FHWA-EPD-86-119

Hydraulic Design of
Stormwater Pumping
Stations Using

Programable Calcuiators
(\

US.Department
of Transportation

Federal Highway
Administration

Texas Instruments
TI-69 .
Calculator Design

Series No.b

HNG-31/R2-83(300)



FEDERAL HIGHWAY ADMINISTRATION

Hydraulic Design Publications

The first hydraulic design publications were developed in the early
1960's to aid in the design of highway drainage structures. Since
that time, the list of publications has expanded as research results
and actual experience became available. Some material is preliminary
or tentative, subject to change upon further research. Criticisms
and suggestions on material contained in the publications are
welcomed.

The publications listed below are available from the Superintendent
of Documents, U.S. Government Printing Office (GPO), Washington,
D.C. 20402. The listed prices which are subject to change are as of
February 1933. Current prices can be obtained by contacting GPO at
(202) 783-3238. Stock numbers should be used in ordering the
publications and payment should accompany orders to the GPO.

THIS IS NOT AN ORDER FORM FOR THE GOVERNMENT PRINTING OFFICE (GPD)

Hydraulic Design Series

HDS No. 1 HYDRAULICS OF BRIDGE WATERWAYS - Second Edition - Revised
1978 - $3.50 (Stock Ne. 050-001-00133-1)

HDS No. 3  DESIGN CHARTS FOR OPEN-CHANNEL FLOW - 1961, Reprinted 1973
$6.00 (Stock No. 050-002-00026-8)

Hydraulic Engineering Circulars

HEC No. 5  HYDRAULIC CHARTS FOR THE SELECTION OF HIGHWAY CULVERTS -
December 1965 - $4.50 (Stock No. 050-002-00010-1)

HEC No. 12 DRAINAGE OF HIGHWAY PAVEMENTS - March 1969 - $5.00
(Stock No. 050-002-00043-8)

HEC No. 17 THE DESIGN OF ENCRGACHMENTS ON FLOOD PLAINS USING RISK
ANALYSIS -~ October 1980 - $6.50 (Stock No. 050-007-00552-1)

(Continued on inside of back cover)



ACKNOWLEGEMENTS

This publication was prepared by the Hydraulics Branch, Bridge Division,
Office of Engineering in Washington, D.C.

Part I was written by Mr. Robert H. Baumgardner, Hydraulic Engineer,
Bridge Division. Part Il was written by Mr. Steven B. Chase, Hydraulic
Engineer, Bridge Division. The calculator programs were written by Mr.
Patrick Wlaschin, Hydraulic Engineer from the Western Direct Federal
Division, Vancouver, Washington, and by Mr. Steven B. Chase.



TABLE OF COMTENTS

List of Figures

List of Tables

ist of Symbols

1.0

It
@
[}

3.0

4.0

6.0

7.0

8.0

1.0

3.0

Part I Discussion of Pumping Station Procedures

introduction

~ Bevelopment of a Mass Curve Routing Procedure

Estimating Required Storage and Pumping Rates
Stage-Storage Relationship
Stage-Discharge Relationship
Inflow Mass Curve
Mass Curve Routing
Discussion
Part 11 Pumping Station Analysis and Design Using
A Programable Calculator
Introduction
General Description of Analysis Procedures
General Program Description
User Instructions
Example Problems

Program Limitations

Detailed Program Description

Appendix - Program Listings

ii

L

140



Figure

QW OO~ OY O PN b

-

W00~ OV U B ) PN e

LIST OF FIGURES

Title

Part I

Use of Storage to Reduce Peak Flow Rate
Inflow Hydrograph for Examplie Problem
Estimating Required Storage

Storage Pipe Sketch

Stage-Storage Curve

Stage-Discharge Curve

Inflow Mass Curve

Mass Curve Routing Diagram

Pump Discharges

Flushing Conditions for Storage Pipe

Part 11

Summary of Results for Example Problem No. 1

Layout of Pumping Station for Example Problem No. 2
Pumping Rate Vs. Elevation for Example Problem No. 2
Minimum Storage Reguirements

Trapezoidal Basin

Component Elements of a Trapezoidal Basin
Rectangular Solid

End Wedges

Side Wedges

Corner Hedges

Truncated Right Circular Cylinder

Ungula of Cylinder

Horizontal Water Surface Intersecting Inside Surface
of a Sioping Circular Pipe

Volumes in Sloping Circular Pipes

Truncated Rectangular Solid

Wedge

Yolumes in Sloping Box Conduits

Error Introduced by Approximation of Average Outflow

Page

[ Bt f=d pt
QONW= OO WN



Table

[

fod

LIST OF TABLES

Title

Stage-Storage Tabulation

Development of Inflow Mass Curve

Trial Slopes for Flushing Concrete Pipe

iv

Page

10

14

22



[ W wer .

R

= < LD

eT]

b gy

ot D2 op2 o oy

.
o

~

oo I o T

PRy

e
£

=R T R
L O

>

wy

Units

sq ft
&

ft

ft

sg ft
cfs
fr/ft
fps

ft

ft
ft
Tt
ft
ft
ft

ft
cfs

ft/ft

ft
ft

none
cfs
cfs

ft

ft
ft/ft

LIST OF SYMBOLS

Description

Area of water surface

Depth of water stored in pipe or basin
Depth of flow in pipe or basin

Hatted length of pipe

Area of midsection

Rate of flow

Slope of storage basin or pipe
Velocity of flow

Storage volume

Part 11

One-half of the chord length of the circular
segment Torming the base of an ungula

Width of box conduit

Depth of circular segment forming the base of
an unguia

Inside diameter of pipe

Heigth of ungula

The total height of the trapezoidal basin
Height of box conduit

Height increment

Inflow

Inflow at beginning of {ime increment

Infiow at end of time increment

Average inflow for time increment

Sum of side slopes of a trapezoidal basin
in the length direction

Length of the floor of a trapezoidal basin

Length of pipe

Number of height increments
Quiflow
Outfliow at beginning of time increment

Radius of cylindrical wet well
Storace used in the reservoir
Slepe of pipe or conduit

Change in storage during a time increment
Cumuiative storage



SyEhol

%

Units

minutes
none

seconds

ft
radians

LIST OF SYMBOLS

Description

Part 11 {Continued)

Time

& ¢ounting variable, used by the calculator program
T to keep track of number of iterations which have
been performed

Time increment (present in program to 60 seconds)
Ciapsed time in integral number of time intervals
Time interval in whole minutes. Set by program user

Volume

Sum of side slopes of a trapezoidal basin
widih direction ,

Kidth of the floor of a trapezoidal basin
Water Surface Llevation

dne half of interior angle measuring circular
segment forming the base cf an ungula



Part 1T  Discussion of Pumping Station Design Procedures

1.0 Introduction

In most localities, storm water pumping stations only operate for a relatively
short period of time during a year. This means that a substantial capital
investment must sit idle for long periods of time. Therefore, the design and
operation of storm watevr pumping stations provides z most promising opportunity
for cost reduction. Potential savings are even more promising in areas where
storms are less freguent.

The merits of providng storage t¢ reduce peak pumping rates of pumping
stations have long been recegnaz@d by enginesrs. 7o control the costs of
storm water projects, engmﬂeers are now examining potential saving much more
closely. In order to achieve meaningful cost reductions, savings must be
accomplished in both the construction cost, and the maintenance and operations
cost areas.

Initial costs can be reduced by providing storage to reduce the peak pumping
rate. This will produce savings in the cost of the pump, pump motor, and
instrumentat ion; edditional savings can be achieved by reducing the size

of piping and valves. Substantial savings can occur if the number of pumps

is reduced. These savings will be offset by the cost of providing storage; . ‘
however, in many cases, a net savings will occur 1f the storage can be J
provided at a low cost.

Maintenance and operation costs can be lowered by ?@ﬂ@@aﬂg the Tixed electrical
charge assessed by most 2lectrical utiiities. This charge is basically for
the electrical capacity that the utility must maintain to service the pumping
station and is usually proporiional t@ the ﬁ©?$@Q@W@W of the station. Since
h@rsmpower is directly pr@p@rt%nnaﬁ to the pumping rate, any reduction in the
pumping rate will be reflected in the fixed electrical charge.

Analyzing the effect of storage on reducing the pumping rate using manual
catculations 1s a tedious, time consuming procedure. There are a wide

range of storage and pumping rate combinations that will provide an adequate
design. Due to time constraints, engineers usually only imvestigate the
more cobvicus combinations. The purpsse of this publiication is to provide a
collection of programmable calculator programs that will gquickly analyze the
problem, thus allowing engineers to investicate numercus combinations of
storage and pumping rates.

femd
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2.0  Development of a Mass Curve Routing Procedure

The merits of using storage to reduce peak flows have been discussed in the
previous section. A generalized case is selected for illustration because
the actual pumping station case may be complicated by the varying pumping
rates and discontinuities as the pumps turn on and off. This is shown

in Figure 1,

50

inflow hydrograph

Fieyre 1. Use of Storace to Reduce Peak Flow Rate

The shaded area between the curves represents the volume of stormwater that
must be stored to reduce the peak flow rate. Sterage exists in natural
channels, storm drain systems, constructed basins or forebays, and in storage
boxes. EIngineers must be able to identify and analyze the effect of storage
on the discharge rates from the pump station.
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Designers must establish the interrelationship between three separate
components. First, the inflow hydrograph must be determined for the contribut-
ing watershed. Second, the velumstric storage capability of the storage
facility must be id@wtﬁf ed. Third, the suag@m@*@@harg@ curve of the pumps
mist be determined. Once these three @@mp@ﬁ:r?s have been established, a

mass curve routing procedure can be used te analyze the problem. This

routing procedure will be developed in g%ﬁ sections.

An example Wf@b?@w fs utiliz
procedure; the iaflow hyd
Figure 2.
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3.0 Estimating Required Storage and Pumping Rates

Because of the complex relationship between the variables of pumping rates,
storage, and pump on-off settings, a trial and error approach is usually
necessary for estimating the pumping rates and storage required for a balanced
design. There is a wide range of combinations that will produce an adequate
design. A desirable goal is to maximize storage capacity so as to minimize
pumping capacity.

Some approximation is necessary to produce the first trial design. One
approach is shown in Figure 3.

30

ey g Storage
22 cts =iorag
\ 4,500 F2
g

- Peak pumping

Flow- jf A7 rate
B 4 4

T 14 cfs

D e } |
10 T 12 13 14

Time - hrs

Figure 3. Estimatino Reguired Storace

in this approach, the peak pumping rate {s zssigned and a horizontal line
represent ing the peak rate is drawn across the top of the hydrograph. THE
SHADED AREA ABOVE THE PEAX PUMPING RATE REPRESENTS THE VOLUME OF STORAGE
REQUIRED ABOYE THE LAST PUMP-ON ELEVATION.

The number of pumps and their respective pumping rates are selected along
with the pump on-off settings, and the storage basin‘s trial dimensions are
assigned to produce the required volume of siorage, vepresented by the shaded
area in Figure 3, above the last pump-on elevation.



For the example problem, a ps 1 rate of 14 ¢fs was assigned; this
will be accomplished by two 7 of mps. he pumping rate is plotted as
a horizontal line, and the shaded area 1s measured, determining the required

£



4.0  Stage-Storage Relatioaship

Engineers have a wide range of tools available to them for providing the
racessary storage ai a pumping station. Earth basins efther natural or
constructed are the mast cost-effective; however, at most highway pumping
stations the storm water must be stored underground. This cam be accomp! i shed
hy oversizing the storm drain or providing a conmcrete storage box.

Routing procedures require that a stage-storage retationship be developed.
This 1s accomplished by calculating the available volume of water for storage
8t uniform vertical Intervals. Usually, the stage-storage curve s developed
using 8.25 to 0.50 foot intervals.

4.1 Matural Earth Basins

Storage provided by irregular natural Cerrain is calculated by determining
the area of horizontal planes associated with the vertical intervals.

The areas of adjacent plenes are averaged and multiplied by the vertical
increment to determine an incremental volume. Starting at the bottom of
the basin, the volumes are suwmmad %o obtain the stage-storage curve.

4.2 Trapezoidal Basins

The stage-storage curve can be calculated for a trapezoidal basin using the
prismoidal formula:

V=0 €Aﬂ + &2 + 4K}
£ 1
whnere:

¥ = Volume of basin at a given depth, ?@3
2 = Depth of basin, ft

AE = Area of water surface, sg ft

&2 = Area of base, sq f¢
M = Area of widsection, sq ft



The volumes associated with the assigned depths are calculated and plotted
to obtain the stage-storage curve.

A special case occurs when the basin is square (pyramid); the volume of the
basin is calculated using the frustum of a pyramid equation:

V-0 (A, + Ay + (AiAZ}UZ)
where:
V = Volume of a basin at a given depth, %tg
D = Depth of basin, ft
Al = Area of water surface, sq ft
A2 = fArea of base, sg ft

4.3 Storm Drains

Whenever the pump start elevation is above the invert of the storm drain,
the storm drain will perform more as a storage basin than a conveyance
vehicle. By oversizing the storm drain, a true storage basin can be created
to provide a meaningful reduction in pumping rates. One length of pipe
could be designed to act as a storage basin, or the storage zone could be
extended into several lengths of the storm drainage system.

The volumes for establishing the stage-storage curve can be calculated using
the prismoidal formuia:

y = %_ (Al + Ag + 4}
wnere:
¥ = Volume of water in pipe, ftg
L = Hetted length of pipe, ¥t
Al = Wetted cross sectional area of lower end of pipe, s3g ¥t
AZ = Wetted cross sectional area of upper end of pipe, sq Tt

Wetted cross sectional area of midsection of pipe, sq ft



Relative area-depth curves or tables for the particular storm drain shape

must be consulted to detevmine the cross sectional aveas. An FHUA report
provides relative area-depth tablies for various cross sectienal shapes.

1

If the pipe 1s circular, a special case exists, and the volume can be calculated
using the ungula of a cone formula as discussed in calculator program section.

4.4 Storage Boxes

Underground storage boxes would most 1ikely be rectangular reinforced concrete
boxes. The volumes at the various stages can be calculated using a combination
of formulas for regular prisms and ¢riangular wedges.

Example Problem

In the example problem, a 520-ft long, 48" circular concrete pipe with a
0.40 percent slope is provided as a storage pine as shown in Figure 4;

a 2l-ft diameter wet-well {s aliso provided. The storage volumes for the
respective elevations are tabulated in Table 1, and the stage-storage curve
is plotted in Figure 5.

Ry e
2 2 i S
gﬁi@?‘j@@ High water
g glarm
water L T = o
Elev. §.78° Elev. 6.5
48 Pipe @0.45% 4]
. A2 29" Dia,
Elev. 2.2 e
Elev. 0.0  wet well
Figure 4. Storace Pipe Sketch
i

Zelensky, P. M., Computation of Uniform and Nonuniform Flow in Presmatic
Conduits, 1972, Federal Highway Administration, Office of Research and
Development, Yashington, D.C. 20590.



The storage volumes for the respective elevations are tabulated in Table 1,
and the stage-storage curve is plotted in Figure 5.

High water alarm

Design high weter

Elev. B.78

Elew.

| l | | | ] ]
D L 2 3 4 é 7 8
Storage - 1

Fiqure 5. Stace-Storage Curve



Elevation Pipe* Wet Well Total

(ft) (713 (7¢3) (7t3)
0.0 0 0 0
0.5 45 173 218
1.0 251 346 567
1.5 672 519 1,191
2.0 1,333 692 2,025
2.5 2,213 866 3,079
3.0 3,187 1,039 4,226
3.5 4,168 1,212 5,380
4.0 5,072 1,385 6,457
4,5 5,773 1,558 7,332
5.0 6,230 1,732 7,962
5.5 6,468 1,905 8,373
6.0 6,534 2,078 8,612
6.5 6,534 2,251 8,785
7.0 5,534 2,424 8,958

Table 1  Stage-Storage Tabulation 48" Pipe @
0.40 Percent - 21°' Diameter Wet Well

*Computed by formula for ungular sections as explained in Part II of
this publication.
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5.0

Stage-Discharge Relationship

Mass curve routing procedures require thaet a stage-discharge retationship

be established. For the example problem the following stage-discharge

relationship was developed:

Pump No. 1 {7 cfs}
Pump No. 2 {7 cfs)

’

Pump-Start Pump-Stop
Elevation Elevation
20 0.0
3.0 1.0

Figure & diagrams the pumping arrangement.

&

Eﬂﬁ coiien

{J GVS

i
Pump no. 1 starts g

o

High water alarm

e [ R —
Pump no. & sterds

(D D R O, LD SR D CHT S
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[
P

5

Pump discharge — cfs

18




This stage-discharge relationship is based on three design criteria assumptions:
(a) Pump No. 1 stops at Elevation 0.0, (b) 2-ft pumping range, and (c} 1-ft
difference in elevation between pump starts.

Since pumping station design is basically a trial and error approach; this
pumping arrangement should be considered as the first attempt.

12



Inflow Mass Lurve
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Time Inflow Average Time Incremental Cumulative

{cfs) Inflow Increment Flow Flow
{cfs) (sec) (ft3) (f3)

10:30 0 0
.05 300 15

35 ol " 15
.15 " 45

40 ol " 60
4 " 75

45 03 " 135
235 " 105

50 -4 " 240
.45 " 135

55 4 .5 " 375
.55 " 155

11:00 .6 " 540
.65 " 195

g5 o7 " 735
015 ¥ 225

10 .8 ¥ 960
.85 " 255

15 .9 " 1,215
, .95 # 285

20 1.0 " 1,500
1.05 “ 315

25 1.1 “ 1,815
1.15 # 345

30 1.2 “ 2,160
: 1.85 " 550

35 2.5 ® 2,710
3.5 ® 1,050

40 4.5 " 3,760
8.0 " 2,400

11:4% 11.5 300 6,160

Table 2 Development of Inflow Mass Curve
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7.0  Mass Curve Routing

After the three components, inflow hydrogranh, stage-storage relationship

and stage-discharge relationship have been determined, a grapnical mass

curve reuting procedure can be used. In actual design practice, the inflow
hydrograph, which is developed by an acceptable hydrologic method is a fixed
design component:; however, the storage and pumping discharge rates are
variable. The designer may wish to 2ssign & pumping discharge rate based on
envivonmental or downstream cepacity considerations. The reguiraed storage is
then determinad by various trials of the routing precedure.

a

As the stormwater flows into the storage basin, 1t will accumulate until
the first pump-start elevation is reached. The first pump is activated
and 17 the inflow rate is greater than the pump rate, the stormwater will
continue to accumulate until the elevaiion of the secend pump-start s
reached. As the inflow rate decreases, the pumps will shut off at their
respective pump-stop elevations.

These conditions are modeled {n the mass curve diagram by establishing the
point at which the cumuiztive flow curve has reached the storage volume
associated with the first pump-start elevation. Thi &

nis storage volume
{

by
(2025 ¢:7) (Figure 5} is represented by the vertical distance between

the cumulative flow curve and the base line as shown 4n Floure 8. A

vertical storage linme is drewn at this point since 1% establishes the time at
which the first pump starts.

The pump discharge Tine is drawn from the intersaction of the vertical
storage Tine and the base line upwards towards the right: the slope of this
tine is equal to the discharge rate of the pump. The pump discharge curve
represents the cumulative discharge from the storage basin, while the
vertical distance batween the inflow mass curve and the nump discharge curve
represants the amount of storm water stored in the basine.

the rate of inflow is greater than the pump capacity, the inflow mass

curve and the pump discharge curve will continue to diverse until the volume
L]

of water in storage is equal to the storage (4,226 ¢1”) associated with

econd pump-start elevation. At this poind the second pump starts, and

fope of the pump discharge 1ine s increased to egual the combined

ng rate.

e
=

e procedure continues until peak storage conditions are reached. At

t on the inflow mass curve the inflow rate will decrease, and the
the inflow mass curve will flatten. To determine the maximum amount
e

o

£,

Fo4]
=
o8
o
)

i
required, a Vine is drown parallel to the pump dischage curve
the inflow mass curve as shown in Figure 8. The vertical
nce between the Tines represents the maximum amount of storage required.

[N
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Cumulative

Pump discharge
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Time - hers

Figure 8. Mass Curve Routine Diagram

The routing procedure continues until the pump discharge curve intersects
the inflow mass curve. AL this point the storage basin has been completely
emptied, and & pumping cycle completed. As the storm recedes, the pumps will
cycle to discharge the remaining runoff.

In developing the pump discharge curve, the engineer should remember that
the pump's performance curve is quite sensitive to changes in head and that
the static head will fluctuate as the water level in the storage basin
fluctuates. The designer should alsc recognize that the pump discharge rate
represents an average pumping rate.

17



In developing the pump discharge curve, the engineer should remember that
the pump's performance curve is quite sensitive to changes in head and that
the static head will fluctuate as the water level in the storage basin
fluctuates. The designer should alsc recognize that the pump discharge rate
represents an average pumping rate.

In the exampie problem two 7 cfs pumps are provided. The pumping conditions
are as follows:

Pump-Start Pump-Stop

Elevation Elevation
Pump No. 1 {7 cfs) 2.0 (2,025) 8.0 {0)
Pump No. 2 (7 cfs} 3.0 {4,226) 1.0 (597)

? % 2 s 13 SIS
'he numbers in parenthesis are the storage volumes (T1~) associated
with the respective elevations.

As depicted in Figure 8, Pump No. 1 is activated when the cumulative

flow fills the storage basin to elevation 2.0 {2,025 ftB}u The pump
discharge curve is drawn from the base line at a rate of 7 ¢fs. Since the
rate of discharge is greater than the infiow rate, the basin will quickly
empty, and Pump No. 1 will shut off. The pump discharge curve will be
horizontal because there is no pumped discharge until the infliow builds up to

L]

the Pump No. 1 start elevation again.

Pump No. 1 comes on again as the inflow build up. Since the inflow rate is
greater than the discharge rate the curves will diverge until the available

storage (4,226 ftg) is reached at Pump No. 2 start elevation. The combined
discharge rate is plotted, and a line is drawn parallel to the discharge
curve through the point of tangency of the inflow mass curve to determine the
max imum amount of storage required as shown in Figure 8. The vertical
distance between the 1ines represents the maximum amount of storage required

(8,500 £t3).

The peak storage conditions have now been reached, and storage decreases.
The routing continues until the two curves intersect, at which time the basin
will have emptied. Pump No. 2 will shut off when the storage volume is equal

to the volume (597 ft3) associated with the Pump No. 2 stop elevation

(1.0 ft); Pump No. 1 will shut off when the storage pipe has been emptied at
Pump No. 1 stop elevation {0.0). Subsequent inflows will cause the pumps to
cycle as the storm flow recedes; this additional cycling was not shown for
simplicity.

The design is adeguate since the available storage at the high water alarm

is 8,785 figa High water design conditions are plotted on the stage-storage
curve (Figure 5) for reference.



In the final design, fine tuning of the mass curve routing procedure can
occur after the pumps have been selected. For example, if two equal pumps
are selected, the pumping rate when only one pump is pumping most Tikely
would be greater than one-half of the combined rate due to head Tosses in the
piping system. Another refinement can be made for the condition when all of
the pumps have come on line and peak pumping conditions have been reached.
The pump discharge curve can be adjusted to reflect changes in the pumping
caused by changes in the static head. However, it is noted that these
refinements do not act on the side of safety.

19



8.0 Discussion

Pumping Design

The designer now has & complete design that allows the problem to be studied
in-depth. The peak rate of runoff has been reduced from 22 cfs, the inflow
hydrograph peak, to 14 cfs, the maximum pump discharge rate. & reduction

of 45.5 percent is accomplished by providing 8,500 ftg of storage. This is
only one possibie design option. The designer may wish to reduce the pumping
rate further by providing more storage, and additional combinations of pump
discharge and storage can be considered.

It is important that the designer visualize what {s happening during the
peak design period. To ald in this process, the pump discharge curve
developed in Figure 8 can be superimposed on the design inflow hydrograph
(Figure 2), as shown in Figure 9, to obtain another picture of the routing
Process.

29

Inflow hydrograph
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Figure 9. Pump Discharges

The shaded area between the curves represents siorm water that is going into
storage. Agein, pump cycling at the end of the storm has been omitted in
order to simplify the {llustratioca.

To complete the design, the designer should investigate more frequent storms
(2-10 yr. recurrence interval) to evaiuate pumping cycles during these
storms. Less freguent storms (100-yr. recurrence interval) should also be
investigated to determine the amount of flooding that will occur.
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The selection of the storage pipe size and slope is an important element in

the trail and error design procedure. Table 3 provides design slopes of

various sized concrete pipe that will produce a velocity of 3 fps when

flowing at a depth of D/8. 4hile this criteria is quite rigorous, the resulting
slopes for the iarger pipes are still quite flat. If the storage pipe is
depressed or isolated from the upstream storm drainage, a minimum pipe grade

of 0.35 percent is suggested to prevent low spots in the pipe.

In summary, the storage pipe and wet well should be designed to handle
sediment; however, the pumping system should be designad to carry sediment-
laden storm water in case sediment removal does not occur in the wet well.

Pipe Size Pipe Siope

{Inches) ft/ft
24 - 0083
27 . 0071
30 - 0062
33 - 0054
36 .0048
42 -0039
48 0033
54 .0028
60 .0024
66 0021
72 0019
78 .00172
84 .00156
90 .00142
96 .00130

Table 3  Trial Slopes for Flushing Concrete Pipe
(3 fps, 1/8 full-flow, n = 0.013)
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Part Il Pumping Station Anaiysis and Design
Using a Programable Calculator

1.0 Introduction

The calculator programs presented here will assist the engineer in the
preliminary design and analysis of typical pumping stations used in highway
applications. Such pumping stations can be generalized as having a storage
reservoir and two or more pumps which start and stop at preset water surface
elevations. These calculator programs can be applied to any pumping station
fitting this general description.

The design or analysis of pumping stations using these calculator programs is
accomplished in three steps. The first step is to determine the stage-storage
relationship for the storage reservoir. The second step is to assign the
pumping rates and the start/stop elevations for the pumps. The third and

final step is to route an inflow hydrograph through the pumping station and
analyze its performance. These three steps may be repeated, changing various
parameters, to arrive at a pumping station design which achieves the best
compromise between storage and pumping characteristics for a given inflow
hydrograph. Because the calculator programs alliow a much more rapid analysis
of a given pumping station than is possible using hand or graphical techniques,
the engineer should achieve better designs in less time by using these programs.

The general aspects of pumping station dasign and analysis have been presented
in part [ of this publication. Part Il presents a method of analysis using

the Texas Instrument TI-59 programablie calculator with a PC-100 printer. The
programs presented have been written for this particular calculator. However,
the equations used to describe the pumping station performance are general

in nature, and could be programed on another calculator. With this in mind the
programs have been thoroughly flowcharted and the algorithms explained in detail
to Tacilitate the users understanding of the programs as well as to ald in
programing this method of analysis on a different calculator.

Part II consists of 7 sections, including the introduction. Section 2
nrasents a general description of the procedure used to analyze the performance
of a typical pumping station. Each of the three steps in the procedure is
described in a2 general way to aguaint the reader with the concepts used.
Section 3 presents a general description of the calculator programs, what

gach program accomplishes and how it fits into the overall analysis.

Section 4 contains detailed user instructions. A step-by-step procedure is
outlined on how the required information is entered for each program and what
the resulting outputs mean. Section 5 presents four detailed example problems
which 1llustrate the use of these calculator programs for the analysis of
typical pumping stations. A summary of program limitations, of which all
users of these programs should be aware, is presented in Section 6.

Section 7 presents a detailed description of each of the programs. The
equations used in each program are presented and explained. Each program is
flowcharted and explained in detail.
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2.0 General Description of Analysis Procedure

As stated in the introduction, a typical pumping station consists of a
storage reservoir and two or more pumps which may start and stop at different
water surface elevations. The analysis of a typical pumping station is

done in three parts. Part one is the determination of the stage-storage
relationship for the storage reservoir. Part two is the assignment of

the pumping rate and the start/stop elevation for each of the pumps. Part
thres is the routing of an inflow hydrograph through the pumping station

and an analysis of 1ts performance.

The storage reservoir for a typical pumping station may consist of the

station wet well plus 2 network of oversized pipes and boxes. The station

wet well may be cylindrical or rectanguliar. The storage reservoir may consist
of a rectangular basin with variable side slopes, similar to an inverted
truncated pyramid or it may consist of a natural depression or some other
irregular volume. In any case, the Tirst step in an analysis of a pumping
station is to adequately define the stege-storage relationship of the reservoir.
This is a tedious process when done by hand or graphical methods. The first
group of programs, discussed in Section 3, are used to perform the necessary
calculations to adeguately define the stage-storage relationship for any of
the reservoirs mentioned above, except for the irregular reservoir. The
stage-storage relationship for an irregular reserveir must be determined by
other methods and then entered into the calculator. This is not a severe
limitation because these types of reservoirs are used infrequently. The
manner in which these programs are used to determine the stage-storage
relationship i1s described briefly here and in much greater detail in

Section 7.

Briefiy, the total reservoir height, f.e. the top elevation minus the

bottom elevation, is divided into twenty (20) increments. For each reservoir
component (wet well, feeder pipe, etc.), the volume corresponding to each
reservoir height increment is computed. The stage-storage relationship for each
reservoir component is computed separately and these are added together to
arrive at the total or cumulative reservoir stage-storage relationship. This
total reservoir stage-storage relationship is used in subseqguent calculations
for the analysis of the pumping station performance.

The next step in the analysis procedure {s the assignment of the pumping
rates and the start/stop elevations for each of the pumps. The calculator
programs have the capability of handling up to six {6} pumps. The pumping
rate, the start elevation and the stop elevation for sach pump s specified
by the user. The way in which the caleculator program determines when a
particular pump is on or off is described here briefly and is described in
much greater detail in a later section. Each pump is assigned a number, the
pump which starts first (i.e. has the lowest turn on elevation) is assigned
number one {1), the next oump to start is assigned number two {2}, etc.
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Starting with the highest gamp number, the turn on eiavation is entered into
the calculator. The calcuiator determines which reservoir z@ﬁght {ncrament
corresponds to the turn on elevation for the pump. This information 1s stored
for future use. The turn off slevation is entered next for the highest pump
number. The calculator determines which reservoir h@sghy increment corresponds
to the pump turning off and stores this information for fulure use. The
pumping rate for the highest number of pump is eniterad ﬁsxt and this 1s also
stored for future use. Unce these thres pump parameters have been entered

for the highest pump nmmm@r the parameters for the next L wer pump number are
entered in the same order

This sequence s repeated until the t%r&@ pump parameters, 1.e., turn on

5 [

elevation, turn off éﬂ@vatﬂaﬂ and pumpi mg rate, have been entered for all
pumps. This completes step two of the analysis procedure.

» of the analysis procedure {avolves routd

Step three, the final step
rough the pumping station. The calculator per?orms
1

g
an inflow hydrograph thro y
this routing by using a slightly modified form of the standard Storage-
Routing Equation. The datails of the routing nrocedure are explained
Section 7 and are only bri f?y daescribed here. The {irst part of step three
is to enter the time interval between inflow hydrograph ordinates {i.e.
successive inflow values). This is used to caleulate the average inflow for
each time interval and to keep t““fk of the cumlative time osnce the inflow
nydrograph beglins. After the time interval value has been entered, the
inflow values for ecach succassive @éw& interval are entered, ngﬁm@gn@ with
time eqw 3 1@ z@r@g F@? ﬁ@@h ﬁx?@% vmau@ @w?ay@@ ; jeul

%

cajculator will
& reservoir. This
v@iwe of starag@ is “%em @@ed c@ &et@%méﬁa the wat ace @?@;aﬁ*@m in the
5

%
storage reservoir. The calculator then determines the current sut¥low value
Y 5

bg w@mparﬂmg the Q”W?@WL storage vaiue with the pump-storage rel *§@2¢@30
developed in step two above. FEach of these values time, inflow t@ragea

2
water surface elevation, and outfliow are printed by %ne 2@”@&%&@@ ?@w *d@h
successive time interval. The complete infliew ﬂjé?@j?ﬁﬁ% iz
the pumping station | Jy entering cach successive inflow value uwiEE the

outflow from the pumping station is zero, or the storage reservoir has been
exceeded.

[N
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3.0 General Description of Programs

@

The seven separate, but interdependent, calculator programs presented

will enable the engineer to anaiyze a typical pumping staticn in less

time than required by hand metheds. Each of these seven programs will

be described in general terms in this section. A more detailed description
is contained in Section 7. Each separate program has & unique label which

serves to jdentify it and also serves to access the progranm wheﬂ using the

calculator.

The first part of the analysis of a pumping station is the determination of
the stage- st@rage relationshio for the storage ressrvoir. As mention ed in
Section 2, the storage reservoir can be rather simplie or i1t can be quite

complex. As & result, the progras
relationship must be flexible. They m
storage relati onship for many different i
reason, five of the saven programs descr ib a ﬂ@«ﬂ wi'1
stage-storage relationship for varid

a
15 used to determine this stage-siorage
usﬁ J@ ¢0:@ ?@ calculate the stage-
figuvazﬁanso §@r this

o =
=5
273

The most common con?igur@timm of¥ storage res&rww’v used for a ﬁvpﬁca%
highway pumping station is the statien wel well with a system of pipes

use box conduits in 7?@6 of pipes, to ve larger velues of storage within

i £

feeding into it. It is often @Qs rable to @vews«za these feeder pipes, or to
achie

the reservoir. The first three m gr wms described are used to determine the

&

stage-storage relationship for this tynical configuration. These three
programs are Program Label A, ?hwgr@m Label B, and Program Label C.

Program Label A is used %o define the 5&@@@ s%@waqe relationship for the
stat%@n wet wetl, It is also wsed co enter the top and bottom elevations of
the total storage reservoir. Program Yabg A can alsn be used to determine
the sta ge-storage relationship for a trga@z@nd T basin, @u@a;i@ﬂ@@ﬂy used as
a reservoir component. This wi d in more detail 'ater in

[
11 3@
g

.,
Yo &,

ore the label A button
mr@au“ qwggrﬂms have been loaded into

coessed the top slevation
o

J
this section. Program iLabel A i
Teulator (assuming i
. @wuu Program Label A has been acce
ttom elevation of the storage reservols
i &

ay

:j“

are entered. The

orogram subtracts these two elavations and divides the result by 20. This
determines the reservoir height increment. For each helght iucrement a data
3@0?@@@ register s set aside (Registers 1 thru 21}. The cumulative stage-
torage relationship for the reservolr will be stored in i&@s& data registers.
%e next step in the execution of RTOgran | hel & entify the type
of met well used in the pumping siat 3 r or cylindrical.
I the wet well is @y?‘ndriq@ep ig then entered.
The program will then calculal the wet well for
@amm of the 20 resar e bottom elevation

= e

ervoir haéﬂ“
¢ rements have been

of the reservoir and 141Ny j i 2f
&ﬂC@uuu%d for.- These va%ues are waar@d ﬁm data

@

pagisters I through 21. If
the wat well is rectanguiar, the length and width of the wet well are entered.
The ve?ue» of the sums of the side slopes in both the Tength and widih

th
divections are entered next. These will be zero when va% well has
vertical walls. These values are needed ym@n 2 Lrapezo basin 1s used as
a component of the storage reservoir, as discussed later. Once all the
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the program then

th of the 20 reservoir
2al wet well. Once the

I

%

parameters for the rectangular basin have bazen en
calenlates the cumulative storage for %n@ wat w&i
height increments, as describad above Tor the cylindric

stage-storage relationship for the wet w&%b %&s %@@w determined, the con-
ar%%at;@nc to the total reservoir stags-storag Tationship of the other
reservoir component, the feeder “?w mist be ined. This {
accomplished by Program Label B and Program Lal

G

defore hr@ﬂ@eding with the discussior
{, there is another use of program L“‘

<

Gecastonally it is ?@&Ssuae to excava

inverted {run @%aﬁd pj%@w id, and use %I 2 11

This 1s handled in the same nanner as des ad gnove u@@canguia? wet

weil. The only Jﬁff@?mﬁm@ 18 that the sum of the basin side slopes, in both
tength and width directions {s not egual to zerc.

Program Labal B is used to calculate the stage-storage re @wsavp for any

c‘rmunaw plipes feeding into the wet well fhese pipes may be of any diameter,

any length, or on any siope. {(Horizontal pipes must be QXﬂwateEy by

very small but finite slopes, 1 X 10 noeRanple. ong as the

downstream {nvert elevation of the pine is belo I vation of the

reservoir, the wupe will b@ntrnbw%@ some volume to the cumulative stage-storage

relaticnship of the reservoir. ﬁ@gram Label B 1s accessed by pressing the

Label B button on the TI-39 cal @ug@?ur {agsuming the pro per programs have

been lozded Into the calculato ,Jo Unce Progrem Labe! B has been accessed the

paramelers descri &aﬂq the feeder pige are entered. These are the pipe

diameter, the pipe slope, the p pe length, and the downstream invert elevation.

Once the pipe parameters have been ﬁg**ved : i determines which

reservoir haight increment corresoonds to th ne Tavert. This in turn

aliows the program to add twm additignal s“av ¢ g& “i‘ ﬁﬁ by the {eeder

pipe to the oroper date v mg stars. The ok 78} z for the feeder

pipa is then calculated and placed in the a 5 @ registers. If

there are more pipes contributing fo the total v ofr volume thess are

accounted fTor by f@pcdﬁ@d use of Program Label 8. Thig program is run for

cach contribu t%wg oipe. It the reservolr consists of gﬁm@ﬂw @n@ @Lat§0W wet

well and "rce favr feeder pipes, the total stage-storage re

reservoir has been cgmgzt@ao It the feeder pines aleo @@mgﬁgt @? Dox @@rduxts

then Program Label € must also be ysed,

Progra bel Lois used to caiculs ationship for

any oo '@wﬁtﬁ feeding into the wet w,f may be of any width,

any he any lengtn or on any slope g & > downstream invert

elevat £ the box is below the Lop me@ ton of the rvaﬁf the box

will ¢ bute some volume to the cumulative stage-si E“ﬁ@ ti@mship

of the storags reserveir. Program Label € 1s accessed by pf@S%uﬂg the Label C

*Horizontal boxes must be approximated by very small but Tinite slopes,

-

% 1077 as an example.



buZton on the TI-59 Calculator (assuming the proper pwag ams have been
loaded inte the calculator). Once program Label C has been accessed the
parameters describing the box conduit are entered. These are the box height,
the hox slope, the box length, the box width and the downstream invert

]
elevation. As described ahove for the circular pipes, the calculator then
determines which height increment corresponds to the box fnvert and adds the
calculated volumes to the appropriate data registers. IT theve are more
boxes contributing to the total r@gervair volume these are accounted for by
repeated use of Program Label C. If the reservoir C consist of only
the wet well and the feeder pipes, then oncs Label B and
Label C have been executed, the compiele sta aship for the
pumping station reservoir has been defined. ?@Eatiwnsh@p
will be used by other programs, as described be the pumping

station performance.

Occasionally it is convenient to utilize a natural depression or some other
reservoir as the storage resevoir for the pumping station. It might 2iso
be that the pmrvowmance of a pumping station with a reserveir of known
stage-storage relationship is to be amaiyzeam n either case, the stage-
storage relationship for the reserveir is knowm before handm Program Label A’
is used in this instance to enter a known stage-storage tionship for the
storage reservoir. Program Label A' is aMCnged by p 1 the button
Tabeled A on the TI-59 calculator {assuming the propar rogram has been
1oaded into the calculater}. Once Program Label A' has been accessed the top
194

k=]

A

&

elevation of the reservoir and then the botiom elevation of the reserveir are
entered into the calculator. The calculator determines the value of the
reservoir height increment, as described in ?wagr: A, and stores this

value for use in subsequent caiculations. The known stage-sierage relationship
for the reservoir is entered next. Seguential volum wsg ﬂamb@v@d zero {(0)
through twenty {20) are entered into the calcuiater. me zero 18 asociated

”; God =
with the bottom slevation of the resserveir and volume i
with the top elevation of the reservelir. Interven

y a stage-storage

with intervening increments of reservolr h 1
ided iato twenty equal

i ght
curve, where the total stage of the reservoir is divide
increments. Once the stage-storage relaticnship for the known reserveir has
been entered, 1f there are other components which add storage to the reservoir,
such as feeder pipes or bc&@s, then these may be accountad for by using
Program Label B or Program Label C as @@%bu ib fav’@ugiyg Once the stage-

P
ete the performance of the

e
storage relationship for the reservoir is compi
t programs, as described later

oumping station may be evaluated by subsequen
in this section.

The programs described above are used to caleul
for a typical storage reserveir. It i3 often u
retationship for later use. This is done by ugi
stage-storage r@iaﬁiﬂn%h?n has been computad Prog

r
to 1ist the stage-storage relationship. Program Lab

t

S

”QG Once the

Y]
B
=
£
“4%
(=2
[©]
&=
%23
@
L.

ol

pressing the label E’ button on the TI-BS
done the calculator will 1ist the volumes
reservoir height increments. This is espe
pumping station reservoir will be used in
relationship need be calculated @mi; cnee
stage~-storage relationship may be entered
Label A'.

et e
i
&
&
[ R

wds ) A €3
&
[ W 3]
=
o R R ek e
zmcd
[al
D

1 if a Da“*acuiar
esigns. The stage-storage
en for subsaquent analyses the
'he calculator using Program

cta

28



The second part of the analysis of a pumping station is ¢¢ assign the number
of pumps, the pumpxng rate for each pump, and the start/stop eievation for
each pump. This is accomplished by using Program Label D. Program Label D
is accessed by pressing the Label D button on the T71-59 calculator. This
program will handie up to six pumps of any discharge. The first parameter
entered after accessing program Label D, is the number of pumps. In order to
keep track of these pumps the calculator assigns each pump a number. The
pump with the highest stari elevation is assigned the highest number.
Starting with the highest pump number the following pump parameters are
entered'for each pump: the start or furn on elevation, the stop or turn off
elevation, and the pumping rate. These three par ameters are entered for each
pump, vn turn, starting with the highest number of pump and Tinishing with
pump number one. The way in which the calculator program stores this pump
information for future use is described here brisfly. This is described in
greater detail in Section 6.

The program compares the start slevation entered for the highest number
pump and determines the reserveir hei gh? ?Wﬁfﬁmeﬂi with which it corresponds.
The program then stores this pump “on® information for future use by adding
-1 to the values of storage associated wtmﬁ that height increment and all
higher height increments. The program then examines the stop elevation
entered for the highest number pump an nd determines the h@igh% increment with
which it corresponds. The program then stores this pump “off" information by
adding .01 to the values of storage associated with that height increment and
atl h*gher neight increments. The program then stores the value of the
pump1 ng rate for the highest number of pump in a2 designated data storage
register. This seguence of oparations is repeated for sach of the pumps up
to a maximum number of six pumps. Once all three pumps parameters have been
entered for each of the pumps, the pump information has been assigred and 2
been det

storage vs. pumping rate relationship has ermined. Part two of the
pumping station analysis is then ﬁ@ﬂp%@i@o
The third and final part of the analysis of a pumping station s the routing
of an *nfiow %vcrba"*ph throuch the pumping stetion and an analysis of its
performance. This is accomplished by using Program Lebel £, the seventh and
f@nas program to be degcf?red in this secticn. Program Label £ s accessed
by pressing the button abe%ed E on the TI-59 calculator. The first data
entered, once Pr@graw Label £ has bsen accessed, is the Lime interval, to the
nearest whole minute (fra ¢ziana? poriions of a minute such as 2.5 winutes or
3.3 minutes are not @Eloae@} This i { 21 value is stored in a
dedicated data storage register and is w ubseguent calculations. The
successive inflow values for the inflow hy are entered next, beginning
with the inflow associated with time egual i e F@r each inf?@w value
entcf@ds the programs will print the apprepriate value for the following:
cumuiative ¢ime, the value of inflow entered, the cur f@nt value of storage
used in the reserveoir, the water surface elevation associated with the
current storage, and finally the outfiow value at the end of the time interval.
The methods to used compute these values are described here briefly and are
described in greater detail in Seetion 7.
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For each inflow value entered the calculator computes the average inflow for
the time interval. With this average infow and the outflow computed for the
previous time increment the calculator computes the change in storage. The
current value of storage is then computed and printed. The water surface
elevation associated with the current value of storage is then computed and
is printed. Finally, the current value of storage is compared with the
pump~-storage relationship developed in part two of the analysis. This
determines the outflow value at the end of the time increment. This value is
printed and is also used in subseguent calculations. This sequence of
operations is repeated for each inflow value entered. The analysis of a
pumping station for a given infow hydrograph is complete when the ocutflow has
decreased to zero (all pumps have turned off). The printed tape produced by
the PC-100 printer provides a complete record of the performance of the
pumping station. The maximum storage required, the maximum water surface
elevation and the sequencing of the pumps is recorded for analysis. This
completes the analysis of the pumping station.
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4.0 User Instructions

This section explains in detail the data required by each of the seven
calculator programs, and also explains how the program user inputs this

data. This section also describes the prompting messages which are printed

on the paper tape to tell the user what data is required and when to enter

it. This section is organized into three parts, paralleliing the analysis of
the pumping station. The first part describes how the five programs associated
with defining the storage reservoir are used. The second part describes how
the program associated with the pumps is used. The third and final part
describes how the routing program is used. These descriptions assume a

working knowledge of the calculator and printer.

The five programs used to determine the stage-storage relationship for

the pumping station storage reservoir are contained on two sets of magnetic
cards. Programs Label A, Label A', and Label E' are contained on the first
set of magnetic cards. Programs Label B, Label C, and Label E® are contained
on the second set of cards. Program Labe! €' is contained on each set of
cards to allow the user to Tist the stage-storage relationship for any
reservoir without having to icad an extra set of magnetic cards into the
calcuiator. Each set consists of two cards. The first card contains the
calcuiator program instructions on banks 1 and 2. The second card contains
the appropriate data and aipha-numeric codes on banks 3 and 4. Programs
Label A and Label A" will be described first. Programs Label B, Label C, and

P

Label £° will then be described.

Program Label A

Program Label A 1s used to calculate the stags-storage relationship for
the pumping station wet well.

Program Label A is contained on the first set of magnetic cards. These
two magnetic cards must be read into the TI-59 calculator before program
Label A can be accessed.*

Program Label A 1s accessed by pressing the button Tabeled A on the TI-59
calculator.

Once Program Label A has been accessed the message "TOP ELEVATION?® will be
printed and the calculator will halt cperation. The top eievation of the
storage reservoir 13 input by the user and then the R/S button is pressed.

*The publication package contains a 1isting of the programs and data register
contents. These must be transfered to magnetic cards. {(Appendix )



The calculator then prints the message, "BOTTOM ELEV.?" and halts operation.
The bottom elevation of the storage reservoir is input by the user and then
the R/S button is pressed.

The calculator will then print the message, "RECT.=0, CYL.=1%, and halt
operation.

I the pumping station wet well s cylindrical the user enters the number 1
and then presses the R/S button.

If the pumping station wet well is rectangular then the user enters the
number 0 and presses the R/S button.

For a cylindrical wet well, after the number 1 has been entered and the
R/S button pressed, the calculator will print the message, "RADIUS?® and
halt operation.

The user then enters the value of the radius of the cylindrical wet well in
feet and presses the R/S button.

The calculator will then calculate the stage-storage relationship for

20 equal height increments, from the bottom elevation to the top elevation
specified. These volumes are stored in data registers 1 through 21.

When the calculator has completed these calculations the paper tape will
advance and the calculator will halt operation.

For the rectangular wet well, after the number © has been entered into the

calculator and the R/S button pressed, the calculator will print the
massage, "BASIN LENGTH?", and then halt operation.

The user then enters the length of the rectangular wet well and presses
the R/S button.

The calculator will then print the message "BASIN WIDTH?®, and halt
operation.

The user enters the width of the rectangular wet well and presses the
R/S button.

The calculator prints the message, " ¢ LENGTH SLOPES® and halts operation.

For a rectangular wet well which has vertical walls the user enters zero and
then presses the R/S button.

The calculator then prints the message, " ©r WIDTH SLOPES" and halts operation.
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For a rectangular wet well which has vertical walls the user enters zers
and presses the RB/S button.

ihe calculator will then compute the stage-storage relationship for 20
equal helght increments, from the botiom uﬂ@%&i%@ﬂ to the top elevation

specified. These volumes are stored in data registers 1 through 21.
Hhen the calculator has computed éﬁu% e calculations the paper tape will
advance and the calculator will halt operation,

¢t well Ras been
ey components
done by using

n wet
oth
is

The stage-storage we?&&ﬁnwshﬁp for the pumping statio
calculated and the additional storage @wmvﬁa&u y ﬁ &0
of the storage reservolir may now be calculated. This §
Programs Label 8 and Label C.

Before continuing to explain the use of Programs Label B and Label C,

there 1s one more point to be Jadwmg sad for Program Label A. As discussed
in Sections 2 and 3, Program Label A may also be used to compute the stage-
storage r@?@t%@ﬁaﬁép for a rectangula r basin with gﬁapfmg walls, similar to
an inverted truncated pyramid. 3“@@ type of storage basin {3 sometimes
usad where it 1s economically feasidie. In such cases, the stage-storage
relationship for the basin may be computed by u@%ﬁg Py rogram Label A as
described above for a rectangular basin. In this casa, @@w@wewa the sum of
the side slopes will not be zero, and the 8ppropr iate values for the sum of
the side slopes in both the %eﬂgrv and width divections must be entered.
This is discussed in greater detail in Section 7.

As mentioned above, ?wag?@mx Label B and Label € are used to deterwine

the additional storage providad by the other components @n the st&vag@
reservoir, namely the feeder pipes or boxes. Progrem Label B s used to
determine the additional storage pw@viawd by circular pipes, while Program
Label € is mgwd to determine the sddltisnal %f@w&ﬁu provided by box @@nduits,
Each program’s use wil) be described ﬂm detail balew.

Program Label 8

Program Label B 1s used to caleulate the

additional storage provided by
circular pipes which feed into the pumping stati

on wet we??

7

etic cards. These
ator before Program

o

w0 magnetic cards must be read into tha TI1-59 caleu
Label B can be accessed.®

Program Label B {s contained on the second set of mag
i

*This publication package contains a 1isting of these programs and data
register contents. This must be transfered ¢o magnetic cards.



vam Label B is accessed by pressing the button *sbeled B on the
s caleulator.

ogram Latel B has been accessed the calculator wiil print the message,
_9" on the paper tapz and helt opsration.

The user must then enter the diameter in feet of the circular pise and press
the R/S button.

The calculator will then print the message, "SLOPEY and halt operation.

he user enters Lhe slope of the pipe in feet per fout and presses the
R/S button. [Horizontal pipes must be approximated by a very small but

finite slope, 1 X 10"6 as an example.)
The calculator then prints the message,"LENGTH" and haits operation.

The user then enters the length of the pipe in feet and presses the
R/S butten.

The calculator then prints the message, "INVT. ELEV.” and halts operation.

The user then enters the invert elevation of the end of the pipe closest
to the pumping station wet well, and then presses the :/S putton.

The caiculator will then compute the additiconal storage provided by the
cipe and allocate this to the correct reservoir height increments. Once
these <omputatlons are compiete the calculator will advance the paper tape
zn6 nelt operation.

'Y there are additional pipes which feed into the pumping station wet weil
und if their downstream invert elevation is below the top elevation of
he reservoir then these pipes will provide additional storagpv The additional
rage “rov1u94 by each pipe is accounted for by reoeating the use of Program
=1 & for each pipe as described above.

~

Program Label O

cned previousiy Program Labe! € is used Lo zampute the additional
fbV!ded by box conduits which fezed into the pumping station wet

frogream Label {15 contained on the second set : ¢ magnetic cards. These
magnetic cards must be read into the TI-52 -alcuiator before Program
pal L can be accessed.”

*This publication package contains & listing of these programs anc data
register contents. Thse must he tranfered ¢o magnetic cards.

34



Program Label! C is accessed by pressing the button labeled C on the TI-59
calculator.

Once Program Label C has been accessed the calculator will print the message
“BOX HEIGHT" and halt operation.

The user then enters the height of the box conduit in feet and presses
the R/S button.

The calculator then prints the message, "SLOPE™ and haits operation.

The user enters the value cf the siope ¢f the box conduit, in fest per
foot and presses the R/S buttcn. ({Horizontal boxes must be approximated

¢

by a very smali but finite siope, 1 X 107~ as an example.)

The calculator then prints the message, "BO{ LERGTH" and halts operation.

The user enters the length of the box conduit in feet and presses the
R/S button.

340
H

The calculator then prints the message, "BOX WIDTH" and halts operation.
The user enters the width of the box conduit in Ffeet and presses the
R/S button.

The calculator then prints the message, "INVT. ELEV." and halits operation

The user then enters the invert elevation of the downstream end of the box
conduit, and presses the R/S button.

The calculator then computes the additional stcrage provided by the box
conduit and allocates this storage to the correct reservoir height increments.
Once these computations are complete the caleulater will advance the paper
tape and halt cperation.

If there are additional box conduits which feed into the pumping station

wel well and if their downsteam invert elevation is below the top elevation
of the reservoir, then thase boxes will provide additional storage. The
additional storage provided by each box conduit i3 accounted for by repeating
the use of Program Label C for each box as described above.

Programs Label A, Label B and Label € are used to calculate the stage-storage
refationship for the majority of storage reservoirs used in typical highway
pumping stations. As discussed in Sections 2 and 3, an irregular reservoir
is used occasionally. The irregular shape of the reserveir precludes the

use of simple geometric shapes o adequately describe its stage-storage
relationship. The stage-storage relaticnship for such a reservoir must be
determined by other means, such as the pianimeter method. OUnce the stage-
storage relationship for any reservoir has been determined, and placed in the
appropriate data registers, it may be analyzed using the programs described
in this publication. Program Label A' is used to piace 2 predetermined
stage-storage relationship into the appropriate data registers. The use of
Program Label A’ is described below.



Program Label A’

As mentioned above, Program Label A' is used to enter a predetermined
stage-storage relationship for any reservoir.

Program Label A’ is contained an the first set of magnetic cards. These two
magnetic cards must be read into the TI-59 calculator before program Label A
can be accessed.®

Program Label A' 1s accessed by pressing the button Tabeled A'. This requires
the keystrokes 2nd A® on the TI-59 calcuiator.

Once Program Label A' has been accessed the calculator will print the
message, "TOP ELEVATION?” and halt operation.

The user then enters the top elevation of the reservoir and presses the
R/S button,

The calculator then prints the message, "BOTTOM ELEVATION?® and halts operation.

The user then enters the bottom elevation of the reservoir and presses the
R/S button.

The calcuiator will then print the message "VOLUME (0)?" and halt operation.

The user then enters the volume asscciated with the bottom elevation of
the reservoir. This is often zero, but occasionally there is a sump or
some other feature which must be accounted for. Afier entering the volume
the user then presses the R/S button.

The calculator will then print the message, “YOLUME (1)7" and halt operation.

The user then enters the volume associated with the first height increment
above the bottom of the reservoir and presses the R/S button.

The calculator will request the volume associated with each of the twenty
equal reservoir height increments in the same manmer as described above. The
user must enter the appropriate volume and then press the R/S button after
each entry.

After the twenty (20) volumes describing the stage-storage relationship

for the reservoir have been entered, the calculator will advance the paper
tape and halt operation.

*This publication package contains a listing of the programs and the data
register contents. These must be transfered to magnetic cards.
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Once a stage-storage relationship for a reservoir has been determined by
Programs Label A, Label B, and Label C it is frequently desirabie to make
a record of the total stage-storage relationship for future use. Program
Label E' is used to list the stage-storage relationship stored in data
registers 1 through 21.

Program Label E°

As mentioned above, program Label E£' is used to list the stage-storage
relationship computed by other programs.

Program Label E' is contained on both magnetic card set one and magnetic
card set two. Either set of two cards must be read into the TI-59 calculator
before Program Label E' can be accessed.”*

Program Label £’ 1s accessed by pressing the button labeled E' on the TI-59
caleulator. This requires the keystrokes 2nd E'.

Once Program Label E' has been accessed, the calculator will print the
twenty volumes associated with the twenty equal reservoir height increments
and then halt operation.

The five programs used for the determination of the stage-storage relationship
of the pumping station reservoir have been described above. There are two
additional programs which must be discussed. These are Program Label D and
Program Label E.

As discussad in Sections 2 and 3, Program Label D is used in part two of the

pumping station analysis which consists of the assignment of the pumping
rates and start/stop elevations for each of the pumps.

Program Label D

As discussed previously Program Label D is used to input the appropriate
pump data into the calculator.

Program Label B is contained on a single magnetic card. {Program No. 3)

This magnetic card must be read into the calculator before Program Label D
can he accessed.*

*This publication package contains a Visting of these programs and data
register contents. These must be transfered to magnetic cards.
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Program Label D 1s accessed by pressing the button labeled D on the TI-59
caiculator.

Once Program Label D has been accessed the calculator will print the message,
*N0. OF PUMPS?" and halt operation.

The user then enters the number of pumps which wiil be used in the pumping
station. (NOTE: Due to memory size restrictions in the calculator the
number of pumps must be held to a maximum of six.) After entering the
number of opumps the user then presses the R/S button.

The calculator then prints the message, "ON ELEV., PUMP 6° or 5 (whatever
the number of pumps enters in the pravious step was). As discussed in
Section 3, the calculator will assign a number to sach of the pumps. The
pump with the highest sﬁart elevation will be the pump with the highest
number. A1l pumps with & Tower number must have a start elevation which is
less than or equal to the start elevation of the pump with a higher number.
After printing the message the calculator will halt operation.

The user then enters the start or on elevation for the highest number pump
and presses the R/S button.

The calculator will then print the message, “OFF ELEV. PUMP 6" or 5 (whatever
the number of pumps entered in the first step was).

As was the case for the start elevation, the stop elevation for the higher
number pumps must be greater than or equal to the stop elevation for lower
aumber pumps. This may be summarized by, the first on must be the last off.
Once the of ¥ elevation for the highest number pump has been entered the user
presses the R/S button.

The calculater will then print the message, "PUMPING RATE® and halt operation.

—

he uyser then enters the pumping rate in cubic feet per second (cfs) for
ne highest number pump and presses the R/S button.

3

wlator then prints the message, "ON ELEY., PUMP 5% or 4 (one

f £
] < [
han the highest number pump) @m@ halts oparation.

by

13

ks

cal

et nf
s“? 22}

s

1
“3

The user enters the on elevaticn for the pump {this elevation must be
iess than or equal to the elevation entered for the previous pump), and
hen

o presses the R/S button.

The calculator then prints the message, "OFF ELEY., PUMP 5® or 4 {(one Tess
than the highest number pump) and then halts operation.

The user then enters the appropriate off elevation (this elevation must be
less than the of f elevation entered for the higher number pump} and then
presses the R/S button.
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The catenlator will then print @ 1ist of messages which define the
:ymﬁcﬁg used to identify the outputs which Program label E prints
far each inflow value entered. These are:

T

[

=

[
it

INFLOW = 1
STORAGE

it
[%5)

i

WATER SURFACE ELEY. = ¥
QUTFLOY = ©
After printing this Tist of m@ssaa@g the caeuuﬁ tor will advance the paper
ape and print the messags, " 0.60 = T* and halt operation.
The user then enters the inflow hydrograph value associated with the time
& A &

gqual to zerc. This is most often also equal to zero. After emtering
the inflow value ihe user presses the R/S butten.

The calculator will than print the value of inflow entered in the step
above along with the lTahel, "=1". The calculator will then compute the
vaiue of storage used to stove the initial inflow, ¥ any, and print this
value along with the label, "=8%. The calculator th@m computes the value
of the water surface elevation which b@vregp@nd to this ﬁt@w@g@e The

calculator then prints this value of the water surfzce elevation along
ith the label, : =", The calculator then determines i¥ any pumps have
irned on or of f by compariag the value of storage computed above with the
5% ﬁwggc PUmD ?eﬁﬁ?%@nsm? Q@we_@pud by Program Label Do 19 any pumps have
raed on or off the @a“ca“at@w wit? then compute 2 the outflow value associated

with the opumps which are turned on and print this value along with the label,

" The calculator will then advance the paper tape, print the value of
time increment along with the label, “u?“~@n@ halt cperation.

The user then enters the inflow valuz corresponding Lo the value of time
erinted by the calculator and presses the R/S button.

The caltculator will then repeat the sequance of operations described above
riat the appr@o?’a?@ values 0? inflow {1}, storage (",S water

ace elevation (¥) and outflow {C). The calculator then prints the
secuential time value and halts operation.

S process is a@‘@atmd for each seq @mta4§ inTlow hydrograph value until
performance of the pumping stai ﬁmw has beew @d@qa”¢ ey defined. I all

t i3 desired is the peak storage r@quiwem>n€s then the analysis may be

rini nated once Lh@ value of storage computed by the calcuiator has reached a
mum. 1 a complete analysis of the pumping station, including outflow

%
tes and turn on/turn off times for each pump s needed then the appropriate
i
c

Py
P e aier o
2D
]
‘CJ
3 L3

N
ﬁ;
o :: K

s of inflow are entered until the entire inflow hydrograph has been
gunted for. Additional values of zero infiow are entered, for subsequent
increments once the inflow hydrograph has ceased until the storage

n the reservoir has been depleted or the outfiow drops to zers. A
complete @xd detailed analysis of the pumping station {3 contained on

a6



If at any time the storage capacity of the reservoir is exceeded, the calculator
will print the message, "BASIN EXCEEDED" and halt operation.

By using the seven programs, as described in this section, a complete analysis
of a typical pumping station can be performed quickly and accurately. The
actual application of these programs in the analysis of typical highway
pumping stations is described in the next section, Section 5, dealing with
example problems.
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5.0 Example Problems

This section presents four examples of the design and analysis of pumping
stations using the calculator programs described in Sections 1 through 4.

The first example problem analyzes the performance of the simple pumping
station presented in part 1 of this publicaticn. The reader may then compare
the results of the analysis using the calculator programs with those obtained
by a graphical method, as presented in Part 1.

The second example problem analyzes the performance of a more typical highway
pumping station. This pumping station contains a rectangular wet well,
a box conduit and circular feeder pipes.

The third example problem presents a pumping station with an excavated
trapezoidal wet well.

The fourth, and final, example problem presents a pumping station utilizing
an irregular reservoir.

The reader is encouraged to work out the example problems as they are presented
to gain experience in the use of the calculator programs.

The calculator printouts for each example is included directly following the
example for the readers' reference.

Example Problem 1

This pumping station design is the same as that presented in Part 1 of

this publication. The pumping station storage reservoir consists of 21 foot
diameter (10.5 ft radius) wet well and 520 feet of 48 inch (4 ft.) circular
concrete pipe on a 0.4 percent (0.004 fi/ft) slope. The invert elevation is
0.0 ft. There are two pumps with the following parameters:

Pump Number Pumping Rate On (Start) Elev. Off {Stop) Elev.
1 7 ¢fs 2.0 0.0
2 7 cfs 3.0 1.0

The maximum water surface elevation within the reservoir is specified as
6.5 feet. The bottom elevation of the reservoir is specified as 0.0 feet.

The inflow hydrograph is presented in Figure 2 of Part 1 and is also presented
on the following page in a tabular format with the time interval of 5 minutes.
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Example 1. Inflow Hydrograph Data

Time {min.) Inflow {(cfs) Time (min.) Inflow {cfs)
0 0.0 75 11.5
5 0.1 80 19.0

10 0.2 85 21.5
15 0.3 o0 17.0
20 0.4 95 12.0
25 0.5 100 6.5
30 0.6 105 5.0
35 0.7 110 4.0
40 C.8 | 115 3.5
45 0.9 120 3.3
50 1.0 125 2.7
55 1.1 130 2.5
60 1.2 135 2.3
65 2.5 140 2.1
70 4.5 145 2.0

150 1.9

Using the calculator programs presented, analyze the performance of this
pumping station.

°Step 1. Stage-storage relationship for reservoir

The stage-storage relationship for the cylindrical wet well is determined
as described in Section 4, using Program Label A.

The additional storage provided by the 48-inch feeder pipe is determined
using Program Label B, as described in Section 4.
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A record of the complete stage-storage relationship for the reservoir is
desired so Program Label E' is run.

Elevation
(ft)

0.0

0.325
0.650
0.975
1.300
1.625
1.950
2.275
2,600
2.925
3.250

°Step 2. Assignment of pump parameters

The results are summarized below:

Height Storage
Increment (ftg)
C 0
1 127
2 312
3 573
4 926
5 1376
6 1931
7 2585
8 3303
9 4052
10 4807

Elevation
(ft)

3.575
3.900
4,225
4.550
4,875
5.200
5.525
5,850
6.175
6.50

Height
Increment

11
12
13
14
15
16
17
18
19
20

Storage
(7t%)

5549
6253
6881
7404
7826
8151
8388
8553
8672
8785

The various pump parameters are entered by using Program Label D, as described

in Section 4.

The parameters are summarized below:

Pump Number 2
Pump Number 2

Pumping Rate

Pump Number 1
Pump Number 1

Pumping Rate

On Elevation

Off Elevation

On Elevation

Off Elevation

45

3.0 ft
100 ft
7.0 cfs

2.0 ft
0.0 ft
7.0 cfs



°Step 3. Routing inflow hydrograph through pumping station

The inflow hydrograph is routed through the pumping station using Program
Label E as described in Section 4. The results of this routing are summarized
in Figure 1.

It is interesting to compare the results of the analysis using the calculator
programs and the result obtained using graphical methods, as presented

in Part 1 of this publication. The peak storage requirements as determined

by the graphical method, was 8,500 cubic feet. The peak storage requirement,
as determined by the calculator programs was 8,067 cubic feet. The 8,067

cubic feet is a more accurate answer. A very rigorous sequence of calculations
(not shown) determined that the actual peak storage requirement is 7900

cubic feet.

The calculator program predicted the peak storage reguired within 2 percent.
The graphical method predicted the peak storage required within 8 percent.
The larger error in the graphical method is due to the difficulty in scaling
small values of storage. The error in the calculator method is due to

the descrete time increment of one minute used in calculations as well

as rounding errors for the pump start/stop elevations.

The Tatter source of error may be eliminated by assigning the pump start/
stop elevations so that they correspond exactly with a reservoir height
increment. This degree of refinement is only warranted for the most detailed
of analyses.
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FIGURE 1 SUMMARY OF RESULTS FOR EXAMPLE PROBLEM No. 1
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EXAMPLE PROBLEM NUMBER 1
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Example Probem 2

A new &-Tana divided arterial i1s being designed in an urban area. Because
of right-of-way restrictions and other factors it has been decided that a
depressed section is preferable. At one location along the aligmment, the
arterial passes under an existing raiiroad bridge. Clearance requirements
dictate a long sag vertical curve. The only feasible means of draining this
section of the highway s to pump the stormwater out of the sag.

it is desirable to use the smaliest pumping rate feasible, in order to

reduce the initial cost of the pumping station and to reduce stand-by
alectrical charges. This means that within the Vimited right-of-way available,
storage must be provided in order to reduce the pumping rates toc a minimum.

The goal is to provide a combination of storage and low pumping rates which
minimizes the overall annuwal cost of the pumping station. A thorough economic
analysis, evaluating various combinations of storage and pumping rates, is
beyond the scope of this publication.

This example problem will demonstrate how various pumping rates may be
evaluated for & given reservoir configuration.

for the pumping station layout shown in Figure 2 determine the minimum
acceptable pumping rate, given the inflow hydrograph 1isted in Step 3.

*Step 1. Stace-storage relationship for reservoir

The reservoir for this pumping station comnsists of 3 components:

The 20 ¥ 25 foot pumping station wet well, 150 Jinear feet of box conduit
{5 feet high by 20 feet wide), and 250 Tincar ¥eet of 27 inch diameter
reinforced concrete pipe.

The stage-storage relationship for the pumping station wet well is determined
by using Program Label A, as described in Section 4. The top elevation is
set at 1,190 the elevation of the depressed section.

The additional storage provided by the box conduit is determined using
Program Label C, as described in Section 4,

The additional storage provided by the pipe {s determined using Program
Label B, as described in Section 4.

A record of the complete stage-storage reiationship for the reservolr is
neaded, so Program Label £’ is used as deseribed in Section 4.
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The complete stage-storage relationship is summarized below:

Elevation Height Storage Elevation Height Storage
(ft) Increment (ft3) (ft) Increment (ftg)
1175.00 0 0 1183.25 11 19,578
1175.75 1 937 1184.00 12 20,083
1176.50 2 3,000 1184.75 13 20,588
1177.25 3 5,625 1185.50 14 21,091
1178.00 4 8,250 1186.25 15 21,566
1178.75 5 10,875 1187.060 16 21,988
1179.50 6 13,500 1187.75 17 22,369
1180.25 7 16,077 1188.50 18 22,744
1181.00 8 17,830 1189.25 19 23,119
1181.75 9 18,569 1190.00 20 23,494

1182.50 10 19,074

Note that this total reservoir height of 15 feet is higher than the design

high water.

greater than the maximum allowable.
as the example problem continues.

°Step 2.

Assignment of pump parameters

Since we wish to evaluate the storage required for various
pumping rates it is desirabie to have the range of storages evaluated
The reason for this will become evident

The pump start/stop elevations will remain constant for all different pumping

rates evaluated.

Pump Number

On Elevation
1181.00
1178.00

These are summarized below:

Off Elevation
1178.00
1175.50

The pumping rates will be varied in order to determine their effect upon

peak storage reguirements.

minute (6.68 cubic feet per second) is assigned for each pump.

An initial pumping rate of 3000 gallons per

The pump parameters summarized above are entered into the calculator using

Program Label D as described in Section 4.



"Step 3. Routing of inflow hydrograph through pumping station

The inflow hydrograph is presented below:

Jime {min.) . Inflow {cfs) Time (min.) Inflow (cfs}
0 0 20 8.6
5 2.0 5% 7.2

10 5.0 60 5.0
15 10.0 65 4.0
20 15.0 70 3.0
25 21.5 75 3.0
30 19.7 80 2.0
35 15.6 85 1.0
43 14.8 90 6.0
45 11.5 95 0.0

This inflow hydrograph is routed through the pumping station using Program
Label E as described in Section 4.

The peak storage required for a pumping rate of 3000 GPM is 18840 ftBQ
The water surface elevatien which corresponds to this storage is 1182.15 ¢,
wiich 1s below the design high water elevation of 1186.00 ft. This means
that there is additional storage available and that a Tower pumping rate

is feasible.

The pumping rates for the pumps can be changed without reentering Program
Label D. The pumping rates for each pump are stored in dedicated data storage
register (as described in Section 6). These are:

Pump Number Data Register
6 29
5 28
4 27
3 26
2 25
1 24
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To change the pumping rate for pump number 2, simply store the new pumping
rate in data register 25. To change the pumping rate for pump number 1,
simply store the new pumping rate in dataz register 24.

A new pumping rate of 2500 GPM (5.57 cfs) is entered for both pump number 2
and pump number 1. '

The same inflow hydrograph is routed through the pumping station using
Program Label E.

The peak storage required for a pumping rate of 2500 GPM is 20774 ftgg

with a water surface elevation of 1185.03 ft. This is stiil below the
design high water elevation.

The peak storage requirements for pumping rates of 2000 GPM (4.46 cfs) was
also evaluated, following the same procedure. The required storage was

23393 Ft° with a water surface elevation of 1189.80 ft.

The results of this analysis is presented in Figure 3.

By graphical interpoiation the minimum acceptable pumping rate is determined
to be 2,375 GPM (5.29 cfs) for the given inflow hydrograph. This {s confirmed
by running the 5.29 cfs rate and detevmining that the required storage is

21,375 #t° at elevation 1185.95 ft.
The compiete printout for this example problem is contained at the end
of this section.
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EXAMPLE PROBLEM NUMBER 2
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Example Problem 3

The outfall of a highway storm water collection system is a tidal river.

On the occasion of high tides the outfall is submerged and tide gates have
been installed to prevent water from backing up onto the highway. A joint
probability study has been performed and there is a significant risk of a
storm cccurring during high tide on the river. In order to drain the highway
during high tides a small pumping station {s proposed. The storage reservoir
for this pumping station will consist of an excavated trapezoidal basin.

Determine the minimum size of the trapezoidal basin which must be provided
for the following infiow hydrograph and pump paramelers. The side siopes
of the trapezoidal basin are 2 H:1V in both the Tength and width directions.
The top width of the trapezcidal basin {s Fixed hy right~of-way constraints
at 50 feet. The length is not 1imited. The maximum depth of the reservoir
is 10.0 feet.

Inflow Hydrograph

Time {(min.) Discharge {cfs) Time {min.) Discharge (cfs)
0 0.0 36 9.0
6 3.0 42 5.0
12 6.0 43 2.0
18 9.0 54 1.0
24 12.0 60 0.0
30 10.0

Pump Parameters

Pump Number On Elevation OFf Elevation
1 2.0 0.0
2 3.0 1.0
3 5.0 3.0

Pumping rate for all pumps s 1.0 cfs.
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® Step l. Stage-storage relationship for reservoir

ha anal of this analysis is to determine the minimum size of trapezoidal
pasin which will be adequate for the given pump characteristics, inflow
hydrograph, and constraints on basin configuration.

To estimate the required volume for the storage register the inflow hydrograph
i5 examined. The total area under the inflow hydrograph represents the total
volume of water which will flow into the reservoir. This volume is 20,520 cubic
feet. This amount of storage would be requied {f there were no pumps provided.
Because the water in the reservoir is being pumped out the storage required will.
pe Tess than the 20,520 cubic feet calculated above.

The maximum pumping rate will occur whan all three pumps ave on and is
egual to 3 c¢fs. The volume of water represented by the area bounded by a
horizontal line of 3 cfs and the inflow hydrograph as shown in Figure 4 is
the minimum amount of storage which must be provided by the reservoir
This volume {s equal to 11,760 cubic feet.
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FIGURE 4. Minimum Storage Requirements



The actual volume of storage required is between 11,760 and 20,520 cubic feet.

The length of trapezoidal basin required for a given maximum volume is
computed using the following equation. {Section 7, page 74).

V, = ILS X WS M+ (W X ILS) % (L X zWS) W + (L X W)H
— 3 7

where: ILS = the sum of the side slopes in the length direction
WS = the sum of the side slopes in the width direction
L = the length of the basin floor
W = the width of the basin floor
H = the total height of the basin

The maximum height of the basin is 10 feet, the width of the basin floor is
10 feet and the slide slopes in all directions are 2:1.

Therefore H = 10 feet, W = 10 feet, LS = WS = 4

V. = 4 X4 (10)° + (10 X 4) ' (L x4y (10)% + (L x 10) (10)

Vt = 300L + 7333.3

Using the equation derived above, the length of trapezcidal basin required to
provide volumes of 11,760 and 20,520 cubic feet respectively are computed.

The length of basin required will be between 15 feet and 44 feet.
As a first approximation a basin with a Tength of 27 feet is specified.
A1l basin parameters have now been specified and the stage-storage relationship

for the basin may be determined using Program Label A as described in Section 4.

°Step 2. Assignment of pump parameters

The pump parameters listed above are entered using Program Label D as described
in Section 4.
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°Step 3. Routing of inflow hydrograph through pumping station

The inflow hydrograph is routed through the pumping station as described in
Section 4.

The peak water surface elevation which occurs while routing the inflow hydrograph
through the pumping station with the 27 foot long basin is 9.38 feet.

This is less than the 10.0 feet availabie so a smaller reservoir might work.

The maximum storage used in the 27 foot long basin is 13,440 cubic feet. This
maximum amount of storage required should not change appreciably from one
basin to the next.

A revised estimate of the storage required is 13,440 cubic feet. This
corresponds to a basin length of about 20 feet.

A new stage-storage relationship must be determined and steps 1, 2, and 3
must be repeated for the pumping station analysise.

The maximum water surface elevation which occurs while routing the inflow
hydrograph through the pumping station with the 20 feet long basin s 9.95
feet. This is very close to the 10.0 feet allowed, so the 20 foot long
basin is the minimum size of trapezoidal basin that must be provided.
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EXAMPLE PROBLEM NUMBER 3
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Example Problem 4

A new four-lane highway is being designed. It {s necessary to drain a section
of this highway with a pumping station. Because of a VTimited capacity in the
existing outlet storm drain the engineer has determined that the rate of
outflow from the pumping station be Timited to 10 cfs.

In order to minimize costs the infield area of an interchange will be used
as the pumping station reservoir. The stage-storage relationship of this

reservoir has been determined by planimetering the topographic plan sheets
and is tabulaled beiow:

3

Elevation Yolume {Ft7)
121.65 g
122.65 3125
123.85 5247
124.65 13,347
125.6% 20,475
126.65 52,160

Since the peak pumping rate from the pumping station is lTimited to 10 cfs,
two 5 cfs pumps are proposed. The pump start/stop elevations are listed
below:

Pump Number On Elevation 0FF Elevation
rump numper

pA 125,65 123.865

1 123,865 121.65

The design inflow hydrograph has been calculated and is presented below:

Time {min) Discharge (cfs) Time {min) Discharge {cfs)

0 0.0 70 15,0
10 5.0 80 12.0
20 1C.0 an 10.0
30 15,0 100 5.0
40 17.0 110 3.0
50 20.0 120 0.0
&0 17.0



Analyze the performance of the propsed pumping station. Also analyze the
consequences of a pump failure. Determine the maximum depth of water and
determine for how long there will be water stored in the reservoir. The
feeder pipes do not provide significant storage.

® Step 1 Stage-storage relationship for reservoir

Because the reservoir is irreguiar the stage-storage relationship was
determine before hand.

The intermediate values of storage reguired for 20 equal height increments of
.25 feet are determined by linear interpolation between the predetermined
values given for each 1 foot increment.

The predetermined stage-storage relationship is entered into the calculator
by using Program Label A' as described in Section 4.

° Step 2. Assignment of pump parameters
The pump parameters listed above are entered into the calculator using
Program Label D as Described in Section 4.

® Step 3. Routing inflow hvdrograph through pumping station
The inflow hydrograph 1isted above is routed through the pumping station
by using Program Label E.

When both pumps are operating as designed the maximum depth of water in the
reservoir is 4.44 ft. Water is stored in the reservoir for 181 minutes
or about 3 hours.

To analyze the consequences of a pump failure the technique presented in
example problem 2 is employed again. To simulate a failure of pump 1, 2
pumping rate of zero is assigned to pump 1. To simulate & failure of
pump 2, a pumping rate of zero is assigned to pump 2.

The consequences of a pump failure are summarized below.

Pump Failed Max Depth Length of Time Water Stored
1 Basin Exceeded Indefinate
2 4,94 feet 289 Minutes (4 hours 49 min)
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The consequences of pump number 1 failing are very severe. There must
be some positive means of ensuring that pump number 2 takes over for pump
number 1, if pumps number 1 ever fails.

To save time these printouts are terminated once the outflows have become
constant (only pump number 1 on). It is a simple matter to compute the time
to deplete the remaining storage with a constant outflow.

The outflow rate is 5 cubic feet per second, or 300 cubic feet per minute.

To determine the time (in minutes), required to delete the remaining storage
simply divide the value of the remaining storage by 300. This value is added
to the time at which the outflow became constant, in order to determine the
total time that water was stored in the reservoir.

Conclusion

The four example problems presented have demonstrated the use of the calculator
programs in the design and analysis of pumping stations. The method of
determining the stage-storage relationship for different reservoirs was
demonstrated. The method of assigning and varying the pump parameters was

also demonstrated. Each exampie problem also demonstrated how an inflow
hydrograph is routed through the pumping station.

To understand exactly how the calculator programs perform the calculations

the reader is directed to Section 7, which provides an in-depth description
of these seven calculator program.
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EXAMPLE PROBLEM NUMBER 4
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6.0 Program Limitations

There are several Timitations which are inherent in these calculator programs.
These limitations are the result of the simplifying assumptions made in

order to apply the equations, and approximations necessary to implement the
program algorithms.

“ Discrete time increments used to route inflow hvdrograph.

The most sericus limitation of these calculator programs is that the routing
of the Inflow hydrograph must be accomplished with discrete time fncrements.
This has been minimized by taking the time increment as 560 seconds {1 minute).
It is felt that this time increment will Tead to small relative errors and

at the same time perform the routing caiculations within a reascnable length
of time. It takes about 20 seconds for the calculator to perform all the
necessary calculations Tor a 1 minute time increment. These calcuations will
be repeated a number of times {depending upsn the value of Time Interval
entered). For a 5 minute time interval the caleulater will take 100 seconds
or about 1-1/2 minutes to perform the necesary zaleulations.

Because the time increment used internally by the programs 1s 1 minute,
the time interval entered by the user must be in whole winutes. Fractional
minutes {@.9., 0.5 or 2.3) are rot allowed.

® Discrete representation of the stage-storage relationship.

Because of the limitations on the number of data registers available, the
stage-storage relatienship for 2 given reservoir must be represented in
discrete steps. The TI-59 program represents the stage-storage relationship

of the reservoir in 20 discrete steps. This should provide adequate resolution
for the majority of typical reserveirs used. If these algorithms are programed
on another calculator, with less available memory. then ¢his could become a
more seriocus Timitation.

¢ Constant pumping raies.

The pumping rates for each of the pumps is assicned by the user and is a
constant. This pumping rate is actually somewhat variable, depending upon
many factors including total dynamic head, horsepower, stc.

7
k:’

¢ The pump start/stop elevations are rounded off to coincide with the reservoir

neight increments.

Because of the way in which program algorithms encode and decode the pump
start/stop elevations, it is necessary to round off the actual pump start/stop
eievations so that they coincide with the reservoir height Increments. This
leads to some appreximations in the total storage requirements. Because of
the resolution provided by dividing the reservoir inte 20 height increments,
this is not a serious Vimitation with the TI-59 program. However, if less
resolution i3 provided, as might be the case with a different calculateor,

then the user should be aware of this limitation.
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® Horizontal water surface assumed.

The programs which compute the volumes for the reservoir components assume
a horizontal water surface. In actuality there will be a departure from a
horizontal surface due to backwater and drawdown effects. However, for a
reservoir where the average flow through velocity is relatively low, these
effects will be minimal.

® Mild slopes are assumed for pipes and boxes.

The equations used to compute the volumes is sloping pipes and boxes are
based up?n the assumption that the siopes are small (less than 0.10 feet
pevr foot).

This slope is hydraulically steep, and slopes of this magnitude are infrequently
used. For this reason, this limitation is not considered severe.

® Horizontal pipes and boxeso

Pipes and boxes with horizontal sfopes must be approximated by very small
but finite siopes, 1 %107%, as an example.
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7.0 Detailed Program Description

This section presents each of the seven independent calculator srograms
in detail. The underlying equaticons, the progrem algorithm, and a complete
flowchart is presented for each program.

In order to present these programs so that they may be readily programmed

on other claculators, the flow charts present the sigorithm parallieled by the
T1-59 program implementing the algorithm. In this way the TI-59 program is
presented in a very detailed manner and at the same time ths general method
of solution and equations are presented facilitating programing on other
calculators.

The seven programs are grouped into four sets of programs. Program Set
Gn@ inciudes Program Label A, Program Label A' and Program Label £°. Program
Set One may be stored on two magnetic cards. The first card will contain the
wwagr&m listings, a total of 293 program steps, and the secoad card will
centaln the required numbers and codes to inftialize the programs and print
the aipha-numeric messages. Prooram Set Two includes Program Label B,
Program Label € and Program Label E'. Program Set Two may also be stored on
two magnetic cards. The Tirst card will contain the program 1istings,
total of 434 steps, and the second card will contair the reguired numbers and
codes to in?@?a]i?@ the programs and print the alpha-numeric messages.
Program Set Three inciudes Prooram Label D and Progrem Label E°. Program set
three may be stored on a stuE@ magnetic card. The program listings, a total
of 167 program steps, are sﬁ@r@d on bank 1 and the reguired numbers and codes
for program initialization and printing the alpha-numeric messages are stored
on bank 3. Program Set Four contains Program Label € only. Program set four
may be stored on two wagnetic cards. The program iisting, a total of
428 program steps, 1s storad on the first magnetic card and the required
numbers and codes for program initialization and printing of alpha-numeric
messages are stored on the second wagnetic card.

The complete listings for each program set including the data register
contents are included at the end of this sectien. These should be stored on
magnetic cards and then read 1@&@ Lhe %&ﬂ@%anQW when the programs are needed.
It will take about 2 hours to i ey in all of these programs by hand. This is
a very worthwhile expenditure @@ time and will return many tam@s the initial
investment when analyzing a pumping station.

Program Set 1

Program Label A

The Tirst program described in this set {s Program Label A. As discussed
in previous sections Program Label A is used to destermine the stage-storage
relationship for the pumping station wet well or for a trapezoidal basin.
The pumping station wet well may be cylindrical or rectangular.
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As mentioned in Sections 2 and 3, the calculator divides the total height
of the reservoir into 20 equal increments and then determines what the
corresponding volumes are for each increment of height. Before explaining
the program algorithm, the two equations which are used by the program to
compute volume are explained.

Underiying Equations

As mentioned above, this program will calculate volumes for cylindrical
or ractangular wet wells as well as for trapezoidal basins. The equations
used are explained before proceeding with the discussion of the alagorithm.

The equation used to compute the volume for a trapezoidal basin is presented
first, then it will be shown how the same equation may be used to compute
the volume of a rectangular wet well. The equation used te determine the
volume of a cyclindrical wet well is then given.

A trapezoidal basin is similar in appearance to an inverted truncated pyramid.
it 1s formed by exacavating a rectangular hole and allowing variable side
stopes. The side slopes of each side may have different values. A trapezoidal
basin is shown in the figure below:

FIGURE 5. Trapezoidal Basin

75



Such a trapezoidal basin may be divided into component geometric elements, as
shown in the figure below:

FIGURE 6. Component Elements of A Trapezoidal Basin

These component elements may then be taken separately or grouped together
to determine what portion of the total volume is contributed by each.

The first component is the interior rectangular solid, the dimensions of
which are: Tlength {L), width {4} and height (H). The height of the basin
may also be expressed as an integral number of helight increments (na H),
whereby the equation for the volume of the interior rectangular solid is:
(LXW) X {aas H). See the figure below:

T e, o

{nat)

Yolume = (L X W) (naM)

T

FIGURE 7. Rectangular Solid
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The second component of the total volume is that contributed by the wedges
abutting the rectangular sclid at the width faces. These two wedges have the
same width (W) and height (n a H) but may have different Tengths depending
upon the values of the side siopes in the length direction {LS). If these
two wedges are brought together as shown in the figure below, the eguation

for the volume of the resulting solid is 1/2 (¥ X zZLS) X {n & ﬁ}za Where
ZILS 1s the sum of the two side slopes in the length direction.

52
olue = (L ZLS) (ot

FIGURE 8. End VYedges

The third component of the total volume {s that contributed by the wedges
abutting the rectangular solid at the length faces. These two wedges have
the same length (L) and height (n & K) but may have different widths depending
upon the values of the side siopes in the width direction (HS). If these

two wedges are brought together as shown in the figure below, the eguation

for the volume of the resulting solid is 1/2 (L X zUS) X {n 4 HEEQ Where
IMS is the sum of the two side slopes in the width direction.

THS {naH) P

S
e
e,

Volume = {L x Eg&) (nak)2

FIGURE 9. Side Wedoes
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The last component of the total volume is that contributed by the four
pyramid shaped solids in the corners of the basin. The pyramids all have

the same height (n o H) but may have different lengths and widths depending
upon the values of the side slopes in the length and width directions. These
four pyramids may be brought together, as shown in the figure below, and

the equation Tor the resulting volume is 1/3 (zLS)(zWS){(n a H§3°

FIGURE 10. Corner Wedges

The equation for the total volume of the trapezoidal basin is the sum of
the four components and is given below:

Uy = (ELS)(z¥S)(n 8 415 ¢ X SLS)L X zWS)n a M)E & (L X W)(n & H)
3 7

This is the equation used in the calculator program to compute the volume of
a trapezoidal basin.

The same eguation is used to compute the volume of a rectangular wet well.
A rectangular wet well will have vertical sides, therefore the value of the

side slope in the Tength and width direction will be zero. The equation for
the total volume then reduces to:

VT = {L X¥)(ns H)

which i1s the equation used in the calculator program to compute the volume
for the rectangular wet well.
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The equation used to compute the volume for a cylindrical wet well is
straightforward. The equation is simply:

VT = (TTRZ)(H s H}

where R is the radius of the cylindrical wet well.

Program Algorithm

The algorithm of Program Label A is fairly simpie and is illustrated in

the simple flowchart shown below. The first step in this program is to

enter the top and bottom elevations of the total storage reservoir. These
two values are then used to determine the height increment which in turn

will be used to define the stage-storage relationship for the reservoir. The
total height of the reservoir is the top elevation minus the bottom elevation,
and the height increment is the total height of the reservoir divided by some
convenient number. (In the case of the TI-59 calculator program, that

number is twenty (20)).

The next step is to enter the reservoir parameters. In the case of a trapezoidal
basin these parameters are the Tength (L), the width (¥}, the sum of the side
slopes in the length direction (zLS), and the sum of the side slopes in the
width direction {IWS). For a rectangular wet well, the parameters are the

same as for the trapezoidal basin, but with zero side slopes. For the cylindrical
wet well, the only parameter which needs to be entered is the radius.

The next step is to determine the stage-storage relationship for the reservoir.
This is accomplished by determining the volume contained within the reservoir
for successively higher values of n in the expression for reservoir height

{n & H). Beginning with n equal to zero, the volume contained within the
reservoir is calculated using the ecuations presented above. The value of n

is incremented to 1, and then 2, and then 3, up to the Timiting vaiue (20 in the
case of the TI-59 calculator program). For sach incremental increase in the
vatue of n, the corresponding volume contained within the reserveir is

computed. In this manner the complete stage-storage relationship for the

basin or wet well is defined.
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T1-59  Calculator Program Label &

The discussion of the TI-59 calculator program developed to implement the
algorithm described above presupposes & knowledge of the TI-59 calculator.
If the reader is not familiar with the terminology and symbols used to
describe the operations available with the Ti-59 calculator, he is referred
to the cwner's manual for details.

The complete program listing for Program Label A {s presented in the flowchart
below. The interrelationship of the progrm steps {s shown and the notes
entered in the margins indicate the operation performed by the program steps.

Before proceding with the presentation of the flowchart for Program Label A,

a discussion of subroutine “"INV® is in order. Subroutine "INV® is used over

and over again in Program Label A and in other programs. It is described

here to avoid having to repeat this discussion in subsequent program descriptions.
Subroutine "INV® {s used to print alpha-numeric messages.

A fiowchart of the subroutine ®INV" {s given below: (The numbers appearing
in the upper right corner of the statement blocks are the corresponding
program step numbers in the TI-59 program listing).

Subroutine "INV" transfers the contents of selected data registers into
the print registers 1, 2, and 3. The numbers stored in these selected
data registers are the print codes for alpha-numeric messages. These
alpha-numeric messages tell the program user what information is reguired
before processing may continue.
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Program Label A’

The second program contained in program set one is Program Label A'. As
discussed in previous sections Program Label A' is used to enter a predetermined
stage-storage relationship into the calculator.

Underliying Equations

Program Label A' involves the simple transfer of information from a predetermined
stage-storage curve to the appropriate data registers of the calculater. There
are no equations to be solved.

Program Algorithm

The algorithm of Program Label A' is very simple, as the flowchart presented
below illustrates.

/ Enter
{ Top and
/ Bottom |
{Elevations/

Determine

AH

i

| Enter the
Stage-
Storage

Relationship
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The first step is to enter the top and bottom elevation of the reservoir.

These two values are then used to determine the height increment which

defines the stage-storage relationship for the reservoir. The total height

of the reservoir is the top elevation minus the bottom elevation, and the

height increment is the total height of the reservoir divided by some convenient
number. (In the case of the TI-59 calculator program, that number is twenty.)
The next step is to enter the twenty values of storage which described the
stage-storage relationship for the reservoir. Once this has been done the
program is complete.

Ti-59 Program Label A

The TI-59 calculator program developed to impiement the simple algorithm
presented above is described in the following paragraph.

Almost all of this program is devoted to the printing of the alpha-numeric
messages which prompt the user to enter the required data. There are several
nested subroutines used to manipulate the print codes for these alpha-numeric
messages and to transfer them to the appropriate print registers. These
subroutines are presented in the complete flowchart for Program Label A' below:
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TI-59 Calculator Program Label E'

The simple Program Label E' is flowcharted below. This program prints the
contents of data registers 21 through 1 in succession. The stage-storage
relationship for any reservoir is contained in data registers 21 through 1.
The volume associated with the bottom elevation of the reservoir is stored in
data register 21 and the volume associated with the top elevation of the
reservoir is stored in data register 1.

Program Label E' has been included in program sets 1, 2, and 3, so that the
user may print the current stage-storage relationship at any time. The
program step numbers for Program Label E' will change from one program set to
the next but the program itself is identical. Program Label E' will only

be discussed here and subsequent discussions of Program Label E' will refer
back to this flowchart.

Program E'

The third, and last program, contained in program set one is Program Label E'
As discussed in previous sections, Program Label E' is used to Tist the
stage-storage relationship for the pumping station reservoir, once it has
been calculated. This is a very simple program, so simple that the algorithm
is simply the statement: print the stage-storage relationship. There are

no eguations used in this program.

Program Algorithm

As stated above, the algorithm for this program is very simple as shown in
the one block flowchart below:

List the
Stage-
Storage

Relationship

{ Stop |
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Program Set 2

Program Label B

The first program contained in program set two 1s Program Label B. As
discussed in previous sections, Program Label B is used to determine the
additional storage provided by circular pipes which feed into the pumping
station wet well.

Program Label B is complex because the computation of the volume provided
by a sloping circular pipe of a given length is a compiicated problem,
as will be demonstrated by the discussion of Program Label B below.

Equations

There are three equations used in this program to compute the volume added to
the reservoir by a fixed length of circular pipe, of a certain diameter and
stope. The first equation is used when the pipe is full throughout its
length. This is simply the end area of the pipe times its length or:

where: V¥ is the volume computed in cubic feet.
D 1s the inside diameter of the pipe in feet.
L is the Tength of the pipe in feet.
The second equaticn, presented below, is used when the volume of water in the

pipe may be represented by a truncated right circular cylinder. This is
{1lustrated in the figure below:

V=~A (h; + h2)
2

FIGURE 11. Truncated Right Circular Cylinder
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vhere:

hy is equal to d/S_, hy is equal to (d - D)/So
and d = (na H)

The total volume of water is given by the equation:

Vv = npl

B,

((na H) - D/2)

where: D is the inside pipe diameter in feet.

{n 2o H) is the depth of the water in integral height increments
as defined above for trapezoidal basins.

S0 is the slope of the pipe in feet per foot.

The third equation is somewhat more complicated and is used to compute the
volume of water in an ungula or wedge of a right circular cylinder. This is
used frequently in Program Label B. To derive this equation, one must resort
to integral calculus. The derivation is Tengthy and will not be given here.
However, this equation is given in a number of handbooks [1] for those who
wish to verify its applicability.

The equation for the volume contained within an ungula of a right circular
cylinder is:

V = h Ea(3R2 - a8y + 3% (b - R)fj
3D

where ¢ =1 - Cos™! [Zb - 1]
5

and a = D Sin ¢
2

[1] Handbook of Engineering Fundamentals, Eshbach, John Wiley Publishers.
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as shown in the figure

FIGURE 12. Ungula of A Cylinder

for the case of a horizontal water surface intersecting the inside surface of
a sloping circular pipe, as illustrated below:

FIGURE 13. Horizontal Water Surface Intersecting ]
Inside Surface of a Sloping Circular Pipe
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The above equation may be rewritten as:

B AR R

where: {(n A H) is defined above and

b={(naH), h=naAH a=DSing¢, ¢= 7= COS'1 [2( na H)«Jﬂ

SO 2 D

This form of the equation is used in Program Label B to determine the volume
of water within an ungula of a right circular cylinder.

With the three equations presented it is possible to compute the additional
volume provided by a pipe feeding into the pumping station wet well.

Before proceding with a description of the program algorithm for Program
Label B, it is necessary to discuss how the three equations presented above
are used to compute the volume of water contained in a sloping circular
pipe. As illustrated in the figure on the next page there are five cases
which describe the problem completely.

- Case number 1 occurs when the depth of the water is less than the pipe
diameter and also Tess than the elevation of the far invert of the pipe.
This volume is computed by a straightforward application of the “ungula"
equation. ‘

- Case number 2 occurs when the depth of water is less than the pipe diameter
but greater than the elvation of the far invert of the pipe. This volume is
computed by a double application of the ungula formula. First, the pipe is
“imaginarily" extended until the situation is the same as in case 1, i.e.,
the depth of water is less than the far invert elevation of the pipe. This
volume is computed by the “ungula" equation. Second, the volume of water
contained within the “imaginary extention" is computed, again using the
"unguia” equation. This second volume is subtracted from the first, to
compute the actual volume within the pipe.

- Case number 3 occurs when the depth of water is greater than the pipe
diameter and less than the far invert elevation of the pipe. (This case
occurs for steep or very long pipes). This volume is computed by a
straightforward application of the equation for a truncated right circular
cylinder described above.
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- Figure'14. Volume in Sloping Circular Pipes
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- Case number 4 occurs when the dapth of water is greater than the pipe
diameter, greater than the far invert of the pipe but Tess than the far

crown of the pipe (i.e., the pipe s not fuﬁﬁ;o In this case the volume of
water contained within the pspc is computed by a combination of two equations.
First, the volume of a full pipe i wiputed using the eguation pr@smn ed
above for the full pipe. Second, the volume of the ° "empty unguta® is
computed, using the ungula equation. The volume of the “empty ungula” is
then Subtractea from the full pipe to comuie the volume of water contained
in the pipe.

- Case number 5 cccurs when the pipe is full. This oocurs when the depth

of water is greater than the pipe diameter, and also greater than the far
crown of the pipe. The volume of water contained in a full pipe is computed
by a straightforward application of the ecguation presented above for a full
pipe.

As illustrated in the flowchart for the program algorithm, much of the program
is dedicated to determining whalt case we are dealing with.

Program Algorithm

The first step in this pregram s to enter the necessary pipe parameters of
diameters (D}, stope {S_}, length (L}, and downstream invert elevation.

The next step is to detérmine which height increment the downstiream invert
elevation corresponds to. This all lows the program to add the volume contributed
by the pipe to the correct data registers. The next step is to determine

the additional volume provided by the pipe for each reservoir height increment
above the pipe invert and add this to the cumuiative stage-storage relationship
being d@vai@p@d This step requires a number of iterations, in order to
account for all of {he reservoir height increments above the invert of the
pipe. For @aCh iteration, it is necessary to determine which case we are
dealing with and conseguently which equations to apply.

This complex algorithm is presented in the flowchart ¢gn the next page.
p I
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TI-59 Program Label B

The program developed to implement the algorithm presented above is described
in the flowchart on the following pages.
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Program Label C

The second program contained in program set two is Program Label C. As

discussed in previous sections, Program Label C is used to determine the
additional storage provided by box conduits which feed into the pumping

station wet well.

Program Label C is very similar to Program Labe! B. The program algorithm

is virtually identical, the only difference being that the volumes computed
are for boxes and wedges rather than cylinders and ungulas. The main program
is slightly different because there is an additional parameter, the box
width, which must be accounted for and there are different print codes which
must be Toaded into the print registers.

Underlying Equations

There are three equations used in this program to compute the volume added
to the reservoir by a fixed length of box conduit, of certain dimensions and

slope.

The first equation is used when the box is full throughout its length.

This is simply the end area of the box multiplied by its Tength or:
¥=BXHXL

where: B is the width of the box conduit in feet.
H is the height of the box conduit in feet.
L is the length of the box conduit in feet.

The second equation is used when the volume of the water in the box may be
represented by a truncated rectangular solid as shown in the figure below:

[y, emmly

FIGURE 15. Truncated kectangular Solid
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where h1 is equal to d
o

h2 is equal to (d - H)
S
0

The volume of the water in the box is given by the equation

V=8 Hi{naH) -
S 2
0
where So is the slope of the box conduit in feet per foot.
(n aH) is the depth of the water expressed as an integral

number of height increments.

The third equation is used when the volume being computed may be represented
as a wedge. Once such instance {s {llustrated in the figure below:

DR |

¥ = wedge

FIGURE 16. Wedge
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where the variables are as defined previousiy. The equation for the volume
of such a wedge is:

With these three eguations it is possibie to compute the additional volume
provided by a box conduit feeding into the pumping station wet well.

Before proceding with a description of the program algorithm for Program
Label C, it 1s necessary to discuss how the three equations presented above
are used to compute the volume of water contained in a sloping box conduit.
As illustrated in the figure on the next page, there are five cases which
describe the problem completely. - _

- Case number 1 occurs when the depth of water is less than the height of the
box and also less than the elevation of the far invert of the box. This
volume is computed by a straightforward application of the wefﬁe equation,
the third equation presented above. 4

L

- Case number 2 occurs when the depth of water is less than the height

of the box but greater than the elevation of the far invert. This volume

is computed by a double application of the wedge eguation. First the box

is imaginarily extended until the situation is the same as in case one above,
i.e., the depth of water is less than the far invert elevation of the box.

This volume is then computed by the wedge eguation. Second, the volume of

water in the "imaginary” extention is computed, again using the wedge equation.
This second volume is subtracted from the first, to find the actual volume within
the box.

- Case number 3 cccurs when the depth of water is greater than the box
height and Tess than the far invert elevation of the box (this case occurs
for steep or very long boxes). This volume is computed by a straightforward
application of the equation for a truncated rectangular solid, equation two,
presented above.

- Case number 4 occurs when the depth of water is greater than the box
height, greater than the far invert of the box, but Tess than the far crown
of the box {i.e. the box is not full). In this case the volume of water
contained within the box is computed by a combination of two eguations.
First, the volume of the full box is computed using the first equation
presented above. Second, the volume of the “empty wedge” is computed, using
the wedge equation. The volume of the “empty wedge” is subtracted from the
full box to compute the volume of water actually contained in the box.
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- Case number 5 occurs when the box is full. This occurs when the depth of
water is greater than the box height, and alsc greater than the far crown of
the box. This volume is computed by a straightforward application of the
first equation presented above for full box conduits.

As illustrated in the flowchart for the algorithm, presented below, much
of the program is dedicated to determining what case we are dealing with.

Program Algorithm

The first step in the program is to enter the necessary box conduit parameters,
namely box height (H), slope (S}, box length (L), box width {B), and

the downstream invert elevation: Once these five box parameters have been
entered, the next step is to determine which height increment the downstream
invert elevation corresponds to. This will allow the additional volume
provided by the box conduit to be added to the correct portion of the stage-
storage relationship. The next step is to determine the additional volume
provided by the box for each reservcir height increment above the box invert
and to add this to the cumulative stage-storage relationship being developed.
This step requires a number of iterations, in order to account for all the
reservoir height increments above the downstream invert of the box. For each
iteration it is necessary to determine which case applies and consequently
which equations to apply.

This complex algorithm is presented in the flowchart on the next page.
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TI-59  Program Label C

The complete program developed to implement the algorithm presented above is
presented in the flowchart on the following pges.

Several of the subroutines used are the same as those used in Program Label
B and are repeated here for continuity.

110



o L
£

PROGRANM  [FOL |

AGELS
LEL C + g |
AccsSS FRomt KEyLIED
- 367 :
OP oo CLeArS  PRNT RFSISTEES ‘;
INY FlX KEMGES FryiFd Pomn7z  ACEE
ADVS ADVanCES PAPER TAPE
5i STO ©
JNITIAL T2 ES /?(’5. o 7o 5/
\L 376
. CALLS Svg Rovring HO8
~ -
S8r {08 o FrROMTIN IESEAGS S
- TA =
i 374 Ao LT YFEY
SBR s v cALeLs SOUERCUT I E IV Y7o
STo 30 PRwnT 7 Box wibTe " AnD  STIRES
T N REG. 30
383
£3 S76 o KRESETS HES. O 7o 53 |
b 387 t
CAaLLS  Sggrovrme “umy’ For |
SR Ly S s |
INVERT  HEIGNT Conporp=rrms |
389 !
290 STo 38 STORES SUuBROUTINE  LHPPr LTS
FoR wDIRECT SHE RouTmis
301 STO 37 . :
JXSTR ICTioM S, Thes e :
31t Slo 39 Sob routiies  ARE Forl |
Box ComDurr  E54ATIINS *
Yof : :
OALLS  misset SeggocriaE OY7
SBR OA7? :
7 Fok  S7A5£- S0 L

CoOMPOTATIF S

S70£s ProcFis s :
"YL)B \ :
S8R s | JALLS SvdRovrimE Tyav To  PRMT Box HEGHT
S10 35 AxD  STORES  ux RES. 35

g sar v | (Hses SuBeouTvE vt 70 FPRmT Y SLoPE

STo 32 ANO  STokrs M REL 3T
R 52 ¢ ST |
| S8R INV CALLS SUB POUTVE //Z‘,/ 7o FPRMWNT BCx LENGTH ’
| S10 33 Arp  STORES o RNEG . 33 !
[eY-Yel t
—_— RETURNS ayr //Vv’\ LABELS S0 BROUTME
RTAN V. FRocEsS MG \ / FoR  ACCESS |
~— 7O  pussa soz !
PROGLAmM Rl D O DRITS  ALPHA - MOMEEIC
oP/ oP 3o MESSAGE  ArD WAITS
RCL /r3 D O
0Pz op 30 FOR  DATA  EnTEZ
oP S 0 R/s
v c/8
7 DRINTS DATA ENTERFP
-
| PAT TN ) pwp  RETURNS T2
’ 111 CaiimnG PFOSPAM



029

( 1L <wy )

033 . .
Pron? [ INVERT ELEV.
SBR INVY g
G 2Y
J 028
21 Sto © INITIALIBE  COUNTER © 70 21
4 023 “ »
SUBIRACTS BO770Ad FLEY. ~Lor
ReL 22 = s T
/NVEGIQTQ ELE Y,
P Sers T A?\-'j, 7% gero
633
ERCHANG £ DISPisy  VALVE 40D
x = e
e Z Rey.
GE 4
‘No oo yes ‘ IF the wNombes fesToq
qé’ 1S A”S.f ﬂﬂk O .-9;:0‘1/ 7~
Z“" ;‘rJ
e o en processis
x> ¢ Exchange chsplay snwd retoras T mdi
T @?ﬁ Pr( A E B
Ree 23 = ReEouces HERHT | VALUE
8y s
— o042
r T T T Ipsg) DECREMENTS COvwTER Keg O
: : I o | AND  RETURWS  PROCESS 14
| [A’“O""Sfaoiggﬂ 7O mam  PROGRAM LoFer
| T == Csunf 7o Revo.
| 7
' !
' 1
| Yes 4
! [
! 4
P
Lo

112

e e



DL OLD ‘_

IS |

mc\ A

1

._ N FIITTCA .
: 7 yALE -
L9y v =g
L o/
, /N, 2 3Yam, #
i A =4 -
! WETRONBE apl Y5
K210 4,
95/ OLY e
] <At
(te 1oy =
dae B @
W ZITOR = he 10y + 56 1ow) 2
reyy IEIoY 4 =/
: M Ibo % sg0
%\, Okt
ENRYY PR . Iwnvo; i
f/r REATETVN = — d “ q:.x, | S iauv LE QM ¥PS
] o 8¢ am yye - 7 | LEO aml ¥8S "~ ,
W P09 (e 1oy g e \Mn \\‘wm / QMW.NMV
¢y QK@ Aetyed Sl - g vﬁwMV N S QC
BT 75t oL H -3¢ mg@g G+ 37 )
nv aiww\ﬁ\%,b\.: lw{% A QKM Nmﬂrm..-..ndw )\\ = \
FITEIOS Iy 7€ o1¢ °
o 4 @ E 0 e s .w.q
Lol [BEOMIRE ] L ge o g - (L ,
o s, e 7Y P s 1oy ores L awr ype \ (@+°7) | a5y« b .&i
ahi mm_w e TR ﬁ e -
TN ) 1.0
S agivinag. - iQ
. < 3y
= 0 . hEe (o727
HGw) & °Sy HTu) >° -
(raw (o) > s | (h9w) z 59 .
P sy (HTM) > 75
\ ﬂ
€ o «O Py
HAM) 2 e
3 ( £20 (Haw) >Q = H
BTN 2 T ;
iy o FIIwplq Sy 23Y SE Moy
‘¥ 4 (NG )] S5O AT g Ty
. XY w
AL T S ApuLt, h§ oLS =
Py .\w ,\ S0 2 € TIM ¥ 28 Ton

O ivgt m‘_x ﬂz\ LYAS

N

= 1

te 04T o
TN

NS

113



2%a

Svnr (ND

O

157

RcL 23
Sva 3§

114

Abops

INTEGZR VALVE ©OF

CORI P T70Q  VOLUME 70

CORRECT Sroc8,E  ANEUSTER

icReasES (aH) ky SH

DECREMEATS COORTER /<’r7 fe)
Ketvews To FS1Asns LrofRbim

dolr e n p;u,ﬁ/ Yo Preo.

67



o 301

2 ReL 3o x

i Rew 38

f ReL 33 =
L.

30

AT

RCOL 30 —
Re 32 X

l 317

{ BRCL 35 X

CALCULATES

(n AH)z B
2 Se

CALECGLATFS

BxHxL

CALCLIATES
\/ OL (/‘/‘v"E J

FULL &ox

TRINCATEL

WEDGE VoLume

VoL WA E

o

REC ™05

=- [H (nan) - -E;— E

115




Program Set 3

Program set three contains two programs. These are Program Label D and

Program Label E'. Program Label D is used to enter the various pump parameters
and Program Label E' is used to list the stage-storage relationship stored

in the calculator's memory. Program Label D combines the pump on/of
information with the stage-storage relationship, developed previcusly.

Program Label E' allows the user to check the pump on/off information.

Program Label E' has been described in the discussion of program set one.

Program Label D

As described in prevous sections, Program Label D is used to enter the
pump parameters: on elevation, off elevation, and pumping rate. Program
Label D can handle a maximum of six pumps.

Equations

This program is straightforward and there are no equations used within the
program which require explanation.

Program Algorithm

This program takes the pump parameters entered and stores this information

in the calculators memory in such a way that it can be used by the next
program, Program Label £ which routes a hydrograph through the pumping
station. For each pump, Program Label D must store three pieces of information:
the on elevation of the pump, the off elevation of the pump, and the pumping
rate for the pump. Because of the Timitations on the number of data registers
available in the calculator, this information must be stored in a condensed
form. The method selected for condensing this information is to combine the
pump on/off information in the same data registers as those used to store the
stage-storage relationship. The “on" information is stored in the tenths
digit of the number stored in the data register, and the "off* information is
stored in the hundreths digit of the number stored in the data register.

The value of the number stored in these digits indicates how many pumps the
on/off information applies to. This is illustrated on the next page.
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The contents of data registers 21 through 1 are listed below, after Program

Label D has been used to enter the pump parameters for two pumps.

Data Register#

21
20
19
18
17
16
15
14
13
12
11

10

Value Stored

0.00
594.01
1794.01
3576.01
5518.01
7460.12
9402.12
11,344.12
13,286.12
15,235.12
16,959.12
18,108.22
18,689.22
19,076.22
19,463.22
19,851.22
20.238.22
20,625.22
21,012.22
21,397.22
21,765.22
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The following information has been encoded into the numbers stored in the
data registers.

Pump number 1 turns on when the storage in the pumping station reservoir is
greater than or egual to 7460 cubic feet.

Pump number 2 turns on when the storage in the pumping station reservoir
is greater than or equal to 18,108 cubic feet.

Pump number 2 turns off when the storage in the pumping station reserveoir
falls below 5,518 cubic feet.

Pump number 1 turns off when the storage in the pumping station reservoir
falls below 594 cubic feet.

The way in which the program decides which value of storage corresponds to
the "on" or "off" elevation entered by the user is described belcy.

For each elevation entered, the program subtracts the bottom elevation of
the reserveir and divides the result by the value of the reservoir height
increment. This value is then rounded to the nearest whole number. The
result is the height increment which correspond o the elevation entered.
The program then decides which data register corresponds to that height
increment. A value of .1 or .01 is added to that data register and all
data registers below it. A .1 or .0l will be added depending upon whether
the elevation entered was to specify the “on" or “off" respectively. This
process is repeated until all the pumps have been accounted for, up to a
maximum of six pumps.

The pumping rates for each pump are stored in dedicated data registers
as listed below: ‘

Pump # Data Register #
1 24
2 25
3 26
4 27
5 28
6 29

Once the parameters for all the pumps have been entered the program is
finished.

This sequence of operations is illustrated in the flowchart of the program
algorithm presented on the next page.
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TI-59  Program Label D

The program developed for the TI-59 calculator to implement the algorithm is
presented on the following pages.
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Program Label E

The only program contained in program set four is Program Label E. As
discussed in previous section Program Label E is used to route an inflow
hydrograph through the pumping station and to calculate the values of
storage (S), water surface elevation (W), and cutflow (0) as the hydrograph
is routed through the pumping station.

Equations

The equation used to route the inflow hydrograph is derived from the basic
storage equation. This equation states that the change in storage within
the pumping station reservoir is equal to the average inflow minus the
average outfliow times the time increment, as in the eguation:

AS = (T - 0) &7

The average inflow, I, is calculated by averaging the current value of inflow,
I(YT)’ and the previous value of inflow, I(XT - T.1.) or

I + 1

) I(>:T)

6T - T.1.)
2

The average outflow, 6} is normally calculated by the eguation

where 01 is the initial value of the outflow and 02 is the final value
of outflow, for the time increment, AT. The value of 02 will depend upon

whether any pumps turns on or off during the time increment. This is
illustrated in the figure on the next page.
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FIGURE 18. Error Introduced by Approximation of Average Outflow

I¥ the average outflow, 59 for a2 given time increment 7T is assumed to be
the initial value of outflow, 019 then the error introduced by such an

assumption is equal to the shaded avza in the figure above. If AT is
selected small encugh the relative errcr, relative to the total outflow
during time T, introduced by this assumption is small. This assumption
can lead to a maximum errcr of, (02 - 01) 2T. Where (02 - 01) is

the difference between two sequential pumping rates and T is the time
incrament.

This assumption is used in the calculator program Label E. The value of
time increment has been predetermined to be 1 minute {60 seconds). The
equation for calculating the change in storage for a 1 minute time increment
is then:

AS = {I - 0,) 60

1

where oS is the change in storage in cubic feet.

I i3 the average inflow in ¢fs.

01 iz the initial cutflow in cfs.
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This is the equation used in the calculator Program Label E to determine
the change in storage for a 1 minute time increment.

Program Algorithm

This program routes an inflow hydrograph through the pumping station. All of
the pumping station parameters have been computed by previous application of
Programs Label A through D. The algorithm used to perform this routing 1is
detailed below. It will be helpful to foliow the description by tracing

the operations described on the fiowchart. This will aid in understanding
the complex interrelationship of operations.

The inflow hydrograph is defined by successive inflow values corresponding to
successive values of equal time intervals. The first step in this algorithm
is to enter the value of the time interval {V.I1.) used to define the inflow
hydrograph. This is used in the program to keep track of the number of
iterations required for storage calculations and to prompt the user that the
next inflow value is needed.

The next step in the algorithm is to initialize the program variables of
nT, LAS, 01, and I(XT S T.1.)" These variables are defined below:

©T is the current value of elapsed time. This is determined by adding
one time interval (T.1l.) for each sequential inflow hydrograph value.

5AS is the current value of storage used in the pumping station reservoir.

Ol is the initial outflow value for a given time increment.

I(NT S T.1.) is the inflow value for the previous time interval, used in

the calculation of the average infiow.
Once these program variables have been intiaiized the value of T is printed.
The initial inflow value corresponding to time egual to zero is then entered.

In order to keep track of the iterations a counting variable (Z4T) is
defined and initialized with a value of one.

For the first time interval, the average infliow, [, is computed.

Using the average infiow and the initial outflow the change in storage for
the first 1 minute increment is computed.



This is summed to deftermine the cumulative velus of storage in the reservoir.
The value of the counting variable, 727, is te
the value of the time interval entered in the ¥
curvent value of the cumulative storage 15 printe

ed to see if it is egual to
st step. If it is then the
d

The next step Lest> the cunglahawe storzge against the maximum storage
available in the reservoir f the ”uma?aﬁive storage computed is greater
than the maximum storage avail sie then the message, "BASIN EXCEEDED" is
nrinted and the program stops. If the cumulative storage is less than the
maximum the program proceeds to the next step.

o 2

The next step is to compute the water surface elevation corresponding to the

cumulative storage computed above.

The counting variable, AT, is tested again and if it 1
of the time interval then the value of water surface ele
is printed.

s egual to the value
vation computed above

The next step is to determine which pumps are on. The cumuiative storage
computed above is checked against the stage-storage pump relationship in the
catculator memory to determine which pumps are c¢n.

The cutfiow value is then determined by adding the pumping rates for all pumps
which are on.

The counting variable :aT is again tested. If it is equal to the value
of the time interval, the outflow computed in the step above is printed.
The current value of elapsed time is then increased by one time interval and
the initial outflow value is replace by the value for cutflow computed
above. The program then returns to Lh@ step where the current value ¢f time
elapsed is printed (point C on the algorithm flowchart). The new value of
the elapsed time is orinted and the program stops, waiting for the next value
ef inflow to be entered.
he counting variable 15 not equal to the time interval then the program
creases the value of the counting variable by one. The initial outflow
1 is replace by the value of cutflow computed above and the program
turns to rea@mp ite the change in storage (point B on the algorithm flowchart).
The storage and associated pai
e vec i
L
5

s
<3r~r

ameters of water surface elevation and outflow
are re nrOuu&d Tor another 1 minute time increment. These steps are reiterated
untii the counting variable a7 is 2qual to the time interval To.l., a5
described in the paragraph above.
The computations described above are shown on the algorithm ¥iowchart presented
ne foliowing paghg




ve e 0

———b

e e e — . -

| cmrew /

T
IMNTER Jat

crr)

¥

§7—: O
SAS= O
% = O

T(ET-T Ty =

I TEALS G &
VAR IABLE S

i
Ve

PrRNT & e

EN TEp]
7 PR
ZI(gT)

a -
4&7:-1 J

—

4
(om P TE
RAYE s &
INEFLots ; X

)

[ CompPuTE
AS

T(<T-T21.)

Ii—__n T{sm) +
|

as = (T -@)oT
AT = 60O Secondsg

2

Jes

128

!

PRNF =
BAZsn
EXNCEEDE D




Com PO rE
W ATER SJIPFACL
ELEYAT DA

Ao

> D
) §:r y
\\.; T- I ’ L
\\\3 v DRI 7.

W), s. ELEV,)

)

DETER 13 IAE 1
AdHICH PORIFS
ARE oA

Compore ]
ourFeeo
|

|

Mo

e PRINTE
our,c.ww/

Z

}

ET-=
ST +T.1L

3

@, = @z
_____If,,,

129




T1-59  Program Label E

The TI-59 program developed to impiement the algorithm described above is
detailed in the following paragraphs.

The first step in the the algorithm is implemented by program steps O
through 048,

Steps 049 through 172 print messages which identify the labels used in

the program output and also print the message "0.00 = T", which prompts the
user to enter the inflow hydrograph value associated with time equal to
zero.

Steps 173 through 183 calculate the average infiow I.

The way in which this program tests the counting variable AT is to set
flag number 7 initially and then to reset flag number 7 when the counting
variable 24T is equal to the time interval. The counting variable is
tested by checking the status of flag number 7. If it is set, then the
counting variable, AT, is not equal to the time interval and processing
continues via the left path indicated on the flowchart of the program. 1f
flag number 7 is reset then the counting variable, IaT, is equal to the
time interval and processing proceeds via the path on the right of the
flowchart.

Program steps 184 through 200 test the value of the counting variable, IA T,
which is stored in register 31 and sets or resets flag number 7, as appropriate.

Program steps 201 through 220 compute the incremental change in storage for a
1 minute time increment and also compute the value of cumulative storage in
the reservoir.

Program steps 221 through 232 ensure that negative values of storage are
not allowed. These might be computed when the ocutflow is greater than the
inflow.

Program steps 233 through 238 test the status of flag number 7 and print
the value of the cumulative storage computed above if flag 7 is reset.

Program steps 239 through 306 perform the combined functions of determining
the water surface elevation corresponding to the cumulative storage computed
above, and also testing to see if the cumulative storage is greater than

the maximum available in the reservoir. If the cumulative storage is greater
than the maximum available then the message, “BASIN EXCEEDED" is printed and
processing stops. The water surface elevation is computed by interpolating
between the reservoir height increments which bracket the storage value
computed above.
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Program steps 307 through 312 test the status of flag number 7 and print
the value of the water surface elevation computed above if the flag is
reset.

Program steps 313 through 373 determine which pumps are on. Program steps
313 through 342 set flags numbers 1 through 6, depending upon the value of
the tenths digit of the number stored in the data register corresponding to
the cumulative storage value. Program steps 343 through 373 reset flags
numbers 1 through 6, depending upon the value of the hundreths digit of the
number stored in the data register corresponding to the cumulative storage
value.

Program steps 374 through 406 determine the cutflow rate adding up the pumping
rates for any pumps which are on.

Steps 407 through 410 tests the status of fiag number 7. If flag number 7 is
set then the counter variable, AT, is incremented by one and processing
returns to step 189.

If flag number 7 is reset then the outflow value computed above is printed,
the elapsed time, 5 T, is increased by T.I. and processing returns to step 159.

The flowchart presented on the next page details the TI-59 Program Label E
described above.
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Publications listed below are not available from the Government Printing
Office. These publications are available in limited numbers to State
highway agencies and other public agencies from the Federal Highway
Administation. Requests for these documents and suggestions on the
contents of any publications should be addressed to the Federal Highway
Administration, Office of Engineering, Bridge Division, HNG-31,
Washington, D. C 20590

Hydraulic Design Series

HDS No. 2 Discontinued
HDS No. 4 DESIGN OF ROADSIDE DRAINAGE CHANNELS - 1965

HydraulickEngineering'tirculars

HEC No. 1 SELECTED BIBLIOGRAPHY OF HYDRAULIC AND HYDROLOGIC SUBJECTS -
: December 1979 :

HEC No. 2, 4, 6, 7 and 8 Discontinued

HEC No. 3 HYDROLOGY OF A HIGAWAY STREAM CROSSING - January 1961

HEC No. 9 =~ DEBRIS-CONTROL STRUCTURES ~ March 1971

HEC No. 10-. CAPACITY CHARTS FOR THE HYDRAULIC DESIGN OF HIGHWAY CULVERTS -

November 1972
HEC No. 11 USE OF RIPRAP FOR BANK PROTECTION - June 1967 .
HEC No. 13 HYDRAULIC DESIGN OF IMPROVED INLETS FOR CULVERTS - August 1972
HEC No. 14 HYDRAULIC DESIGN OF ENERGY DISSIPATORS FOR CULVERTS AND
CHANNELS - December 1975
HEC No. 15 DESIGN OF STABLE CHANNELS WITH FLEXIBLE LININGS - October 1975
HEC No. 16  ADDENDUM TO HIGHWAYS IN THE RIVER ENVIRONMENT - HYDRAULIC AND
o ENVIRONMENTAL DESIGN CONSIDERATIONS - JULY 1980

Electronic Computer Programs

HY-1, 3 and 5 Discontinued

HY-2 HYDRAULTIC ANALYSIS OF PIPE-ARCH CULVERTS - May 1969
HY-4 ; HYDRAULICS OF BRIDGE WATERWAYS - 1969 '
HY-6 HYDRAULIC ANALYSIS OF CULVERTS (Box and Circular) - 1979

Caleulator Design Series

CDS No, 1 HYDRAULIC DESIGN OF IMPROVED INLETS FOR CULVERTS USING
PROGRAMABLE CALCULATORS, (COMPUCDRP 325) - Dctober 1980

CDS No. 2 HYDRAULIC DESIGN OF IMPROVED INLETS FOR CULVERTS USING
PROGRAMABLE CALCULATORS, (HP-65) - October 1980

CDS Neo. 3 = HYDRAULIC DESIGN OF IMPROVED INLETS FOR CULVERTS USING

' PROGRAMABLE CALCULATORS, (TI-5%9) - January 1981

CDS No. 4  HYDRAULIC ANALYSIS OF PIPE-~ARCH AND ELLIPTICAL SHAPE
CULVERTS USING PROGRAMABLE CALCULATORS, (TI-59) - March 1982

CDS No. 5  HYDRAULIC DESIGN OF STORMWATER PUMPING STATIONS USING
PROGRAMABLE CALCULATDRS (11-59), May 1982






