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Time Distribution
Abstract: The human small intestine is responsible for
virtually all nutrient uptake and more than 95% of the
water absorption in digestion, which is attributed to the
vast mucosal surface area and the peristalsis of small
intestine. Under the broad conceptual framework of bioinspired chemical process engineering, by mimicking the
structure and functions of small intestine, a flexible tubular reactor with villous protrusions distributed evenly on
the inner wall was designed and constructed in this study.
In order to understand the flow behavior in the reactor, the
residence time distribution (RTD) of fluid particles in the
reactor was measured by introducing electrochemical
active tracer. Also, a simple mechanism of peristalsis was
introduced, and its effects on the RTD in the reactor were
investigated. The experimental results showed that the
tailing of RTD function curve in the small intestine model
reactor was extended significantly compared to a normal
tubular reactors. The residence time and mixing of fluid
(particles) in the reactor can be regulated efficiently by
controlling the peristaltic actions (frequency and location).
Keywords: chemical reactors, design, bionics, small
intestine, electrochemistry, residence time distribution
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1 Introduction
A reactor in food industries is an equipment in which
chemical and/or physical conversions take place to

generate an intended food, health product, or nutritional
supplement [1]. For example, an oven used to bake bread
and a fermenter used to produce beer or yoghurt can be
seen as a reactor, where usually both chemical/physical
and biological processes are undergone. Usually, the
performance of a reactor plays a pivotal role in the safety
and economics of the entire production process since it
could affect most other units in the same production
chain [2]. It is highly desirable to be able to design and
construct a reactor with the highest yield of product in
the most cost-effective and environmentally friendly way.
The designs of traditional reactors (including tubular
reactors, tank reactors, bed reactors, and tower reactors)
usually involve skillful applications of chemistry,
mechanics, materials science, fluid mechanics, surveying, and so forth. The materials used in most cases are
steel, resin or polymer, and graphite [3–7]. These materials are hard and durable. The reactors made of these
materials tend to have many advantages, such as withstanding high pressure, tolerating high temperature, and
minimizing corrosion. However, the reactors of these
binds have hard walls which are not active in engaging
in the bulk reactions especially when processing highly
viscous, pasty, and semi-solid products. Actually, materials processed in food industry, such as starch paste and
yoghurt, are usually highly viscous, and tackifiers such
as sodium carboxymethyl cellulose and guar gum are
sometimes added in order to increase the taste of food.
In this case, the material transports in pipeline inevitably
consume large amounts of power, since the resistance
increases with the viscosity of materials. Another tricky
problem is that viscous materials are prone to deposit on
the walls of a reactor and will further lead to fouling. It is
usually difficult to remove the fouling deposited on the
walls. Cleaning has to be performed mechanically or
chemically, and this generally represents a substantial
economic loss [8, 9]. In addition, mixing of materials in
reactors has to resort to auxiliary equipments, for example, tank reactors need stirrers to mix materials inside.
However, it is impractical to install auxiliary equipments
inside for some reactors that have limited interior space,
such as tubular reactor. In this case, it is usually difficult
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to mix materials or adjust the concentration of materials
during the reaction process, and it is even infeasible
sometimes if the viscosity of materials is high.
The most technologies employed today in process
industry are more or less derived from the development
of heavy industries such as petroleum industry. To be
more innovative mimicking nature biology, in particular,
can be very fruitful. One of the most significant progresses made in history of utilizing bio-inspired concepts
is perhaps the fermentation technology. Fermentation
engineering has led the way to produce fine chemicals,
fuel, food, health products. Biological world seemingly
offers a wealth of potential ideas that chemical engineers
can take advantages of. Certainly, creating bio-mimic
materials have captured people’s imaginations in recent
times. How about designing new chemical reactors with
better energy and mass transfer efficiency yet cheaper to
construct, easy to operate, and much reduced pollution?
It is indeed an interesting prospect. Some materials used
in the production can be made biodegradable as well. If
reactors are made of flexible materials, and the reactor
walls can squirm like a small intestine or stomach
[10–12], the problems of hard reactors mentioned previously may be readily solved, since the motility of the
reactor walls can effectively prevent the adhesion and
deposition of undesirable reaction materials, and it is
easier to mix highly viscous materials through powerful
peristalsis. Also, the material transports in pipeline could
be realized by the motility of the reactor walls, like
mimicking the peristalsis of small intestine. This is one
of the most important reasons that we propose to develop
soft reactors. It could be expected that the novel soft
reactor is beneficial to process reactions of high-viscosity
reacting materials, such as polymerization that produces
plastics and hydrolysis of starch of high concentration.
One way to realize this idea is based on the inspiration
from the structure and physiological processes of human
digestion track, small intestine, in particular. Here, a
tubular reactor has been designed. Actually, the small
intestine was chosen as the bionic prototype initially as it
is responsible for virtually all nutrient absorption and
more than 95% of the water absorption in digestion [13].
Such a high absorption efficiency largely attributes to, on
the one hand, the presence of intestinal villi making the
small intestinal mucosal surface area increase by 600
times, reaching more than 400 square meters [14, 15],
on the other hand, it attributes to the movements of
small intestine. The movements of the small intestine
are responsible for the fluid dynamics and can be divided
into mixing contractions and propulsive contractions [16].
The mixing contractions occur when a portion of the

small intestine becomes filled with digesta and causes
a localized concentric contraction and are spaced at
intervals along the intestine. The propulsive contractions
are responsible for propelling the digesta through the
small intestine and are known as peristalsis. The peristalsis process is normally very weak and dies out after
3–5 cm, which is a local and successive behavior. In the
present study, the transfer of species through intestinal
walls is not considered for simplicity.
Tharakan and his co-workers designed an in vitro
model of the small intestine section that allows investigation into the behavior of the food and the delivery of
nutrients to the intestinal wall while mimicking the
physiological contractions of the small intestine [16].
The small intestinal model (SIM) consists of an inner
porous flexible membrane and an outer flexible tube
that is impermeable to water, but no intestinal villi are
on the inner wall. They found that the physiological
contractions contribute to the mass transfer and mixing
of the digesta in the small intestine. This brings us the
inspiration that the mass transfer and mixing effect of
fluid particles in the small intestine model reactor (SIMR)
can be regulated and controlled by simulating the small
intestinal peristalsis process. Similarly, the residence
time of fluid particles in the reactor, which would affect
the effect of chemical reactions [17–20], can also be regulated and controlled by simulating the small intestinal
peristalsis. For a hard tubular reactor, it is usually difficult to regulate and control the residence time of fluid
particles inside except for changing the flow rate of the
fluid, which also means throughput is changed, and
hence it is not worth the candle. In this respect, it is
significant to develop such soft reactors. So in this
work, we present the fabrication of a tubular reactor by
mimicking the structure and physiological processes of
human small intestine. No species permeation was
allowed for simplicity. The residence time distribution
(RTD) of fluid particles in the SIMR was measured. A
simple intestinal peristalsis process was introduced, and
the effects on the RTD (mixing) effect of fluid particles in
the model reactor have been investigated.

2 Materials and methods
2.1 The design and preparation of the small
intestine model reactor
Silicone rubber is one of the best synthetic rubbers,
which has some superior performances, such as odorless,
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non-toxic, electric insulating property, and chemical stability [21–23]. It can keep good toughness and flexibility
at relatively high or low temperatures. The material used
to make the SIMR (SIMR-1) is K-1001 A, B two-component

Table 1 The relevant physical parameters of K-1001 A, B
two-component plus liquid silicone rubber and after curing
Components
Appearance
Viscosity

Component A
Transparent
5,000 mPa · s

Component B
Transparent
5,000 mPa · s

Components A and B are uniformly mixed together with the mass
ratio of 1:1, then vacuum dried at the temperature of 140° for about
10 min. The relevant physical parameters after curing are as follows:
Physical parameter

Units

Data

Shore A hardness
Tensile strength
Elongation at break
Tear strength
Linear shrinkage rate
Compression set rate

Shore A
MPa
%
kN/m
%
%

≈0
2
300
2.7
2.0
0.15
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plus liquid silicone rubber, which was purchased from
Kuwart silicone (Group) Co., LTD. The relevant physical
parameters of K-1001 A, B two-component plus liquid
silicone rubber and its rubber-like form after vulcanizing
are given in Table 1. It can be seen that the rubber
obtained is soft, highly flexible, and elastic after silicone
curing. The schematic diagram of the SIMR-1 is shown in
Figure 1. The reactor is 600 mm long with an internal
diameter of 30 mm and outer diameter of 36 mm. Uniform
sized villous protrusions are distributed evenly on the
inner wall of the reactor. The protrusion is a small cylindrical object with 3 mm diameter and 5 mm length, and
the top of the cylinder is a round shape with a height of
1 mm. The spacing between two adjacent protrusions is
about 5 mm (center to center distance). For comparison,
another SIMR with no villous protrusions (SIMR-2) was
made by using the same material. A glass-made tubular
reactor (GTR) was also used in the experiment as a
benchmark. The inner diameter and length of both
SIMR-2 and GTR are the same as those of SIMR-1.
The photos of SIMR-1, SIMR-2, and GTR are shown in
Figure 2.

Figure 1 Schematic diagram of the SIMR
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Figure 2 The photos of the model reactors tested in the experiments. (a) Overall view and (b) cross-sectional view; from the left to the right
is GTR, SIMR-2, and SIMR-1

2.2 Residence time distribution
measurement
The experiments of RTD measurement were carried out
using the typical pulse-response method [24, 25]. The tracer used in the experiments was 0.5 M aqueous solutions
of potassium ferricyanide (K3Fe(CN)6). As shown in
Figure 3, 1 M potassium chloride solution (KCl) was used
as the bulk flow through the reactor (SIMR-1, SIMR-2, or
GTR) continuously. The volumetric flow rate was adjusted
to about 163 ± 0.5 ml · min−1 using a peristaltic pump. All

experiments were carried out at room temperature. The
Reynolds number Re is defined as Re ¼ dρν
μ
where d is the diameter of the reactorðmÞ; ρ is the density
of the fluid ðg  m3 Þ; ν is the velocity of fluid flow
(m  s1 Þ; μ and is the viscosity of the fluid (Pa · s). The
estimated Re under the experiment conditions is less than
100, which is laminar flow. An injection port for the tracer
was located at the inlet of the test reactor. A glassy carbon
working electrode, Ag–AgCl reference electrode, and platinum wire electrode counter electrode were situated at the
outlet of the reactor, which was connected to an

Figure 3 Schematic diagram of the flow system used for the residence time distribution measurement
1–KCl storage tank; 2–peristaltic pump; 3–injection port; 4–the reactor; 5–Ag–AgCl reference electrode; 6–working electrode; 7–platinum
wire counter electrode; 8–electrochemical potentiostat; and 9–waste water tank.
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electrochemical potentiostat (CHI660D, Shanghai Chenhua
Instrument Co., Ltd, China). When the steady bulk fluid
flow and the baseline of the electrochemical potentiostat
were stabilized, 1 ml of the tracer was instantly injected
into the reactor, and the concentration of the tracer at the
exit of the test reactor was continuously monitored with
the electrochemical potentiostat.

2.3 Simulation of the small intestinal
peristalsis process on the SIMR-1
The peristalsis of the small intestine was mimicked on the
SIMR-1 using a homemade cross-shaped rotating device as
shown in Figure 4. The device was made from stainless
steel. The shaft (3) was 15 cm long. The “cross” (4) was
about 9 cm long with an oval steel ball bearing (about 1
cm long) attached on the each end. As can be seen from
Figure 4, the two ball bearings are exactly the same. When
the device rotated at a certain frequency driven by the
stepper motor (2), the oval ball bearings on the each end
of the stick can make impacts periodically on SIMR-1 at the
pre-determined location. Obviously, each of the oval ball
bearings can make impact on SIMR-1 one time when the
cross-shaped rotating device rotate one circle, so the reactor can get two times of impact in the local in this case.
The impact had a maximum depth of about 10 mm.
Since the simulation of the peristaltic of small intestine was only a local peristaltic process (not overall) in
our experiments, we have to consider if the location of
peristalsis could affect RTD of fluid. Two representative
locations were chosen in separate experiments: one was
20 cm away from the inlet of the reactor (named as
peristaltic location L20) and the other was 40 cm away
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from the inlet (named as peristaltic location L40). RTD of
fluid in both cases was measured, and the results were
analyzed and compared.

2.4 Experimental data processing
The experimental data measured by the electrochemical
potentiostat generates a current–time (i–t) curve of the
tracer (K3Fe(CN)6). The experimental data show a linear
relationship between the concentration of K3Fe(CN)6 and
current under the experimental conditions. The linear
equation is as follows:
CðtÞ ¼ kiðtÞ

ð1Þ

where C(t) is the concentration of the tracer at t time (s),
and i(t) is the current corresponding at t time (s); k is the
coefficient (A L mol−1). When the fluid flow is constant,
the RTD density function E(t) can be expressed as [26]:
CðtÞ
EðtÞ ¼ Ð 1
0 CðtÞdt

ð2Þ

By substituting eq. (1) into eq. (2), one obtains the
following:
iðtÞ
EðtÞ ¼ Ð 1
0 iðtÞdt

ð3Þ

The RTD function F(t) is the integral of E(t) and can be
expressed as:
ðt
ð4Þ
FðtÞ ¼ EðtÞdt
0

The mean residence time t (mathematical expectation of
E(t)) can be expressed as:

Figure 4 Schematic diagram of the peristalsis device impacting upon the intestine model reactor
1–The SIMR-1; 2–stepper motor; 3–the shaft of the rotating device; and 4–the ‘cross’ of the device
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Ð1
ð1
0 tEðtÞdt
Ð
¼
t¼ 1
tEðtÞdt
0
0 EðtÞdt

ð5Þ

The dimensionless variance σ 2θ reflects the backmixing
degree of fluid particles and can be expresses as:
Ð1
σ 2θ ¼

0

2
ðt  tÞ EðtÞdt
2

ð6Þ

t

Typically, the dimensionless variance increases with
the increasing degree of backmixing. For ideal plug flow,
σ 2θ ¼ 0 (no backmixing), and for ideal complete mixing
flow, σ 2θ ¼ 1 (backmixing is infinite). For non-ideal flow,
the dimensionless variance is usually between 0 and 1,
0 < σ 2θ < 1.

3 Results and discussion
3.1 Residence time of fluid particles in the
small intestine model reactor
Figure 5 shows the RTD density function E(t) of the fluid
flow in GTR, SIMR-2, and SIMR-1. The thumbnail in the
upper right corner is the local enlargement of the results
for the first 700 s. A common feature of the three RTD

density function curves is that the main peaks ended at
about 500 s. This indicated that the residence time of the
majority of the fluid particles distributed within 0–500 s.
For GTR and SIMR-2, the time that peak started was the
same (at about 95 s), however, it was ahead of about 30 s
for SIMR-1 (at about 65 s). This suggested that channeling
probably occurred in SIMR-1 because of the presence of
the villous protrusions, more specifically, a very small
part of fluid flowed out of the reactor early through the
area between two rows of villous protrusions. The highest
E(t) values of all the three reactors occurred at the time of
150–200 s. One of the differences is that the RTD density
functions of fluid particles in GTR and SIMR-2 are tailended at about 2,100 s. The RTD density function of fluid
particles in SIMR-1 is tail-ended at about 4,400 s. This
phenomenon should be also attributed to the presence of
the villous protrusions on the inner wall of SIMR-1, since
there would be a small low-velocity zone around each
villous protrusion. The mean residence time of SIMR-1,
SIMR-2, and GTR was about 1,020, 410, and 330 s, respectively. Obviously, the mean residence time was extended
significantly due to the presence of the villous protrusions. In this respect, compared to the ordinary tubular
reactors, SIMR-1 is more favorable to be used for
reactions which have a relatively low conversion rate,
since long residence time will be conducive to the
improvement of conversion rate.

Figure 5 RTD density function of fluid particles in the GTR, SIMR-1, and SIMR-2
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Figure 6 RTD function of fluid particles in the GTR, SIMR-1, and SIMR-2

Figure 6 displays the RTD function of GTR, SIMR-2, and
SIMR-1 in the first 700 s. The RTD function of fluid
particles in SIMR-2 is similar to that of GTR, that is, the
RTD function value of both GTR and SIMR-2 has reached
about 0.9 at the time of 700 s. This indicated that vast
majority of the fluid particles (about 90%) had flowed out
of GTR and SIMR-2 in the first 700 s, and only a small
portion of the fluid particles (about 10%) flowed out
of GTR and SIMR-2 in the subsequent 700–2,100 s.
Compared with GTR and SIMR-2, the RTD function value
of SIMR-1 is only about 0.7 in the first 700 s. This

suggested that nearly one-third of the fluid particles
could not flow out of SIMR-1 within the first 700 s, but
flowed out slowly within the subsequent 3,700 s.

3.2 The effects of peristaltic frequency on
residence time of fluid particles in the
small intestine model reactor
Figure 7 shows the RTD density function of SIMR-1 at the
peristaltic location of L20 (i.e. the location was 20 cm

Figure 7 RTD density function of fluid particles in SIMR-1 under the peristaltic frequencies of 2, 4, 10, 16, and 20 times/min
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away from the inlet of the reactor) and under the peristaltic frequency of 2, 4, 10, 16, and 20 times/min. Here,
the peristaltic frequency (times/min) is defined as the
total impact times every minute got from the two ball
bearings. It was obvious that the tailing time was much
shorter when the peristalsis process was introduced.
Specifically, the tailing time was about 2,500 s under
the peristaltic frequency of 2 times/min, which was
about 1,900 s shorter than that of the experiments without the peristalsis process. The tailing time was further
shortened with the increasing of peristaltic frequency.
The trailing (tailing-ending) time was about 1,900,
1,400, and 1,300 s when the peristaltic frequency
increased to 4, 10, and 16 times/min, respectively.
However, the tail-ending time was about also 1,300 s
when the peristaltic frequency further increased to 20
times/min. This indicated that much higher peristaltic
frequency of peristaltic action was needed to enhance
the mixing further. Another noteworthy phenomenon
was that the main peaks were widened when the peristalsis process was introduced, especially in the case of
high peristalsis frequency (10, 16, and 20 times/min). This
could be due to the peristaltic process promotes the mixing of fluid particles in SIMR-1, making the concentration
distribution of the fluid particles (tracer) relatively

uniform. Also, the local disturbances of the fluid caused
by the peristaltic process might have reduced the fluid’s
retention time in the low-velocity zones around the
protrusion.
Figure 8 displays the RTD function of the fluid particles in SIMR-1 in the first 700 s under different peristaltic
frequencies (0, 2, 4, 10, 16, and 20 times/min). The RTD
function F(t) in SIMR-1 in the first 700 s increased significantly when the peristalsis process was introduced.
As can be seen from Figure 8, the RTD function value of
fluid particles in SIMR-1 in the first 700 s was about 0.8
under the peristaltic frequency of 2 times/min, which was
about 10% higher than that of the experiments that did
not have peristaltic action. The RTD function F(t)
increased with increasing peristaltic frequency.
However, the difference of RTD function value under
the peristaltic frequency of 10, 16, and 20 times/min is
not significant. The RTD function F(t) could reach about
0.9 under all the three peristaltic frequencies. This indicates that a satisfactory mixing effect of fluid particles in
SIMR-1 has been achieved when the peristaltic frequency
reached 10 times/min. In conclusion, the residence time
and mixing effects of fluid particles in SIMR-1 could be
regulated efficiently by controlling the peristaltic frequency. This is seen to be the most important feature of

Figure 8 The RTD function of the fluid particles in SIMR-1 under different peristaltic frequencies
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SIMR-1, which is also very favorable for the potential
application of the reactor in the future.

3.3 Effects of peristaltic location on the
residence time of fluid particles in the
small intestine model reactor
Since the peristaltic process was a local peristaltic
process in our experiments, it is very interesting to investigate the effect of peristaltic location on the residence
time of fluid particles in SIMR-1. Figure 9 shows the RTD
density function of fluid particles in SIMR-1 under the
peristaltic frequency of 16 times/min and the peristaltic
location of L40, and the thumbnail in the upper right
corner shows the comparison of the RTD density functions at the peristaltic locations of L20 and L40, respectively (The red line represents L20 and the black line
represents L40). Clearly, the RTD density function at the
peristaltic location of L20 is great different with that of
peristaltic location of L40. The tailing time (tail-ending
time) of RTD density function at the peristaltic location of
L40 is longer than that of the peristaltic location of L20.
This indicates that the mixing effect of fluid particles in
SIMR-1 is affected by the peristaltic location. The RTD
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function of fluid particles in SIMR-1 in the first 700 s at
the peristaltic location of L20 and L40 is given in
Figure 10, which clearly shows that the RTD function F
(t) of L20 is much higher than that of L40. The F(t) of
fluid particles in SIMR-1 at the peristaltic location of L20
is about 0.9, however, the F(t) at the peristaltic location
of L40 is only about 0.7. The distance from the inlet to
the peristaltic location of L20 is about 20 cm nearer than
that of peristaltic location of L40. This results that the
fluid particles are mixed earlier at the peristaltic location
of L20, making the fluid flow more uniform. The mean
residence time of L20 and L40 was about 380 and 520 s,
respectively, and the dimensionless variance was 0.39
and 0.49, respectively. This also suggested that, for
experiments at peristaltic location of L20, the velocity
distribution in radial is more uniform than that of L40.
Figuratively speaking, the former (L20) is closer to plug
flow than the latter (L40), therefore, both the mean residence time and dimensionless variance of experiments at
L20 are lower than that of at L40. Obviously, the residence time and mixing effects of fluid particles in SIMR-1
could thus be regulated by controlling the peristaltic
locations. It is envisaged that the residence time of fluid
particles in SIMR-1 could be further shortened and the
mixing effects could be made better if more peristaltic

Figure 9 The RTD density function of fluid particles in SIMR-1 at different peristaltic locations (the thumbnail in the upper right corner
shows the comparison of the RTD density functions at the peristaltic locations of L20 and L40, and the red line represents L20 and the black
line represents L40)
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Figure 10 The RTD function of fluid particles in SIMR-1 at the peristaltic location of L20 and L40 in separate tests

devices are used along the reactor, and this would be
investigated in the future.

4 Conclusions
By mimicking some of the geometrical and structural
aspects and functions of a small intestine, a flexible
tubular reactor with villous protrusions distributed
evenly on the inner wall was designed and constructed
in this study. The SIMR was made of silicon rubber and is
a novel soft-type reactor. The experimental results of RTD
measurement show that the tail-ending time of the RTD

function curve of fluid particles in SIMR-1 was more than
twice longer than that of the GTR and SIMR-2. However,
the tail-ending time was significantly shortened when
peristalsis was introduced, and the residence time and
mixing effects of fluid particles in SIMR-1 could be regulated by controlling the peristaltic frequency as well
as the location of the peristalsis. The work has also illustrated to some extent the process within a small intestine, which may assist in understanding better the
digestion process.
Acknowledgments: The authors are grateful for School of
Medicine of Xiamen University and Mr Qiao Zhiliang for
the assistance in making the SIMRs.
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