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EXECUTIVE SUMMARY

The investigation of the concept of a hydropneumatic pump was
initiated in November, 1981 with the issuance of Order of Technical
Direction (OTD) No. 68. Under this OTD the development of a system
was to be investigated which could serve a community of 5,000 persons
and provide each person with 20 gallons of water during a 10 hour
period.

This included the development of a mathamatical model as an aid to the
design and construction of a functional prototype. It also included
the construction of a full scale prototype model. Operation of this
model was limited inasmuch as it was not equipped for continuous
operation and trial runs were restricted to fill and discharge batch
runs without exploring the varous parameters necessary for establish-
ment of optimum scale and sizing of various components.

Should the task be resumed, it is recommended that future studies with
the physical model and the computer model include:

A. Completion and full commissioning of the physical model with
modified siphon size or muitiple alternate siphon piping;

B. Calibration and verification of the computer model;

C. A determination of the relationship between the amount of
1ift and discharge of low rate of the unit with a means for
expressing this relationship;

D. Better definition of pump capacity as a function of
component pipe diameters and lengths and other geometric
parameters;
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E.

F.

Through use of the prctotype, study the secondary hydraulic
questions not fully addressed in the computer model such as
unstable flow, air counterflow, and assured siphon priming;

An assessment of the range of applicability and the'degree
of utility of this type of pump.
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HYDROPNEUMATIC PUMP:
DESCRIPTION AND COMPUTER MODEL
PRELIMINARY STUDIES

Chapter 1
INTRODUCTION

The hydropneumatic pump is a simple means for lifting water from a
stream for long unattended periods. Like a hydraulic ram, it uses the
potential energy of a flow drawn from a stream at a given elevation and
discharged at a lower elevation, to pump a smaller flow to an elevation
greater than the intake elevation. The hydropneumatic pump, 1ie the
hydraulic ram, operates cyclically. However, while the hydraulic ram
harnesses the transient compressive pressures of water hammer shucks,
the hydropneumatic pump's operating principles are based on hydrosta-
tics.

The hydropneumatic pump was brought to the attention of WASH by Mr. Fred
Reiff of the Pan American Health Organization. Mr. Reiff has built and
used such pumps in Alaska, and built a small working demonstration model
as well, described in Appendix B. The pump is of interest to WASH
because:

l. It can be fabricated almost entirely out of such usually
commonly available materials as standard 2-inch or 3-inch
piping, and 55-U.S. gallon oil drums.

2. The pump is self-priming.
3. Up to its hydraulic capacity, determined chiefly by the size of
the piping, the pump will accept whatever flow is delivered to

it.

4. Aside from the armatures of two check valves, there are no
moving parts.



5.

Because pumping energy is derived from the water source, there
is no need for electricity or fuel.

There are some drawbacks:

1.

The water source must be a stream with an appreciable slope, or
an impoundment with a dam; this pump cannot simply operate from
any point on the shore of any lake.

For every liter of water lifted as payload through an elevation
of H meters, there must be more than a liter of water lowered
through a distance greater than H and eventually discharged, to
provide the pumping energy.

The pump is not compact, but invclves assemblages of tanks (oil
drums) at two disparate elevations, with four separate pipe-
lines running between the two assemblages, in addition to the
intake pipe from the water sources and the 1ift pipe conveying
the paylcad flow to its higher destination.

There are two pipe-to-drum connections which must be airtight,
and numerous pipe-to-drum connections which should be water-
tight.

In balance, initial appearances are that the device deserves further ex-
ploration of its capabilities and identification of its liabilities, and
assessment of its value as an appropriate pump under certain conditions.

To date under this Order of Technical Direction:

1.

A prototype-scale physical model of the pump has been
constructed by the Civil Engineering Department of the
University of Maryland.

A computer model of the pump has been written. Runs have been
made for a limited variety of conditions.
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This report describes the construction of the physical model, and
describes the computer model and presents the computer model results.



CHAPTER 2
DESCRIPTION AND THEORY OF OPERATION

The hydropneumatic pump is shown in Figure 1.,* Near the intake there are
two tanks (o0il drums). At a lower elevation is another tank.

Water is drawn in from the source, S, through pipe 1 to tank 2. Water
to be lifted as payload goes via pipe 3 to tank 4, and is pumped up
through pipe 5 to its destination, Water to power the pump falls from
tank 2 via pipe 7 to tank 8. Pumping pressure is transmitted
pneumatically from tank 8 to tank 4 by air pipe 9. Water is drained
from tank 8 by siphon pipe 6.

Operation is cyclical, progressing through three modes, somewhat
analagous to the "intake-compression-combustion-exhaust" modes of the
internal combustion engine cycle. The hydropneumatic pump modes may be
called "pump-drain-fill".

Mode 1: pump. Tanks 2 and 4 are initially full to the Tevel of the
overflow weir into pipe 7, due to inflow from the source, S, through
pipes 1 and 2. Tank 8 is initially empty. Water continues to be drawn
from the source into tank 2, thence bver the pipe 7 weir, down pipe 7,
to tank 8. Filling tank 8 with water compresses the air in tank 8, and
drives the air through pipe 9 to tank 4. Water in tank 4 is expelled,
not via pipe 3 (which is closed by a check valve), but via pipe 5, to
its payload destination. The pump mode erds when the water level in the
rising 1imb of siphon pipe 6, in hydrostatic equilibrium with the rising
water level of tank 8 plus the air pressure in pipe 9, reaches a level
sufficient to prime siphon action in pipe 6. By the ond of the pump
mode, tank 4 is partially or completely empty.

Mode 2: drain. After siphon action is primed in pipe 6, water drains
from tank 8 via the rising and falling 1imbs of pipe 6, to exhaust. For
the moment, free air connection is established via pipe 7, tank 8, and
pipe 9 to tank 4, and air pressure returns to atmospheric in tank 4.

-4-
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Mode 3: fill. With the return of atmospheric pressure to the (at least
partially) dewatered tank 4, the flow of water from tank 2 via pipe 3 to
tank 4 resumes. This temporarily draws the water level in tank 2 down
to below the pipe 7 weir level; but water from the source, S, continues
to replenish tank 2, and presently the tank 2 level rises again to the
level of the pipe 7 weir, completing the 3-mode cycle. Further filling
of tank 2 causes overflow ino pipe 7, and mode 1 begins again.,

Thanks to a check valve in pipe 5, one may consider pipe 5 to always
remain full of water. The water rests against the closed check valve
during the drain and fi1l modes, and is driven upward during the pump
mode.



CHAPTER 3

DESIGN AND CONSTRUCTION OF THE PHYSICAL MODEL

3.1 Physical Model History

In accordance with OTD 68 a full scale mcdel of a hydropneumatic pump
was designed and constructed by Dr. Y.M. Sternberg and Mr. R. Knight,
Civil Engineering Department, University of Maryland, College Park,
Maryland,

Prior to the Construction of the model, a preliminary design was
prepared and.submitted to WASH for review. Comments and suggestions
were also solicited from Mr, F. Reiff, Pan American Health Organiza-
tion (PAHO), Washington, D.C. (Mr. Reiff had bult a full-scale opera-
tionai field unit in Alaska.) The initial proposed design
configuration was similar to the one shown in Figure la except for the
pipe diameters. The proposed water pipes were two inches and the air
pipe one inch in diameter. At Mr. Reiff's suggestion the above
dimensions where changead to three inches and two inches to maintain
efficiency at higher operating rates.

After approval of the design, six 55-gallons drums were purchased.

The drums were new and had never been used for storage of any liquids.
Since new drums may not be available in some developing countries, an
old drum used feor storage of an organic solvent was obtained to
ascertain whether such drums could be used for the purposed pump. The
drun ws subjected to repeated cleaning with a mixture of water and
mild detergent. The drum containing the liquid was agitated, drained,
and flushed with clean water a number of times. Still, tap water left
in the drums for a period of 24 hours had a slight objectionable smell
to it. No chemical analysis of the water was performed to determmine
the residual concentration of the solvent in the water. It was
concluded that used drums can probably be used for the construction of
a hydropneumatic pump provided that: (1) the drum has not been used



for storage of any hazardous materials (pesticides, etc.), (2) the
drum is thoroughly cleaned with a mild detergent solution, and (3) the
drum is repeatedly flushed with clean water,

3.2 Design Objectives

0 To assemble a working model at near-prototype scale out of
materials likely to be reconmended for field use (standard

oil drums, standard piping).

(o} To achieve steady-state operation with a variety of flow
rates, pumping heads, pipe sizes, and other dynamic and
geometric parameters.

0 To confirm the validity and veracity of predictive models of
operations:

- Computer model simuizting operations
- Approximate formula for estimating pumping rate

0 To determine pump capacity as a function of system geometry
0 To identify particular problems to be overcome or avoided,
and conditions to be met, e.g., avoidance of air surging or

burping, necessary and sufficient conditions for siphon
priming, necessity for air-tight joints in some places,

3.3 Construction Preparation

Prior to construction, the four tanks (55-gallon drums, see Figure 1la)
used in the model were prepared in the following manner:

1. Tank S (Supply Source): the bottom of this tank was removed using
a welding torch and the tank was turned upside down. This
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2.

3.

4.

provided a two-inch pipe thread (normally the filler plug) where
a PVC schedule 40 female adapter was inserted. (Care should be
exercised when the base or top is removed to insure that the
remaining edges are not sharp or rough.)

Tank 2: The top of this tank was removed using a welding torch
and two three-inch couplings were welded to the base. The loca-
tion of the couplings is not critical. It is best to locate them
along the diameter about half way between the center and the
circumference of the drum. The two couplings provided two
three-inch female threads both inside and outside the tank.

Tank 4: Two two-inch couplings were welded into the base of this
tank. This provided two two-inch female threads both inside aad
outside the tank. The top of this tank was left intact.

Tank 8: Two three-inch nipples were welded, one each on the top
and the bottom. No particular problems were encountered in
welding the steel couplings or nipples. The painted surfaces of
the drums was well cleaned to insure good bonding. It is
recommended that ail of the welds be tested before the pipes are
cornected.

Tank 2 and 8 were equipped with sight-glasses consisting of brass
fittings brazed to the side of the tank, one near the top and one
near the bottom. The two fittings were connected with plastic
tube (tygon tubing). The purpose of the sight-glass was to allow
the operator to observe the level of the water in the tanks. A
sight-glass is not deemed necessary for the operation of the
model.

The model was equipped with two check valves; one in pipe 3 and one in
pipe 5.



Pipes 3 and 5 are standard two-inch diameter PVC pipes and various
commercially available check valves (one-way valves) could be
employed. For this model, two check valves (poppet type) were
constructed from PVC with an "0" ring seal. The perfcrmance of the
valves was checked prior to installation in the appropriate line.

3.4 Construction of the Model (see Figure 1la)

Tanks 2 and 4 were positioned on a grating at floor level of the
Engineering Laboratory building. Tank S was elevated to a position
where it could supply water by gravity to Tank 2. Tank 8 was pos-
itioned beneath the above tanks on the lower level of the Engineering
Laboratory building. The integrity of all of the welds had been
verified prior to placement of the tanks.

Plumbing of the system was done by two people. The tools required
included a hand-saw, measuring tape, and a pipe wrench. Supplies used
were various size Fvy pipes, fittings, teflon tape, and solvent
cement. To insure good bonding, fresh solvent cement should be used
and the instructions on how to join PVC pipes should be followed. In
all cases the transition from the metal fittings in the tanks to the
PVC pipe was first accomplished and teflon tape was used on all
threaded connections. All connections between PVC pipes was done with
solvent cement. Specific construction details are given below:

l.  The short two-inch PVC pipe line from tank S to tank 2 was
equipped with a gate valve to regulate the flow from the
storage tank. Such a valve will not be required in a field
model.

2. Tank 2 was equipped with two three-inch couplings. A
three-inch PVC pipe was fitted into the coupling on the
inside of the tank. A three-inch female adapter was
attached to the same coupling at the bottom of the



tank. Pipe 7 was connected to this female adapter. The
other coupling was equipped with a three-inch«to=two-inch
reducer. Pipe 3 was connected to this reducer.

3. Two two-inch PVC female adapters wer connected to the steel
couplings in tank 4. The line from tank 2 to tank 4
included one of the PVC check valves which was installed
just below the two-inch adapter., The delfvery line (pipe 5)
housed the other check valve.

4, Tank 8 had a three-inch socket adapter fitted to the two
welded nipples. A two-inch female adapter was inserted into
the filler plug thread.

5. The upper portion of the siphon was equipped with a short
length of three-inch Plexiglass tubing and short lengths of
three-inch rubber hose held in position with hose clamps.
The Plexiglass provided means of visual observation on the
level of the water in the siphon. The rubber hose and
clamps provided elevation adjustments, i.e., raising or
lowering the top of the siphon. In field installations, the
siphon could be constructed from standard PVC pipe since
there will be no need to observe the water level prior to
the activation of the siphon.

It is essential to provide firm support to all the PVC piping and
fittings. Schedule 40 PVC was used for plumbing but piping materials
with a thinner wall such as drainage pipe which is available in many
LDC's, can also be used.

3.5 Pump Operation

The pump did not function on the first trial. It was suspected that
air leakage was a cause of the problem, but none was found. Following
further examination, revealing that air was entrapped in the siphon,
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two modifications were made. One modification was to extend the
three-inch line in tank 8 to within three inches from the bottom of
the base of the tank. The other modification was to change the siphon
configuration from a horizontal to a 45 degree slope to reduce the
potential for air locks. The new siphon configuration is shown in

Figure la.

The model was operated a number of times to ascertain that the system
did not leak. The tests were preliminary in nature and no data were
collected. A garden hose was used as the inflow source but full flow
from tank S was necessary to activate the siphon (without additional
inflow discharge the siphon behaved as a weir), Although no outflow
discharge was measured, it was estimated that about 25 gallons were
pumped during each cycle.

Conclusion and Recommendations: No special difficulties were

encountered in the construction of a prototype model from 55-gallon
drums and PVC plumbing. Persons with some experience in welding and
plumbing can construct such a prototype model. The model was
subjected to only limited testing because time ran out. It is
recommended that future experimental work include the following:

(1) The long term effects on water quality and expected life of
the drums should be evaluated. Preliminary experience
indicates that the use of steel drums will create a rust
problem,

(2) Evaluation of the model with smaller diameter plumbing. A

two-inch siphon may be more suitable than a three-inch one
to achieve reliable siphon priming.

(3) Evaluation of practical operating capacity and optimum
efficiency of the mode’ as constructed.
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Inasmuch as standard 55-gallon drums are generally available world-
wide they were incerporated as a design feature. Use of the standard
drums do pose a practical limitation on the capacity that can be built
into the pump. BRasically, two problems exist: (1) How fast the drums
can fill and (2) proper operation of the siphon (without bubble propa-
gation). An increase in tank capacity, by welding drums together,
would provide same added capacity but only if provisicn was made to
shorten the drum filling and evacuation times. These same provisions
with a single drum might give almost an equal increase in capacity.
Any further work should include considerations of the rate that drums
are filled and evacuated in addition to overcoming problems related to

siphon priming.
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CHAPTER 4

THE COMPUTER MODEL

4.1 Parameters

The parameters by which the pump and its operation are described
are listed below. SI units are used. Elevations are measured with
respect to the water surface of the water source, S.

The

K1

A2
W2

K3
A4
c4
K5
W5

K6
NG
B6

E6
c8
A8
L9
A9
PP
T1
vp

constants are:

time step

conveyance (ratio of flow rate to square root of driving
head) in pipe 1

area of tank 2

elevation of the weir at the inlet of pipe 7, located in
tank 2.

conveyance in pipe 3, between tanks 2 and 4

area of tank 4

ceiling elevation of tank 4

conveyance in pipe 5

elevation of the payload destination end of pipe 5, and the
static head through which payload water is pumped
conveyance of siphon pipe 6, when flowing fuill

siphon weir elevation of siphon pipe 6

inlet elevation of pipe 6; also the minimum water surface
elevation in tank 8

outlet elevation of pipe 6, which is the exhaust elevation
ceiling elevation of tank 8

area of tank 8

length of air pipe 9

cross-sectional area of air pipe 9

atmospheric pressure, expressed in meters of water head
duration of simulated operation

the volume of air to be compressed, in tank- 8, air pipe 9,
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4.2

The

22
24
26
Vo

V6

V9

T2
RS

R6

and tank 4 at the beginning of the pump mode

time dependent variables are:

time

the water level in tank 2

the water level in tank 4

the water level in the rising iimb of the siphon pipe 6
the accumulated payload volume of water that has been pumped
since time zero

the accumulated volume of water that has been exhausted
through the siphon since time zero

the mode number: 1 for pump, 2 for drain, 3 for fill

the volume of air under c&ﬁpression at any instant during
the pumping mode

the duration of a given 3-mode pump cycle

_the average payload pumping rate during a cycle, i.e. the

change in V5 over a cycle, divided by T2 for that cycle
the average water exhaust rate during a cycle, i.e. the
change in V6 over a cycle, divided by T2 for that cycle

The computer model simulates flows within the pump for each mode,
at each time step testing to see whether or not to advance to the
next mode. The simulation begins at the beginning of a pump mode.
The initial conditions, governing equations, and logic are
summarized below.

Initial Conditions Assigned

12

6

Vo

B (Time zero)

W2; Z4 = W2 (Water levels in tanks 2 and 4 are initially

at the elevation of the weir inlet to pipe 7, the fall pipe)
B6 (The water level in pipe 6 is at the elevation of the
inlet to pipe 6; i.e. pipe 6 and tank 8 are empty)

@, V6 = P (Zero volumes of water have been 1ifted or
exhausted at time zero)
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= 1 (start with pump mode)

4.3 M=1: Pump Mode

4.4

Q1

Q7
V9,

P4,

Q5

V5
26,

equals K1, the conveyance of pipe 1, times the square root of
-12, the head across pipe 1.

is assumed to be limited by and equal to Q1

the volume of air under compression in tank 8, pipe 9, and tank
4, depends on the water levels in tanks 4 and 8 and in pipe 9
the pressure head transmitted by air from tank 8 to tank 4, is
related to atmospheric pressure head P@, the initial air volume
VP, and variable air volume V9, by the formula:

P4(V9)Gl = PG(W)G1 = constant, in which the exponent Gl equals
1.0 for perfectly isothermal conditions, or 1.4 for completely
adiabatic conditions, or may be assigned an intermediate value
for intermediate conditions.

equals K5, the conveyance of pipe 5, times the square root of
the pressure head across pipe 5, but only when pressure in tank
4 is adequate to drive flow out of tank 4 through pipe 5. No
backflow is allowed.

is the time integral of Q5

the water level in the rising 1imb of pipe 6, exceeds Z8 by the
pressure head difference P4 - PQ.

When 26 exceeds the siphon crest elevation W6, advance to mode 2.

M=

2: Drain Mode

Qe6,
V6

Q3,

24
1,

the siphon low rate, equals K6, the conveyance of pipe 6, times
the square root of the head across pipe 6, which is 28 - E6.

is the time integral of Q6.

the inflow through pipe 3 to tank 4, is equal to K3, the
conveyance of pipe 3, times the square root of the difference
i~ Water surface elevation between tank 2 and tank 4.

rises as Q3 fills tank 4,

the inflow through pipe 1 to tank 2, is equal to K1, the
conveyance of pipe 1, times the square root of the Jifference
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in water surface elevation between the water source, S, and

tank 2.
Z2 is drawn down as Q3 drains tank 2, but ri.es when Ql exceeds

030
When 28, the water level in tank 8, falls to B6, the elevation of

the siphon pipe inlet, siphon flow is broken. Advance to mode
3.

4.5 M= 3: Fill Mode

Q1 and Q3 continue to flow until Z4 approaches Z2, and Z2 reaches
W2, the elevation of the weir inlet to pipe 7.

When -Z2 exceeds W2, return to mode 1.

4.6 Assumptions

In the present version of the computer program it is assumed that:

1. The head on the pipe 7 weir, i.e. the amount by which Z2 must
exceed W2 in order for the flow Q7 to equal the flow Q1, is
small.,

2. There is no counterflow of air from tank 8 up pipe 7.

3. There is no "burping" in pipe 7.

4. The advance from one mode to the next is accomplished within
ore time step.

5. Loss of air vy joint leaks or by solution in water is
negligible over one cycle.

6. Pressure loss in the air flow from tank 8 to tank 4 is
negligible.

7. The two check valves work perfectly.

The program listing is given in Table 1. Written in BASIC, it has
been used on a Tektronix 4054 computer.

4,7 Calculation of Pipe Conveyance Values
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For each pipeline, there is a conveyance value (K1 for pipe 1, K6
for pipe 6, etc.), which is defined as the ratio of the discharge
rate through the pipe to the square root of the pressure head, H,
across the pipe, e.g.

Q5 = K5*SQR(H) (Eg.1)

The conveyance is a function of pipe cross-sectional area, and of
the form lnsses and friction lossas suffered by the energy head for
a given flow through the pipe. If H is the sum of friction loss
and form losses:

2 2 2
H =Q%"L + IK (Eq.2)
92'173 g'-?'
A"R 2gA
IK = sum of the coefficients for entrance loss (0.5), plus bend

and/or tee losses, plus sudden contraction or expansion
losses, plus exit loss {1.5).

= Manning friction factor (use 0.011 for smooth pipe)

= w/4*Dz, the pipe area

pipe diameter

= D/4, the hydraulic radius of a completely filled pipe

= pipe length

~ 0 O >» >
1]

Rearranging Equation 2:

A

Conveyance = (Eq.3)
L =gk
R 4/3 2q

For the preliminary computer mode runs presented herein, convey-
ances were computed assuming 3-inch (76 mm) pipe diameter, no wall
friction loss, and only entrance and exit form loss. Hence, A =
.00454 sq.m, 7. = 1.5, and the conveyance equals 0.0165. During
calibration and verification of the physical model, account must be
properly taken of n, L, bends, and other form losses.

-17-



-BI-

TABLE 1
PROGRA' LISTI.IG

Eﬂfmnc PLIP FOR YASH PROJECT JAN 18, 1984

1 S-_’g-s-!@ VALUES
t?._w. < )
lg ‘KlaB. .N80

D A2a8.248

121 ¥2u-2.05
RleB.8158

148 Ad4e8.247

i
et

)
®
[

ul.247

.GE-4
.4
1 IS 1.0 FOR ISOTHERIAL, 1.4 FOR ADIABATIC CONDITIONS

30 "~

Trasrobs

[T —.ﬁ
DO

3
)

SRUR3LCR2gRR2g

-3
)

3R
2233
g

N INITIAL VALUES

N
[+
[
]

=08

PRINT “TELAPSED TIME IN SEC. AT ENO OF CYCLE, T2«CYCLE DURATION,*
PRINT “RS=PAVLOAD PUPNPING RATE. AND RGaEXHAUST FLOW RATE OF CURRENT
:}:} “CYCLE."

”'X‘N'l " T .~ T2 *,*“ RS ~," R&"
PUP

i

Q'R I ¥SOR(-22)

0701

IF CO>Z6 THEN 428

V..g.’glzg: (C4~-24)3A4

VO (CB-28)SAB+LOBAD (C4-2413A4
IC8-B8) TAG+LEBIAG (C4-V2) BA4

4wPB8 (VB/VD) 161

4el4-4E-PS

Hed THEN 434

OBoRBIROR IH}

GO 70 438

i

TE R TR A B BT T ]
| Sl
b7
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Shakis

2oace
DYDOD

ES

848

728

SUgERERSE

2i=k1250R(-22)
QianTeSOR122-24)
Z2=22+101-03)/7A2%0
;4-zqoouuao

ule

IF Z8<B8 THEN 832
&0 10 o208

Q3aRILEONIZ2-24)
22272 101-051 7A2%D
242440374430

TaTe

iF I2>W2 THEN 788
CO 70 823

GO 10 es3
T2=T-R}

RBa (V8-R2) /T2
RSs(Ya-R31 /12
PT]?T 7.72.83,R6

TALLE 1

(continued)


http:T.�2.RS.R6

CHAPTER 5

RESULTS OF COMPUTER RUNS

5.1 Presentation

There is a great number of physical and hydraulic parameters to be
systematically varied in an exhaustive investigation using either
the physical model or the computer model. Since changes are much
quicker and cheaper on the computer model, one should operate the
physical model under a sufficient range of conditions to calibrate
and verify the computer model, then with confidence use the com-
puter model for extended investigations. If in the course of the
computer studies there is a set of a conditions whose results are
met with skepticism, those conditions can be checked with the
physical model.

Until the physical model is operational and calibration/verifica-
tion of the computer model is made, computer model runs must be
considered preliminary. However, the limited series of runs to
date provide some interesting qualitative insights which are
reported below.

The run printouts are included in Appendix C, one run to a page.
For each run, the printout shows:

1. The elapsed time, T, from run start (sec); the cycle duration,
T2 (Sec); the average payload pumping rate, R5, over the cycle
(cu m/sec); the average exhaust flow rate, R6, over the cycle
(cu m/sec), printed at the end of each cycle. Each run is at
least ten cycles long, to let the system approach a
steady-state operation. Readings of T2, R5, and R6 were taken
from the last cycle printed, for plotting in Figure 2.

2. A program listing sufficient to indicate the numerical values
assigned to each of the parameters. (A complete program
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For

5.

6.

1isting was given at the end of the section describing the
ccmputer model. The program is simply re-edited every time a
parameter is altered.)

the runs presented below:

The tanks are assumed to be oil drums standing upright, with a
base cross-sectional area of 0.245 sq m. The effective height
of tank 8, C8-B6, is assumed to be C.5 m.

A1l water piping (pipes 1, 3, 5, and 6) are assigned conveyance
values of 0.0165, which would apply to 3-inch diameter pipes
with sharp-edged inlets and outlets, but without wall friction
losses or bend losses, or check valve losses. (Such losses
must be taken into account when it comes to calfbrating the
computer model to the physical model; meanwhile the conveyance
valves adopted provide an upper-limit estimate of pumping and
exhaust flow rates.)

The air pipe is assumed to be one inch (.0254 m) in diameter,
and to have a length numerically equal to B6, the difference in
elevation between the water sources and the siphon inlet.

(This equality will be approximately true only if tank 8 is
Tocated directly below tank 4. In practice, there will almost
always be a significant horizontal distance, as well as a
difference in elevation between tanks 4 and 8. Air pipe length
becomes more important as its volume grows to rival or exceed
the volume of tank 8.)

For all runs but one, the atmospheric pressure is assumed to be
standard sea level pressure (10.4 m water). For one run, at-
mospheric pressure, P@, was halved, to 5.2 m water.

Isothermal conditions were assumed: Gl = 1, for all runs.

The pipe 7 weir inlet level, W2, was set at 0.05 m below the
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water surface elevation of the source.

7. The tank 4 ceiling level, C4, was assigned to be 0.005 m below
the water surface elevation of the source,

8. The siphon pipe outlet level, E6, was assigned to be one meter
less than B6.

9., The time step used was 0.2 sec.

For one set of runs, B6 = -3 m, i.e. the siphon pipe inlet is
assigned to be 3 m below the source water level. For a second set
of runs, B6 = -6 m. For each set, W5, the payload lift elevation,
is varied between zero and the absolute value of B6.

The results are plotted in Figure 2. For each set of runs, there
are 3 curves, showing cycle duration T2, average payload discharge
R5, and total rate of water intake R5 + R6, as functions of payioad
1ift W5. The curves for R5 are in conventional pump curve (H
versus Q) format. One notes that:

1. For W5 equal to or exceeding -R6, there is no payload
discharge, R5. That is, -B6 is a stagnation pressure head.

2. For W5 ranging from P to within a meter or so of -B6, the
payload discharge r5 decreases with increasing Tift elevation
W5, but only slowly.

3. The exhaust discharge R6 increases slightly with increasing W5.

4, The total rate of water intake, R5 + R6, decrease very slightly
with increasing W5.

5. The cycle duration, T2, decreases only very, very slightly with
W5.
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5.2

1.

The functions T2, R5, and R5 + R6 actually are seen to be inde-
pendent of B6, except when W5 increases to within about one
meter of -B6.

The cne test for reduced atmospheric pressure (P@ = 5,2 m
instead of 10.4 m), conducted for B6 = =6 m and W5 = 5 m, shows
a 25 percent decrease in R5, and a 5 percent decrease in RS +
R6, compared with results for P® = 10.4 m.

Discussion

By continuity considerations, R5 + R6 must equal the inflow to
the system, Q1, averaged over the cycle duration. In Figure 2,
RS + R6 is nearly constant with respect to W5, the lift
elevation, showing only a very slight decrease due to back
pressure as W5 increases. ’

The results on Figure 2 suggest that with fair accuracy one may
approximate the average payload flow rate by the equation:

s=qi pp ] (Eq. 4)
2 | Pp+ws |

This equation is plotted in Figure 3 (crosses) for comparison
with the computer results brought over from Figure 2 (circles).

The ranges of approximate validity are:

0 < W5 < (-B6) minus about 1 m
0 < Ql < "pump capacity"

That is to say:
A. The inflow Q1 ijs partitioned roughly equally between payload

flow and exhaust flow, with the payload flow being reduced
as increasing 1ift elevation introduces air compression;
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B. The 1ift W5 cannot exceed the exhaust flow fall distance,
and as a practical matter must be somewhat less than it;

C. The inflow rate, Ql, has an upper limit, the "pump
capacity," that will be accepted by the pump in normal

operation.

3. The present governing equations for the model have Q1 being
dependent on Z2, the water level in tank 2. It would be
simpler and little if any less general to make Ql independent
of 12.

4, Now suppose that we have a Q1 that is clearly within the
capacity of the pump; that is, the payload discharge is
slightly less than half of Ql, and the exhaust flow is slightly
greater than half of Ql.

A. If Q1 is reduced, we may expect that the partition ratio of
payload discharge to exhaust flow will remain fairly
constant, both flows simply being reduced in proportion to
the reduced Q1.

B. But if Q1 is steadily increased, intuition suggests that for
a given set of pipe sizes and lengths, there will be an
upper limit to Q1 shat will be handled by the pump beyond
which the pump fails to operate as effectively, or at all.
This would be the "pump capacity". It would be principally
a function of the tank volumes and of the conveyances of
pipes 3, 6, 7, and 9. (The conveyance of pipe 5 is best
considered in terms of the discharge piping system
conveyance; see Item 5 below). Further study is necessary
to better define pump capacity in terms of system geometry.

5. Equation (4) can be improved by replacing W5 with "TDH", the
total developed head, which is static head plus dynamic head:
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TDH = W5 (static head) + [Q%IZ (dynamic head) (Eq. 5)
K5
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6.1

6.2

CHAPTER 6

SUGGESTIONS FOR FUTURE STUDY

Steady-State Operation; Measurements

At this writing, the physical model is essentially complete but not
yet fully operational. It has operated in "batch mode," but the
experimental setup needs to be augmented by the appropriate addi-
tion of a sump reservoir and a recirculating pump so that steady-
state operation of the hydropneumatic pump can be achieved.

Once the physical model is operational at steady state, a means of
measuring pumping rate and exhaust flow rate must he devised. For
this, very simple means may be adequate, such as measuring cycle
duration and measuring the volume of water pumped per cycle, and
exhausted per cycle. Atmospheric pressure at the laboratory is
easily measured with a barometer. Pipeline conveyance values must
be calculated as indicated in Section 4.7, or in some cases derived
in the laboratory from stage-discharge measurements on individual
pipe components. (This is particularly true for pipe 3, joining
tanks 2 and 4, since it includes a check valve, whose conveyance is
difficult to estimate accurately.)

Calibration and Verification of the Computer Model

As noted in Section 5.1, the physical model should be run under a
range of conditions to be simulated as closely as possible by the
computer model. The results of the two models should then be
compared and the computer model modified and fine-tuned as
necessary until it faithfully simulates physical model performance.
Then the computer model may be used for extensive exploration of
pump performance under a wide variety of geometric conditions.

Later, for any set of conditions giving rise to unexpected or
not-easily-believed computer results, the physical model can be
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6.3

6.4

6.5

used for verification.

Development of Simple Formulas for Performance

Equation 6, based on the preliminary computer results reported
herein, appears to be a useful approximation of pump performance,
but its accuracy should be checked with physical model test re-
sults. More important, simple but useful formulas relating pump
capacity to pump geometry, are highly desirable. These can be
developed by use of the computer model once it has been checked
against the physical model.

Study of Important Secondary Factors of Performance

Design and construction techniques to avoid "burping” in pipe 7,
the fall pipe; to ensure full siphon priming; and otherwise to
ensure reliatle operation should be developed and recorded.- These
factors involve flow phenomena not readily simulated in the
computer model, and must be addressed with the physical model.

Assessment of Range of Applicability and Degree of Utility

Future studies should determine where and under what circumstances
this device would be a viable alternative to other pumping means,
and whether development of a construction manual is warranted,



1.

CHAPTER 7

SUMMARY AND CONCLUSIONS

The hydropneumatic ump is a device, possibly suited for applica-
tion in some remote areas, for pumping water using the potential
energy of some of the water in the source stream. It can be built
almost entirely out of oil drums and standard small-bore piping; it
is self-priming; it will handle whatever flow is delivered to it,
up to a limited capacity; and except for two check valves there are
no moving parts. On the other hand, the water source must have an
appreciable slope or fall in order to provide the pumping power;
the flow rate of water required to power the pump must exceed the
payload discharge rate, and the vertical drop of the powering flow
(exhaust flow) must exceed the payload 1ift; the pump assembly is
not particulariy compact; there are several pipe-to-drum connec-
tions that must be airtight or watertight.

A physical prototype-scale model of the pump has heen built, but
not yet rendered fully operational.

A computer model of the pump has been written and several pioduc-
tion runs have been made, whose results are reported herein. How-
ever, before one can use the model with full confidence, it must be
calibrated and verified against the physical model, once the latter
is operational.

The preliminary computer results indicate that, to a fair approxi-
mation:

RS =gl[ PP (Eq. 6)
2 PP + TDH

for: Q1 < pump capacity
and: TDH < vertical distance between the flow intake and the
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flow exhaust evaluation

the average payload discharge flow rate

in which: R5

P@
TOH

atmospheric pressure head _
static pumping head plus friction head in

the discharge line

Future study with the physical model and the computer model
should include:

A.

B.

C.

E.

F.

Completion and full commissioning of the physical model with
modified siphon size or multiple alternate siphon piping;

Calibration and verification of the computer model;

A detemination of the relationship between the amount of
1ift and discharge of flow rate of the unit with a means for
expressing this relationship. Confimmation of Eq. 6 as a
useful approximation of pump performance with guidelines
established for its application and use;

Better definition of pump capacity as a function of
component pipe diameters and lengths and other geometric
parameters;

Study of secondary hydraulic questions not fully addressed
in the computer model, such as an unstable or "burping” flow
in pipe 7, air counterflow in pipe 7, and assured siphon
priming in pipe 6.

An assessment of the range of applicability and the degree
of utility of this type of pump.
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APPENDIX A

Diagrams and Photographs
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Figure la. Dimensioned Diagram of Physical Model Constructed
at University of Maryland. (View From West)
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Figure lb. View from
west on main floor.

These two photos, viewed
together, give nearly the
same view as figure la.

Figure lc. View from
west in basement.
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Figure 1d. Top view of
tanks 2 and 4, and source 5.

Figure le. View from east
on main floor. (Large
rectangular tank is not
part of this apparatus.)




Figure 1f. View from
southwest on main floor,
showing tanks 4, 2 and 5.

Figure lg. View from north
in basement of tank 8.
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APPENDIX B

MEMORANDUM BY MR. FRED REIFF, PAN AMERICAN HEALTH ORGANIZATION,
DESCRIBING THE HYDROPNEUMATIC PUMP,
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THE HYDRO-PNEUMATIC PUMP
A Modification of the Cherepnov Lifter

The hydropneumatic pump is a device designed to pump water without the use

of a mechanical pump, without electricity, and without a moter. It utilizes
the energy of falling water as the driving force. The pumping apparatus
consists of nothing more than three tanks, two check valves, a dosing siphon
for lifts of up to 5 meters and a level activated or pressure activated dump
valve for greater lifts, and interconnecting piping. The only moving parts
are two check valves which merely prevent backflow. On this working model,
a water source (the square tank on the left) and a storage tank (the horizon-
tal cylindrical tank at the top) have been added. They are not a part of the
pumping device but respectively serve to model the water supply and the point
of discharge.

Tank No. 1 is a bifurcating tank which alternately discharges water into
Tank No. 2 and Tank No. 3. Tank No. 2 is the ejection tank which is5 first
filled with water and then evacuated of water by compressed air. Tank No. 3
is the compression tank which utilizes the energy of falling water to compress
entrapped air and then divert the compressed air to Tank No. 2. The dosing
siphon discharges water from Tank No. 3 after the air is compressed to the
desired pressure.

The tanks are interconnected in the following manner. Tank No. 1 is
connected by a pipe to the water source. It is also connected by a pipe and
a check valve to Tank No. 2 and it is connected by a vertical pipe to Tank No.
3 which is situated below Tank No. 1.

In addition to being connected to Tanks No. 1 and 2, Tank No. 3 is con-
nected to a dosing siphon.

The device pumps water in the following manner. Water flows from the
source through the interconnecting piping into Tank No. 1. As Tank No. 1
begins to fill, water also begins to flow from Tank No. 1 through check valve
No. 1 into Tank No. 2. (The check valve allows water to flow only in that
one direction.) When Tank No. 2 is filled, the water rises in Tank No. 1
until it overflows into, and "water-seals", the pipe which leads to Tank No.
3. Then Tank No. 3 begins to fill.

Tank No. 3 is connected with piping in such a way that the air in Tank
No. 3 is trapped between Tank No. 3 and Tank No. 2. The air cannot flow
upvard into Tank No. 1 hecause of the water seal. Therefore, it is compressed
and its only escape is up through the piping connecting Tank No. 3 to the top
of Tank No. 2. Thus the compressed air is applied to the water surface in
Tank No. 2. Since the water cannot flow backwards through Check Valve No. 1,
it flows through Check Valve No. 2 up into the storage tank.

As the air is compressed, water rises in the dosing siphon. The dosing
siphon is adjusted to a height so that just before Tank No. 2 is completely
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evacuated of water the siphon begins to discharge the water from Tank No. 3.
It discharges until the water level in Tank No. 3 drops to a level at which
air is sucked into the siphon thus breaking the siphon action.

As Tank No. 3 is discharged by the siphon the pressure of entrapped com-~
pressed air is reduced. Then water again begins to flow from Tank No. 1 into
Tank No. 2, the water level in Tank No. 1 drops below its overflow, and the
cycle is repeated.

The ratio of water discharged to the water pumped is controlled by Boyle's -
Law, mathematically stated as P)Vy= PyVy where P; and P, are absolute pressures
and Vy and V2 are the respective volumes. Without going into the calculations
this means that for a 1lift of 10 meters it will be necessary to discharge
approximately twice as much water, as water pumped to the higher elevation.
For a 20 meter lift the ratio will be about 3 to 1 and for 30 meter lift the
ratio will be about 4 to 1. Of course, there will be losses due to the fric-
tion of the pipe, fittings, and check valves but this can be minimized by
proper engineering and pipe size selection.

This device can be used advantageously in situations where there is a
need to pump water to an elevation above the water source and where there is
an equal or greater 'drop in elevation below the water source arid where there
is an ample supply of water.

Such a situation is often found in dam impoundments, in water distribu-
tion systems, and in hilly or mountainous terrain. It is especially appropriate
vhere the water discharged from the siphon can be used beneficially at the
lowver elevation.

11-19-81
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BIFURCATION AND EJECTION TANKS FULL
WATER DIVERTED TO COMPRESSION TANK

Storage
Tank

Compressed
Air Pipe
Bifurcation

Tank

Ejection

e S AL e

Check
Valve
+*2

3 § | I

* 1
Hydro
energy
Conduit l
Dosing
Siphon
Compression
Tank



(3)
COMPRESSION AND EXPULSION

Storage
Tank

Compressed
Air Pipe
Biturcation Ejection J
ﬁ
1 1 Check
1 7 4 Valve
] )
] 7 * 2
4 < TN _"."7',:9
3 = Check
3 Valve
3
k a1
Hydro |3
energy |
Conduit }:
5
Dosing
ﬁ Siphon

Compression
Tank

-42-



(4)
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APPENDIX C
COMPUTER MODEL RUN PRINTOUTS
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448 . 760000060 49. 70080000007 l.“l‘.l?‘&?ﬂ&‘ﬂ 0.0026880718281i6
408 . 700500068 40. 0000000007 0.80146210430668 9.88260021217788
848. 000000008 50. 1006690004 8. “l473223.7517 5.80258878478375
506 . 900000007 40.0000890603 0.08143142721 l .ZMISHZ
648. 700000006 40. 7900000003 8.0014235756068 60087592069
608 .560000606 40.7600090003 5.80148473430638 . “26“72“!3

S PAGE

0 nggﬂuvmmwnc PUMP FOR WASH PROJECT JAN (0. 1084
REN ASSICN YALUES

D=8

POx18.4

gf-"cl [S 1.0 FOR ISOTHERNAL, 1.4 FOR ADIABATIC CONDITIONS
Ri=g

R2:28

Ri=0

Tis?708

L T K ¥ K N X ¥ ¥ ¥ ¥ ¥ ¥F ¥ ¥ ¥ ¥ ¥ J§ ¥ §° F " g,
R Y H e |
n
[ ]
g
[]
-k

Best Avatlable Documsar-

.’Ln


mailto:9.015783@6

ToELAPSED TIME IN SEC. AT END OF CYCLE. T2<CYCLE DURATION,
s enuo»rwm RATE, ANO RBeEXHAUSY FLOV RATE OF CURRENY

14 (8

7 72 RS RS

8.6 52.8 9.881687144080i7 9.002%5836246517
i181.8 81.2 8.881858:3383G31 8.9825531 7335635
X3 851.2 . 8.001555092694716 5.08285%1§434770
2894.2 51.2 8.89185002295006 £.88255321005027
&35.4 51.2 8.29133750228060 B.89255313541545
188.6 81. 1600060007 8.5815664622116 9.42238385725510
387.700000000 51. 19060000087 B.98136263363334 8.95235322522664
4108. 060000000 51. 1980000007 0.20155845073316 £.86235317667172
488 . 109000000 51. 1000000007 0.08156408428222 §.6028331 (525218
311 .300000008 51. 12009000607 0.83155089431686 0.06255321210599
562 .590000006 51. 1000000003 8.821557453680565 0.06253315736072
613, 700000007 51. 1900000903 0.9015665481 1984 C.0025530038760
664 .000000006 51. 1900060003 9.3515686582¢40 3.902535322672036

S PAGE

:..EREHHVMOPP‘W7IC PUNP FOR WASH PROJECT JAN 10. 1084

181 REM ASSICN VALLES

118 D=B.2

11} K1=8.0165

120 A2:+9.245

121 W2=-9.805

138 K38.81865

140 A4+8.247

141 C4=0.885

180 K5:8.8163

181 vB=4

169 RE:=H.8165

18] VE=-8.81

162 B6s-6

163 EG=BG-!

1080 C8=BG+8.5

181 A8=D.247

168 LO=8B6

101 AGe4.0E-4

193 P3=19.4

:g EEH‘GI IS 1.9 FOR JSOTHERMAL. 1.4 FOR ADIABATIC CONDITIONS

=

187 Ri=0

188 R2s=0

190 RE=D

208 Ti=788

| -2 4 ~*4& @,J


http:W2=-9.65

-os-

T«ELAPEED TINE IN S€EC.

AT END OF CYCLE, T2«CYCLE DURATION,

RS PAVLOAD PUMPING RATE, AND RGsEXNAUST FLOW RATE OF CURRENT

CYCLE.
‘ -

5888588924
gie?ib‘h.
quuo

GiR¢
g

.09184853273975
.==IC§GO4!BSO4

.8918 385961
.28105082103742

801@8577305%338

.0186730763773
.00183630350468
.00185648214316
.881830233058710
.881007c38605870

RE
9.90242902E31518
8.0824523365:802
8.202482%1683282
28246220

' B 590002
0.882:i8230344124
.00240230448520
6.80240237346738
2.002482365822271
0.082482%34418378
0.08248232475870
0.08240230122083
0.88243237035008

8 PAGE
:. R'EE!E‘nHYDRU’NEUHATIC PUN® FOR WASH PROJECT JAN 10, 1084

R1=8.016%
A28 .245

113
R8«=8.8163
¥ou-0.81

Gla
Ri1s®
R2=8
R3=9
Tis7800

__--_-_-__-_______-__-__
S T T O e
.
B
i

REN ASSIGN VALUES
D«9.2

19.4
REH‘GI IS 1.0 FOR ISOTHERMAL, 1.4 FOR ADIABATIC CONDITIONS


http:Vasu31.31

-ls-

~ELAPSED TINE IN SEC.

as:snuun PUPING RAT

Cvﬁ
: 12
lL. 81.
184.2 82.
138.8 82
281.4 gzz
313 700000060 62,
368 . 190000688 52.
ﬁngunamo 52.
523 . 100800008 82.
Ezg'seooaooo; gg'
€70. 700900096 52.

v

-——_-—--------
38289823328

8838882898

REM ASSICN YALUES
D=8.2

Kie8.0165
A2eB.248

IG-. 9165
¥os-0.81
B6=-6
EG«=B86-~1

EEHGI 1S 1.8 FOR

RisB
R2=0
R3«D
Tis708

AT END OF CYCLE,

E. AMD RGEXHAUST F

ISOTHERMAL, 1.4 FOR ADIABATIC CONDIT]ONS

T2<CYCLE DURATION,

LOY RATE OF CURRENY

R3 R6
] 0.60174823873575 I 82252693084318
4 8.6501621460437412 09.882%8761 058384
-4 2.83155186482348 0. 8268782207121
4 0.08183) 76893824 B.5828L76274722
395906090600 0.88168310026868380 0 munsuuos
3200000037 0.02168822003062C £.052397C4 1 5864
3809690507 0.00185287478453 B.632597C81642758
3080008307 D.0818931 7228215 O.E5AI7ECEERES
30508000007 8.3918530438362 5.82260768285578
19888896C8 2.88166512153518 @. 8325!7266154%
1000053092 0.80183380255723 8. ”25!12742!067
10006CL002 3.583165302701180 §.892817
10092352692 9.8216300255628C B.80261727352300

S PAGE
18 KREIHMVDROPNEWTIC PUNP FOR WASH PROJECT JAN 10. 1084

1~24 -84’


http:12s-1.15

=¢§-

T<ELAPGED TINE IN SEC.
g-aa;m PUTPING RATE, AND RBoEXHAUST FLOW RATE OF CURRENT

S PAGE

180 REN NYDROPNEUMATIC PUI® FOR WASH PROJECT JAN 10,

108 RER

.
3
g
g
<
E
m
("]

Wie2
RE=0.0163
WE=~5.51
86=-6

- b S S S S ap e WIS ) SR D Gup SO S EP D b BB P WS aygh euh
T O T b b
g
[ ]
g
&
[ ]
[} ]

AT ENMD OF CYCLE.

RS
8.802103355510333
0.88174282812482
0.8017484428084490
0.8817482176187

0. AD174824584807
5.68174824238361
8.801746824303248
£.8317482426268!
8.88174824204819
0.8817468242C4204
9.8817482420432

8.88174624204314

T2«CYCLE DURATION,

P8
0.088249298845084
3.83244871478380
.BB824848025782
.B5248481438381
.08243481206278
.BB24542131746
.8832484321314112
.2824340131462
-B8245481314543
.832484081314535
0.80245401314333
0.00245481314558

1064

» 1.4 FOR ADIABATIC CONDITIONS

|- 24 ~84(3)


http:V2v-11.25

-89-

j~24-24 (Jo)

2R
-y
m .
L]

AT END OF CYCLE. T2e«CYCLE DURATION,
AND REG=EXHAUS

,s
g5
;

; T FLOW RATE OF CURRENT

EYQLE. -

7 T2 RG

86.4 8.4 8.90207807480282 B8.282360736837
§113.2 58 . 7000009000 0.0010041582340 9.88235103851788
170 88. 7000000060 8.881004 9.88238128768716
228.0 36. 7000000000 0.82100482273387 §.8823510818764
203.8 56. 7000000062 8.00100431734738 5.50235108 33
340. 300000000 S6. 7000000007 £.02:120401636007 §.9823%196208
597. 100000900 86. 7000000007 5.881024916519537 ».88735108283234¢
53 . GO000000H 56 . 7000000007 0.801204016168463 ».88235)

518. 700000006 56 . 7000000007 9.88:034016815081 §.8923%108283763

- 500000008 56 . 7000000902 0.50106401613884 ©.88235106263778
- 380000007 56 . 7000000002 5.00100401615787 §.882351068203702

681 . 190000006 56 . 7000009002 0.88100401615784 0.382351062€3782

8 PAGE

:l-ﬁ:g"mmwnc PLIP FOR WASH PROJECT JAN 19, 1684

181 REN ASSIGN VALUES

110 Dul.

111 21D.8168%

128 A2«8.245

121 W2:-9.08

138 £3«0.80165

148 Ad=D.247

141 C4+0.898

158 KB-8.816%

151 US«0

168 KG=8.8165

181 ¥E=-0.8)

182 B8=-8

IS EG«BG-1

100 CBaP8+9.5

18] a8eD.247

19D LO=86

181 AQe4¢.9E-4¢

183 FR=18.4

;g gﬁlcl IS 1.8 FOR ISOTHERMAL, |.4 FOR ADIABATIC CONDITIONS

=

187 Ri1=P

180 R2a9

1068 R3=8

208 Ti=780
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5 PAGE
18 REN HYDROPNEUNATIC PUIP FOR WASH PROJECT JAN 10,

[* ]
'é
Al
§~l

100 REN
REN ASSICM VALUES
0s8.2

BRCRBRSE2RIRZEZEZSTNE

RiaB.B165
A?-.6245
R328.81638
A¢=B.247
C4:=8.805
R5=9.8165
WS=9
KG=0.016%
W6=-8.81
86=-

IN BEC. AT EMD OF CYCLE. T2<CYCLE OURATION,
ING RATE, AND RGEXNAUST FLOW RATE OF CURRENT

T2
85.6

RS
9.88218764862053
8.882B2140621417
$.88282148563036
8.882821 48237662
0.88202148127418
.08202149801418
.00282140870744
8320214887807
.00282140874740
.88222140074387
.06282148874220
8.50282140874198

RG
0.80236343078292
3.882348473858170
5.5823468470C329

9.8C234647000763

1.4 FOR ADIABATIC CONOITIONS

|~24 .4

Cre)


mailto:93sg.@I65
mailto:0.8@322140621417

=56~

APSEG TINE IN SEC.
VELE.
| 12
8e. s4.8
118.8 56.0
1884 58.8
zrs'a gg gemsm
333. 700000000 85 . 7000000007
200 . 256000560 55 700000C387
448 . 300002000 85 7000000657
681 . 180630608 55. 7000900007
m.mmog 85. 7086200003
868. 500000606 55 . 7000008002
B PACE
10 REN
188 REN
181 REM ASSIGN VALUES
110 Ded.2
11} Ri=@.0I168
128 A2:8.24%
121 ¥2:-8.05
133 R3.0.9165
148 A4=8.247
141 Ca=0.8886
158 KB<9.9165
181 05
168 K6+0.9168
16) ¥G=-0.91
:‘z B6»-3
1]

082220C8654083
.88103748433£30
.22103628223 152
-29103884433036
-80101088763018
-08103886373034

o 18 AT END OF CYCLE. T2«CYCLE DURATION,
gs-mm.w PUIPING RATE. AND RCGeEXNAUGT FLOV RATE OF CURRENT

HYDROPNEUNATIC PUMP FOR VASH PROJECT JAN 19, 1084

TP
3
e
]
s
g
:
ii
:
g
5
;
3


http:Wm-I1.31
http:W2=-9.05

- .

19.2

218
3.8
40’8
es.¢

.
| E

NN A o oo o

SEERSnaR
EA.D.A.NO
[ -]

&b
L X ]
oNe
_E-

®
b4
»®

§“§§
E‘

658
§87.
AGE

REN

- D b w S G P P G e D W G D P Gnh D SN EED SR WD Wb R WD B &
!883883382l=32898238283533'
8
&
"]
2

TELAPSED T IN SEC. AT END OF CVCLE, 12«CYCLE DURATION,
“-PA'LM MIHS RATE. AND PE«EXHAUET FLOY RATE OF CURRENT

REN ASSIGN VALLES
0=8.2

1.8 FOR ISOTHERMAL,

u@si Avatlable Documes:

#

34518E-8

S1428082E-5
.636746223E-5

5285!.29 iE-8
!55447025-
13818051E-8
1518245E-5
32658703£-5
. 43503324E-5
3.971387038E-5

g”.

—u—um—-—n.n.n.
b

2.842687651E-5

s

]

5.5520032808403
8.08160182484168
6.58150435163006
8.90187871834220
£.001000%52774%4
7.8800639652 -4
g. 37267920454

]
4

8.420535776E-4

REN HYDROPMEUMATIC PUIP FOR WASH PROJECT JAN 10, 1084

1.4 FOR ADIABATIC CONDITIONS

wfl
8



2)

| -24 -84 (1.

m‘
OF CURRERT

E. T2«CYCLE DURATI

T FLOV RATE

TINE IN SEC. AT END OF CYCL
» AND REEXHAUS

AnPAYLOAD.

T

VCLE.

NDeNp~

sgeict..
NYT® Eu
- ¥ A o

il
[ ] -

LR

ummnmm

8 -u

.......

N® N
2ﬂl345937

P o e aean o= (A

Vlaunuumn

IN LINE 838 - MESSAGE NUMBER 6
YOROPNEUNATIC PUMP FOR WASH PROJECT JAN 19, 1984

SSICN VALUES

NN

§ e se

oy

[ T
Soaedan=8y

62 BG=-3
63 £6:55-1

81 ABeS.247

-8 FOR ISOTHERMAL. 1.4 FOR ADJABATIC CONDITIONS

HG! 11

-~ae
llﬂ

Tin708

aQ
[
”m
Gﬂﬂ
3

.I'""cll""ql,'ll"m


mailto:V2=-@.116

-8g-

Yufi APSED TINE
NB.PAVLOAD PUIY
CviLE . - )

482~

T FTE L L

sgég-iqigg“.“.‘ | ”
E a go

FY Y
11 T

»
]
-

.

(11054
gge

&
S
N N LR R P L PP R r r E L

8328
-'EE
Eiﬂﬂ

IN SEC. AT END OF CYCLE, T2=CYCLE DURATION,

ING RATE. AND RS

)

DR

- EE

- o e ) D S D WD WD Wt n e ov D wD e W TP A W

N
-
N
[
-
4
N
~
&

it
i

325080004
18286848817

YOO NONOOOODLOOTILIDOROPRBEY

«EXHAUST FLOV RATE OF CURRENT

B
§i%s
.gﬂ§
L ®
sEf2
Ng-'.

.88287224 127080
.D0248742372204
.08270304140132

88261 4

.
v

!g
[
~
-
&
g

. 78295412133
.08240748034207
.002691724%74%9
8828770327887

8 PAGE
18 REN HYDROPNEUMATIC PUNP FOR WASH PROJECY JAN 10, 1084

100 REN
REN ASSICN

0:8.2
KieB.01E3
A2«8.248

T am et an aban oS b G0 @b ot @m0 we =l wh =P WP b b = = e
CRREE2EaRES2T 235835

3

[]

(]

»

]

-

VALUES

e 0D


mailto:M.M4@7142939
http:12%-1.05
mailto:354.60=0@999

TELAPEED TINE IN SEC.

B25:PATLOAD PLIPING RATE, AND REEXHAUST 7

cvare.
v : 72
94 84
188.8 =4
153.2 S4.
] 5!
326 . 000900000 B84,
33) . 500000000 54,
438, 190000008 84.
453 . 700060009 s4.
ms.sm, g:
mim‘
& PaCE
REN HYOROPNELSIATIC
REN

;SSIGN YALUES

i
3

sggNyzEge
xaEE
%

PR
b
bes
Vg

)

TR
5BEPERS
f .-.

7

8.4

b

|
8
]
8

788

3

TR R
-3
-

AT ENO OF CYCLE,

T2=CYCLE DURATION,
LOw RATE OF CURRENT

RS RE
0.8319740225342  8.80242806 135382
.8 8.8210050853710  8.882304 15531004
: ='=}...m&3‘.‘§ =‘gzm-4am-
mag ===a~c’g¢e¢§ giww%&mcs
ms; ==;u¢§g=,:2g; =Im=z' as?
£009209307 6.00100860180545 8. 2828042221 4502
8.85108635018124 §.902304 15220047
3250060222 8.00108060152100 §.80230422214410
0.83188635020778 o 18226848

PUNP FOR WASH PROJECT JAN 10. 1834

Gl IS 1.8 FOR ISOTHERMAL, 1.4 FOR ADIABATIC CONDITIONS

24 ae)


http:Was-8.9l

|~ 2¢-24(z)

--ﬂ.m TIME 1IN SEC. AT END OF CYCLE, T2wCVCLE DURATION,
MS.PAVL mm; RATE, AMD RGsEXMHAUST FLOW RATE OF CURRENT

T . T2 RS 11

3%. 55.2 0.53101743224625 0.8824429331181
197.2 B4 0.00182833844038 0.8E24052884784
181.2 54 £.501€2822403B!3  §.E8243657088182
218.2 54 8.53121857740280 B.532243683721690
280.2 63. 0000000000 0.001822472530E2 3.35248635235838
325. 1066800000 61. 68000006007 0.0010:58282460 . 9020658372082
$77. 100000000 93. 0600000007 8.881010C5145042 B .GR2405573£3701
431 . 100000000 63. 0000000077 8.00181324821780 = I6249638287202
408. 100000000 83. 9000000007 8.801823BE632332 9. MB24EEZ46DIBES
850. 190000008 353. 0000062008 ©.29182102168234 O.8824BE102040865
8503. 106600007 83. 0000000002 £.09102844341383 0.00248638553243
847. 100000006 33. 0000066062 B.8818107223239C8 5.0024063864044

8 PAGE

;-.uz‘n"mmwnc PUIP FOR WASM PROJECT JAN 0, 1084
REN ASSIGN VALLES

D=8.2

Kis8.0168
A2+0.248

*3.8

T
oy

PBs18.4
Gﬁﬂ Gl IS 1.9 FOR JSOTHERNAL. 1.4 FOR ADIABATIC CONDJTIONS

S D G D ruh G D g G D IS e P G Gad Gnd P G G WD G D D
2
-
[ )
e

BESREL2B2ENR2E RS0
g
-

=5
&

1Y )
T1=708


http:W2%-0.05

T ELAPSED TINE 1M SEC.
Ty 8

PUIPING RATE, AND NG

CYCLE.

RN = !".
S

&
N

SEECE
EEE!E-...

Ri=0.8168
A2:8.245
¥2=-8.06
R%2«0.0165
24:5.247
C4=0.005
RS=0.0168
V52
RE=8.8168
¥6=-0.01

0 e s s o b wn e o (P
e

Sgiasesy
m
g
8

ge
h

$

:

s

&

Gls)

$EESES
Ty
Y

]

T2
52.4

82.
S2. 7800000002

AT END OF CYCLE. T2«CYCLE M‘I’IDN
=EXNAUST

FLOV RATE OF CURRENT

88344E5203%
765583i
27397000181

LU
~
S3iEd
R

-3
*gzz i
Rgas

.

ﬁ...ﬁ....

78812233081
77723718103
77767025726
177144571683

ceas
asessene

o

»

(1]

P

i

&

0.88244417355410

4 HYOROPNEUMATIC PUIMP FOR WASH PROJECT JAN 18, 1934
1
oﬁiﬂ ;SSIGN VALUES

REN C! IS 1.8 FOR ISOTHERMAL, 1.4 FOR ADIABATIC CONDJTIONS

| =24 -2¢0p)


http:Ysu-9.al

|=24-B4(19)

WD VINE. 1 GEC. AT END CF CYCLE, T2uCYCLE OURATION,
" MEPING RAYE, AND

g ] RE=EXHAURT FLOW RATE OF CURRENT

cyns
A & T2 RS RE
47 0.08105L1887878 0.80238827297885
P 0.88164088137733 B5.0024080321004%
28 0.08154815305368 0.00242133000087
172 0.0817803604874C 0.802430661479081
214 0.58148887518380 0.08214470063547
284 0.8081607278371:3 0.00220077387273
383 8.80818478 98 5.8823220084283
4?7 0.0016835175800 0.88247174503873
07 58 0.8801810207841C 5.58210780870067
437 40 0.88157442827166 0.98228518182037
400 43 0.001828403%4 8.98258738161374
831 [-]] 0.8015721067246 5.88218380461487
521 40 0.80186181264862 §.88225282201466
6823 52 0.08160:50170181 5.98245481661614
878 S5 5.001618 8.88232310324887
738 52 8.808168360170064 3.88212100823014
7787 37 8.00! 8.808242020160734
ole 8 9.80179517081557 §.862566206825
880 41 0.001406200478 0.88210480374763
200 30 2.081 0.08231282235488
038 T 0.8815081 1918428 §.88225800675144
08? 40 0.081721207 5.082282878812¢27
18038 -1 8.80178553184710 B5.56281068484864
188) a3 5.881838) 8.8821 132782408
1123 42 0.80168100054 155 §.08258543207978
1166 43 0.00147478650815 05.002102838006386
1204 39 0.001688414043008 §.802387324078687
1243 30 0.08158767280386 5.0823:2162188%54
1203 48 8.001S81E5186842 B5.986223710840787
1326 43 8.00) 38 8.980281100484
1360 43 8.08152000881 8.80821119108124
1487 318 0.08183068024134 8.
1445 38 8.00161582774817 0.082180888007
1480 44 0.23BIS470621C156 B6.802468030762225
1534 45 0.081576493538875 0.08230003408454
1578 42 0.2814740072387 0.98214€5542108
1816 49 2.001578026813723 0.80225382147075
1668 44 E.00166168108361 0.8024632768801
1860 30 9.80188307803686 £.08238231710438
1738 490 o.umnzslum . 082281487687628
1770 40 2.901 8.80228042214002
1018 36 ..”lﬁ!l?‘lw . S8240468787116

" 1084 40 9.08171184115853 §.8822672€67813
1086 41 0.00168278871182 B.08263200060!
1047 42 .00 0.08021478047048
1981 44 9.00187241408884 §.0824848468104

5 PACE

=|-mn"mmmnc PUMP FOR YASH PROJECT JAN 18, 1884

19) REN ASSIGN VALUES

119 De!

11} Ried.0N08
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i 1S 1.8 FOR ISOTHERMAL, 1.4 FOR ADIABATIC CONDITIDNS
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