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X-Ray-Based Tomographic Imaging for the
Investigation of Laminar Mixing in

Micro-computed tomography is a promising non-invasive imaging technology
that offers high spatial resolution without requiring optical access. This opens the
opportunity to analyze concentration fields in mixing equipment in 3D. To dem-
onstrate the potential of the methodology, laminar mixing in helically coiled capil-
laries is investigated by tracking the radial distribution of potassium iodide along

This is an open access article under
the terms of the Creative Commons
Attribution License, which permits
use, distribution and reproduction
in any medium, provided the
original work is properly cited.

the main flow direction. Dean flow can be observed in the helically coiled capil-
laries, which intensifies with Reynolds number and decreasing effect of gravity.
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1 Introduction

In chemical and pharmaceutical engineering, performing pro-
cesses on a small scale is a desirable approach for smaller pro-
duction quantities or highly specialized products [1]. Owing to
the small equipment dimensions, the Reynolds number is typi-
cally low, meaning the flow is laminar and diffusion is the pre-
dominant mechanism for radial mixing [2]. Mixing can be
enhanced by coiling the capillary [3]. In coiled capillaries, the
existence of curvature leads to the formation of a secondary
flow pattern caused by the centrifugal force. The so-called
Dean vortices (Fig.1) are superimposed with the flow in the
main flow direction leading to a screw-shaped flow [4]. An ex-
tensive overview of the broad application possibilities is given
in [3].

The main parameters affecting the secondary flow in a heli-
cally coiled capillary (HCC) are the Reynolds number
Re" = udy/v, curvature, and torsion [5-7] that are represented
in the dimensionless Dean number Dn (Eq. (1)) and modified
torsion parameter T* (Eq.(2)) [8]. In the equations, d; and d.
are the inner capillary diameter and the coil diameter, and p is
the pitch of the coil, see Fig. 1. For low Dn (low curvature), no
or only weak Dean vortices are formed [9] that intensify with
increasing Dn and lead to improved radial mixing [10-12].
Contrary, increasing torsion (decreasing T*) results in poorer
mixing [13].

d;
Dn = Re\/;C (1)

1)  List of symbols at the end of the paper.
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Figure 1. Helically coiled tube with qualitative depiction of
Dean vortices and main geometric parameters. F, indicates cen-
trifugal force and f denotes the main flow direction.
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Flow fields in curved tubes were already visualized via holo-
graphic particle tracking [9], 2D and 3D particle image veloc-
imetry (PIV) [14-18], and magnetic resonance imaging (MRI)
[19,20]. Recently, Kovats et al. applied laser-induced fluores-
cence to visualize concentration fields of a fluorescent dye at
different angles of revolution [21]. So far, studies on X-ray-
based computed tomography for the investigation of processes
on the milli- to micro-scale are still rare [22] and only very few
studies concern the direct investigation of mass transfer
[23-25].
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The current distribution is a step towards the X-ray-based
tomographic investigation of mixing in capillary equipment. In
X-ray imaging, X-rays with an initial intensity I, are attenuated
by the sample. For idealized conditions (monochromatic X-ray
beam), the attenuation process can be described by the Beer-
Lambert law (Eq. (3)) [26]. Here, s constitutes the thickness of
the sample and u is the linear attenuation coefficient that
strongly depends on the atomic number Z and the density p
[26].

[ =Ipe ™ 3)

The remaining intensity I is measured at the detector, which
gives a 2D projection image. For tomographic (3D) imaging,
projection images must be acquired at several angles of rotation
. This is achieved by either rotating sample and detector
around the sample or by rotating the sample itself while keep-
ing X-ray source and detector constant. The resulting set of 2D
projection images is reconstructed to a virtual volume using a
reconstruction algorithm. The virtual volume consists of a
stack of cross-sectional slices built from voxels, the 3D equiva-
lent to pixels.

2 Methods and Materials
2.1 Experimental Setup

For the X-ray-based visualization of laminar mixing, two fluids,
one with and one without an X-ray contrast agent, are con-
tacted and the distribution of the contrast agent along the main
flow direction is tracked. The test helices consist of fluorinated
ethylene propylene (FEP) tubes (d; = 1.59 mm, d, = 3.2mm,
Bohlender GmbH, Germany) which are coiled around a
support structure (Fig.2b) with d. = 28.8 mm. The support
structure is 3D printed from polylactide (PLA) using an
ULTIMAKER S5 (Ultimaker, The Netherlands). Two setups are
fabricated, one with pitch p; = 4.8mm and another with
P> = 9mm. The lengths of the coiled tubes in the measurement

Skyscan 1275

X-ray
source ton-

T
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H,0
H,0 +K1 | |
waste

a)
Figure 2. (a) Schematic overview of the experimental setup.
(b) Setup for investigation of radial mixing.

sections are 30.2cm for p; (Pmax = 1200°) and 18.2cm for
P2 (Pmax = 720°). The first contact of the liquid containing con-
trast agent and pure liquid is realized in a commercially avail-
able T-junction (IDEX Health & Science, IDEX Corporation,
Northbrook, IL), which is located below the actual measure-
ment sections and hold in place by the support structure.

The liquid containing the contrast agent is added through
the bottom inlet and pure liquid through the side inlet of the
T-junction. In this work, water is chosen as the liquid and
potassium iodide (KI) is selected as the contrast agent as they
show good X-ray contrast and the solubility of KI in water is
high (144.5 g of KI per 100 g of water at T' = 20 °C [27]), which
allows for the preparation of solutions with high KI concentra-
tion. When dissolved in water, it forms K™ and I” ions, both
having a significantly higher attenuation coefficient than water.
However, as I" (Z = 53) has a significantly higher mass attenua-
tion coefficient than K* (Z = 19), only mass transfer of I” is
tracked using X-ray imaging [24].

Experiments are performed for different total volume flow
rates V, initial KI mass fractions W0, and pitches, see Tab. 1
[28]. The volume flow rate ratio of pure water and KI-enriched
water is kept constant at a value of 1. Note that the properties
of KI-enriched water differ from those of pure water. Densities
for the calculation of dimensionless numbers are estimated
from data given by Novotny and Sohnel [29] and dynamic vis-
cosities are estimated from the data provided by Goldsack and
Franchetto [30].

Table 1. Overview of flow experiments.

p [mm] wiro [-] V [mLmin™!] Dimensionless numbers
- - - Re =23-185

4.8/9 0.05/0.015 1.5/3/5/7/12 Dn =5-43

- - - T* = 436-3488

For tomographic imaging during the flow experiments, the
helices are placed on the rotatable sample stage of the Bruker
Skyscan 1275 (Bruker Skyscan 1275, RJL Micro & Analytic
GmbH, Karlsdorf-Neuthart, Germany), a micro-computed
tomography scanner with spatial resolutions up to 4 um and
maximum sample dimensions of diameter x height = 96 mm
x120mm. Pulsation-free pumps (BlueShadow Pump 40P,
KNAUER Wissenschaftliche Gerdte GmbH, Berlin, Germany
for pure water, LAMBDA VIT-FIT by LAMBDA Instruments
GmbH, Baar, Switzerland for water containing KI) that are
placed outside the CT pump the fluids through the HCC via
FEP tubing that is connected to the inlets and outlet of the heli-
cal setups inside the CT. For each scan, a set of 2D X-ray pro-
jection images is acquired. Each set consists of projection
images acquired at different rotation angles w, which are
obtained by rotating the sample stage by Aw = 0.25° after the
acquisition of each X-ray projection. The spatial resolution is
18 pm.
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2.2 Image Processing

The image processing workflow is depicted schematically in
Fig.3. For each scan, the resulting set of X-ray projection
images (1) is reconstructed to a set of voxel slices along the z
direction (2), using the commercially available reconstruction
software NRecon (Bruker, Billerica, MA). In the reconstruction
step, also scanning artifacts are reduced. Reorganization of the
data is necessary (2a) to obtain cross-sectional views of the cap-
illary (2b) along the angle of revolution of the helix ¢. A binary
mask is applied to the cross-sectional images, such that only
voxels inside the tube are retained (3). The 16-bit gray values
of the remaining voxels are converted into mass fractions (4)
using linear calibration functions. As scanning artifacts deterio-
rate the uniformity of gray values in the whole measurement
domain, calibration curves are captured ¢-wise. More details
on the determination of calibration curves are given in the Sup-
porting Information.

3  Results and Discussion
3.1 Data Evaluation
3.1.1 Artifacts

Scanning artifacts are disturbances in the reconstructed images
that result from imaging and reconstruction. Fig. 4 gives recon-
structed x-y and x-z slices at exemplary reference positions y,er
and z,.r in the HCC (p,) that are filled with a homogeneous lig-
uid (wi = 0, wi = 0.2). As can be seen from the figure, regions
that are expected to be represented by a homogeneous gray val-
ue are disturbed by artifacts (A). The primary artifacts visible
here are ring artifacts (A1), beam hardening (A2), and streak
artifacts (A3).

Ring artifacts originating from ill-calibrated or defect detec-
tor elements (A1) [26] appear as concentric circles around the
center of the rotation axis. The disturbance is most significant
in the center of rotation, hence the center of the reconstructed

image. The measurement section of the HCC is distant (d./2)
from the center of rotation. Here, the effects of ring artifacts do
not affect the concentration profile significantly.

Beam hardening arises from a filtering effect on the poly-
chromatic X-ray beam induced by the sample [26]. It is visible
by a decreasing gray value profile towards the center of the
image. Fig. 4 shows that beam hardening can be eliminated suf-
ficiently for low KI mass fractions, as can be seen from the pla-
teaus in the gray value profiles. However, for higher KI mass
fractions, beam hardening is still visible for a KI mass fraction
of wi; = 0.2. The beam hardening correction that proofed to be
sufficient for pure water is insufficient for correction of beam
hardening of other (denser) materials. However, all reconstruc-
tions have to be performed with the same beam hardening cor-
rection value to avoid systematic calibration errors.

The whole reconstructed volume is affected by streak arti-
facts (A3) that arise from a combination of scattering and beam
hardening [26]. They are caused by the experimental setup
itself, meaning the FEP tube, the support structure, and the lig-
uid inside the tube. The more complex the setup (lower pitch
means more turns in the helix) and the higher the KI mass
fraction, the stronger the streak effect.

3.1.2 Low Contrast Detectability

The low-contrast detectability specifies the limit at which a
low-contrast object with a specific size can be distinguished
from its background. The low-contrast limit can be calculated
using a statistical method [31]. A quadratic object with a speci-
fied edge length (I,) can be differentiated from its background
with a confidence level of 95% if the low-contrast limit

>3.29 0y, given that the mean gray values of object and back-
ground follow a Gaussian distribution with standard deviation
Opg- The low-contrast limit is determined slice-wise along the
main flow direction and averaged across all slices. In the pres-
ent experiments, the Opg increases with the mass fraction of KI
and therefore is not identical for the background and the sam-
ple object.

Figure 3. Schematic of the image processing routine. (1) Sets of X-ray projection images. (2) Reconstructed set
of voxel slices. (2a) Reorganization of data to voxel slices normal to the main flow direction (2b). (3) Segmenta-
tion of voxel slices to obtain the region of interest. (4) Mass fractions of Kl in water.
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1 mm

the initial concentrations chosen
(wkr = 0.05, wgy = 0.15) are suffi-
cient to allow the distinction of
more than three to four mass con-
centration levels with a confidence
of at least 95 %.

3.2 Phenomenological
Observations

Starting from ¢ = 0°, Fig.6 exem-
plarily demonstrates how iodide is
transported across the capillary
cross section of the HCC with p;.
All cross sections show iodide-poor
and iodide-rich regions that are
differently pronounced, differently
arranged, and more or less sharply
segregated. Relative deviations be-
tween adjusted and measured
average mass fractions in the pre-
sented slices are below 2.5% for
wiro = 0.05 and below 0.4 % for
wgro = 0.15. For the low initial
tracer concentration (wypo = 0.05)
and the lowest flow velocity
(V = 15mLmin', Re = 23,

components in image

C1 FEP tube test section
C2 FEP tube outlet
C3 PLA support structure

C4 air
C5 liquid

artifacts

A1 ring artifacts

A2 beam hardening

A3 streaking

Dn =5, T* = 436), a sharp separa-
tion area exists between the iodide-
poor and iodide-rich region, which
is inclined to the inner wall (IW) at
the beginning of the first coil

Figure 4. Visualization of artifacts for exemplary x-y and x-z cross-sectional slices after beam
hardening correction (p = 4.8 mm). The light blue profiles give the qualitative evolution of 16-bit

gray values along the white solid lines in the rectangular ROIs.

The low-contrast limit given in Fig. 5 is a worst-case estimate
of calculated with the highest expectable mass fraction. The
low-contrast limit generally decreases with increasing object
size. To track a small fluid portion with an edge length of
0.054 mm (3x3voxels) for a maximum KI mass fraction of
wiy = 0.03 the 95 % confidence level is given for Awy; = 0.01.
In this case, at least two mass fraction levels can be distin-
guished with high certainty, which would be too low for track-
ing Dean vortices. For wg; = 0.06, the 95 % confidence level is
between Awy; = 0.013 (p;) and Awgg = 0.01 (p,), meaning that
at least four to five mass fraction levels can be distinguished.
For wyg; = 0.2, the minimum mass fraction difference is
Awyg = 0.05 for p; and Awy; = 0.03 for p,, which also results in
at least four mass fraction levels being clearly distinguishable.

An interesting conclusion for the study of flows in helices is
that increasing the mass fraction of the tracer to a certain
degree is necessary to obtain at least three distinguishable mass
fraction levels. However, artifacts become more dominant with
increasing KI mass fraction, and the distinguishability of high-
and low-concentration regions in the cross sections does
not improve further. For the current investigations follows that

Chem. Eng. Technol. 2022, 45, No. 7, 1247-1254

¢ =0°).

The cross-sectional concentra-
tion field is still affected by the
secondary flow imposed by the
first contact of the liquids in the
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Figure 5. Low contrast detectability (LCD) depending on the
highest expectable mass fraction.

© 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH

www.cet-journal.com

8sUBD1 7 SUOWILIOD dARea1D 8|qed!|dde ay) Aq pausenob are ssjie YO ‘88N JO S8|ni 10} ArIqIT8UIUQ A8]1MW UO (SUORIPUOD-pUe-SW.B/WoY" A3 1M AReIq 1 U1 |UO//SdNY) SUORIPUOD pue Swe | 84} 885 *[7202/20/ET] uo AriqiTauliuo A8|im ‘Bunjfeyoseg pun uezueu i Jeueza@ punwiod BeISBAIUN 8ydSIuyoe | Aq 0ES00TZ0Z 1880/200T 0T/I0p/L0d A8 |im: Areiq1jpul|uoy/sdny woiy pepeojumoq ‘L ‘2202 ‘SZTYTZST



Chemical Engineering  Research Article

1251

Technology

©
o
a

=
P
[S)

0°

S
&a

22°

0000000000
AL
O¢
o
3

€
O
&
@)

90°

e
5
%

L
9

LLL

angle of revolution / ®
180°

360°

{

Ll
S F i ETE )

720°

U LLLLLALLY L

L
»e

1080°

Prerri
‘ "
s

Y. R R p
VoW W e L
Viot 15 3 5 7 12 15
Re 23 46 77 108 185 25
Dn 5 11 18 25 43 6
™ 436 872 1454 2035 3488 462
p=48mm 1 mm
]

0 Wi 0

T-junction and the transition section between the T-junction
and first coil (see Fig.2). Within the first coil, the separation
area becomes horizontal and uniformly sharp due to a settling
effect that arises from different densities of iodide-poor and
iodide-rich liquid. In the second and third coil, secondary flow
leads to the disturbance of the concentration field at ¢p = 360°.
The cross section at ¢ = 1200° shows a distinction between
iodide-poor liquid in the upper half and the iodide-rich liquid
in the lower part of the cross section. However, the transition
between the regions is relatively gradual, especially near OW.
The shapes of the iodide-rich and the iodide-poor region allow
conclusions about the nature of the secondary flow in the cross
sections.

The concentration fields indicate two vortices of approxi-
mately the same size that rotate in opposite directions, the

9
00000000000
00000000000

w QOW lpg i}

Figure 6. Exemplary visualization of cross-sectional concentration profiles at different angles of
revolution ¢ for p; = 4.8 mm. Fg is the gravitational force, F, is the centrifugal force.

lower of which rotates in the clock-
wise direction. However, the con-
centration profile does not corre-
spond to a fully established Dean
flow. While the secondary flow at
low Re is sufficient to entrain some
iodide-rich liquid into the upper
half of the tube at OW, it is insuffi-
cient to transport it along the inner
tube wall back to IW, such that
iodide settles close to OW.

At a volume flow rate of
V = 7mLmin?' (Re = 108,
Dn = 25, T* = 2035, wyo = 0.05),
the concentration fields differ sig-
nificantly from the field at low Re.
Although at ¢ = 0° an iodide-rich
and iodide-poor region can be easi-
ly distinguished, the iodide-rich
liquid is no longer restricted to the
bottom half of the capillary cross
section. Instead, the regions have
an irregular shape that originates
from flow momentum induced
before ¢ = 0°. At ¢ = 360°, the con-
centration field is relatively uni-
form and resembles a concentra-
tion profile that is characteristic for
Dean flow, as already published by
several authors [10, 21, 32].

The iodide-rich region at the
bottom and the iodide-poor region
at the top are surrounded by a

WK|,0 = 0.15

ANOBOMKODD
DTN DILRE X

"o

439 852 134 significant amount of liquid with
12 19 27 intermediate iodide concentration.

924 1541 2157 In the second and third coil,
the characteristic of the concentra-
tion field remains, but radial mix-
ing progresses as intermediate re-
gions grow, and iodide-poor and
iodide-rich regions shrink. For the
highest volume flow rate tested
(V = 12mLmin”', Re = 185,
Dn = 43, T* = 3488, i1, = 0.05),
the Dean flow intensifies further which leads to nearly com-
plete mixing at ¢ = 1200°.

Similar phenomenological observations can be made for
wiro = 0.05 and wg o = 0.15. As the density difference between
pure water and solution is higher at wxyo = 0.15 (Apra = 12 %)
as for wio = 0.05 (Ap = 4 %), the gravitational force is more
pronounced and inhibits mixing. The effect of secondary forces
is lower in the transition section for lower initial KI fractions,
which is visible from a sharper segregation area. Furthermore,
the transition to fully developed symmetric Dean flow is shifted
to higher Dean numbers.
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3.3 Mixing Quality

The mixing quality « is calculated for each ¢ using definition
Eq. (4) [33], where 0,y is the variance of a totally segregated
distribution, see Eq.(5). The maximum mass fraction Wy, of
the X-ray tracer is set t0 Wyax = Wki,0, the mean mass fraction w
and standard deviation ¢” are calculated in each cross section.

o2
amax
2
"zv,max = (0.5Wpax) (5)

Fig.7 shows exemplary mixing qualities for a helix with p,
for the different initial tracer concentrations. The evolution of
mixing quality corresponding to mass fraction profiles in Fig. 6
is given in Fig.7. Generally, the curves for higher Re progress
on a higher level than curves for lower Re, which is caused by
the mixing in the inlet section. Even though the progression of
a is perturbated by local artifacts, an overall increase with in-
creasing ¢ is visible. Due to the relatively short capillary lengths
within the measurement sections, the mixing quality at the
maximum observable ¢ is still low for most Re. Only at
Re = 108 and Re = 185 at wg;o = 0.05 higher mixing qualities
are reached at ¢ = 1200° as the Dean flow significantly acceler-
ates mixing. Comparing wgyo = 0.05 and wgy = 0.15 reveals
that the increase in « is stronger for lower wyq .

a) 1
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Re =25 : Re =82
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Figure 7. Mixing quality in cross-section over angle of revolu-
tion ¢ for p; = 4.8 mm. (a) wyo = 0.05, (b) Wi = 0.15.

The exemplary evolution of & over ¢ does not account for
the different residence times resulting from the different vol-
ume flow rates. To compare radial mixing efficiency for differ-
ent flow conditions while accounting for the different residence
times, an equivalent radial dispersion coefficient Dyq is defined.
Deq can be interpreted as the theoretical diffusion coefficient
necessary to cause the same increase in « in a diffusion experi-
ment as that in « caused by secondary flow in a helix. Further
information about the calculation of D.q is given in the Sup-
porting Information.

As displayed in Fig.8, D.q rises with increasing Re and is
higher for lower wp,. For Re <60, no significant effect of p on
Deq can be found. At higher Re, D.q becomes increasingly high-
er for p, than for p;, which is contrary to findings from the lit-
erature where a higher pitch is reported to have a reducing
effect on mixing efficiency. It should be noted that the standard
deviation for the highest Re is high, and conclusions about a
possible additional gravity effect should be drawn with caution.

-8
5 x10 i i
Q  PpWo= 0.05 Q
_ 4 o P, WKI.O =0.05
‘v @ p1,wK|’o=0.15
~ 3 =0.15
= & Py Wo=0
g2
° %
[}
1 Q@
Y ¢
0 . . .
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Re /-

Figure 8. Equivalent radial dispersion coefficient Do (with stan-
dard deviation) as a function of Re.

4  Conclusion

Tomographic measurements are conducted for flow experi-
ments in helically coiled tubes (23 <Re <185, 5 <Dn <43)
for different initial tracer concentrations (wgyo = 0.05,
wgro = 0.15). The methodology yields cross-sectional mass
fraction fields along the main flow direction. Dean vortices can
be observed that intensify with increasing Re and decreasing
contribution of gravity. The analysis of the mixing quality and
the derivation of an equivalent mixing coefficient support the
qualitative observations.

The main challenge in analyzing concentration fields and
drawing quantitative conclusions is the high noise level caused
by scanning artifacts. Contributing factors are the complexity
of the setup and the initial mass fraction of the tracer. The
amount of tracer must be high enough to allow at least three
different mass fraction levels. However, too high a concentra-
tion does not necessarily lead to better distinguishability due to
the increasing presence of artifacts. Furthermore, a higher trac-
er concentration leads to a change in fluid properties.

While the density difference between pure and tracer-
enriched liquid might enable the investigation of gravity-
related effects, an undistorted investigation is barely possible.
Altogether, micro-computed tomography was found to offer
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great potential for investigating steady laminar mixing in capil-
laries. Future research will concentrate on a more detailed
investigation of the interplay of curvature, gravity, and torsion
in a helically coiled capillary, and the present investigations will
be enriched by numerical simulations.
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Symbols used

d. [m] coil diameter

d; [m] inner diameter

Dn [-] Dean number

d, [m] outer diameter

f [-] flow direction

Fy [kgms™] gravitational force

F, [kgm s centrifugal force

Deq [m%7] equivalent dispersion coefficient
I (W m™] intensity of X-rays

I, [Wm™3] initial intensity of X-rays
L, [m] portion edge length

p [m] pitch

Re [-] Reynolds number

s [m] thickness of sample

T [°C] temperature

™ [-] modified torsion parameter
u [ms™] flow velocity

% [m’s™] volume flow rate

w [-] mass fraction of KI

x [m] spatial coordinate

y [m] spatial coordinate

Z [-] atomic number

z [m] spatial coordinate

Greek letters
a [-]
u (m™]

mixing quality
linear attenuation coefficient

v [m%7™] kinematic viscosity
P [kgm™] density

o [-] standard deviation
0 [°] angle of revolution
w [°] angle of rotation
Abbreviations

FEP fluorinated ethylene propylene
HCC helically coiled capillary

w inner wall

LCD low contrast detectability

ow outer wall

ROI region of interest

Subscripts

bg background

max maximum
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