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Abstract

Rehabilitated sewer systems in Houston are being designed to operate for short periods in a surcharged condition.
The operational evaluation of how the system will function is based on hydraulic models that currently neglect
junction losses. These losses are indeed negligible in gravity flow, but recent physical modeling experiments at the
Univusityofl'h:stonindimetha!thciossﬁmpmﬂwmﬁgniﬁWmdamoumloalossequﬂcm to
several hundred feet of pipeline. Forahandﬁﬂofjuncﬁons,misaddedlossismaﬂ,hnmasysmm“dmhmdmds
ofjxmcﬁonsandmﬂesofpipdinﬁzhﬁclosscswﬂlhaveanimpadonthcpredictionofsystcmperformanm

Ourrwullsshowt.hatjunctionbﬁesarcmostsignjﬁmmmmejumﬁonchangﬁtheﬂowdimcdonorblmds
flows from different directions. Thcmdmimpb'thmmhydnuﬁsmodekshuudoonsidajumﬁonlosses
when the number of junctions is large. Thchmdlossmdtsarerq)onedasmimrlosscocﬂicicmsandas
i pipclengt.hs.Theuscofequivalempipelcngthshaﬂdaﬂowtheinclusionufjuncﬁonlosssimomodels
thaiwenotoﬁginaﬂydsigncdtodmcdyincludcﬁmcdoum.

Introduction

thlmsMghmjuncﬁmsEoﬁcnmgicﬁedwhmtkmsmﬂawhgmmaﬂy(yzﬁUﬂow). Typical
formulas for estimating loss through a gravity flow junction (American [ron and Steel Institute, 1990) support the
as:mpdonofncglisﬂ?lehmdhssth:mghjumﬁonsdmingmalﬁow. However, when the system is surcharged
wmw)mmmmmmﬂmwwmwnhmmm

Rcmbiﬁwmdmsyminl-hmmmbcingdﬂgmdtnupume' i surcharged for short periods.

Pedersen and Mark (1990) developed a theory to hcadhssinjuncﬁonswithasmighlﬂumghﬂowand

sewer networks ..."
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Serre et al. (1992) studied the energy loss at a 90-degree junction connecting to a main line. They also discovered
that design data for this type of calculation were either non-existent or so uncertain as to be useless. They
developed a theory for a three-pipe junction based on the momentum equation and developed a semi-empirical
relationship for calculating loss coefficients. While their work is a significant contribution, the case of a four-pipe
Jjunction and a two-pipe junction of arbitrary angle is left unanswered.

This paper reports a physical modeling study aimed at developing semi-empirical relationships for predicting the
head loss in surcharged junctions for typical configurations in the City of Houston’s system. The physical model
used 2-inch to 4-inch pipes to simulate flow in 12-inch to 48-inch pipes using 1/6 and 1/8 geometric scaling and
Froude number similarity.

Physical Model

The physical modeling system is about forty feet long in the main line axis and the lateral line axis. The junction
modelisalf6scajemodeiofatypimlmanholcwilhamaininlct,dsignmed“w,andtwolatemlﬁncs,
designated “A” and “B”, flowing into the model and a single outlet, designated “O” leaving the model. Each line
is instrumented with manometers and a Doppler-shift ultrasonic velocity meter to measure piezometric and kinetic
heads in the system. Total discharge is measured at the outlet using a calibrated weir. Figure 1 is a plan view of
the modeling system.
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Figure 1. Modeling System Schematic (Plan View)

Bybbcﬁngommmmoflhcinlﬂswﬁhplug&orm'ilchinglhcmantnlcbascmodelavarietyofoonﬁgmaﬁom
with different pipe diameters can be studied. These configurations inchude: straight-line flow (“I"), 90-degree
junaion(“l.."),mainljnewithoncIaaalm,aﬁﬂlmﬂowsiunﬁonC‘X"),andaﬁ-dqmcjumﬁour‘r).
mmmWmeqummmmEmummwmmmmmm
the sewer system.

The manhole model is an 8-inch cylinder, 40-inches high, with four openings for 4-inch PVC pipe around its
circumference at the base. Semi-circular channels are cut to model “benching” typical of manhole specifications in
use by the City. Figure 2 is a photograph of the manhole base (with the riser removed) showing four lines
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connecting in an “X” configuration. Adapters allow the use of 3-inch or 2-inch inlet pipes, with crown elevations
matching the outlet pipe crown, as per typical design practice. The model is clear plastic so that the water flow
patterns can be directly observed during experiments.

Figure 2. Inside of Model Base (outlet on right). Benched for 4-inch Main, 3-inch Laterals

Figure 3 is a photograph of the measuring tank and weir looking upstream towards the outlet pipe in the modeling

! system,; the tank is 4-feet wide, 4-feet tall, and 8-feet long, with a 7-inch wide sharp edged, contracted weir.

Figure 3. Measurement weir, with point gage and outlet line from model in background.
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A rating curve for the weir was developed by weighing the water flowing into the tank over measured time periods.
These values were plotied against depth, and fitted to standard discharge equations to determine a rating formula

for subsequent measurements.

The ultrasonic Doppler-shift flowmeters are used to measure flow velocities in the inlet lines for computing the
kinetic energy of water in these lines for subsequent energy loss calculations. They are calibrated by comparison to
the weir flow measurement when only a single line is flowing. When all three lines are flowing the agreement of
tha‘:totaldischa:ge(compuxcdasthepmd:nofwlociryandcmsssecﬁomim)mmmemmeamremcmis
typically within 2%.

The manometers are placed at 2-foot intervals on each line to determine the hydraulic grade line in any of the
pipes. The first manometer port in each line is located 16 pipe diameters downstream from an inlet (to the line) to
help reduce entry effects in the measurements. Unfortunately, our laboratory space was too limited to use a greater
dimmc,andmnyeﬂedsamobsmablcmﬁrstdownsummmammaﬂﬁmmhmla

Energy Equation for the Modeled System

mmmlmassodawdwﬂhﬂowinmandomofthemanho!cisana}ymdusj.ngtheenergyequation. The
enagyeqnﬁ:ionalongﬂxin—linemainpipeisexprmdas

V.
h +V—'=h +—=+K_ == 1

where h, and A, mthcpiezomcuichndsforthcinletmainhneandmcouﬂctlinc,rcspect‘rvely. Va is the
average velocity in the main pipe and V, is the average velocity in the outlet. X, is the head loss coefficient due
to flow through the junction from the main pipe to the outlet pipe.

Asimihrzppmachfmthehmalmﬂowﬁnswmcmmupipcghﬁthemon

V! ri 2
h+—==h +*>+K = (2)
2g 2g 2g
where h, is the piezometric heads in the lateral, V, is the velocity in the lateral, and K, is the head loss coefficient
due to flow through the junction from the lateral to the outlet. If a second lateral is included a similar expression
incorporating the head loss coefficient K is included.

The head loss coefficients are determined from the measured data. Table 1 below is a typical data set for an entire
amuinﬂalschum(dﬁaﬂﬁowrﬁm)wﬁhmﬁmhﬂup@ngal:ﬁmmmgxm. The
nﬁngmmmmwmdclmmmw(ﬁﬂlwem)m:

—

A=L

l-'
Ve =V_JI 3)
0, =07

where A is the geometric scaling factor, /, is the prototype (full scale) characteristic length, /., is the model
characteristic length, ¥, isthe;:mmype(fuﬂscalc}wlodty‘Vmisthem&ﬂ{med)vﬂodty,Q, is the
prototype (full scale) discharge, and Q. is the model (measured) discharge.




Table 1. Manhole head loss coefficients and cquivalent pipe length for different pij,
configurations at various flow rates ( 24-inch main line and 18-inch laterals, n= 0.015).
Flow Velocities K Valyes Equivalent Pipe Length
(fvs) (R)
Vm Va w Km Ka Kb L= 12 Lb
Main Line with Two Perpendicular Laterals
87 47 47 0615 0.381 039 974 1385 1418
85 35 62 0549 0264 0373 898 1768 783
85 29 27 0s3s 0.085 0.108 61.1 569 839
8.1 30 74 0610 0365 0516 1104 3326 752
73 65 S8S .07% 0665 0641 1702 129.1 1738
68 55 84 079 0682 0849 2278 2029 108.8
6.7 25 103 0920 0.729 1121 2430 9567 834
6.1 10.1 43 0371 1.095 0.797 2867 898 3619
60 71 76 0835 0.838 0872 2831 1403 127.1
59 120 3.1 09$7 1329 0806 3465 790 7345
56 66 89 0384 0.876 1.035 3537 1701 | 10.9
43 73 67 1003 1.157 1.05S1 4984 1313 1435
42 70 62 1017 L123 1029 4776 1275 150.0
41 7.7 75 0915 1.056 1.021 5439 1199 1230
40 123 29 1006 1.605 1.009 5980 696 7835
40 106 39 0928 1391 0964 5187 760 3904
3.7 81 70 1003 1242 1.130 6783 119.1 144.8
37 66 56 0902 1.045 0902 4482 1119 1315
32 60 50 1.048 1.184 1.047 5518 1199 152.7
30 56 46 0953 1102 0974 5018 1116 142.0
27 113 38 1060 1753 1142 11201 708 415.1
26 11.1 96 0904 1300 1.130 16982 83 1072
24 133 77  09% 1.607 1287 20934 780 187.7
24 42 42 0305 0983 1.008 4238 1185 1215
22 53 40 0948 1200 1.045 641.1 984 1524

Main Line with Ope Perpendicular Lateral
85 65 0.607 0.408 754 595
83 94 0.778 0817 1273 705
69 118 0961 1279 2249 699
6.7 134 1.066 1527 937 N3
353 147 1.087 1.792 4350 632
4.1 147 1206 2.140 674.1 626
22 146 1227 2617 16935 550
Main Line Only
12.7 0.095 58
1.7 0.105 6.4
6.0 0.020 12
Two Perpendicular Laterals, no Main Line
128 30 2.5%4 23829 51.9 10284
10.1 59 2212 2.127 73.1 2039

9.1 8.1 1.574 1427 735 8438
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The actual pipe length remains unchanged. Figure 4 is a schematic of the actual pipeline and manhole system
showing the relationship between actual configuration and equivalent pipe length in a numerical model. Lm and
L, (or Ly) represent the equivalent pipe length for the main and lateral, respectively.
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Figure 4. Equivalent Length Concept
The calculation of equivalent pipe length is based on the Darcy-Weisbach equation

%
h:. =f5£ 4)

where /. is the general term for energy loss due to friction, / is the friction coefficient, L is the pipe length, and D
is the pipe diameter. The equation is combined with Chezy's formula and Manning’s equation to relate the friction
coefficient to Manning’s roughness coefficient (British units system)

g"‘a‘
=5752= 5
f VD )
The equivalent pipe length is then calculated using
VI 2 2
K 2 -ss8n LV ©
2g D D 2g
and solving for Lm.
D v
- (7)

= —=K
LSSt
Writing a similar expression for the lateral and solving gives the following formula for L, .
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Lr:
L = & =K (8)

B T AR

The equivalent pipe lengths are shown in Table 1 for 7=<0.015. Calculating equivalent lengths for any n value is
accomplished by simply changing the n value in the formulas and recalculating the equivalent lengths. One
unexpected feature is that some head loss coefficients are negative. At first glance this result does not make sense,
however the result is correct and energy is conserved in the system. The negative coefficients arise because of our
choice of a traditional control volume where the inlet is selected just upstream of each junction entry. An
alternative control volume approach is discussed in detail by Serre et al. (1994). When our data are analyzed using
their approach, all the loss coefficients are positive. We elected to remain with the traditional approach to be
consistent with the minor loss concepts of pressurized pipe flow and loss concepts of open channel flow, all of
which use the traditional control volume inlet location.

Measurement Procedure

The head-loss coefficients are determined from measured values of piezometric and kinetic energy for different
flow rates and different model configurations. The general measurement procedure (after daily calibration) is as
follows:

e System control valves are set and the flow is allowed to reach a steady state (15-30 minutes)

Outlet-line weir depth, Inlet flow velocities, and manometer heights are measured.
Piezometric head A, = manometer reading.

Kinetic energy head H, = V* /2g

Total head H, = H, + H, is computed for each manometer and plotted against manometer location using the
model center as the reference origin.

Best-fit lines are calculated for each pipe line, and extended through the model center.

The difference in intercept heights is the total head loss due to the manhole.

The ratio of head loss for a given pipe line to kinetic energy head in the outlet line is the head loss coefficient.

Figure S is a typical energy grade line plot that is used to develop the head loss coefficients for different flow ratios
and configurations.

Manhole Model (4334)
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Figure 5. Typical Energy Grade Line Plot
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Empirical Design Formulas

it is tedious to interpolate in the table for flow configurations that were not

actually measured. Furthermore. the equivalent pipe lengths change as the flow configuration changes, so a
numerical model that is computing transient (dynamic) sewer water levels and flows cannot use a single equivalent
pipe length value. To produce generalized predictive formulas all measurements for each configuration we studied

were fitted by regression to the following equation form(s):

While the tabulated data is useful.

K. =cX+c Y+ X’ +¢c, XY +¢Y’ +c, X} +6, XY +¢ X1 +¢,1° +¢,

K, =dX+dY+dX +d XY +dY} +d, X° +d XY +d XY* +d,Y’ +d,

where X=(q, -q.);‘ﬁ L .andql=% are flow fractions of the main and lateral lines with respect to

the outlet (total) discharge. K, is determined by symmetry, by interchanging the roles of Q, and Q.. Table 2 below
lists the fitting coefficients for the K, equation each configuration we studied.

Table 2a. Empirical Equation Coefficients for K, Calculation

| Configuration let le 2 le 3 |c 4 le 5 e 6 c 7 e e 9 le o

4444 0027/ 0427 1.681] 1682 -1.073} £0.602 1.119 -1.535 0252 0.965

334 0.000) 0.699 0.926) 0.000| 2446/ 0,000 2735 0.000 0371] 0.933
424/ 0.000] 4.015 -1.513! 0.000! 7.938! 0,000 13.630 0.000 -5.503 1.478

Table 2b. Empirical Equation Coefficients for K, Calculation

Configuration _|d ] d2 d3 d 4 ds 6 d7 d s ld 9 do
il 0.000 0312 1.691! 1562 -1.418] 0.691 1.073 -l.402 0.000 0.959
034 0.356 2147 1656, 4747 0.584! 3.81 £.509 -5.245 1299 1713
04 8144 3.407| 30910] -10.451{ 2174 33219 -13.615 9 481 0532 4312

The configuration refers to the model pipe si used to develop the formulas. For example 4334 would be an “X”
mﬁgmdnﬁd,wﬁhamhhhﬁmdﬁmhs,huﬂsAndBahoSMﬂmaﬂhﬁmdbim.
Tomﬁewtnsﬁx"L‘and'I“simplylathehIﬂalﬂowswnish. For example 4X34 would be calculated

Duringtheexpu'inﬂsweﬁmndthn
dmemmghmdmm:symmmmepmﬂowm. We also found that the base configuration
mmmhm“mummmmm“wmm The results of this
mmmmmm&m@n@mﬂwkm@uﬂudwmm“
mﬂpﬁammmb&vﬂsasﬁﬂmm. This result is consistent with the findings of
Pederson and Mark (1990). m.mmmmammmmmam
ﬁve-ﬁﬂd,md.inmmmzsﬁmhrgummesmigmmmghm In all cases where flow direction
nwmmmmmumumdmmﬁwﬁudﬁm For even a small
md:ejmcﬁmhsssappﬂrmhesigni:ﬁmmifasyamhdamlmhgmafm,mo&a.mh
mmml%dmmmﬁwmm:&m

Theenq:hinlfuniasmbcmxﬁedwdaamimopﬁmlﬂowdimﬂmimmajum In the case of an “X”
; M@mm&mmmmmmmHMmmmmmﬁmgﬁo%
dmmmumwmmm pruhxxthcs;ml]ﬁthudlosscocfﬁciems. As the lateral



I,
|
|
|
|
|
|
|
w
|

169

The empirical formulas are relatively simple, and when converted to equivalent pipe-length should allow engineers
to easily incorporate variable junction losses into models that do not directly include junction losses. Further

experiments are in progress to complete the empirical equation coefficients table and to include the effects of a 45-
degree (“J”) configuration.
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