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Executive Summary

An improved rating equation based on the case 8 model was developed for 5-331 using
measured flow data that were acquired when static heads across the pump station were greater
than zero. Comparisons were made between this rating and the existing rating equation that is
based on the case 3 model. At a given static head and engine speed, the existing rating equation
produces discharge rates that are significantly higher than the measured values. It was
determined that flows computed with the existing rating equation deviate from measured flows
by approximately 4 — 18 % at an engine speed of 1400 RPM. In contrast, discharges at this speed
computed with the new equation differ from the corresponding measured values by about 2 —
11%. However, only one of the computed values deviates from the associated measured value by
more than 2%. This measured flow rate is of a lower quality than the other two flows measured
at this speed and 1s probably less indicative of the rating equation performance. At 1800 RPM,
deviations from measured flows range from about 11 — 18% for the discharges computed with
the existing equation while all of the flows computed with the proposed equation are within 6%
of the corresponding measured values. Given these results along with the fact that the existing
rating cannot be substantiated, it is recommended that the new rating replace the current one.

Since flows through S-331 are often siphoned, a new rating curve for siphoned flows was also
developed since no background information on the existing rating could be located. It was found
that siphoned flows based on the existing rating were generally within the uncertainty limits of
the corresponding flows determined with the new rating, Consequently, no revisions to the
existing rating are recommended at this time.

An impact analysis of the revised rating for pumped flows was carried out over a ten-year period
of record starting on June 1, 1997 and ending May 31, 2007. Using the historical break-point
data, mean daily pumped flows were computed with both equations and compared. The new
rating equation produced mean daily flows that averaged about 12% lower than those computed
by the existing rating equation. A reload of computed flows into DBHYDRO 1s recommended.
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Introduction

5331 is a three-unit pump station located in L-31N borrow canal near Homestead, Florida.
According to Iteration 7 of the experimental program of water deliveries to ENP, this structure
serves the purpose of controlling the stages in L.-31N north of S-331 as a function of the water
levels in the Rocky Glades residential area. It contains three Allis-Chalmers vertical flow pumps
driven by diesel engines rated at 1800 RPM. This pump station is somewhat unique in that it
frequently operates in both pumping and siphoning modes. Furthermore, pumping occurs under
both positive and negative static heads.

Objectives and Scope

The primary purpose of this study was to upgrade the rating equation for S-331 pumped
discharges from a case 3 model to an improved case 8 equation. This effort differs from the one
completed previously by Wang and Imru (2006) in that the measured {low data set was further
scrutinized and refined based on suggestions provided by stream gauging staff. Also taken into
account were the uncertainties inherent to the measured flows. Additionally, the existing rating
equation for forward siphoning was also evaluated and compared to available data.

Station Design

Each of the identical diesel engine-driven pumps has an impeller diameter of 96 inches and a
design speed of approximately 100 RPM. A cross section of a pump along with its discharge
conduit and intake structure is shown in figure 1a while figures 1b and lc provide the associated
elevation and plan views, respectively. Each pump discharges directly into a concrete tunnel
whose dimensions are indicated in figure 2. Each tunnel has a submerged outlet. Additional
details are provided in USACOE (1978).

Rating Analysis : Siphoning Operations
The existing rating equation for siphoning operations 1s shown in figure 3 and 1s expressed as:
Q=130(TSH)™™ . .. .. . (D

where Q 1s the flow rate and TSH is the total static head across the pump station. No analysis or
calculations substantiating this rating could be located. Hence, the relationship between siphoned
flow and TSH was recomputed as part of this effort in order to evaluate the current rating. The
associated head loss calculations are provided in appendix A while table 1 contains the relevant
data and parameters used in the computations. In particular, data and methods provided by Miller
{1990) were employed throughout.

Figure 4 shows the siphon rating curve developed in this effort along with the existing rating and
the measured flow data given in table 2. Shown also is the estimated uncertainty of the new

rating. Although the two rating curves are different, the existing rating falls within the estimated
uncertainty limits of the new rating. Furthermore, the limited flow data do not substantiate either
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Table 1. Data and parameters used in head loss calculations

Punp Bay Intake Chamber Pump Discharge Elhow Tunnel

parameter | vaug source | parameta value source | parameter | valug sowrce | parameer | value source | parameter | vaue S0UFCE
Kat 002 (miterioon)| K 018 |MIs(0)] K 180 |t |t | 013 |comseg|tw@en| 0 |alldison
botelev 1100 | cons-dwes | botelr -1100 | corst-dwes | bellert & 1200 | const-dwps | widh(exf) 1680 | consh-dwgs | width(erd) 715 cond-dwgs
width 2860 | comst-dwes [ top elev 2,00 corst-dwgs | pump & 800 const-dwes | heth(exd) 530 const-dwes | Tefh(ert) 33 cond-dwgs
approx HW 5.00 dblryro width 2280 corst-dwes | Ko (bel) 040 Iutillet(1 990 Ka 033 Miller(1990)|  &om () 0001 Tipd Inst{1000)
foaraopen | 3400 | (calbraed) Khx 028 Mille(1990)| G @) 0.01 Hyd Inst( 1090)]
) 0.58 Ty 085 [neioon)] kg 045 | Miler(1990)
o4 078 Iutllet(1990) wcth (exf) 875 cond-dwgs
Ko 824 | Mler(1590) teinfes) | 700 | cond-dwgs
lergth 27 cond-dwgs

rating more than the other. Consequently, the existing rating should remain in use for the time

being.

5-331 Siphoning
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Figure 4. Existing and new rating curves for $-331 siphoning




Table 2. Discharges measured during siphoning Rating Analysis:
Pum ping Operations

.
VEWIEIEIL L OTSH®D | QOB | yenan oy Quality Tag
Existing rating
25- Apr-97 0.75 99,58 16.86 G
12-Tun-98 0.60 99.57 13.49 s
09-Feb-83 0.80 124.00 | insufficient data E e
TR TR oS T o o = equation is based on the
18-Jan-84 0.74 112.00  insufficient data E case 3 model (Otero,
01-Feb-84 1.13 204.67 | insufficient data E 1995) and expressed as
* gstimated uncertainty = 95% C.I. + 2% systematic error
N-N
= + = T
Q=Qu+ (0, ~00) N S| @)

where (Q 15 associated with engine speed N while Qi and Q, are the discharges at engine
speeds Ny and Nyy, respectively. Qe and Qup are computed from

Qiwr = C10+ CirHiwr + Ciz.Hisr + CsHiwrw oo ove oo (30)
MRS RoE TR R L T R —— (3b)
In equations 3, Cyg through C,; are regression coefficients while Hiwr and Hyy are the static heads

corresponding to Qi and Qupr, Tespectively. Hiye and Hy,e are obtained from pump affinity laws
(Otero 1995) as follows:

N 2
N 2
HW=H{ A;J e (4)

In equations 4, H 1is the static head associated with engine speed N. The regression coefficients
for each pump are given in Table 3.

Table 3. Flow coefficients for pumps at S331 in the existing Case 3 rating equation

Unit # Cin Cii Ciz Cis Can Ca Cz Cos | Niwr | Ny |
1 370.37 2.87 -20.013 | 0.78 | 487.16 -17.47 -1.74 -0.56 | 1400 | 1800
2 370.37 2.87 -20.013 [ 0.78 | 487.16 -17.47 -1.74 -0.56 | 1400 | 1800
3 370.37 2.87 -20.013 | 0.78 | 487.16 -17.47 -1.74 -0.56 | 1400 | 1800




New rating

The development of a hydraulic rating equation for pumping operations should, whenever
possible, be based on both the manufacturer’s pump performance curve and measured flows.
When this information is available, head loss parameters would typically be adjusted so as to
calibrate the pump station performance curve (1.e. the discharge versus static head relationship)
to the measured data. Unfortunately, the manufacturer’s pump performance data could not be
obtained. Hence, a revised rating based on stream flow measurements alone was developed.

Table 4 lists the measured flow data that were determined to be adequate for the purposes of this
rating analysis. The SAS nonlinear regression procedure NLIN was used to fit the case 8 rating
model to these data. The basis of this model 1s given by Imru and Wang (2003) and expressed as

N 5 NO 2c-1

0

Where Q = the discharge (cfs), N = the measured engine speed (rpm), Np= the design engine
speed (rpm) and H = the measured static head (ft). A, B and C are coefficients to be determined
through regression. The resultant values of these coeflicients are A = 440, B = -25 and C = 1.5.
As indicated previously, N, = 1800 RPM.

Table 4. Measured flows during pumping

* Estimated

M ot # :
castreme PUlps | Pump Bngmne | ropr gy | Unit Q (ofy) | wncertainty | Quality Tag

Date operating = Speed (RPM) (efs)
06-Feb-01 1 1400 -0.41 367.51 10.18 E
06- Aug-04 1 1400 0.92 342.25 28.64 F
06-Sep-04 1 1400 0.22 344.25 19.71 G
4-Tun-97 1 1400 0.92 301.63 14.48 E
4-un-97 1 1600 1.03 361.26 30.74 F
06-May-98 2 1725 0.15 413.39 34.93 F
06-May-98 2 1800 0.32 435.44 19.72 G
14-Oct-98 1 1800 0.72 407.80 30.58 G
27-Oct-98 1 1800 0.73 400.48 44.29 F
22-Apr-98 2 1800 0.27 434.67 25.23 E
4-Tun-97 1 1800 115 395.98 31.05 G

* estimated uncertainty = 95% CI. + 2% systematic error

Comparisons of the existing and proposed rating equations

Figure 5 displays the pump station rating curves given by each of the models along with the
measured flows. Not included in this figure, however, is the measured discharge reflecting the
negative static head since H = 0 in equation 5. At a given static head and engine speed, it 1s



evident that the existing rating equation produces discharge rates that are noticeably higher than
the measured values. A comparison between each of the ratings and the measured data is
provided in table 5. Flows computed with the existing rating equation deviate from measured
flows by approximately 4 — 18 % at the lower engine speed and about 11 — 18% at the upper
engine speed. In contrast, discharges at 1400 RPM computed with the new equation differ from

S-331 Rating
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Figure 5. A comparison of the new and existing rating equations with measured flows
Table 5. A comparison of the new and existing rating equations
Measured Flows Existing Rating New Rating % Difference
TSH RPM in Computed
Quality Tag| lower linn | estimated flow %o error flow %o error Flow
0.22 1400 G 344.25 370.04 749 337.96 -1.83 -8.67
0.92 1400 F 342.25 356.67 421 305.75 -10.66 -14.28
0.92 1400 E 301.63 35667 18.25 305.75 137 -14.28
1.03 1600 F 361.26 41038 13.60 358.04 -0.89 -12.75
0.15 1725 F 37846 413.39 46292 11.98 420.09 1.62 -9.25
0.27 1800 E 409.43 434.67 482.30 10.96 436.49 042 -9.50
032 1800 G 15.7: 435.44 ! 48137 10.55 435.47 001 -9.53
0.72 1800 G 7 407.80 438.38 47347 16.10 424.73 4.13 -10.29
0.73 1800 F 400.48 444.76 47326 18.17 424.41 598 -10.32
1.15 1800 G 364.93 395.98 427.03 463 .91 17.16 409.17 333 -11.80

the corresponding measured values by about 2 — 11%. However, only one computed value at this
engine speed deviates from the associated measured value by more than 2%. This measured flow
rate was assigned a quality tag of “Fair”. The other two measured flows at this speed were
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judged to be “Good” and “Excellent”. Hence, they are probably more indicative of the rating
equation performance at this speed. At the upper speed of 1800 RPM, deviations from measured
flows range from about 11 — 18% for the case 3 computed discharges while all of the flows
computed with the proposed case 8 equation are within 6% of the corresponding measured
values. Given these results along with the fact that the existing rating cannot be substantiated, it
1s recommended that the new rating replace the current one.

Computing flows when TSH < 0

As mentioned previously, the case 8§ rating model given by equation 5 can only be directly
applied to situations where the static head across the pump station is nonnegative; that is, the tail
water elevation is not less than the head water elevation. Unfortunately, pumping at S-331 1s
sometimes initiated when its head water elevation is higher than its tail water elevation. Imru and
Wang (2004) encountered similar circumstances at S-13. Their suggestions for rectifying
equation 5 to pumping against a negative static head are to (1) use the absolute value of H while
reversing the sign of B, or (ii) set H = 0. The former approach seems more physically justified
and was tested by comparing computed flows against measured flows under both negative and
positive static heads. The results are shown in figure 6. Although the quantity of data is very

5-331 Flows @ 1400 RPM
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Figure 6. New rating equation at both negative and positive TSH

limited, it appears that the suggested approach for dealing with negative static heads leads to
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realistic results. Its inclusion into the FLOW program is suggested, although further examination
of this approach is recommended.

Impact Analysis

An impact analysis of the revised rating was carried out over a ten-year period of record starting
on June 1, 1997 and ending May 31, 2007. Using the historical break-point data, mean daily
flows were computed with both equations. Considering only the days when pumping occurred,
the new rating equation produced mean daily flows that averaged about 12% lower than those
computed by the existing rating equation. The maximum absolute difference was approximately
93%. If days with zero pumping are included, the absolute average difference decreases to about
7%.

Given the changes in mean daily flow values that will result from implementing the new rating, a
reload of computed flows into DBHYDRO 1s recommended. However, this recommendation is
ultimately based on the measured stream flow data used in the rating analysis. These data are
dated June, 1997 and later. Prior to 1997, it is not clear as to how far back into the period of
record these data will accurately reflect pump station performance. Consequently, the period of
record that should be subject to data reload cannot be readily identified. Since S-331 only dates
back to the early 1980°s and the existing rating cannot be substantiated, it is nonetheless
recommended that flows over the entire period of record for 3-331 be recomputed and reloaded.

Stream Gauging Needs
Siphoning

Currently, only the siphoned flow measurement dated April 25, 1997 (table 2) resides in the
QMEAS database and 1s substantiated by field notes. This measurement falls within a TSH range
of -0.5 to -1.0 foot. Table 6 lists the desired siphoned flow measurements for various ranges of
TSH. Five measurements are desired within each increment of static head.

. Pumpi
Table 6. Stream gauging needs for RIS

siphoned flows Table 7 lists the desired flow measurements under

(-) TSH Range (ft) | # Measurements pumping operations. Five measurements are desired
0_05 5 within each increment of static head and engine
05-10 4 speed.
1.0-20 5
2.0-3.0 5

12



Table 7. Stream gauging needs for pumped flows

Engine Speed ( 100 RPM)

1SR 14-15 | 15-16 | 16-17 | 17-18
-(1.0-0.5) 5 5 5 5
-(0.5-0.0) 4 5 5 5
00-0.5 4 5 5 2
05-1.0 4 5 5 3
1.0-20 5 5 4 4
20-30 5 5 5 5

Summary and Conclusions
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An improved rating equation based on the case 8§ model was developed for S-331 using
measured flow data that were acquired when static heads across the pump station were greater

than zero. The new rating is based on measured flow data alone since the pump performance Sy

<sp><sp>|
ﬂ

awnnwmbection Break (Next Page] vewwmnss-

/P
characteristics are not available. Comparisons were made between this rating and the existing L.
rating equation that is based on the case 3 model. At a given static head and engine speed, the
existing rating equation produces discharge rates that are significantly higher than the measured
values. It was determined that flows computed with the existing rating equation deviate from
measured flows by approximately 4 — 18 % at an engine speed of 1400 RPM. In contrast,
discharges at this speed computed with the new equation differ from the corresponding measured
values by about 2 — 11%. However, only one of the computed values deviates from the
associated measured value by more than 2%. This measured flow rate is of a lower quality than
the other two flows measured at this speed and is probably less indicative of the rating equation
performance. At 1800 RPM, deviations from measured flows range from about 11 — 18% for the
discharges computed with the existing equation while all of the flows computed with the
proposed equation are within 6% of the corresponding measured values. Given these results
along with the fact that the existing rating cannot be substantiated, it is recommended that the
new rating replace the current one.

Since flows through S-331 are often siphoned, a new rating curve for siphoned flows was also
developed since no information on the existing rating could be located. It was found that
siphoned flows based on the existing rating were generally within the uncertainty limits of the
corresponding flows determined with the new rating. Consequently, no revisions to the existing
rating are recommended at this time.

An impact analysis of the revised rating was carried out over a ten-year period of record starting
on June 1, 1997 and ending May 31, 2007. Using the historical break-point data, mean daily
pumped flows were computed with both equations and compared. The new rating equation
produced mean daily flows that averaged about 12% lower than those computed by the existing
| rating equation. A reload of computed flows into DBHYDRO is recommended.
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