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ABSTRACT
In the thesis the problem of peristalsis in a Jsisymmetric tube has been dealt
with experimentally.

First the parameters of this problem were found by nondimensionalizing the
Navier-Stokes equations, then experiments were conducted to investigate the relation
of nondimensional flow rate to these parameters.

It has been found that the nondimensional flow rate increased with an
increase of frequency parameter, amplitude parameter, and number of chambers
parameter. The nondimensional flow rate decreased with an increase of pressure
parameter. The presence of a one way valve in the pumping apparatus was
found to increase pumping by about 20 % for frequency parameter 10 and
amplitude parameter 1.0.

The experimental results have been compared with the theory of Barton
and Raynor (1968) and are found to agree to within 20% for the case of
pumping with 8 chambers and no valve present for frequency parameter less than

8.0.
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I. INTRODUCTION
The problem choser for this thesis is a study of a 'Peristaltic Pump'. The
dependence of the flow rate on the operating parameters of the pump was
investigated experimentally.

The word peristalsis is derived from the root 'Peristaltikos’ which means
clasping and compressing A peristaltic pump is a pump which works because of
compressions along its length. This type of pumping occurs often in biological
systems where pumping takes place, for exam~le, in the digestive system, Piersol
(1930).

The experiment hLis been designed based on the physical dimensions of the
duodenum, the initial portion of the human small intestine. The dimensions are
taken from Piersol (1930) and Barton and Raynor (1968). The experimental
results have been compared with theoretical results published in literature, Barton
and Raynor (1968), Jaffrin & Shapiro (1971).

The objectives of this study were to achieve:

(A) Investigate the characteristics of this pump,

(B) Compare the results with previous experiments,

(C) Investigate the effect of a one way valve on the performance of the pump.
This valve simulates the pyloric sphincter in the duodenum.

The results obtained by this experiment were not fully applicable to the
duodenum because o! the following reasons:

(A) All the motions of the walls were not considered. For example the change
in length occurring in the duodenum could not be simulated in the experiment.
(B) The Non-newtonian behaviour of chyme was not considered due to limitations

of the experiment.



. LITERATURE SURVEY
In this thesis the problem of flow through a tube in which peristalsis occurred
was chosen. This choice was made as this type of .iction occurred often in
biological systems and it also may have potential industrial applications.

Peristalsis is the mechanism by which the human body propels and mixes
the contents of the intestine. It is partially responsible for flow of bile in the
bile duct and urine in the urinary tract, Netter (1966) and Boyarsky (1964).

The theoretical models of peristalsis were idealized, and they represented
peristalsis by an infinite trein of sinusoidal waves in a two dimensional channel
or an axisymmetric tube, Shapiro et. al. (1969), Yin and Fung (1969) and
Barton and Raynor (1968). In addition to the above the assumptions of long
wavelength and small or moderate inertia were also made. This resulted in a
corsiderable simplification of the equations of motion, and the solution was
obtained using perturbation techniques. In the case of small Reynolds numbers
the flow was similar 1o Poiseuille flow if viewed in a frame of reference moving
with the contraction wave.

Two important phenomena, Reflux and Trapping, were found to occur in
experiments and theory. Reflux is the motion of some parts of the fluid in a
direction opposite to that of propogation of the contraction wave. Trapping is
the formation of a pocket of fluid that moves in the direcLon of wave
propogation as a bubble of fluid. This occurs when the tube is sufficiently
occluded or the flow rates are high. It is believed that Reflux explains the
movement of bacteria from the bladder to the kidney against the mean urine
flow, Jaffrin & Shapiro (1971).

There have been two previous experimental studies of peristalsis by
Weinberg et. al. (1971), and Yin and Fung (1971). They had conipared their
experimental results with theoretical calculations and the agreement was good for

the case of long wavelength and small Reynolds number. At higher Reynolds



number (Re larger than 10) the results did not agree with experiment a the

theoretical results were not valid for large Reynolds number. This was because
the inertia terms of the Navier-Stokes equations had been neglected by assuming
that the wavelength was long and Reynolds number small.

In the experiment by Weinberg, Eckstein and Shapiro (1971) the theory of
Shapiro et. al. (1969) was confirmed with respect to pressure vs mean flow,
pressure vs time, and reflux and trapping. The ciperiment consisted of a
pumping duct rectangular in cross section bounded by a rigid semcircular back
wall, a flexible moving wall in which waves were produced by roller cams, and
two transparent cover plates. The peristaltic action of the moving wall was
produced by means of a cam assembly which was used to produce a travelling
sine wave. The dimensions were such that the long wavelength approximation was
satisfied, the speeds were choosen so that the Revnolds number was small (i.e.
less than 10).

In the experiment by Yin and Fung (1971) the theorv of Fung and Yih
(1968) was confirmed. This theory was extended and modified to take into
account the finite size of channel used in the experiment. The experiment
consisted of a rectangular cross-section channel with top and side walls fixed and
with a travelling sine wave imposed on the bottom wall. The side walls were
made of lucite so that flow visualization could be performed. The result was
that the two dimensional theoretical prediction of time .verage flow rate was in
close agreement -0 experimental data for an amplitude ratio of 0.3.

More recently Takabatake et.al. (1988) did a numerical solution of the
problem of peristalsis in circular cylinderical tubes. The fluid mechanics was
studied in detail by analyzing reflux and trapping in peristaltic pumping. They
found that the Reflux was near the axis of the tube for large Reynolds numbers
and near the wall for small Reynolds numbers. The authors defined mechanical

efficiency of the pump by the ratio of energy stored in the fluid to the work



done on the walls by outside agencies. They found that the efficiency for the
tubular configuration was higher compared to the 2-D channel case. The reason
for this was that Reflux was smaller for the tubular configuration and Trapping
was more effective.

Takabatake and Ayukawa (1982) solved the two dimensional peristalsis
problem numerically for moderate Reynolds numbers. They also used flow
visualization to verify the velocity profiles that they had predicted numerically.
Some other numerical solutions have also been presented. Tong & Vawter (1972)
uscd a finite element approach to the creeping flow problem. Brown and Hung
(1977) used a finite difference scheme based on curvilinear coordinates. Brown &
Hung (1977) also verified their results experimentally by using flow visualization.
Also Pozrikidis (1987) solved the peristalsis problem for a two dimensional
channel with sinusoidal waves present. He made use of the boundary integrai
method for Stokes flow problems. The author concluded that large amplitude
peristaltic waves with a slowly varying mean pressure gradient could increase fluid
mixing and may be used for design of an efficient heat/mass transfer process.

The effect of peripheral layer viscosity on peristaltic pumping has been
investigated by Shukla et. al. (1980). The authors found that the peripheral
layer performs a lubricating function in the case of flow of chyme in the
intestines. Liron (197€) investigated the efficiency of peristaltic pumping (the
definition of efficiency used here was same as in Takabatake et. al.(1988) and
Shapiro et. al.(1969).) and found that large amplitude long wavelength waves
were best from an mechanical point of view.

Peristaltic pumps have applications in the industry where small flow rates
are required. These peristaltic pumps are very low capacity pumps that have a
flexible tubing wrapped around a rotating cam. The primary use of peristaltic
pumps is for laboratory or pilot scale facilities, Scher (1979). The pump has

also been used to pump blood in the heart lung machine, because in this pump
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the pumped fluid does not come into contact with mechanical components of the
pump.

An example of a peristaltic pump used for chromatography is Pharcia
peristaltic pump made by Pharcia Fine Ckemicals AB Box 175, S-75104 Uppsala
| Sweden. The flow rate range for this pump is 0.6-500 ml/hr, the diameters
of tubes used in the pump vary from 1.0 mm to 3.0 mm. The tube material
is Silicone Rubber.

As the experiment was based on the physical dimensions of the Duodenum
a brief review of relevant literature is included. A sketch of the Duodenum is
shown in Figure 1I.1.

In Christensen et. al. (1978) and Netter (1966), motion of the intestine
has been described. A description of anatomy can be found in Piersol (1930).
It takes about 4 to 5 hours for the food to pass through the intestine. When
the food reaches the stomach peristalsis starss after s« lag of about 20 minutes.
The food is reduced to a flu.d or semifluid type mixture before the pyloric
sphincter opens to allow food into the intestines. It takes about four hours for
the food to be transferred from the stomach to the intestines.

The Duodenum is the first 20-25 cm of the intestine. The diameter of
the Duodenum is approximately 25 mm. The wavelength of the wave is about 4
cm and the frequency of occurrence of the wave can vary from 5 to 12 times
a minute. The average flow rates in the Duodenum are of the order of 10 ml
per minute, and the mean fluid velocities are about 2 cm/minute. More details
can be found in Dillard & Eastman (1965), Kerlin et. al. (1982), Macagno &
Christensen (1980,1981,1982), and Melville et. al. (1975). A review of the work

done on motility and flow in the small intestine can be found in Christensen et.

al. (1978).
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II1. BASIC EQUATIONS
In this chapter the basic equations of motion describing a fluid are reduced to a
form suilable for studying flow in a tube with mcving walls. The newtonian
fluid model was used because before the food enters the duodenum the stomach
mixes and pulverises the food to a fluid. This fluid was assumed to be
newtonian. The equations of motior in cylindrical polar coordinates are as

follows, Schlichting (1968).

r direction momentum -

¢ direction momentum -

p(av+uav+l av+uv +wav)
at or T 09 r a1
(2)
e ! Jp v 1 v v 1 3 2 du v
=Fo - 4 vugm T T YT e YT e T )
7 direction momentum -
ow ow v ow ow
v T ae Y )
3)

olw 1 ow 1 ow dw )



Continuity equation -

(4

The assumptions upon which equations (1) to (4) were based are incompressible

flow, isotropic fruid, constant viscosity, and that the continuum hypothesis was

valid.
The following additional assumptions were made:

(1) No changes in the @ direction, i.e. the flow is symmetrical about the

axis of the tube.
(2) The walls of the tube are assumed to be impermeable.
(3) Body forces are absent.

Application of these assumptions to the equations reduce them lo:

r direction momentum -

0 d
Plge + uge + g )

(5)
) d%u 1 2u u d’u
=- R+ 3w T Tt )
z direction momentum -
3
p(—%!lv— + u—%l:'— + W)
(6)

9 olw ] 3w
=- g +ul 3 * Tt oET)



Continuity equation -

(7
Where
u = ud(r z,t), w =w(r z,t)and p = p (1, z, 1)
All terms of equations S through 7 were nondimensionalized as follows: (plus
superscript denotes nondimensional variables)
rr = r/a
r© = /L
tt = uT
w o= w/W
u = wU
p° =p/P
(8)

The continuity equation (7), after nondimensionalization and combining the first
two terms reduced to the following form. For convenience the plus superscripts
have not been written with the understanding that all the variables (e.g. w, z,
u, r, 1) in use from now on ate nondimensional.

1 3(ru + aW  aw 0

r T L0 oz ~
Using a similar approach for r direction momentum equation (5) resulted in the

following:
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1
After multiplication of wvoth sides by —E—U— the equation became

a’ du awW du

+a_U_(uau + )
2 T U T v R T

. _ aP 3 % 1 wu _u 2 2u
- Uu T or! r g 0 T 3!
A similar procedure for z momentum equatinn '6) (Nondimensionalizing and

H
multiplying throughout by _;‘aW_ ) 1:duced t tc the following:

al ow aU ViWw 0w

ow
T o v Gy YT )

1 al oy

%p , ¥w 1 aw
7 or? T or [? a7’

_ _ _aP
= W

If both terms of continuity were to be retained then

% =~ 0(1)
(9)

The following were chosen for values of the reference variables
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The equations were thus

1 3(ru) aw
T & t 3 =0
(10)
m: 3u 12’ du du
ralie Tl S TR T
__ na a 2u w1 du n2: 3y
- mr 3 Y Tt T r Tor T Mt 3
(11)
n: aw + n: ( ow + ow )
Ir ot mar Y T Y o
___%R_+a‘w+_}_aw L 2w
- 7 o r or M 77
(12)
Where
v - (A
il = av/( 7)
m = {-
(13)
r{ = -Ii

The boundary conditions were checked to see if any new parameters were present.



The motion of the wall was assumed to be:

ho= a - Fsin(FH) (1 - oo AL
(14)
A sketch of the deflected wall is shown in figure III.].
The velocity of the wall was therefore
d . )
e
(15)

The above in nondimensional form using the previous nondimensionalization scheme

and

alongwith the fact that the radial velocity was nondimensionalized by —i—‘;— and
the velocity of the fluid and wall should match at the wall the resulting
boundary condition for th- radial velocity was

nini:ng:

u ¢, z, t) = - =M sin #M4z sin 2w

<

where

n3

w|»

_ L
nd = x
(17)
One other parameter was found from the boundary condition on the pressure

that was applied on the pump. In the experiment the pressure across the pump



SHAPE OF DEFORMATION IS ASSUMED TO BE

h=a--?—sin(—?—)(l-cos—2+n—)

Figure III.1 The shape of the deformation in one chamber and relevant symbols.
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was given by

ap(t) = p(r. 0, U - p(r. L, 1)

(18)
Ap(1) is shown in figure IV.4. There were difficulties in obtaining ap(t)
experimentally, particularly with the presence of the one way valve. This was
because there was a tendency for reflux .n the punp which caused an error in
the measurement of Ap(t). To avoid this difficulty Ap(t) was replaced by pgdH
N/m! where AH was set experimentally as shown in figure IV.1. The reference
pressure was LY and therefore a new parameter was found to be 1:%‘,\—}1.

a

So three new parameters were found in the boundary conditions, they are

- A
n o= 2
_ L
Md = ¥
_ a'‘gbH
ns = &

Finally the parameters governing this problem were
1) Frequency parameter = M1 = a v/(%)

2) Wavelength parameter = M2 = ;-
A
a

(3) Amplitude Parameter = M3 =

(4) Ne. of Chambers =04 = -Lr

2
(5) Pressure parameter = M5 = 3_%_"_'

Ail the above influence the mean flow rate Q. This flow Q was

1y . .
nondimensionalized by the factor —ar, this factor was found by integration of
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the axial velocity over the cross-section of the tube and conversion to

nordimensional form.

So the problem could be stated as (in terms of nondimensionai variables)

1 3(m) w
T or * % T 0
ni: du m2? ou

du
5 30 ¢ Tar (v o W o)

B ng 3y u 1 du n2? - ay
*‘W%*W'F*TT*

(19)
with boundary conditions . .
(1) u ¢(h, z, V) = - !]—%lﬁ-;—[,li} sin mll4z sin 2m
(2) w (h, 2, 1) = 0
(3)—%‘;’— | 0. 2.1 =0
(4) u (0, z, 1) =0
() 3= | 0 21 =0
(20)

Also fluid velocities were finite at all times. For pressure a pressure differential
Ap across the pumping unit is assigned. This differential corresponds to the level
difference AH between the two level controlled tanks.

In the chapters ahead the effect of the parameters that have been found

by nondimensionalizing the equations will be investigated experimentally.



IV. APPARATUS
In order to investigate the effect of the parameters found in the chapter on
equations twc peristaltic pumps were constructed, they consisted of four and eight
chambers respectively.

The inlet side of the pump was connected to a fixed head tank. This
tank could be moved up and down so that the pressure against which tre pump
operated could be changed. Between this tank and the pump a one way valve
was connected to simulate the pyloric sphincter. After this valve and before the
pump - tank was kept to bleed the air out of the system. The outlet of the
pump was connected 1o another fixed head tark from which the flow due to

the pump uld be collected through a overflow pipe into a measuring flask. A

schematic of the system is shown in V.1,
The main pumping unit consi flexible silicone rubber tube of 1
cm radius. This tube was surrounded . wur or eight plexiglass ciambers of 5

cm length and 3 cm diameter. The chambers were constructed so that they were
sealed completely and could be pressurized to make the tube contract. The tube
was made by pouring a solution of silicone rubber compound and toluene on a
pipe of 1 cm radius that was rotating at a low speed of about S RPM. It
took 4 to S hours for the tube to solidify. Several coats of the above material
were poured so that a tube wall thickness of 2 mm was achieved. Later 5 or
9 washers were made by pouring the above solution on a glass sheet and then
1 cm holes were made in these silicone rubber sheets. The washers were then
glued to the tube so that in effect four or eight sealed chambers could be
created on assembly of the unit, see figure IV.2.

These four or eight chambers were pressurized in sequence using cams,
.nit switches and 3-way solenoid valves so that pumping occurred due to passage
of a contraction wave. The cams were such that they allowed contractions over

one-third of one revolution. The sequence of contractions used to produce

16
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Figure IV.1 Schematic diagram of the experimental setup.
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pumping is shown in figure IV.3.

The experiment was performed by measuring the flow rate while controlling
amplitude, pressure, frequency, and number of chambers parameters. These
parameters were a result of nondimensionalization of the Navier-Stokes equations
of motion. The pressure difference between the inlet and outlet of the pump Ap
was measured using a capacitive differential transducer, a validyne bridge circuit
and an HP strip chait recorder. It was found that the pressure rise at the
entrance of the pump, which was caused by the presence of the one way valve,
affected the measurement of Ap adversely. For this reason Ap wa. not measured
directly but was replaced by pgAH. For presentation of experimental results the
parameter ga_:f?ﬂ was used.

A plot of pressure difference across the pump when the pump is
operating is shown in figure IV.4. This plot is intended to be illustrative of the
pressure variations and the variations have been copied from the chart by hand.

The amplitude parameter was determined by using a vertical water column
that moved in proportion to the amplitude of confraction of the chamber that
was contracting. Such columns were part of eact ;e chambers. The
displacement of the water column was related to the amplitude parameter by
assuming that the contraction was sinusoidal in shape. This assumption was made
so that the experimental results could be compared to theories that assumed
sinusoidal contractions, Barton & Raynor (1968).

The flow rate was measured by observing the time it took for collection
o7 a given volume of fluid in a measuring flask. Care was taken so that at
least five contraction waves had passed through the pump. This was necessary as
the flow varied slightly in one cycle of operation and the mean flow was
required for plotting of results.

A photograph of the pump is shown in plate IV.l. The whole

experimental apparatus can be seen in plate IV.2. In plate IV.]l the various
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,NAI;%:EES CHAMBER | . CHAMBER [+1]
0-90 CONTRACTED JPEN

90-120 CONTRACTED | CONTRACTED

120-210 OPEN CONTRACTED
210-360 OPEN OPEN

PUMPING -
CHAMBER NUMBER

4 N 1 'l i $ 4
4 v ad
- + \ — v B v

1 2 3 4 5 6 7 8
The above shows the contraction sequence between the [ and 1+1

chamber assuming the pump starts such that I chamber begins contracting .

The angle is the amount the cam shaft rotates .

Figure IV.3 Explanation of contraction sequence.
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CHART SPEED = 0.1 in/s , ATMOSPHERIC PRESSURE = 700 mm Hg

Figure IV.4 Plot of pressure difference between the inlet and outlet of the

pump.

21



tJ
L)

numbers represent the following:
(1) The pump with four chambers. The vertical water columns can also be
seen.
(2) The cam shaft driven by a continuously variable speed gear box.
(3) The cams.
(4) Limit switches.
(5) The counter.
In plate 1V.2 the numbers represent the following parts of the system:
(1) The pump.
(2) Differential pressure transducer.
(3) Solenoid valves.
(4) Manometers.
(5) Downstream fixed head tank.
(6) Strip chart recorder.
(7) Air bleeding tank.

(8) Supply tank (may be raised or lowered).



Plate IV.1 Closeup of peristaltic pump






Plate IV.2 Overall view of experimental apparatus
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V. DISCUSSION
Experiments were carried out with the peristaltic pump described in the earlier
chapters. The fluid used for experiments was water, the temperature was kept
between 20 - 22 ‘C. The value of » used for plotting of results was .0l
c¢m’/s, Schlichting (1968).

The experimental apparatus was such that the error involved in setting up
of various warameters was as follows:
M A as e
(2) AH == 0.1 cm
3 Q=x21%

(4) N =22%

The experiments were done for the following ranges of operating

parameters:

2 <M < 14

n2 = 0.2
06< M < 1.0
3 N4 < 8
o< N5 < 343 ¢ i0*

The main reason for operation in the above range was the limitation of the
apparatus being used.

The length of the pump was changed by following the same
sequence/timing of contractions as for the 8 chambered pump but by
disconnecting 1, 2, 3, 4, or S chambers. This caused a time interval during
which there were no contractions present in the pump. This did not cause any
error in the case when the one way valve was present. When the valve was

not present the error due to backflow (Reflux) was a maximum of 20 % in the

case of pumping with 3 chambers.
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The results of the experiments are shown in figures V.1 through V.9.
The discussion of experimental results is divided into two main parts. In the
first part the experiments with the pump operating with a one way valve present
are described, in the second part the results of pumping without the valve are

described.

A. Experiments with one way valve present

The two pumps were operated with a one way valve present. The
following were the results of the experimental study:
(1) The nondimensional flow rate increased with the increase in {requency
parameter. This increase seems (o be linear in the experimental range A similar
result was seen when experiments were done with the 8 chambered pump. See
figure V.1 & V.2,
(2) The nondimensional flow rate increased with the increase in amplitude
parameter. This increase was close to parabolic. Sece figure V.3.
(3) The nondimensional flow rate increased with the increase in number of
chambers operating. The experiment in this part was done by making 3. 4, §,
6, 7, or 8 chambers of the pump operational. The sequence of contractions was
as described in figure IV.3. This type of experiment was done for 4 & 8
chambered pump and results were similar. See figure V.4,
(4) The nondimensional flow rate decreased as the pressure parameter increased.
This was expected as the pumping should decrease when the head against which
the pump wo:ks increases. See figure V.5.

From the above experiments the experimental relation of the nondimensional
flow rate with all parameters except wavelength parameter was clear. The
experimental results showed similar trends whether done on the 4 or 8 chambered

pump.
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B. Experiments without one way valve

In this section the effect of removal of the one way valve has been
investiga'cd. The case of one way valve was important in that it is present in
the case of Duodenum. The case of pumping with no valve may be important
in the case of human beings with a weak pyloric sphincter. In the case of
pumping without one way valve the following was observed:
(1) Nondimensional flow rate increased with increase in frequency parameter. It
was interesting to note that the pump was unable to operate when the amplitude
ratios were small. It was also seen that for amplitude ratio of 1.0 the
nondimensional flow rate was reduced by about 20-30% compared to that of
pumping with the valve present. See figure V.6 for the deuails.
(2) The nondimensional flow rate increased with an increase of amplitude
parameter. This can be seen in figure V.7. This was similar to the case of
pumping with the valve present except that no pumping occurred when the
amplitude parameter was less than 0.4.
(3) The nondimensional flow rzte increased with increase in number of chambers
operating. It was seen that pumping was significant only when more than §
chambers operated. See figure V.8.
(4) The nondimensional flow rate decreased with increase in pressure parameter.
This can be seen in figure V.9. The effect was similar to the case of pumping
when valve was present except that pumping occurred for a smaller range of
pressure parameter.

As can be seen from the above experiments the mean flow rate has been
investigated with respect to all the parameters describing the pump except

wavelength parameter.



10’

40.0

, LQ/va®

Nondimensional Flow Rate

5.0 10.0 15.0 20.0 25.0 30.0 35.0

0.0

A
il No Valve A=/8.2
L/A = 8.0 x=0.6
a/\A =0.2 ©=1.0
ga’AH/v*=0.0
e
] o
° x
o X
] ® &
e X
X
o X
- o X
-
X
0.0 2.0 4.0 6.0 8.0 1(];.‘0 lé.O

Frequency Parameter, a/w/v

14.0

Figure V.6 Nondimensional flow rate vs frequency parameter, with effect of

amplitude parameter.

(no valve)



i o Pt
e
a/wZv
3 No Valve a=17.
a © L/A=4O x=8.8
o ga? AH/v?3=0.0 0=10.0
52, a/A=0.2
—_ ™
o
"o
& 0 -
S
=9
g
E N
g
Seo o
%
g X
:
s x :
o 8
2
e
°¢ —% L T T T
0.0 0.2 0.4 0.6 0.8 1.0

Amplitude Parameter, A/a

Figure V.7 Nondimensional flow rate vs amplitude parameter, with effect of

frequency parameter. (no valve)

36



eF
a/w/v

2] No Valve a="7.5
n O a/A =02 x = 8.8
g A/a=1.0 0 =10.0
N© ga’AH/v? =0.0
g
G
Qo
o -
S
2
Sp-3
OEN
s
Qo
N o o
g 0
g3 8 .
£ .o
=

o a

e
o x
° = QL T
2.0 4.0 6.0 8.0 10.0

Number 0f Chambers, L/A

Figure V.8 Nondimensional flow rate vs number of chambers, with effect of

frequency parameter. (no valve)



B3
# @
a/w/v
g% No Valve a="75
N O L/A =8.0 x—8 8
g A/a =10 0 =10.0
Ne a/AN =0.2
o
—_ ™
()
"o
/Y 6 A
B
2
B 3
- O
©
5
[ ad o
Q
el -
S °
2 a x
a- . 9
g a R
° —ar— -

L L ¥ T I L
~50 0.0 50 100 150 20.0 250 30.0 350 40.0
Pressure Parameter, ga’AH/v*  *10

Figure V.9 Nondimensional flow rate vs pressure parameter, with effect of

frequency parameter. (no valve)



39

C. Companison of results with theory

Many theories have been put forth to explain peristaltic pumping. They
include, Yin & Fung (1971), Weinberg et. al. (1971), Barton & Raynor (1968),
Pozrikidis (1987), Takabatake (1988) et. al. and Jaffrin & Shapiro (1971).

The theories of Pozrikidis (1987). Takabatake et. al. (1988) were not
suitable for comparision with this experiment as they did not consider dependence
of mean flow rate on the parameters of the the problem of peristalsis in a
tube. The theories of Yin & Fung (1971) and Weinberg et. al. (1971) were
not considered for comparison as they were related to peristalsis in 2-dimc ...
channels and not tubes.

The theories chosen for comparison were Jaffrin & Shapiro (1971) and
Barton & Raynor (1968). Both of these theories considered axisymmetric tubes
with peristaltic waves. Upon analysis both theories resulted in the following

equation for mean flow rate:

_ mcA! 16a} — A
Q= = 2+ 3AT)
(21)
The above result is valid for pumping in an infinite tube with AH = 0,

73‘—«1 and small Reynolds number. In the experiment _ax = 0.2 and Re=2

corresponded to N1 = 3.5.

The above equation, after conversion to the nondimensional form used in

experiments, became

nj:n3: 16 — M3 )

Q ( Nondimensional ) = N4 ( ~

(22)
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In forming the above equation it was assumed that the equivalent wave velocity
for the experiment was
c = % where T = —
(23)
The results of the comparison can be seen in figures V.10 and V.l1. It was
seen that the flow rates were in good agreement for the case of pumping
without a valve. Also the flow for the case of pumping with 8 chambers was
closer to the theory because the pump was longer and the theory was for a
infinite pump. It was also seen that the theory predicted the order of magnitude
of pumping for both the cases. The main causes of differences in theory and
experiment are:
(1) There was no wave in the experiment, the motion was caused by discrete
timed contractions in a particular sequence.
(2) The shape of contractions was not sinusoidal in the experiment.
Barton & Raynor (1968) have used the above theory of pumping in an
axisymmetric tube to predict the flow rate of chyme in the intestine to within

28 %.

D. Limitations of the experiment and suggestions for future work

The limitations of the program were that the experiments could be done
only within a small range of parameters. In particular the effect of wavelength
parameter on the flow rate may be an interesting area for further investigation.
The wavelength parameter was fixed for both of the pumps.

It was observed that the nondimensional flow rate increased with increasing
frequency parameter for frequency parameter less than 20. It would be interesting
to see the flow relationship with all of the parameters for a wider range of

experiments.
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The effect of assumptions made in deriving the parameters of the problem was

to make the experimental results amenable to comparisons with previous theories.
Further work could be done in the following areas:

(1) Modification of experiment to include the effect of expansion and other

motions of the duodenum.

(2) The effect of gravity on the peristaltic flow could be an interesting area for

further work.

(3) The pumping characteristics with a non-newtonian fluid should be tested. In

this experiment it was not possible as the silicone ruboer of the pump material

reacted adversely to the oils that were used.

(4) A more suitable theory could be formulated 1u: ~laining the results of this

experiment. This could be done by accounting for rncr sinusoidal shape of the

contractions. The fact that the contractions were not in the form of a wave

but discrete in nature could also be considered in the development of a

theorctical explanation of the experimental results.



VI. CONCLUSIONS
After experimentation on the two peristaltic pumps of length 20 and 40 cm the
following conclusions were drawn:
(1) The nondimens.onal flow rate increased with increase of amplitude parameter,
frequency parameter and no of chambers parameter.
(2) The nondimensional flow rate decreased with increase »>f pressure parameter.
(3) The comparision of experiment and theory showed agreement to within 20%

in the range of experimentation for the case of the 40 cm pump.
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