
Characterization of Microchannel Hemodialyzers Using
Residence Time Distribution Analysis

Matthew Coblyn, Agnieszka Truszkowska and Goran Jovanovic

School of Chemical, Biological, and Environmental Engineering, Oregon State University,
103 Gleeson Hall, Corvallis OR 97331, USA

Received: 31 October 2015; accepted: 02 February 2016

Microchannel-based hemodialysis has a potential to improve survival rates and quality of life for end-stage renal
disease patients compared to conventional hemodialysis technology. Characterization of hydrodynamic behavior in
microchannel geometries is necessary for improving flow uniformity, a critical challenge in realizing a commercial
device. A test loop was developed for measuring the impulse response of a tracer dye injected into a dialyzer test
article for the purpose of developing residence time distributions (RTD) to characterize lamina design. RTD variance
tended to lower for designs that are more dominated, volume-wise, by the microchannel array versus the headers. RTD
results also emphasize how defect issues can significantly impact a microchannel device via discrepancies between
conceptual and operational devices. A multisegmented CFD model, developed for pairing with the impulse response
test loop and dialyzer, showed good agreement between visual observation of the tracer in simulations and experi-
ments, and the shape and peak of the output profiles.
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1. Introduction

In 2010, there were approximately 2.2 million patients diag-
nosed for end-stage renal disease (ESRD) worldwide with
the number of cases continuing to grow each year [1]. Kidney
transplants are limited, and conventional hemodialysis treat-
ment is insufficient due to decreased survival rates and
increased associated costs, thus, requiring a better solution for
treating ESRD. Microchannel-based hemodialysis is a proposed
technology, already shown to have improved filtration perform-
ance characteristics with a 60% increased mass transfer coef-
ficient compared to conventional hollow-fiber devices [2]. In
addition to performance gains, implementation of microchannel
technology for hemodialysis can reduce dialysate waste, result-
ing in smaller device footprint and potential in-home, daily,
nocturnal application. This treatment approach is suggested to
increase survival rates and significantly improve the quality of
life for end-stage renal disease (ESRD) patients [3, 4].
A general microchannel configuration for hemodialysis con-

sists of an array of microchannels carrying blood countercurrent
to an array of channels carrying dialysate, with the sets of
channels separated by dialysis membrane. The key benefit of
microchannel hemodialyzers over traditional hollow-fiber fil-
ters is the control of both blood and dialysate fluid flow at the
microscale level. Microchannel systems intensify chemical
operations by decreasing the working distance of molecular
species within the unit, minimizing heat and mass transfer
resistance [5].
Flow uniformity is imperative in maintaining consistent

performance in microchannel hemodialyzers and for microreac-
tor systems in general. At the microscale, gas bubble obstruc-
tion becomes an increasing challenge as interfacial energies
begin to dominate inertial forces [6–11]. Small fabrication
defects such as machining burrs or slight misalignments are
relatively large in the application of microchannel processes
[12]. Even under ideal device fabrication and operating condi-
tions, design of the microchannel geometry must be optimized
to reduce inherent flow maldistributions. Residence time

distribution (RTD) analysis is proposed as a method of charac-
terizing the hydrodynamic behavior within microchannel hemo-
dialyzers, including evaluating channel array and header design
and fluid flow during ideal and non-ideal conditions (e.g.,
defect or obstruction presence).
RTD has been extensively utilized in the chemical reactor field

to characterize the hydrodynamic behavior within a reactor or
fluid flow system. These larger systems are more conducive for
performing tracer measurements, and many reactor geometries
have associated analytical solutions [13, 14]. The application of
RTD in microchemical processing technology has been investi-
gated by various groups over the last 10 years [15–20], yet this
remains a relatively new application and more work is necessary
to understand the potential utility of this approach.
Trachsel and colleagues developed a novel microfluidic sys-

tem for measuring RTD through a single microchannel [15].
Cantu-Perez and colleagues investigated residence time of a
bare rectangular channel and one with herringbone structures
for promoting mixing [16] and more recently investigated RTD
in microstructured reactors containing either straight channels
or zig-zag channels [17]. RTD in a retention reactor and coaxial
heat exchanger in a commerical microreactor was investigated
for improving processing time control [18]. Bošković and
Loebbecke investigated the RTD in three different micromixers
[19] and Bošković et al. followed this work with an investiga-
tion of three microreactor designs that utilize different passive
mixing structures: a 3-D serpentine structure, a split-and-recom-
bine structure, and a staggered herringbone structure [20].
Adeosun and Lawal investigated laminar flow mixing behavior
in a T-junction microchannel [21] and a MEMS-based mutila-
minated/elongational flow micromixer using RTDs [22]. Men-
dez-Portillo et al. performed a numerical investigation on the
hydrodynamics of a split-and-recombination microreactor and
multilamination microreactor [28].
The RTD is a characterization of the hydrodynamic behavior

of flow systems, describing the fluid age [24]. It is used to
determine the presence of stagnant flow regions, channeling
or bypassing, recirculation, and develop and verify flow models
[14]. For this application, the flow system is the complete
hemodialyzer: header regions, working regions (e.g. microchan-
nel arrays), and fluid connections.
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The main principle for RTDs is that, given a volume of fluid
entering a system at time t0, that volume can be partitioned into
fractional volumes that exit the system after t0. Collectively,
these partitions create a distribution, the RTD, that can be
plotted versus time. As a density function, the RTD is often
denoted as E(t′). In continuous form, this is described by the
convolution integral (eq. 1) with input, b(t− t′), and output, a(t).
The system response is a function of t′ which is not the absolute
time but a relative time with respect to when a particular volume
of tracer enters the system. The moments of the distribution can
be calculated, such as the 1st moment (mean), 2nd moment
(variance), 3rd moment (skewness), and 4th moment (kurtosis
or peakedness). The first and second moments are particularly
useful in analysis, as they describe the average age of the fluid
exiting the system and variation of fluid age or dispersion,
respectively.

a tð Þ ¼ ∫∞−∞b t−t0ð ÞE t0ð Þdt0 ð1Þ
The behavior of the tracer can be governed by multiple

sources such as convection, dispersion, molecular diffusion,
and even electromagnetic fields. Often, RTDs are obtained by
injecting a tracer solute into the system and measuring exit
concentrations. With larger systems, the injection of tracer can
be near instantaneous or associated with a single time point (t0)
and the resulting outlet concentration curve is assumed to be the
RTD. For our system and nearly all microscale systems, creat-
ing a near perfect impulse is challenging, due to the instant
shear gradients the impulse encounters in the laminar fluid flow.
Instead, both the input and output concentration profiles or
response signals are recorded and the RTD is obtained through
deconvolution.
There are many approaches to deconvolution such as linear,

nonlinear, Fourier methods [25–27], and flow model fitting
[20, 21, 28]. Deconvolution by solving a linear equation set

was chosen for this work because obtaining the RTD is
approached without preconceptions of the profile shape, unlike
parameter fitting of a flow model. This is important in complex
geometries where observed tracer behavior could stray far from
expectations.
In this investigation, a test loop was developed for measuring

the inlet and outlet concentration profiles of an impulse of tracer
dye flowing through the microchannel hemodialyzer system.
Inlet and outlet profiles were deconvoluted to obtain the asso-
ciated RTD. Four different flow geometries were investigated
under ideal and non-ideal (defective) operating conditions and
evaluated for their capability at maintaining preferred RTD traits
such as predicted mean residence times (MRTs) and low relative
variance. A mathematical model was developed using classical
CFD to describe tracer behavior through the devices and com-
pare with experimental results. Experimental procedures and
model development are further described in Section 4.

2. Results and Discussion

2.1. Deconvolution of Impulse Response Measurements.
Following deconvolution and without post-filtering, some
measurement sets failed to fully converge on a solution, defined
by error>1% between the original output profile and an output
profile created by convoluting the original input profile with the
RTD. Figure 1 shows an example of a data set with sufficient
converged (0.6%) error. It is suggested that nonconverging
measurement sets require either more sophisticated deconvolu-
tion methods or improvements in variation association with the
tracer measurement technique. The following results were
obtained only from data sets that sufficiently converged on an
RTD solution.
RTD profiles for the four lamina designs at varying channel

blockage conditions are displayed in Figure 2. For design 1

Figure 1. Example of a converging data set. Conditions: design 1 (slim header) with 4 blocked channels. (Top) Residence time distribution. (Bottom)
Experimental output and reconvoluted output profile
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(slim header), the beginning of the RTD profiles shifts from
right to left with increasing channel blockage. This is an
expected outcome as the mean residence time shifts earlier in
accordance. This initial signal in the RTD profile is often
referred to as the breakthrough time. The breakthrough time is
useful in process engineering as it provides a measurement of
the shortest flow path through the system or the least processed
material. The peaks of the profiles also increase with increasing
blockage, along with a noticeable decrease in the spread of the
RTDs. For design 2 (wide header), again, there is a similar trend
of the breakthrough times shifting right to left with increasing
channel blockage while the trend of increasing peak height is
noticeable but less consistent. Design 3 (header posts) also
shows the similar decreasing breakthrough time trend and
increasing profile peak trend for increasing channel blockage.
For design 4 (all posts), the trend in RTD profiles with respect
to increasing channel blockage is less discernible with profiles
being more similar in shape and magnitude compared to the
other lamina designs. Design 4 differed architecturally by for-
going a channel array and instead utilizing a grid of microposts
throughout the flow volume.
2.2. Mean Residence Time of RTDs. Mean residence time

(MRT) was calculated from both the measured inlet–outlet
profiles and the obtained RTD profiles. The set of MRT for
each experimental group had less than 0.1% error. Each channel
blockage condition was compared with a corresponding V/Q
predicted value (predicted mean time=fluid volume space [V] /
volumetric flow rate [Q]).
For design 1, with the slim header, the averages of the mean

residence times at various defect conditions are shown in Figure 3.
The MRT aligns closest with the predicted value at the “no
blockage” control condition and the difference increases as
channel blockage increases.
For design 2, MRTs are less than prediction for all conditions,

including the control condition (see Figure 4). In addition, the
difference between measured and predicted MRT is more con-
sistent over the range of conditions versus design 1.
Architecturally, design 3 (header posts) was nearly identical

to design 2 with the exception of additional microposts in the

header. MRTs for design 3 (see Figure 5) are in closer alignment
with predicted values, compared to design 2 and design 1.
Compared with design 2, design 3 showed a reduction in y-
intercept difference of the linear regression from 0.63 to
0.097 s, an 85% decrease in error.

Figure 2. Residence time distributions at various channel blockages of four lamina designs: (A) slim header, (B) wide header, (C) header posts, and
(D) all posts. Flow rate was 0.768 mL/min for all measurements

Figure 3. Average MRT for design 1 (slim header) with error bars (1
standard deviation) with V/Q predicted values

Figure 4. Average MRT for design 2 (wide header) with error bars (1
standard deviation) with V/Q predicted values
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2.3. Variance and Skewness of RTDs. The dimensionless
variances were calculated from the RTD profiles of each lamina
design at the various blockage conditions. The results for all
four lamina designs are shown collectively in Figure 6. At the
control condition, design 2 displayed the highest variance and
designs 1, 3, and 4 showed similar variance levels. As channel
blockage increased, design 3 displayed a higher variance more
similar to design 2. At 24 blocked channels, the variance in
design 1 increased dramatically, near design 2 variance, and at
32 blocked channels, designs 1, 2, and 3 were at similarly
higher levels.
Skewness is a measurement in the level of symmetry of a

distribution; therefore, symmetrical distributions have a skew-
ness of zero. All RTD profiles displayed positive skewness (see
Figure 7), representative of the right-sided long tail. Results
show that designs 2 and 4 had highest skewness at the control
condition. Design 3 at 24 blocked channels showed the highest
skewness. Design 1 at 8 and 16 blocked channels showed the
lowest skewness. Overall though, the relative change in skew-
ness is smaller compared to changes in variance and it is
difficult to visualize a trend.
2.4. Evaluation of Microchannel Lamina Designs. The

four lamina designs selected for the study represent basic design
principles for a microchannel hemodialyzer but also for general
microreactors. Design 1 aims to reduce volume outside of
the working region (i.e., channel array). Design 2 consists of a
larger header that can facilitate priming by reducing sharp
corners for bubbles to stagnate. Design 3 uses the same header
shape and microchannel array as design 2 and adds micropost
support features to the header volume. The microposts assist in
reducing sagging of the dialysis membrane, a common problem
in larger spaces of the lamina and when operating the system
under ultrafiltration conditions, common during dialysis. The

microposts also create small, localized rotational flow around
each post increasing mixing effects. Design 4 employs the
micropost grid in the header and main rectangular portion in
absence of a channel array. This design increases utilization of
dialysis membrane surface area and increases mixing of the
bulk fluid. Within the context of microreactors, this also
increases surface area for heterogeneous reactions versus a flat
plate reactor. All of the observations discussed in this section
are summarized in Table 1.
Of all groups, MRT of design 1 at the control condition was

closest to the predicted value with a 0.3% difference. Design 2
lamina had a larger difference in MRT at the control condition
with a 6.7% decrease in MRT from prediction. Difference in
MRT for design 2 at the various channel blockage conditions
was more consistent than design 1, averaging a −6.4% differ-
ence. Based on visual recordings of the tracer, the improved
alignment with prediction for design 1, control, versus design 2
may be due to the narrower header of design 1 reducing bulging
of the PDMS top layer in the header regions. Visually, bulging
of the PDMS top layer did not significantly impact the flow
pattern in the header, only reducing header total volume.
The difference of MRT from prediction for design 1

increased as much as 9% for the most extreme blockage sce-
nario: 32 of 60 blocked channels. This is partially attributed to
increased stagnation of bubbles in dead regions of the header as
a result of the deactivated microchannels (see Figure 8). The
narrower shape of the header inhibited fluid flow in the sharp
corners of the header that were not delivering flow to or receiv-
ing flow from the microchannels. Even with increased fluid
flow rates (up to 3 mL/min) of isopropanol during priming,
the bubbles remained stationary. In contrast, the wider header of
design 2 improved priming by facilitating fluid movement to
header corners and flushing most stationary bubbles out of the
header. As a result, tracer material travelled further into the
header corners allowing for greater header utilization at higher
blockage conditions compared to design 1.
The average MRT for design 3 was closer to predicted values

compared to design 2. For the control condition, MRT decreased
1.6% from prediction. For all conditions, design 3 averaged 3.9%
decrease from prediction. This is attributed to the microposts in
the headers assisting in supporting the PDMS layer and maintain-
ing the 100 μm depth throughout.
Average MRT for design 4 (all posts) matched well with the

predicted value for the control condition (see Supporting Infor-
mation). We are cautious with these results. The shape of the
micropost is not a cylinder of uniform radius. Instead, due to the
etching process, the radius of the post increases moving from
the top to the bottom meeting the header floor. This creates
difficulty in accurately measuring the volume within the lamina

Figure 5. Average MRT for design 3 (header posts) with error bars (1
standard deviation) with V/Q predicted values

Figure 6. Comparison of the dimensionless variance of the RTDs for
the four lamina designs at various blockage conditions

Figure 7. Comparison of skewness of the RTDs for the four lamina
designs at various blockage conditions
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without a high resolution 3-D surface metrology technique that
can map the entire lamina surface. An estimation was made
using measurements from an optical microscope and measure-
ment software.
The tracer segmented into two primary flows through the

design 4 lamina (see Supporting Information). This was an
unexpected observation. Microposts grids are becoming
increasingly utilized in dialyzer designs associated with this
research and other microreactor applications. It was assumed
that the tracer would move in a pseudo-plug flow behavior
through the micropost grid pattern. This segmenting of the fluid
flow points toward a more complex interaction between header
geometry, micropost grid, inlet and outlet holes, and fabrication.
Reducing variance in the RTD is an important objective of

dialyzer design because it reflects less stagnant flow that could
potentially promote blood coagulation. Additionally, a narrower
RTD profile reflects better homogenization of the flow through
the increased ratio of transverse dispersion to longitudinal dis-
persion, thereby increasing the probability that exit fluid is
processed or filtered to similar extent and addressing a major
concern of insufficiently filtered blood racing through the
device faster than the mean residence time.
Design 4 (all posts) displayed consistently lower variance

levels, similar to design 1 for the 0 to 16 blocked channels
cases. The obstructions in design 4 occupy less volume when
compared to the other designs and taking into consideration the
deactivated portions of the microchannels. Still, for the obstruc-
tions that were measured, variance remained consistent. During
real operation, any stationary bubbles in the micropost grid
would not be bulked together in two concise volumes; instead,
they would be dispersed randomly through the lamina, creating
a tortuous fluid path. This randomness is more so prevalent in
the microposts laminas than the microchannel laminas due to
the opportunities for bubbles to become pinned between each
set of microposts.
In a fully functioning hemodialyzer, we would aim to reduce

positive skewness. The long right-sided tail would represent
fluid remaining in the device much longer than the MRT. This
could be a result of stagnant fluid and, in the application of
blood processing, may lead to cell damage. Skewness can

suggest the type of dispersion dominating the system. For
example, a more symmetric, Gaussian distribution may result
from higher transverse diffusion allowing tracer to sample a
better average of velocities through the device. A trend in
skewness for the measured lamina and conditions was less
discernible compared to variance. Design 1 exhibited lower
skewness than the other lamina designs for the 8 and 16 blocked
channels conditions. In that regard, design 1 outperformed the
other lamina but values are close enough that this small set of
data should be taken cautiously.
Taking all the findings collectively, the best performing lam-

ina design was design 1 with the slimmer headers. Design 1
displayed more predictable MRT at the control condition and
less dispersion than other designs at lower blockages. It had
increased variance at the higher blockages but that can be
partially attributed to the decision to block the outside most
channels, creating dead flow regions in the header corners.
Although high channel blockage may occur during dialyzer
operation, it is more likely to exist in a random configuration.
It is recommended that support features such as microposts be
incorporated into the design as the dialysis membrane is softer
and more pliable than PDMS, making it more susceptible to
sagging.
The all-micropost configuration of design 4 is one that may

be utilized in future devices due to its increased surface area
utilization for dialysis, but under this current configuration, the
high level of bubble stagnation and flow segmenting presents a
new design challenge that must be addressed.
2.5. CFD Simulated Tracer Flow Compared with Exper-

imental Measurements. An impulse response simulation was
performed for design 1 at the control condition, design 1 at 16
blocked channels, design 2 at control, and design 4 at control.
Below is a concentration distribution for simulated tracer as it
flows through the lamina portion of the segmented model (see
Figure 9). When visually compared with tracer behavior in the
experimental device (see Figure 9), the simulation showed more
uniform introduction of the tracer into the entrance header of the
lamina.
The shape of the outlet profiles, for experiment and simula-

tion, was similar but, for all simulation groups, the outlet was
shifted later in time (see Figure 10). The differences in MRT of
numerical simulations and experiment range from 10% to 32%
(see Table 2). These differences are within the range of results
from previous investigators that developed numerical simula-
tions for RTD analysis of real fluid system, both macro- and
microscale. For example, Adeosun and Lawal saw differences
in MRT between simulation and experiment that varied from
12.81% up to 21.84% for a T-junction micromixer [21]. Men-
dez-Portillo et al. investigated a split-and-recombination micro-
reactor and a multilamination microreactor and observed
differences in MRT that were as high as 27.8%, although they
also saw results within 1.06 % error [23]. Shilapuram et al.
investigated a large solar-cyclone reactor system and yielded

Table 1. Comparison of the four lamina designs

Lamina design Pros Cons

1. Slim header • Closer alignment with predicted MRT for control • Difficulty priming at higher blockages
• Lower variance for control and low blockage • Increased dead volume at higher blockages
• Less skewness in blockage conditions
(relatively shorter tailing)

• Increased RTD variance at the higher blockages
(24–32 of 60)

2. Wide header • Easier priming of headers • MRTs consistently lower than predicted
may be indicative of header sagging

• Less dead volume at higher blockages • Higher variance at lower blockages
3. Header posts • Reduced header sagging and better

alignment of MRTs with predictions
• RTD variance increases quickly once
channel blockage occurs

• Less variance compared to design 2 for control
4. All posts • Lower decrease in MRT with obstructions • High bubble stagnation due to fluid bypass

• Higher area utilization for dialysis mass transfer • Segmenting of flow through micropost grid pattern

Figure 8. Dead fluid flow regions in the header and stagnant bubbles
for the design 1 (slim header) lamina at 32 blocked microchannels.
Flow from left to right
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differences in MRT of numerical simulations and experimental
results between 6.6% and 23.6% [29]. There is still a need to
continue to improve model development of microscale systems
and our understanding of tracer behavior as it translates to
numerical simulation.
The discrepancy in MRTs between simulation and experi-

ment may be partially attributed to the assumptions and strat-
egies utilized in the development of the model. At the
transitions between the 3-D and 2-D segments, the tracer
concentration distributions are averaged. This assists in clos-
ing the mass balance, but it also nullifies peak velocities,
resulting in later breakthrough times and a shift in the outlet
profile. Similarly, COMSOL's built-in 2-D shallow channel
approximation has an additional term that acts analogous to a
drag force. This approximation results in slower solved veloc-
ities by accounting for decreases in velocity approaching the
no-slip top and bottom surfaces. The dampening of the peak
velocities in channels and headers may increase the break-
through time of the tracer portion that follows along the fastest
path through the device, primarily the center of tubing and
middle of channels.
Another cause of the discrepancy in MRTs may be due to the

limitation of a 2-D shape for the lamina segment. The actual
lamina has fluid entering normal to the plane of the micro-
channels and headers, but this cannot be recreated in a 2-D
lamina and, therefore, was approximated as in-plane at the

corner of the header. Additionally, although the shallow channel
approximation utilized in COMSOL is commonly used for
microscale flow geometries, it is not directly intended for the
semi-elliptical profile in the microchannels and around the
microposts, a shape that arises from the etching process. The
tapering at the corners of the semicircular profile may have an
influence on parabolic fluid velocity profile that is not fully
realized in the approximation.

3. Conclusion

A test loop was developed for measuring the impulse
response of a tracer dye injected into a dialyzer device for the
purpose of obtaining an RTD and characterizing microchannel
lamina design. Flow uniformity through the microchannel array
is sensitive to many factors, such as header shape (e.g., trian-
gular vs. rectangular), angle of triangular header, and vertical
spacing [30, 31]. The RTD provides information that serves as
design constraints when improving flow uniformity. This has
been shown through investigating the RTD of four standard
lamina designs for microchannel hemodialysis application.
Although these designs are common, they consist of complex
geometries, not only for microchemical processing but also in
the field of RTD analysis.
The results of this work show that RTD variance tended to

lower for designs that are more dominated, volume-wise, by the
microchannel array versus the headers. These results have also
pointed out a discrepancy between the conceptual device and
the operating device by emphasizing how issues such as sag-
ging or bulging can affect RTD.
Lastly, the numerical model developed for pairing with the

impulse response test loop and dialyzer showed promising
results. There was good agreement of the shape and peak height
of the output profiles between simulation and experiment. The
model requires improvement in approximations to bring MRT
into closer alignment.

4. Experiment and Modeling

4.1. Experimental Procedures. Fabrication and assembly of
the microchannel hemodialyzer is described in previous work
[32]. Four test articles were investigated, each with a different
microchannel flow geometry patterned in polycarbonate lamina
that comprise main component of the device (see Figure 11).
The four designs were (1) a 60-channel array with slim trian-
gular headers, (2) a 60-channel array with wide triangular

Figure 9. Design 1 lamina with 16 blocked channels: (top) tracer flow
path in experiment and (bottom) concentration distribution of the tracer
in the pulse response simulation. Flow from left to right

Figure 10. Input and output profiles for experimental and numerical pulse response of design 1 slim-header lamina at zero blocked channels
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headers, (3) a 60-channel array and headers similar to design 2
but with a grid of micropost support features occupying the
header regions, and (4) a similar outline to design 2 but with a
grid of micropost support features occupying the entire area.
The length of the channel array was 6 cm for design 1 and 5 cm
for design 2 and 3. The header width was 5 mm for design 1 and
10 mm for all other designs. All microchannel geometries were
machined to a depth of 100 μm. The cross-sectional shape of
the channels was semi-elliptical, with an area of 0.02 mm2 per
channel. The four lamina designs were investigated for their
robustness at minimizing flow maldistribution though the
device in the presence of operational defects (channel block-
age). For this RTD investigation, the primary focus was the
geometry of the flow region; therefore, we chose to seal the
device more effectively against a PDMS layer acting as a
gasket, allowing us to explore larger and more complex designs
that are closer in scale to a future commercial device.
A test loop was developed for performing impulse response

measurements of a tracer dye. The dye for these experiments
was Coomassie Brilliant Blue dye (Sigma-Aldrich Co.). Meas-
urements were performed at the inlet and outlet via photospec-
trometry flow cells. A calibration curve was developed to
ensure that measurements followed a linear absorbance–con-
centration relationship below 2.2 absorbance units, and dye
concentration was adjusted to measure ~2.0 maximum absorb-
ance at the inlet flow cell measurement for experiments. All
measurements were performed at a water flow rate of
0.768 mL/min, equating to an average nominal velocity of
1 cm/s through the 60-channel array. Flow obstructions were
introduced to the system by physically blocking the outer most
channels in the 60-channel array with hematocrit tube vinyl
putty at 8, 16, 24, and 32 channel blockage conditions. Deion-
ized water (DIW) was pumped into the system through a
syringe pump. Another duplicate syringe pump fed isopropanol,
used to assist in priming the device due to its lower surface

tension, mobilizing stagnant air bubbles. Both pump lines met
at a 4-port HPLC injector with a 2.0-μL sample loop (VICI
Valco Instruments Co., Houston, TX). The HPLC injector fed to
a custom machined absorbance flow cell that led to the inlet port
of the dialyzer device. Another absorbance measurement flow
cell was connected to outlet port of the microchannel device and
fed into an effluent container.
A halogen light source (AvaLight-Hal, Avantes, USA) fed

light through a fiber optic cable to a splitter, then to each flow
cell where it passed through another fiber optic cable and into
separate UV–Vis spectrophotometers (AvaSpec-Dual Channel
USB-2, Avantes, USA) for the inlet and outlet measurements.
Absorbance was measured at 580 nm. The spectrophotometer
saves readings directly to the onboard ram, allowing for high
speed sampling rates (minimum sampling interval of 1.05 ms).
Measurement integration time of the spectrophotometers dic-
tated sampling frequency and was adjusted between tracer
measurements to maximize sensitivity of the raw scope reading
by the spectrophotometers. Measurement integration times var-
ied from 20 to 100 ms. A Canon 7D digital SLR camera fitted
with a Canon Macro Lens EF 100 mm for color images and
videos was positioned over the device enclosure to record tracer
dye flowing through the microchannel lamina. Figure 12 is a
schematic of the test loop.
Inlet and outlet concentration profiles were deconvoluted by

constructing the linear equation set and using a Gauss Seidel
iterative solving method. An additional constraint was added to
the solver, preventing formation of negative values in the sol-
ution. This is based on the assumption that tracer mass is not
destroyed in the system.
MRT or “τ” is calculated by the first moment of the distribu-

tion [C(t)] and was calculated from both pulse response data
and RTD. The equation for MRT is:

τ ¼ ∑tiCi

∑Ci
: ð2Þ

The variance (σ(t)2) is equivalent to the second central
moment in the distribution and was calculated by the following
equation:

σ tð Þ2 ¼ ∑ tið Þ2Ci

∑Ci
−τ2: ð3Þ

The variance is calculated from the RTD. Using the variance
and MRT, a dimensionless variance (σ(θ)2) can be calculated

Figure 11. Four microchannel lamina designs: 1) 60-channel array with slim header, 2) 60-channel array with wide header, 3) 60-channel array with
wide header and microposts, and 4) wide header outline but micropost grid only

Table 2. Experimental and numerical MRT for various conditions

Design and condition
Experimental

MRT, s
Numerical
MRT, s

Relative
error, %

Design 1, slim header,
no blockage

8.97 9.86 9.92

Design 1, slim header,
16 blocked

7.22 8.36 15.79

Design 2, wide header,
no blockage

8.67 9.93 14.53

Design 4, all posts, no blockage 10.06 13.29 32.11
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that quantifies variance with respect to average fluid age (see
eq. 4). All references to variance in the results and discussion
imply dimensionless variance. This allows for comparison
between the different lamina designs as each had differing total
volumes for the fluid flow path.

σ θð Þ2 ¼ σ tð Þ2
τ2

ð4Þ

Another value calculated from the RTD is the skewness “s” of
the profile, and the equation utilized is shown below (see eq. 5).

s ¼ ∑ð ti−τð Þ3Ci

σ3∑Ci
ð5Þ

Signal noise was greater in the output profile versus the input
profile as tracer dye was more dispersed resulting in overall
lower magnitudes in absorption readings and greatest in the
deconvolved RTD. In order to conserve profile information,
noise was filtered using a local regression filter built into
Matlab. The sampling interval was adjusted for maintaining
shape and peak height of profiles based on visual observation
of each processed data set.
4.2. Model Development. A mathematical model of the

tracer behavior was developed, and numerical simulations were
computed using COMSOL Multiphysics software. In order to
compare simulation results with experimental results and deter-
mine validity of the model, the entire test loop geometry
between the inlet flow cell and outlet flow cell was modeled.
The resulting model was too computationally intensive for
available computing resources to manage. It was decided to
segment the model into three portions: (1) the inlet tubing
leading from the inlet flow cell to the entrance hole on the
lamina; (2) the microchannel lamina, including headers; and
(3) the outlet tubing leading from the exit hole on the lamina
to the outlet flow cell. A built-in shallow channel approximation
was applied to the lamina geometry, moving from a 3-D model
to a 2-D approximation.
Numerical schemes used were built-in COMSOL schemes

from FEM class with adaptive time stepping in temporal dis-
cretization. Schemes for the flow used second order polyno-
mials for the velocity field and linear (first order) elements for
the pressure field. Convection–diffusion equation for mass
transfer was solved using a second order scheme, i.e., with
second order (quadratic) polynomials. Simulations were based
on steady-state velocity fields. Mass transfer in this problem
does not influence fluid flow; hence, we assumed that flow field
can be considered stationary which greatly reduced the compu-
tational effort.
Mesh sizes in the test article were 50 μm maximum mesh

size and 25 μm minimum mesh size. Mesh was triangular. In
the tubing sections, which were modeled as 3-D, mesh was
tetrahedral with maximum size of 189 μm and minimum size

of 35.6 μm. We have conducted a mesh refinement study in
both the tubing and the test article by changing the size and the
order of elements (highest order used was third order — i.e.,
cubic elements). With this, we believe that our simulation was
mesh independent.
There are two transition regions between the three model

segments. The first is between the 3-D entrance-tubing model
and the inlet hole of the 2-D lamina model. The second is
between outlet hole of the 2-D lamina model and the beginning
of the 3-D exit-tubing model. In order to conserve mass, at the
outlet of one segment, the average tracer concentration was
calculated at each time step and then those averages were
distributed uniformly across the inlet of the following segment.
There are two options for introducing “tracer” into the

numerical model. First, the tracer can enter the system as a
Dirac delta function, which is feasible when working with
computer models, and the outlet concentration is the RTD with-
out the necessity to deconvolute. A second approach is to create
the tracer profile by matching the concentration with respect to
time at the inlet of the model to the experimentally measured
inlet profiles. In this manner, the outlet concentration can be
directly compared to the experimental outlet concentration. We
chose the second approach because it allows for comparison
without the added uncertainty of deconvolution.
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