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PREFACE

The aim of art is to please the senses; the aim of

science is to understand the relations between natural
laws; and the aim of engineering is to transport and
transform materials and energy. Engineering tech-
nology in the fields of transportation, power, agricul-
ture and chemistry is based on the usage of liquids and
gases which comprise the alternate states of fluids.

Fluids are stored in tanks and reservoirs, transported
through pipes, caused to move by pumps and con-
trolled by valves and regulators. The design of fluid

systems is a specialized art which requires individ-
ualized methods and data for each application. There is
a need for different considerations in the liquid hydro-
gen system, the irrigation system, and the steam sys-

tem. There are however, similar elements to all of
these applications. The present work provides simpli-
fied procedures for flow analysis which are applicable

to all systems.
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INTRODUCTION

Fluid system analysis deals primarily with determining flow rates and pres-
sures in liquid and gaseous systems which store and transport fluids.
The present work provides simplified mathematical and graphical methods
for making these calculations.

The computations set forth in this book can be performed step-by-step.
In addition, the same computations are arranged in Appendix I as pro-
grams for a programmable pocket calculator.

The programmable pocket calculator is a quantum jump above the elec-
tronic slide rule for the reasons that (1) all steps of the program can be en-

tered simultaneously and a sample validity check performed, and (2) the pro-
gram can be automatically repeated with incremental changes approaching

natural growth and decay processes. In addition, calculator programs free
the mind from repetitive elemental reasoning allowing the solution to be-
come more complex and representative.
The analyst has the additional responsibility to make provisions for system

safety and satisfactory operation over the required range of temperatures

and other variables. This can be done by use of valves, regulators, or other
devices, or by use of proper procedures. Basic considerations are discussed
with particulars to be established by the specific application.



2.0 FLUID SYSTEM DESIGN ELEMENTS

2.1 Fluid Motion

2.1.1 Forms of Pressure

Bernoulli laid the foundation for fluid analysis in 1740 by relating total

pressure, static pressure, and velocity pressure. It is a simple relationship.
Total pressure equals the static pressure plus the velocity pressure. Static pres-
sure equals the total pressure minus the velocity pressure.

P, =P; +P,
where  P, = Total Pressure, Ib/ft?

P, = Static Pressure, lb/ft?

P, = Velocity Pressure, lb/ft?

Velocity pressure was quantified by Henri Pitot at the same time a:

Bernoulli’s studies. Pitot dipped a bent glass tube into the River Seine and
found the water rose in the tube to a height (the “head’) proportional to the
square of the velocity of the river. This observation is reflected by the form-
ula:

V = (2gH)'/?

or H = V?(2g)

where V = Velocity,ft/sec

H = Head offluid, feet

g = Gravity force, 32.2 ft/sec?

Note that the above equation for H can be rewritten to obtain the velocity
pressure, Pv or “q”".

H (gp) = (1/2) (gpg) V*
or P, =(1/2)pV?

where gp = Specific weight offluid, 1b/ft?

= Density offluid, (Ib/ft?)/(32.2 ft/sec?)



2.1.2 Flow Measurement

Torricelli in 1640 measured the flowrate from a hole in a cask and found
the flow to vary with the square root of the liquid head. This observation has a
close similarity to the later work of Pitot who found the velocity of flow to be
proportionalto the square root of the head. This follows since for a constant
flow area the flow rate is proportionalto the velocity of the fluid.

The volume flow can be found by knowing the flow area and the velocity.
dQ=AV

where dQ = Volumetric flow rate, ft*/sec
A = Area, ft?

V = Velocity, ft/sec

The weight flow rate is found by multiplying the volume flow rate, dQ, by
the specific weight

dW =dQg

where dW = Weight flow rate, Ib/sec
gp = Specific weight, 1b/ft®

The geometric area may not be fully effective as a flow area. The forma-
tion of vortices prohibits the flow path from following excessively abrupt geo-
metric changes so that a “discharge coefficient” is required. This coefficient
can range from 0.6 for sharp edged holes to nearly 1.0 for well rounded in-

lets.
Orifice plates are the simplest means of measuring flow. Static pressures

are measured upstream and downstream near the plate to determine velocity.
Pressure drop is high but the plates are usually simple and cheap to install.
Weirs are partly submerged orifices used in irrigation ditches and open wa-

ter supply systems. Weirs may have a decreasing area at the bottom to obtain

a higher head at low flow rates.
Venturiis are named for their investigator, circa 1791, and allow flow

measurement with low pressure drop. There is a gradual area reduction at
the inlet to the “throat” at the minimum area followedby a gradual expansion

in the diffuser to the original diameter. Venturi flow coefficients approach

1.0.
Standards for the construction and usage of flow instruments have been

established by various societies, see Reference 2.



Figure 1 . Flow Measurement
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2.1.3 Limits of Velocity

There are limits to fluid velocity set by the initial conditions of pressure
and temperature and according to whether the fluid is a liquid or a gas.
Liquid velocity is limited by the formation of vapor. The limiting velocity

pressure “'q” is nominally equal to the difference between the total pressure
and the vapor pressure. The presence of dissolved gas reduces the velocity
that would otherwise be obtained.

The limiting value of ¢ for a liquid system is therefore:
q4 = P-P0

Gas velocity is limited bythe velocity of soundin the gas. At the minimum
cross-sectional flow area in the system the flow rate of the gas will adjustit-
self to not exceed the sound velocity. This is discussedin a later section.

2.1.4 Vortex Motion

Vortex motion is circular motion. A spectrum of different types of vor-
ticies can exist and have been classified by Stepanoff, ref.1, according to the
rate at which velocity changes with the change of radius.
The liquid whirlpool or the air tornado is an example of the “free” vortex.

The velocity increases toward the center until a limiting velocity is reached
as determined by viscosity and friction. The velocity energyis subtracted from
the total energy of the fluid at rest. This results in a lowering of the liquid

level toward the center of the whirlpool and a lowering of the air pressure to-
ward the center of the tornado.

V = C,/R

H = -C,/(2gR)
where V = Tangential Velocity, ft/sec

R = Radius,ft

C; = Constant found by measurement of
V and R at one location

H = Velocity Head,ft
g = Gravity constant, 32.2 ft/sec?

Another case occurs in a centrifugal pump as a “forced” vortex. Energy

is added by the pump so that as the fluid is decelerated at the periphery the

static pressurerises.

V =C,R
H = C. R(2g)

A vortex can be formed where there is an abrupt change in the pressure in

the fluidas in a pump inlet, at an airplane wing tip, orat the trailing end of

poorly streamlined bodies. The vortex sometimes moves from one point of

attachment to another giving rise to pressure oscillations.
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2.1.5 Pump Performance

2.1.5.1 Centrifugal Pumps

Centrifugal pumps are considered to include geometric shapes which range

from radial flow to axial flow. A parameter known as “specific speed” was
devised by Camerer, Berlin, 1915, to categorize pump performance and to se-

lect pump impeller types as well as to anticipate peak efficiencies:
Ns = RPM Q!'/? H*/

where N, = Specific Speed
RPM = Rotational Speed, Revolutions/Minute

Q = Flow Rate, Gallons/Minute

H = Head Rise, Feet

Pumps having a low specific speed, in the range of 500, are most suitably
radial flow and have an efficiency on the order of 50 percent, see Reference 3.
Pumps having a high specific speed, in the range of 10,000, are most suit-

ably axial and are expected to have an efficiency of 80 to 90 percent. For
intermediate specific speeds the optimum shape is a blend between the radial
and axial.
Pump “affinity laws” can be used to predict performance of a pump of dif-

ferent size than a calibrated model or for a different speed:

GPM, = GPM, (RPM,/RPM,)
HEAD, = HEAD, (RPM,/RPM, )*
POWER, =POWER(RPM,/RPM,)’

The major factor in selecting pump speed is design compatability with the
driving mechanism, that is, use of minimum gearing. Synchronous alternat-
ing current motors have a speed controlled by the number of poles, usually
2 to 12. The pump speed is less than the synchronous speed by an amount
established by the power extracted by the shaft.

Synchronous RPM = (Cycles/Minute)/(Number of Poles)
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A secondfactor in selecting pump speed is the avoidance of vapor forma-
tion or “cavitation”. Vapor can form at the pump inlet if the velocity is ex-
cessive for the fluid under the operating conditions. Vapor can also form at
the low pressure areas of the impeller (the upper aft surfaces of the blades)
because of improper contours, excessive flow directional changes, or mis-
matched blade pitch angles at the pump RPM. Conditions which affect cavita-
tion are liquid volatility, temperature, tank pressure, inlet liquid head, pump
surface finish, and inlet geometry. In aircraft tank boost pumps the aircraft

climb rate is very important as the critical condition occurs at the onset of
fuel boiling and climb rate affects the rate of release of dissolved air. Ex-
perimental data are required to establish the pump performance under ca-
vitating conditions.

2.1.5.2 Positive Displacement Pumps

Positive displacement pumps include gear pumps, piston pumps, screw
pumps and vane pumps. Displacement is proportional to RPM. Pressure rise
is determined by the pressure drop of the system. Bypass valves are required to
allow changes to the system flow rate. Systems having bypass valves incur
temperature buildup since energy is dissipated. A bypass system is susceptible
to cavitation at low flow rates because of this temperature increase. Positive
displacement pumps are usually certified to operate at a fixed “pressure
above vapor pressure” for normal operation to avoid cavitation.

2.1.5.3 Jet Pumps

Jet pumps depend upon bleed motive flow from another source. They are
simple to construct and operate but require analysis to define performance
for a specific application. Performance can be estimated by the methods given
later according to data and procedures of Cunningham, Reference 3.



2.2 OPERATIONAL PRECAUTIONS

2.2.1 Contaminates

A fluid system must be designed to operate with contaminates of a specified
type and quantity for a specified time before maintenance. Contaminates
can include other liquids and gases including water and air and acids as well
as microbes, algae, and solid particles of all sizes and materials. Fibers can
also be present.
Microbes can produce acids which react with the structure of the tank or

lines. The presence of water encourages the presence of microbes.
Liquids normally contain water condensed from the atmosphere. Most

liquids dissolve water as a function of temperature; lower temperatures reduce
the solubility causing water to be released from solution. At slow cooling
rates the water is released as small droplets which below 32 degrees form
snow crystals; at fast cooling rates the wateris released at a delayed rate, may
not be released until cooled below 32 degrees and agitated, and may form
glaze ice crystals which can quickly plug filters.

2.2.2 Thermal Expansion

Liquid systems must be designed to accommodate an increase in volume
according to the design operating temperature range and the expansion cha-
racteristics of the liquid. Expansion must be considered both in the supply

tank and in lines which contain liquid locked between closed valves.
Design accommodation for the tank usually consists of having a fill level

sufficiently below the overflow level. For the lines it consists of having relief
valves which can prevent excessive pressure that would cause structural fail-

ure.
The line itself or its supports may change dimensions as a result of changes

in temperature or pressure. This can require expansion joints as well as line

constraints.

Thermal expansion can cause siphoning of fuel from a tank where the vent

line outlet is below the liquid level in the tank. This is particularly a problem

in aircraft tanks and airinlets at the high point of the line, “siphon breakers,”

are added to avoid excessive negative tank pressure.

2.2.3 Hazards

The handling of fluids can be hazardous. A design safety review should

be made for each new fluid system. Applicable design codes and regulations

must be followed.

Precautions should be taken to prevent and control damage to equipment

and personnel by reason of (1) exposure to toxic materials, (2) exposure to high

9



and low temperature liquids and gases, (3) contact with high velocity liquids
and gases, (4) excessive noise and vibration, (5) debris of explosions caused

by structuralfailure, and (6) the consequences of combustion and detonation.

High pressure gases possess an elastic quality which tends to produce a dam-
age range of greater radius than a similar liquid system failure. For this rea-

son, as well as the greater ease of developing pressure, liquids are favored for
testing high pressure vessels.
Combustion precautions should be taken against ignition by (1) light-

ning, (2) exposed sparks of electrical equipment, (3) excessive surface tempera-
tures, and (4) frictional electrification of liquids and gases. In addition, some

fluids are capable of being detonated on impact.

Frictional electrification of gases is an insidious danger. There are cases of
explosions caused by addition of steam for cleaning and addition of carbon
dioxide for inerting. Sparks were released between droplets which had con-
densed and become electrified to ignite the combustible mixture present in
the tank. Filling a fuel tank from above at high velocity can produce similar
sparks and cause explosions.

Frictional electrification of particles in liquids can also occur. This is or-
dinarily harmless, however, explosions can result by electrodes present in the
vent area which connect tank and liquid charges.
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2.3 SYSTEM DESIGN APPROACH

2.3.1 General Analysis Approach

Before proceeding with the analysis it is desirable to determine which phe-
nomena are significant. For example,if a tank is to be emptied or filled is
the internal flow restriction of importance? If the tank contains baffles of
significant head loss at the required external flow it will be necessary to con-
sider these internal flow restrictions.

A sketch should be made to illustrate the anticipated findings in terms of
“available flow” versus “required flow” or in similar applicable terms.
Graphs should have zero-zero ordinates to facilitate interpolations and extra-
polations and to keep the values in proper perspective. The pressures and flow
limits should be indicated as well as the expected variation in values accord-
ing to geometric concepts. For example, line pressure drop is increased by a
factor of four as the flow is doubled. This is the form of a parabola and can
be readily sketched on a study graph. These drawings can greatly simplify the
problem, promote confidence, and indicate errors of computation or of con-
cept if unexpected answers are obtained. It is usually best not to proceed
until the answers have been anticipated in their general nature.

2.3.2 Dimensional Analysis

Engineering calculations require assembling various equations and data
having diverse origins to form a coherent unity useful to the application.

Rules for this process were formulated by Buckingham and by Lord Ray-

leigh in 1915. The process is known as dimensional analysis, see Reference 4.
Dimensional analysis tells us to equate apples to apples. More than that,

we must equate complex units, as gallons per minute, to each other. When we
combine different numbers and different units we get a product of both, as

24 inches times (1 foot/12 inches) equals 2 feet.

Note in the above example that the dimensions and the values above the
line cancel those below the line. Similarly, dimensions on opposite sides of the
equalsign cancel each other if of the same exponent. Exponents above the line

cancel those below the line for the same type of dimensions.

Examples: feet? x foot = feet?
feet* x foot = feet ®
feet® x feet? = feet®
feet®/feet? = feet?

Exponents on the same side of the line add; those on opposite sides sub-

tract. Exponents are frequently written as negative values for convenience:

feet” = !/feet’

11



Exponents which are to be cubed or squared are actually multiplied. They

are divided to find the square or cube root:

(feet?)? = feet*

(feet”)? = feet '*

(feet®)!/? = feet®/? = feet !-®

(feet®)!/® = feet?
Groups of dimensions peculiar to a physical phenomenum and which form

a dimensionless number have great significance in science and engineering.
Particularly useful to fluid studies are the Reynolds Number and the Mach

Number, after Ernst Mach, circa 1900:

RN =DV PM
where D = Diameter, feet

V = Velocity, feet/sec

f = Mass Density, (1b7£t%)/32.2 ft/sec?

J = Viscosity, Ib-sec/ft?

MN = V/Vc

where Ve = Sound Velocity,ft/sec

2.3.3 The Use of Schematics

A schematic or pictorial is essential for the design and analysis of a fluid
system. The schematic should include components, flow paths, sizes, eleva-
tions, pressures and other data as necessary to describe the system. Or-
dinarily, only a portion of the total installation is being studied and it is use-
ful to extract a partial schematic.
The flow paths of a proposed system should be critically examined to de-

termine if the functions of the system (filling, emptying, transfer, and others)
can be accomplished. Each function should be studied in its entirety to ident-
ify the lines used, valve positions, flow paths, and compatibility with other
system functions. Component failure should be considered (open, closed, and
structural) for effect on safety and reliability. The failure study may indicate a
need for system arrangement changes or for redundant components or for
check valves to preventreverse flow.

12



2.3.4 Flow System Arrangements

A flow system can include parallel lines (one alongside the other) as well
as series lines (one following the other). In parallel lines which are connected
at both ends the pressure drop is the same in both lines and the flow is dis-
tributed by the ratio of the pressure drop as necessary to achievethis pres-
sure equality. In parallel lines which are connected at only one end the pres-
sure is the same at the junction and the flow is found by knowing the pressure
at the other ends. In series flow the pressure dropis the total for all lines and
the flow is the same in all lines. Frequently, both flow and pressure drop are
unknown and it is necessary to select trial values and to match potential
flow to potential losses. Graphical presentations are highly desirable to reduce
the amount of computation and the complexity of mathematical analysis.

2.3.5 Performance Predictions

The accuracy with which the system performance can be predicted de-
pends not only on the calculation methods employed but by the precision with
which the system can be defined. During preliminary design there is uncer-
tainty in final physical arrangement, in sizes, in elevations, and in the per-
formance of components. There must be allowed a tolerance for manufactur-
ing dimensions which affect pressure rise and flow rates. During operational
life there may be system deterioration, contaminant buildup, and operation
beyond the design values. In addition, there may be uncertainty in flow co-

efficients and in fluid properties. The analyst must make reasonable selec-
tions of methods and data to suit his knowledge of the application.

The successful analyst must not only develop proficiency in the elements of
flow analysis but must constantly review the scope of the analysis to deter-
mine if it should be enlarged to include other phenomena. For example,

is surge a consideration?, is thermal expansion?is vaporization a possible

problem?
Engineering makes use of many approximations, both in terms of data and

in terms of mathematical relations. To be able to identify the key parameters,

the critical time of an event, and the magnitude of a correct answeris the very

essence of successful engineering. But the problem changes; the accuracy de-

manded of one case may be grossly excessive or inadequate for another. Meth-

ods and data should be critically examined before being applied to a specific

case.
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3.0 THE ELEMENTS OF ANALYSIS

3.1 LIQUID FLOW

Flow through a conduit occurs at a rate at which the power input equals

the system losses or the pressure drop. If the flow is caused only by an ele-

vation difference or “head” the power input andthe pressure drop is equal to
the difference in elevation measured at the initial and final liquid level times
the specific weight of the liquid. If the outlet is not submerged the elevation
is measured from the outlet. If a tank is being emptied or filled the head dif-
ference will change with the level, and successive calculations or an integral

solution are necessary to describe the process. If there is a pump or tank
pressurization these values must be added to the elevation difference to ob-
tain the total pressure causing flow. In any case, the horsepower expended is

as follows:
Hp =  (Ib/ft?) x (Ib/sec)

(Ib/ft?) x 550(ft-Ib/sec)/HP

Pressure drop is the summation of energy losses caused by friction along
the boundary surface plus acceleration and deceleration losses caused by di-
rectional changes of the flow path which can produce energy consuming vor-
ticies. These are computed separately as “line losses” and as “component
losses”.
Component losses under turbulent conditions are substantially independent

of Reynolds Number and can be correlated according to the number of ve-
locity heads lost, being known as the “’k’" value. Typical k values are given in
Tables I through V for fittings, bends, inlets, miter joints, and expansions.

Line friction loss is computed according to the friction factor, the length/
diameter ratio and the velocity pressure,as

dP = f (L/D) q
The friction factor “f”’ is computed by several equations given below ac-

cording to whether the flow is laminar or turbulent and if turbulent whether
the pipe is smooth or of varying degrees of roughness.
Under laminar flow the liquid particles move in streamlines so that an in-

jection of a dye upstream will form a continuous unmixed trace at down-
stream locations. This occurs only at low velocities as determined by Os-
borne Reynolds in 1883. The laminarfriction factoris:

tf = 64/RN
Above a Reynolds Number of 1500 to 3000 thefriction factor can abruptly

increase to a much higher value as the flow becomes turbulent. Ink injected
into turbulent flow results in a chaotic mixture pattern. For smooth tubes
the turbulentfriction factor is approximately:

f= 0.184RN)"*
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The rough tube friction factor was correlated by Nikuradse in 1932 by glue-
ing sand grains of varioussizes to the inside of pipes, Ref. 5. The rough tube
fully developed (past the laminar transition) turbulent friction factor is
approximately:

f = (1/2 loglO(r/k) + 1.74)?
where r = radius of pipe, feet

K = diameter of surface roughness particle, feet

Figure 3, Tube Friction Factors
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TABLE I FITTING LOSSES
(Ref. 6)

FITTING TYPE TYPICAL K

TEE, STRAIGHT FLOW 0.3t0 0.5

TEE, ANGLE FLOW 1.0to 1.7

GATE VALVE 0.1t00.3

SWING CHECK lto4

ANGLE VALVE 2 to 4
GLOBE VALVE Sto l0 =,

TABLE II SMOOTH BEND LOSSES

 

 

 

 

(Ref. 7)

BEND RADIUS TYPICAL K
PIPE RADIUS

45 deg. 90 deg. 180 deg.

2 0.15 0.26 —
4 0.12 0.18 0.22
12 0.15 0.23 0.43
20 0.20 0.34 0.68
30 0.26 0.47 0.94
58 0.42 0.88 —

TABLE III INLET LOSSES

RADIUS (Ref.6) (Ref.8)
INLET DIAMETER K K

0.00 1.00 0.46
0.02 0.62 0.30
0.04 0.40 0.17
0.06 0.25 0.10
0.08 0.14 0.04

0.16 0.00 0.00
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TABLE IV MITER JOINT LOSSES
(Ref. 6)

ANGLE, DEGREES K

30 0.20

45 0.38
60 0.56

90 1.20
110 1.80

 

TABLE V EXPANSION LOSSES, TURBULENT FLOW

(Ref. 6)

INLET DIAMETER

EXIT DIAMETER K

0.00 1.00 7
0.2 0.90 =———
0.4 0.70 _ )
0.6 0.40 Aa.|
0.8 0.13 -
1.0 0.0
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TABLE VI. LIQUID PROPERTIES

 

(Ref. 9)

Material Temperature Specific Viscosity
Weight

Degrees F. Lb/Ft? Lb-Sec/FT?

Water 60 62.4 2.30x 10°

100 61.9 1.44x 10°
150 61.1 8.99x 10°
200 60.2 6.27x 10°

Octane (C,H, ) 0 44.0 1.88x 10°
100 9.61x 10°
200 5.64x 10°
300 3.65x 10°

Propane (C,H, ) 0 31.6 3.34x 10°

100 2.09x 10"

Hexane (C H,, ) 0 41.3 5.82x 10°

100 5.85x 10°

200 3.76 x 10°
300 2.61x10°

Ethylene Glycol 112 68.3 2.09x10*

(C,H,0,) 200 4.81x10°

300 1.15x 10°

Kerosene -50 1.25x 10+

60 48.0 4.39x 10°
200 1.44x 10°

18



PROCEDURE FOR LIQUID PRESSURE DROP

TURBULENT FLOW

(See Appendix I, Program Numbers 1 and 3)

1. Find Velocity
V = dW/(gp(m/4)D?)

ft/sec = (Ib/sec)/((1b/ft®) (ft?)

2. Find Reynolds Number

RN = DV

= (ft) (ft/sec) (Ib/ft*/32.2 ft/sec?)/(Ib-sec/ft?)

3. Test for Turbulent Flow

Is RN more than 3000?

If yes,is turbulent, continue

Is pipe smooth?
If yes, f = 0.1 84(RN)°-2°

If no, f = (1/2 loglO(r/k) + 1.74))

(See Figure 3)

4. Find Sum of Friction and Fitting Loss Factors

= f(L/D) + k

5. Find Dynamic Pressure
q=1/2pV?

Ib/ft? = ((Ib/ft®)/32.2 ft/sec?) (ft/sec)?

6. Find Pressure Drop
dp = (f(L/D) + k) gq

where dp = Pressure Drop, lb/ft?

LAMINAR FLOW
See Appendix I, Program Number 2

As above, but:

3. For RN less than 3000

f = 64/RN
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EXAMPLE OF LIQUID FLOW (ELEVATION HEAD)

Figure 4. System Diagram

Location Length Dia k
feet feet

A-B 100. 0.25 3.0
B-C 30. 0.15 2.5

B-D 40. 0.10 3.0

  

 

  

 

20 ft= 6.67 PSI |

=30 ft
H,_p =10.0 PSI    

 

  

 

specific Weight= 48 1b/ft’
Viscosity= 0.00008 lb-sec{,
Smooth tubing

Figure 5. Calculation Results

Location Trial Flow Trial dP

Ib/sec psi

A-B 13.0 1.99
B-C 7.0 2.62
B-D 3.0 4.52
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EXAMPLE OF LIQUID FLOW (ELEVATION HEAD)

Figure 6. Analysis Plot
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EXAMPLE OF LIQUID FLOW (CENTRIFUGAL PUMP)

Figure 7. System Diagram

Location Length Dia k

feet feet
A-B 100.0 0.25 3.0
B-C 30.0 0.15 2.5
B-D 40.0 0.10 3.0

Pump Pressure
No Flow = 50.0 PSI
10.0 Ib/sec = 40.PSI

16 Ib/sec = 20. PSI TT
H, =20. ft
A-C i: 6.67 PSI

1
= 30,ft

A-D" 1290.0 PSI

: )

 

H

 

 

 

 

 

Specific Weight = 48.0 Ib/tt?
Viscosity = 0.00008 Ib-sec/ft?

Figure 8. Calculation Results

Location Trial Flow Trial dP

Ib/sec PSI

A-B 13.0 1.99

B-C 7.0 2.62

B-D 3.0 4.52
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EXAMPLE OF LIQUID FLOW (CENTRIFUGAL PUMP)

Figure 9. Analysis Plot
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"system
Flow

 — Flow B-C,D

c Flow B-C
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D |
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3.2 GAS FLOW

The velocity of a gas ducted through a tube or orifice cannot exceed the

sonic velocity (MN = 1) at the smallest cross section. For air and most other

gases this sonic velocity is reached at a pressure ratio of approximately 0.53.

At a lower pressure ratio the velocity remains constant with increasing up-
stream pressure but the weight flow increases proportionately. At constant

upstream pressure and decreasing downstream pressure the flow remains con-
stant once the critical pressure ratio is reached. The relation between pressure

ratio and the flow coefficient can be found by the following equation, see

Eshbach. Reference 5.

¢ =(8.02 R")(k/(k-1)((Po/P.)*™(P2/P1)* + "2

where (§ = Flow Coefficient

R = Gas Constant = 1545/Molecular Weight
k = Ratio of Specific Heats, usually = 1.4

By coincidence, the value of the flow coefficient at the sonic condition is

also approximately 0.53 for air.
The orifice flow equation is simply:

dW = 0 CP, A/T,
where dW = Weight flow rate, Ib/sec

Cq = Shape Discharge Coetticient, 0.6 to 1.0
P, = Inlet total Pressure, Ib/ft?

A = Flow Area, ft?

T, = Inlet total Temperature, degrees Rankine

(Note that P, and A can be in any consistent units)

The gas orifice formula can be used for gas line pressure drop calculations
by replacing the orifice discharge coefficient with a value calculated to ac-
countfor the line pressure losses. The methodis givenlaterin this section.
A simplification of the flow coefficient can be made for most computa-

tions:

¢ = 0.53 ((1-(P,/P,))/0.53)0-2

Gas flow is suitably plotted on a graph of weight flow rate versus pressure
with zero-zero ordinates. A straight line extending upward from the origins
can be drawn to show the limit of flow at any pressure at the specified tem-
perature and represents the sonic condition. Similarly, other lines can be
drawn from the origin at lesser flow rates to represent particular fractional
sonic flow conditions. At a given downstream pressure a curve can be drawn
from the vertical origin at this pressure to become tangent with the sonic flow
line at the upstream pressure for which P,/P, equals 0.53.

Likewise, at a given upstream pressure a curve can be drawn from the ver-
tical origin at this pressure to become tangent to a vertical line at the down-
stream pressure for which the pressure ratio is 0.53 and at the flow rate al-
lowed by sonic flow at the upstream pressure.
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Relief valve flow rates can be superimposed on the orifice flow curves
to show composite performance. The initial flow rate is set by the opening
pressure of the relief valve spring (or by area ratios for regulators of this
type).

An expression for an equivalent discharge coefficient for a line can be de-
rived as follows:

dP = (f(L/D) + k)) (1/2) pV?
V =dW/gpA

P= gp/g
dP = (f(L/D) + k)) (1/2) (gp/g) (dW/(g 0A)?

by transposition

dW = ((2g dP)/(f(L/D) + k)gp)'/*A gp
dW = (D/L +kD)'/*(2g dP gp)'/*A
dP = Hgp

dW (D/(fL + KD)'/%(2gHgpge)'/*A
dW (D/(fL + KD)'/2(2gH)'/*g pA

In

The resulting equation is seen to be the form of the simple orifice equation

so that:
Cq= (D/IfL + kD))'/?

TABLE VII. GAS PROPERTIES

 

(Ref. 5)

Gas Ratio of Gas Constant Viscosity
Specific R at 60°F
Heats ft/°F 1b-sec/ft?

Helium 1.66 386.5 4.1x 107
Air 1.40 53.35 3.8x 107

Oxygen 1.40 48.31 4.2x 107

Nitrogen 1.40 55.20 4.1x107
Hydrogen 1.41 766.5 1.9x 107
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PROCEDURE FOR GAS ORIFICE FLOW

(See Appendix I, Program Number 4)
1. Test for Sonic Flow

If P,/P, less than 0.53 tlow is sonic
If P,/P, more than 0.53 flow is subsonic

2. Find Flow Factor

Sonic: ¢ = 0.53

Subsonic: ¢ = 0.53 ((1-(P,/P,)) /0.53) ®-2*
3. Find Flow Rate

dW = ¢C4P, A/T,
where dW = Flow Rate, Ib/sec

P, = Inlet pressure, Ib/inch?

A = Area, inch?

C4 = Shape Coefficient, 0.6 to 1.0

T = Inlet temperature, degrees Rankine (460 + deg F)

PROCEDURE FOR EQUIVALENT GAS LINE
DISCHARGE COEFFICIENT

(See Appendix I, Program Number 5)

The flow rate must be known or assumed.

1. Find Revnolds Number

RN = dW/(25.25DK)

dW = Flow Rate, lb/sec

D = Diameter, teet

M = Viscosity, Ib-sec/ft?

2. Find friction factor for turbulent flow

f = 0.184(RN)°.2°

3. Find discharge coefficient

Cd = (D/(fL + kD))'/?
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EXAMPLE OF GAS ORIFICE FLOW

Figure 10. System Diagram

(eresP= 16.7PSIA | -
] = P,=165PSIA

T, = 520°R ) -

Area = 0.10 m?

Cq= 0.95

Ratio of Specific Heats, k = 1.4

 

 

Figure 11.1 Calculation Results, Constant Downstream Pressure

PSIA PSIA LB/SEC

17. 16.7 0.0160
18. 0.0241
20. 0.0330
25. 0.0491
30 0.0633
40) 0.0883

Figure 11.2 Calculation Results, Constant Upstream Pressure

P, P, dW
PSIA PSIA LB/SEC

16.7 16.5 0.0143

15. 0.0244

14. 0.0274
12. 0.0315

10. 0.0344

8. 0.0369

4. 0.0369

2. 0.0369
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EXAMPLE OF GAS ORIFICE FLOW

Figure 12.1 Analysis Plot, Constant Downstream Pressure
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© 0.01 0.02 0.03 0.04 Fiow, 1b/sec
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Figure13. System Diagram
Air System

EXAMPLE OF GAS LINE FLOW

Viscosity = 3.7x10-7 Ib-sec/ft?

Location Length

 

ft

A-B 10.0
B-C 15.0

Dia

0.3568
0.2523
2.2985

Figure 14. Calculation Results

Location P,

PSIA

A-B 20.0

B-C 20.0
20.0

20.0
18.0

16.0

B-D 20.0
20.0

20.0
18.0
16.0

P,
PSIA

14.7
14.7
14.7

16.0

18.0
14.7

14.7

Assumed Cy

0.60

0.48
0.48
0.48

0.60

0.52
0.52
0.52

0.60

0.60

0.60
0.60
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dW Cale. Cd

Ib/sec

3.377 wn
3.377 0.48
2.70 —_——
2.52 ——
2.12 ——

1.69 .
1.69 0.52

1.46 ——

1.20 —_—
0.87 -_—

2.36 —-—
2.36 0.60
2.36 —_——
1.94 ——

1.41 ——



EXAMPLE OF GAS LINE FLOW

Figure 15. Analysis Plot
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3.3 TWO-PHASE FLOW

Liquids commonly contain dissolved gas in the region between the mole-
cules. In addition, liquids may contain “free” or undissolved gas.

Dissolved gas can be present in proportion to the partial pressure of the
gas (the difference between the total pressure at the liquid-gas interface and
the gas pressure.) The quantity of gas dissolved at equilibrium is affected by
the temperature of the liquid and the affinity of the liquid for the particular
gas as determined experimentally.

Free gas can be present as a result of the release of dissolved gas by a change
of conditions which reduce gas solubility as well as by the entrainment of
gas stirred in from the liquid-gas interface.
Bubbles of free gas produced by release of dissolved gas contain both vapor

of the liquid and the dissolved gas in proportion to the partial pressures
and the molecular weights. Bubbles are produced by heating the liquid or
by lowering the static pressure.
Bubbles within a liquid rise to the surface at a rate determined by the dif-

ference in specific weight of the liquid and the gas and the diameter of the

buble and the viscosity of the liquid according to Stokes’ Law:

V = (2/9)@*w)(gp, - gp)
where V = Bubble velocity, ft/sec (RN less than 1)

a = Bubble radius, feet

gy = Specific Weight of gas, lb/ft?
gp, = Specific Weight of Liquid, Ib/ft*

Gas released from solution must enter an existing nucleating bubble, see
Bankoff, Reference. These nucleating bubbles are not in the bulk liquid

but are attached to crevices at the wall surface. Because of surface tension
liquids cannot wet the crevice to the apex. Highly polished surfaces are less

susceptible to boiling and cavitation.
Release of dissolved gas can occur in a flowing liquid if the line pressure is

reduced below the supply tank liquid-gas interface pressure. The process is
known as two-phase flow. A wide spectrum of two-phase flow can exist, from
a cloudy liquid, through increasingly large bubbles which tend to agglomer-
ate into slugs having a rounded nose, to the end state of a misty vapor. Line
configuration and gravityorientation have large effects. Useful applications

are probably limited to a vapor/liquid ratio of 1/2 or less. This small value

can be obtained almost entirely by the release of dissolved gas in most cases,

having little effect on the vapor pressure of compound liquids.
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Elevation changes and temperature differences which affect vapor pressure
can be converted to equivalent pressure changes for simplicity of calculations.

Theliterature generally deals with two-phase flow in terms of vapor/liquid
ratio which has a possible range of 0 to infinity. It is more convenient mathe-
matically to deal with liquid-volume-fraction which has a possible range of

1.0to 0.
V/L = (1/(LVF)) +

PROCEDURE FOR TWO-PHASE FLOW

{See Appendix I, Program Number 6)

1. Using trial liquid volume fraction, find two-phase pressure drop, based on

data of Reference 11:
dP, = dP,, (LVF)®-0s

2. Find weightofair evolved per pound ofliquid
dW. = (dP, + dP head ) Sg

where dp = Elevation head change and equivalent

head vapor pressure change, lb/ft?
(ft x 1b/ft?)

S¢ = Solubility coefficient, (Ib gas/lb lig)/(1b/ft?)

3. Find trial value ofair partial pressure at line exit
Pin =P. -dPy, - dP

where P.. = Pressure of air at exit, Ib/ft?

P.n = Pressure of air at inlet, 1b/ft?

4. Find volumeof released gas (air + vapor)

Vol i, = dW; RT/P.
where Vol. = Volume of air,ft?

R.i: = Gas Constant, 53.3 for air

T = Temperature, deg Rankine
For petroleum fuels R | ,,oc = '/*R;

Vapor is evolved in proportion to the partial pressure and
the molecular weight, therefore

dWiapor = dWair (Pugpor  /Pue JRT/3RT))
Volver = dWaaper  (RT/(3Poupor ))

by combining the two above equations

Vol vapor = dW, RT/(9Paex)

The total gas evolvedis
Vol pus = dWair Rair T(1 + (1/9))/Paex

5. Find Liquid Volume Fraction

LVF = Vol/(Vol,; + Vol,,, )
6. Test for agreement with original LVF value and if necessary, repeat the

process until convergenceis obtained.
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TXAMPLE OF TWO-PHASE FLOW

Figure 16. System: Diagram

Solubility of gas= 9.26 x 10°¢ Ib. gas/Ib fuel/(Ib/ft?)
Temp= 520°R
specific weight = 48. lb/ft

Pump

   

  

dH= 6.25 ft
i | = 330. lb/ft

|~——rae| ——

Tank pressure = 2116, 1b/1t2

2

 

Vapor Pressure ~ 2

60°F = 28, ib/ft
100 = 432.
120 = 720,

Figure 17. Calculation Results

Temp  P,, dP, Relative
F °R PSFA PSFA LVF V/L Flow

60. 520. 2088. 10. 0.9651 0.04 0.11

200. 0.9476 0.06 0.50

400. 0.9302 0.08 0.71

800. 0.8255 0.21 1.0

100. 560. 1684. 10. 0.9651 0.04 0.11

200. 0.9302 0.08 0.50

400. 0.8953 0.12 0.71

800. 0.4415 1.27 1.0

120. 380. 1396. 10. 0.9476 0.06 0.11

100. 0.9302 0.08 0.35

200. 0.9127 0.10 0.50

400. 0.8255 0.21 0.71
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EXAMPLE OF TWO-PHASE FLOW

Figure 18. Analysis Plot
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3.4 JET PUMP PERFORMANCE

Jet pump performance can be shown parametricallyby a plot of pressure
ratio and flow ratio:

N = P, -P,

P, - Py

where N = Pressure Ratio

P 4 = Discharge Pressure, 1b/in?
P, = Secondary tlow inlet pressure, Ib/in?

Pn = Primary nozzle pressure, |b/in?

} = Wi JW,

where ¢ = Flow Ratio

W, = Flowrate of secondary, Ib/sec
W,, = Flow rate of nozzle, Ib/sec

The performance of a jet pump is most strongly influenced bythe ratio of
the nozzle diameter to the mixing diameter. Important secondaryfactors are
the shape of the secondary inlet, the distance ot the nozzle trom the inlet to

the mixing section, the length of the mixing section, andthe length of the exit

diffuser.
The jet pump allows a high pressurefluid to escape through a nozzle giving

it a high velocity pressure and a low static pressure. The low static pressure
draws in the higher pressure secondary fluid which becomes frictionally en-
trained and mixed with the primary fluid. The fluids are decelerated in the
diffuser with reduction of total energy.

Eff. = g N
where Eff. = Efficiency
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PROCEDURE FOR JET PUMP PERFORMANCE
(See Appendix I, Program Numbers 7 and8)

1. Find jet pump nominal pressure ratio at specified flow ratio:
2 2

2b + (1-2b) bn -(1+k,,)b2(1+0)

 N =
(1+k,) — numerator

where b = Area ratio; (nozzle area)/(mixing area)

k, = Nozzle coefficient, use 0.2
34 = Diffuser coefficient, use 0.35

N = Pressure ratio

¢ = Flow ratio

2. Find discharge pressure for specifiedflow ratio

Py = (NP, +P,)/(1+N)

where P, = Discharge Pressure, lb/in?

P,, Nozzle Pressure, Ib/in?

Po = Inlet Pressure, Ib/in?

3. Find nozzle flow rate

dQ = Cq An (2g Hn)'/?

where dQ, = Nozzle tlow rate, ft*/sec

Cg = Nozzle flow coefficient, use 0.95
An = Nozzle area, ft?

Hn = Nozzle inlet total head, feet

4. Find secondary flow rate

dQg = 0:dOy
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EXAMPLE OF LIQUID JET PUMP

Figure 19. System Schematic

Nozzle Pressure= 10, PSI

Nozzle Diameter=0.10 inch

Nozzle Flow = 2.27 x 107 ft¥/sec — =
TT=== Zz 777. 2c: 72072 Discharge By

Nozzle” } =>

  

  

 

 

 

   

 

 

 

+ © = T = =

Th
1 J

—Pr 2. 220 7 Pr 272 777 772 og ——

a Mixer Diffuser ~~

Secondary

Inlet, P,

Figure 20. Calculation Results

  

Pressure Secondary Discharge
Area Ratio Flow Ratio Ratio Flow

b 0 N ft*/sec Py (PSI)

0.20 0.01 0.40 2.27x 10° 2.86

0.50 0.32 1.14x 10-3 2.42

0.66 0.29 1.50 2.25

1.16 0.20 2.63 1.67

1.51 0.14 3.43 1.29

0.40 0.01 0.93 227x107 4.82

0.20 0.70 454x10* 4.12

0.50 0.39 1.14x 103 2.81

0.75 0.19 1.70 1.60

1.00 0.02 2.27 0.20

0.90 0.01 1.30 227x107 5.56

0.03 0.94 6.81x 10° 4.85
0.05 0.56 1.14x 10° 3.59

0.06 0.39 1.36 x 10 2.81

0.08 0.10 1.82x10* 0.91
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EXAMPLE OF LIQUID JET PUMP

Figure 21.1 Analysis Plot, Pressure, Flow Ratios

I
>Ratio, b, = 0.90

b =0.,40

ob = 0,20

v 0.2 Oui4 0.6 0.8 1.0 1.2 lok
Flow Ratio, #

Figure 21.2 Analysis Plot, Operating Pressure and Flow
6 1-

JArea Ratio, b, = 0.20

b= 0,40
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3.5 SURGE PRESSURE

Surge pressure is simply the conversion ofliquid mass velocityenergyinto
pressure energy. The conversion occurs at a rate governed by the sound ve-
locity of the system.
Newton's law relating force and energy, F=MA, can be expressed as head

andvelocity:

Force = Mass x Acceleration
(dH x SpWt x Area) = (Area x Length x SpWt/g) x (dV/(Length/a))

dH = dV (a/g)

or dH/dV = a/g
where dh = Change in pressure head, feet

dV = Change in mass velocity, feet/sec
a = Acoustic Velocity, feet/second

g = Gravity constant, 32.2 feet/sec *
The above expression is known as Joukowsky’s Law after the developer,

in Moscow, 1898. It forms the basis for the graphical analysis of surge.
It shows that the change in pressure is directly proportional to the change in
velocity. On a plot of mass velocity versus head a straight line of the slope
a/g, with a plus or minus direction, can be used to connect supply and pressure
loss curves at successive time intervals and thus describe a history of the surge
process. The time intervals can be whole or fractional values of the time re
quiredfor one pressure waveto leave and return to the valve.

A= 2L/a
where = Time for one acoustic cvcle, seconds

L = Length of pipe from valveto tank, feet
The acoustic velocityis a composite found by a formula given later accord-

ing to the compressibility of the liquid and the pipe material andthe diameter/
thickness ratio of the pipe.
Surge analysis can be separated into cases of “sudden” or “instant” opening

or closing of a valve, or of “gradual” opening or closing of a valve. The sud-
den cases are applicable if the valve completely opens or closes in less than one
acoustic cycle.
Sudden dosing produces a pressure rise equal to the product of the original

mass velocity times the ratio a/g minus the line friction loss.
Sudden opening results in accelerating the liquid at a rate set by the head

difference between supply and flow pressure drop at the slope a/g. The mass
velocity continues to increase until equilibrium is established between supply

head and line flow head losses.
Gradual closing produces a succession of pressure waves until complete clo-

sure is obtained. After closure the surge pressures persist until damped by
viscous forces as the mass velocity cyclically reverses.
Surge during opening of a line partly filled with liquid can be greater than

the total supply head. This results by acceleration of the liquid through the
partly filled line until reaching the control valve which causes sudden de-
celeration.
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TABLE VIII. SURGE PROPERTIES
(Ref. 5)

Material Bulk Modulus

1h/ft?

Water 4.23 x 107

Gasoline 2.16 x 107

Crude Oil 3.38 x 107

Steel 4.23 x 10°

Aluminum 1.44x 10°

Copper 2.45x 10°

PROCEDURE FOR ACOUSTIC VELOCITY AND SURGE CYCLETIMB

(See Appendix I, Program Number 9)

1. Find Acoustic Velocity

a = ((g/ge) /(D/(Eptp)) + (1/B yi, ))'/?
where a Acoustic Velocity, ft/sec

g p= Liquid specific weight, Ib/ft?

g = Gravity constant, 32.2 ft/sec?

D = Pipe Diameter, feet
Ep = Modulus of expansion of pipe, 1b/ft?

Bi, = Bulk modulus ofliquid, 1b/ft?

  

  
 

tp = Thickness of wall of pipe,feet
2. Find surge cycle time

p =2L/a
where pr = Cycle time for acoustic wave, seconds

L = Length from valve to tank,feet

EXAMPLE OF SURGE

Figure 22. System Diagram Specific Weight = 48. Ib/ft®
Pipe Diameter = 0.41 ft

Pipe Modulus = 1.44 x 10° 1b/tt?
Liquid Modulus = 2.16 x 1071b/ft?
Pie Thickness = 4.08 x 107° ft

Head= 100, ft

A ls5ore
—

I Lo]
po 100, ft

component k = 4,0
Including Valve, dF= 1/4 total dF
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Figure 23. Calculation Results

Sound Velocity, a = 2404. ft/sec
Timeof cycle, 2L7a = 0.0832 see =p
Rate of change of head, a/g = 74.66 sec

  

Flow Rate Velocity Line Pressure Drop Max Surge
Ib/sec ft/sec PSE PSI Feet: Feet PSI

50. 7.89 546 3.79 11.38 589. 196.
75. 11.84 1197. 8.36 24.94 885. 295.
100. 15.79 2089. 14.51 43.52 1179. 399.
200. 31.57 7996. 55.53 166.58 2357. 786.
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Figure 24.1 Analysis Plot, Sudden Opening, Head vs. Velocity
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EXAMPLE OF SURGE

Figure 25.1 Analysis Plot, Gradual Opening, Head vs, Velocity
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Figure 25.2 Analysis Plot, Gradual Opening, Head History
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EXAMPLE OF SURGE

Figure 26,1 Analysis Plot, Sudden Closing, Head vs. Velocity
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Figure 26.2 Analysis Plot, Sudden Closing, Head History
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Figure 27.1 Analysis Plot, Gradual Closing, Head vs. Velocity
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3.6 LIQUID PRESSURE REGULATOR FLOW

Pressure regulator designs are based upon springs and differential areas which establish the

initial pressure at which flow occurs as well as the increase in flow rate with increasing pressure.

There is a limiting flow rate above which the regulator is “wide open’ and performs as a simple

fixed orifice.

In devices which have a valve poppet attached to a circular diaphragm theeffective diameter of

the diaphragm is measured half the distance between the inner and outer fixed supports. The

ratio of upstream to downstream areas plus any spring load determines the cracking pressure of

the regulator (the initial flow pressure). For example, if the inlet pressure is 20 psi and the down-

stream/upstream area ratio is 3 then the cracking pressure is 60 psi (pounds per square inch.

PROCEDURE FOR LIQUID PRESSURE REGULATOR FLOW

(See Appendix I, Program Number 10)

Full open flow area must be known.
Initial cracking pressure must be known.

Head to obtain full open flow area must be known.

1. Test specified head to determineif regulator is full open, partly open, or
closed.

2.. Full open tlow rate
dQ = C4A (8.03) H'/?

where DQ = Flow rate, ft*/sec

C4 = Discharge Coefficient, 0.6 to .9
A = Flow Area at full open,ft?

8.03 = (2g)'/?
H = Headdifference, feet

3. Partly open flow rate

dQ=((H-Hy)/(H¢ Hyp)dQ,
where dQ, = Flow rate at critical full open head, ft*/sec

H, = Head at cracking pressure, feet
H. = Headat full open, feet

EXAMPLE OF LIQUID PRESSURE REGULATOR

Figure 28. System Diagram

Regulator
Full open tlow area =0.0291 ft?
Discharge coett. Cy = 0.90

Head for full open = 19.24 feet
Flowat tull open = 0.92 ft¥/sec
Head at cracking = 18.0 feet

Flow at part open = 0.74 (ft*/sec)/ft

Regulator

 

 Supply

Tank
 

Pump Shutoff
Valve
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Figure 29. Calculation Results

Head Flow Rate

feet ft*/sec

0 0
17.9 0

18.1 0.07

19.0 0.74

19.24 0.92

20.0 0.94

50.0 1.49

100.0 2.11

200.0 2.98

EXAMPLE OF LIQUID PRESSURE REGULATOR

Figure 30. Analysis Plot

50
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3.7 TANK EMPTYING INTERNAL FLOW

The case under consideration consists of a tank having a constant external
emptying rate and one internal baffle which divides the tank into two com-
partments. The baffle has an orifice interconnector of known size and charac-
teristics. The volume of each compartment and the volume/height factors

are known.
A series of calculations are necessary to find the emptying history because

the levels are constantly changing. Tests are necessary to avoid calculation

results which might erroneously allow over-transfer or emptying of either

compartment.

PROCEDURE FOR TANK EMPTYING INTERNAL FLOW

(See Appendix I, Program Number 11)

1. Find head difference at baffle
dH = Vol, /(Vol/ft), — Vol,/(Vol/ft) ,

2. Test for negative head
If dH is negative, flow is zero at baffle

3. Find baffle flowrate

Q,=CyA (8.03) (dH) '/?
4. Adjust volumes for baffle flowrate

Vol, = Vol, — Q, dt

Vol, = Vol, + Q, dt

where dt = time interval, seconds

5. Test for Vol, = 0.

Set = 0 if necessary to avoid negative quantity
6. Find net tlow to Vol,

Vol, = Vol, — Q,dt
7. Test for Vol, = 0.

Set = 0 if necessary to avoid negative quantity
8. Count each pass (usually 1 second per pass)
9. Test for both compartments empty

Stop if both are empty
10. Return to step 1 for next time increment
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EXAMPLE OF TANK EMPTYING. INTERNAL FLOW

Figure 31. System Diagram

 

A¥ 2 *T/— dQ 1 == 

Flow Area, = 0.0404 ft?
Cy = 0.65

dW, = 0.0926 ft*/sec

Vol, = 3.0 ft* (Vol/ft), = 19.0 ft¥/ft

Vol, = 2.9 ft* (Vol/ft), = 19.0 ft¥/ft

Figure 32. Calculation Results

 

Interval Time Vol, Vol,
sec ft ft

0 0 3.00 2.90
1 1 2.94 2.77
7 7 2.79 2.46

23 23 2.23 1.54
36 36 1.69 0.88
48 48 1.16 0.30
56 56 0.75 0.04

64 64 0.42 0.03
79 79 0.08 0.00

89 89 0 0
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EXAMPLE OF TANK EMPTYING, INTERNAL FLOW

Figure 33. Analysis Plot
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APPENDIX I, PROGRAMS FOR FLUID FLOW

Contents

Description of Calculator Program Methodology
Liquid Pressure Drop, Turbulent Flow, Smooth Pipes -
Liquid Pressure Drop, Laminar Flow

Liquid Pressure Drop, Turbulent Flow, Rough Pipes
Gas Oritice Flow
Equivalent Orifice Coefficient for Gas Line

6. Two-Phase Flow
Jet PumpPressure Ratiofor Liquid Flow

8. Jet Pump Performance for Liquid Flow
9. Acoustic Velocity and Surge Cycle Time
10. Liquid Pressure Regulator Flow
I'l. Tank Emptying Internal Flow

DESCRIPTION OF CALCULATOR PROGRAM METHODOLOGY

U
e

=
=~
1

Pocket calculators are manufactured according to two different mathema-

tical concepts. One of these uses kevs labelled with open and closed pa-
renthesis to designate the order of computation. Equations are keyed in as

written down. Ascending orders of parenthesis are needed for more corm:
plex equations. Intermediate results may not be visible.
The other concept, known as Reverse Polish Notation, RPN, dispenses

with parentheses by keying in values and instructions to be performed con-
secutively but with the instruction following the value or values. The RPN

concept is highly useful for calculators having small storage capacity

Additional instructions for a compatible machine are given in Reference 12.

PROGRAM ABBREVIATIONS AND INSTRUCTIONS

INPUT Keyin appropriate value

ENTER Holdvalue for next operation

ROLL Recall previous value in calculating registers
INTEGER Delete fractional part
FRAC Delete integral part

RCL Recall from indicated location

STO Store value in indicated location

STO + Addto value in indicated location
STO — Subtract from value in indicated location
STO X Multiply by value in indicated location

STO DIVIDE Divide value in indicated location
SIN Sine of value

[F(X MORI LIAN 0) If “yes” go to next step; if “no” skip next step
(tvpica
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HP-25 PROGRAM NUMBER1
LIQUID PRESSURE DROP, TURBULENT FLOW, SMOOTH PIPE
Location

N
O
N
h
w
n
—
C

 

00 INPUT dW
 

 

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24  

7
DIVIDE
4

X
RCL 6
SQUARE
DIVIDE
RCL 5
DIVIDE
RCL 3
DIVIDE
STO 7
RCL 6
X
RCL 5
X
RCL 2
FRACTION
DIVIDE
ENTER
RCL 2
INTEGER

 

Name Value Dimension

L.C, 100.184 feet.---

K 3.

C.m 3000.00008 ---.1b-sec/ft?

g 32.2 ft/sec?

C, -0.20

gp 1.49 Ib/ft*32.2

Dia 0.25 feet

Velocity —-- feet/sec

= (13.0) 25|ROLL Y

26 [RCL 4 X

2717
28 [RCL O

29 [FRAC

30 1X = £ (0.0241)

31 |RCLO

32 [INTEGER

33 |X

34| RCL 6

35|DIVIDE

= V (5.52) |36|RCL 1

371+ = f(L/D)+K
3812 (12.66)
39 DIVIDE

40|RCL 5

411X

42|RCL 7

43|SQUARE

Y =RN 441X = dP (287.33)

(25702) 45}STOP

46] RCL 7

X 471STOP   
 

IF (X MORE THAN Y) Test tor

STOP  
 

Laminar
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HP-25 PROGRAM NUMBER2
LIQUID PRESSURE DROP, LAMINAR FLOW

 
 

 

      

Location Name Value Dimension

0 L 100. feet

1 K 3. —

2 Cp 3000.00008Ab-sec/ft?

3 g 32.2 ft/sec?
4 C, 64.

5 gp 1.49 1b/ft?/32.2

6 Dia 0.25 ft

7 Velocity -—-- ft/sec

00 INPUT DW (1.30) 25] ROLL X

01} 7 26 RCL 4 Y

02 DIVIDE 271 INVERT X/Y

031 4 281 DIVIDE = (0.0249)

04] X 291 RCLO

05 RCL6 301 X

06 SQUARE 31| RCL6

07 DIVIDE 32 DIVIDE

08 RCL5 331 RCL 1

09 DIVIDE 34 + =f(L/D)+K (12.96)
10 RCL3 35] 2

11 DIVIDE =V (0.55) 36 DIVIDE

12 STO7 371 RCLS

13 RCL 6 381 X

14 X 39| RCL7

15 RCLS 40 SQUARE

16 X 411 X =dP (2.94).

17 RCL 2 42 STOP

18 FRACTION 43 RCL7 =V (0.55)

19 DIVIDE =RN (2570) 44 STOP

20 ENTER Y

21 RCL2

22 INTEGER {X

23 IF XLESSTHANY (Test for

24 |STOP | Laminar)  
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HP-25PROGRAM NUMBER 3
LIQUID PRESSURE DROP, TURBULENT FLOW, ROUGH PIPES

 

 

  

 

    

Name Value Dimension

L. 100. feet

K 3.

C, y 3000.00008 -- Ib-sec/ft?

g 32.2 ft/sec?
f 037

g/g 1.49 Ib/tt3/32.2

Dia 0.25 feet

Velocity feet/sec

= (13.0) 25 RCL4 = { (0.037)

26 RCLO

27 INTEGER

281 X

29 RCL®6

30 DIVIDE

31 RCL1

32 + = {(L/D)+K)
331 2 7.80)

34 DIVIDE

351 RCLS

= 36 X

(5.52) 37 RCL7

38 SQUARE

391 X = dP (404.05)

40 STOP

41 RCL7 = V (5.52)

42 STOP

= RN (25702)

Y

X

IF (X MORE THAN Y) Test for

Location

0

1

2

3
4

5

6

7

00| INPUT dW

oly

02} DIVIDE

03} 4

04] X

05] RCL®6

06] SQUARE

07} DIVIDE
081 RCLS5S

091 DIVIDE

10] RCL 3

11] DIVIDE

12 STO7

13] RCL6

14] X

15] RCLS5

16 |X

171 RCL 2

18 FRACTION

19 DIVIDE

20 ENTER

21. |RCL 2

22 |INTEGER

23
24  STOP 1
 

Laminar
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HP-25PROGRAM NUMBER 4

 

 

  

Dimension

PSIA

SQUARE INCHES

DEGREES RANKINE (460 + Deg F)

 

  

DIVIDE
RCL 4

X

STOP  
 

GAS ORIFICE FLOW

Location Name Value

0 C, 0.53

1 Cy 0.25
2

3 P, 16.7

4 AREA 0.10

5 Cd 0.95

6 T, 520.

7 p/P,

00 INPUTP, = (16.5) 25

01 ENTER 26
02] RCL3 27

03 DIVIDE = P,/P 28

04 STO7 Y (0.9880)

05} RCLO X

06 IF (X MORE THAN Y) Test for
07 GOTO 18 Sonic Flow

081 1

09 RCL7

10 —

11 RCLO

12 DIVIDE |Y

13 RCL 1 X

14] Y*

15 RCLO

16 |X

17 GOTO 19 Subsonic @ = (0.2055)
18 RCLO Sonic @
19 RCLS

20 X

21 RCL 3

22 |X

23 RCL®6

24 SQUARE ROOT  
56
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HP-25 PROGRAM NUMBER 5
EQUIVALENT ORIFICE COEFFICIENT FOR LINE FLOW

 

 

   
 

Location Name Value Dimension.

oc

1 C; 25.25 English Units
2 Dia 0.20 feet

3 mn 3.5x107 Ib-sec/ft
4 Length 100. feet
5 k 3. ee

6 C, 0.184

7 C, -0.20

00 INPUT dW = (1.0)

01 RCL1

02 DIVIDE

03 RCL2

04 DIVIDE

05 RCL 3

06 DIVIDE [JY = RN (5.66x 10°)

07 RCL7 X

08 Y*

09 RCL6

10 X =f (0.0130)

11 RCL 4

12 X

13 STOO

14 RCL 2

15 RCLS

16 X

171 STO + 0

18 |RCL 2

19 RCLO

20 DIVIDE

[21 SOUARE ROOT = Cy (0.324)
22 STOP
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Appendiv 1.

HP-25 PROGRAM NUMBER 6

 

 

 

TWO-PHASE FLOW

Location Name

0 Sol. Gas

] Pi Voli,

2 RT.C,

3 LVF

4 dH

5 dP,

6 scratch

7 scratch

00 -—--

01 RCL3 }

02] RCL 2

03 FRAC

04 CHG SIGN|X

051 Y*

06 RCL 53

07] XN = dP,

08 STO®6 (432.)

05 RCL 4

10 +

11 RCLO

12 1X

131 STO 7

14 RCL 1

15 INTEGER

16 RCL6

171 —

18 RCL 4

19 —

20 STO®6

211 1

22 |ENTER

231 9

24 DIVIDE  
 

Value

9.26x 107°
1828.0208

27716.905

Dimension

Ib. gas/Ib fuel/(Ib/tt?)
Ihe fe3/1h

(53.3 x Deg R). -----

 

lo

300 h/t?

432. h/t?

251 1

26 +

27] RCL 7

281 X

291 RCL 2

30 INTEGER

31] X

321 RCL6

33 DIVIDE = Vol + Vol

34 STO7 (1.90 x 1079)

35] RCL 1

36 FRAC Y

371 STO®G

381 +

39 RCLG6 x

40 INVERT X/Y

41 DIVIDE Y = LVF (0.92)

42 RCL 3 xX

43 IFN LESS THAN Y) Test for
44 STOP Convergence

45 1

46 SIN

47 STO — 3

48 GOTO!    
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HP-25 PROGRAM NUMBER 7
JET PUMP PRESSURE RATIO FOR LIQUID FLOW

 

 

    
 

Location Name Value Dimension
0 b 0.2(area ratio)

1 0 0.5(flowratio)
2 (1+k)) 1.2(1 + nozzle coefficient)

3 (1+k,,) 1.35(1 + throat,diffuser coefficient)
4

5s
6

7

00 ——-- 251 STOX 7

01 RCL 1 26 RCL 3

02 RCLO 271 STOX7

03 X 281 RCL7

04 SQUARE 291 STO —6

05 |STO®6 301 2

06} 1 31 RCLO

07 RCLO 321 X

08 — 33 STO + 6

09 SQUARE 341 RCL2

10 STODIVIDE 635] RCL6

1] 2 136 — Y
12 RCLO 371 RCL6 X
13 X 38 INVERT XN

14 1 39 DIVIDE =N(0.32.0.29)
15 — 40 STOP

16 CHCSIGN 41 IF(X LESS THAN O) Test for N=0O

171 STOX6 42 STOP
Is |1 431 2

19 RCL] 44 DIVIDE

20 + 451 STO + 1

21 SOUARE 46 RCL1 = new @
22 STO 7 471 STOP (0.66)

23 RCLO 481 GOTOI

24 SQUARE   
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HP-25 PROGRAM NUMBER 8
JET PUMP PERFORMANCE FOR LIQUID FLOW

 

 

 

Location Name Value Dimension

0 N 0.39(pressure ratio)

1 P, 10.0 Nozzle Pressure, PSI

2 P, 0.0 Inlet Pressure, PSI
3 scratch

00 —--

01 RCLO

02 RCL 1

03] X

04 RCL2

05 +

06 |STO3

07 11

08 |RCLO Y

09 +

10 |RCL 3 X

11 INVERT X/Y

12 DIVIDE =P; (2.81)

13 STOP   

60



HP-25 PROGRAM NUMBER 9
ACOUSTIC VELOCITY AND SURGE CYCLE TIME

 

 

 

Location Name Value Dimension

0 SpWt 48.0 Ib/tt?
1 LigMod 2.16 x 107 Ib/ft?

2 PipeMod 1.44 x 10° Ib/ft?
3 Pipe

thickness 4.08x 10-3 ft

4 Dia 0.41 ft

5 g 32.2 ft/sec?
6 Length 100.0 feet

00 |

01 RCL 1 X

02 I/X

03 ENTER

04 RCL 4

05 RCL 2

06 DIVIDE

07 RCL 3

08 DIVIDE

09 |+ X

10 1/X

11 RCLS

12 X

13 RCLO

14 DIVIDE

15 SQUARE ROOT

16 STOP = Acoustic Velocity (2403.9 ft/sec)

17 RCL6

18 INVERT

19 DIVIDE

20] 2

21 X = Cycle Time (0.0832 sec)

22 STOP   
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HP-25 PROGRAM NUMBER 10
LIQUID PRESSURE REGULATOR FLOW

 

 

 

 

   

Location Name Value Dimension

0 Head, 18.0 feet

1 Spring

Rate 0.74 (ft3/sec)/ft

2 Area x

Cyx8.03 0.2106 ft? x (ft/sec)'/?

(Area= 0.0291 ft?)

3 Head.ri 19.24 ft (Cg = 0.90)
4 dQ... 0.92 ft*/sec
5 Head 100.0 feet

6 scratch ~~

00] — 25 RCL 4
01] RCLO Y 26 X

021 RCLS X 27 STOP =Part Open Flow

03] IFRXMORETHAN Y) Test for 2810

04 GOTO 06 No Flow 29 sTOP
051 GOTO?28

06 |RCL3 Y

071 RCLS5 X

08 TF(X LESS THAN Y) Test for
09] GOTO 15 Orifice Flow

10 RCLS

11 SQUARE ROOT

12 RCL 2

13] X = 2.11 ft3/sec

14 STOP

151 RCLS

16 RCLO

171 —

18] STO®6

191 RCL 3

201 RCLO

211 —

22 RCL6

23 INVERT

24 DIVIDE   
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HP-25 PROGRAM NUMBER 11
TANK EMPTYING INTERNAL FLOW

 

 

 

Location Name

0 scratch
1 Count

2 Q,

3 Vol;

4 Vol,

5 (Vol/ft),

6 (Vol/ft),

7 C,x8.03

00 —-
1 RCL3

02 RCLS5

03 DIVIDE

04 RCL 4

05 RCL6

06 DIVIDE

07 — X

08 IF(X MORE THAN 0)

091 GOTO 11

101 0

11 SQUARE ROOT

12 RCL7

13 |X
14 STO— 3

15 STO + 4

16 STOO

17 RCL 3 X

18 IF(X MORE THAN 0)

191 GOTO 22

201 0

21 STO 3

22 RCL 4

23 RCL 2

24 — X  
 

 

    

Value Dimension

oO (Seconds)

0.0926 ft*/sec (External Flow)

3.0 ft

2.9 fts

19.0 fte/ft
19.0 ft3/ft

0.2106 Area in ft?

25 IF(X MORE THAN 0) Test
26 GOTO 30 for

2710 Vol,=0

28 STO 4

29 GOTO 32

30 RCL 2

31 STO-4

=dH 32 1
(0.0053) 133 STO + 1 Count time

34 RCL 3 (2.9847)

35 RCL 4 (2.8227)

36 + X

37 IF(X=0) Both Empty
=Q, 38 STOP
(0.0153) 39 GOTOOI

=Vol;; (29847)

Test for Vol, =0
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SR-56 PROGRAM NUMBER |

LIQUID PRESSURE DROP, TURBULENT FLOW, SMOOTH PIPES

 

Location Name Value Dimension

0

1 L.C, 100.184 feet ===

2 k 3, ——
3 po 0.0000¢ 1b-sec/rt?
4 g 32.2 ft/sec’
5 Co -0.20 —

6 gp/8 1.49 (1b/£t3)/32.2
7 Dia 0.25 feet

8 Velocity e=e-- ft/sec

9 Ron  eecee- -——-

t Transition 3000,

SR-56 PROGRAM NUMBER 2

LIQUID PRESSURE DROP, LAMINAR FLOW

Location

O
O

®
J
O
U
»

F
E
W
N

=
Oo

 

Name Value Dimension

L 100. feet

k Se ——

Ke 0.00008 1b-sec/rt?
g 32.2 ft/sec?

c 6b -———

gr/8 1.49 (1b/£t2)/32.2
Dia 0.25 feet

scratch

transition 3000,
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SR-56 PROGRAM NUMBER 1

LIQUID PRESSURE DROP, TURBULENT FLOW, SMOOTH PIPES

 

 

 

  

    

ENTER DW = 13.0 |b /sec, RST, R/S

2nd, CP
LRN
on] x 31| RCL 61 7
02 4 313 62] +

03| DIVIDE 33 EQUAL = Rn, 63 RCL
on ( 34 STO 25702. gil 2
05| 2nd, 7 3519 65 EQUAL = £(L/D)

06| x 36 INV 66 DIVIDE '2°66
07] «( 37 2nd, Xx>t 67 2

08 RCL 38 7 68 X

| 7 39] 8 69 RCL

10| x° 40 RCL 70] 6
ml 419 7
12] x y2 YX 72 (
13 RCL 4% RCL 73 RCL

4 6 Ly 5 7%) 8

15] x 45 X 75 x2
16 RCL 46 ( 76 |)

1 47 RCL 77 EQUALS = dp
8 ; 48 1 78 R/S 287.33

19| EQUALS| = V 49 INV 29 RST
20| sro 5.52 ft/secqy ong, INT LRN
21 8 511)

22| x 52 EQUAL |= ¢
23 « 53 x 0.0241

24 RCL 54 (

a5 7 55 |RCL

26| x 56 1
27| rer 57 |2nd, INT
28] 6 58 |)

29

|

) 59

|

DIVIDE

30| DIVIDE 60 RCL        
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SR-56 PROGRAM NUMBER 2

LIQUID PRESSURE DROP, LAMINAR FLOW

ENTER DW = 1,3 |b /sec , RST, R/S
 

2nd, CP
LRN
 

 

01] x
02| 4
03 DIVIDE
ou (
05 2nd,”
06 x

071] (

08 RCL
09 7?

10] x2
nl
12] x
13 RCL
14 6

15 x
16 RCL
171 4

18 |)

19 EQUALS
20 sto
218
22
23 (

24 RCL
25 7

26 X

27 reL
28 6

29 |)

30 DIVIDE   
= V
0.55 ft/sec

 

 

31
32

33
34
35
36
37?
38
39
40
41
42

43
bh
45
46
47?
48
49
50
51
52

53
54
55
56
57
58
59
60  

RCL

3

EQUAL

STO

9

2nd, X>t

6

6

RCL

5

DIVIDE

RCL

9

X

RCL
1

DIVIDE

ROL

7

+

RCL
2

 

Rn
570.

 

 

61

62

63

64

65

66

67  

RCL

EQUAL

R/S

RST

LRN

| 2

  

EQUAL = f(L/D) + k

DIVIDE
12.96

 

66

P
«94 pst



SR-56 PROGRAM NUMBER 3

LIQUID PRESSURE DROP, TURBULENT FLOW, ROUGH PIPES

 

Location Name Value Dimension

0

1 L 100. feet

2 iN 3. —

3 Pe 0.00008 1b-sec/ft2
4 g 32,2 ft/sec?
5 £ 0.037 —

6 gp/e 1049 (1b/£t3)/32.2
? Dia 0.25 feet

8 scratch

9 scratch

t Transition 3000. —

SR-56 PROGRAM NUMBER 4

GAS ORIFICE FLOW

 

Location Name Value Dimension

0

1 ¢, 0.53 -—

2 Co 0.25 —

3 P, 16.7 pela

4 Area 0.10 ft

5 Cy 0.95 ---
€ T, 520, deg F + 460, = deg R

7 scratch

8 scratch

9 scratch

t transition 0.53 cr—
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SR-56 PROGRAM NUMBER 3

LIQUID PRESSURE DROP, TURBULENT FLOW, ROUGH PIPES

ENTER DW = 13.0 1b/sec, RST, R/S
 

2nd,

LRN

Cp

 

 

01

02

03

OL

05

06

07

08

09

10

 

X

4

DIVIDE

(
2nd,mT

EQUALS

STO

DIVIDE   
=V
5.52 ft/sec

 
 

 

2

32

33
34
35
36
37
38
39
40

41

42

43
4b
45
46
47
48
49
50

52

53

Sh

55

56

57

58

59

60

RCL

EQUAL = Rn
sro 25702.
9

INV

61

62

63

64

65

EQUAL

R/S

RST    
2nd, X>t

DIVIDE

RCL

?

+

RCL

2

EQUAL = £(L/D) + k

prvipe | 7+80
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SR-56 PROGRAM NUMBER 4

GAS ORIFICE FLOW

ENTER P, = 16.5 psia, RST, R/S

ENTER P 4.0 psia, RST, R/S
 

 
 

 

 
    

2
2nd, CP

LRN

01 DIVIDE 31 RCL 61 GO TO

02 RCL 35 62 |9

0313 33 X 639

O4 EQUAL |= P,/P, 34 RCL 64 RCL

05 STO 0.988 35 4 65 1

06 7 0.5395 36 X 66 x
07 INV 37 RCL 67 RCL

08 2nd, X>t 383 68 8

09 3 39 DIVIDE 69 EQUAL |= dw, sonic

10] 0 40 ( 70 R/S 95569
11 RCL 41 RCL LEN

121 42 6

13 X 43 SQRT

14 ( Ly |)
15 ( 45 EQUAL |=c, a p/2'/2
16 1 4,6 STO 0.0695

17) - 47 8

18 |RCL 48 |RCL

19 7 49 7

20) 50 INV

21 |DIVIDE 51 |2nd, Xst

22 RCL 526

23 | 1 53 3
2 |) 54 RCL

25 |¥ 55 |8
26

|

RCL 56

|

X

27] 2 57 |RCL

28 |EQUAL |= ¢# , Subson|58| 9

29

|

STO 0.2055 59

|

EQUAL = dW, subsonic
30 |9 6ol r/s 0.0143 1b./sec       
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SR-56 PROGRAM NUMBER 5

EQUIVALENT ORIFICE COEFFICIENT FOR LINE FLOW

 

 

  

     

Location Name Value Dimension

0 scratch

1 c, 25.25 english units

2 Dia 0.20 ft

3 3.5 x 10° 1b-sec/ft°
4 Length 100. ft

5 k 3, —

6 C, 0.184 -——-

7 Cs -0.20 —-—

ENTER dW = 1,0 1b/sec, RST, R/S

2nd, CP

LRN

01 DIVIDE 22 STO

02 RCL 23| 0

03 1 24 RCL

O4 DIVIDE 25 2

05 RCL 26 X

06| 2 27 RCL

07 DIVIDE 28| 5

08 RCL 29 EQUAL = kD

09 3 30| sum 0.6
10 EQUAL = Rn 310

1X 5.66 x 10° |32| RreL
12 RCL 33 2

1317 34 DIVIDE

4 X 35| RCL

15 RCL 36 0

16 6 37 EQUAL
17 |EQUAL |= f, 0.013 [38 |SQRT

18 X 39| EQUAL = C4 5 0.324

19

|

RCL 40

|

R/S

20 4 LRN

21 EQUAL = £1, 1.3   
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SR-56 PROGRAM NUMBER 6

TWO-PHASE FLOW

 

Location Name Value Dimension

0 Sol. Gas 9.26 x 1070 (1b gas/1b fuel)/(1b/ft’)
1 Pair 1828. 1b/1t2
2 voly, 0.0208 £t3/1v
3 RT 27716. 53.3 x deg R

4 Cy -0.905 -—

5 LVF 1.0 —

6 dH 300. 1b/1t2
4 dPyyq 432, lb/ft

8 scratch

9 scratch

t test 1.0

SR-56 PROGRAM NUMBER 7

 

=== (1 + Nozzle Coefficient)

=== (1 + Throat, Diffuser
Coefficient)

JET PUMP PRESSURE RATIO AND LIQUID FLOW

Location Name Value Dimension

0

1 b 0.2 --- (Area Ratio)

2 2 0.5 --= (Flow Ratio)

3 (+ ky) 1.2

4 (1 + ks 4) 1.35

5 —

6 scratch

7 scratch

8

9

t test 0.0
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SR -56 PROGRAM NUMBER 6

TWO-PHASE FLOW

 

LRN

2nd, CP

 

01

02

03

04

05
06

0?

08

09
10

11

12

13

4

15
16

17

18

19
20

21

22

23

24

25
26

27

28

29
30  

RCL

5

Y

RCL
4

X

RCL

X

EQUAL

STO

RCL

RCL

EQUAL

RCL

EQUAL

STO

  

432, psf

= 6.7 x 10~2

 5

 

32

33

34

35

36

37

28

39

40

42

43

Ly
45

46
47?
48
49
50
51
52

53

54

55
56

57

58
59

60  

EQUAL

STO

8

1

DIVIDE

9
+

1

EQUAL

RCL

9

X

RCL

3

DIVIDE

RCL

8

EQUAL

STO

9

RCL

9

+

RCL

2

EQUAL

DIVIDE

RCL   
72

Ll} 1096.

 

 

61

63

64

65

66

67

68

69

70

nm

72

73

4

75

76

77

78

79  

2

EQUAL

2nd, 1/X = LW

2nd, X>t 0.916

EQUAL = 0.99

  



SR-56 PROGRAM NUMBER 7

JET PUMP PRESSURE RATIO FOR LIQUID FLOW

 

 

 

 

2nd, CP

LRN

01 RCL N+

02 2 32 RCL

03] X 33 2

O04 RCL 34. EQUAL

0511 35 SQUARE |= 2.25

06 |EQUAL 36 |STO

07 |SQUARE |= 0,01 3717

08

|

STO 38

|

RCL

09 |6 39 |1

1011 40 SQUARE

1m - 41 |2nd, PROD

12 RCL he 7

1311 43 RCL

14 |EQUAL Ly |4

15 SQUARE = 0.64 45 2nd, PROD

16 INV 46 7

17 2nd, PROD 47 RCL

18 6 48 7

19] 2 L9 INV

20 X 50 SUM

21 RCL 5116

22 |1 52 |2

23 |EQUAL 53

24 |- 54 |RCL

25 |1 551 1

26 |EQUAL 56 |EQUAL = 0.4

27 +/- = 0,60 57 SUM

28 |2nd, PROD 58 |6

29| 6 59 |RCL

301 1 60| 3      

 

73

 

 

61
62
63
64

66
67
68
69
70
71

72
73
7
75
76
77
78
79
80

81
82
83
84
85
86
87  

RCL

6

EQUAL

DIVIDE

RCL

6

EQUAL

2nd, 1/x

R/S

INV

2nd, x>t

  

= 0.912

= N
0.316

= 0.45



SR-56 PROGRAM NUMBER 8

JET PUMP PERFORMANCE FOR LIQUID FLOW

Location Name Value

0

1

2

3

N

Po

0.39

10,0

0.0

scratch

 

2nd, CP

LRN
 

 

01

02

03
oly
05
06
0?
08
09
10

1

12

13
14
15
16
17
18
19
20

21

22

23  

RCL

RCL

EQUAL

RCL

EQUAL

STO

3

1

+

RCL

0

EQUAL

DIVIDE

RCL

3

EQUAL

2nd, 1/X

R/S

LRN  
 

= (N Py) + P

3.9

= 1+N

1.39

= Pp

74
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Dimension

-=- (Pressure Ratio)

Nozzle Pressure, psi
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SR-56 PROGRAM NUMBER 9

ACOUSTIC VELOCITY AND SURGE CYCLE TIME

 

 

 
 

 

Location Name Value Dimension

0 Specific 48.0 1b/1t>
Weight ” 2

1 Liq. Mode 2.16 x 107 1b/ft

2 Pipe Mod. 1.44 x 10° 1b/£t2
3 Pipe thick. 4.08 x 1070 ft
4 Dia. Olt ft

5 g 32.2 ft/sec?
6 Length 100. ft

7 scratch

2nd, CP

LRN

01 RCL 21 DIVIDE

02 4 22 RCL

03 DIVIDE 23 0

oy ( 24 EQUAL = 0.670

05 RCL 25 DIVIDE

06 2 26 RCL

07 X 271 7

08 RCL 28 EQUAL

091| 3 29 2nd, SQRT = Acoustic Velocity,
0!) 30| R/S 24,04, ft/sec

11 EQUAL |= 6.98 _g [31 DIVIDE

12 sto x1 32| RCL

13] 7 33| 6

14 RCL 34 EQUAL

151 35| 2nd, 1/X

16 2nd, 1/X| = 4.635 |36| X

17 som Xx 107 I39f 2
181 7 38 EQUAL = Cycle time, 0.0832 sec.

19 RCL 39| R/S

20| 5 LRN      
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SR-56 PROGRAM NUMBER 10

LIQUID PRESSURE REGULATOR. FLOW

 

 

 
 

 

     

Location Name Value Dimension

0 Head 18.0 ft

1 Spring Rate 0.74 (£+°/sec)/tt of head

2 (Area x Cq X

8.03) 0.2106  ft2 x (ft/sec)'/? Area= 0.0291 ft?
3 Head 19.24 ft

4 dQpgs 0.92 £t2/sec
5(case 1) Head 100. ft

(case 2) 19. ft

6 scratch

t test

2nd, CP

LRN

01 RCL 21 - 41 EQUAL = Spring

02 0 22 RCL 42 R/S 0.742
03 X%t 23] 0 43 GO TO ft/sec

O4 RCL 24 EQUAL 4y 0

05|5 25 STO 451 0

06 INV 26 6 46 RCL

07 2nd, Xt 27 RCL 47 5

08 |5 28 3 48 2nd, SQRT

09 6 29 - 49 X

10 RCL 30 RCL 50 RCL

13 310 512

12 Xt 32 EQUAL 52 EQUAL = Orifice

13 0 33 DIVIDE 53 R/S 2.306
14 RCL 34 RCL S54 GO TO ft/sec

1515 3516 5510

16 2nd, X>t 36 EQUAL |= 1.24 56 0

17 4 37 2nd, 1/X 5710

185 38 X 58 R/S

19 RCL 39 RCL LRN

205 40 4       
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SR-56 PROGRAM NUMBER 11

TANK EMPTYING INTERNAL FLOW

 

location Name Value Dimension

0 scratch

1 count 0 seconds

2 Q, 0.0926 £2/sec (External Flow)

3 vol, 3.0 ft
4 Vol, 2.9 ft
5 (Vol/ft); 19.0 £12/2t
6 (Vol/ft), 19.0 rt3/1t
7 Cq X 8.03 0.2106

8 scratch

9 scratch

t test

77



SR-56 PROGRAM NUMBER 11

TANK EMPTYING INTERNAL FLOW

 

2nd, CP

LRN
 

 

01 RCL
02 4
03 DIVIDE
O4 |RCL
05 6
06 EQUAL
07 sTO
088
09 RCL
103
11 DIVIDE
12 RCL

1315

14 EQUAL
15 -
16 RCL
17 8

18 EQUAL
19 sTO
20 8

21 |INV

1]

Hy, , 0.153

ft

Hy 0.158
ft

dH, 0.0053
ft

22 2nd, X>t Test

23 6

2h 4

25 |RCL

26 |8

27

28 X

29 RCL

307   2nd, SQRT

dH< O

 

 

32

33
34
35
36
37
38
39
40

41

42

43
ul
45
46
47
48
49
50

51
52

53
54
55
56
57
58
59
60  

EQUAL

STO

INV

  

0.0153

= 2.9847

Test
Vol, < 0

= 2.915

2.82

Test

Q> Vol,
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61
62
63
64
65
66
67
68
69
70

nN

72
73
7%
75
76
77
78
79
80
81

82

84    

End of
Time Interval



APPENDIX II. ADDITIONAL FLUID PROPERTIES

Figure

. Hydrogen Specific Weight

. Methane Specific Weight

. Oxygen Specific Weight

. Hydrocarbon Specific Weight

. Water Solubility in Aviation Kerosene

. Gas Solubility in Aviation Kerosene

. Hydrocarbon Vapor PressureN
N
O
W
O
N
—
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Water Solubility in Aviation Kerosene
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