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Abstract

Experimental results of isothermal pressure drop and convective heat
transfer coefficient are presented for a smooth tube with tri-orifice baffle
inserts, under net and oscillatory flow conditions. Using propylene-glycol as
working fluid, net Reynolds numbers in the range Re,, = 10 — 600 are repro-
duced, allowing to describe Fanning friction factor in the laminar, transitional
and turbulent regimes, with an onset of transition at Re, ~ 100 in steady
state conditions. Oscillatory Fanning friction factor for 20 < Re,,. < 200 is
also reported, based on the maximum oscillatory pressure drop obtained by
statistical fitting of the signal. Nusselt number under uniform heat flux con-
ditions is obtained for superimposed net and oscillatory flows in the ranges
10 < Re, < 600 and 10 < Re,s. < 440, with Prandtl number in the range
190 < Pr < 470. The existence of buoyancy effects in steady-state conditions
and its vanishing with oscillations is analysed. The oscillatory flow promotes

a 4-fold increase of heat transfer for Re, < 20. For Re, > 100, the effect of
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the flow oscillation on heat transfer enhancement is negligible.
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Nomenclature

Ay heat transfer area (m?), tDLy,

[on specific heat (J/(kg-K))

d orifice diameter (m)

D tube inner diameter (m)

D., equivalent diameter (m), D/\/n

f oscillation frequency (Hz)

k thermal conductivity (W/(m-K))

l cell length (m)

Ly, heated length (m)

L, distance between pressure ports (m)

m mass flow rate (kg/s)

Gnet heat generated by Joule effect (W)

Gloss heat loss (W)

n number of orifices (-)

S open area (-), (n-d/D)’

T temperature (°C)

t time (s)

U, mean velocity of the net flow (m/s), based on D
x axial distance from the start of the heated area (m)
Zo oscillation amplitude, center to peak (m)
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Ap
Apmax

net pressure drop (Pa)

maximum pressure drop under oscillatory flow conditions (Pa)

Dimensionless groups

Re,
Regse
Y

Pr
Jn

fOSC
Nu

net Reynolds number, pU,D/u
oscillatory Reynolds number, p(27 fzq)D/p
velocity ratio, Re,s./Re,

Prandtl number, juc,/k
D
L
Apmaz D
? 2p(2mfxo)? L

net Fanning friction factor, m;(ATZ)?
oscillatory Fanning friction factor

Nusselt number, hD/k

Greek symbols

Subscripts
b
cr

mn

qt

dynamic viscosity (kg/(m-s))
fluid density (kg/m?)
standard deviation

oscillation period (s)

bulk

start of the transitional flow regime
inlet

section number

circumferential position number

start of the quasi-turbulent flow regime
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t start of the turbulent flow regime

we inner wall

1. Introduction

The use of oscillatory flow as a general purpose means for heat transfer en-
hancement has attracted the interest of numerous researchers in the last
years, including industrial applications such as heat exchangers [1, 2], Stir-
ling engine regenerators [3] or chemical reactors [4]. The latter have found
potential improvements over conventional reactors with the development of
the oscillatory baffled reactors (OBRs), which are the focus of this study.
OBRs are based on the superposition of an oscillatory flow to a very low net
flow in a tube with inserted geometries, allowing simultaneously for high resi-
dence times, high radial mixing and low axial dispersion. These devices have
been a focus of many studies during the last decades due to their remarkable
advantages in comparison to the conventional stirred tanks. Some of these
positives are the low shear rate and the easy scale-up [5], the continuous
throughput and the enhanced mixing [6] and heat transfer [7, 4].

Despite of this, there is a significant issue related to its scalability, because the
oscillation frequency must be reduced in order to keep the similarity for a pilot
scale reactor. This reduction can imply a poor mixing and an extremely low
shear rate [5]. Two alternatives have been proposed to solve this problem: the
first is a parallel tubes arrangement [8], which makes easier the scale-up, but
ensuring a uniform distribution of the oscillation is a demanding task; another

solution is the multi-orifice baffled reactor, whose mass transfer behavior is
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quite similar to a series of parallel one-orifice baffled tubes [9]. For the latter
case, the concept of equivalent diameter is introduced, D., = D/+/n, so that,
from a point of view of the mixing rate, a multi-orifice baffled tube with a
diameter D and n holes can be considered equivalent to a one-orifice baffled
reactor with a diameter D.,.

The literature review shows that the multi-orifice baffled reactors are the
prevailing solution, as can be deduced by the significant number of current
studies about their potential applications. For instance, some studies have
proved experimentally its better performance in liquid-gas mass transfer in
comparison to other designs [10], its suitability for applications of CO5 disso-
lution [11], crystallization [12], or ozonation [13] and transesterification [14]
processes.

In spite of its applicability, there is a lack of studies regarding its fluid me-
chanics and thermohydraulic behavior. Smith [15] studied qualitatively the
flow pattern in a one-orifice and a multi-orifice (37 holes) baffled tube with
the same equivalent diameter. The results showed that the flow behavior was
similar for both geometries, at the expense of a lower net Reynolds number
in the multi-orifice case, and how the flow becomes asymmetric for a net
Reynolds number equal to 100 for the multi-orifice baffle, approximately half
of the value for a one-orifice baffle. The flow visualization and RTD analysis
conducted by Gonzalez-Judrez et al. [16] confirmed the reduction of dead
zones and the achievement of a more uniform mixing when the number of
orifices is increased for the same flow conditions (Re,, = 50, Re,s. = 800,
based on the tube diameter). They also obtained the net friction factor and

the power consumption related to the oscillatory flow, showing that both
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magnitudes increase when the number of orifices is increased. Nogueira et
al. [17] studied the oscillatory flow in a tri-orifice baffled tube for two oscilla-
tory Reynolds numbers (based on the equivalent tube diameter), Re,s. = 600
and 1200. They observed the mixing uniformity, with special attention to
the mechanisms of the vortex rings generation at each orifice and the 3D
complexity of the generated structures.

Focusing on the heat transfer, while one-orifice reactors have been studied
with some detail under static [18] and dynamic conditions [7, 19], there are
only a reduced amount of data for multi-orifice baffles and are limited to
operation in batch mode and a reduced range of oscillatory Reynolds numbers
20], so there are no available correlations for multi-orifice baffles or studies
which consider the net flow effect nor the Prandtl number. In addition, while
it is relatively easy to find recent studies about mixed convection in smooth
tubes [21, 22|, that it is not the case for enhanced geometries as baffled tubes.
So, there are no published results that can serve as a guideline for determining
when the stratification of the flow can appear. This is a remarkable point
because OBRs are designed to work at very low net Reynolds numbers, where
the mixed convection could play a significant role.

Thus, the main goal of this paper is to provide an experimental correla-
tion for heat transfer in tubes with equally spaced tri-orifice baffles. The
tested geometry is based on the recommended parameters for the design of
multi-orifice baffled reactors [15]. The cross-sectional open area is S = 0.25
and the interbaffle spacing is [ = 1.5/D,,. The tests are performed un-
der uniform heat flux conditions, covering a wide range of flow conditions

10 < Re,, < 600, 170 < Pr < 480, 50 < Re,s. < 440. Additionally, pressure
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drop under net and oscillatory flow conditions is studied and a correlation

for the corresponding friction factors is given.

2. Experimental test rig

2.1. Geometry

The relevant parameters of the tested geometry are shown in Figure 1. The
orifice diameter of the three orifices is 9.2 mm, in a tube with inner diam-
eter D=32 mm, which yields a cross-sectional open area S = 0.25. The
equivalent diameter is 15.5 mm approximately, and the interbaffle spacing is
consequently 27.6 mm, following the criterion [ = 1.5.,. The orifice center
is placed at one half radius from the tube center and the angular position
is equally distributed at 120°. The 1 mm thick baffles are made of PEEK
plastic to avoid the electrical conduction from the tube wall. A central rod

of 3 mm diameter is used to connect the baffles.

j=1 2 3 4 5 6 7 8

32 mm

D
9.2 mm

d=

[=27.6 mm 1 mm [
l 1.5 mm
0 0 0

Figure 1: Baffle geometry and thermocouple arrangement in the test section.

2.2. Thermal-hydraulic test rig

135 Figure 2 shows the experimental arrangement used to study the heat transfer

135 and pressure drop in these devices. The main fluid (pure propylene-glycol)
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is stored in an open reservoir tank (1), whose temperature is controlled by
an independent circuit (more information about this auxiliary circuit can be
found in [18]). A stirring device (14) ensures that the fluid temperature in
the tank is homogeneous. The fluid is pumped by a train of three variable-
speed gear pumps (2), which ensure that the net flow rate variations due
to the pressure fluctuations produced by the fluid oscillation are minimum.
These three pumps can work individually or simultaneously. A Coriolis effect
flowmeter (3) measures the net mass flow rate. The test section consists of 2
m long 316L stainless steel horizontal tube (32 mm inlet diameter, 1.5 mm

thick) where 56 tri-orifice baffles are inserted (5).
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Figure 2: Experimental set-up. (1) Reservoir tank, (2) Pumping system, (3) Coriolis
flowmeter, (4) PT-100 Class B 1/10 DIN temperature sensors, inlet, (5) Baffles, (6) Wall

thermocouples, (7) PT100, outlet, (8) Differential pressure transducer, (9) Fast response
time pressure sensor, (10) Double acting cylinder, (11) Displacement sensor, (12) Crank
and connecting rod, (13) Gear reducer, (14) Motor, (15,16) Manual valve, (17) Autotrans-

former

The oscillatory flow in the test section is provided by the displacement of
a hydraulic cylinder (10), whose time-dependent position is measured by a
magnetostrictive position transducer (11). The hydraulic cylinder is driven
by a crank and connecting rod arrangement (12). The oscillation frequency
is set by adjusting the rotation frequency of the motor (13). The oscillation
amplitude is set by moving the connecting rod along a disk slot. The position

is set to ensure an oscillation amplitude equal to 9.2 mm, which is the orifice
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the diameter, xo = d. This value is used to ensure the flow similarity with a
one-orifice baffled tube [9].

For the net pressure drop experiments, a set of differential pressure trans-
ducers (8), model SMAR LD301, ensures that the differential pressure drop
between two ports (at a distance L =1.296 meters) is accurate enough along
the whole range of flow rates tested. The ranges of the transducers are: 0-10
mbar, 0-50 mbar, 5-500 mbar and 22-2500 mbar.

For the measurement of the pressure drop related to the oscillatory flow,
four fast response piezoresistive pressure sensors (9) are used. Two of them
are bidirectional and differential, model KISTLER 4264A, with ranges +100
mbar and +1bar; and two are absolute, model KISTLER 4262A, with ranges
0-7 bar and 0-10 bar.

The pressure drop under oscillatory flow is measured without net flow. To
avoid the effect of the rest of the circuit, the loop with oscillatory flow is
isolated by closing the manual valves (15 and 16). As it was reported by Baird
and Stonestreet [23], under high oscillating frequencies the high pressure drop
can lead to cavitation in the oscillating device. So, previously to the valves
closing, the system is pressurized at 3 bar (relative pressure). All these tests
are done under isothermal conditions.

For the heat transfer experiments, the tube is heated by means of Joule effect,
applying an AC current through the tube shell, which acts as an electrical
resistance. The voltage is applied by a variable autotransformer (17), which
allows to control the current intensity and so, the temperature difference
between the wall and the fluid. This temperature difference is adjusted to

achieve a high enough value that reduces the error mainly associated to the

10
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wall temperature measurement. The wall temperatures (6) are measured,
by T-type thermocouples, at a distance from the beginning of the heating
section which is long enough to avoid entrance effects. The test section is
insulated with an elastomeric material, reducing the thermal losses. The
power absorbed by the test section is calculated from the voltage and the
intensity. The fluid inlet and outlet temperatures are measured by RTD
(Resistance Temperature Detector) sensors (4,7).

The temperature at the inlet of the circuit is adjusted using the temperature
control loop to achieve the desired temperature at the test section. Three sets
of experiments are conducted for three different temperatures: 20 °C, 26 °C
and 40 °C, corresponding to Prandtl numbers: 470, 340 and 190, respectively.
In order to measure the wall temperature properly, two aspects should be
taken into account: 1) the axial variation of the velocity profile should have
a significant role on the heat transfer coefficient along a cell tank, i.e., the
distance between consecutive baftles; 2) the flow stratification could lead to a
significant circumferential gradient of the wall temperature at the same cross
section. To solve both considerations, 64 thermocouples are placed at eight
different axial sections and eight circumferential positions at each section (see
Figure 1).

The signals from the fast response pressure sensors and the position trans-
ducer are acquired with a high speed acquisition card model USB-6001, and
they are sampled with a frequency of 2.8 kHz for each channel. The rest of
the measurements are acquired by two dataloggers, models Agilent 34970A
and 34972A, with a frequency of 0.1 Hz.

11
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2.8. Data reduction

The net flow is characterised by the net Reynolds number, which is calculated

using Eq. 1.

Ay
Re, mn

(1)
To describe the oscillatory flow, the oscillatory Reynolds number, Re,s., is

used (Eq. 2).

:7T,MD

p (27 fxo) D
L (2)

where f and z( are, respectively, the frequency and amplitude of the oscilla-

Reosc -

tory flow. Both are measured using the signal of the displacement sensor. An
additional parameter, the velocity ratio, ¥ = Re,s./Re,, is used to indicate
the significance of the oscillatory flow in comparison to the net flow. The
Fanning friction factors associated to the net flow and the oscillatory flow

are calculated according to Eq. 3 and 4, respectively.

Ap D
" 20U L )

Apmafl? D
= —_— 4
Jose 2p(27m fxg)? L 4)

where Ap is the pressure drop along the length of the test section, L,. As can

fn

be observed, the oscillatory Fanning friction factor is defined similarly to the
net Fanning friction factor, but the maximum of the instantaneous pressure
drop, Apmas, and the maximum oscillatory velocity, 27 fxq, are used instead

of the mean pressure drop and the net flow velocity.

12
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Prior to the heat transfer measurements, the wall temperature measurements
should be corrected because the thermocouples are not perfectly attached to
the wall. To correlate the measured and the real temperature, a set of cal-
ibration experiments is done. For each experiment, steady-state isothermal
conditions at very high flow rates are achieved, this allows us to calculate
the real outside wall temperature considering the steel tube and insulation
resistance and the internal and external convection coefficients. The effect
of the internal convection coefficient is negligible due to the high value in
comparison to the rest of the terms.

The local Nusselt number at each cross section, j, (see Figure 1) is computed

as:

net — Yloss A D
(g et — )/An L (5)

where ¢, is the heat generated by Joule effect, calculated as the voltage

Nu]':

times the electric current, and ¢,ss is the heat loss, calculated assuming
natural convection with the surroundings using the correlation proposed by
Churchill and Chu [24]. A}, is the heat transfer area.

T.i.; is the peripherally averaged inner wall temperature at the j section. It is
derived from the outer wall temperature using a one-dimensional numerical
model which solves the radial heat conduction equation in the tube wall,
considering internal heat generation.

Ty ; is the bulk fluid temperature at the section j. It was calculated by

considering a linear variation with the axial direction, since the heat was

added uniformly along the tube length:

13
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Ty j = Toin + —qm;%_cqploss : i—i (6)
where T, ;, is the fluid temperature at the inlet of the test section. z; is
the axial distance between the test section j and the point where the tube
heating starts.

The circumferential average Nusselt number is corrected by the factor (f,; /)%
to account for the change in the physical properties due to the radial temper-
ature gradient [25]. Finally, the mean Nusselt number is obtained averaging
the Nusselt number for the eight axial sections.

Once the results were obtained, an uncertainty estimation was done, following

the guidelines described in [18]. The maximum and mean uncertainties values

based on a 95% confidence level are summarized in Table 1.

Variable Max. uncertainty Mean uncertainty

o 7.2% 7.2%
Re, 7.3% 3.9%
Reé e 6.6% 4.9%
Pr 4.7% 3.5%
fu 10.3 3.2%
Josc 7.2% 5.1%
Nu 10.4% 7.4%

Table 1: Uncertainties of the relevant variables

14
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3. Thermal-hydraulic results

3.1. Pressure drop for net-flow conditions

In this subsection, the results related to pressure drop under net flow con-
ditions are provided for the range 10 < Re,, < 600. Figure 3 (a) shows the
Fanning friction factor as a function of the net Reynolds number, and, as a
reference, the experimental correlation for the friction factor of a one-orifice
baffled geometry [18].

As can be observed, the Fanning friction factor for the tri-orifice baffed
tube is significantly higher than for a one-orifice baffled tube. In order to
compare both geometries, two aspects should be considered: the change of
the geometry and the reduction of the interbaffle spacing for the same tube
inner diameter. In this case, the main factor in the pressure drop increase is
the interbaffle spacing, which results in 70% more baffles per unit of length
when the number of orifices is increased from one to three. There is also a
slight effect of the geometry. As an example, a calculation of the pressure
drop per single baffle shows that it is 6% lower for the one-orifice baffles at

Re,, = 400.

15
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Figure 3: (a) Fanning friction factor vs net Reynolds number for two fluid temperatures

(b) Standard deviation of pressure drop measurements vs net Reynolds number for two

fluid temperatures.

16



269

270

271

272

273

274

275

276

277

278

279

281

282

283

284

285

286

287

288

289

290

291

292

293

To ease the detection of the transitional region, the pressure drop fluctu-
ations (divided by the average pressure drop) are plotted as a function of
the net Reynolds number in Figure 3 (b), as it was proposed by Meyer and
Olivier [26]. For Re,, < 90 the pressure drop fluctuations have low values and
small variations with the net Reynolds number. In a perfect laminar flow
this fluctuation should be zero, but the electrical noise and the slight flow
rate fluctuations due to the gear pump can be noticeable. Above Re, = 90
there is a sharp increase in the pressure drop fluctuations, with a significant
variation with the net Reynolds number, setting the onset of the transitional
flow regime. A slight decrease in the pressure fluctuations is observed when
the net Reynolds number is in the turbulent flow region. This is the general
trend that was also observed by the authors for several enhanced tubes [26].
Everts and Meyer [27] proposed several criteria to detect the limits between
the different flow regimes: laminar, transitional, quasi-turbulent and turbu-
lent. The authors established the onset of the transitional flow regime, from
heat transfer results, by locating the point where éNu/dRe = 0. Similarly,
the onset of the transitional flow regime is found from our pressure drop re-
sults, detecting the point where: ¢ f,, /0 Re = 0. This allowed us to detect the
critical value: Re. = 110.

However, from Figure 3 (a), it is quite noticeable the difference between the
trends of the Fanning friction factor for a tri-orifice baffled tube and a smooth
tube during the transitional flow regime. So, the same methodology could
not be successfully be applied to the results to detect the onset of the quasi-
turbulent and the turbulent flow regime. Instead, the value for the onset of

the turbulent flow regime obtained from the heat transfer results (see section

17
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3.2) was used: Re; = 183.
Once the limits have been defined, two correlations are proposed for the
laminar and turbulent flow regimes (Eq. 7 and 8). They adjust all the ex-

perimental measurements within 10%.

fn = 130.8 Re, "% 6 < Re, < 110 (7)

fn = 3.22 Re2076 183 < Re, < 600 (8)

3.2. Heat transfer for net-flow conditions

In spite of the fact that these devices are not designed to work with net,
steady-state flow, a study of the net Reynolds number on heat transfer is
interesting to corroborate the onset of the transitional flow regime (because
they are designed to work at very low net Reynolds numbers) and quantify
the effect of the Prandtl number on the heat transfer rate.

Figure 4 shows the Nusselt number as a function of the net Reynolds number
for three different Prandtl numbers. To show the coherence of the results,

~0-285 removing the effect

the Nusselt number is multiplied by the factor Pr
of the Prandtl number. The exponent -0.285 for the Prandtl number has

been obtained previously by means of a statistical fitting.
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Figure 4: Nusselt number vs Reynolds number for the three Prandtl numbers tested

Following the general criteria described by Everts and Meyer [27], four differ-
ent regions are observed (see Figure 4): laminar (I), transitional (II), quasi-
turbulent (IIT) and turbulent (IV). The end of the laminar region is marked
by a sudden rise of the Nusselt number above Re.. = 105. This limit was
obtained by detecting the point where § Nu/dRe is maximum, i.e., the vari-
ation of the slope in Figure 4 is higher. This value is similar to the limit
obtained from the pressure measurements, Re,, = 110. The difference can be
justified by the thermal effects on the onset of the transition.

The quasi-turbulent flow regime, from Re., = 105 to Re, = 130, is charac-
terized by a high increase in the Nusselt number and its middle point cor-

responds to the point where 6°Nu/dRe* = 0 [27]. On the other hand, the
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onset of the turbulent region cannot be identified using known correlations
for the turbulent flow regime as the authors did. As an alternative, an iter-
ative algorithm is implemented, based on the linear method used by Meyer
and Abolarin [28]. For each net Reynolds number tested above the onset of
the quasi-turbulent flow regime, two statistical fittings are accomplished to
fit two lines to the experimental measurements, below that given Reynolds
number and above it. There is a unique net Reynolds number which reduces
the overall fitting error to a minimum. This last net Reynolds number is
considered as an optimum to separate and fit both regions. Finally, the in-
tersection point of the fitted lines, Re;, = 183, is taken as the onset of the
turbulent flow regime.

The laminar and turbulent regions are fitted to correlations (Eq. 9 and 10
). Since the measurement error for each point is significantly different, a
weighted nonlinear fitting has been considered appropriate. Thus, the term
corresponding to a given measurement, used in the mean squared algorithm
for the statistical fitting, is weighted proportionally to the inverse of the

estimated error [29].

Nu = 1.08 Rel50t pp028 10 < Re, < 105;190 < Pr < 470  (9)

Nu = 0.43 Reb ™6 pp0-28 183 < Re, < 600;190 < Pr <470  (10)

A comparison between the predicted values and the experimental results
shows that more than 90% of the experimental data are in a range of = 10%

from the proposed correlation.
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During the measurements, a notable temperature difference between the ther-
mocouples placed at the upper and the lower point of the tube was observed.
As an example, a representation of the circumferential wall temperatures in
a section measured by the corresponding eight thermocouples is plotted in
Figure 5 (b), where a temperature difference AT=8.5 °C is found between
the bottom and top positions, for a mass flow =34 kg/h and a heat flux
¢’ =1.4 kW /m?.

Consequently, a more detailed study is of interest to determine the effect
of the net flow on the flow stratification. To easily characterize the level of

flow stratification, the mean difference between the upper (7, ;1) and lower

(Thwij5) wall temperatures (see Figure 1) is plotted in Figure 5 (a) for the

three Prandtl numbers as a function of the net Reynolds number.

(a)l 51 Laminar flow Turbulent flow ] (b) 0°
=< > 330° .40 30°

. %% $ Pr=470 ,o/.g ;(;\x
O ¥ Pr=345 300° < °
< } } % % X Pr=100 = 00
=107 $t i ; ' 120
|§ ﬁ? ; ﬁ # g 270°| & %10 < | 90°

5: 5 [ (b) %} 1 \O E o/
& %@i 240° o=’ 1200

ﬁ no stratification
ob———————— u H‘Bﬂ” T L] 210° 1500 150°

10! 10 10°
Net Reynolds number

Figure 5: (a) Temperature difference due to the stratification vs net Reynolds number
for three Prandtl numbers. (b) Measured temperature distribution in a cross section for

Re,, =10, Re,s. = 0 and Pr = 470.
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From Figure 5 (a), the existence of flow stratification is quite noticeable for
Re,, < 100 (laminar region) and for the studied range of Prandtl numbers.
When the flow becomes transitional above that value, the inertial forces are
dominant over the effect of the buoyancy and the temperature stratification

is reduced considerably.

3.3. Pressure drop for oscillatory-flow conditions

The data reduction of the pressure drop signal under oscillatory flow is not as
straightforward as in the net flow situation. Figure 6 represents the pressure
drop at 24 °C and oscillation frequency 3.2 Hz. It can be noticed that the
signal is not purely a sinusoidal wave. A clear and repetitive perturbation
and the subsequent attenuation is observed during the positive and negative
parts of the cycle. This was observed to occur at the end of the piston strokes,
when a sudden acceleration takes place due to the imperfect movement of

the piston.
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Figure 6: Instantaneous experimental pressure drop and statistical fitting vs dimensionless

time. Fluid temperature=24 °C and f=3.2 Hz.

Despite the mentioned perturbation, the fundamental component of the pres-
sure wave can be observed. The problem now is to consider only the ampli-
tude corresponding to the fundamental wave of the pressure drop, discarding
the peaks related to perturbations. As a solution, it was decided to use a
nonlinear statistical fitting to the experimental pressure wave. The statistical
fitting is plotted with the original signal in Figure 6.

The amplitude of the adjusted pressure wave is used as the maximum pressure
drop, Apaz, for the calculation of the oscillatory Fanning friction factor.
This dimensionless number is plotted as a function of the oscillatory Reynolds

number in Figure 7. For the sake of comparison, the correlations previously
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Figure 7: Oscillatory Fanning friction factor vs oscillatory Reynolds number. Amplitude,
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If the flow could be described as quasi-steady, the curves for the net and
the oscillatory Fanning friction would be overlapped. That is what can be
observed at very low oscillatory Reynolds numbers, Re,s. < 30. For higher
Re,., the maximum pressure drop is significantly higher than the value cor-
responding to the same Reynolds number under steady flow conditions. Ad-
ditionally, the variation of the slope in the oscillatory Fanning friction factor
suggests a change in the flow regime, from laminar unsteady to a more chaotic
flow.

The experimental results are adjusted to an empirical correlation (Eq. 11),
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394

following the form of a three parameters modified-Ergun’s equation [30],
commonly used in Stirling engine regenerators [31].
162 0.097
fose = =—— + 3.46 Re,, 20 < Reyse < 200 (11)

osc
ReOSC

This correlation fits all the experimental data with a maximum relative error

of 2%.

3.4. Heat transfer for oscillatory-flow conditions

In this subsection, the results related to heat transfer with net and oscillatory
flow are presented. Figure 8 (a) and (b) represents the Nusselt number as a
function of the net Reynolds number for several oscillatory Reynolds number

for two different Prandtl numbers.
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Figure 8: Nusselt number vs net Reynolds number for different oscillatory Reynolds num-

bers. Amplitude, zo = d. (a) Pr =390 and (b) Pr = 190

As can be seen for both Prandtl numbers, the oscillatory flow can introduce
a significant heat transfer augmentation in comparison with the only net flow
case (Re,sc = 0). For example, for Pr = 390 and Re,, = 10, the case with
only net flow presents a Nusselt number Nu =~ 20, while a value of Nu ~ 70
can be achieved superimposing an oscillatory flow with Re,s. = 150, which
means an increase of about 3.5 times.

The significant enhancement in heat transfer when an oscillatory flow is su-

perimposed can be justified by the flow patterns observed experimentally
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[17] and numerically [16] in tri-orifice baffles under oscillatory flow condi-
tions. During both the positive and negative parts of the cycle (when there
is flow reversal, Re,s/Re, < 1), vortices are generated downstream of the
baffles and move along the space between consecutive baffles increasing the
mixing and disturbing the boundary layer.

It can be also observed how the net Reynolds number has a slightly positive
enhancement effect for a given oscillatory Reynolds number. But the effect is
lower than in the only net flow case, as can be deduced from the different slope
in the curves with oscillatory flow and the curve with only net flow. Another
remarkable effect is the lack of enhancement when the net and oscillatory
Reynolds numbers are of the same order of magnitude, i.e. low velocity
ratios. This can be explained by the fact that at Re,s/Re, < 1 there is
no flow reversal, so vortices are not generated during one half of the cycle,
reducing the overall mixing intensity.

The effect of Prandtl number on oscillatory flow heat transfer can be analysed
on the basis of single results. For a constant Re, = 20, results for Pr = 390
(Figure 8 (a)) and Re,s. = 160 yield a Nusselt number Nu = 90. For
Pr =190 (Figure 8 (b)), Re, = 20 and Re,s. = 150, Nu = 75. Taking into
account the negligible difference among the two different values of Re,s.,
an increase of Nusselt number of 20 % is reported for the highest Prandtl
number data set. The prediction obtained with the exponent 0.285 obtained
to quantify the effect of Prandtl number under net flow conditions would
yield a 22.7 % increase on Nusselt number. The small difference between
both outcomes, which is below the measurement uncertainty, supports the

idea that the Prandt number effect does not change when an oscillatory flow
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is applied.

A more detailed look at the effect of the oscillatory flow on the stratification
is also of high interest. Figure 9 represents the mean difference between
the upper and lower wall temperatures as a function of the net Reynolds

number for five different oscillatory Reynolds numbers and a Prandtl number

Pr =190.

Laminar flow Turbulent flow
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Figure 9: Temperature difference due to the stratification vs net Reynolds number for

several oscillatory Reynolds numbers (Pr = 190)

From Figure 9, a progressive reduction of the flow stratification is observed
when the oscillatory Reynolds number is increased. For example, at a Re,, =
30 there is a temperature difference of 10°C' when no oscillation is applied,

which is reduced up to 5°C for a Re,s. = 50 and completely removed at
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Reyse = 160. This also supports the idea of a high mixing at very low net
Reynolds numbers when an oscillatory flow is superimposed.

The goal now is fitting the heat transfer data to an adequate correlation.
Previously proposed correlations [7, 19, 32] have tried to consider the steady
and the oscillatory results in only one equation. Nevertheless, for the studied
range, the existence of three clearly different regions for the steady case makes
the process trickier. In addition, it should be considered that a portion of
the data does not have usefulness for real applications. Stonestreet and van
der Veeken [33] identified the value =1.8-2 to obtain the optimal residence
time distribution. So, it is decided to use only the data with oscillatory flow
and a velocity ratio U > 1. The Prandtl number exponent is the same as the

one previously obtained from the fitting of the net flow data.

Nu = 0.412 Re%' Rel383 pp0-285 U1 (12)

osc

The fitting of the correlation (Eq. 12) to the experimental data is plotted in
Figure 10. These correlation fits an 87% of the data with a deviation of +
10% and all the data with a deviation of 4+ 20%.
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Figure 10: Experimental vs predicted Nusselt for the proposed correlation (Eq. 12)

53 4. Conclusions

454 e In the absence of oscillation, three different flow regimes have been
455 distinguished: laminar flow regime for Re, < 110, transitional flow
456 regime for 110 < Re,, < 185 and turbulent flow regime for Re, > 185.
457 A 3-fold increase of friction factor in the laminar regime, with respect
458 to the standard geometry of one-orifice baffle, is reported.

459 e The superimposition of an oscillatory flow involves a remarkable in-
460 crease in the heat transfer rate, up to 4 times for very low net Reynolds
461 numbers. However, the heat transfer enhancement effect is negligible
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for low velocity ratios, Re,s./Re, < 1, especially when the flow be-

comes turbulent, Re, > 100.

e An influence of Prandtl number on heat transfer in the form Nu o Pr%-28°

has been obtained for both net-flow and superimposed oscillatory flow
conditions, in the ranges 10 < Re, < 600 and 0 < Re,s < 600 and
190 < Pr < 470.

e Flow stratification has been observed in the laminar flow region (Re,, <
100), and it has been proved that this can be reduced, and even re-

moved, if an oscillation is superimposed to the flow.
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