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The head los ses in the 6 x 6 x 6 -inch tee were also measured with 

the tee operating to separate the flow corning into one of the "straight 

through" branches into two outflows. The head los s coefficients which 

measure the head los s between the two "straight through" branches 

plot against Reynolds number as a straight line on log-log paper. The 

head loss coefficients which measure the head loss between the "straight 

through" inlet and the branch 90 0 therefrom are larger than the previous 

coefficients and tend toward constant values at the higher Reynolds, 

number of the tests. A summary of these head los s coefficients is 

given on Fig. 15. 

In addition the head losses in the 6x 6x 6-inch tee were measured 

with the flow corning into two branches of the tee and being combined 

into a single outflow from one branch. The combined outflow was passed 

through one of the "straight through" branches with the inflows corning 

into the other "straight through" branch and the branch at 90 0 therefrom. 

In this mode of operation the tee becomes a siITlple two branch manifold. 

The several head los s coefficients for this mode of operation to combine 

the flows are summarized on Fig. 16, but also vary with Reynolds 

number. 
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INTRODUCTION 

This report describes the collection and analyses of data used to 

deterIT1ine fr ictional head los s es in pipes and als a to deterIT1ine head 

losses due to an elbow and two tees in various IT10des of operation. The 

basic fluid principles governing frictional los ses in :pipes is well known, 

but for the sake of cOIT1pleteness this introduction will briefly give these 

essential equations for cOIT1puting frictional losses in pipe flows, and 

will also describe the phenoIT1ena of "IT1inor losses" due to elbows and 

tees. 

Pipe Friction 

The IT10st fundaIT1entally sound IT1ethod for cOIT1puting head losses 

(or pressure drops) due to fluid friction froIT1 flows in pipes is by ITleans 

of a relatively siITlple equation which has becoIT1e known as the Darcy

Weisbach equation. The Darcy-Weisbach equation is, 

6P 

l' 
( 1) 

in which f is a diIT1ensionless friction factor whose deterIT1ination is 

discussed below, L is the length of pipe (ft), d is the pipe diaIT1eter 

(ft) and V is the average velocity of flow (ft/sec), and l' is the specific 

weight of the fluid (lb/ft 3 ). 

The Moody diagraITl is cOIT1ITlonly used to obtain the friction factor, 

if hand cOIT1putations are used. For cOITlputer use it is better to use 

equation representing the inforITlation on the Moody diagraIT1. These 

equations are: 

(a) For laIT1inar flow defined by the Reynolds nUITlber Re =Vd/v 

< 2100, 

f = 64 
Re 

:. (2 ) 
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(1:) For hydraulically SITlooth flow, 

f = .316 
R · 25 

e 

for 2100 < R < 105 • 
e 

(explicit equation but applicable to a liITlited range of 

Reynolds nUITlbers). 
1 

= 2 10g
10 

(Re"ff ) - 0.8 for Re > 2100 

(3) 

(4 ) 

(c) Transition between hydraulically SITlooth and wholly rough 

flow, 

1 

~ 

(_e / d 2.52) 
= - 2 10 g 1 0 \3. 7 + R e ~ 

(d) Wholly rough flow, 

1 e 
~ = 1.14-210g 10 d 

(5 ) 

(6) 

In the above equations Re is Reynolds nUITlber, i. e. Re = Vd/v (v is 

the kineITlatic viscosity ft 2 /sec), and e is the equivalent roughness of 

the pipe wall ITlaterial. 

In general the friction factor f is a function of Reynolds nUITlber 

and the relative roughness of the pipe, e/d, as Eqs. 2 through 6 indicate. 

More specifically, however, for laITlinar flows, f is only a function of 

Reynolds nUITlber, and for wholly rough flows is only a function of the 

relative roughness, e/d. If a flow is hydraulically SITlooth, the ITlaterial 

roughnesses are eITlbedded well within the laITlinar sublayer, and con

sequently f is only a function of Reynolds nUITlber. Consequently, only 

in the transition region between hydraulically SITlooth and wholly rough 

flow (Eq. 5) is the friction factor a function of both Reynolds nUITlber 

and the relative roughness of the pipe wall e/d. In other regions 

the functional relationship changes froITl one of these variables to the 

other. In the subsequent analyses of the data by the cOITlpute,r, Eqs. 4 



through 6 have been used. In solving the implicit equations (Eqs. 4 

and 5) the Newton-Raphson iterative method has been used. 

Minor Losses 

The loss of fluid energy due to elbows, tees, valves and other 

3 

pipe fittings are termed "minor losses" even though they may contribute 

significantly to the total loss, particularly for flows in short lengths of 

pipes. Theory for describing minor losses has not been developed from 

basic fluid principles as has frictional losses in pipes, primarily because 

the flow becomes three-dimensional with separation, added turbulence, 

and secondary motions occurring, all of which cannot be described 

mathematically with sufficient precision to be useful in determining 

energy losses. Consequently, these losses are commonly given by an 

equation of the form 

(7) 

in which the head los s coefficient C L is an empirical constant determined 

from tests. For enlar gements the average velocity of the flow V is 

replaced by the difference in velocities at the two sections. In using Eq. 

7 the "no-length" concept is used. This concept consider.s the loss due 

to the fitting to be that only in exces s of the los s produced by a straight 

pipe of equal length. 

If the minor los s is due primarily to separation with the accompany

ing eddy and turbulent ener gy dis sipation, the added los s is confined 

principally to the flow in the vicinity of the fitting. Particularly for 

smooth bends with large radii of curvature, however, a double spiral 

secondary motion is set up at the bend as the higher velocity core fluid 

moves outward under the action of the centrifugal forces at the bend and 

displaces the slower moving fluid near the pipe walls to the inside of 

the bend. This secondary spiral motion exists in the pipe downstream 
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from the bend for 50 to 100 pipe diameters until viscous resistance 

eventually eliminates it. The velocity caused by this secondary motion 

is superimposed on the main axial velocity of the flow and contributes 

to frictional losses in excess of those that would exist without the 

secondary motion. Consequently, the head loss due to a smooth bend 

actually occurs principally_ in the pipe downstream from the bend. 

Separation occurs in most commercial elbows so that much of 

the loss due to them is confined to the vicinity of the elbow, but they 

can also create secondary motions which can persist some distance 

downstream of the elbow. 

Even though the loss of energy due to pipe fittings has been studied 

by engineers and applied scientists for more than a century, there 

appears to be a deficiency of data which can be used to determine loss 

coefficients at junctions that either separate flow from one pipe into 

two pipes or combine flows from two or more pipes into a single dis

charge pipe, such as tees do. Blaisdell and Manson (1963 and 1967) 

carried out extensive tests on different combinations of pipe junctions 

primarily for application to tile drainage systems. The head los s es 

due to some tees have been measured by Giesecke et al. (1932) and 

Hoopes (1948); and Jamison (1971) studied losses in the laminar flow 

range for both combined and separated flows. R uus (1970) tested the 

influence of the angle of bifurcation on the head los ses in lucite wyes. 

Some of the tests done on hydraulic manifolds gives some insight into 

tees operating in the ITlode of cOITlbining flows froITl two sources (see 

McNown (1952), AITlorocho and Johannas (1971), and Jeppson, Clyde 

and Kincaid (1972 and 1973)). 
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OBJECTIVES 

The collection of laboratory data, and the analyses of this data 

was with the following objectives in mind. 

1. Determination of the frictional head loss coefficients in 6-inch 

PERMASTRAN® pipe. 

2. Determination of the frictional head los s coefficients in 4 -inch 

PERMASTRAN® pipe. 

3. Determination of the head loss due to a 6-inch RING-TITE 

filament-wound 90
0 

elbow. 

4. Determination of the head los s due to a 6 x 6 x 6 -inch RING-

TITE filament-wound tee operating with flow entering one of the "straight 

through" branches and the entire flow leaving in a direction 90 0 there

froITl. The 20-foot long pipe fitted into the other "straight through" 

branch which was plugged at its end causing the described flow as 

illustrated in Fig. 1 below. 

6" 

inflow 
Q 

pipe plugged 
at end 

outflow 
Q 

Fig. 1. Operation of the 6 x 6 x 6-inch RING-TITE filament 
wound tee acting to turn the entire flow thrpugh 
90-degrees. 
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5. Determination of the head los s due to a 6 x 6 x 4-inch RING-

TITE filament wound tee operating with the flow entering one of the 

"straight through" branches and the entire flow leaving in a direction 

90 0 therefrom through the 4-inch branch of the tee as illustrated in 

Fig. 2. The 6 -inch 20-foot long pipe fitted into the other "straight 

through" branch was plugged at its end. 

6" 

pipe plugged 
~ at end 

outflow 
1--...... - Q 

inflow 
Q 

Fig. 2. Operation of 6x 6x4-inch RING-TITE filament 
wound tee acting to turn the flow through 90-degrees. 

6. Determination of the head losses due to a 6 x 6x 6 -inch RlJ\TG-TITE 

filament-wound tee operating to separate the inflow which comes into one 

of the "straight through" branches into flow out of the other "straight 

through" branch and the branch 90 0 therefrom as illustrated in Fig. 3. 



outflow 
Q

2 

6" 

6" 

inflow 
Q 1 

outflow 

QZ 

Fig. 3. Operation of 6x 6x 6-inch Rll\TG-TITE filament wound 
tee separating the inflow into two branches of outflow. 

7 

7. Determination of the head losses due to a 6x6x6-inchRING-TITE 

filanlent-wound tee operating to combine flows from one of the "straight 

through" branches and the 900 branch into a single discharge through 

the other "straight through" branch as illustrated in Fig. 4. 

inflow 
Q 1 

inflow 
Q 3 

outflow 
QZ 

Fig. 4. Operation of the 6 x 6 x 6-inch RING-TITE filament 
wound tee acting to combine two inflows into a single 
outflow. 
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The above deterITlinations were bas ed on flow rates froITl 150 gpITl 

(in the 6-inch pipes) to as large a flow rate as could be achieved froITl 

the UWRL water supply froITl the Logan River which had approxiITlately 

27 feet of head available between the laboratory floor and the res ervoir, 

or to 1500 gpITl when this flow rate could be achieved. 
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TEST SET-UPS 

The tests needed to provide data fo.r acco:mpl-ishing the objectives 

outlined previously were conducted on the hydraulic floor area in the 

Utah Water Research Laboratory. The water supply used was Logan 

River water, which is diverted at the "First Da:m" through a 48-inch 

pipe to the laboratory, where it is directed throughout the laboratory 

by:means of a network of 18, 24, and 36-inch pipes. The supply was 

taken fro:m the 36-inch pipe of this network. The 27 feet of available 

head turned out to be inadequate to achieve a :maxi:mu:m desired flow 

rate of 1500 gp:m through the pipes in all tests. There were no booster 

pu:mps available in the present laboratory distribution network appro

priate to use in these tests to obtain the :maxi:mu:m desired flow rate 

for all tests. 

The data required to achieve the ite:ms listed under "objectives" 

required five separate lay-outs of the pipes and fittings. These arrange

ments of pipes, fittings, piezo:meter boards and :meters have been nu:mbered 

as lay-out No. 1 through lay-out No. 5 for subsequent reference. Schematic 

diagra:ms of these five separate lay-outs are given in Figs. 5 through 9 

respectively. Photographs of lay-out No. 1 are contained on Fig. 10. 

Lay-out No.1 (Fig. 5) was used to collect data to si:multaneously 

deter:mine the frictional los s in 6 -inch PERMASTRAN® pipe and the 

head loss due to the 6-inch RING-TITE fila:ment-wound 90
0 

elbow (objec

tive 3). In this lay-out three points were selected for pressure taps in 

the three sections of 20-ft long PVC pipe upstream fro:m the elbow. Seven 

20-ft sections of 6-inch PERMASTRAN® pipe were placed downstream 

(with the bell in the downstrea:m direction), with pr es sure taps placed 

1. 5 feet from the ends of the pipe sections. The exact position 

of the pressure taps is given in the table contained on Fig. 5. The 

pressure taps were constructed by tapping a 3/16-inch hole through 
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the pipe wall and screwing a grease fitting into this tapped hole after 

the ball and spring from within the grease fitting were removed. A 

plastic tube directed the water from the pres sure tap to a 4 -foot long 

manometer board containing mercury as the manometer fluid. These 

pressure taps were carefully drilled to prevent distortion of the pipe 

wall in their immediate vicinity. After screwing the grease fitting in 

place, any burrs left by the installation process were removed by hand 

sanding with a very fine wet-dry paper. The pipe was installed in place 

so that the pressure taps were located on the top of the pipe, when one 

tap was located at a section and on top and the two sides where three 

taps were located at a section. 

After taking data for the first series of tests, more scatter existed 

in the data than seemed desirable for establishing the, position of the 

energy line. Consequently to ascertain if this scatter might be due to 

not measuring a representative pres sure at all sections two additional 

taps on each side of the pipe were installed at section Nos. 3a, 3b, 5 

and 10 on Fig. 5. Subsequent measurements at these sections gave 

identical readings for all three taps, so, consequently, tables giving 

this data show only one reading at a given section. The conclusion was 

that representative pressures were being obtained. 

The piezometric heads at each of the pressure taps were determined 

from the reading of the manometer boards. To eliminate any variation 

in the elevation of the laboratory floor on which the tests were conducted, 

a datum was established on each manometer board after it was put in 

position on the floor. This datum was established with an engineers 

level set-up near the pipe elbow. The engineers level was checked 

immediately prior to establishing this datum to ensure that it was in 

proper adjustment. This same procedure of establishing a datum on 

the rnanometer board s was followed for each of the lay - out s. 

Using this datum as a reference the piezometric heads (su,m of 

elevation and pressure heads) at each section where a pressure tap 
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exists were determined (in inches of water) from the equations (see 

Fig. 11 for notation used in Eqs. 8 and 9), 

datum c sta bli shed 
- by leve-r-

plastic tube t,
s pill bottle 

air 

mercury 

wa te r ----r:~~ 

Fig. 11. Sketch of manometer board. 

H = 13.55 6.H - H P max (8) 

or 

H = 12.556.H - H . 
P mln (9) 

depending upon whether H. or H . was recorded, in which H 
max mIn p 

is the piezometric head above the datum established by the level (.6z 

above the pipe center), 13. 5 S equals the specific gravity of mercury, 
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boH is the difference in height of the mercury columns in inches, and 

Hand H . are the distances in inches below the data of the lower 
max mln 

and upper columns of mercury, respectively. 

The head in feet of water at any section can be obtained by dividing 

H from Eq. 8 or 9 by 12, and this in turn can be converted to pressure 
p 

in psi above the datum by multiplying by .4333. The position of the 

energy line can be obtained by adding the velocity head to the piezometric 

head. The head losses are the drops in the position of the energy line. 

Data from four series of tests were obtained from lay-out No. l. 

These are referred to as test series Nos. 1, 2, 3 and 4 in subsequent 

tables and references. 

Lay-out No. 2 is almost identical to No. 1 with the exception that 

the elbow is replac ed by the 6 x 6 x 6 - inch R ING- TIT E filament wound tee, 

and a length of 20-ft PVC pipe was placed in the branch of the tee extend

ing "straight through" from inlet branch. At its end this PV C pipe was 

capped so the entire flow was forced to turn through 90
0 

within the 

tee. Thus the tee acted as a 90 0 elbow. Data referred to as test series 

5 were obtained from lay-out No.2, and these data were used for 

determining the loss coefficient for the 6 x 6 x 6 -inch tee operating as 

shown in Fig. 1 and also to verify the frictional losses in the 6-inch 

PERMASTRAN@ pipe which were determined from the data series of 

lay-out No. l. 

In lay-out No. 3 (Fig. 7) the 6 x 6 x 4-inch RING-TITE filarnent 

wound tee was installed in the position of the 6 x 6 x 6-inch tee in lay

out No. 2 and the downstrearn line was replaced by 4-inch pipe. The 

first four 20-ft long sections of this downstrearn 4-inch line were 

PERMASTRAN® pipe, and the last three sections were PVC pipe, 

each 20 feet long. Ideally only PERMASTRAN® pipe would have been 

used. The only hydraulic difference between these two pipes, however, 

is a slight difference in internal diarneter, since the PERMASTRAN@ 
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pipe has a polyviny1ch10ride liner, the m.ateria1 used in construction 

of PVC pipe. Data for test series No. 6 were obtained from. lay-out 

No.3. These data were used to determ.ihe the loss coefficient for the 

6x 6x4-inch tee operating as shown in Fig. 2, and also the frictional 

head loss in the 4-inch PERMASTRAN® pipe. 

Lay-out No.4 (Fig. 8) was designed to divide the flow from. the 

inlet branch into the two outlet branches of the 6 x 6 x 6-inch tee. For 

this 1ay- out the tee was placed at a distance 13 feet from. the 6 -inch 

m.agnetic flow m.eter, and a 3-inch throat diam.eter Venturi m.eter, 

followed by a valve, was installed at the end of the downstream. line 

in the 90 0 direction from. the inflow, and the other downstream. line 

(also fitted with a valve) discharged into the large 8-ft wide flum.e. By 

adjusting the valves on the two outflow lines and reading both the 

m.agnetic and Venturi m.eter s the flow rates through each outlet branch 

could be determ.ined or set as desired. Many of the tests split the 

inflow equally in the two outflow branches. Data referred to as test 

series No. 7 were obtained from. lay-out No.4. These data were used 

to determ.ine the m.inor los s es and 10 S s coefficients for the 6 x 6 x 6 -inch 

tee operating as shown in Fig. 3. 

Lay-out No. 5 (Fig. 9) was used to obtain data for test series 

No.8. In this lay-out water was taken from. two separate points of the 

36-inch laboratory supply line and directed into two sides of the 6 x 6 x 6· 

inch tee. These flows were com.bined in the tee and discharged through 

one of the "straight through" branches. To m.easure the flow in the two 

inlets, the flow through one of the inlet branches was m.etered with the 

m.agnetic flow m.eter, and the com.bined flow m.etered with the enturi 

m.eter until its capacity was exceeded, and thereafter the total flow 

rate was determ.ined by directing the water into the weighing tanks. 

Meters were calibrated in place of the weighing tank for all lay-outs. 

Their us e aided in establishing a predeterm.ined flow rate. in each line, 

when both m.eters could be used. 
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EXPERIMENTAL PROCEDURE 

After having the pipes, etc. installed according to lay-out No. I 

the magnetic flow meter was calibrated in place. This calibration was 

accomplished by directing the outflow water into the two automatic 

recording weighing tanks in the Utah Water Research Laboratory. The 

calibration included eight different flow rates from just under 150 gpm 

to the maximum flow (I, 280 gpm) that was pos si ble with the head 

available with the river water supply. This calibration curve was 

plotted on the circular read -out of the magnetic flow meter so that for 

all tests it was pos sible to establish a flow rate of predetermined 

incrernents of 100 gpm. 

To ascertain how accurately the flow rates could actually be set 

by adjusting the dial to an increment of 100 gpm on the calibration curve, 

the flows from the first and second series of tests were directed into 

the weighing tanks during the tests and the actual flow rates compared 

with those that were to have been established. The largest diff.erence 

between these two flow rates was 4 gpm. Because of this close ,agree

ment it was evident that adjusting the valve until the dial of the flow 

meter was on a predetermined flow rate value was satisfactory and it 

was not necessary to actually weigh the water for each test. Therefore, 

after collecting the data from the pressure taps from what is referred 

to as test series No.2, the outflow water was no longer directed into 

the weighing tanks (excepted when the capacity of the Venturi meter was 

exceeded in a test). 

For lay-out Nos. 4 and 5 which required two flow meters to insure 

equal flows in the branches of the tee, it was neces sary to calibrate the 

second meter. A 3 - inch throat diameter Ventur i rnete:r was us ed 

for this second meter. It was also calibrated in place following the 

previously described procedure of directing the outflow from th~s line 
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into the weighing tanks. As with the m.agnetic m.eter after calibration 

of the Venturi m.eter, som.e predeterm.ined flow rates were checked by 

weighing. Less than 4 gpm. existed between the established and actual 

flow rates. 

The water supply was at a constant head at the "First Dam." for 

all practical purposes during any test because the sm.all flow rates with

drawn for these tests were insignificant in com.parison to the river flow, 

which goes over the dam. spillway. Despite this fact the ability of the 

system. to m.aintain established flow rates over extended periods of 

tim.e was checked. This check was conveniently accom.plished by 

regularly checking the setting on the m.eter (or m.eters) to see if it 

rem.ained at the sam.e setting as at the beginning of the test. All of 

these checks showed no variation in the established flow rates even 

during a tim.e when another experim.ent being conducted sim.ultaneously 

was using up to 10 cfs from. the sam.e river supply. 

For each test both H . (or H ) and 6H (see Fig. 11) were 
m.ln m.ax 

recorded from. each m.anom.eter attached to a pressure tap. This 

recorded data was subsequently punched onto data cards and processed 

by a digital com.puter. Tables 1 and 2 give the results from. the initial 

proces sing of this data. In these tables the piezom.etric heads are 

given as com.puted by Eq. 8 or 9 and the total energy heads are given 

as the piezom.etric head plus the velocity head. Test series I through 

6 are contained in Table 1, with series 1 through 4 using lay-out 1, 

series 5 using lay-out 2, and series 6 using lay-out 3. The num.bering 

of the sections in these 6 series of tests are as noted on Figs. 5 through 

9, with num.ber s 1, 2, and 3a upstream. from. the elbow or tee and 

sections 3b through 10 downstream of the elbow and tee for the first 

3 lay-outs. A slightly different num.bering system. was used for the 

last two lay-outs. 
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ANALYSES OF TEST DATA 

Reliability of Data 

To fully understand the analyses of the data and interpr!et the 

results from these analyses properly the, reader should have an under

standing of the accuracy of the data. The piezometric head and total 

energy head data recorded in Tables 1 and 2 are given to one-tenth of 

an inch. This precision is beyond the accuracy with which the data 

could be recorded. As is characteristic of turbulent flows in general, 

continual small pressure fluctuations were noted particularly during 

the higher flow rates. These fluctuations were particularly large when 

the tees were in the line with the extension of the inlet line plugged, i. e. 

test series 5 and 6. These large fluctuations are described in greater 

detail later. These pressure fluctuations caused the positions of the 

m.ercury columns in the piezometers to change continually. For the 

lower flow rates these fluctuations were hardly noticeable, but at the 

higher flow rates the movem.ent of the mercury columns was quite 

noticeable. These fluctuations made it difficult to measure values for 

H . and ~H from the manometer with greater precision than the 
m.ln 

nearest one-tenth of an inch, even though in most cases an estimate 

to the nearest one-hundredth of an inch was actually recorded. However, 

since the specific gravity of mercury is 13. 55 the computed piezometric 

head will in general be only one-thirteenth as precise as the recorded 

data. Consequently, the data for piezometric head, and total energy 

head which are given in Tables 1 and 2 can be considered correct only 

to the nearest inch of water. 

Record of Pressure Fluctuations 

When the 6x 6x 6-inch tee was installed as in lay-out No. 2 with the 

extension of the inlet pipe clos ed the continual bouncing of the mercury 
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77.9 
54.0 

51:..4 
60.1 

1r':7.0 
32.9 
70.9 

Ill. 9 
39.9 

50.1 
2.3 7.5 
112.3 

70.4 
109.9 
. B3.2 
104.6 

72.0 
42. '4 

109.3 
63.1 
4G.1 

136.9 
30.2 
45.7 
52.6 

N 
l.V 



Table 2. Piezometric and total energy head data computed from the laboratory manometer 
data obtained from the pressure taps for test series 7 and 8. 

~ ~ 7 9 -.--.... t --t--..---.-----,E-~--t-2!iJTTH-p --'---"E 1 H p 

200 100 
400 200 
oCC 300 
aoe 400 

lcoe soc 
120011 COO 
1200 eoo 
12CO 600 
lisco 762 

FLO WR", Tf.S 
( GPH) 

Q, Qz 

200 100 
ITOO ZOO 
600 30e 
80C 400 

1CCD SOD 
12ca 1000 

/1200 Bce 

1
1200 6eo 
1500 765 

1001118.51119.41117.5 118.41117.51117.7 
156.0 150.1 153.8 150.1 1~1.1 
217.9 208.8 217.0 212.8,214.8 
129.6 113.5 128.0 118.21171.8 
118.ZI 9Z • 6 115.Z 102.5

1

108.1 
209.1 179.3 211.6 179.3 201.8 
ZOZ.6 167.1 199.6 ~77.5 192.0 
205.8 1~5.8 198.3 18Z.7 190.9 
253.51194.6 245.4 221.6 234.8 

200,152.4 
300!209.S 
1;00\ 115.2 
500 95.6 
ZOO 17S.!:i 

4°tl170.1 
600 173.3 
735 202.6 

10 
Q.3 Hp E 

StCTION of PREssunE TAP 
11 1.2 

Hp E Hp E 

117,3 
151,3 
210,0 
118.6 
Ull.o 
164.3 
174.7 
181.3 
218.9 

13 
Hp 

117.6 116.7 
152.2 lS!).S 
212.1 208.6 
122.2 116.0 
106.6 97.1 
186.9 llfS.9 
189.2 164.3 
189.5 173.3 
232.1 210.9 

E 

100 115.0 115. :2 115.3 115.5 115.3 115.5 113.lf 113.6 
200 145.7 III 6. 5 1'15.2 146.0 1114.0 1'14.8 1'12.8 H3.6 
300 1913.4 200.3 2 CO.O 201.8 196.2 198.0 19'1.2 196.0 
400 I 97.4 1CO.7 95.7 99.0 94 .'1 97. & 91 .1 94.4 
500 70.1 75.2 65.7 70.8 63.1 68.2 59.8 S'I.9 

20ar6OOO 160.8 1 SO.8 161.7 i ! ~ :; Ii: ~ : ~ i;!: ~ i; ~ : ~: 400 150.9 15'1.1 149.1 152.'1 
600 132.3 139.6 126.8 134.1 123.11130.41125·~1132.9 
735 150.9 161.9 1lf6.5 157.5 138.8 1'19.8 128.9 ~ 

TEst FLOW RATE SECTION 0" PRESSURE TAP 

I 

116.9 11 1 6. lf I1 16.6\11S.8 
151.51149.7 15C.6 147.5 
210.7

1

215.0 217.0 2Q4.3 

i~~:~ 1~~:~ I:;;:;, 1 ~:~ 
172.4 1137.31:1S9.9.ll(;3.6 
178.7\158.7 173.2 157.9 
181.5171.8179.9·153.9 
224.2 202.9 21S.1 169.7 

SER/ (£PH) 1 2 3 5 6 7 
i!<:S °2 I OJ I 0 3 Hp 1 E HI' 

E-----r Hp 1 E lip 1 E 

117.°1117.61117.81115.01115.2 
Iq8.4 147.7 lqp.~147.C!147.S 

2C~.1'7.02.51' 2C4.3j200.4 j 202.3 1 l1C.91105.3 1~~.5 lC8.0 103.31 

8s.0177.2

1 

e2.3 72.7 77.BI 
164.6 163.4 164.2 162.7 163.5 
lS1.1 154.8 1~8.11153.5 156.7 
lS1.2 14S.3 153.7 140.4 147.8 
180.7 lS4.S 17s.~1155.9 166.9 

fa 20C 
400 
;;00 
seD 

100 
20e 
30e 
'100 
380 
570 
610 
735 
4CO 
200 
4G5 
670 
430 
950 

100 
2CO 
3CC 
'100 
400 
5eo 
600 
750 
200 
400 
600 
lfOO 

249.61 2 '19.'3 
191.4,198.3 
736.6' 238.6 
Z67.2 270.8 
267.2 270.8 
153.7 159.'1 
194.8 203.0 
280.9 293.7 
265.7 266.6 
184.41 188 • 0 
149.2 157.3 

249.3 
195.1 
235.6 
265.0 
265.0 
153.3 
193.8 
278.0 
259.1 
182.7 
146.8 
142.2 
257.2 
255.8 

£ 1 Hp I E I HI' lEI H,. 1 £ HI' I E ~_I' I E I H .. I E I H... 1 £" 

249.£1 251 • 9 , 252.21 ?48.~ 248.8 2'16.7 2'17.5 246.'3 247.7 2l!5.9 246.7 241;.3 1 24S.6 245.0124509 
196.01198.4 199.2 195.9 1'36.7 191.9 195.2 190.1 193.4 187.2 190.5 lSS.4 11lP.6 !e4.3 187.G 
237.61240.2 242.0 236.3 238.1 227.8 235.1 223.'1 230.7 21,).1 226.11 213.'1 22:1.7 211.1 21S.1+ 
268.6 269.5 272.8. 265.f. 268.8 251.9 265.0 244.9 258.0 237.'1 250.4 227.7 240.8 222.8 235.S 
268.6 269.5 272.sI265.e 26S.5 251.9 2611.3 ZII'I.9 257.3 237.4 249.8 227.7 21i0.l 222.8 j235.21 
159.o

l

l
uo.3 1~6.9i153.3 159.91127.') 151.2 115.0 138.3j1oc,.5 1123.S 83.710"7.1) 77.1:100.4 

202.0 201.4 209.r:; 194.9202.1 158.1 187.91 147.C 176.8 131.C 160.9 ID2.SI132.7 56.1'125.9 I ~ ~~~ 210 
485 
600 
600 

1065 
11070 
1'130 
1450 

FLO WR ATE S 
( GPHJ 

Gz OJ. 

20e 100 
400 200 
60C 300 
aco 'IOC 
780 380 

1070 570 
1210 610 
11;85 735 

600 400 
600 200 

lObS '165 
1070 670 

1000 
500 

143.0J'146.6 
263.9 286.5 
260.1 265.7 

290.729C.3 301.31 281.q.. 292.4 231.1 276.01206.51251.11 183.91Izz8.sI152.e!lQ7.7113s.a'181J.11 
260.0 263.7 267.0 259.'7 262.9 251.3 259.612q7.~ 254.9 243.3 25['.6 237.5

1

2Q;.9j ::3'1.3;2Lil.61 
186.3 186.8 187.6.182.8183.6 17'1.9 182.

l
21 ~69'8 177.2 1(,5.6 173.0 159.9

1
1G7.2 157.1;11611.71 

154.9 153.2 157.6 125.9 130.3 1121.3 14'1.4 1C8.7 131.8 95.8 118.9 71.8 lOC.9 69.3 92.4 
145.8 148.0 157.1 137.e 1'17.0 118.7 142.0 106.8 130.1 94.6 117.9 77.2 10C.5 68.0 91.3 
279.7 268.01271.sI26'1.4. 268.2121'1.01255.7 192.3 233.9 1~.9 Z12.J1~~:~1184'O 126.01167.6 
261.5 268.012_86.4 255.~1273.S 215.4 ~.2 194.3 237.1 173.5 216.3J14~.ih86.5 128.0 170.8 

SECTION OF PRESSURE TAPI 
10 11 1 

Q] Hp E Hp E I 

100 2114.4 245.2 243.2 244.0 
20e 180.5 183.8 178.5 181.8 
300 205.3 21Z.6 200.7 208.1 
400 21'1.3 2Z7.'I 2 OIT.O 217.1 
'100 2l1J.3 226.7- 20'1.0 216.4 
500 E1.7 S5.0 '18.6 72.0 
6CC 78.7 1013.5 G2.3 92.1 
750 ICB.7 153.6 84.6 129.5 
200 228.7 236.1 22'1. B 232.1 
40a 151.1 158.5 14E .5 153~8 
CDC, 54.6 77.7 41.4 64.5 

77.2 40.8 64.1 
1'130 430 \1000 100.9 

400\53.9 
142.5 8C.6 122.2 

1'150 950 500 103.5 1'16.3 80.6 123. If 

N 
~ 
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pipe. The first 6 colum.ns in Table 5 are self explanatory. Colum.n 7 

is the negative of the regression coefficient and represents the slope of 

the ener gy line or the head los s divided by the length of pipe. The 

eighth colum.n contains the regres sion correlation coefficient squared, 

i. e. R 2, and as such is a m.easure of the scatter of the total energy 

head data from. a fitted straight line. At the lower flow rates of 150 and 

200 gpm. these correlation coefficients are of such sm.all value as to 

indicate that the com.puted slope of the energy line is of questionable 
2 

accuracy. These sm.all values of R are a consequence of the very 

sm.all head losses at these low flow rates in com.parison to the precision 

with which the data could be recorded using the m.ercury m.anom.eters at 

separate pipe sections. The ninth, or next to the last colum.n, contains 

the friction factor f com.puted from. the slope of the ener gy line and the 

Darcy- Weisbach equation, i. e. 

f = (10) 

The tenth or final colum.n in Table 5 contains the value of the friction 

factor com.puted by Prandl's friction equation for hydraulically sm.ooth 

pipes, Eq. 4. 

The clos e agreem.ent between the friction factor f in the last two 

columns of Table 5 indicates that 6-inch PERMASTRAN® pipe behaves 

as hydraulically sm.ooth pipe, at least within the range of flow rates (i. e. 

Reynolds num.bers) used in the tests. These results might have been 

anticipated since the inside wall of the pipe is polyvinylchloride (plastic) 

and smooth to the touch. The roughnes s of this wall m.ater ial is 

embedded well within the laminar sublayer and consequently has no 

influence on the frictional head loss. 

- As a consequence of this conclusion the head los s in 6':inch 

PERMASTRAN® (or PVC pipe which has the same inside wall material). 
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can be cOInputed by, 

in which the friction factor f can be cOInputed froIn, 

1 

~ 
= 2 log 10 (R e ~) - O. 8 

or by the explicit Blasius Equation 

f = • 316 

R .25 
e 

for values of Reynolds 
3 5 

nUInber between 2 x 10 and 1 x 10 . 

The data froIn test series No. 6 were obtained with the 4-inch 

PERMASTRAN® pipe downstreaIn froIn the 6x 6x4-inch tee. The 

( 11) 

(4 ) 

(3) 

data froIn this series have been analyzed by the saIne weighted regression 

analyses described above to deterInine the frictional head loss in this 

4-inch pipe. A sUInInary of these analyses is given in Table 6. Table 6 

has two additional coluInns ,that were not included in Table 5. These 
e 

last two coluInns give the values of the relative roughnes s d of the wall 

Inaterial and the equivalent sand roughnes s e, that would result froIn 

substituting the friction factor f froIn coluInn 9 into the Colebrook- White 

equation 

1 

~ 
= 1. 14 - 2 10 g 10 ~~ + 9.35~ 

R~ e 

and cOll1puting e / d froIn this equation. The fact that the equivalent 

(5) 

roughness e decreases quite rapidly with increasing flow rates suggests 

that the reason the cOInputer value of f is slightly lar ger than the 

f for hydraulically SInooth pipe, at least in part, is due to the precision 

with which the piezoInetric heads data can be Ineasured. This conclusion 

can be justified further on the basis that with the 6-inch outlet of the tee 



Table 6. Summary of frictional losses in 4-inch PERMASTRAN® pipe. 
kinematic viscosity of fluid, v = 1. 9 x 10- 5 ft2/ sec . 

Average Velocity Reynolds 
Slope of Correl. Friction 

Test Flow 
Velocity Head No. 

energy Coe£. factor 
series rate line 

(fps) (it ) x 10- 5 
hL/L 

R2 f 
No. 

gpm cfs 

6 50 O. III 1. 141 0.0202 0.212 0.0033 0.802 0.05 
100 0.223 2.282 0.0809 0.423 0.00368 0.845 0.0234 
200 0.445 4.C:h4 0.323'1 0.847 0.02142 0.985 0.0233 
300 0.668 6.1-140 0.7279 1. 27 0.04158 0.995 0.0201 

I 

400 0.891 9. 129 1. 294 l. 69 0.070S8 0.996 0.0191 
500 1. 114 11.411 2.022 2. 12 O. 10248 0.994 0.0178 
577 1. 285 13.168 2.693 2.44 0.11751 0.991 0.0153 

- -

Diameter, d = 4. 23 inches, 

"Smooth Relative Equivalent 
pipe" roughness roughness 

f e/d e (it) 

O. 0255 
0.0217 
0.0186 0.00127 0.00044 
0.0171 0.00058 0.00021 
0.0162 0.00050 0.00016 
0.0155 0.00033 0.00011 
0.0150 0.00004 0.00001 

v.> 
U"1 
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plugged substantial pressure fluctuations existed in the system causing 

the mercury columns of the manometer to bounce as much as a couple 

of inches. With bouncing manometer columns it was extremely difficult 

to read the values for H . and ~H accurately even to the nearest 
mIn 

tenth of an inch because it was a matter of judgment to decide where the 

mean values were. 

Therefore it is the belief of the writer that 4-inch PERMASTRAN® 

pipe behaves as hydraulically smooth pipe within the Reynolds number 

range of tests, despite the fact that the data may suggest that the friction 

factors lie in the lower portion of the transition region of the Moody 

diagram. After all there is no reason for 6-inch PERMASTRAN® pipe 

to be hydraulically smooth and 4-inch PERMASTRAN@ pipe with the 

same wall material to have alar ge equivalent roughne s s. 

Table 7 gives the head losses as a function of the flow rates for 

6-inch PERMASTRAN@, 6-inch PVC, 4-inch PERMASTRAN@ and 

4-inch PVC pipes. These head losses, expressed in terms of feet loss 

per 100 -feet of pipe length, were computed under the as sumption that 

the pipes behave as hydraulically smooth pipes. A number of measure

ments of the inside diameter of the pipes indicated the following values: 

Internal diameter of 6-inch PERMASTRAN@ pipe = 6. 25 inches 

Internal diameter of 6-inch PVC pipe = 6.09 inches 

Internal diameter of 4-inch PERMASTRAN® pipe = 4.23 inches 

Internal diameter of 4-inch PVC pipe = 4.13 inches 

The head losses in Table 7 assume pipes of the above inside diameters. 

These same diameters were used in analyzing the test data. 

The head losses for these four pipes are shown as a function of 

the flow rate in Fig. 13. 

While the friction factor -Darcy-Weisbach equation approach is 

the most fundamentally sound method for computing head losses and 

flow rates in pipes, empirical equations are still frequently us~d. Two 

such equations are the Hazen- Williams equation, 



Table. 7. Head losses in 6-inch and 4-inch PERMASTRAN@and PVC pipes over a range of Reynolds nmnbers. 
~. 

Flowrate 6" - PER¥..ASTRAN pipe 6" - PVC p:lpe 4" - PERMASTRAN pipe 411 - PVC pipe 

(gpm) (cis) 
R V ~/lOQ' R 

V ~/lOO' ' R 
V hL/ 1OQ ' R 

V ~/100' e e e e 

• ~i4+ OS 
- -. -. 

" .5 S .0 ;!3 .331:'05 ' 
.. 

'i.20 sn • lIt .S2 .021 .2:S0 +05 1 .1" .132, .339 +05 .1'18 
H'IO .2~~ .44'7+ 05 1 '.ns '.070 --.4 5q +n 5' f .10' , .079 .661" 05 2.28 .4511 .f)77+ilS 2.39 ' .505 
t'in • ~ J4 • F>71+0S 1.57 .1" 4 .689+05 feD 5 . 

.163 .992+05 I 3.42 .930 .102+06 3.59 1.043 
2nn .445 • R'q 5+115 2l. nq .2~ n .918 +0 ~ 2'.20 ~ .212 .13 2:' 06 4.56 1.559 .135 +06 4.79 1.:748 
2Sfl .557 · n 2+£16 2. F>I ' .358 .11S +06 ,2.75 ~'.Il OS .16 s+m; 5.71 2. 3~ 9- .163 +06 5.99 2.612 
~rm .hhq .1'i 4:' uf) 3.1'4 .497 .1 3? +\1 h ~".'~Q .562 • Pl8;+06 f).85 3.235 .203 +06 7.18 3.629 
3sn .7 g ii • Pi 7+ nf) ~. hF'. .hS S .161 +1) 6 3'.18 5 .142 .231 it- 06 7.99 4.2:1 J. .237 +() 6 8.38 '+.793 
4 nn .891 .17 q+ 06 4.l'R .833 .184 +[: 6 4' • !'I fJ .34q .264+D6 9. i3 5.43 <) .211 +0 6 9.58 6.102 
4 c;n 1. n .. 17 • ~n r~ 06 4.70 • 1 '.iH u- .201+06 II .19 5 1 .J 61 • 2q 1ltU6 10'.2'7 6.731' .3 05 +0 6 10.77 7.552 
r;nn 1.1 ] 4 • ')') 4+ Of) 5.73 ' 1. 2q f~ .2 3fl +06 5 .51 t .~ 1'2 .331+nf; 11'.41 8.147 .33~+O6 11.97 9.141 
c; Sf! 1.2 :7t; .74 f)\. DE. 5.75 1.4'81 .2S3+Q6 6.n (; i .f, 77 • J6 4;' 06 12.55 9.684' .312 +0 6 13.1 7 10.8G6 Snn 1. "'t:.U; • if. ~+D6 6.77 1 .1~ 3 .27S+D6 & c'h 1 1 .363 • 3q 7+[16 1 3~ 69 11.3110. .IJOo+n6 14.36 12.72IJ 
6c;n I.!: 4R • 7q 1+06 6.7q 2. fln J .2 qg +n r:: 7 • .1 h: ~ .269 • 4~u+06 14.83 13'.114: .440 +0 6 IS.56 ' 14.715 
'Ton 1.SSQ • ,1 J+ 06 7. ~2 2.291 .321 +0 h 1.71 2.5 qS .463+01; 15'.98 1 S'. 00 4 .If 14 +06 16.76 16.837 
7511 1.61n • '3 f)+ n6 7. F.t; 2 .C)q (; .,qq+!)h B.2 b 2.941 .4qf)+ 06 11.12 1 7. 00 9 .5 DB +'06 17.96 19.088 s(]n 1.78':;> , .35 d+ D6 8. -;;6 2 • <ll ft I .3~1+Uh S.81 3.3 m:; .57 qlf.06 1 A. 26 19'. 128 .5 fie +0 6 19.15 21.,466 
sc;n 1.8o.~ 

• '.0+ 06
1 

R. Rq 3.25 11 .390 +'0 Ii' 9.36 3.69D .562'·U6 19.40 21.360 .575 +06 20.35 23.971 
qnn' ~. ni1~ • 4iJ 3+ 06 q.41 3.613 .413:t'u 6 9.91 G .0 9" .5q 51+06 ~o. Sq 23. 703 .603 +06 21.55 26.601 
qc;n 7.1 1 h .1.1:71)+116 q .q~ 3. 9A 6 .4~6+0h 10 ,If 6. ~ .5 16 .628 If. 1)6 21.68 26.15 & .643+06 22.74 29.355 

1 hi-til 7.777 .447+ OF> ' 1 Ct. 45 4.375, ' .4 5q +06 11.(11' ... 951 .6b 1*06 22.82 28. 7-l9, ' ;671 +06 23.94 32.232 
, 1 nSf) ".3 3q .41n+t16 - 1 n' .. qR 4.78 l' .482 +06 11.561 5 ." 1 7 .694+ 06 23.96 31.391 .71.1+06 25.1 £I 35.231 

t 1 fin 7." sn • 4q 2+ 06 1 I'. 5ii' 5. 2u 3 ' .505+0~ 12.11 5.895 .127'+06 25.10 34.170 ' .745 t{J 6 26.33 38.351 
t 1 'ill ~. 5 hi} • C) 1 4* Of) 1 2~.n2 5.641 .5 2R +06 12.66' 6.392 .160~n6 26.2IJ 31.0511 .773 +06 21.53 '11.592 
1 ~rm 2.h7~ • "'37+ 06 1 7.54 6'.,195 • S 51 +0 (; 13' .,21 ~' .~O7 • 7q 3'+[l!; 27.39 40.051 .812 +06 28.73 4 It. 952 
175n ~.1 R.4 • C;5 q:. 06 1 ~l. 01 6.565 .574+(;6 13 .t7 ~ t.u 3q .82 6':t 06 28.53 43.150 .845 +06 29.93 48.431 
l~!"!n ~.P'qS • sa 2+ n6 ll. C;q 1'.n5 11 .597 + 116 1" .31 7.~ qL .85 Q!t-06 29.67 " 6.354 .880 +0 6, 31.12 52.028 
1 ~ ')('1 ~. 007 .f.04:'06 14'.11 ; 7. S5 31 .6 2[l +0 6 U",B6 B .S Sl9 .sq 2:'(16 ~O.81 q 9. 66 2' . ' .914+06 32.32 55.742 
1 q nil ~. l1R .62f)+O£' 1 4'. F;q 8 1.n7 n 

,-
.64~+U~ lr • III I' 3.145 .925+06 31. qs 53.074; .94S +'06 33.52 59.513 

14 sn ~. 27<1 .64 q. Of) 1 5:.16 8. 6&J 3 .666+[}6 1; ,(9 () 9 .149 .958+06 33~ 09 56.59 a .982 +06 34.71 63.520 
t fi GO' "'t. 3 4 1 .r:;7 I:' 06 15'. hR C).IS 2- -'.6Rq+G6 -1~. 521 lLf'.31'1 .9921t 06 34.23 60. 2U 9 .102+07 3S.91 67.582

1 lC)sn ">.1457 • hq 3+ 06 1 6:. ~iJ ' q.71S: .1}?+Q6 1 t .,f) 7. Ii .n 10 
lI;nn ~.I) 6'~ .716" Of) 1 6.73 ' '1 n. 2q 5 .135 +n ~ 17.6'l li .j; f)6 
If)5n ~.671) .7~R:"m; 1 7:.21) IU.88 q .758+0r:: 18.1 t 12.340 
17nn J.78F> .7£1'+06 1 7..77 11'.498 .181 +06 1 Ff. 7~, 13.031 
\7C;n l.Rqg .18 3+ 06 1 R. ~q 12'.123 • a 0'3 +.(16' 19.27 13 .-739 
l,80n la.nnq • Rrl 1)+ n6 J 8:. ~? 12.76 3' 

, 
.826 +06 it) • 8 a- lii .4 ~f4 

1'R 5" 4.17n • ~2 R:" 06 19'.34 ' 1 3:.41 3, .84Q+nb' nL31 15.l07 IN 
11=tnn ~.2J7. • R5 0+ 06 1 q. ~h 1 q:. DB 7' .872 .. 06 2ff. 9 2 1S .19 66 -J 
tqsn 4.34J .. P.1 2lt-06 2 n. 3A 14.712. .895 +n E)' ~l • ~ l' is .1 q2 
:mnn !I. ~ 54 • A'i 5+ Of:' ~ ,1. Ql ; 15.411, .91R+nh 7.2. n 2 17.5 ~ 
~n "11 Q.S6-F; • cH 1:'06 21.43 16 .1R 5' .941+06 22 ,,5-1 18 .34-" 
~~nn £&.677 • q~ 9~ n6 '21.95 16'.91 t.r .964 +06- 2~" ,,1 :?: 19.170 ' 
7t5n 4.1RR .~h 2+06 22.4R 1 1:.6511 .981 +0 6 23.,67 20.012 
~'21111 4.9011 • qR 4'+06 2. Jl:.l11 ' .. 18.415 .1Ul+01' 7.~ ,2 ? 2et .R 12 '. 22')11 'i.Oll • HI 1+ 01 ") 3. 'C)l , 1 cr. lR 8 • t G3 +01 2" .. ~ 7, 2i .';f 47 
7.3nn ' C;.17~ .10 3+ 01 24,'.0" ' 1 9:. q7 5 .10£+01 7.S .13 7. 22.639 
:nsl1 c;. 7 J4 • tnS~07 Z 4'. S7 20:.77 F> .1 US +tl1, 25 .. 8 l' 23.54S 
74iin C;.34') • tn 7+ 07 25'.nQ 21. 5Q 2 .. lIn +'07 2~ "',, 2 24 .tI 73 
74 sn 'i. 14 S 7 • 1 10:' 01 '2 S. 61 - 22.422, .112+01 2;,,'91 25 .111 11+ 
~son C;.'ihR • 1 1 2''' 117 ? F>'.13 ' 23.256' .11«;+07 2~ .. 53 26.37<1. 
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( 12) 

and the Manning equation, 

( 13) 

If the coefficient C and n in these equations are held constant 

for a given pipe, as is com.m.on1y done, the two em.pirica1 equations 

apply only in a lim.ited range of flow velocities. The Hazen- William.s 

equation indicates the head los s is proportional to the velocity to the 

1. 85 power, and the Manning equation indicates the head los s is 

proportional to the velocity squared. 

Evaluating the Hazen- William.s coefficient C and the Manning's 

coefficient n so that they give the sam.e head loss as the Darcy- Weisbach 

equation for a flow rate of 800 gpm. in 6-inch PERMASTRAN® pipe leads 

to, 

C = 154.6 

n = . 0078 

Table 8 com.pares the head los s com.puted by the Darcy- Weisbach equation 

under the assum.ption that the pipes are sm.ooth with the head losses 

com.puted by the Hazen- Wil1iam.s equation and the Manning equation using 

the above coefficients, over a range of Reynolds num.bers. This com.

parison illustrates that the em.pirical equations apply over a lim.ited 

range unles s the coefficients are changed depending upon the flow con

ditions. 

Determ.ination of Head Losses at the 
Elbow and Tees 

Elbow Head Loss. The data from. test series 1, 2, 3 and 4, obtained 

from. lay-out No.1, have been used to determ.ine the head losses due to 

the 6-inch RING-TITE filam.ent wound 90
0 

elbow. The m.ore rapidly 

m.oving fluid near the core of the pipe will have a larger -centrifugal 



Table 8. Comparison of the· head losses over a range of Reynolds numbers as determined by: (1) the Darcy- Weisbach 
method, (2) the Hazen- Williams equation, and (3) the Mannings equation. For the f factor in the Darcy
Weisbach equation, the pipe was assumed hydraulically smooth, the coefficient in the Hazen-Williams 
equation was taken as C = 154.6, and the coefficient in Mannings equation was taken as n = • 0078. 

6-inch PER}~STRAN PIPE 6-inch PVC PIPE - inch ...P.ERMAS'I'RAN... llP R. 4-inch PVC PIPE 
!f. 

Reyno1d~ ~e10C1 F10w1:rict- head loss/lOa' Veloc- tFlow- ~rict- head 10ss/100' . Ve10c- Flow- Frict heaQ 1055/100' lVeloc- Flow-IFrict head 10ss/100r 
Number 1 J.ty rate J.on hL '10n' ity Irate ~on hL/ lOO ' ity rate ion 11,/100' ity rate ion hUIOOr 

(fps) (cfs) factor Factor f .,...,. .• J ~ 
f Darcy-: Hazen- Mann- (fps) (cfs) parcy- lHazen-i:'-Iimn- (fps) (cfs) actv':Ie1.r~!lHazen Hann- (fps) (cfs) ractcrDarcy-Hazen-b-fan:1-

~.Jeisb. Will. in2:S f Teisb will ito!?!'; f ~\'eisb-Ir,.!il1. ings i f I\!eisb ./Will. ings 
.15+07 35.05 7.47.0109 39.8 41.6 51.3 35.97 7.28.0109 43.1 45.0 55.9 51.7~ 5.C5.(,lD9 28.~~35.11t88.3 53.04 4.9?~01C9138.1111t5.22C3.9 
.10+07 23.37 4.9B.C116 19.0 19.1 22.8 23.98 4.85.0116 20.5 21.3 2l.8 34.52 3.37.('11661.2 63.883.7 35.35 3.29~0116 65.7 68.6 98.6 
.90+C6 21.03 Q.4S.0119 15.615.2 18.5 21.584.31.0119 16.9 17.52).1 31.07 3.03.0119 5C.'~ 52.567.8 31.82 2.%~Oll':! 54.2 S['.5 73.4 
.80+0618 .. 693.98.012112.613.014.613.18 3.88.012113.614.115.927.62 2.1Q.D121 40.742.2 53.E 28.2? 2.63012143.745.458.0 
.70+06 16.36 3.48.0124 9.9 lD.2 11.2 16.79 3.40.0124 10.7 11.0 1~.2 24.17 2.361-0124 31.9 33.0 41.0 24.75 2.;C.0124 34~3 35.5 44.4 
.60+06 14.02 2.90:.0127 7.5 7.6 8.2 14.39 2.91.0127 8.1 8.3 !.'3 20.71 2.021-0127 24 .. 1 24.8~30.1 21 .. 22 1.'37.0127 25.9 26.7 32.5 
.50+06 11.68 2.40:.0132 5.4 5.5 5.7 11.99 2.43.0132 5.8 5.9 :;.2 17.25 1.68.C132 17.3 17.7 20.g 17.68 1.64.0132 18.G 19.0 22.7 
.40+06 9.347~.991.0137 3.57 3.61 3.64 9.592 ..... 940"'0137 3.86 3.90 3 .97'3.810 .348I-C.1.37~1.52ill.72 3.39 4.11t4~.316.0137i12.37~2.59~4.50 
.35+06 8.1781.74~.(l1l~1 2.80 2.82 2.79 8.393 .6981-0141 3.03 3.05 3,OLll2.084 .179.C141 9.04 9.15 0.25 2.37G~.151.Cl!t1 9.71 9.84 1.10 
.30+06 7.010 .4~3.0145 2.12 2.12 2.05 7.194 .4551-!J145 2.29 2.29 2 .. 24~0.357 .01110[145 6.8LJ G.88 7.53 0.608 .987.01:tS, 7.34 7.42 E.15 
.25+C6 5.842

1

'1.245.0150 1.5-2 1.51 1.42 5 .. 995 .213 .. 01Sr 1.65 1.64 1.55 8.631 .842.('.150 4.91 4.91 5.23 8.840 .822,.015°15.28 5.2815.67 
.2C+06 4.573 .996.0156 1.02 1.00 .91 4.796 .97°1-0156 1.10 1.08 .99 6.905 .674.rISE 3.28 3.25 3.35 7.072 .658.0155 3.53 3.49 3.63 
.15+06 3.505 .741.(Jl66 .61 .59 .51 3.597 .7281-0166 .66 .64 .56 5.179 .505.e166 1.96 1.91 1.8!: 5.304 .4931.0166 2.10 2.05 2.04 
.10+06 2.337 .49S .. 0180 .29 .28 .23 2.398 .485/-0180 .32 .30 .25 3.452 .337100180 .94 • 90 .Sl~ 3.536 .32~.CneD 1.02 .'371 .91 
.90+051.10301.44801-0184 .243 .228 .185?1582.4366.018q .262 .-247 .~01f3.1072.3032.C18!t .732 .742 .67e?1825.2961.01Sq .841 .797 .734 
.80+05 .86931.3983r-0189 .19.6 .184 .1461.9184.3881.0189 .212' .199 .1S9~.762r.1-2635.0189 .634 .537 .535:?8289.2632.0189 .681 .C41! .580 
.10+05 .6356.3485.G194 .155 .144 .112~.6786.3396.019q .167 .155.12212.'1-167.2359 .. ('194.49'3.466 .4107.4753.2303.0194.536 .Sa1: .4'i1i 
.60+05 .Q02C.2987.0201 .118 .1oe 1. 08211.'4388 .. 2911.0201 .127 .117 .(892.0715.2022.0201 .379 .350 .301'.1215.197lJ.0201 .1'03 .377: .325 
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.30+05 .701 .1493.0235 .034 .030 .021 .7194.1455.0235 .037 .032 .(221.0357.1011.0235 .111 .0~37 .07511.C608.09871.0235 .119 .104\.082 
.2S .... 0r.: .5842.124 .0245.025 .021 .01l! .599 .1213.0245 .027 .023 .(Hi .3631.0842.('245 .08C .C6'3 .'052 .8840.0822,.0245 .085 .075 .CS7 .20+0~ .467 .a995.02S9 .017 .014 .009 .q796.097C.02SS .018 .0151.010 .690SI.CGH.02S9 .050 .C46 .033 .7072.C6S~I.0.25.9 .058 .C49! .036 
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force than the s lower moving fluid adjacent to the pipe wall and con

sequently the core fluid will move outward in moving around a bend as 

the outer layers are forced inward. This action results in a double 

spiral secondary motion in the pipe flow downstream from the bend. 

As pointed out in the introduction, for bends of large bend radius, 

this secondary flow may persist for 50 to 100 pipe diameters down

stream until eventually viscous action dampens it out. The velocity 

due to this secondary motion, when superim.posed on the main axial 

velocity, results in a larger total velocity, and consequently more than 

the usual amount of frictional los s occurs in the pipe downstream. from 

the bend. 

Some of the head loss due to the 90
0 

elbow is due to this induced 

secondary m.otion. (Even though the test results have indicated this 

head los s is sm.aller than the writer had initially anticipated.) The 

other and m.ajor head losses due to the elbow are caused by separation 

and the added turbulence set up in the fluid as it is rapidly forced to 

change directions. 

The following procedure was used in computing the head 

losses due to the elbow as well as the tees which are described later. 

After ascertaining that the pipe (both PVC and PERMASTRAN®) are 

hydraulically sm.ooth within the range of Reynolds num.bers of the tests, 

it was decided that the slopes of the energy lines both upstream. from 

as well as downstream. from. the bend should be established as that 

which would exist in a hydraulically sm.ooth pipe for the given Reynolds 

num.ber. Because of the scatter in the data the position of this sloping 

energy line was established by weighting the values for the energy line 

as determined from. the pressure taps. The weightings used are given 

in Table 9. 
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Table 9. Weighting factors used to establish position of energy line 
with a known slope as determined by hydraulically smooth 
flow. 

Upstream Downstream 

Section No. 
of Pressure 1 2 3a 3b 4 5 6 7 8 9 10 
Tap 

Value of 
1 2 1 1 2 3 5 5 5 3 4 

Weighting 

The position of the energy lines was computed so that it passed through 

the center of mass of the weighted values of the energy line as determined 

from the recorded data. In es sence this procedure specified the slope 

of the line fo~c a weighted regression so that the computed values of the 

friction factor would exactly equal the value for a "smooth pipe, " i. e. , 

this procedure forced the fl s in the last two columns of Table 5 to be 

equal. 

After thus establishing the position of both the energy line upstream 

and downstream from the elbow, the height of the energy lines corning 

from upstream, and leaving in the downstream direction were computed 

at the center of the elbow. The difference between these two lines (at 

the center of the elbow) is the head los s due to the elbow. This deter

Inination of head loss is illustrated on Fig. 14, which shows both the 

upstream energy line and the downstream energy line for two different 

flow rates as well as the height of the energy head as computed from 

the pressure taps. The data shown on Fig. 14 actually corne from test 

series No.5, when the 6 x 6 x6-inch tee was installed in place of the 

elbow, and consequently the head losses are greater than normally would 

occur due to the elbow. 

A summary of the head los s es due to the elbow as determined by 

the above procedure is given in Table 10 for those tests for whi'ch the 
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Table 10. Head losses due to the 6-inch 90-degree elbow. 

Flow 
Velocity 

Velocity Reynolds Head los s Head loss 
Series 

rate Head Number Coef£. 
No. 

(gpm) 
(fps) 

(ft) (xlO- 5 ) inches ft C L 

1 300 3. 136 O. 1527 0.860 0.83 0.069 0.45 
400 4. 181 O. 2715 1. 15 1.44 O. 120 0.44 
500 5.227 0.4242 1. 43 2.27 O. 189 0.44 
600 6.272 0.6109 1. 72 3.44 0.287 0.47 
731 7.642 0.9067 2.09 5.49 0.457 0.50 

2 300 3. 136 O. 1527 0.860 0.788 0.066 0.43 
600 6.272 0.6109 1. 72 2.94 0.245 0.41 
750 7.840 0.9545 2. 15 5.77 0.481 0.37 
900 9.408 1. 375 2.58 6.40 0.533 O. 39 

1200 12.544 2.444 3.44 11. 2 0.935 0.38 
1300 13.590 2.868 3.73 14. 1 1. 175 0.41 

3 1200 12.544 2.444 3.44 14.4 1. 20 0.49 
900 9.408 1. 375 2.58 8. I 0.675 0.49 
750 7.840 0.955 2. 15 5. 28 0.440 0.46 
600 6 •. 272 O. 611 1. 72 3.49 0.295 0.48 

1300 13.590 2.868 3.73 15. 6 1.30 0.45 

4 400 4. 181 0.2715 1. 15 1. 89 O. 157 0.58 
500 5.227 0.4242 1. 43 3. 10 0.258 o. 61 
600 6.272 0.6109 1. 72 4. 18 0.348 0.57 
750 7.840 0.955 2. 15 6.87 0.572 0.60 
900 9.408 1.375 2.58 8.73 0.728 0.53 

1200 12.544 2.444 3.44 15.43 1. 29 0.53 
Av. 0.49 

elbow was in the pipe line. Since the values at the higher flow rates are 

probably more reliable than those at the lower flow rates (the error in 

reading the mercury manometer for the low flow rates is a sizable per

cent of the head loss, whereas· at the higher' flow rates where the losses 

are much greater the error is still approximately the same and therefore 

the percentage error is smaller), the writer recom.m.ends that the head 

los s coefficient C L for the elbow should equal O. 5. This coefficient 

is defined by the equation, 
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( 14) 

in which the velocity is the average velocity in the PERMASTRAN® 

pipe downstream from the elbow. 

This coefficient should probably vary slightly depending upon how 

far the pipes are fitted into the elbow. The RING-TITE filament wound 

90
0 

elbow does not have any notches which establish the position to 

which the pipes should be inserted into the elbow ends. In running the 

tests the pipes were inserted 4 3/4 inches into the elbow. 

Because of the accuracy of the original recorded data the head 

los ses in Table 10 are not good to the two digits beyond the decimal 

point as recorded in the inches column. The original data are probably 

good only to the nearest inch. This accuracy explains much of the 

variation in the computed head loss coefficient in the last column of 

Table 10. 

RING- TITE 6 x 6 x 6-Inch Tee with Extension Pipe Plugged. Data 

from test series No. 5 have been used to determine the head losses due 

to the 6 x 6 x 6-inch RING- TITE filament wound tee operating with the flow 

entering one of the "straight through" branches of the tee and being turned 

through 90 0
• The test lay-out for this series of tests is illustrated in 

Fig. 6. 

The same procedure has been used to analyze this data in deter

ITlining the head losses due to the tee as the procedure explained in the 

previous section for the 90
0 

elbow. The slopes of the energy lines both 

upstreaITl and downstreaITl froITl the tee were deterITlined to fit the total 

head data best and siITlultaneously have the slope that would exist for a 

hydraulically SITlooth pipe. 

The results froITl these analyses are sUITlITlarized in Table 11. The 

average los s coefficient froITl the 8 tests with flow rates froITl 300 to 1200 

gpITl equal 1. 69. The data tend to suggest that the head ~os s coefficient 
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Table 11. Head losses due to the 6 x 6 x 6-inch tee operating with the 
"straight through" outlet pipe plugged. 

Flow Velocity Reynolds 
Head loss 

Head loss 
rate 

Velocity 
Head Number Coefficient 

(gpm.) 
(fps) 

(ft) (xlO- 5 ) inches feet CL 

300 3. 136 O. 1527 0.86 3.97 0.331 2. 17 
400 4. 181 0.2715 1. 15 6.77 0.564 2.08 
500 5. 227 0.4242 1. 43 11. 2 0.930 2. 19 
600 6. 272 0.6109 1.72 10. 2 0.850 1. 40 
750 7.840 0.9545 2. 15 16.6 1. 39 1. 45 
900 9.408 1.374 2.65 24.5 2.04 1. 48 

1050 10.976 1. 871 3.09 31.7 2.64 1. 41 
1200 12.544 2.444 3.44 39.2 3.26 1. 36 

Av. 1. 69 

might be larger for the lower flow rates. The accuracy of the data, 

particularly since sizable. pres sure fluctuations occur in the tee oper

ating in this mode, cannot fully support this conclusion, however. The 

writer suggests a head loss coefficient C
L 

equal to 1. 5 be used to 

compute the head loss for the tee operating with the "straight through" 

pipe plugged. 

RING- TITE 6 x 6 x 4-Inch Tee with 6 -Inch Extension Pipe Plugged. 

Data from. test series No. 6 have been used to determine the head losses 

due to the 6 x 6 x 4-inch RING- TITE filament wound tee operating with the 

flow entering one of the 6-inch "straight through" branches of the tee 

and leaving at 90 0 therefrom through the 4-inch branch. This sam.e 

data were analyzed to also determ.ine the frictional losses in 4-inch 

PERMASTRAN® pipe. 

In determining the head losses due to the tee, the procedure of 

establishing the position of the energy lines upstream. and downstream. 

from the tee, which was described earlier, was used. For this test 

lay-out only 4, 20-foot sections of 4-inch PERMASTRAN® pipe were 

available, and therefore it was necessary that the last three se6'tions 
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of 20-foot pipe be 4-inch PVC pipe. The I. D. of the 4-inch 

PERMASTRAN@ pipes equal 4.23 inches, whereas the 1. D. of the 

PVC pipe equal 4.13 inches. Consequently in establishing the position 

of the downstream energy line, not only was the difference in velocity 

heads ~n the two different pipes taken into account, but also the two 

different slopes of the energy lines were used in the data fitting pro

cedure. 

Table 12 summarizes the head losses due to the 6 x 6 x 4-inch tee 

in the mode of operation of test lay-out No.3 (Fig. 7). The last two 

columns in Table 12 contain (a) the head loss coefficient based on the 

velocity head in the upstream 6-inch pipe, and (b) the head loss 

coefficient based on the velocity head in the downstream 4-inc.h pipe. 

Values suggested for these two loss coefficients are: 

C L = 6.9 
1 

= 1.6 

RING- TITE 6 x 6 x 6- Inch Tee Operating with One Inflow and Two 

Outflows. The second mode of operation of the 6 x 6 x 6-inch tee was to 

have the flow entering the tee from one branch of the "straight through" 

portion and divide this flow into two outflows. This type of operation is 

depicted in Fig. 3 and the test lay-out used for obtaining the data is 

shown in Fig. 8 (lay-out No.4). The data obtained from this test lay-

out are referred to as test series No. 7 and the piezometric head and 

total energy head data from this test series are given in Table 2. This 

series consisted of nine tests. Seven of these nine tests divided the flow 

equally (or approximately equally) between the two outflows. The total 

flow for these seven tests was varied from 200 gpm to 1500 gpm. The 

additional two tests maintained the total flow at 1200 gpm and varied the 
a 

outflow through the 90 branch, from 200 gpm to 400 gpm. Combining 

these two tests with the 1200 gpm - 600 gpm test of the earlier seven 



Table 12. Head losses due to the 6x 6 x4-inch tee operating with the "straight through ll outlet pipe 
plugged. 

Flow Upstream Downstream Upstream Downstream Head loss Head loss 
Coefficients 

rate Velocity Velocity Vel. Head Vel. Head 
CL C L (gpm) (fps) (ips) (ft) (ft) inches feet 1 2 

50 0.551 1.414 0.0047 0.0202 0.5 0.043 
100 1. 101 2.282 0.0188 0.0809 1.4 o. 12 6.3 1. 48 
200 2.202 4.564 0.0753 0.3235 6.3 0.52 7.0 1. 62 
300 3.303 6.846 o. 1694 0.7279 17. 2 1. 43 8.4 1. 97 
400 4.404 9. 129 0.3012 1. 294 24.9 2.07 6.9 1. 60 
500 5.505 11.411 0.4706 2.022 38. 1 3. 18 6.8 1. 57 
577 6.353 13. 168 0.6267 2.693 48.5 4.04 6.4 1. 50 

Av 6. 9 1. 62 

~ 
00 
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tests gives a subseries in which the effects of different flow divisions 

on the los s coefficients can be determined. The data from this series 

of tests have been used only for determining the minor losses due to 

the 6 x 6 x 6-inch tee even though they might also have been used to 

verify the frictiona110ss in the 6-inch PERMASTRAN® pipe. 

In this series of tests, data from two pres sure taps upstream 

from the tee were obtained. Data from four pressure taps in the down

stream "straight through" direction were obtained, and data from ,seven 

pressure taps from the downstream "90 0 " direction were obtained making 

a total of 13 data values for each test. 

With the tee operating in this mode, two different head losses 

occur. One of these head losses occurs between the flow coming into 

the tee and the flow leaving the tee in the "straight through" direction. 

The other head losses occur between the flow coming into the tee and 

the flow leaving the tee through the other outlet in a 90 0 direction from 

the direction of the inflow. In addition to these different losses, the 

loss coefficients can be defined by dividing the head losses by either 

the velocity head of the inflow or the velocity head of the outflow. Also 

a mean head loss coefficient can be defined as discussed later. In 

order to distinguish the various variables involved in this flow the 

following subscript notation is adopted: 

(a) A subscript 1 denotes the inflow section (thus Q
1 

is the 

total flow entering the tee) 

(b) A subscript 2 denotes the "straight through" outflow section, 

and 

(c) A subscript 3 denotes the "90 0
" outflow section. 

Thus Q
1 

equals the sum of Q
2 

and Q3. The two different head losses 

will be denoted hL between sections 1 and 2 and h between 
1-2 L l _3 

sections 1 and :3. 

The head losses were determined by means of the same procedure 

described earlier for fitting the total energy head data to straight lines 
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with slopes equal to those computed as the gradient from a hydraulically 

smooth flow. Three such energy lines were fitted for each test and 

the difference in the elevations of the inflow energy line, extrapolated 

to the center of the tee, and the two outflow energy lines equal the two 

head losses mentioned above. The fitting of these lines weighted the 

energy head data according to the values in Table 13. 

Table 13. Weighting factors used to establish the position of the energy 
lines entering and leaving the 6 x 6 x 6-inch tee operating with. 
one inflow and two outflows. 

Up- Downstream Downstream 
stream "straight through" "90 0 direction" 

Section No. 
of Pressure 1 2 3 4 5 6 7 8 9 10 11 12 13 
Tap 

Value of 
1 3 4 6 4 1 3 8 5 5 4 3 1 

Weighting 

A summary of the head losses and head loss coefficients obtained 

from these fitted energy lines is contained in Table 14. In Table 14, two 

separate head loss coefficients are given to define each of the two head 

los ses. The coefficients C Land C L define the head los s between 
1 2 

the incoming flow and the flow leaving in the "straight through" direction; 

eLl is based on the velocity head of the incoming flow and C L2 is based 

on the velocity head of the outflow in the "straight through" pipe. The 

coefficients C Land C L define the head los s between the incoming 
3 4 

flow and the flow leaving in the pipe at 90 0 from this direction. The 

coefficient C
L3 

is based on the incoming velocity head and CL
4 

is 

based on the velocity head of the flow leaving in the pipe at 90 0 from 

this direction. 

In addition a mean head los s hL has been defined by, 
m 

hL h 
Q

2 
+ h 

Q
3 

= -
m LI_2 Q

l 
L

I
_

3 Q
1 

(15) 



Table 14. Head losses due to the 6x6x6-inch tee operating with Q
l 

entering one "straight through" branch and being divided into two outflows Q 3 at 90 0 therefrom and Q 2 out other 
"straight through" branch of the tee. 

Flow Rates Ye10cities Ye10city Heads (ft) Reynolds No. x 10-5 
Head Losses Head Loss Coefficients Mean 

(gpm) (fps) 
h hL h C L 

Head 

C L
l
_

2 C L l _3 
hL Loss 

y2 y2 y2 hL
l

_
2 

h
Ll

_
3 

C L =~ CL=~ m 
L =--- L =--- (ft) 

Q
l 

Q
2 

Q
3 Y1 Y2 Y 

1 2 3 
Rl R3 inches ft inches 1 y 2/2 2 y 2/2 3 y 2/2 4 y 2/2 h

Lm 3 2g 2e: 211' R2 ft 1 g 2 g 1 g 3 g 

200 100 100 2.202 1. 101 1.045 0.0753 0.0188 0.0170 0.588 0.294 0.287 1.0 0.083 1. 94 O. 162 1. 10 4.41 - 2. 15 9.52 1. 63 O. 123 

400 200 200 4.404 2.202 2.091 0.3012 0.0753 0.0679 1. 18 0.588 0.573 1. 81 O. 151 5.31 0.443 0.50 2.00 1. 47 6.52 0.99 0.297 

600 300 300 6.606 3.303 3. 136 0.678 O. 169 O. 153 1. 76 0.882 0.860 2.51 O. 209 11. 12 0.927 0.31 1. 24 1. 37 6.07 0.84 0.568 

800 400 400 8.808 4.404 . 4. 181 1. 205 0.301 0.272 2.35 1. 18 1. 15 4. 11 0.342 18.27 1. 52 0.28 1. 14 1. 26 5.61 0.77 0.931 

1000 500 500 11. 01 5.505 5.227 1. 882 0.471 0.424 2.94 1.47 1. 43 5.41 0.451 29.18 2.43 0.24 0.96 1. 29 5.73 0.76 1. 44 

1200 600 600 13.21 6.61 6.27 2.711 0.678 0.611 3.53 1. 76 1.72 6.41 0.53 41.4 3.45 0.20 0.79 1. 27 5.65 0.73 1. 99 
1500 765 735 16.52 8.42 7.68 4.235 1. 102 0.917 4.41 2.25 2.11 7.49 0.62 61. 83 5. 15 O. 15 0.57 1. 22 5.62 0.68 2.89 

1200 1000 200 13.212 11. 01 2.091 2.711 1.882 0.0679 3.53 2.94 5.73 13.3 1.11 44.1 3.67 0.41 0.59 1. 36 54. 1 0.57 1. 54 

1200 800 400 13.212 8.81 4.18 2.711 1. 205 0.2715 3.53 2.35 1. 15 4.93 0.411 36.9 3.07 O. 15 0.34 1. 13 11. 3 0.48 1. 30 

1200 600 600 13.21 6.61 6.27 2.71 0.678 0.611 3.53 1. 76 1.72 6.41 0.53 41.4 3.45 0.20 0.79 1. 27 5.65 0.73 1. 94 
- --
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Values for this ITlean head loss are given in the last coluITln of Table 14. 

FroITl this ITlean head loss, a ITlean head loss coefficient C L has been 
ITl 

defined by, 

(16 ) 

Substituting the head los ses in terITlS of their coefficients into Eq. 15, 

leads to, 

or 
(17a) 

( l7b) 

An exaITlination of these head loss coefficients shows that their 

ITlagnitudes decrease with increasing flow rate or Reynolds nUITlber. 

This trend is significant enough that it cannot be attributable entirely 

to lack of precision of the pressure tap data at the lower flow rates. 

The previous tests on the 6 x 6 x 6 -inch tee show s OITle decreas e of the 

head loss coefficient with increasing flow rate, but the trends were 

slight and considering how ITluch an error of O. 05 inch in reading the 

ITlercury ITlanOITleter could effect the ITlagnitude of the head los s 

coefficient at the lower flow rates, there was insufficient justification 

to define a relationship of the head loss coefficient with Reynolds nUITlber. 

The data for the tee operating with one inflow and two outflows do 

justify establishing such a relationship, however. Fig. 15 shows the 

values of the five head loss coefficients in Table 14 plotted against the 
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Reynolds Number X 10-
5 

Fig. 15. Head Loss Coefficients due to the 6X6X6-inch tee operating to 
separate one inflow into two outflows plotted against Reynolds 
numbers. The two outflows Q2 and Q3 are equal. 
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Reynolds number associated with the velocity in the velocity head used 

in defining the particular coefficient, as well as the curves fit to this 

data by eye. This figure can be used to deterrriine the head los s 

coefficient for the tee operating so that the inflow is divided equally 

to the two outflow branches. 

Fig. 15 shows that the data for the two head loss coefficients 

C L and C L for the flow in the "straight through" branch of the tee 
1 2 

define straight lines on the log -log plot. The empirical equations for 

these two lines are: 

0.62 
(18a)-

1. 32 
( 18b) 

The coefficients C L and C L associated with the flow in the 
3 4 

"90 0
" outlet branch of the tee as well as the mean head loss coefficient 

show a definite dependency on Reynolds number, but these relationships 

do not plot as a straight line on log-log paper. It appears in each case 

that the head loss coefficients approach a constant value at large 

Reynolds numbers. The line for CL on Fig. 15 shows CL4 equal 
4 5 

to 5. 6 for Reynolds number s lar ger than 1. 5 x 10 , and C L3 equal 

to approximately 1. 2 for Reynolds numbers larger than 4 x 10 5 . 

RING-TITE 6x 6x 6-Inch Tee Operating to Combine Two Inflows 

into One Outflow. The third mode of operation of the 6:x 6 x 6- inch tee 

consisted of flow corning into one of the "straight through" branches and 

the "90 0 " branch and being combined as outflow from the other IIstraight 

through" branch. This mode of operation is given in Fig. 4 and the lay

out for the tests is illustrated in Fig. 9. The data obtained from this 
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test lay-out are denotedas series No. 8 in Table 2. The lay-out for this 

series had 6-inch PERMASTRAN® pipe as the pipe containing the 

cOITlbined discharge, a 6-inch PERMASTRAN® pipe carried the flow mto 

the "straight through" branch but a 6-inch PVC pipe conveyed the flow 

into the 90 0 branch of the tee. The ITlagnetic flow ITleter was used to 

establish the flow rate into the "90 0 " branch of the tee, and the 3-inch 

venturi ITleter was used to ITleasure the entire cOITlbined flow for the 

lower flow rates within its capacity. For the large flow rates the total 

discharge water was directed into the weighing tanks for ITleasureITlent. 

For these larger flow rates it was quite tiITle consuITling to establish 

exactly pres elected flow rates. Consequently, the flow entering froITl 

the two inlet branches for the higher flow rates are only approxiITlately 

equal for those tests which were ITlade with the intent of having equal 

flow rates in these two branches. 

The data froITl this series of tests were used to deterITline the 

head losses and head loss coefficients as before by using a weighted 

fitting of the data to energy head data with the slope deterITlined by 

hydraulically SITlooth flow. The weightings used in this fitting proces s 

are given in Table 15. 

Table 15. Weighting factors used to establish the position of the 
energy lines entering and leaving the 6x 6x 6-inch tee 
operating with two inflows which are cOITlbined into a 
single outflow through one of the "straight through" 
branches. 

Upstream UpstreaITl 
DownstreaITl 

90 0 'Istrai~t 
throug II "straight through" branch 

branch branch 
Section No. 
of Pressure 1 2 3 4 5 6 7 8 9 10 
Tap 

Value of 
1 

Weighting 
3 1 3 3 8 6 4 3 1 

11 

1 
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As in the previous test series No. 7 the data can be used to 

compute two different head losses; the head loss between each of the 

two inlets and the outlet. To denote these separate flows the "straight 

through" inlet branch will be denoted by a I-subscript. A 2-subscript 

will denote the outlet branch which contains the combined flow and the 

"90 0
" inlet branch will be denoted by a 3-subscript. Thus for this 

series of tests, 

( 19) 

The two head losses for each test will be denoted by hL and hL . 
1-2 3-2 

Each of these head losses might be divided by its inflow velocity head 

or the outflow velocity head. These four head loss coefficients are 

given by 

h L
l

_
2 

C L = 2 1 VI /2g 

(20) 

h 

C L 

L
l

_
2 

= 2 2 V
2 

/2g 
(21 ) 

h 

C L 

L
3

_
2 

= 2 3 V3 /2g 

(22) 

h L
3

_
2 

C L = 2 4 V
2 

/2g 
(23) 

The head loss coefficients C L2 and CL4 are often referred to as 

energy transfer coefficients, particularly when dealing with hydraulic 

manifolds. A summary of these head losses and loss coefficients is 

contained in Table 16. 



Table 16. Head losses due to the 6x6x6-inch tee operating with Q
l 

entering one "straight through" branch, Q
3 

entering the "90 0
" branch and being combined into Q

2 
which leaves 

the tee through the other "straight through" branch. 

Flow Rates 
(gpm) 

Q l I Q 3 I Q 2 VI 

100 
200 
300 
380 
570 
610 
735 

100 200 1. 045 
200 400 2. 091 
300 600 3.136 
400 780 3.97 
500 1070 5.96 
600 1210 6.38 
750 1485 7.68 

400 200 600 4. 18 
200 400 600 2.09 
465 600 1065 4.86 
670 400 1070 7.00 
430 1000 1430 4.50 
950 500 1450 9.93 

Velocities 
(fps) 

Velocity Heads (ft) 
-5 

Reynolds No. x 10 

V3 V
2 

1.101 2.091 
2.202 4. 181 
3.303 6.272 
4.404 8. 15 

11. 19 
12.65 

2 
VI 

2g 

0.0170 
0.0679 
O. 1527 
0.245 
0.551 
0.631 

5.31 
6.61 
8.26 15. 824 1 O. 9 17 

2.20 
4.40 
6.61 
4.40 

11. 01 
5.51 

6. 27 
6.27 

11. 13 
11. 19 
14.95 
15. 16 

0.272 
0.0679 
0.367 
0.762 
0.314 
1. 53 

2 
V3 

2g 

2 
V

2 
2g 

R R R 
e 1 e 3 e 2 

0.0188 0.0679 0.287 0.294 0.573 
0.0753 0.2715 0.573 0.588 1. 15 
0.1694 0.6109 0.860 0.882 1. 72 
0.301 1. 032 1. 09 1. 18 2.24 
O. 471 1. 943 1. 63 1. 47 3. 07 
0.678 2.484 1. 75 1. 76 3.47 
1. 06 3.742 2.11 2.21 4.26 

0.075310.611 
0.3012 
0.678 
0.301 
1. 88 
0.47 

0.611 
1.925 
1. 943 
3.47 
3.57 

1. 15 
0.573 
1. 33 
1.92 
1. 23 
2.72 

0.588 1. 72 
1. 18 1. 72 
1.76 3.05 
1.18 3.07 
2.944.10 
1.474.16 

1. 63 
1. 90 
3.60 
5.43 

11. 1 
13.3 
20.3 

Head Losses 

1.620.140.13 
1. 26 O. 16 O. 10 
2.580.300.21 
5. 32 O. 45 O. 44 
9.23 0.93 0.77 

12.3 1.11 1.03 
17.9 1. 69 1.49 

4.25 2.520.350.21 
2. 87 4. 8 1 O. 24 O. 40 
7.08 12.0 0.59 1.0 
6. 13 3.98 0.51 0.33 

15.0 26.0 1.252.17 
16.0 4.4 1. 34 0.36 

Head Loss Coefficients ICombined 

h Ll _ 2
1 h Ll _ 2

1 h L3 _2 1 h L3 _ 2 
CL =--- C L =--- C L = -- C L = --- C

L 
1 V 2/ 2g 2 V 2/ 2g 3 V 2/2g 4 V 2/2g I m 

1 2 3 2 

8.0 
2.3 
2.0 
1.8 
1.7 
1.7 
1.8 

1.3 
3.5 
1.6 
0.7 
4.0 
0.9 

2.0 
0.6 
0.5 
0.4 
0.5 
0.4 
0.4 

0.6 
0.4 
0.3 
0.3 
0.4 
0.4 

7.2 
1.4 
1.3 
1.5 
1.6 
1.5 
1.4 

2.8 
1.3 
1.5 
1. 1 
1.2 
0.8 

2.0 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 

0.3 
0.7 
0.5 
0.2 
0.6 
O. 1 

2.0 
0.5 
0.42 
0.43 
0.44 
0.43 
0.43 

0.5 
0.56 
0.43 
0.23 
0.55 
0.28 

Head 
Loss (ft) 

hL 
m 

O. 13 
O. 13 
0.26 
0.45 
0.85 
1. 07 
1. 59 

O. 31 
0.35 
0.82 
0.44 
1. 89 
1. 00 

Ul 
--.J 
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It is useful to consider the energy for the con1.bined flow. The 

energy head, while it does have units of length, is actually the energy 

in ft-lb/sec divided by the weight flow rate in lb/sec. Thus the combined 

energy of the outflow equals (assuming no loss), 

combined energy = 'YQ 1 E 1 + 'Y Q
3 

E3 (Z4) 

and the combined energy head can be obtained by dividing the combined 

energy by the total weight flow rate 'YQ
Z

" Since 'Y is constant for 

water, the combined energy head is, 

(Z5) 

Consistent with the definition of head losses (hL = El - E
Z 1- Z 

and hL = E - E
Z

)' the combined head loss can be defined as, 
3-Z 3 

hL = E E
Z m m 

or 

hL El 

Q
l 

+ E3 

Q
3 

- E (Z6) = 
QZ QZ m 2 

If El and E3 in Eq. Z6 are replaced by their equivalents from the 

definitions of hL and hL
3

_2 and the result simplified, the follow-
1- Z 

ing equation results, 

(Z7) 

A com.bined head los s coefficient can be defined by, 

hL 

C L 
m 

(Z8) = 
V

2 m 
Z --

2g 



If the head losses in Eq. 27 are replaced by the products of the 

appropriate head loss coefficient and velocity head the following 

equation results, 

or 

59 

(29) 

(30) 

There is a great deal of similarity between Eq. 30 and Eq. 18 for the 

case in which one inflow is separated into two outflows, particularly 

since in Eq. 18 VI represents the velocity in the pipe containing the 

total flow and V 2 in Eq. 30 is the velocity in the pipe containing the 

combined flow. 

The last two columns in Table 16 contain, respectively, the values 

of the combined head loss coefficients as computed from either Eq. 28 

or Eq. 30, and the combined head loss as computed from Eq. 26. 

The head los s coefficients resulting from the tee in this mode of 

operation of combining two inflows decrease in magnitude with increasing 

Reynolds number but soon approaches a constant value. Fig. 16 is a 

log-log plot of the head loss coefficients against the Reynolds number 

which is associated with the velocity head used in the definition of the 

particular coefficient. Only the head los s coefficient from the fir st 7 

tests in Table 16 for which the two inlet branches contained equal or 

near equal flow are plotted in Fig. 16. 

A somewhat surprising result is that the head losses and head loss 

coefficients between the "straight through" inlet branch and the outlet 
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Fig. 16. Head loss coefficients due to the 6x6x6-inch tee operating to 
combine two inflows into a single outflow through a "straight 
through branch" plotted against Reynolds numbers. The two 
inflows Q 1 and Q 3 are equal or approximately equal. 
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are slightly larger than those as sociated with the "90 0 " branch, for 

these tests with two equal inflows. Clearly much smaller head losses 

would occur between the "straight through" branche s than between the 

"900
" branch and a "straight through" branch if only a single inflow 

exists. However, since the outflow contains the mixed fluid from both 

inlet branches, and the flow field in and around this region of mixing 

is very complex, this result is not at variance with theory. 

Using the ener gy, momentum and continuity principle Sl Blai s.dell 

and Manson (1963) give the following two theoretical equations to compute 

the head losses CLZ and CL4 (the energy transfer coefficients) that 

would result from sharp-edged pipe junctions of different sizes and 

angles of junction: 

(, AZ 
\. + 2 A3 cos (31a) 

(3Zn) 

in which the Q I S are the flow rates, the A I S are the cross -section 

areas of the pipes and e is the angle between the two pipes containing 

the two IDflows which equals 900 for a tee. For the tee and test arrange

ment used these equations reduce to, 

(31 b) 

(3Zb) 

For equal flow in the two inlet branches, CL
Z 

= 0.75 and CL4=0.763, 

which show that theory does not predict substantially small coefficients 

for the head los s between the two "straight through" branches. 
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These theoretical coefficients correspond with those determined 

experim.entally for the 6 x 6 x 6-inch tee at the Reynolds number of 
5 

1 x 10. The fact that the experimental coefficients are less than the 

theoretical values at higher Reynolds number s can be explained on the 

basis that the tee being rounded does reduce the region of separation 

and amount of turbulence over that of sharp-edged junctions. 

The last six lines in Table 16 give head losses from test series No. 

B in which the two inflows are not equal, as is the case for the first seven 

tests in this table. Fig. 17 shows a plot of the head loss coefficients 

C L and C L from these last sixtests (the energy transfer coefficients) 
2 4 

against the ratio of the flowrates Q 3 /Q 2' i. e. the inflow from the "90°" 

branch divided by the combined flow. Also on this figure, as dashed 

lines, the theoretical head loss coefficients as computed by Eqs. 31b 

and 32b for sharp junctions has been plotted. 

The exper im.ental data show no change in the head los s coefficients 

C L with the division of flow from the two inlet branche s, whereas the 
2 

coefficient C L does increase in value as a large portion of the flow 
4 

comes through this "90 0
" branch. The value for the head loss 

coefficient C L (for the "straight through" branch) is approximately 
2 

equal to 0.4. The head loss coefficient C L (for the "90 0
" branch) 

4 
can be defined by the following equation between the limits indicated, 

= • 15 + 1. 2 (~: - • 2~ • (33 ) 

Q
3 

for • 25 < < . 75 Q
2 

If the value for C
L4 

is computed by Eq. 33 for the case where Q 1 

equal zero (i. e. Q
3

/Q
2 

= 1) a value of C
L4 

= 1. 05 results. While this 

value is obtained from extrapolation of the experimental data, and con

sequently only approximate it is significantly less than the head loss 
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Fig. 17. The variation of head los s coefficients with the 
ratio of the flow rates Q 3 /Q 2 , i. e. the flow into 

the "90°" branch divided by the total outflow. 
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coefficient obtained from test series No.5. In test series No.5 the 

entire flow was turned through 90
0

, but the inflow entered one "straight 
o . 

through" branch and left through the "90 "branch, whereas the 

coefficient of 1. 05 computed from Eq. 33 is associated with the flow 

entering the "90
0

" branch and leaving through a "straight through" 

branch. It is not difficult to visualize why smaller head los ses result 

from this latter situation. When the flows enter through the "90 0
" 

branch it is turned through 90 0 by the wall of the tee, whereas when 

it enters through the "straight through" branch it penetrates into the 

other "straight through" pipe which is plugged and is forced backward, 

likely near the pipe walls into the "90
0

" branch. 
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CONCLUSIONS 

While the tests performed during this study are well-defined, it 

is surprising how little data are available in the literature to compare 

the test results with directly. The scatter in the data requires that 

curve fitting procedures be used to establish relationships between 

parameters used in describing frictional and other so-called minor 

head losses. While the scatter in the data is larger than ideally hoped 

for, the magnitude of the scatter appears to be comparable to the scatter 

in the data obtained by Blaisdell and Manson (1963), in which they read 

the manometer with a cathetometer. In the test set-ups used in this 

study, reading the manometers with a cathetometer was not practical, 

first because the individual manometers were located along the entire 

pipe length, and secondly, the holes in the pressure taps were made 

large so that turbulent pressure fluctuations were transmitted into the 

manometer causing the mercury columns to fluctuate. 

In analyzing the data, however, the re suIts are consistent, and 

except for the lower flow rates where the error in reading the data is 

a significant part of the head loss the computed head losses show less 

scatter than was expected. 

The following briefly summarizes the results. PERMASTRAN@ 

pipe is hydraulically SlllOOth within the range of flows used in the tests 

(i. e. for Reynolds nUlllbers les s than approximately 3. 5 x 105). FrOlll 

examining the position of the data with respect to the hydraulically 

slllooth energy lines obtained in test series 8 at the highest flow rates 

of approximately 1500 gpm, it appears for larger Reynolds nUlllbers 

than 3. 5 x 1 O~ the friction factor for the pipe llla y be gin departing from 

the hydraulically smooth pipe. If this is true, the equivalent roughness, 

e, for PERMASTRAN@PiPe is approximately equal to .000007 ft. 
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The head loss coefficient due to the 6-inch 90
0 

RING-TITE 

filaITlent wound elbow is 0.5. When the RING-TITE filaITlent wound 

6x6x6-inch tee operates as an elbow, the loss coefficient is approxi

ITlately three tim.es this large when the flow enters one II straight through" 

branch and leaves through the "90
0

" branch, and is probably only twice 

this large when the flow enters the "90
0

" branch and leaves through one 

of the "straight through" branches. When the tee operates to divide an 

inflow from. a "straight through" branch into two outflows, the head loss 

coefficients, particularly between the inlet branch and the "straight 

through" outlet branch, are related to Reynolds nUITlber (see Fig. 15). 

When the tee operates to com.bine two inflows into a single outflow in 

one II straight through" branch, the head loss coefficients are approxi

ITlately equal to 0.4 when based on the velocity head in the discharge 

pipe (see Fig. 16). 
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