharp change in the curve
slope at Re, ~ 40, indicating the end of the laminar flow regime, while
the aligned baffles show a similar behaviour at Re, ~ 90. Thus, both
configurations imply a significant reduction in the critical net Reynolds
number when compared to one-orifice baffles, where Re, ~ 165 [37].

The transition occurs smoothly when compared to a smooth tube,
and the trends are different enough to prevent the use of one of the
available methods to delimit the different flow regimes [38].

Beyond the laminar flow region, the friction factor is significantly
higher for the opposed baffles, a maximum of 60% for N1 (Re, =
115), and around 40% in the region where the friction factor for both
configurations seems to become stable (N3).

Velocity field. The velocity field in pure net flow conditions has been
obtained in a symmetry plane of the tube at Re, = 115 (N1) and Re, =
460 (N3) for both configurations. The analysis in these operational
conditions is aimed at helping to identify the smooth transition to
turbulence observed in pressure drop results (Fig. 4).

As shown in Figs. 5(a) and 7(a), for Re, = 115 and Re, = 460,
respectively, the average flow pattern for the aligned geometry is
dominated by a jet connecting the orifices of consecutive baffles and
a recirculation bubble that extends along the upper half of the cell.
(Fig. 7(a)). Increasing the net Reynolds number results in lower veloc-
ities in the final part of the jet (Fig. 7(a)-I), presumably due to higher
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Fig. 5. PIV velocity fields at Re, = 115 for the geometries under study. Experiment N1 (Table 2).

momentum diffusivity, and higher local velocities in the recirculation
bubble (Fig. 7(a)-1I).

The average velocity field depicted in Figs. 5(b) and 7(b) for the
opposed baffles’ arrangement allows us to observe a similar jet structure
downstream of the baffles. However, the misalignment of the baffle
located immediately downstream prevents the further development
of the jet. The recirculation in the upper part of the cell is affected
by the three-dimensional flow structures originated by the blockage
encountered by the jet. Local axial velocities in the visualization plane
are higher than radial velocities. The evacuation of the flow through the
upper orifice of the baffle downstream (Fig. 5(b)-I) is also detected. The
increase of the net Reynolds number causes the jet to dissipate faster,
being significantly shorter for Re, = 460 than for Re, = 115.

As shown in pressure drop experiments for both configurations, the
flow presents a smooth transition to turbulence. A good measure for the
flow instability is to compare average and instantaneous velocity fields.
When doing so at Re, = 115 (Fig. 5), small differences are observed for
the aligned geometry, while the differences are more clearly detected
for the opposed geometry. In any case, the flow does not show fully
turbulent characteristics, although these results and pressure drop ones
imply that the flow is, at least, transitional for both geometries.

The comparison of average and instantaneous velocity fields at
Re, =460 (Fig. 7) confirms, for both geometries, the chaotic nature of
the flow. These observations can be quantified by performing a Proper
Orthogonal Decomposition analysis [39] that decomposes the flow in
a series of coherent structures (modes) arranged by its corresponding
kinetic energy. The first mode corresponds to the averaged velocity
field and, consequently, the kinetic energy of the averaged field can
be compared to the total kinetic energy of the flow (averaged plus
fluctuations) in order to evaluate the weight of the fluctuations.

Fig. 6 represents the kinetic energy of the fluctuating components
(as a percentage of the total kinetic energy of the flow) as a function
of the net Reynolds number. Even at the lower net Reynolds number,
Re, = 110, the fluctuating components have a significant weight on
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Fig. 6. Energy of the fluctuating components of the flow, from a Proper Orthogonal
Decomposition analysis, as a function of the net Reynolds number.

the energy of the flow for both configurations, >5%. It should be
considered that the flow may present fluctuations even under laminar
flow conditions due to: measurement uncertainties, fluctuations of the
flow rate due to the pump, etc. As a reference, a 2% of the kinetic
energy of the fluctuations was measured for a laminar case in a one-
orifice baffle configuration under similar working conditions (lighting,
particle size, PIV algorithm, etc.) [40].

The effect of increasing the net Reynolds numbers is clear for both
geometries: an increase on the kinetic energy of the fluctuations. For
the range of net Reynolds numbers tested, the weight of the fluctuations
is higher for the opposed baffles (around 3%-5%), which confirms the
more ‘chaotic’ behaviour observed for this configuration.
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Fig. 7. PIV velocity fields at Re, = 460 for the geometries under study. Experiment N3 (Table 2).

Additionally, a better understanding of the instantaneous flow field

- . . —&— MH3 Aligned
characteristics for both geometries and the experiments N1 to N3 can —§— M3 Op;g?nosed N -
be obtained from Video 1, where compositions of PIV instantaneous 200 F ———-MH3 Aligned [22] : ;

velocity fields are shown and analysed.

In contrast with the flow structures reported in one-orifice baffled
tubes, low velocity regions do not appear downstream of each orifice
in any of the configurations analysed. The recirculations close to the
tube wall are not detected either, and this kind of structure is only
found in the spaces opposed to each one of the orifices. This observation
was already reproduced numerically by Gonzélez-Juarez et al. [18] for
oscillatory flow conditions.

100 p

Nusselt number
W
()

20 + + - +
50 100 400 1000

Heat transfer. Fig. 8(a) shows the Nusselt number as a function of the
Net Reynolds number

net Reynolds number for both baffle orientations and a Prandtl number
Pr = 65. Only one propylene-glycol water mixture has been used, ()
reducing the range tested in comparison to the pressure drop measure-
ments. Rayleigh number in the range Ra* = 1.5 — 3.2 - 10® has been
tested; for the sake of a better comparison, the value is approximately
the same for both baffle orientations at each net Reynolds number. 30F

As a reference, the dashed lines represent the values obtained from
correlations for MH3 aligned baffles, available in a previous study [19].
In the laminar flow regime, the experimental results overlap with
the correlation, while the experimental data in the turbulent region
falls below the correlation (~10%). This mismatch is acceptable if we
consider the uncertainty associated to the correlation, and the fact that ot
it was developed for the range 190 < Pr < 470, far from the value used
in this study (Pr = 65). 10 | ! | |

As can be seen, there is no variation in the curve slope for the 50 100 400 1000
range tested for the opposed baffles, confirming that no relevant flow Net Reynolds number
transition takes place. In fact, all the data can be fitted to the correlation ()
in Eq. (4) with a deviation lower than 10%. On the other hand, the
aligned baffles show a Sharp increase on the Nusselt number at Re, = Fig. 8. (a) Nusselt number and (b) temperature stratification vs. net Reynolds number
130, indicating the end of laminar flow regime. This value is close to for both MH3 baffle orientations, Pr=65 (C = 50%).
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the critical Reynolds number, Re, = 105, obtained by Mufioz-Cadmara
et al. [19].

N“op =0412- Re2'757 . p0-285 @

It is the range from the end of the laminar region of the opposed
baffles to the end of the laminar region of the aligned, Re, = 40 — 130,
where there is a noticeable heat transfer enhancement. A maximum
increase of 27% in the Nusselt number is achieved at Re, = 120. For
Re, > 150, the enhancement falls below the experimental uncertainty.

The different value for the critical net Reynolds number from the
pressure drop results, Re, = 90, and the heat transfer results, Re, = 130,
can be partly explained by the measurement uncertainty. But another
relevant factor could be the thermal effects associated to the heat
transfer tests: presence of mixed convection and wall-fluid temperature
drop.

The existence of buoyancy effects on the flow can be deducted
from local wall temperature measurements. As an example, the average
temperature difference (for the 8 axial positions) between the upper
and lower thermocouples is plotted in Fig. 8(b) as a function of the net
Reynolds number.

Both baffle orientations display a high vertical temperature gradient
at low net Reynolds numbers. The aligned baffles show the expected
behaviour: temperature stratification (i.e., natural convection effects)
in the laminar region (Re, < 130) and negligible stratification in the
transitional-turbulent regions. On the contrary, the opposed baffles
should not experience a flow transition in the tested range, but they
also display a significantly high temperature stratification, but lower
than the aligned baffles. Thus, it can be concluded that the opposed
baffles are working under turbulent or transitional mixed convection
conditions for Re, < 130.

If the values for both configurations are compared, the opposed
baffles display a significantly lower temperature stratification for all
the range tested below Re, = 130, for example, for N1 (Re, = 115)
the temperature difference is 15 °C lower for the opposed baffles.
For higher net Reynolds numbers (for example points N2 and N3) the
temperature stratification is negligible for both configurations.

There is a change in the decreasing trend of the temperature strat-
ification as a function of the net Reynolds number, which cannot
be explained by the measurement uncertainty. The increase in the
temperature difference between Re, = 70 and Re, = 80 is due to the
increase of the Rayleigh number from Ra* = 1.6 107 to Ra* =2.2-107.
While the Rayleigh number was kept constant for the three lowest net
Reynolds numbers, it was modified for the next point to keep a high
enough wall-fluid temperature to ensure an acceptable uncertainty for
the Nusselt number.

3.2. Oscillatory flow

The oscillatory flow has been studied by performing pressure drop
and visualization tests.

Pressure drop. Fig. 9 shows the oscillatory Fanning friction factor as a
function of the oscillatory Reynolds number for a dimensionless ampli-
tude xy/D = 0.5. The oscillatory friction factor for the opposed baffles’
configuration does not show any sharp change on its trend, indicating
that there is no flow regime transition in the studied range, or it is
quite smooth. For the aligned baffles’ arrangement, friction reaches a
minimum at around Re,,, =~ 200 (near O1), which could correspond
to the end of the unsteady laminar region. The friction factor is again
significantly higher for the opposed baffles’ configuration, around 20%
for Re,,, =570 (test 03).

As a reference, results from the correlation proposed by Muiioz-
Camara et al. [32], which provides the oscillatory friction factor as
a function of Re,, and x,/D, is plotted. For Re,, < 300, there is
a good match between the experimental results and the correlation.
However, the correlation underestimates the friction factor at high
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Fig. 9. Oscillatory Fanning friction factor vs. oscillatory Reynolds number for both
MH3 baffle orientations. x,/D = 0.5.

Re,,., what could be due to: (1) the correlation was developed for
0.14 < x,/D < 0.43 while the value x,/D = 0.5 was used for this study,
and (2) the relative lack of points at high Re,,, that were available to
develop the correlation. Regarding the opposed baffles, the data seems
to approach the aligned baffles curve at low Re,,., as it happens for net
flow conditions, however the minimum Re,,. tested is not low enough
to confirm this point.

The data for the opposed MH3 baffles can be fitted to the following
correlation within a 5% deviation:

70.1
fosc,op Re +7.32- R802‘0327 XO/D =0.53 (5)

osc

osc

The uncertainty associated to the experimental measurements is
high, and it is mainly due to the pressure transducer uncertainty.
However, the real uncertainty is expected to be lower due to the fact
that the differential pressure transducer measures the amplitude of the
pressure drop (i.e., the difference between the pressure drop during the
positive and negative half-cycles), instead of an ‘absolute’ pressure; this
implies that the bias component of the sensor error would have a lower
effect on the measurement error than the one that was considered.

Velocity field. The oscillatory flow field is presented for both configu-
rations and Re,,. = 190 (O1) and Re,, = 570 (03) in Figs. 11 and 12,
respectively. The flow pattern of the experiments is shown for different
positions of the oscillatory cycle, which is presented in terms of 6, the
cycle position, as illustrated in Fig. 10. The value # = 0° corresponds
to the instant of maximum average velocity towards the right side.
The oscillatory flow is symmetric in time, meaning that the flow
between 0° < 6 < 180° is symmetric to the one between 180° <
0 < 360°. Being so, results are presented for § = 0°, 45°, 90°, 135°.
The results for Re,,, = 190 at § = 0° (maximum averaged velocity)
in the aligned geometry (Fig. 11(a)), show a phase-average velocity
field which is very similar to the one of the net flow: a jet connects
consecutive baffles orifices and a recirculation is present in the opposed
flow region. At & = 90°, when the average velocity equals zero, the
flow pattern is still governed by the jet due to the inertia of the flow
(Fig. 11(a)-I). Later in the cycle, at # = 135°, the previous jet has
vanished, and a new jet is formed at the right baffle (Fig. 11(a)-II).
For the opposed baffle geometry, the results show similar trends
(Fig. 11(b)), beginning at # = 0° with a pattern similar to the one
obtained for the net flow test, with a jet in the direction of the flow
which loses strength and at § = 90° is part of a recirculation which
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Fig. 10. Phases of the oscillation cycle for flow field representation (PIV technique).

fully covers the inter-baffle space. At § = 135°, a new jet takes shape
in the opposite direction, from the baffle orifice at the right-hand side
of the picture.

The videos (for points O1, 02 and O3 and both configuration)
support the trend of the pressure drop results: the friction factor is
deviated from the laminar trend for Re,,. > 200 and, at the same time,
the instantaneous velocity fields along one oscillation cycle display a
more chaotic behaviour with the jet deviating from its direction and
fluctuating.

PIV phase-average velocity fields for Re,,, = 570 are shown in
Fig. 12. When compared with results for Re,,, = 190, the increase
in the oscillatory Reynolds number implies an increase of momentum
diffusivity. Other than that, the non-dimensional average velocity fields
are similar for both working conditions.

The oscillatory Reynolds number tested, Re,,. = 570, is very close to
that studied by Nogueira et al. [28] for aligned baffles. While the am-
plitude they tested was low, x,/D = 0.045, in comparison to the value
used in this study, x,/D = 0.5, they also observed a three-dimensional
and very complex flow for Re,,, = 600, which was dominated by eddy
formation, as can be also observed in the video for the test O3 (aligned
configuration).

3.3. Compound flow

In this section, the superposition of net and oscillatory flows is
studied using visualization and heat transfer experiments. In order
to quantify their relative importance, the velocity ratio is defined as
follows:

_ Re

l}/ = osc 6
R )

Velocity field. PIV experiments have been carried out for a fixed net
Reynolds number of Re, = 115 and an oscillatory Reynolds number
which varies within the range Re, . = 190 — 570, resulting in a velocity
ratio within ¥ = 1.7 - 5.0.

Fig. 13 shows the phase-averaged velocity field for both aligned and
opposed baffles arrangements at ¥ = 1.7 (C1). In this case, the net
flow bulk velocity is lower than the maximum oscillatory flow bulk
velocity. This results in a change of direction of the compound flow. In
the figure, the net flow goes rightwards. The result for both geometries
is that the flow is still dominated by the net flow direction, with flow
reversal (Fig. 13(a)-I) taking place for a small fraction of the cycle
0 = 180° — 225°.

As before, with regard to convection mechanisms, we observe re-
circulations at almost any cycle position, improving the radial mixing.

10

Applied Thermal Engineering 236 (2024) 121566

Flow circulation in radial direction is relatively more important at
positions where a change of flow direction occurs (at § = 135°, 270°),
proving that flow reversal is critical to achieve a good mixing when
there is a net flow.

The increase of the relative importance of the oscillatory flow up
to a velocity ratio ¥ = 5 (C3) results in an increase of the fraction of
the cycle with a reverse flow. Thus, the importance of the net flow is
significantly reduced, and the results presented in Fig. 14 show very
similar flow patterns to the ones of a pure oscillatory flow (Fig. 12).
However, the effect of the net flow is still noticeable, for example,
at 0 = 90° the jet formed in the orifice is stronger than that of the
oscillatory flow, or at § = 135°, the jet in opposite direction is weaker
in comparison to the oscillatory flow case.

The only study available in the open literature for aligned three-
orifice baffles under compound flow conditions was performed by
Gonzélez-Juarez et al. [18], where they simulated a flow with Re, = 50
and Re,,, = 800, for an amplitude x,/D = 0.3. The authors observed a
highly chaotic flow and vigorous mixing, which is consistent with the
measured velocity fields at Re, = 115 and Re,,, = 570 (see video of the
test C3, aligned configuration), when the flow already displays similar
characteristics.

Heat transfer. Fig. 15a-b show the Nusselt number as a function of
the net Reynolds number for both baffle orientations, and different
oscillatory Reynolds numbers. The dimensionless amplitude is identical
to that used for the pure oscillatory flow tests (x,/D = 0.5). For the
sake of comparison, the Prandtl number, the Rayleigh number and the
oscillatory Reynolds number for each test are kept almost identical for
both baffles orientations.

The effect of the net Reynolds number on the Nusselt is noticeable
even at low net Reynolds numbers and high oscillatory Reynolds num-
bers (high velocity ratios). This implies that the net component has an
important role on the heat transfer process and cannot be neglected
even for the highest velocity ratios tested (¥ ~ 15). This is supported
by the flow patterns previously observed (Figs. 13 and 14), where the
net flow show a strong influence on the flow for low and high velocity
ratios.

The oscillatory Reynolds number has also a positive effect on the
heat transfer enhancement, e.g., a maximum increase of 100% on the
Nusselt number is observed at Re, = 50 when the oscillatory Reynolds
number is increased from 150 to 760. The trend can also be clearly
observed if we follow the values of the PIV tests: for C1 (Re, = 115,
Re,,. = 190) Nu = 50, while for C3 (Re, = 115, Re,,, = 570) Nu ~ 100.
However, all the curves overlap when the magnitude of the net and
oscillatory Reynolds numbers is similar.

These trends can be presented more clearly if the data for the
opposed baffles is fitted to a correlation with the following form:

Nu,, = 0385 - Re)33 . Re043 . pr0285 %)

where the data with ¥ < 1 has not been considered because they follow
the trend of the net flow tests.

In general, if baffle orientations are compared, the trends are almost
identical for the four frequencies tested. In addition, while the opposed
baffles provide consistently higher Nusselt number for all the range
tested, the heat transfer enhancement is moderate and falls below the
measurement uncertainty. Only for the lowest frequency tested (Re,,, =
145 — 150), and low net Reynolds numbers (Re, < 150) there is a
noticeable heat transfer enhancement (around 20% at Re, = 55, but
this value falls to a 10% at Re,, = 250).

The effect of the oscillatory flow can also be observed on the
temperature stratification, as shown in Fig. 16, where the upper-lower
local wall temperature difference is plotted for both orientations at the
lowest oscillatory Reynolds number tested, Re,,. ~ 150. For the aligned
baffles, the temperature difference at low Re, is reduced up to a 70%,
from 30 °C to 8 °C at Re,, = 60, while for the opposed baffles the stratifi-
cation is almost negligible for all the Re, range tested, supporting what
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Fig. 11. Phase-average pure oscillatory flow field at Re,, = 190 for both geometries and different cycle positions. Experiment O1 (Table 2).
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Fig. 12. Phase-average pure oscillatory flow field at Re,, =570 for both geometries and different cycle positions. Experiment O3 (Table 2).
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Fig. 13. Phase-average compound flow field at Re, = 115 (flowing rightwards) and ¥ = 1.7 for both geometries and different cycle positions. Experiment C1 (Table 2).
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Fig. 16. Temperature stratification vs. net Reynolds number for both MH3 baffle
orientations.

was observed for net flow tests: the opposed baffles reduce significantly
the temperature stratification when compared to the aligned. For both
orientations, at higher oscillatory Reynolds numbers, the stratification
is non-existent.

4. Conclusions

A systematic experimental analysis in a three-orifice oscillatory
baffled tube has allowed to establish the effect of opposing consecutive
baffles in their friction, heat transfer and flow pattern characteristics.
The main conclusions derived from this work are:

+ For net flow: opposed baffles increase the friction factor up to
40% in the range 40 < Re, < 1000, while heat transfer is
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only increased up to 27% in the range 50 < Re, < 150. This
augmentation is caused by the earlier transition to turbulence
reduction of the critical Reynolds number when the baffles are
opposed, from Ren =~ 100 to Ren =~ 40. The visualization tests
shows a more chaotic behaviour for the opposed baffles at low
net Reynolds numbers.

For oscillatory flow: opposed baffles display a maximum increase
of the oscillatory friction factor of 20% in comparison to the
aligned baffles. Apparently, the deviation from the expected lami-
nar trend for the opposed baffles takes place at a lower oscillatory
Reynolds number. More tests for Re, . < 50 should be performed
to prove this point.

For compound flow, both baffle orientations show a remarkable
effect of the oscillatory flow on the Nusselt number, up to a
100% increase at the lower net Reynolds number tested, Re, =
50. However, there are only noticeable differences between both
orientations at low Reynolds numbers: Re,,, < 150 and Re,, < 150.
The study of the temperature stratification have shown that the
opposed baffles reduce its effect (more uniform temperature dis-
tribution) for the range in which it appears, Re,,, < 150 and
Re, < 200. The stratification is negligible for higher Reynolds
numbers.

For only net flow applications, due to the significant increase in
the pressure drop, both configurations are suitable for applications
that would require to work in laminar or transitional conditions for a
smooth tube (Re, < 4000) when baffles can provide a remarkable heat
transfer enhancement. This is typically the case for viscous fluids that
require low flow velocities to reduce the overall pressure drop, as those
that can be found in chemical, petrochemical or food industries.

The pure oscillatory flow applications are generally limited to cases
where the baffles can provide a benefit in comparison to stirred tanks,
e.g., a lower shear rate, that would be desirable for an algae bioreactor.

The compound oscillatory flow applications include any process that
require a high residence time (chemical reaction), what would lead to
low net flow velocities and very low Reynolds numbers in a smooth
tube.

For the opposed baffles specifically, these can be recommended
under net flow conditions for low net Reynolds numbers, Re, < 150.
The same can be stated for compound flow: low oscillatory and net
Reynolds numbers, Re,,. < 150 and Re, < 150. From the point of view
of the mixing performance, the observed flow patterns seem to point
out a noticeable difference. Thus, it would be interesting to complement
this study with techniques to measure the axial dispersion, where the
opposed baffles can still be expected to produce an improvement.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.
Data availability

Data will be made available on request.
Acknowledgements

The authors gratefully acknowledge the financial support of the
projects DP12015-66493-P and PGC2018-100864-A-C22 by MCIN/AEl/
10.13039/501100011033 and by “ERDF A way of making Europe”.

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.applthermaleng.2023.121566.


https://doi.org/10.1016/j.applthermaleng.2023.121566

J. Mufioz-Cdmara et al.

References

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

H.A. Havemann, N.N. Rao, Heat transfer in pulsating flow, Nature 174 (4418)
(1954) 41.

M. Faghri, K. Javdani, A. Faghri, Heat transfer with laminar pulsating flow in a
pipe, Lett. Heat Mass Transf. 6 (4) (1979) 259-270.

D. Zheng, X. Wang, Q. Yuan, The effect of pulsating parameters on the
spatiotemporal variation of flow and heat transfer characteristics in a ribbed
channel of a gas turbine blade with the pulsating inlet flow, Int. J. Heat Mass
Transfer 153 (2020) 119609.

B. Saracoglu, G. Paniagua, S. Salvadori, F. Tomasoni, S. Duni, T. Yasa, A.
Miranda, Trailing edge shock modulation by pulsating coolant ejection, Appl.
Therm. Eng. 48 (2012) 1-10.

B. Yang, T. Gao, J. Gong, J. Li, Numerical investigation on flow and heat transfer
of pulsating flow in various ribbed channels, Appl. Therm. Eng. 145 (2018)
576-589.

W. Augustin, T. Fuchs, H. Foste, M. Scholer, J.-P. Majschak, S. Scholl, Pulsed
flow for enhanced cleaning in food processing, Food Bioprod. Process. 88 (4)
(2010) 384-391.

K. Leong, L. Jin, Effect of oscillatory frequency on heat transfer in metal foam
heat sinks of various pore densities, Int. J. Heat Mass Transfer 49 (3-4) (2006)
671-681.

Q. Ye, Y. Zhang, J. Wei, A comprehensive review of pulsating flow on heat
transfer enhancement, Appl. Therm. Eng. 196 (2021) 117275.

Y. Li, Q. Yu, S. Yu, B. Gong, J. Zhang, Numerical investigation of pulsating flow
structures and heat transfer enhancement performance in spherical corrugated
helical tube, Appl. Therm. Eng. (2022) 118647.

M. Jafari, M. Farhadi, K. Sedighi, Pulsating flow effects on convection heat
transfer in a corrugated channel: A LBM approach, Int. Commun. Heat Mass
Transfer 45 (2013) 146-154.

M. Mackley, G. Tweddle, 1. Wyatt, Experimental heat transfer measurements for
pulsatile flow in baffled tubes, Chem. Eng. Sci. 45 (5) (1990) 1237-1242.

X. Ni, M. Mackley, A. Harvey, P. Stonestreet, M. Baird, N.R. Rao, Mixing through
oscillations and pulsations—a guide to achieving process enhancements in the
chemical and process industries, Chem. Eng. Res. Des. 81 (3) (2003) 373-383.
M. Mackley, P. Stonestreet, Heat transfer and associated energy dissipation for
oscillatory flow in baffled tubes, Chem. Eng. Sci. 50 (14) (1995) 2211-2224.
K. Smith, M. Mackley, An experimental investigation into the scale-up of
oscillatory flow mixing in baffled tubes, Chem. Eng. Res. Des. 84 (11) (2006)
1001-1011.

X. Ni, Residence time distribution measurements in a pulsed baffled tube bundle,
J. Chem. Technol. Biotechnol.: Int. Res. Process Environ. Clean Technol. 59 (3)
(1994) 213-221.

A. Karr, S. Ramanujam, T. Lo, M. Baird, Axial mixing and scaleup of reciprocating
plate columns, Can. J. Chem. Eng. 65 (3) (1987) 373-381.

K.B. Smith, Scale-up of Oscillatory Flow Mixing (Ph.D. thesis), University of
Cambridge, 2000.

D. Gonzélez-Juarez, J.P. Solano, R. Herrero-Martin, A. Harvey, Residence time
distribution in multiorifice baffled tubes: A numerical study, Chem. Eng. Res.
Des. 118 (2017) 259-269.

J. Mufioz-Cdmara, J.P. Solano, J. Pérez-Garcia, Experimental correlations for
oscillatory-flow friction and heat transfer in circular tubes with tri-orifice baffles,
Int. J. Therm. Sci. 156 (2020) 106480.

M. Baird, N.R. Rao, Power dissipation and flow patterns in reciprocating
baffle-plate columns, Can. J. Chem. Eng. 73 (4) (1995) 417-425.

A. Mazubert, D. Fletcher, M. Poux, J. Aubin, Hydrodynamics and mixing in
continuous oscillatory flow reactors—Part I: Effect of baffle geometry, Chem.
Eng. Process.: Process Intensif. 108 (2016) 78-92.

15

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Applied Thermal Engineering 236 (2024) 121566

C. Zhang, W. Huang, C. Li, J. Ouyang, H. Wang, J. Xu, H. Luo, Numerically
investigating the effects of geometry on hydrodynamics and particle suspension
performance in continuous oscillatory baffled crystallizers, Chem. Eng. Sci. 249
(2022) 117352.

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

G. Stephens, M. Mackley, Heat transfer performance for batch oscillatory flow
mixing, Exp. Therm Fluid Sci. 25 (8) (2002) 583-594.

N. Reis, A.P. Harvey, M.R. Mackley, A.A. Vicente, J.A. Teixeira, Fluid mechanics
and design aspects of a novel oscillatory flow screening mesoreactor, Chem. Eng.
Res. Des. 83 (4) (2005) 357-371.

M. Zheng, J. Li, M.R. Mackley, J. Tao, The development of asymmetry for
oscillatory flow within a tube containing sharp edge periodic baffles, Phys. Fluids
(ISSN: 10706631) 19 (11) (2007) 1-15, http://dx.doi.org/10.1063/1.2799553.
Paste Particle and Polymer Processing group (P4G), Oscillatory Fluid Mixing.
OFM: Enhancement of heat transfer rates, URL https://www.ceb.cam.ac.
uk/research/groups/rg-p4g/archive-folder/pfg/ofm-folder/ofm-advantages-
enhancement-of-heat- transfer-rates.

X. Nogueira, B.J. Taylor, H. Gomez, I. Colominas, M.R. Mackley, Experimental
and computational modeling of oscillatory flow within a baffled tube containing
periodic-tri-orifice baffle geometries, Comput. Chem. Eng. 49 (2013) 1-17.

R. Law, S. Ahmed, N. Tang, A. Phan, A. Harvey, Development of a more
robust correlation for predicting heat transfer performance in oscillatory baffled
reactors, Chem. Eng. Process.: Process Intensif. 125 (2018) 133-138.

1. Onyemelukwe, B. Benyahia, N.M. Reis, Z.K. Nagy, C.D. Rielly, The heat transfer
characteristics of a mesoscale continuous oscillatory flow crystalliser with smooth
periodic constrictions, Int. J. Heat Mass Transfer 123 (2018) 1109-1119.

J. Munoz-Camara, D. Crespi-Llorens, J.P. Solano, P.G. Vicente, Baffled tubes with
superimposed oscillatory flow: Experimental study of the fluid mixing and heat
transfer at low net Reynolds numbers, Exp. Therm Fluid Sci. (ISSN: 0894-1777)
123 (2021) 110324, http://dx.doi.org/10.1016/j.expthermflusci.2020.110324.
J. Muiloz-Camara, J.P. Solano, J. Pérez-Garcia, Non-dimensional analysis of
experimental pressure drop and energy dissipation measurements in Oscillatory
Baffled Reactors, Chem. Eng. Sci. (ISSN: 0009-2509) 262 (2022) 118030, http:
//dx.doi.org/10.1016/j.ces.2022.118030.

W. Thielicke, E.J. Stamhuis, PIVlab — towards user-friendly, affordable and
accurate digital particle image velocimetry in MATLAB, J. Open Res. Softw.
(ISSN: 2049-9647) 2 (1) (2014) 1-10, http://dx.doi.org/10.5334/jors.bl.

S. Churchill, H. Chu, Correlating equations for laminar and turbulent free
convection from a horizontal cylinder, Int. J. Heat Mass Transf. 18 (9) (1975)
1049-1053.

ASHRAE, ASHRAE Fundamentals Handbook, Atlanta GA, 2001.

P. Dunn, M. Davis, Measurement and Data Analysis for Engineering and Science,
fourth ed., CRC Press, United States of America, 2018.

J. Muifioz-Camara, D. Crespi-Llorens, J.P. Solano, P.G. Vicente, Experimental
analysis of flow pattern and heat transfer in circular-orifice baffled tubes, Int.
J. Heat Mass Transfer (ISSN: 0017-9310) 147 (2020) 118914, http://dx.doi.org/
10.1016/j.ijheatmasstransfer.2019.118914.

M. Everts, J. Meyer, Heat transfer of developing and fully developed flow
in smooth horizontal tubes in the transitional flow regime, Int. J. Heat Mass
Transfer 117 (2018) 1331-1351.

L. Sirovich, Turbulence and the dynamics of coherent structures. I. Coherent
structures, Q. Appl. Math. 45 (3) (1987) 561-571.

J. Munoz, D. Crespi, J.P. Solano, P.G. Vicente, On the early onset of transition
in circular-orifice baffled tubes: an experimental study, in: THMT-18. Turbulence
Heat and Mass Transfer 9 Proceedings of the Ninth International Symposium on
Turbulence Heat and Mass Transfer, Begel House Inc., 2018.


http://refhub.elsevier.com/S1359-4311(23)01595-8/sb1
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb1
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb1
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb2
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb2
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb2
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb3
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb3
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb3
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb3
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb3
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb3
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb3
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb4
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb4
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb4
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb4
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb4
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb5
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb5
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb5
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb5
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb5
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb6
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb6
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb6
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb6
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb6
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb7
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb7
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb7
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb7
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb7
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb8
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb8
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb8
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb9
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb9
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb9
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb9
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb9
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb10
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb10
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb10
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb10
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb10
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb11
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb11
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb11
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb12
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb12
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb12
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb12
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb12
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb13
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb13
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb13
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb14
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb14
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb14
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb14
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb14
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb15
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb15
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb15
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb15
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb15
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb16
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb16
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb16
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb17
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb17
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb17
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb18
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb18
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb18
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb18
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb18
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb19
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb19
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb19
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb19
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb19
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb20
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb20
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb20
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb21
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb21
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb21
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb21
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb21
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb22
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb22
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb22
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb22
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb22
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb22
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb22
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb23
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb23
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb23
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb24
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb24
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb24
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb25
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb25
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb25
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb25
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb25
http://dx.doi.org/10.1063/1.2799553
https://www.ceb.cam.ac.uk/research/groups/rg-p4g/archive-folder/pfg/ofm-folder/ofm-advantages-enhancement-of-heat-transfer-rates
https://www.ceb.cam.ac.uk/research/groups/rg-p4g/archive-folder/pfg/ofm-folder/ofm-advantages-enhancement-of-heat-transfer-rates
https://www.ceb.cam.ac.uk/research/groups/rg-p4g/archive-folder/pfg/ofm-folder/ofm-advantages-enhancement-of-heat-transfer-rates
https://www.ceb.cam.ac.uk/research/groups/rg-p4g/archive-folder/pfg/ofm-folder/ofm-advantages-enhancement-of-heat-transfer-rates
https://www.ceb.cam.ac.uk/research/groups/rg-p4g/archive-folder/pfg/ofm-folder/ofm-advantages-enhancement-of-heat-transfer-rates
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb28
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb28
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb28
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb28
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb28
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb29
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb29
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb29
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb29
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb29
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb30
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb30
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb30
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb30
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb30
http://dx.doi.org/10.1016/j.expthermflusci.2020.110324
http://dx.doi.org/10.1016/j.ces.2022.118030
http://dx.doi.org/10.1016/j.ces.2022.118030
http://dx.doi.org/10.1016/j.ces.2022.118030
http://dx.doi.org/10.5334/jors.bl
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb34
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb34
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb34
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb34
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb34
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb35
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb36
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb36
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb36
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2019.118914
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2019.118914
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2019.118914
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb38
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb38
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb38
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb38
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb38
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb39
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb39
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb39
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb40
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb40
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb40
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb40
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb40
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb40
http://refhub.elsevier.com/S1359-4311(23)01595-8/sb40

	Effect of three-orifice baffles orientation on the flow and thermal–hydraulic performance: Experimental analysis for net and oscillatory flows
	Introduction
	Experimental methodology
	Baffles tested
	PIV facility
	Thermohydraulic facility
	Net pressure drop tests
	Oscillatory pressure drop tests
	Heat transfer tests

	Fluid properties
	Uncertainty analysis

	Results
	Net flow
	Oscillatory flow
	Compound flow

	Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A. Supplementary data
	References


