The Japan Soci ety of Mechanica

Engi neers

1366 Bulletin of the JSME, Vol. 26, No. 218, August 1983

621.651:532.595

Paper No. 218—13

Study of a Piston Pump without Valves¥*

(1st Report, On a Pipe-capacity-system with a T-junction)

By Shoji TAKAGI**,

Toru SAIJO***

This paper concerns a piston pump without valves which consists of a

piping system with a T-junction,

two water tanks connected with both ends
of the main pipe and a piston installed in the lateral pipe.

Pump effect

occurring in the system is examined theoretically and experimentally. The
study is confined to the case that the time average flow in the main pipe

is zero.

The pump effect is a phenomenon that part of the energy correspond-

ing to the time averages of kinetic energy in both of the main pipe is stored

in one side of the tanks.
effect were clarified.

Influences of system parameters on the pumping
The results obtained from a mathematical model proposed

in this paper were found to be in good agreement with the experimental data.
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1. Introduction

Piston pumps used for industrial purpose
usually have directional control valves. On
the other hand, G.Liebau has proposed sev-
eral piston pumps without valves (i.e. ventil-
lose Kolbenpumpe) in order to understand the
phenomenon in the blood circulation systems,
that is, the pumping effect of the heart of
valvular disease®™® A representative model
consists of two flexible tubes of different
cross sectional areas and thicknesses connect-
ed together in series and an oscillating
plate which forces the part of the flexible
tube wall to move in the radial direction.
The pump of this type is able to yield a
head of a few meters. This pump has been
modified by H.J.Bredow in such form that the
part of a flexible tube with a uniform cross
section is excited sinusoidally and two tanks
with a considerably large cross sectional
area are connected with both ends of the
tube. And he has investigated it experi-
mentally and theoretically. O.Mahrenholtz
has proposed a model of the blood circula-
tion system with the heart of valvular
disease which is composed of a closed loop
main conduit of a T-junction (abbreviated
to tee), a tank and a piston in the later-
al pipe of the tee® And he has clarified
theoretically that the pumping efect can
occur in the system. Except for the above
mentioned studies related with physiology,
T.Matsui has studied experimentally the flow
in the main pipe of a tee both ends of which
terminate in the tanks in the case that the
oscillating flow is delivered in the lateral
pipe, and clarified that the time-average
flow occurs and the water level in the tank
connected with the longer pipe is higher than
the other if the system construction is asym-
metric with respect to the tee (see Fig.1)®.
As we have seen, there are a lot of studies
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on the piston pumps without valves. However,
the mechanism of the pumping effect and the
factors which influence the phenomenon may
have hardly clarified.

This paper discusses the mechanism of
the pumping effect of a piston pump without
valves which has a T-junction. The discus-
sion is confined to the case that the time-
average flow is zero (abbreviated to the
case of zero discharge), because the essence
of the phenomenon may be clarified most eas-
ily in this case.

2. Experimental Apparatus
and Method

The arrangement of an experimental set-
up is schematically shown in Fig.l. The
water tanks with a large cross sectional
area (2500 cmz) are installed at both ends
of the main pipe of the tee. The lateral
pipe is connected with a cylinder through
the nozzle C and a polyvinyl chloride resin
pipe with inner diameter D (4 cm). The
sinusoidal oscillating flow is delivered in
the lateral pipe by use of the piston (with
effective cross sectional area AP=28.27 cm?)
which is driven by a motor with a stepless
speed change device through the scotch yoke

7 Scotch yoke
To amp. & oscillo.----2=| Piston
Differential
transformer r---To agmpA
. ' oscill
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Fig.l Schematic diagram of the experimen-
tal setup
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device. Figure 2 shows the dimensions of
two tees, which are made of brass by ma-
chining, with a square sectional area used
in the experiment. The only difference
between tee No.l and tee No.2 is the radius
of curvature of the joining edge r. The
main and the lateral pipes were composed of
several pipes with the same cross section
as the tee, each of which was made of
transparent acrylic resin by machining.

The piping system was installed on the

same horizontal plane. The friction factors
of the main and the lateral pipes were in
good agreement with Blasius formula for
turbulent flow.

The frequency of the piston f was
varied in the range between 0.2 and 1.6 Hz.
The difference between the water levels in
both the tanks AH was measured by a manom-
eter when the water in the main pipe was
in a steady oscillating state, that is,
the state that the time-average flow is
zero. The judgement whether the oscillation
is in a steady state or not was made by ob-
serving the motion of an air bubble of almost
1 cm3 which was put into "the longer pipe",
which is one side of the main pipe whose
length from the tee to the tank is longer
than the other side (hereafter to be called
"the shorter pipe"). The amplitude of the
oscillation of flow was obtained by measur-
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Fig.2 Dimensions of tees used

40 T
© Sox10?
% o] 1.18 ©
o] 1.41 8o
30 ———[®] 1.77 g
2] 2.36 oo
ol 283 o
®| 354 ®,
7.07
. N
6x10*
Reo

(a)

1367

ing the displacement of the air bubble.
Considerable attention was paid to decrease
the influence of the change of kinematic
viscosity resulting from the change of the
water temperature as much as posible, that
is, we made water circulate sufficiently
before measurement and reduced the time for
measuring by setting the water level in each
tank nearly in a steady state.

3. Experimental Results

First, we discussed the dimensionless
parameters which govern the head AH by use
of the dimensional analysis under the as—
sumption that the shape and dimensions of
the piping system and the tanks are constant.
The following relation was obtained.

AH/d=F(So, Rea, G) ........................ (1)
where AH=H1-Hy, H] : head in the tank con-
nected with the longer pipe (see Fig.l),

H2 : head in the other tank, So=d3/ApS,
Reg=ApSw/dv, ¢=w?d/g, d: side length of the
Square cross section of the pipe, Ap : effec-
tive cross sectional area of the piston, S :
amplitude of the piston, w ¢ angular frequen-
Cy, g : acceleration of gravity, F:a function.
The parameter Rep represents the velocity
amplitude in the lateral pipe, and S, cor-
responds to the amplitude of the piston S.
The dimensionless frequency Q=wd?/v is also
used to represent characteristics of unsteady
flow in pipes. The parameters Q, Rgo and

So can be related to R, =R/S,, therefore
AH/d can be also represented as a function

of S5, 2 and G.

Figure 3(a) shows the measured AH/d
against R,, for So as parameter and Fig.3(b)
for ¢. We can see from the figures that the
influence of So and G on AH/d may be consid-
erably smaller than that of Reg. This fact
means that the AH/d hardly depends on the
amplitude and the frequency of the piston
when the frequency is low enough. There~
fore, AH/d will be plotted against O for
several constant values of So hereafter.

Examples of measured AH/d are shown in

Fig.4. It can be seen that the head in the
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Fig.3 LH/d vs. Rgy characteristics
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tank connected with the longer pipe is al-
ways higher than the head in the other tank
in the whole range of frequencies. And the
head AH/d obtained by using tee No.l with a
sharp joining edge is several times as high
as the one obtained by using tee No.2.
Therefore, it can be stated that the flow
characteristics of tees may have a great
influence on the pumping effect of the sys-
tem.

4, Mathematical Model and
Discussion
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Fig.4 Head in the case of zero discharge
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Fig.5 Flow patterns at tees

As mentioned above, the pumping effect
may greatly depend on the flow in the vicin-
ity of junctions. From the stand point of
constructing a mathematical model which can
predict the motion of the system, it may be
necessary that the characteristics of the
flow at tees be expressed in a reasonable
form. Firstly we will discuss the steady
state flow characteristics at tees.

4.1 Steady State Flow Characteristics

at Tees

The energy losses caused by the combi-
nation and division of flow at smooth tees
with circular cross section have been clar-
ified for each of all flow patterns‘.
Although there have been several studies on
the energy losses at tees with square cross
section for the usual flow patterns®, there
are hardly any reports on the flow patterns in
which a fluid flows from both sides of the
main pipe into the lateral pipe or flows
from the lateral pipe into both sides of the
main pipe so far as the authors are aware
of.

Thinking that the motion in the main
pipe should be considered, we adopted the
energy equation between two sectioms, which
are positioned in both sides of the main
pipe, as the characteristics at tees. The
flow patterns through a symmetrical tee are
shown in Fig.5. It can be seen that there
are four kinds of flows which differ funda-
mentally from each-other. We call each of
the flow "pattern n" hereafter, where n=1,
2,3,4. The magnitude of the volume dis-
charge in the ith branch (where i=1,2,3) is
denoted by Q4 as shown in Fig.5, and the
flow direction by the arrow. The energy
equation between the lst and 2nd branches
becomes

2
%—+-’%‘-+Ax%% sgn v1+gdhia sgn vs
2 2
=%+%+Az%%sgn P seseeneeneees (2)

where pj : pressure, vj ! mean velocity (whose
positive direction is the direction denoted
by the arrow in pattern 3 in Fig.5), Ahj)
[=£12(v4/2g)] : loss due to the division

or combination of flow between sections 1
and 2, 5312 : loss coefficient, Vm=max{|v1|,
|v3l}, Li: length of the ith branch, Aj:
friction factor, p : density of fluid, sgn:
sign function. The experimental results of
the loss coefficient {1y are shown in Fig.b6
for each flow pattern. The solid line
denotes the experimental one for Reynolds
number Re=9000, where Re=vyd/v, the dot-
dot-dash-line the one obtained by Sato®
and the brokenline the one for circular
pipes by Ito and Imai”. The loss coeffi-
cients for tees No.l and No.2 are very
close to each other and are almost inde-—
pendent of Reynolds number larger than
9000 for patterns 2 and 4 in which the
water in the lateral pipe flows away from
the tee. On the other hand, there is a
great difference between the coefficients
for pattern 1 and for pattern 3, and Cj2
for tee No.2 depends remarkably on Reynolds
number in the vicinity of the order of
10000. The dot-dash-line in pattern 3 for
tee No.2 will be mentioned later.
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4.2 Mathematical Model o S—e—.

A schematic diagram of the system under coﬁg_’e_o@‘o‘gh%gu“ern |1 ol 25000
study is shown in Fig.7, in which 0, is AT ‘1;;;6%;5b ol 9000
the amplitude of the volume flow in the 04 ltozlma|m|rculam \;:§%§;;~4————~——
lateral pipe, w the angular frequency, t Re=10% Saf ~\::?¥{

. , ato e N
the time, P; and Pti the pressures at the 0.2 Re (2- 3%105 \\ané
position indicated in the figure where i= J "~
1,2, 05 the volume flow in the main pipe, 0
P.j the pressure at the tank ends, S the ™ ULéQ} Pattern é
cross sectional area of the tank, H; the v 02 ~8‘9 ‘e | L Sato ]
water level in the tank, A the cross sec- : /// yﬂ *e\\\ 1 Pe=(2- ”
tional area of the pipe, and 14 the length 0 )8 N e s
of the pipe. We can derive basic equations HOEIm%NCchmr 75‘ (;%? 50
of the system on the basis of the following -0.2 Re=10°| l
assumptions: (i) The working fluid is in- 08
compressible. (i) S; is so large that the O e Pattern 3
oscillation of the water level in the tanks 05\\
can be neglected. (iii) The law of pipe T~ 8
friction and flow characteristics at the 04 //’ (‘ T
tee are steady state ones. (i) The loss 02 Ho%lmuMCncqu{fi‘~90
due to division or combination of flow at ’ Re=105 ] G‘Qse\o\%
the tee occurs in the region indicated in 0 | | =08 ¢
Fig.7 by the broken line. .

The continuity equation and the momen- 8 UA&EQ“94> PuHern uogImGHC”CMU”
tum equation are 0.2 ‘Qeﬂb““‘ Re=10° i

Qi+ Q2= QoCOS @t *+-+rererrserierirsrenene (3) Q-LOQ ~o~oe Sor {Q
3, : =Pi—P.. (i= : S S ]
mQi+4(1:/d)r: sgn Qi =P P('l(Z:) UU 0.2 0.4 0‘6 0.8 10
where m;=p1i/A, 1 is the wall shearing Ozs/lrs
stress averaged over the pipe periphery,
a dot denotes differentiation with resgect (a) Tee No.l
to t. The wall shearing stress is
Ti=(0/ BAP)AQE ++oveomeererrenrintiiencrnns (5) 0.6 7
where Ai is the friction factor and is & S 25630 PuHern 1 I
given as follows®@~ 04 15 3000 | i !
For laminar flow ‘___,_e—e— 66—~ 2-0-g
A:=56.88/ (|Qul/ud) +ereseresiiiniiininns (6) 0.2 @T{e—e e © 0. P—0C 0020 Oi%
For turbulent flow o oo /</9‘9\\Suto I\O\o o
Ai=0.316 4/ ([Q/vd P25 +errrerereraererrenns (7) o0 07 T Pe=(2-3)x105| ~3
Blasius formula was adopted for turbulent 202 | |
flow. The relation between the pressure in U&-\.
the tank and the water level is N a PaHern Z [
Pum=pgH s v eeesismasessensenssinsenensins (8) 0.2 2 3)><l[]5
At the tank ends of the main pipe the fol- Q%aw%
lowing equation holds. 0 8\Q\€L — =
_| P (Q:20) ~&LQ o T
P“‘{ Pu—(o/ 241 +8)QF  (Qi<0) -02
............ (9) & 02 . Pattern 3
where g, is the loss coefficient for the V] 0 ° T %0090909‘6'09 o o
flow from the tanks to the pipes. Taking co . = RO
account of the symmetry of the tee and the -02 [i__ | ‘ l ! AAJ
assumption (iii), we can represent the flow 0.4
characteristics at the tee as follows G 6‘8j§8%é\ Pattern ﬁ
—P=(o/ 2A*)( Q35— Qi F £1:Q% sen Qs) 0.2 D 813%__! T
............ (10) @%
where 03=01+03, op=max{|01|, 02|, |03|}, 0 | | e
12 is a function of the flow ratio ]Q 19k| 0 0.2 0.4 0.6 08 1.0
(j,k=1,2; IQk|>|Q | j*k) and the upper Q2s/01s
sign of the double sign corresponds to the
case of |Q1|>|Qy| and the lower ome to |01l (b) Tee No.2
< .
IQZ|Equations (3)(10) are the basic Fig.6 Coefficients of head loss at tees
equations of the system. These equation
can be reduced to St S$>
(mi+ma) Qi+ (of 2AN(1+ & — £ QF - Qo cos wt
—(1+ &~ £) Q3£ £12 Q% sgn Qi) = | | —
=—m2Qow sin wt —pgdH, Hr ] Per Proll P2 P Hz™
Q:=Qocos wt—Q1, Qi=Q:+Q: L ai I a? |
. —g—————— ————N¥ _,
............ (11) Pf7 t sz
where ¢3=(1j/d)AisgnQi, C¢4 is zero when A
Qi>0 and 14zt when Q4<O0. 1 [2

4.3 Discussion

Fig.7 Schematic diagram of the system
Equation (11) is a nonlinear first g & 4

under study
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order differential equation with time vary-
ing coefficients, and so it may be impos-—
sible to solve Eq.(11) in general.
Consequently we analyzed Eq.(1l) approxi-
mately in order to discuss qualitatively
the head obtained from the system and exam-—
ined in detail by numerical approach.

4.3.1 Characteristics in the Case of
Zero Discharge

In this subsection the head in the case
of zero discharge is discussed under the
assumption that the flow rates Q1 and Q2
vary in the same phase. Then the expres-
sion of Q1 or Q2 is

Qi=Quosin(wt+38)  (i=1, 2) roereeees (12)
where 04, and § are constants. Assuming
010<020, the difference between the heads
in both of the tanks AH is obtained by
substituting Eq.(12) into Egs. (4) (9) (10)
and averaging both sides of these equations
with respect to the time. We have
AH =H\— H.=(1/8A%¢ {( Q% — Q%)
+ (73— 2 X Quo+ Q20— §:( Q% — %)}
............ (13)

where n3 is 12 for pattern 3, and ng4 for
pattern 4. After examining Eq.(13), we can
obtain the following conclusions: (i) Pump-
ing effect can occur in the system even if
the head loss due to division or combination
of flow and the entrance head loss at the
tank can be neglected. In this case, the
water level in one side of the tanks, which

Table 1 Loss coefficient {12 used for
numerical computation

No. Loss coefficient 12

The solid line in Fig.6(a) (Tee No.l,
Re=9000)

The solid line in Fig.6(b) (Tee No.2,
Re=9000)

Pattern 1,2,4 : The same as I
' | Pattern 3 : The dot-dash-line in Fig.
6(b)

o | z32=0

11=244 cm, 12=54 cm, d=1 cm,
SO=1.ISXlO‘2, Q=500

Fig.8 Several examples of computed
waveforms

is connected with the pipe having a smaller
flow amplitude, is higher than the other
side. And the difference of the water level
increases in proportion to an increase in
the difference between the amplitude of flows.
This means that when the time average of
kinetic energy in one side of the main pipe
is not equal to the one in the other side,
part of the difference is stored as poten-
tial energy in one side of the tanks con-
nected with the pipe having smaller kinetic
energy. (i) The head loss for pattern 3
helps increase AH, but the one for pattern
4 helps decrease it. (dif) The entrance loss
at one side of the tanks which has a smaller
amplitude of flow helps increase AH, but
the one at the other side helps decrease it.
(#) The head loss due to wall friction does
not appear explicitly in Eq.(13), but it
has an influence on AH as the factor deter-
mining Q10 and 020.

4.3.2 Results from Numerical
Approach and Consideration

In this subsection we discuss the
results on the characteristics in the case
of zero discharge obtained by integrating
Eq.(11) numerically by use of a digital
computer. In the computation, we used
four kinds of loss coefficients at the tee
shown in Table 1 and two friction factors
of Eq.(6) and Eq.(7).
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Several computed waveforms of the main
flow discharges Q1 and Q2 are shown with the
flow discharge in the lateral pipe Q3=
Q0coswt in Fig.8. The line indicated with
symbol I, I or II was obtained by using the
loss coefficient corresponding to the same
symbol in Table 1. The symbol (L.) corre-
sponds to the friction factor for laminar
flow [see Eq.(6)] and (T.) for turbulent
flow [see Eq.(7)]. These symbol will be
used in the same meaning hereafter. It is

wn

le[Tee No.2

4H/d

xperimen J—/-P——/I ~/ S—
pTee NLW/fr‘I/—/
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/]

11=244 cm, 19=54 cm, d=1 cm, 5,=0.0118

Fig.10 Comparison of the experimental
data with the calculated curves
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Fig.1l Characteristics in the case of
zero discharge
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seen from Fig.8 that the waveforms of 01
and Q2 hardly change even when configulation
of pipe friction is changed. The flows Q1
and. Q2 vary in almost the same phase and
these fundamental components are predomi-
nant. This may prove validity of the pre-
requisite for the analysis in subsection
4.3.1.

In Fig.9 are shown calculated lines
of the dimensionless amplitude of flow in
the main pipe Re] and Re2, where Rei (i=
1,2) is

Rei= U.'d/l/ ....................................... (14)

in which U4 is the amplitude of flow in the
main pipe. When the ratio 11/19 is consid-
erably large such as the case shown in Fig.
9, the amplitude of flow in the shorter
pipe is as large as several times the one
in the longer pipe and hardly depends on
the loss coefficient at the tee and on the
configuration of pipe friction. The dot-
dash-line C.L. has the following meaning:
It has been clarified for unsteady flow in
circular pipes with diameter d that when
Rej exceeds the critical Reynolds number
Rec defined by Eq.(15), instantaneous ve-
locity distributions for almost all phases
in one cycle of oscillation obey Blasius's
power formula and friction factors

x10%
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Fig.12 Measured amplitudes of velocity
and calculated curves
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Fig.13 Heads against pipe length ratio

are in good agreement with Blasius's
(1)

formula'.
Rec=400: /:Q‘ ....................................... (15)

The line C.L. in Fig.9 represents Eq. (15).

Figure 10 shows the calculated lines
and the measured values of AH against Q.
We can see that the measured values for tee
No.l are in good agreement with the theoret-
ically predicted line I(T.). However,
there are some discrepancies between the
line IL(T.) and the measured values for tee

No.2. The discrepancies may be understood
as follows: The loss coefficients 712 of
tee No.2 for flow patterns 1 and 3 depends
considerably on Reynolds number in the
vicinity of Re=9000 (see Fig.6). The coef-
ficient r1) measured for Re=9000 may not
represent sufficiently the actual coeffi-
cient in operation when Reo[=Q/So]>1O4 in
which the experiment was made. So we
modified 19 of I in Table 1 in the form
that z12 for pattern 3 is only replaced
with the dot-dash-line in Fig.6(b), and
using this modified coefficient (i.e. I’
in Table 1), we obtained the calculated
‘1ine L'(T.). The line IL'(T.) is in good
‘agreement with the measured values. The
broken line in Fig.l0 is a calculated one
when the head of loss at the tee is neglect-—
ed. The head AH in this case is a little
lower than the one for tee No.l but rather
higher than the one for tee No.2. This is
caused by the fact that for tee No.l ¢ji2 for

pattern 3 is larger than the one for
pattern 4, while for tee No.2 the reverse
is true. This result conforms well to the
analytical conclusion (i) stated in sub-
section 4.3.1. It is also seen that the
configuration hardly affects AH when 11®»12.
Taking account of the above mentioned re-
sults, we will show the calculated results
on the head AH obtained by using the loss
coefficients ¢12 of I and II' in Table 1
and the friction factor for turbulent flow
hereafter.

Experimental and theoretical AH vs. Q
characteristics are shown for So as param—
eter in Fig.1l. The measured values are in
good agreement with the theoretically pre-
dicted ones. Figure 12 shows dimensionless

amplitudes in the longer pipe Re]l under the
same operational condition as the above.

The experimental values were obtained from
measured amplitudes of displacement of the
fluid in the longer pipe under the assump-
tion that the fluid oscillates sinusoidally.
The line C.L. indicates Eq.(15). It is seen
from Fig.1l and Fig.l2 that the mathematical
model proposed in this paper may represent
well the pumping effect of the system.

The head AH for tee No.l is shown in
Fig.13 against pipe length ratio 12/1 where
1(=11+12) is total length of the main pipe.
The head AH depends a little on the total
length for the identical operating candition
and for the identical pipe length ratio.

5. Conclusions

The pumping effect of a piston pump
without valves, which is constructed of a
piping system with a T-junction and a
piston, is studied theoretically and ex-
perimentally. The results are summarized
as follows:

(1) The pumping effect occuring in this
type of systems is a phenomenon that when
the difference between the amplitudes of
flow velocity in the main pipe connected
with both sides of the junctiomn occurs,
pressure energy corresponding to the dif-
ference between the time averages of
kinetic energy in both sides of the main
pipe and to the energy loss at the junction
and at the ends of the main pipe is stored
in one side of the tanks connected with both
ends of the main pipe.

(2) Influences of system parameters on
the pumping effect were clarified.

(3) A mathematical model proposed in
this paper can predict well the pumping
effect of the system.

The authors wish to express their
gratitude to Prof.Tadaya Ito, Nagoya Univ.,
for valuable discussion.
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