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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 OTO 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 multiple alternate siphon piping; 

B. 	 Calibration and verification of the computer model; 

C. 	 A determination of the relationship between the amount of
 

lift 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. 	Through use of the prototype, study the secondary hydraulic
 

questions not fully addressed in the computer model such as
 

unstable flow, air counterflow, and assured siphon priming;
 

F. 	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. 'rhe hydropneumatic pump, like the
 
hydraulic ram, operates cyclically. However, while the hydraulhc ram
 
harnesses the transient compressive pressures of water hammer shocks,
 
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:
 

1. 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.
 

-1



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.
 

2. 	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.
 

3. 	The pump is not compact, but invalves 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 lift pipe conveying
 

the payload flow to its higher destination.
 

4. 	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.
 

2. 	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.
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CHAPTER 2
 

DESCRIPTION AND THEORY OF OPERATION
 

The hydropneumatic pump is shown in Figure 1.* Near the intake there are
 

two tanks (oil 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 level 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 over 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 limb 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 2nd 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 limbs 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.
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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 I 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 fill modes, and is driven upward during the pump
 

mode.
 

-5



CHAPTER 3
 

DESIGN AND CONSTRUCTION OF THE PHYSICAL MODEL
 

3.1 Physical Model History
 

In accordance with OTD 68 a full scale model 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. Coments 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

tional 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 changed 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 for storage of an organic solvent was obtained to 

ascertain whether such drums could be used for the purposed pump. The 

drum 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 determine 

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 
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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
 

o 	 To assemble a working model at near-prototype scale out of 

materials likely to be recommended 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. 

o 	 To confirm the validity and veracity of predictive models of
 

operations: 

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

o 	 To determine pump capacity as a function of system geometry 

o 	 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 la) 

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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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.) 

2. 	 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 uouplings provided two 

three-inch female threads both inside and outside the tank. 

3. 	 Tank 4: Two two-inch couplings were welded into the base of this
 

tank. This provided two two-inch female threads both inside aid
 

outside the tank. The top of this tank was left intact.
 

4. 	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 all of the welds be tested before the pipes are
 

connected.
 

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. 
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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, check valvestwo (poppet type) were
 
constructed from PVC with 
an "0" ring seal. The performance of the 
valves was checked prior to installation in the appropriate line. 

3.4 Construction of the Model (see Figure la) 

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 Pvv 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: 

1. 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
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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 delivery 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 model as constructed.
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Inasmuch as standard 55-gallon drums are generally available world

wide they were lncerporated as a design feature. Use of the standard
 

drums do pose a practical limitation on the capacity that can be built
 

into the pump. Rasically, 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 druns together,
 

would provide some 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 constants are:
 

D = time step 

KI conveyance (ratio of flow rate to square root of driving
 

head) in pipe 1
 

A2 = area of tank 2
 

W2 = elevation of the weir at the inlet of pipe 7, located in 

tank 2.
 

K3 = conveyance in pipe 3, between tanks 2 and 4
 

A4 = area of tank 4
 

C4 = ceiling elevation of tank 4
 

K5 = conveyance in pipe 5
 

W5 = elevation of the payload destination end of pipe 5, and the
 
static head through which payload water is pumped
 

K6 = conveyance of siphon pipe 6, when flowing full
 
W6 = siphon weir elevation of siphon pipe 6
 
B6 = inlet elevation of pipe 6; also the minimum water surface
 

elevation in tank 8
 
E6 = outlet elevation of pipe 6, which is the exhaust elevation
 

C8 = ceiling elevation of tank 8
 

A8 = area of tank 8
 

L9 = length of air pipe 9
 

A9 = cross-sectional area of air pipe 9
 

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

VO = the volume of air to be compressed, in tank 8, air pipe 9,
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and tank 4 at the beginning of the pump mode
 

The time dependent variables are:
 

T = time 

Z2 = the water level in tank 2 

Z4 = the water level in tank 4 

Z6 = the water level in the rising limb of the siphon pipe 6 

V5 = the accumulated payload volume of water that has been pumped 

since time zero
 

V6 = the accumulated volume of water that has been exhausted
 

through the siphon since time zero
 

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

V9 = the volume of air under c.Ipression at any instant during
 

the pumping mode
 

T2 = the duration of a given 3-mode pump cycle
 

R5 = the average payload pumping rate during a cycle, i.e. the
 

change in V5 over a cycle, divided by T2 for that cycle
 

R6 = 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.
 

4.2 Initial Conditions Assigned
 

T = 0 (Time zero)
 

Z2 = 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)
 

Z6 = 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)
 

V5 = 0, V6 = 0 (Zero volumes of water have been lifted or
 

exhausted at time zero)
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M = 1 (start with pump mode) 

4.3 M = 1: Pump Mode
 

Q1 equals KI, the conveyance of pipe 1, times the square root of
 

-Z2, the head across pipe 1.
 

Q7 is assumed to be limited by and equal to Q1
 

V9, 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
 

P4, the pressure head transmitted by air from tank 8 to tank 4, is
 
related to atmospheric pressure head P0, the initial air volume
 

VO, and variable air volume V9, by the formula:
 

P4(V9)G1 = PO(V)Gl = constant, in which the exponent Gi equals
 

1.0 for perfectly isothermal conditions, or 1.4 for completely
 

adiabatic conditions, or may be assigned an intermediate value
 

for intermediate conditions.
 

Q5 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.
 

V5 is the time integral of Q5
 

Z6, the water level in the rising limb of pipe 6, exceeds Z8 by the
 

pressure head difference P4 - P0.
 
When Z6 exceeds the siphon crest elevation W6, advance to mode 2.
 

4.4 M = 2: Drain Mode
 

Q6, the siphon low rate, equals K6, the conveyance of pipe 6, times
 

the square root of the head across pipe 6, which is Z8 - E6.
 

V6 is the time integral of Q6.
 

Q3, the inflow through pipe 3 to tank 4, is equal to K3, the
 

conveyance of pipe 3, times the square root of the difference
 
4 water surface elevation between tank 2 and tank 4.
 

Z4 rises as Q3 fills tank 4.
 

Q1, the inflow through pipe 1 to tank 2, is equal to KI, the
 

conveyance of pipe 1, times the square root of the Jifference
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in water surface elevation between the %ater source, S, and
 

tank 2.
 

Z2 is drawn down as Q3 drains tank 2, but ri es when Q1 exceeds
 

Q3.
 

When Z8, 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
 

one time step.
 

5. 	Loss of air uy 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) 
 (Eq.1)
 

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

H = 2n L + EK _2 
 (Eq.2)
 
AZR47 3 
 2g7
 

EK = 	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).
 
n = Manning friction factor (use 0.011 for smooth pipe)
 
A = ff/4*D 2, the pipe area
 

D = pipe diameter
 

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

L = pipe length
 

Rearranging Equation 2:
 

Conveyance =A 
 (Eq.3)
 
n2L 
: _K
 

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, Y'. = 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.
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0 

TABLE 1
 

PROGRA'I LISTI.G
 

B' TIC PIP FOR WAW PROJECT JAN 19. 1994 

I| A'Kd.24 

141 C4*9.211 
Is? 950.81a5
 

list 101 .611
 
182 INe-S
III £16- I 

II *sI.247
 
10 LOuIS

191 A.4 .O-4 
Ii PuISl.4 
15 REP 9I IS 1.I FOR ISTHJEIAL. 1.4 FOR ADIASATIC CONDITIONS 
to Glut 
107 11.6 
196 RS 
1110 33.3= 

255 lR INITIAL VALUES 

262 Z2mW2 
2.4 Z4mW2 

296 VS-S
 
276 Vnl
 
271 ZOw3
 
M PRINT *TuELAPSED TIME IN SEC. AT END OF CYCLE. T2,CYCLE DUIRATION,"
i81 PRINT "PlS1PAYLOAO PIIPNG RATE. AND RGSEXIAUST FLOW RATE OF CURET 

132 PRINT "CYCLE. 
3l PRINT 
312 PRINT %T' 12 ." R5 " R" 

4I1 K"1 100E I, PUlP 
412 nu1
 
410 O!uAtfOI-Z2)

415 07%01 
416 IF C4xZI THEN 423 
417 VS.LOVAS* CC4-Z41VA4
 
416 GO TO 421
 
42 Vg.IC&-ZIA.LSAG IC4-Z4)1A4

411 Vi. IC-UIWAGeLDWAOC1C4-V2) VA4
 
42 P40 m IVeSVOI GIC
 
ADnNnP4.14-W -PS
 
421 IP 06 THN 434
 
432 1S6g4OR I H)
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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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listing was given at the end of the section describing the
 
ccmputer model. The program is simply re-edited every time a
 

parameter is altered.)
 

For 	the runs presented below:
 

1. 	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 0.5 m.
 

2. 	All 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 calibrating the
 
computer model to the physical model; meanwhile the conveyance
 

valves adopted provide an upper-limit estimate of pumping and
 
exhaust flow rates.)
 

3. 	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
 
located 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.)
 

4. 	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, PO, was halved, to 5.2 m water.
 

5. 	Isothermal conditions were assumed: G1 = 1, for all 
runs.
 

6. 	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 valLe 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 payload 

lift W5. The curves for R5 are in conventional pump curve (H 

versus Q) format. One notes that: 

1. 	For W5 equal to or exceeding -P6, there is no payload
 

discharge, R5. That is, -B6 is a stagnation pressure head.
 

2. 	For W5 ranging from 0 to within a meter or so of -B6, the 

payload discharge r5 decreases with increasing lift 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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6. 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.
 

7. The ene test for reduced atmospheric pressure (PO = 
5.2 m
 
instead of 10.4 m), conducted for B6 = -6 =
m and W5 5 m, shows
 
a 25 percent decrease inR5, and a 5 percent decrease in R5 +
 
R6, compared with results for P0 
= 10.4 m.
 

5.2 Discussion
 

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

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

R5 =Q1[ PO (Eq. 4)
 
2- PO + W5
 

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 < Q1 < "pump capacity"
 

That is to say:
 

A. The inflow Q1 is partitioned roughly equally between payload
 
flow and exhaust flow, with the payload flow being reduced
 
as increasing lift elevation introduces air compression;
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B. The lift W5 cannot exceed the exhaust flow fall distance,
 

and as a practical matter must be somewhat less than it;
 

C. The inflow rate, Q1, 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 Q1 independent
 

of Z2.
 

4. 	Now suppose that we have a QI that is clearly within the
 

capacity of the pump; that is, the payload discharge is
 

slightly less than half of Q1, and the exhaust flow is slightly
 

greater than half of QI.
 

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 QI.
 

B. But if QI is steadily increased, intuition suggests that for
 

a given set of pipe sizes and lengths, there will be an
 

upper limit to Q1 rhat 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) + [p.12 (dynamic head) (Eq. 5)
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CHAPTER 6
 

SUGGESTIONS FOR FUTURE STUDY
 

6.1 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.)
 

6.2 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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used for verification.
 

6.3 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.
 

6.4 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 reliable 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.
 

6.5 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.
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CHAPTER 7
 

SUMMARY AND CONCLUSIONS
 

1. 	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 lift; the pump assembly is
 

not particularly compact; there are several pipe-to-drum connec

tions that must be airtight or watertight.
 

2. 	A physical prototype-scale model of the pump has been built, but
 

not yet rendered fully operational.
 

3. 	A computer model of the pump has been written and several produc

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.
 

4. 	The preliminary computer results indicate that, to a fair approxi

mation:
 

R5 = 	Q1[ PO (Eq. 6) 

2L PO + TDH
 

for: Q1 < pump capacity
 

and: TDH < vertical distance between the flow intake and the
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flow 	exhaust evaluation 

in which: R5 = the average payload discharge flow rate 

PO = atmospheric pressure head 

TDH = static pumping head plus friction head in 

the discharge line 

5. 	 Future study with the physical model and the computer model 

should include: 

A. 	Completion and full commissioning of the physical model with
 

modified siphon size or multiple alternate siphon piping; 

B. 	 Calibration and verification of the computer model; 

C. 	 A detemination of the relationship between the amount of
 

lift and discharge of flow rate of the unit with a means for
 

expressing this relationship. Confirmation of Eq. 6 as a
 

useful approximation of pump performance with guidelines 

established for its application and use;
 

D. 	 Better definition of pump capacity as a function of
 

component pipe diameters and lengths and other geometric
 

parameters; 

E. 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. 

F. 	 An assessment of the range of applicability and the degree
 

of utility of this type of pump.
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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 Ic.View from
 
west in basement.
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Figure Id. 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.)
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Figure if. View from
 
southwest on main floor,
 

"" -showing tanks 4, 2 and 5.
 

;lip 

. .
 

Figure 1g. 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 motqr. 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 iG first
 
filled with water and then evacuated of water by compressed air. Tank No. 3
 
is the compression tank which utilizes the -nergy 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. I
 
begins to 
fill, water also begins to flow from Tank No. 1 through check valve
 
No. I 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

upward into Tank No. 1 1
because 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 PIVI= 
P2V2 where P1 and P2 are absolute pressures
and V1 and V2 are the respective volumes. 
Without going into the calculations
 
this means that fo: a lift 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 aiid 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

where the water discharged from the siphon can be used beneficially at the
 
lower elevation.
 

11-19-81
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(3)
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(4)
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(5)
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COMPUTER MODEL RUN PRINTOUTS
 

-45



'!rIMAPMO TIME IN UC. AT END O CYCLE. 72-CYCLE URATION.
PSUPAVLOAD PUMIIG PATIE, AM AlS.XAUST FLOW RATE OF CURRENTCY'CLE. 

I T2 11S a6 
46.6 45.6 11. 110123127103101 9.66205866663545 
of .uoiia 46 8.2111291873,1II7 D.B@2524561MR7137.6 46 6. = 112165 073 6.0021i2620420446 
$131.10 46.2 6I9 112563411Il6 f.IN12 7761 
211.2 48.4 1.11101 121442266 I 66.267354 1 O
276. 4 46.I1000M 1."181415652mu 21I135
122. 31101110010 45. 6 17 a.O8112316644011 11.81112111212i20M6 
166.569010660 46.108800=7 a. 0011249213465 9.1102 BSM72136
414.6008 0 46.11610067 a.6U112110043644 I1.11112 M72652058
461 . 190 46. 1000 M7 B.NW112366703042 I.11120120087159 

67. I900666 45.9g0611607 .1 |112799772481 9. 11211252538231 
653. llO8l08S 45.00100W4 3.60U I26I2528262 8.11621IM2111201544 
500.560006M 46. 31 0003 a. 1O 121533261@2 I.3NI 504735 

000GO60 46.99609013 9. O112166696864 I. I6675M31 36T 
692.100946. l016006 9.11112460141623 9.111i119316311 

5 PAGE 
If EM 4VIPONEUIIATJC PUMP FOR WASH PROJECT JAN 10, I164 

191 RE ASSIGN VALUES 
Ill 098.2
III AIlue1116 
128 A2u=. 245 
121 V2=-B.= 
Ile 93114165 
146 A4.11.247 
141 C4§.@Ig5
159 9R*..U65 
151 W5u5 
I" Items 165 
162 6u-I 
199 Illua-i 
IN CoSm6.i.5 
181 Allw.247 
116 Lguft
101 A0*4.GE-4 
101 P3.5.2 
105 RS1 GI IS I.E FOR ISOTHERIMAL. I .4 FOR ADIABATIC CONDITIONS 

107 also 
166 R2. 

3 TI.7I 

mailto:C4�.@Ig5
mailto:D.B@2524561MR7


T .LAPSED TIME IN UC. AT E OF CYCLE. T2&CYCLE DURATION.S.PArLOAD PUI5|NG PATE. AMQ PSEXHAIJST FLOV RATE OF CURENT 
CMCE. 

T 
24.6 
40.9 

75.4 

10.6 
126.i 
151.2 

176.4 

201.6 
226.6 
252.2 

277.4 

332.6 
327 . 790900M 
353. 100009m 
378. 300900M 
433.500M000 
4211.700090M 
453.9410909 9 
479.39099 
514.39999096 
520.59099000M 
555. I0996990 
s9.39000M7 

605.690901 7 
638.590990907 
656. 19i00996 
601.909900 


5 PA,E
 
If RERfHYDROPIHEI"ATIC PUMP FOR WASH PROJECT JAN 10.
IM PER
 
i1 RE ASSIGN 

III O-.2
 
III 9I=41.I15
 
123 A2-8.245
 
121 W2u-.S5
138 Kilf.I 6 
148 A4*9.247 
141 C4uB.M5 
363 Res.91365 
151 V5-5.5
 
1"3 R08.9165 

162 36.-4 
III E£.l- I 
Ia CO"**. 5
III A3m..247 
I6 LBsW
 
1 ABu4.1E-4
 

1904
 

VALiS
 

T2 

24.8 

26 
25.8 

25.2 

25.2 

25.4 

25.2 

25.2 

25 

25.6 

25.10990909M 
25. 1909001001 
25. 1090909000 
25.30639000= 
25.19900990M 
25.1909960W 
25.101090a09 
25. 109000099 

25.309960009 
24.9999900 
25. 19960 907 
25.50969990 
25. 19000oMB 
25.-909099 
24.0800000M 

25.5082900M 

25.10099M90 


R5 

11.9138335421215 

7.53160M16U-4 
7.716721f5&E-4 

7.7013255OE-4 

7.677992157E-4 

7.67966964E-4 

7.796339512E-4 

7.6847353GE-4 

7.527361311K-4 
7.7675,0139-4 
7.77331S271E'4 

7.64324044GE-4 

7.665414014E-4 

7.6470S3177E-4 
7.751686835E-4 

7.625433735E-4 
7.593274484E-4 

7.578740812E-4 

7.750638133E-4 
7. 5493670E-4 
7.56467790IE-4 
7.7212656496-4 
7.700341475E-4 
7.682711153K-4 
7. 53118671S E-4
7.719926361E-4 
7.705367S -4 


Re
 
1.110210361249654
 
I .11I2743141319 
.38208115011721
 
.1.8121457220174 

111.11020111147326
 
1.11029237974038
 
11.11128454111151879
 
1. 0129482292849
 
6. 10296711364411 
9.11129190125011
 
8.01NM953300714 
a. i2845W3WN7170 
9.120457R421137 
S.SO923ib 165 
11•1U2644073 2117 

1.3629446433705 
3.36M20443924735 
11.311204301626B5 
8.16202353731549 
11.3111296781762 
611.32M04423 27564 
5 .0021112740M
 
0*.i1n4507324457 
11.204629111303 
11.i98018747397 
3. 812091211I741 
3.3i204570673578
 

I9 Piii lG IE I .i FOR ISOTHERIAL. I.4 FOR ADIABATIC CONDITIONSIn Glut 
167 RlIu 

Beet Av~praioblb Docum-v
 



'IdLAPUED TIME IN EC. AT END OF CYCLE. T2wCYCLE DURATION. 
S&SPAVLSMAD P ING RATE. AND NSsEXAUST FLOW RATE OF CURRENT 

CYCLE. 

1 T2 R5 Re 
40.4 40.4 9.015783@6 1023 .1263110511141 I 
go. 1999000 40.8 I.6614473156 1I5 3."26307277021 
140 40.3 O.53147G48771342 .33298969290404 
190.2 5a.2 B.-147756349495 9.1N125111111443179 
240.4 54.2 5.31253"373473T09.1414763=5766 I 
200.4 49. 00009 9.111149157911647 8.6 9021 3495i 
340. 100000a9 40.790007 3.361482 17 1.1126 10702154 
303. 000 40.799007 N.331497281504269 3.63263612752 
448.7000890 49.700000007 1.11141122296545 8.1121171125115 
493.7000008 49.090007 , U31492134336 0.332600212177"0 
643.0090008 55. 1009094 3.3347622337517 3.332568713470375 
500.000010007 40.0009003 3.38143142721 9. M25092" 13142 
648.709000 49.79M9003 0. N |463bW756390 3. 11261111 2151 
606.500900 49.700090001 3.MI148473439069 M.9826307290 13 

5 PAGE 
II REIn HYOROPNEUIATIC PUIMP FOR WASH PROJECT JAN 10. 1064133 Ni
 
lot Rin ASSIGN VALUES
 
110 DMAS. 
111 9109.11165
 
126 A2u9.245
 
121 V2,L-6. 35
 
135 RU.91B5
 
149 A4-b.247
 
141 C4-1.115
 
153 K5%2.0165
 
151 '5%5
 

let WM-2.I11
 

162 B96
163 £6mB-I 
In Cou36.S.5 
Ill AO.I.247
100 LS,,IS 
101 A9u4.OE-4
 
103 P3.33.4
 
185 REl GI IS 1.3 FOR ISOTIERMIAL. 1.4 FOR ADIABATIC C4NI TIONS

198 Gil 

107 lull 
1It ll 

,Best DDDocu m

mailto:9.015783@6


t4R5APEDO TIME IN SlC. AT END OF CYCLE. r2,CYCLE DURATI08 ArLAO PWIC PATI. AND R6(XHAUST FLOW RATE OF CURRENT
CYCLE. 

T 
5.a~58.6 

1al.1 

159 

294.2 

255.4 

136.6 

3B7.790009 9 

4N.99999099g
406. 100000 
51i .309009M8 
562.BOOO9go

6I13.709997 

64.9909909G 


5 PACE
II 

72 

51.2 
51.2 

51.2 

51.2 

51. 1 00997 
511.
109090997 

51. 19800G7 
51 .1090D97 
511.90990997 

51 . I 9HQ09Q09 3
51. 1 i99M99 3 
5I . I909993 

R5 

i."l165714486i7 
9.1 ;lt5M43MG3
I. M1565B2694716 
6.1I113901158M 
0.091557W22oo69 

8. Wi156646021 IS 

. it 568353334 
0.9155945075316 
0".MI56409439M 
ID.MI55999431058 
B.M61557453M6565 

B.31156654811964 
2.86156158MGg4o 


Rs 
i.3M2503346517 
3.3253170386365 
3. |255311414779

I8.110255121805097
 
S.W25531584154s
 

.d255388729310
 
8.80255322&22084
 
B.8125531797172 
8.025531152=2 1 
a. W2553210108bg 
S. 6255315736072
 
C.I12556058762 
B.M1255322672O36
 

11 REM ASSIGN VALUES
 
III D0S.2 
III 91=8.2165
120 A2mS.245 
121 W2=-9.65

130 R3-.016II5
 

146 A4m3.247
141 C4uO.15 

151 V54 
161 vsszst5
 

1i2 06S-6

IS EGiS-I
 
IN C8=99*1I.5
 
11 AS,0.247
 
19 LuBS
 
191 AO,4.QE-4
 
193 P2i8.4

195 REM GI 
IS 1.9 FOR ISOTHERMAL. 

IS Glat
 
17 RlIB 
199 R2., 
1o RIm 
2" T1720 

REM NYOROPNEUrATIC PUIP FOR VASH PROJECT JAN 19, 1084 

1.4 FOR ADIABATIC CONOITIONS
 

http:W2=-9.65


',.LAPUD TIlE ZN SUC. AT END OF CYCLE. T2uCYCLE OURA1ON. 
MtPALOAO PUMPING RATE, AND RSuEXHAUST FLOV RATE OF CURRENT 
CCLE. 

1- 12 R5 R; 
54.6 54.3 3.38194O53273675 2.2a24239268119
116.2 55.4 3 .33110594!90 3.01243233663302
165.6 55.4 *.1111856311151546 3.21124123113292 
221 55.4 11.i1 11150017291129 0.124CM322 166 
276.4 55.30099906 11.111115825535901 3.532420344124
351.700c96 55.3009 67 0.1111185112183742 9.3248238449629 
517.190900904 55.391096097 9.311115 55336 8.111241237346756
442.590009 55. 30097 3.3313573973773 2.31243123022271 
497.09 55.39096907 3.33195689350488 0.33243234418379
553.30099993 55.36090193 1.3311195e48214316 3.332412324756?9 
M. 79099997 55.3 D0990902 3.31118583308719 9.38249230122903 
64. 10090096 55.3999002 3.33157907 1.1241123793809116711 


5 PAGE
 
13 Ir HYDROPIEUIIATJC PUIP FOR VASH PROJECT JAN 19. 1004 

131 RE" ASSIGN VALUES 
138 0=11.2
 

123 A2%11.245 
121 W2s-1.5
1311 I u.9I65 
143 A4..247
 
141 C4u3.W5
 

Cal 158 RSll.3165 
o 151 VI 1 

lot Vasu31.31 
192 96m-6 
163 EEu8-I
I WmC ulilo. 5 
181 *8,,I.3247 
106 LOsS
 
101 A"s4.O-4
 
193 PO111.4
 
105 RE" GI IS I .3 FOR ISOTHERrIAL. I .4 FOR ADIABATIC CONDITIONS106 Gist
 
107 Rini
1041 R2wI 
200 R93. 
211112.l733
 

http:Vasu31.31


T4LAPED TIME IN EC. AT END OF CYCLE. T2wCYCLE DURATION.1ISaPAYIL@ PUMPIN MATE. AND ISoEXHJAUST FLOU RATE OF CIUtENT
CyCE. 

1 72 05 RG
51.0 
 51.8 
 9.22174B23975575 
R.33253683004316
134.2 52.4 B-.0G01646947412I5.3 I =256101 0311452.4 .8218515435348 D.982566?6228712123 52.4 M.631351769SM24 a.2112517274722281.4 52.3Se9m0Mg I.3I510206M8g 0.21M5b713344111313. 70000000 62.300006,007 3.3 621522i33OB2c 0. 1U5EC-4368.I 00990 356452.360000 i7 S. 00165267478453 SCS. 87536427541050000M4713.0096VOW 5. oago 7 0916353170 M32s .F&M57995"g552. 30009000? 8.091653941113623. W 576825575523. 1oogm90M 52.10000oM 0. 8613 412189515 11•4121726619WS575.39O0M007 52. I0000902
627.500000907 3.066 B50Q8M725 3.34121727421 6752. 109000W M.83165002791182 2.:0M17273434670.7090M99 52. I o8ao2 1.33111659025562Mg 3.33251727352390 

513PACEREl HVDROPgEUg ATJC PUMP FOR WASH PROJECT JAN 10. 1004
100 RNE
 
I01 REM ASSICN VALUES
 
III D&.G2
 
III Kgas.lu65
 
123 A2s2.245
 
121 12s-1.15
 
13 0im..165
 
14I A4%I. 247
 
141 C49.05
 

151 WSws3
 

162 96.
163 ES-BG-I
 
196 CU-S8s. 5
 
191 AS..247
13 0 LQuB6
693 Agu4.GE-4
 
103 P3.3l.4

105 REMI G1 IS 1.3 FOR ISOTHERMIAL. 1.4 FOR ADIABATIC CONOITIONS 
196 G1t
 
107 RI-I
300 R2m8 
100 R3s@
266 11.733 

http:12s-1.15


TE.LAPUD TIME IN SEC. AT END OF CYCLE. T2mCVCLE DURATION. 
I.lIVDAV PUIIPIW RATE. AND IRsEX4AUST FLOW RATE OF CLORENT

CYCLE. 
T 
63.4 
117.6 
111.1 
215.• 
2•. 55.8 
323.5009M 
177.50000 

431 .6000 
405.45011161609 
530.5009M0 

3. 60 007 
647.500011011 


5 PAGE 
13 RM HYOROPNELMIATJC PUMP FOR WASH 

131 PEl ASSIGN 
)IN Dm.2 
111 9I•.IG6 
129 A23•.245 
121 V2v-11.25 

143 A4*9.247
 
141 C4,1."IB
 

IN R11=11-1165 
5 ~ e63 61.16 

1B2 SUs
163 EG,.3- I 
1I3 C-Bg*96.5 
131 AS&3.247 
106 LO-iS 
191 AG64.BE-4 
193 PM*ll.4 
166 REM GI IS 
M6 Gist
 
107 RIs 
I66 RiuU
 

M T1u7•G
 

T2 
53.4 
54.2 

54 
54 

53.6oo6 o 

53. 606668o 7 
53.909067 
53.966MOM067 
53.960000M7 
53.960600030 
53.0•.990002 
53.006661M 

RI5 
•.0833595510353 
8.11174262 12492 
11.117414421449 
1I.11117422176137 

R.M174824664697 

I. 1 17482423836I 
1.1174824313240 
D. 17482422661 

S.33174624204519 

9.61748242G42•4 

8.1017462428432 

I.601749242G4314 


PROECT JAN 19. 194 

VALUES 

I.1 FOR ISOTERIIAL, 1.4 FOR ADIABATIC CO 

P 
1.111248280114584
 
D.2244571479 D9 
3.124541D326732 
0. E245411438351 
8. W924548 1295271 
1.8112454611131746
 
O.632454111314!12
 
B.3324548131462 
@.3R245481314543
11.241245491314555 
O.•245481314555 
M.9224541314555 

MITIONS 

http:V2v-11.25


T 24LAPMA TIME IN IC. AT END OF CYCLE. T2mCYCLE DURATION,inS.PAVLOAD PUIPING RATE. AMC 5IEXHAUST FLOW RATE OF CURRNT
 

T T2 p5 	 RS
 
33.4 

113.2
173 

228.0 

2013. 

143. 3200900 

307. 19609098 
453.00009 
538.700000M 
567.SO OONgg 

624.3000007 

653. 1809006 

55.4 
5. .56.•780i80Og
56. 70 O08Se 
56.700000M 
56.701O0O7 
56.700909007 
56.79000097 
56.7 00009G7 
56o.7000002 
56.780000002 

56.700000002 

3.9337
0T 025

5-1181941582340
3.9I0104V53 324 
3. S10452275307 
3. U 1048174751B 

. 3I045136007 
I.6109411619W57 
0.331984916453 
S.1980411615081 

3.3 10G4111 !564 
9.00190491615787 

S.30100461615784 

.
3.3236873683755
 
S.323510361798
9.11235195768711
 
8.1123510111724
 
0.90255108260533 
3.30235306203735I 
M.3235111203234 
9. 23510628M3Ih
 
0.0023518203763 
3.33235106203770
 
3.9l2351OM2037i2 
3.03236106213712 

5 PAGE
13 OEl HYOROPNEUIIATIC PUMP FOR WASi PROJECT JAN 10. 1064
130 IIIn
 
11 REM ASSIGN VALUES
 
110 D3.2
!!1 SI-I.3I15
 

120 A29.245
 
121 V2m-B. 5
 
33 RU3.2165
 
143 A4=8.247
 
143 C4n1.35
 
15M Res5.8I65
 
Il I.III
 
151 VGU-3.3:
 

162 s-S

C.) 	 363 EGG9-6I 

IN CS099+8. 5 
101 AgnS.247303 L uSli 
101 AO4.9E-4
 
193 P3131.4
10 REH GI 16 1 FOR ISOTHERIAL. 1.4 FOR ADIABATIC CONDITIONS
 
108 Gl=.
 
197 Pis$
 
10 52.39 53.3
 
233 13.730I
 



.W TIlE IN SEC. AT END OF CYCLE. T2-CYCLE OLATIOI. 
JI6PAYL.OAA PUMPING RATE. AND RSmEXKAUST FLOW RATE OF CURRENT 

I T2 R5 It 
6.0 55.6 9.3218764062853 3.3323634537i202
 
111.6 56 0.8@322140621417 3.N8234647585170
 
117.6 56 8.61122141538M16 3.33254647iS326 
223.9 56 19.01121121492376B2 1. M3214647055=2 
279.6 55. 99000903 M.332121412,415 8 .112146470054 
135.50900009 55.90099e097 5.l26214901415 3.36234847995122
1.509992990 55.0900000007 &.121214M7M744 3.33234B47003235 

447. 66090= 56.09919097 9.1121214337507 3.33423464700923I 
533.50093 55.00909907 S.332214874740 8.8312346479090 
550.508009929 55.009003 S.322146074357 0.61234647000717 
615.500990007 55.909900992 S. 2i214987422 I .0234647090751 
671 -90009S 55.0900099092 &.1128214M74106 9.&23464790763 

5 PAE 
38WEl HYDROPNEUMATIC PU'P FOR WASH PROJECT JAN 10. 1984IN PErN 

131 Al ASSIGN VALUES
 
Ill 0,43.2
 
Il Riall l'65
 
125 A2.U.245
 
121 W2u-1.315 
333 93sg.@I65 
143 A4,I.247
 
141 C4%9.335
 
153 NR59.0165 

163 Ass.111165 
Un 161 WiM-III 

S162 3g.-$
163 E,,iG-1 
i 9 COSB.36.5 
101 AOuS.247
 
393 LO-uG 
191AOu4.UE-4 

13 P3,,.ll-4 
105 NEl GI IS I .3 FOR ZSOTHERIAL. 1.4 FOR ADIABATIC CONDITIONS 
396 c1.1
107 Riel,1
 

1oo063.3 
2M TI73
 

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


'ULAPUB TIM IN SEC. AT END OF CYCLE. 72wCYCLE DURATION.6 .YPA?400 PUMPING RATE. AND RUEX24AUST FLOW RATE OF CURRENT
CYCLE. 

1 
64.6 
1111.4 

"18.4 
222.2 
270 
33. 90990000 
119.5090980
445. 3000amO 

w I . I 0900ooll 

656.9 0
632. 70900 7

68-509 0009 

72 
54.3 
56. 
55.8 
55.6 

55.709 9
55.7900G697 
55.7000M7
55. 70009997 
55.7090997 
55.7000 03
55.7990MG02 
55.709 0902 

115 

U. 
2.11110374943863 
1.11831SIM 223192 
311.3613134433035 
111.1110U31903116731115 
313103IM373341I 
3.11103168643,562
6.113936426876 
B.NI93039420946 
.21938 6428355 

Ii .3110311342943 
U1UI. 103864203056 

Re
 
S120!908664N83. "G21S5I165723 
6.36235458711237 
D.63545441I2611 
3.9023545OS231g
 
B.s6254esIou342s 
6.5 M25454052875 
B.0123545495.402 
.123545451107 

3.011235454511121 
S. 111215454058134 
3.011235454151103 
8.12354540511133 

5 PACE
if RE"1 14YOROPNEIrATIC PUIlP FOR WASH PROJECT JAN 10. 1984 
1ON Erl

101 NEi ASSIGN VALUES
 
110 Dm3.2
 
III 91=11.2165
 
123 A2=11.245
 
121 W2=-9.05138 R3*9I.0165
 
143 A4uS.247
 
141 C4a1.315
 
356 It5so.11165
 
151 VimS.5- IsIllAsll.81I5i 

(-13 Ia3 Wm-I1.31 
162 36*-3 
161 E~S96-1
 
In CSh0G*6.5
 
161 AiSi-l.247
 
10 L~wES
 
101 A0.4.0.-4 
103 P1%!1.4
105 REI GI IS 1.61 FOR ISOTHERIAL. 1.4 FOR ADIABATIC CONDITIONS 

107 Ring
 

19 11,P36
260 11@711 

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


.el 

T ELWD TIM IN SEC. AT END OF CYCLE. 12aCYCLE DURATION.
96.PAL9A PUViN RATE. AN P"XHAUST FLOW RATE OF CURNT 

T T2 R5 as 
19.2 II.2 .1931661507e75
21.6 11.6 3.=36 3431263434.8 13 8 .112012684113t2
46.6 14 2.79634S1B-5 1.6101 12494165
63.6 14.0 • D.Il5043516560
12.31000909 16.• 2.5142M53E-5 1.0111971171834220

132.6 28.2 1.63746223E-5 9.1110 277414129.2 26.6 I . 526530291E-5 7.058MIE-4
366.11 37.6 2.035544792E-5 5.372878294E-4
261.4 34.6 3.21351651E-5 5.939066873E-4
232.8 31.4 1.321518245E-5 6.426M213 -4270.6 46.7090900M 3.4326S872aE-5 4.31954601E-4 
366.4 28.7924060M 1 .45563024E-5 7. 3787695SE-4No6. 30099 a 41 .80000M 3.87136793SE-5 4.31371M07E-4
379. 190000 27.7011109 1 . 574SS245E-5 7.2627001OE-4
 
417.00000690M 30.790999099 3. 63SC52535E-5 5.870376474E-4
44. 10000M 38. 19Q99029 3.6833117E-5 6. 60n25S3E-4
 
477.09000090 
 20.702900000 3. I9 7536E-5 6.742S133E-4
I6.I000909 28.30900096 2.603301 449E-5 7. 199711160-4
 

542.90009901 36.500000 3.6620"173E-5 5.521936313E-4

572.70920M 28.790000 I • 0166505E-5 6.77443639 E-4

Iis.70090007 37.0909O4 2.1 91135153E-5 5.31266430-4


6SM.399990606 30.500000009.4 2. 432782WK-5 5.990106719E-4

637.50990606 37.100000905 2.94268751E -5 3.42953577SE-4
 

5 PAGE 
I Dl HYDROPWRIMATIC PUMP FOR WASH PROJECT JAN 19. 106IIII REMl 
II REM ASSIGN VALUESI II 0.6.2 
Ill KIs3.6lI 
120 A*.245 
121 2a-1.85 
136 K3aIll3.6 
141 A4-I.247
 
141 C4Im.6 
156 95mi.11165 
III Wu-2.0
ISS Rgul. a 1d1 

162 86,31I ll uBI-I 

I6136I *8.247LOolI 
II A0m4.0(-4
IU P6.13.4 
I1O REM Cl 16 1.9 FOR ISOTERMAL, 1.4 FOR ADIABATIC COWNDTIONS 

107 llul 
Ill 2al 

rest ADo n
 



' 4 D |T|IjEm SEC. AT END OF CYCLE. T2-CYCLE DUATION.

PMe RATE, AM MS.EXHAUST FLOW RATE OF CURRENT
 

V T2 R5 R6
.2 iD.2 U 3.233880M6567875258.0 11.6 8.•62633431204234.8 13 9-282141228431246.8 14 
 1.111601112404265i4 55.2 a 
 8.IS525885141
I3.31000gga 19.4 1 M.iMn142348g2068t.4 23 3 8.78268161E-4143.4 37 1 5.451504O-4 

SIZE ERROR IN LINE 533 - MESSAGE V4MER B

LJST 1.201
 
S PAGE
 
1IREM HYOOPHELMIATIC PUMP FOR WASH PROJECT JAN 19. 1904 
I2 13E ASSIGN VALUES
 
III ,,S.2
11 9 i119.11165 
128 A2*8. 245
 
121 V2=-@.116
 

143 A4a•.247
 
141 C4as3. IM
 
16 IS.11165
 
151 VIr3
 
366 RgaU.815
 

162 3Ms-31I GuGBS- I 
IOf C3169611.5 

I11 A8M.247 
199 Lo S 
II Ags4 .9-4 
103 Pi,13.4105 RE"S GI IS 1.6 FOR ISOTHIERAL. 1.4 FOR ADIABATIC CONDITIONS396 CIll 
107 R38i
 
198 R30 
O 1.1
 

mailto:V2=-@.116


T MELJPhD INyIM£ 
NimPAVLA0 PUIWIN cvc. 

1 
24.6 
11.9 
78.4 
3612.2 
120 

151.4 
176 
265.4 
228.6 
263.4 
270.6 
11611.6 
320. 309909ag 
354.60=0@999
M3.300900 

415.79000000 
4368.5999000 
4t56.199090 
491.79 99999 
07.3099M 

532.7060900M6 
US7. 399 
602.79G067 
6117.3090097 
632.799009M7 
357.-1096
6us 11191115. 

5 PA E 

101 91 ASSIGN 
113 Dm.2 
III Ki0.6165 
123 A2m6.245 
121 12%-1.05 
133 F3U.0165 
143 A4=9.247
 
141 C4u3.366 
159 1%u6st065 
151 Wb.2.5 

162 Us-I 

3In Coast301.5 
161 AIsf.247 
13 LOSS 
181 All4w.it-4 
193 P6.l3.4 
I01 K9 01 5 
on7I07 Glu.Pisa, 

SEC. AT END OF CYCLE. T2-CYCLE MIATION. 
PATE. AND It6uEHAAAT FLOW RATE OF CURRENT 

12 
24.9 
25.6 
26.6 
26.6 
25.3 
25.4 
24.6 
25.4 
25.4 
24.6 
253.09900900 
24.700000M9 
25.7096009M6 
25.6000990000 
25.309000 
25.119009900 
24.700000099 
250909 
25.l909600991 
26.69699991110 
25.39999998097 
24. 5091100906 
2.3 6.99l9 
24.154699999001 
25. 69090S 
24.796 9
26.9 0. 

IN REM HYDPOPNEUnATIC PLiM FOR WASH 

RS 
S. Ot 4 16 
B. " 170454 26133 
N.3iOl316656122 
3.3lOfI 21601 3W 
0.02116430745737 
3.161116104712S 
S.M6121444472M66 
11.181160155116438 
S.3OfI t1853353M 
2. "121331122291 
1.84118811,40733 

1363125806656672 
11.91111176631312354 

06 
O526.11626919094124 

. 0267143266241 

.3Mi267i0634D 
0.R1257902870442 
1.11112570241270 
S.3246742372294 
3.3627DW44132 
8.28261752921124 
M.M4@7142939 
@.3627a293412131 

.662474S6034297 
6.36125631 ?47710 
6.3I257706327567 

11.9116151040604903.3326077661225 
S.Ml1713554451 9.33M 177248392S 
1.111l1I1611171111 6.36246742337672 
8.1l21165242461 
6.33166i49 

.1111187121736 
3.110B lI3 6 
B. of 121215164274 

W116 46658 
11.11121260107118 
6.110116775236 
3.312532664

ON3.11629684617 

PROJECT JAN 19, 1914 

6.36266164721I43 
6.197Mi 077032 

.33 749336 
31.6I2674153602 
8.118248727821425 
0.11272272836534 

.11.1111249711137204 
61.362702641I353629 
11.111240739101129 
3.61296144W1376
8.092076779964 

VALUES 

I .8 FOR ISOTHERMAL. 1.4 FOR ADIABATIC CONDITIONS 

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


'Ur5L 3 TI1E ZN Mi1C. AT END OF CYCLE. T2UCYCLE DURATION.RIPAL O PUPIG RATE- AMED .DNAUST FLOW RATE OF CURENT 

T 
 T2 
 PS Re 
so i 82t0074922142 132425061350620.M 8 10.11591153710 3.32394S13164IS2 .8911916357i467 a .1202574217.0 
 54.6 6.01300842760612 S. 5201W45i6756272.4* ingOgA~ggg 54.• 3666l 610*. T42223745154. 5osoma-97 B.0196535017 0 •.23041524U642 
416. I0601561 54.58900007736 3.513666556 IN16234222123549.3610665674427 3.1620U41522514W571611 54.583900937 f-I.616015664 8 119210422214502
 
59.5006?007$45 5 -5909W 454.500900080 S-6.01863501h124 2:3,4152205478. 65l6 152190 3.1629422214410£6S4.00656~ 6 5.50I08-091836211779 1.162415220848 

B PACEI K" 4TOWWOUIIA71C P.iP FOR WASH PROJECT JAN 10. 1984 

181 REM ASSIGN VALUES 
119 Dm.2 
III Alms.8165
 
120 A2wS.245
 
121 Ws2-.15 
153 K- 3.1365 
149 Ad4u1.247 
141 C4.1l.1165 
151 5316

4.0 
 ISI 9I11I 
l let Was-8.9l
 

132 90-3
 
161; £6.66-i
 
366 Cou".3.5 
I1 AS -.247
 
190 L9aW
 
101 AO.4.9W-4
 
193 Pllul.4

105 REM GI IS 1.3 FOR ISOTHEUAL, 1.4 FOR ADIABATIC 
 COMNITIOWSI"G Gli 
197 I3.9
 
lag R268l
39so 32.3 
MIS9715.a 

http:Was-8.9l


T.LLAFMi TIM IN KC. AT CND OF CYCLE. T2aCVCLE CLIRATON .
 
UOUPAILOA* MPING RATE. AND 96al4AUSIT FLOW RATE OF CMRAENT
 

T2 no R 
53.2 502 .29101743224W2 3.6024420331 161

1117.2 54 2.0018 M3440j9 11.0024=W6704 
161.2 54 $1 S.ge2U3.ID245733162
 
25. 54 3.118196T742 I. I246S2I69 
213.2 55. 3111224725119121.9816666 3.b-6249655251838 

ss.e6 63.6000M 2.36102=269450 0.69243M372052 
377l. I 6666666 51.66I15.0 7 I.019191995145042 0I. 0249067189781
431. I01I6666 53.63III9ow1 I.0018 01.4521798 36243855297292
435. I0 6 63.90119007 3. II 235IS! 2-3. 11124I460243565On. Ilm i 53.0090001 9.5918219216834 1.1496WA461 

647.1II900 53.980000 B.ION1l1i72zO? )G 1.184215144 

5 PAGE
13 REl HYDOPMNtTI PUMP FOR WAS14 PROJECT JAN i9. 1604 

I111 ME" ASSIGN VALUES
 
!II D%.2
 
IItle .3.165
 
1 A2mO.245
 
121 W2%-0.05 

140 A48.247
 
141 C4sI.M
 

IS1 wuI.5 

181 wes1.8.1
 
162 ma-I.
163 EimI- I
 
IIw Cun*.5
 
III Al*b.247 
101 LOaI 
101 A9m4.OE-4
 
II PIu11.4
 
195 EN GI IS I.9 FOR ISOTHERMAL. 1.4 FOR ADIABATIC COIIDTIONS
196 GI:Il
 
197 RluI
 

NIS T27
 

http:W2%-0.05


.~L L T93" SEC. AT ENO OF CYCLE. T2wCYCLE fURATI2N.IS0WAMPANI9'ATE, AND MAU JKIIAUS1FLOW RATE OF CURRENT 

52.4 
.1 


3 
317. l063000 
In 166191
422.79011600 
476. 10013111 
529.10100006
eel. 61660017 
634.591090M7 
"67.3900009o6 


5 PAGE

T2 


5.4.! 

s. 

5..2 
24. 0. 1 

62.50961667 
62.me 758220
52.70H6O667 
53.30609=MO97 
53.109419911
52.59002990M9 
52.59006900=2 
52.70.009= 

ps 


5446=35 
N.6M 1765M1511116 
1.111778970 131 
@.Mi 7co29 142 
2.1111177200342433 
I. M 1"77751466. 
9.111177790162412 
11.11177103464111 M
M.1M176424IM44 
31.11111701231913 
11.117772711 13 
1.6 18777702724" 
V@8177144571603 

po
 

2.1024621141119429 
1.1.244274511999 

8. W24218M 11 
1.131242512247750
 
3.83249456IM6296 
8.112465461 51180 
6.392458454U162 

. 22444 176027 
9.632433577 3544 
8.88244274606423 

.1624534501432 
. 662453463 52 

3.3310244417355410 

If RE" HYDROPNEUIATIC PUM FOR UASH PROJECT JAN 1. 114 

II ItEM ASSICN VALUES
 
ill O6.2 
III KIM2.1165 
123 A2s. 245 
121 W2u-. 16IIu 30-11115i 
141 A4-5.247 
141 C4=1.115 
15M .J.13 
151 Wtm2 
to Pse-.11I65 
gll Ysu-9.al 
132 16-3 
133 E"u-I 
I W CosI0.6.5 
181 A3.t.247 
lI" L9uSS 
I9 A~m4.QE-4 
193 Pl-10.4

195 REl GI IS 1.3 FOR ISOTHERIALo I .4 FOR AOABATIC CONDITIONS106 Glut 
197 Plug
 
263 111,,8
280 7llu7l 

http:Ysu-9.al


? .ED T/- NIw.SEC. AT EM OF CYCLE. TLCYCLE OU.ATION, 
w Im PlIIIN MUI1., A'A RSWEX4AUST FLOW RATE OF CURRENT 

4147 
 B.1115211117871 1.301123562723730 
Its 3.13164M33 7753 11.1111240601210843 

1",, - ,.I8,m 7o ,.,,245,47,1ISI 97 11,11111541151103" 1.1102213111111141 
5,7 ,.,111 ,7271571111 D.3M24215lag 38.1164737952111 

1347 441.31111"5175M3 
W97 51

437 43
214 42
40 43 

531 51 

571 4 

623 52 

373 56

733 62 

797 37 

s 51 


3no 41

1 30 


an3 411 

0W7 49


3 , 

130, 43 

3123 42 

it"6 43

1234 3 

1243 39

1233 40 

132n 43 

1360 43

1407 36 

1445 30 

146 44

1534 45 

1578 42 

Isis 43 

1663 44 

1aw 39

1730 4

1770 43 


is:
3 

11164 49 

low5 4,

1847 42 

lo0t 44 

* PACU 
If Mil W101101014E1ATIC PIPP FORto II
 
Io RM AIGN VALUES
 

III lw.0165 

N.301IS1278419 

11.111157442527166
11.111146167,11111.3112543MI54445 

11.411157219117246 

11.9111561512641162 
N.3016150179181 

B.1I316179364 

11.1111161531122M3 
11.1111171151711111557 
31.1111140112M47012 

1110232233342115
 
11.111247174593573 
D.0021070117317
 
9.11112=51412937
,.111,21 ,, ,I&, O.3325735101374 
9.111216118"61487 
11.111225282211141M 
S.30245431M1614 
8.,,,,,m,,,.m,,332417
11.1112121MUS2014 
3.3242029180734 
0.111525M34 
11.1112164118374783 

0.1 , ,5617124,.11251202235459

*1.11I50I1611425 
*.30172120782726
,.1117115,47189.21251,, 

3.101535153 56 

,.3113M4155 
,.1,,474711050115
11.11011184149411111 
,.,01,56767230,,
3.111115011511111142 
D.30164gg366530
3.,152M, 121,2
3.981633604134 
11-4111615412774517 

3.1 S4735216156 
31.1101 87W353675 
11.11114740072367 
2.111157811211723 

3.3111608113611 

*. 3 111 5F307930 

31.1111157725101114 
2.1115211221101147 
9.30163126151111" 

11.11111711114115953 
3. W1 275871 182 

5.33W1 47021116424 

9.31107241,695114 

WASH PROJECT JAN 10. 1004 

0.30225110367144 
8.20225287=S12C7


1 41,4,4 
1.112113272241111 
1.158321797 

. ,, ,
31.111137347317 
,.m,31215234
0.3112M5719649787 
3.2511M13011454131
 
1.310211 15 124

8.33237603304573 
1.012301560002 
8.33246333752225 
11.11031111134111454 
3.3014116542195 
9*1112255116147075 
B.3024632760891l 
b.3U' W30 7l4A 
3.26M1476782 
02211142214M32
 

G.118244W7571 16

S.25=725703 
9.082932050=105 
0.00147847048 
3.33824644645184 



Sol was9." 
3r,1.1W-3. 

SWi CON111111. 5
 
I1
15--'Afull.247L3.,3S 
1St" hOw4. no-4
 
S P3-im.4
 

141II111M GI IS 1.I FOR ISOTHERMAL. 1.4 FOR ADIABATIC CONDITIONS 
ISO Gluj
107 RU.N
 
IOU 13.3
 

293 T1.u2 

cm
 


