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Centrifugal irrigation pumps discharge fluids at high velocities that must be slowed

to minimize energy losses due to friction. Pipe expansions make the transition to larger

pipes associated with slower velocities. Expansions convert the upstream velocity head

to static head in the downstream pipe. The transition to a larger pipe is commonly an

abrupt or single-stage conical pipe expansion. Two-stage conical pipe expansions have

been shown to be more efficient and a potential alternative.

Four two-stage pipe expansions using standardly available materials were

constructed and tested at common irrigation flow rates. These expansions require less

space and cost less than optimum two-stage expansions. Pressure change across the pipe

expansions were measured. The calculated head loss coefficients were compared to

published values of abrupt, single-stage, and optimum two-stage pipe expansions.

Head loss coefficients for the 50 - 100 mm and 75 - 150 mm two-stage expansions

averaged 0.32 and 0.28 respectively. Loss coefficients for the 100 - 200 mm and 125 -

250 rim two-stage expansions averaged 0.16 and 0.17 respectively.

The two-stage expansions operated more efficiently than abrupt and single-stage

expansions and were economically practical for many pumping situations. The 50 - 100

mm two-stage expansion was only a slight improvement over a single-stage welding

cone expansion. The fitting was economical as electricity prices rose over $0.05/kWh
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for crops requiring 3000 annual operating hours. The larger fittings became

progressively better. The 75 - 150 mm expansion became economically practical at

$0.03/kWh when operating more than 1,600 hours. The 100 - 200 mm and 125 - 250

mm two-stage fittings were always practical. Beginning with the 75 - 150 mm size and

increasingly with the next two larger sizes, optimum two-stage fittings became

economically competitive. Optimum two-stage expansions operated most efficiently,

but because of their high cost were only practical for high electricity costs and long

irrigation seasons.

The three largest two-stage expansions tested are improvements over abrupt or

single-stage expansions when constructing a pump discharge. Replacing an existing,

less efficient expansion may not be cost effective because the existing fitting cost is lost.

While only a small part of an irrigation system, these two-stage expansions can improve

system performance with little extra cost and without requiring difficult to obtain

components.
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List of Symbols

A1 Upstream pipe area (L2).

A '1 Pipe area at the end of conical section in a two-stage expansion
(L2).

A2 Downstream pipe area (L2).

a Kinetic energy correction factor.

Momentum correction factor.

d1 Upstream pipe diameter (L).

d Diameter of end of conical expansion of two-stage expansion (L).

d2 Downstream pipe diameter (L).

D Ratio of downstream to upstream pipe diameters.

Energy loss per unit volume (L).

y Ratio of velocity outside the boundary layer and cross sectional
mean velocity.

g Acceleration due to gravity (LT2).

K Loss coefficient relating energy loss to the square of the approach
fluid velocity.

Loss coefficient relating energy loss to the square of the difference
between approach and downstream velocities of a pipe fitting.

K2 Loss coefficient relating energy loss to the difference between
squares of the approach and downstream velocities of a pipe fitting.

Kexp Component of energy loss coefficient K in an expansion accounted
for by internal fluid forces.
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Kfr Component of energy loss coefficient K in an expansion accounted
for by friction losses along the wall of the expansion.

I Horizontal length of conical section of a pipe expansion (L).

L Ratio of cone length to upstream pipe diameter, (lid1).

The friction coefficient of a unit length of pipe determined as a
function of the Reynolds number.

P1 Static pressure in approach pipe section of a fitting (FL2).

P2 Static pressure in downstream pipe section of a fitting (FU2).

Upstream inside pipe radius (L).

r2 Downstream inside pipe radius (L).

p Fluid density (FE3).

8 Internal divergence angle of the conical expanding section as in an
single or two-stage pipe expansion.

V1 Average upstream velocity (LT1).

V2 Average downstream velocity (LT1).



PRACTICAL TWO-STAGE PIPE EXPANSIONS FOR CENTRIFUGAL

PUMP IRRIGATION

INTRODUCTION

Centrifugal pumps supply water to large areas of ithgated lands around the world

as well as numerous municipal and industrial applications. Hansen and Shearer (1983)

tested many pumping plants in Oregon operating below an economically acceptable

efficiency level. Of the pumps tested, 21 percent operated at less than 50 percent

efficiency. In these tests, pipe expansion performance was included in the pumping

plant efficiency. In many cases, poor pump discharge configurations, including poor

pipe expansion configurations were listed as causing part of the poor performance.

The key component in the pump discharge configuration is the pipe expansion.

The characteristic high exit velocity of centrifugal pumps makes pipe expansions

important because transmitting water at a slower velocity requires less energy.

Generally, the expansion both reduces fluid velocity and increases static pressure.

Ideally, an expansion reduces fluid velocity while completely converting the velocity

head to static head. When this transition is a sudden expansion, most velocity head

energy is lost. Large pressure losses may cause poor system performance and higher

energy costs. Minimizing the energy loss in an expansion while maintaining practical

spatial considerations remains important for commercial uses of expansions.

The transitions commonly used are the abrupt and single-stage expansions. The

cross-sections of an abrupt, single-stage and two-stage expansions are shown in Figure 1.



Figure 1: Three Expansion Configurations

N

2

The abrupt expansion is simple and inexpensive to manufacture, but possesses a

high operating cost. A single-stage conical expansion is the most commonly suggested

method to lower head losses. This expansion uses a welding cone to connect two pipes

of unequal diameters. The smaller the interior divergence angle of the gradual

expansion, the lower the head loss. The optimum single-stage fitting is limited to about

6° divergence angle because wall friction losses limit the benefits. Geometrically

optimum cones are both expensive and difficult to fabricate. Because of their high initial

cost, long expansions are not commonly stocked by irrigation equipment dealers.

Irrigation dealerships usually do not have the facilities to fabricate a long, gradual

expansion of specific dimensions, therefore sheet metal fabricators and other machine

shops have to construct such expansion fittings.

An alternative that has not been commonly used is a two-stage pipe expansion.

This expansion begins as a gradual conical expansion and then abruptly expands to the

larger pipe diameter (see Figure 1). While not quite as energy efficient as a long gradual

expansion, the two-stage expansion costs less because it is much shorter. Spatial

limitations are important when updating existing pumping plants.

Abrupt Two-Stage Single-Stage
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Laliberte' et al. (1983) studied optimal two-stage expansions while on sabbatic

leave at Oregon State University. His work suggests that the two-stage expansion is

more efficient than an abrupt or single-stage expansion. The cone in the optimal

two-stage expansion is nearly as expensive and difficult to fabricate as that of the

optimal single-stage expansion. If the two-stage expansion is fabricated with commonly

available components, much of the energy is saved, the cost is minimized, and space

saved.

Assuming the two-stage expansion has a purchase cost similar to the abrupt and

single-stage expansion, the standard two-stage wifi be an economical alternative to an

abrupt or single-stage expansion. The question is how the two-stage fitting compares to

optimum two-stage expansions and what conditions favor the use of the standard

two-stage.

OBJECTIVE

The first objective of this research was to design and construct four two-stage pipe

expansions. The pipe expansions were designed for centrifugal pumps in irrigation

service with typical Reynolds numbers around 3.5 X iO. The fittings designed for these

tests were fabricated from standard available materials.

The second objective was to test the hydraulic performance of the two-stage pipe

expansions. After measuring the energy loss through the fittings, the tested expansions

were economically compared to abrupt and single-stage expansions as well as



theoretically optimum two-stage pipe expansions. Energy prices and irrigation season

lengths where these two-stage expansions operate at least total cost compared to other

expansions were analyzed.



LITERATURE REVIEW

Pipe expansions reduce fluid velocity and increase static pressure in piping systems.

Pipe expansions commonly cause fluid separation and disrupted boundary layers. When

fluid is decelerated, as in expansions, positive pressure gradients promote separation,

eddy formation, and large energy dissipation.

Expansion performance is measured by the pressure recovery downstream. The

pressure recovery is the kinetic fluid energy difference between the smaller upstream and

larger downstream pipe. Abrupt, single-stage and two-stage expansions have been tested

and modeled to predict efficiencies and local losses.

Energy Loss in Fittings

The energy loss in pipe fittings can be expressed several ways. One method

expresses the energy loss as a coefficient multiplied by the average approach velocity

head, written as:

v2
AE =K-

2g

where AE is the energy loss per unit weight, (L)

V1 is the average approach velocity, (LT')

K is the energy loss coefficient, and

g is the acceleration due to gravity. (LT2)

The energy loss coefficients can also be expressed as a function of the change in

5
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velocity head:

(V1 - V2)2
= K1

2g

or,

cv12 - V)
= K2

2g

where K1 and K2 are two individual loss coefficients. V2 is the average downstream fluid

velocity.

By relating the two equations above to one another with the continuity condition,

the energy loss coefficients for pipe expansions are related as:

K _K1[
1)]2

- D2

K=KI1)
'LD4

K1
=K2D + i]

where D is the ratio of downstream to the approach pipe diameter.

Using the above relationships, a single loss coefficient, K, can express the energy

loss through a fitting. Values of K2 and K1 have been experimentally determined by

Gibson (1911), Archer (1913) and others for various pipe expansion geometries.
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Energy Loss in an Abrupt Expansion

Analytical methods relying on the conservation of mass and momentum can estimate

the energy loss in an abrupt expansion. These methods assume ideal, incompressible,

uniform flow entering the expansion and becoming uniform again after adequate

distance downstream. Satisfying momentum and continuity equations gives an

expression for the pressure difference expressed as:

(2
P1_P2=pV2 _! (7)

2

Substituting this result into the Bernoulli energy equation and eliminating V2 by the

continuity equation, the energy loss, can be written as:

where K is based on the smaller pipe diameter that is associated with higher fluid

velocities.

Gibson (1911) and Brightmore (1906) experimentally determined the energy loss

coefficient, K1, for abrupt expansions. The following equation closely estimates the loss

coefficients as:

7

7 A \2ij2
LIE =

'i
A212g

V1

(8)

The terms can be arranged so that the loss coefficient, K, can be expressed as:

I A\2
A2

(9)



0.997
0.081

K1 - l..o81 \D 1

where V1 is expressed in meters per second.

Archer's equation yields values similar to those developed by Gibson. Values of

K1 typically approach unity. Most reference books assume K1 to be independent of V

and D and list K1 = 1.00 for abrupt expansions (Gerhart and Gross 1985).

8

102.5 + 0.25D2 - 5.1d1
K1= (10)

100

where D is the ratio of the exit and approach diameter. The symbol d1 represents the

approach diameter given in centimeters.

Archer (1913) experimentally estimated the energy loss in an abrupt expansion as a

function of the fluid velocities expressed as:

(V1 - V2)'919
= 1.098

2g

where LE is expressed in feet of water and 17 and V2 are expressed in feet per second.

Equation 11 is only the internal fluid losses of an abrupt expansion because Archer

corrected for the pipe wall friction losses between measurement points.

By combining Equation 2 and 11, the loss coefficient K1 is expressed in terms of

approach velocity and the diameter ratio, D.

(12)



Energy Loss in a Single-Stage Gradual Expansion

An expansion that diverges at angles less than 1800 ceases to be a sudden expansion

and becomes a gradual expansion. The gradual widening of flow passage for an

expansion increases pressure and lowers mean fluid velocity. At large diverging angles,

flow separation from the diverging walls causes higher head loss. The total resistance

coefficient of a gradual expansion becomes lower with smaller divergence angles, but is

limited to about 6°. Below 6°, the pipe wall friction losses become excessive causing a

higher head loss.

Andres (1909) expressed the energy loss of a gradual, conical expansion as:

(V - V)
LE =K2

2g

where K2 is a function of the interior divergence angle (9).

Andres experimentally obtained values of the coefficient K2 ranging between .033

and .1 for 2° 9 12°. Gibson (1911) developed values (.16 K2.67) for larger

divergence angles, 15° 8 Using these values of the empirical constant K2, the

head loss of a gradual expansion can be expressed in terms of the overall loss coefficient

and the upstream velocity using Equation 5 and Equation 1.

(13)

Gibson found that friction losses became larger than internal fluid losses in gradual

expansions with diverging angles less than 6°. Gibson showed that K1 reached a

9



minimum at about 5° and increased at angles less than 5°. The minimum K1 varies not

only with the divergence angle, but also with wall surface roughness. For gradual

expansions, Gibson experimentally determined K1 to be:

K1 =0.01108122; 6° 35° (14)

or

K1 = 1.5368122;0.l0rad 0.6lrad (15)

Ideichik (1986) proposed that the energy loss coefficient reflects the wall friction

loss and the internal fluid losses:

K=Kfr+KeXp (16)

where Kfr is the friction loss coefficient and Kexp is the local resistance due to the

expansion. Idelchik suggested that Kfr for an abrupt expansion be assumed zero, but for

a gradual expansion the friction loss coefficient is:

(8ID-1
Kfr = icosec)t D4 }

where ?. is a friction coefficient for a unit length of pipe determined as a function of the

Reynolds number and the pipe wall roughness. Idelchik provided graphs of X as a

function of Reynolds number. With a few exceptions, the friction coefficient X of all

commercial pipes can be determined by the Colebrook-White equation. X is the same as

the friction coefficientf associated with Moody diagrams.

10
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The value Of Kexp for gradual conical expansions is given by:

' D2
2

Kexp = 3.2tanJ)
{ D2

i} ;0° <9<400

Joining Equations 17 and 18, Ideichik expressed the overall loss coefficient for

interior angles between 0 and 40 degrees as:

K = cosec(J[D
4 11+ 3.2fta4j25[

1]20 <9<400 (19)

which can be used in Equation 1 to express total head loss.

Vennard and Street (1976) defmed the optimum single-stage expansion to be of the

proper shape and minimum length which produces minimum head loss and maximum

pressure increase downstream. Vennard and Street concluded that the optimum

divergence angle lies between 6° and 8° and depends on the upstream velocity

distribution.

Energy Loss in a Two-Stage Expansion

The two-stage, or stepped, expansion uses a conical diverging section leading to an

abrupt expansion. Gibson (1911) studied two-stage expansions and noticed that

two-stage expansions with short lengths and diverging cone angles> 10° have high

energy losses.

Gibson derived an equation to estimate the energy loss in a two-stage expansion:

11
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(V V2)2
2g

"I' 2 '\2 2 212F
I r2

i {Ki[1
r 212 + I r1 r1

rrJ (ri+i)] [(ri+lJ r]JJ

12

(20)

where r1 and r2 represent the radii of the approach and exit pipes while I is the horizontal

length of the expansion.

Using Equation 15 for the coefficient K1, and rearranging Equation 20, K can be

written as:

- 2

K = 1.5369L22 1 -
(1+Le)2] +[(1e)2

2]2o.1oradeo.6lrad (21)

where L = the expansion length measured in approach diameters, that is L = lid1. The

first term in Equation 21 reflects the energy loss of the conical section and the second

term reflects the energy loss in the final stage of the expansion. To minimize the energy

loss, Gibson proposed that an optimum two-stage expansion with specific geometric

proportions would be more efficient than the abrupt and single-stage conical expansion.

For a given value of D and L there is some optimum value of 8 yielding a minimum K

value. Gibson used a trial and error procedure to produce optimum K values for a few D

and L values. An iterative solution for the minimum K value can be done with a

computer.

Ideichik (1986) developed a similar equation for the total resistance coefficient of a

multistage expansion. He related the pipe area ratio and the relative length of the

multistage expansion to a corresponding optimum divergence angle, at which the total
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resistance is minimum. Ideichik developed graphs of total pipe area ratios and relative

cone length to graphically determine the optimum divergence angle and minimum head

loss coefficient.

Both Idelchilc and Gibson analyzed the two-stage expansion to determine optimum

interior diverging angles. Optimum divergence angles depended on the pipe diameters

and the horizontal cone length. These optimum interior angles ranged between 6° and

12°. The loss coefficients for these divergence angles ranged between 0.02 and 0.20.

Both the optimum divergence angle and K-factor are dependant on the horizontal cone

length.

Furuya and Sato (1960) studied two-stage and single-stage conical expansions with

various diverging angles. Furuya and Sato measured losses in two-stage conical

expansion far less than in simple conical expansions of equal length, when diverging

angles exceeded 20 degrees. The tested expansions had an inlet to outlet pipe area ratio

of A1/A2 = 0.284.

Assuming zero boundary layer thickness, Furuya and Sato estimated the loss

coefficient as:

K_( A'2
t1A2)

where A1' is the exit area of the diverging cone at the entrance to the large pipe.

(22)



Using the above equation, Furuya and Sato calculated values slightly lower than the

experimental results. The assumption of zero boundary layer thickness caused the

difference. Taking in to account the boundary layer effects, the loss coefficient was

expressed as:

{ -
(A1 '2 (A '\2 -2-"ct.'

K +
(2a -

A1A2) J

I A1'\2

where a, and y represent coefficients related to boundary layer thickness while A1/A2

reflects the effect of flow separation. Equation 23 corresponded closely to the

experimental values observed by Furuya and Sato. They suggested that the loss

coefficient depends mainly on the flow separation when the divergence angle is greater

than 20 degrees. Erratic data reading problems were experienced by Furuya and Sato.

These problems were linked to flow separation and unstable flow.

Laliberte'et al. (1983) studied a wide range of sizes and configurations looking for

the optimum configuration of two-stage expansions. Laliberte'et al. modified equations

developed by Gibson (1911), and solved for the optimum interior divergence angle, 0, by

differentiating Equation 21 with respect to 8:

4 5 4 (v, + 1 2 4 1b_+2' 4 r(l +L80)2
1=0 (24)

b b J80+abL400bL D2
1

14

(23)
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where a and b are 1.536 and 1.22 respectively, when 9 is expressed in radians. Equation

24 applies in the range 0.63° 9 34.9° (0.0110 rad 9 0.61 rad). Mustafa (1984)

experimentally tested some optimum two-stage pipe expansions. The optimum

divergence angles for several diameter ratios and expansion lengths were presented by

Mustafa (1984) and Laliberte' et al. (1983).



MATERIALS AND METHODS

Fitting Design and Fabrication

Four two-stage expansions were designed and fabricated to match centrifugal pumps

commonly found in irrigation installations. The fittings were designed for nominal, 50

mm to 100 mm diameter, 75 mm to 150 mm, 100 mm to 200 mm and 125 mm to 250

mm transitions. The two-stage expansions were designed to use standard welding cones.

These cones have divergence angles ranging between 0.48 and 0.66 radian (28 to 38

degrees). The dimensions of the fittings are shown in Figure 2 and Table 1. A drawing

of each tested expansion is in Appendix A.

Figure 2: Expansion Configuration

16



Table 1: Dimensions of Expansions Tested

17

The expansion test configurations required both an approach pipe and a tail pipe.

The approach, or upstream, pipe extends from a constant head storage tank to the

expansion. The approach pipe was at least ten diameters long with a uniform

cross-section to create a stable water profile entering the expansion. The tail, or

downstream, pipe had to be long enough to measure the total pressure recovery after the

expansion. Ten pipe diameters were adequate for this purpose.

The 50 mm to 100 mm and 75 mm to 150 mm expansions and their approaches and

tail pipes were both constructed as one welded unit. The 100 mm to 200 mm expansion

used 100 mm diameter steel pipe welded to the steel cone for the approach and first stage

of the expansion. The steel cone was flanged to 219 mm PVC pipe to complete the

two-stage expansion and tail pipe. PVC pipe was easier to fabricate and work with

during the testing. The 125 mm to 250 mm expansion also used steel pipe for an

approach and PVC for the downstream section.

Eleven pressure taps were installed in each expansion configuration; 2 upstream at

the entrance of the conical expansion and 9 spaced at one diameter intervals downstream

from the expansion. The pressure taps consisted of a small (3/8") hole drilled into the

Exp.
mm-mm

d1
(mm)

d1'
(mm)

d2
(mm)

A
(mm)

B
(mm)

C
(m)

Angle
(RaLI.)

50-100 52.2 68.7 96.1 609.6 31.50 1.219 0.502
75-150 77.9 121.5 146.9 914.4 87.63 1.829 0.487
100-200 96.1 147.7 209.4 1219.2 75.69 2.438 0.657
125-250 121.5 203.2 262.9 1524.0 127.00 3.048 0.623



Facilities

Tests of the two-stage pipe expansions were conducted in the Hydraulics Laboratory

of Graf Hall at Oregon State University. See Figure 4. Three different pumps located on

the ground floor discharged various flow rates from a reservoir beneath the building to

the second floor testing area.

Two Pelton eight inch double volute section centrifugal pumps were used. Each has

a discharge capacity of 5.678 m3s1 (1500 gpm) at a head of 22.8 meters, at 1175 rpm.

18

pipe with a 1/4" NP'F nipple welded over the hole. Holes were drilled and tapped when

using the PVC pipe. Threaded bushings were installed in tapped holes in the PVC pipe.

A valve threaded into the nipple or bushing was connected to 6mm flexible tubing

leading to an air-water manometer. These tap configurations allowed pressure

measurements with limited flow interference. Figure 3 shows the U-tube manometer and

pressure tap configuration.

Figure 3: Pressure Tap Configuration

Air--Wo.±er- nomeber

mm Fexoe Ting

oP T2j
1Oc1 1Oo
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The two pumps operated in series, parallel or individually. The third centrifugal pump

was a Worthington four inch double volute section pump. It could operate at 600, 900,

1200 or 1750 rpm. This smaller pump discharges a maximum 2.08 m3s' (550 gpm) at

41.1 meters head, at 1750 rpm.

The storage tank located on the second floor receives water discharged from the

pumps and maintains a constant head of water. Controlling the amount of water entering

the tank and allowing the water height in the tank to stabilize creates a steady, constant

flow rate throughout the experiments. Extending from the base of the storage tank, the

experimental apparatus attaches by either flanged fittings or compression couplers.

Additional pipe was connected to the expansion fittings to span the 10 meters between

the storage tank and the weighing tanks. Average flow rates were measured by timing

the filling of a tank. Each of the two weighing tanks could hold up to 7258 kgs (16,000

ibs) of water.



Figure 4: Layout of Testing Facilities

Storage Tank
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Pump Discharge

Experimental Procedure

The change in energy across the expansions is represented by the pressure differences

between a reference pressure tap upstream of the two-stage expansion and taps

downstream. The test of each two-stage expansion measured the pressure recovery at

various flow rates. A U-tube air-water manometer measured the hydraulic pressure

difference between the upstream and downstream pipe pressure taps.

Second Floor

\deigh Tanks

20
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When the water depth in the storage tank stabilized the flow rate was assumed to be

constant. The pressure differences and flow rate were then measured for that flow rate.

Sets of measurements were taken for several flow rates typical of irrigation systems with

centrifugal pumps.

Computations

A computer spreadsheet calculated the expansion loss coefficient based on the

approach fluid velocity and the average differential pressure readings for the three

pressure taps farthest downstream. The last three pressure tap readings were chosen to

represent the maximum pressure recovery. The upstream and downstream fluid

velocities were calculated using the measured flow rate and pipe diameters. Individual

and average loss coefficients were calculated for each expansion. Total operating costs

of the abrupt, single-stage, and optimum two-stage expansions were compared to the

expansions tested using the measured head loss coefficient.



RESULTS

Pressure Recovery

The measured pressure recovery profiles of each expansion tested are shown in

Appendix B. The increased pressure along the downstream pipe makes up a pressure

recovery profile. The rate of pressure recovery is high near the expansion exit and

decreases further downstream. For each test the recovered pressure stabilized about 7 to

8 pipe diameters downstream. About 95% of the pressure recovery occurred in the first 4

pipe diameters.

In the field, fittings such as valves should be placed after the flow has stabilized for

maximum pressure recovery. Irrigation fittings placed beyond 7 to 8 pipe diameters

from the expansion would ensure maximum pressure recovery. Fittings placed within

this length of pressure recovery will decrease expansion performance and increase

energy loss.

Head Loss Coefficients

The head loss coefficient, K, for each expansion at various flow rates are shown in

Figures 14 - 17 in Appendix C. There axe two coefficient values for each flow rate

corresponding to the two upstream pressure taps. Table 2 shows the average loss

coefficients of the tested two-stage expansions.

22
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The 50 mm to 100 mm expansion head loss coefficient ranged from 0.29 to 0.38 for

flow rates up to about 0.0145 m3s'1 (230 gpm). The average loss coefficient, K, was

0.32. The head loss coefficient was constant with increasing flow rate.

The 75 mm to 150 mm expansion was less consistent than the 50 mm to 100 mm

expansion. Head loss coefficients increased with flow rates up to about 0.019 m3s' (300

gpm). Above 0.019 m3s1, the K values fluctuated yet stayed within 0.24 to 0.39

throughout flow rates approaching 0.025 m3s1 (400 gpm). The overall average

coefficient was 0.28.

The 100 mm to 200 mm two-stage expansion proved to be the most difficult to test

and evaluate. The differential pressure readings fluctuated at high flow rates (see

Figures 11 and 12). Retesting the expansion at similar flow rates did not always produce

consistent data. The differential pressure readings appeared more consistent at flow rates

below 0.025 m3s' (400 gpm). At higher pump discharges, suction in the reference taps

would not allow accurate manometer readings. In an effort to reduce the manometer

fluctuations, flow straighteners and higher ambient fluid pressure within the limit of the

constant head tank were used but had little effect. The loss coefficients, K, generally

ranged from 0.10 up to 0.30. In spite of the erratic pressure readings, the K values

stabilized at flow rates above 0.025 m3s'. Interestingly, the differential pressure

readings were stable below 0.025 m3s', but the K values were more consistent above

0.025 m3s'. The average loss coefficient was 0.16 at flows above 0.025 m3s1.



The 125 mm to 250 mm expansion was stable and consistent at flow rates above

0.025 m3s' (400 gpm). Below 0.025 m3s', the calculated head loss coefficients

fluctuated as in the 100 mm - 200 mm expansion. This expansion had an average loss

coefficient of 0.17 for flow rates above 0.025 m3s'.

Both the 100 mm to 200 imn and 125 mm to 250 mm expansions were more erratic

and had higher average loss coefficients at flow rates below 0.025 m3s'. Conversely, the

coefficients stabilized at flows above 0.025 m3s'. A 0.025 m3s1 flow rate in the 100 to

200 mm expansion has a Reynolds number of 1.5 X i05 and a downstream velocity of

0.75 ms1. The average loss coefficients above 0.025 m3s' were chosen to be

representative of the expansions because common irrigation velocities of about 1.2 ms1

will be above this threshold when using a 200 mm or 250 mm mainline.

Stability Problems

At high flow rates, the upstream pressure taps experienced low or negative static

pressure due to high fluid velocities. This caused the air-water manometer used

throughout the testing to read erratically. This problem of low static pressure at high

velocities limited the high flow rates that could be tested. Due to the pressure problems,

the maximum flow rates obtained in each expansion tested may not be as high as some

irrigation system discharges.

Erratic pressure readings, such as in the testing of the 100 to 200 mm expansion,

suggest unstable fluid profiles and fluid separation. Although the erratic readings

usually occurred at higher flow rates, the corresponding head loss coefficients were more

24



25

stable than those at lower flow rates. The loss coefficients varied more at lower flow

rates where the Reynolds number was approaching the transition zone. Reynolds

numbers for the tests ranged between 10,000 and 350,000. The higher values represent

turbulent flow, but not completely turbulent flow in smooth pipes.

Comparison of Head Loss Coefficients to Past Work

Tested Two-Stage vs. Abrupt and Single-Stage Expansions

Table 2 compares the head loss coefficients measured experimentally with

theoretical and empirical values for abrupt and single-stage expansions. The comparable

single-stage expansions used divergence angles equal to those of the tested expansions.

As expected, the two-stage expansion head loss coefficients proved better than either an

abrupt or single-stage expansion using similar divergence angles except for the 50- 100

mm single-stage expansion predicted by Ideichik.

Table 2. Comparison of Two-Stage vs. Abrupt and Single-Stage Head Loss Coefficients

Tested
Expansions
(mm-mm)

Measured K
(average)

Single-Stage
(Ideichik)

Eq. 19

Single-Stage
(Gibson)

Eq. 14 & 4

Abrupt
(Gibson)

Eq. 10 & 4

Optimum
Single-Stage

e =6°
(Ideichik)

Eq. 19

50- 100 0.33 0.294 0.327 0.488 0.072
75 - 150 0.28 0.297 0.330 0.502 0.074
100 - 200 0.16 0.525 0.587 0.599 0.084
125-250 0.17 0.486 0.543 0.582 0.084
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The measured head loss coefficients are averages of all tests performed for the 50

mm to 100 mm and 75 mm to 150 mm expansions. The listed K values for the 100 mm

to 200 mm and 125 mm to 250 mm are averages for flows above 0.025 m3s'.

The experimentally measured loss coefficients for the two-stage expansions are

less than Gibson's values for either the abrupt or single-stage expansions with equal

divergence angles. Equations 10 and 14 are used to calculate the head loss coefficients

of abrupt and single-stage expansions, respectively. Equation 10, used to calculate the

head loss coefficient K1 of an abrupt expansion, produces values near unity. Applying

K1 to Equation 4 yields the overall loss coefficient K values in Table 2.

Compared to Ideichik's values for the single-stage, the measured two-stage loss

coefficients are lower except for the smallest two-stage expansion. Ideichik's equation

for an optimum single-stage expansion, using a divergence angle near 6°, has much

lower loss coefficients than the tested two-stage expansions.
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Tested Two-Stage vs. Past Two-Stage Expansion Work

Table 3 lists the measured, predicted and optimum two-stage head loss coefficients.

Table 3. Comparison to Optimum and Other Two-Stage Head Loss Coefficients

Head loss coefficients for each optimum two-stage expansion were calculated

using Equation 21. The optimum divergence angle for a two-stage expansion depends

on the diameter ratio and cone length. Iterative solutions of Equation 24 found the

optimum divergence angles of two-stage expansions using the tested dimensions of pipe

diameters and cone lengths. The values for the optimum two-stage expansion with

e = 0.l7rad (10°) were also calculated solving Equation 24 iteratively for cone length

then applying Equation 21. Optimum two-stage expansions using 0.17 radian cones

have lower loss coefficients than the tested expansions.

The measured two-stage expansion head loss coefficients do not agree with

Gibson's equation for the two-stage expansions. The nominal 50 mm - 100 mm

expansion loss coefficient was overestimated by Gibson's equation. Gibson's equation

approximated the tested 75 mm - 150 mm expansion, but underestimated the two larger

Tested
Expansions
(mm-mm)

Measured K
(average)

- Optimum Two-Stage
(Laliberte') Eq. 24 & 21

using test dimensions

Optimum
Two-Stage

0= 0.l74rad

Empirical
Two-Stage
(Gibson)
Eq.21

50-100
75 - 150
100-200
125-250

0.32
0.28
0.16
0.17

Angle (rad) K 0.411
0.185

0.291 0.145
0.385 0.224
0.327 0.199

0.084
0.089
0.109
0.108

0.196
0.235
0.344
0.369
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expansions. It should be noted that the divergence angles of these two larger tested

expansions are outside the range of angles to which Gibson limited the application of

Equation 21. These two larger expansion have larger divergence angles than allowed by

Gibson and diameter ratios, d2/d1, causing the over prediction.

The two-stage loss coefficients appear to be non-linear and size dependent over all

test flow rates, but appear constant in the applicable flow range. Equations developed by

Gibson and others suggest that the loss coefficient for an expansion is constant. With the

exception of the 50 mm - 100 mm expansion, the loss coefficients varied non-linearly

with increasing flow rate (refer to Appendix C). The variation in loss coefficients is

most notable in the two larger expansions tested. The corresponding loss coefficients

fluctuate more at flow rates below 0.025 m3s' where the Reynolds numbers were below

about 1.5 x i05. A possible explanation for the variations may be that these low

Reynolds numbers are approaching the transition zone between laminar and turbulent

flow.



Cost Analysis

Total operating cost of the expansions tested were compared to comparable abrupt,

single-stage conical and optimum two-stage expansions. The comparisons were made

with vaiying electricity costs and operating hours in an irrigation season.

Total Fitting Cost

The total annual cost determines the best expansion configuration for a given

situation. The total cost is the fixed plus operating costs. The fixed costs in this analysis

are to purchase and install the fitting. The purchase price of a fitting includes material

and manufacturing costs. Fitting manufacturing costs assume that all fittings will be

installed with flanges on both ends. All the fittings would costless if welded in place,

but this would make disassembly difficult. Differences in manufacturing costs are due to

the size of flanges, amount of welding and type of welding cones required. Table 4 lists

the total initial cost of the fittings used in the cost analysis. The operating cost is the

value of energy lost in an expansion over an irrigation season. Uniform annual cost was

calculated by standard methods assuming an economic life and interest rate (see cost

comparison worksheets in Appendix E).

29



Table 4: Total Initial Fitting Costs

30

* Manufacturer Quoted Price

Equal Cost Curves

Appendix E contains the economic analyses used to compare the tested two-stage

expansions to abrupt, single-stage conical and optimum two-stage expansions. Equal

total annual cost curves of tested two-stage versus abrupt, single-stage and optimum

two-stage expansions are shown in Figures 18-2 1 in Appendix D. The equal cost curves

are when the two-stage expansion has a total annual cost equal to that of another

expansion type. The cost surve are shown as functions of electricity costs and annual

pumping hours. When compared to the abrupt and single-stage expansion, the two-stage

fitting is more economical to operate above the equal cost curve. Likewise, the

compared expansion is preferred at conditions below the corresponding curve. A change

in the purchase price or the expansion dimensions affects the shape of the curve. For

example, an expensive, more efficient expansion will have to operate longer to be more

economical than a less expensive, less efficient expansion. The pumping hours required

for the two-stage cost to equal an abrupt, single-stage and optimum two-stage costs are

listed in Tables 5, 6 and 7.

Size
mm-mm

Abrupt Single-Stage Tested
Two-Stage

Optimum
Two-Stage

50-100 $14.00 $35.00 $36.18 $98.00
75-150 $16.50 $41.00 $43.00 $110.00
100-200 $17.50 $47.50 $48.00 $127.00
125-250 $20.00 $51.00 $56.00 $132.00



Table 5: Pumping Hours of Equal Cost for Tested Two-Stage vs. Abrupt

Table 6: Pumping Hours of Equal Cost for Tested Two-Stage vs. Single-Stage

Table 7: Pumping Hours of Equal Cost for Tested 2-Stage vs. Optimum 2-Stage

Compared to the abrupt and single-stage conical expansions the tested two-stage

expansions operated with less energy. While the lower loss coefficients of the tested

two-stage expansions created lower operation costs, the two-stage expansions generally

had a higher initial purchase cost. Abrupt expansions cost less than a two-stage

31

Test Electricity Costs ($/kWh)

mm-mm 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

50-100 5740 2870 1913 1435 1148 957 820 718
75-150 1983 992 661 496 397 330 283 248
100-200 319 159 106 80 64 53 46 40
125-250 258 129 86 64 52 43 37 32

Test Electricity Costs ($/kWh)

mm-mm 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

50-100 6447 3224 2149 1612 1289 1075 921 806
75-150 665 332 222 166 133 111 95 83
100-200 5.4 3 1.8 1.3 1.1 0.9 0.8 .7
125-250 40 20 13.2 9.9 8 6.6 5.6 5

Test Electricity Costs ($/kWh)

mm-mm 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

50-100 11332 5666 3777 2833 2266 1889 1619 1417
75-150 5828 2914 1943 1457 1166 971 833 729
100-200 6748 3374 2249 1687 1350 1125 964 844
125-250 3874 1937 1292 969 775 646 554 484
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expansion because of its manufacturing simplicity. The two-stage expansion generally

produced a net savings once the electricity cost and pumping hours grew large as seen in

Table 5.

Both the two-stage and single-stage expansions required two flanges, two welds

and a welding cone creating similar purchase costs. The two-stage expansion required a

larger outlet flange than a single-stage expansion, but the single-stage required a longer

welding cone. Due to similar initial costs and having lower operating costs, the

two-stage expansion became the preferred expansion after a short time period. Table 6

shows that the larger expansion sizes become preferred after short operating times.

The optimum two-stage expansion used in the cost analysis used the same

upstream and downstream pipe diameters as the tested two-stage expansions, but used a

cone with a 0.17 rad. (100) divergence angle. The optimum expansions operated more

efficiently than the tested two-stage, but had a higher purchase price requiring longer

operation times to become preferred over a two-stage expansion. Table 7 shows the

number of pumping hours required for equal cost.

The equal cost curves determine whether the two-stage is preferred over another

expansion type. Since the curves are relative to the two-stage expansions, the curves do

not compare the performance of the other expansion types such as the single-stage vs

abrupt. When conditions lead to points near the equal cost line, the less expensive

expansion is usually preferred because the cost analysis did not consider the extra effort

required to find a special welding cone or flange. The lack of available optimum cones

may make the optimum expansion an impractical alternative.
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Based on the economic analysis, the smaller two-stage expansions offer little

advantage over the abrupt and single-stage expansions. The nominal 100 mm - 200 mm

two-stage expansion will usually be a practical alternative to the abrupt or single-stage

expansions. Similarly, the 125 mm - 250 mm two-stage expansion is practical over both

the abrupt and single-stage for most situations. The optimum two-stage expansions are

more practical at high electricity costs and long pumping hours.

Regions of Practicality

The two-stage expansion is practical under certain conditions between the less

efficient abrupt and single-stage and the more efficient optimum expansions. The

practical two-stage expansion is preferred when pumping hours and energy costs are

above either the abrupt or single-stage expansion and below optimum two-stage equal

cost curves. Using typical irrigation times and electricity costs, the use of the equal cost

curves will be demonstrated.

Typical average irrigation pumping hours when irrigating various crops in Oregon

as adapted from Watts et. al. (1968) are shown in Table 8.
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Table 8: Estimated Average Crop Water Use and Annual Irrigation Hours for Common

Crops

Assume that electricity costs for Oregon are $0.03 per kWh, and $0.10 per kWh for

California. Let the average crop water requirements for the drier areas of California be

approximated by those of Eastern Oregon due to the similar climates.

Referring to Figures 18, the 50 mm - 100 mm two-stage expansion is not practical

compared to the abrupt and single-stage expansion for any of the pumping hours listed

for Oregon crops at $0.03/kWh. At $0.03/kWh, the 50- 100 mm two-stage expansion is

practical above 5,000 hours. At $0.10/kWh the two-stage is better than both abrupt and

single-stage for all crops except vegetables due to the low pumping hours. At

$0.10/kWh, the two-stage is practical between 1,300 and 2,300 pumping hours. For

example: growing alfalfa in California at $0.10/kWh favors a two-stage, but irrigating

alfalfa in Oregon at $0.03/kWh would favor an abrupt or single-stage over a two-stage.

The 75 mm - 150 mm two-stage is preferred over the single-stage expansion at

Oregon electhcity prices and pumping hours as seen in Figure 19. At $0.03/kWh, the

abrupt expansion is more practical than the two-stage up to about 1,500 pumping hours.

Western Oregon Eastern Oregon

Crop CWU hours CWU hours
mm mm

Alfalfa 737 2388 1067 2926
Potatoes 432 1400 813 2229

Corn 483 1564 584 1602
Orchard 737 2388 1143 3135

Vegetables 178 576 229 627
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Due to the low pumping hours, the two-stage is practical for vegetables but not other

crops at $0. 10/kWh using the higher pumping hours listed. The 75 mm - 150 mm

optimum two-stage is generally the practical expansion choice when operating at high

electricity prices and above 1200 pumping hours.

Figure 20 shows the 100 mm - 200 mm two-stage expansion is always practical

over an abrupt or single-stage expansion for all pumping hours listed above. At high

electricity costs and high pumping hours an optimum may be superior to a two-stage

expansion.

Figure 21 shows that the 125 mm - 250 mm two-stage expansion is practical for all

crops at Oregon power costs. The optimum two-stage would be preferred at $0.10/kWh

power cost and pumping hours more than 800.

Retrofitting an Existing Fitting

Appendix F contains the economic analysis of replacing an existing abrupt or

single-stage expansion with a two-stage expansion. To be economical, a new two-stage

fitting must be able to pay for itself through energy savings. The analysis assumes the

scrapped fitting has no value and that the new two-stage fitting will have no salvage

value after a 20 year life. The present worth of all the fittings were calculated with a

discount rate of 11%. The cost of the two-stage fittings are $50.00 higher than in Table

4 to cover the installation costs. Installation was not included in Table 4 because it was

assumed to be equal for all the fittings.

The present worth of an expansion for given annual pumping hours and electricity

costs is the current value of the total operating costs over the next 20 years. The 50 - 100
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mm two-stage expansion could never economically replace a single-stage expansion. At

electricity costs above $0.04/kWh and pumping above 5,000 hours, the two-stage

became more economical than the abrupt expansion. The 75 - 150 mm two-stage

expansion was more economical than the abrupt for annual pumping hours above 2,000

when electricity costs were above $0.04/kWh. The 75 - 150 mm two-stage expansion

was better than the single-stage when pumping exceede 5,000 hours annually and

electricity costs were above $0.06/kWh. Both the 100 - 200 mm and 125 - 250 mm

two-stage expansion become economically preferred over the abrupt and single-stage for

annual operating hours above 1,000 at all electricity costs over $0.02/kWh.

Error Analysis

The primary source of error is reading the manometer. The differential pressure

readings fluctuated approximately +1-40 mm at about 1.5 ms' downstream water

velocity. This manometer fluctuation causes a loss coefficient variation +1- 0.02.

Flow measurements were taken at least six times for an average flow rate. An

electronic timer gave readings +/- 0.05 seconds per 4000 pounds of water weighed. The

weigh tank scales used five pound increments. The maximum standard deviation in flow

measurements was about 1X10 m3s1. This deviation produces <0.10% variation in the

average flows above 0.01 m3s1 (160 gpm).

Even though the loss coefficients varied in some tests, the average K values

developed represent their corresponding pipe expansion with relative confidence. The

range of which the loss coefficients varied is small compared to the average values. For



Example: the 50 mm to 100 mm two-stage expansion loss coefficient only varied +1-

0.02 producing consistent results. The loss coefficients slightly varied depending on

which reference tap was used. The percent differences in K values calculated from the

reference taps along with the average K and standard deviations are shown in Table 9.

Table 9: Average K and Standard Deviations

* Average loss coefficients for flow rates above 0.025 m3s1.
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Expansion Size Average K - Standard
Deviation

Average % Difference
Between Reference

Taps

50 mm - 100 mm
75 mm - 150 mm
lOOmm-200mm
125mm-250mm

0.3 19
0.280

0.162*
0.166*

0.032
0.077
0.033
0.012

9.8
6.5
17.1
10.6



SUMMARY

The practical two-stage expansion offers a potential solution to fluid deceleration

minimizing head loss under certain conditions. The head loss for fluid transition into

larger pipes needs to be minimized while maintaining economic and spatial

considerations. The two-stage pipe expansions designed with commonly available parts

were more efficient than comparable abrupt and single-stage pipe expansions. Measured

head loss coefficients for the two-stage pipe expansions varied from predicted values.

Measured values were higher at small diameters and lower at the larger pipe diameters

tested. Head loss coefficients for the 50 to 100 mm and 75 to 150 mm expansions

averaged 0.32 and 0.28 respectively. Loss coefficients for the 100 to 200 mm and 125 to

250 mm averaged 0.17 and 0.16 respectively. The experimental tests show that the

two-stage expansions work better on larger pipe diameters.

Adequate unobstructed downstream pipe lengths are required for a two-stage

expansions to perform effectively. Valves or fittings placed near the expansion exit will

interfere with the pressure recovery decreasing expansion efficiency. To obtain the

maximum pressure recovery after a two-stage expansion, fittings such as valves should

be installed after 7 or 8 downstream pipe diameters from the expansion. About 95% of

all the pressure recovery occurs by four diameters downstream. If a pumping plant

configuration has downstream pipe lengths less than four diameters, pressure increases

after the two-stage expansion will be restricted; reducing the performance of the

expansion.

38
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A lower loss coefficient does not guarantee one expansion ismore economical than

another expansion type. Total annual operating cost determines the best expansion

configuration for a given situation. Curves of equal operating costs for practical

two-stage and each of the abrupt, single-stage, and optimum two-stage expansions were

developed showing the operating hours required at given electricity prices.

The practical two-stage expansion is the preferred expansion under certain

conditions. The two-stage expansion is generally preferred over abrupt expansions for

most irrigation season lengths and electricity costs. The 50 mm - 100 mm expansion

tested operates more economically than abrupt or single-stage expansions when

electricity costs are above $0.06/kWh. The 75 mm - 150 mm two-stage expansion is

preferred when pumping hours exceed 1000. The 100 mm - 200 mm and 125 mm - 250

mm two-stage expansions are economically preferred over abrupt and single-stage

expansions for most irrigation conditions. The two larger optimum two-stage

expansions become more practical at high power costs and long pumping hours. The use

of the two-stage expansion on the smaller pipe diameters appears to have little advantage

over using an abrupt or single-stage conical expansion, while the two larger sizes tend to

be more practical.

Proper pipe expansions can help irrigation system performance, but expansions

contribute only a small part to the total fitting loss in a irrigation system. Choosing the

proper expansion is important when installing an irrigation system. The two-stage

expansion is a practical alternative for many irrigation systems. Retrofitting existing

pumping configurations for the sole purpose of installing the most practical pipe
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expansion may prove cost effective depending on the fitting cost and operating

efficiency. Under many conditions, the two-stage expansion is an economical alternative

to other existing expansion types.
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APPENDIX A: Drawings of Tested Two-Stage Expansions

Figure 5: Drawing of 50 mm to 100 mm Two-Stage Expansion
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Figure 6: Drawing of 75 mm to 150 mm Two-Stage Expansion
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Figure 7: Drawing of 100 mm to 200 mm Two-Stage Expansion
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Figure 8: Drawing of 125 mm to 250 mm Two-Stage Expansion
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APPENDIX B: Pressure Recovery Profiles

Figure 9: Pressure Differential for 50- 100 mm Two-Stage Expansion

Approach Velocflies Listed (mis)

44

700

600 -

500 -

E
E

Lu 400-

U)
U)
Lu

0. 300
U-
U-

200 .67

00
.71

0

2

I- I I 1

4 6 8 10

DLMETERS FROM EXPANSION



Figure 10: Pressure Differential for 75 - 150 mm Two-Stage Expansion
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Figure 11: Pressure Differential for 100 - 200 mm Two-Stage Expansion
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Figure 12: Pressure Differential for 100 - 200 mm Two-Stage Expansion
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Figure 13: Pressure Differential for 125 - 250 mm Two-Stage Expansion
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APPENDIX C: Measured Head loss coefficients for Tested Two-Stage Expansions

Figure 14: K Values for 50 mm - 100 mm Tested Two-Stage Expansion
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Figure 15: K Values for 75 mm - 150 mm Tested Two-Stage Expansion
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Figure 16: K Values for 100 mm - 200 mm Tested Two-Stage Expansion

- Eq. 21 (Gion)
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Figure 17: K Values for 125 mm - 250 mm Tested Two-Stage Expansion
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APPENDIX D: Equal Cost Curves

Figure 18: Equal Cost Curve for 50 mm - 100 mm 2-Stage Expansion
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Figure 19: Equal Cost Curve for 75 mm - 150 mm 2-Stage Expansion
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Figure 20: Equal Cost Curve for 100 mm - 200 mm 2-Stage Expansion
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Figure 21: Equal Cost Curve for 125 mm - 250 mm 2-Stage Expansion
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WELDING CONE
FLANGES
WELDING COSTS
HARDWARE
TOTAL INITIAL COST
ANNUAL COST
INTEREST RATE 11.00%

AVE. K-FACTOR 0.48789
UPSTREAM DIAM. (mm) 52.5
TAILPIPE DIAM. (mm) 96.06
INTERIOR CONE ANGLE (deg. rad.) N/A
HORIZONTAL CONE LENGTH (mm) N/A
AVERAGE APPROACH VELOCITY (mis) 5.10
AVERAGE MAINLINE VELOCITY (m/s) 1.52

PUMPING
HOURS : $0.02 $0.04

0:
500

1000
1500
2000
2500
3000
3500
4000

ABRUPT
1-STAGE
OPTIMUM

$4.54 $4.54
$5.00 $5.46
$5.46 $6.38
$5.92 $7.29
$6.38 $8.21
$6.83 $9.13
$7.29 $10.04
$7.75 $10.96
$8.21 $11.88

5740
6447

11332

APPENDIX E: Cost Comparison Worksheets

COST COMPARISON OF 2-STAGE VS ABRUPT, SINGLE-STAGE AND OPTIMUM 2-STAGE

50 mm TO 100 mm EXPANSION

ABRUPT SINGLE TESTED OPTI MUM
STAGE 2-STAGE 2-STAGE

N/A $4.00 $3.18
$5.00 $8.00 $10.00
$5.00 $15.00 $15.00
$4.00 $8.00 $8.00

$14.00 $35.00 $36.18
$1.76 $4.40 $4.54

ESTIMATED LIFE 20 Years A/P 0.12557

0.327
52.5

96.06
0.502
85 .00

5.10
1.52

COST/Kwhr
$0.06 $0.08 $0.10

0.319
52.5

96.06
0.502
31.75
5.10
1.52

* $98.00
$12 .31

* QUOTED MANUFACTURE PRICE

TOTAL ANNUAL COST OF TWO-STAGE EXPANSION

0 .084
52.5

96.06
0.175

129 .00
5.10
1.52

$0.12 $0.14 $0.16

$4.54 $4.54 $4.54 $4.54 $4.54 $4.54
$5.92 $6.38 $6.83 $7.29 $7.75 $8.21
$7 .29 $8.21 $9 .13 $10 .04 $10.96 $11 .88
$8.67 $10.04 $11.42 $12.79 $14.17 $15.54

$10.04 $11.88 $13.71 $15.54 $17.37 $19.21
$11.42 $13.71 $16.00 $18.29 $20.58 $22.87
$12.79 $15.54 $18.29 $21.04 $23.79 $26.54
$14.17 $17.37 $20.58 $23.79 $27.00 $30.21
$15.54 $19.21 $22.87 $26.54 $30.21 $33.87

BREAK EVEN CURVE (HOURS) TO EQUAL TOTAL ANNUAL COST OF 2-STAGE
COST/ Kwhr

$0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16
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2870 1913 1435 1148 957 820 718
3223 2149 1612 1289 1074 921 806
5666 3777 2833 2266 1889 1619 1416
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COST COMPARISON OF 2-STAGE VS ABRUPT, SINGLE-STAGE AND OPTIMUM 2-STAGE

75 mm TO 150 mm EXPANSION

ABRUPT SINGLE TESTED OPTIMUM
STAGE 2-STAGE 2-STAGE

WELDING CONE N/A $10.00 $5.00
FLANGES $7.50 $8.00 $15.00
WELDING COSTS $5.00 $15.00 $15.00
HARDWARE $4.00 $8.00 $8.00
TOTAL INITIAL COST $16.50 $41.00 $43.00
ANNUAL COST $2.07 $5.15 $5.40
INTEREST RATE t1.00,
ESTIMATED LIFE 20 Years A/P = 0.12557

AVE. K-FACTOR 0.502 0.33 0.28
UPSTREAM DIAM. (mm) 77.927 77.927 77.927
TAILPIPE DIAM. (mm) 146.863 146.863 146.863
INTERIOR CONE ANGLE (deg. rad.) N/A 0.487 0.487
HORIZONTAL CONE LENGTH (mm) N/A 138.74 87.63
AVERAGE APPROACH VELOCITY (m/s) 5.41 5.41 5.41
AVERAGE MAINLINE VELOCITY (mIs) 1.52 1.52 1.52

* $110.00
$13 .81

0 .089

77.927
146 .863

0.175
199 .00

5.41
1.52

QUOTED MANUFACTURE PRICE

TOTAL ANNUAL COST OF TWO-STAGE EXPANSION

PUMPING ELECTRICITY COST (S/kWh)
HOURS : $0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

0 $5.40 $5.40 $5.40 $5.40 $5.40 $5.40 $5.40 $5.40
500 : $6.46 $7.52 $8.57 S963 $10.69 $11.75 $12.81 $13.87

1000 : $7.52 S9.63 $11.75 $13.87 $15.98 $18.10 $20.21 $22.33
1500 : $8.57 $11.75 $14.92 $18.10 $21.27 $24.45 $27.62 $30.80
2000 : $9.63 $13.81 $18.10 $22.33 $26.56 $30.80 $35.03 $39.26
2500 : $10.69 $15.98 $21.27 $26.56 $31.86 $37.15 $42.44 $47.73
3000 : $11.75 $18.10 $24.45 $30.80 $37.15 $43.50 $49.85 $56.19
3500 : $12.81 $20.21 $27.62 $35.03 $42.44 $49.85 $57.25 $64.66
4000 : $13.87 $22.33 $30.80 $39.26 $47.73 $56.19 $64.66 $73.13

BREAK EVEN CURVE (HOURS) TO EQUAL TOTAL ANNUAL COST OF 2-STAGE
COST! Kwhr

$0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

ABRUPT 1983 992 661 496 397 331 283 248
1-STAGE 665 332 222 166 133 111 95 83
OPTIMUM 5828 2914 1943 1457 1166 971 833 728



WELDING CONE N/A $15.50 $10.00
FLANGES $7.50 $9.00 $15.00
WELDING COSTS $5.00 $15.00 $15.00HARDWARE $5.00 $8.00 $8.00
TOTAL INITIAL. COST $17.50 $47.50 $48.00
ANNUAL COST $2.20 $5.96 $6.03
INTEREST RATE 11.00,
ESTIMATED LIFE 20 Years A/P = 0.12557

AVE. K-FACTOR 0.59913 0.587 0.162
UPSTREAM DIAN. (mm) 96.063 96.063 96.063
TAILPIPE DIAM. (mm) 209.37 209.37 209.37
INTERIOR CONE ANGLE (deg. rad.) N/A 0.657 0.657
HORIZONTAL CONE LENGTH (mm) N/A 166.21 75.69
AVERAGE APPROACH VELOCITY (m/s) 7.24 7.24 7.24
AVERAGE MAINLINE VELOCITY (m/s) 1.52 1.52 1.52
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COST COMPARISON OF 2-STAGE VS ABRUPT. SINGLE-STAGE AND OPTIMUM 2-STAGE

100 mm TO 200 mm EXPANSION

ABRUPT SINGLE TESTED OPTIMUM
STAGE 2-STAGE 2-STAGE

* $127.00
$15.95

0.1085
96.063
209 .37
0.175

285.00
7.24
1.52

QUOTED MANUFACTURE PRICE

TOTAL ANNUAL COST OF TWO-STAGE EXPANSION

PUMPING ELECTRICITY COST (S/kwh)
HOURS $0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

0 $6.03 $6.03 $6.03 $6.03 $6.03 $6.03 $6.03 $6.03500 $8.25 $10.48 $12.70 $14.93 $17.16 $19.38 $21.61 $23.831000 : $10.48 $14.93 $19.38 $23.83 $28.28 $32.74 $37.19 $41.641500 $12.70 $19.38 $26.06 $32.74 $39.41 $46.09 $52.77 $59.452000 $14.93 $23.83 $32.74 $41.64 $50.54 $59.45 $68.35 $77.252500 $17.16 $28.28 $39.41 $50.54 $61.67 $72.80 $83.93 $95.063000 : $19.38 $32.74 $46.09 $59.45 $72.80 $86.15 $99.51 $112.863500 $21.61 $37.19 $52.77 $68.35 $83.93 $99.51 $115.09 $130.674000 : $23.83 $41.64 $59.45 $77.25 $95.06 $112.86 $130.67 $148.47

BREAK EVEN CURVE (HOURS) TO EQUAL TOTAL ANNUAL COST OF 2-STAGE
COST/ Kwhr

$0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

ABRUPT 318.9 159.4 106.3 797 63.8 53.1 45.6 39.91-STAGE 5.4 2.7 1.8 1.3 1.1 0.9 0.8 0.7OPTIIIUN 6748 3374 2249 1687 1350 1125 964 844



WELDING CONE
FLANGES
WELDING COSTS
HARDWARE
TOTAL INITIAL COST
ANNUAL COST
INTEREST RATE
ESTIMATED LIFE

ABRUPT 257.5 128.7 85.8
1-STAGE 39.5 19.7 13.2
OPTIMUM 3874.4 1937.2 1291.5

N/A $18.00 $15.00
$10.00 $10.00 $18.00
$5.00 $15.00 $15.00
$5.00 $8.00 $8.00

$20.00 $51.00 $56.00
$2.51 $6.40 $7.03

11 . 00,

20 Years A/P = 0.12557

AVE. K-FACTOR 0.58229 0.543 0.166
UPSTREAM DIAN. (nm) 121.462 121.462 121.462
TAILPIPE DIAM. (mm) 262.940 262.940 262.940
INTERIOR CONE ANGLE (deg. rad.) N/A 0.623 0.623
HORIZONTAL CONE LENGTH (mm) N/A 219.70 127
AVERAGE APPROACH VELOCITY (m/s) 7.14 7.14 7.14
AVERAGE MAINLINE VELOCITY (mIs) 1.52 1.52 1.52

QUOTED MANUFACTURE PRICE

TOTAL ANNUAL COST OF TWO-STAGE EXPANSION

PUMPING ELECTRICITY COST (S/kWh)
HOURS : $0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

0 $7.03
500 : $10.53

1000 : $14.03
1500 $17.53
2000 $21.04
2500 $24.54
3000 $28.04
3500 : $31 .54
4000 : $35.04

$7.03 $7.03 $7.03 $7.03 $7.03 $7.03 $7.03
$14.03 $17.53 $21.04 $24.54 $28.04 $31.54 $35.04
$21.04 $28.04 $35.04 $42.04 $49.04 $56.04 $63.05
$28.04 $38.54 $49.04 $59.55 $70.05 $80.55 $91.05
$35.04 $49.04 $63.05 $77.05 $91.05 $105.06 $119.06
$42.04 $59.55 $77.05 $94.55 $112.06 $129.56 $147.07
$49.04 $70.05 $91.05 $112.06 $133.06 $154.07 $175.08
$56.04 $80.55 $105.06 $129.56 $154.07 $178.58 $203.08
$63.05 $91.05 $119.06 $147.07 $175.08 $203.08 $231.09

BREAK EVEN CURVE (HOURS) TO EQUAL TOTAL ANNUAL COST OF 2-STAGE
COST/kWh

$0.02 $0.04 $0.06 $008 $0.10 $0.12 $0.14 $0.16
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* $132.00
$16 .58

0.1076
121 .462
262.940

0.175
358.00

7.14
1.52

COST COMPARISON OF 2-STAGE VS ABRUPT, SINGLE-STAGE AND OPTIMUM 2-STAGE

125 mm TO 250 mm EXPANSION

ABRUPT SINGLE TESTED OPT IMUM
STAGE 2-STAGE 2-STAGE

64.4 51 .5 42.9 36.8 32.2
9.9 7.9 6.6 5.6 4.9

968.6 774.9 645.7 553.5 484.3



APPENDIX F: Present Worth Comparison Worksheets
PRESENT WORTH COMPARISON OF 2-STAGE VS ABRUPT AND SINGLE-STAGE

(Replacing an Existing Fitting With a Two-Stage Expansion)

50 mm TO 1.00 mm EXPANSION

ABRUPT SINGLE TESTED
STAGE 2-STAGE

PURCHASE COST $0.00 $0.00 $36.18
INSTALLATION COST $50.00
TOTAL INITIAL COST $86.18
DISCOUNT RATE 11.00's
ESTIMATED LIFE 20 Years A/P = 0.12557

AVE. K-FACTOR 0.48789 0.327 0.319
UPSTREAM DIAM. (mm) 52.5 52.5 52.5
TAILPIPE DIAM. (mm) 96.06 96.06 96.06
INTERIOR CONE ANGLE (deg. rad.) N/A 0.502 0.502
HORIZONTAL CONE LENGTH (mm) N/A 85.00 31.75
AVERAGE APPROACH VELOCITY (m/s) 5.10 5.10 5.10
AVERAGE MAINLINE VELOCITY (m/s) 1.52 1.52 1.52

PRESENT WORTH OF TWO-STAGE EXPANSION
ANNUAL
PUMPING COST/Kwhr
HOURS $0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

0 $86 $86 $86 $86 $86 $86 $86 $86
1000 $102 $119 $135 $151 $168 $184 $200 $217
2000 $119 $151 $184 $217 $249 $282 $315 $347
3000 $135 $184 $233 $282 $331 $380 $429 $478
4000 : $151 $217 $282 $347 $412 $478 $543 $608
5000 : $168 $249 $331 $412 $494 $576 $657 $739
6000 $184 $282 $380 $478 $576 $673 S771 $869
7000 $200 $315 $429 $543 $657 $771 $886 $1,000
8000 : $217 $347 $478 $608 $739 $869 $1,000 $1,130

PRESENT WORTH OF SINGLE-STAGE EXPANSION
ANNUAL
PUMPING COST/Kwhr
HOURS : $0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

0 : $0 $0 $0 $0 $0 SO SO SO
1000 : $17 $33 $50 $67 $84 $100 $117 $134
2000 : $33 $67 $100 $134 $167 $201 $234 $268
3000 $50 $100 $151 $201 $251 $301. $351 $401
4000 $67 $134 $201 $268 $334 $401 $468 $535
5000 $84 $167 $251 $334 $418 $502 $585 $669
6000 : $100 $201 $301 $401 $502 $602 $702 $803
7000 $117 $234 $351 $468 $585 $702 $819 $936
8000 $134 $268 $401 $535 $669 $803 $936 $1,070

PRESENT WORTH OF ABRUPT EXPANSION
ANNUAL
PUMPING COST/Kwhr
HOURS $0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

0 $0 SO SO SO SO- SO SO SO
1000 $25 $50 $75 $100 $125 $150 $175 $200
2000 $50 $100 $150 $200 $250 $299 5349 5399
3000 : $75 $150 $225 $299 $374 $449 $524 5599
4000 $100 $200 $299 $399 $499 $599 $699 $798
5000 : $125 $250 $374 $499 $624 $749 $873 $998
6000 $150 $299 $449 5599 $749 $898 $1,048 $1,198
7000 : $175 $349 $524 $699 $873 $1,048 $1,223 $1,397
8000 : $200 $399 $599 $798 $998 $1,198 51,397 $1,597
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PRESENT WORTH COMPARISON OF 2-STAGE VS ABRUPT AND SINGLE-STAGE
(Replacing an Existing Fitting With a Two-Stage Expansion)

75 mm TO 150 mm EXPANSION

ABRUPT SINGLE TESTED
STAGE 2-STAGE

PURCHASE COST
INSTALLATION COST
TOTAL INITIAL COST
DISCOUNT RATE 11.00

$0.00 $0.00 $43.00
$50.00
$93 .00

ESTIMATED LIFE 20 Years A/P 0.12557

AVE. Ic-FACTOR 0.502 0.33
UPSTREAII DIAM, (mm) 77.927. 77.927
TAILPIPE DIAM. (mm) 146.863 146.863
INTERIOR CONE ANGLE (deg. rad.) N/A 0.487
HORIZONTAL CONE LENGTH (mm) N/A 138.74
AVERAGE APPROACH VELOCITY (m/s) 5.41. 5.41
AVERAGE MAINLINE VELOCITY (m/s) 1.52 1.52

PRESENT WORTH OF TWO-STAGE EXPANSION
ANNUAL
PUMPING COST/Kwhr
HOURS $0.02 $0.04 $0.06 $0.08 $0.10

0 : $93 $93 $93 $93 $93
1000 : $131. $168 $206 $244 $281.
2000 : $168 $244 $319 $394 $470
3000 : $206 $319 $432 $545 $658
4000 $244 $394 $545 $696 $846
5000 : $281 $470 $658 $846 $1,035
6000 : $319 $545 $771 $997 $1,223
7000 : $357 $620 $884 $1,148 $1,412
8000 $394 $696 $997 $1,299 $1,600

PRESENT WORTH OF SINGLE-STAGE EXPANSION
ANNUAL
PUMPING COST/Kwhr
HOURS $0.02 $0.04 $0.06 $0.08 $0.10

0 SO $0 $0 $0 SO
1000 $44 $89 $133 $1.78 $2222000 $89 $1.78 $266 $355 $444
3000 : Si.33 5266 $400 $533 5666
4000 $178 $355 $533 $710 $888
5000 : $222 $444 $666 5888 $1,110
6000 $266 $533 $799 $1,066 $1,332
7000 : $311 $622 $932 $1,243 $1,554
8000 : $355 $710 $1,066 $1,421 $1,776

PRESENT WORTH OF AERUPT EXPANSION
ANNUAL
PUMP I NC

HOURS $0.02 $0.04 $0.06 $0.10

$0
$135
$270
$405
$540
$675
$811
$946

$1 .081

$0
$203
$405
$608
$811.

$1 .013

$1,216
$1 .41.8

$1 .621

COST! Kwhr
$0.08

$0
$270
$540
$811

$1,081.
$1,351
$1,621
$1 .891
$2,161

SQ

$338
$675

$1,013
$1 .351
$1 .689

$2 .026

$2,364
$2 ,702

0.28
77.9 27

146 .863
0.487
87.63
5.41
1.52

$0.12 $0.14 $0.16

$93
$319
$545
$771.

$997
$1 .223

$1 ,449
$1 .675

$1. ,901

$0.12 $0.14 $0.16

$0
$266
$533
$799

$1. .066

$1 ,332

$1 .598
51.865
$2 .131

$0.12 $0.14 $0.16

$0
$405
$811

$1,216
$1,621
$2,026
52.432
$2 ,837

$3 .242

$93
$357
$620
$884

$1 .148

$1,412
$1 ,675
$1 .939
$2,203

$0
$311
$622
$932

51.243
$1 ,554
51.865
$2,176
$2,486

$0
5473
$946

$1 .418

$1,891
$2,364
$2,837
$3 .310
$3 .782

$93
$394
$696
$997

$1 .299
$1,600
$1,901
$2,203
$2 504

So
$355
$710

$1. .066

$1,421.
Si 776
$2,131
$2,486
$2,842

$0
$540

$1,081
$1,621
$2,161.
$2 702
$3 .242
$3,782
$4,323

62

0 $0
1000 $68
2000 $135
3000 $203
4000 $270
5000 $338
6000 $405
7000 $473
8000 $540



PRESENT WORTH COMPARISON OF 2-STAGE VS ABRUPT AND SINGLE-STAGE
(Replacing an Existing Fitting With a Two-Stage Expansion)

100 mm TO 200 mm EXPANSION

ABRUPT SINGLE TESTED
STAGE 2-STAGE

PURCHASE COST
INSTALLATION COST
TOTAL INITIAL COST
DISCOUNT RATE 11.00
ESTIMATED LI'E 20 Years

0:
1000
2000
3000
4000
5000
6000
7000
8000

AVE. K-FACTOR 0.59913 0.587 0.16
UPSTREAM DIAM. (mm) 96.063 96.063 96.063
TAILPIPE DIAM. (mm) 209.37 209.37 209.37
INTERIOR CONE ANGLE (deg. tad.) N/A 0.657 0.657
HORIZONTAL CONE LENGTH (mm) N/A 166.21 75.69
AVERAGE APPROACH VELOCITY (m/s) 7.24 7.24 7.24
AVERAGE MAINLINE VELOCITY (mIs) 1.52 1.52 1.52

$98 $98 $98 $98 $98 $98 $98 $98
$176 $255 $333 $411 $489 $568 $646 $724
$255 $411 $568 $724 $881 $1,037 $1,194 $1,350
$333 $568 $802 $1,037 $1,272 $1,507 $1,741 $1,976
$411 $724 $1,037 $1,350 $1,563 $1,976 $2,289 $2,602
$489 $881 $1,272 $1,663 $2,054 $2,446 $2,837 $3,228
$568 $1 ,037 $1 ,507 $3. ,976 $2,446 $2,915 $3 ,385 $3 ,854
$646 $1,194 $1,741 $2,289 $2,837 $3,385 $3,933 $4,480
$724 $1,350 $1,975 $2,602 $3,228 $3,854 $4,480 $5,107

0: $0 $0 $0
1000 : $287 $574 $851
2000 : $574 61,148 $1,723
3000 : $861. $1,723 $2,584
4000 : $1,148 $2,297 $3,445
5000 : $1,436 $2,873. $4,307
6000 : $1,723 $3,445 $5,168
7000 : $2,010 $4,020 $6,029
8000 : 62,297'54,594 $6,891

0 : $0 60 $0
1000 $293 $586 $879
2000 : $586 $1,172 $1,758
3000 : $879 $1 ,758 $2 ,637
4000 : $1,172 $2,344 $3,516
5000 : $1,465 $2,930 $4,396
6000 : $1,758 $3,516 $5,275
7000 : $2,051 $4,103 $6,154
8000 : $2,344 $4,689 $7,033

SO SO $0 SO SO

$1,148 $1,436 $1,723 $2,010 $2,297
$2,297 $2,871 $3,445 $4,020 $4,594
$3,445 $4,307 $5,168 $6,029 $6,891
$4,594 $5,742 $6,891 $8,039 $9,187
$5,742 $7,178 $8,613 $10,049 $11,484
$6,893. $8,613 $10,336 $12,059 $13,781
$8,039 $10,049 $12,059 514.068 $16,078
$9,187 $11,484 $13,781 $16,078 $18,375

$0 50 60 SO SO

$1,172 $1,465 $1,758 $2,051 $2,344
$2,344 52,930 $3,516 $4,103 $4,689
$3,516 $4,396 $5,275 $6,154 $7,033
S4,689 $5,861 $7,033 $8,205 59,377
$5,861 $7,326 $8,791 $10,256 $11,722
$7,033 $8,791 $10,549 $12,308 $14,066
$8,205 $10,256 $12,308 $14,359 $16,410
$9,377 $11,722 $14,066 616,410 518,755
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PRESENT WORTH OF TWO-STAGE EXPANSION
ANNUAL
PUMPING COST/Kwhr
HOURS : $0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

PRESENT WORTH OF ABRUPT EXPANSION
ANNUAL
PUMPING C0ST/Kwhr
HOURS : $0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.1

PRESENT WORTH OF SINGLE-STAGE EXPANSION
ANNUAL
PUMPING COST/Kwhr
HOURS : $0.02 $0.04. $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

$0.00 $0.00 $48.00
$50 .00
$98 .00



PRESENT WORTH COMPARISON OF 2-STAGE VS ABRUPT AND SINGLE-STAGE
(Replacing an Existing Fitting With a Two-Stage Expansion)

125 nun TO 250 mm EXPANSION

ABRUPT SINGLE TESTED
STAGE 2-STAGE

PURCHASE COST $0.30 $0.00 $56.00
INSTALLATION COST $50.00
TOTAL INITIAL. COST $106.00
DISCOUNT RATE 11.0O
ESTIMATED LIFE 20 Years

AVE. K-FACTOR 0.58229 0.543 0.17
UPSTREAM DIAM. (mm) 121.462 121.462 121.462
TAILPIPE DIM. (mm) 262.94 262.94 262.94
INTERIOR CONE ANGLE (deg. rad.) N/A 0.623 0.623
HORIZONTAL CONE LENGTH (mm) N/A 219.70 127
AVERAGE APPROACH VELOCITY (mIs) 7.14 7.14 7.14
AVERAGE MAINLINE VELOCITY (m/s) 1.52 1.52 1.52

PRESENT WORTH OF TWO-STAGE EXPANSION
ANNUAL
PUMPING COST/Kwhr
HOURS $0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

0 $106 $106 $106 $106 $106 $106 $106 $1061000 $234 $361 $489 $617 $744 $872 $999 $1,1272000 : $361 $617 $872 $1,127 $1,382 $1,638 $1,893 $2,1483000 $489 $872 $1,255 $1,638 $2,021 $2,403 $2,786 $3,1694000 $617 $1 .127 $1. .638 $2,148 $2 ,659 $3 ,169 $3 .680 $4 .1905000 : $744 $1,382 $2,021 $2,659 $3,297 $3,935 $4,573 $5,2116000 $872 $1,638 $2,403 $3,169 $3,935 $4,701 $5,467 $6,2337000 $999 $1,893 $2,786 $3,680 $4,573 $5,467 $6,360 $7,2548000 : $1,127 $2,148 $3,169 $4,190 $5,211 $6,233 $7,254 $8,275

PRESENT WORTH OF SINGLE-STAGE EXPANSION
ANNUAL
PUMPING COST/Kwhr
HOURS : $0.02 $0.04 $0.06 $0.08 $0.10 $0.12 $0.14 $0.16

0 $0 $0 $0 SO $0 $0 SO SO1000 : $408 $815 $1,223 $1,631 $2,038 $2,446 $2,854 $3,2612000 $815 $1,631 $2,446 $3,261 $4,077 $4,892 $5,708 $6,5233000 : $1,223 $2,446 $3,669 $4,892 $6,115 S7,338 $8,561 $9,7844000 : $1,631 $3,261 $4,892 $6,523 $8,154 $9,784Si1,415 $13,0465000 $2,038 $4,077 $6,115 $8,154 $10,192 $12,231 $14,269 $16,3376000 : $2,446 $4,892 $7,338 $9,784 $12,231 $14,677 $17,123 $19,569
7000 $2,854 $5,708 $8,561 $11,415 $14,269 $17,123 $19,977 $22,8308000 S3,261--$6,523 $9,784 $13,046 $16,307 $19,569 $22,830 $26,092

PRESENT WORTH OF ABRUPT EXPANSION
ANNUAL
PUMPING

COST/KwhrHOURS : $0.02 $0.04 $0.06 $0.08 $0.10 $0.12 S0.14 $0.16
0 SO $0 $0 $0 $0 SO $01000 $437 $874 $1,312 $1,749 52,i.86 $2,623 $3,060 $3,4972000 $874 $1,749 $2,623 $3,497 $4,372 $5,246 $6,121 $6,9953000 : $1,312 $2,623 $3,935 $5,246 $6,558 $7,869 $9,181 $10,4924000 $1,749 $3,497 $5,246 $6,995 $8,744 $10,492 $12,241 $13,9905000 : $2,186 $4,372 $6,558 $8,744 $10,930 $13,115 $15,301 $17,4876000 : $2,623 $5,246 $7,869 $10,492 $13,115 $15,739 $18,362 $20,9857000 $3,060 $6,121 $9,181 $12,241 $15,301 $18,362 $21,422 $24,4828000 $3,497 $6,995 $10,492 $13,990 $17,487 $20,985 $24,482 $27,983
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