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SYNOPSIS 

This paper contains the results of an analytical and experimental investi-
gation of the effects of open junctions on the magnitude of pressure changes in 
closed conduits flowing full. Junctions of rectangular, square, and round plan 
were studied. 

Data concerning the performance of such junctions have been extremely 
meager in the past and designs have therefore been based on rather arbitrary 
procedures. The present paper furnishes data which afford the means for a 
rational hydraulic design of these structures. 

INTRODUCTION 

While the investigation reported herein was designed to furnish data spe-
cifically suited to the design of storm drain systems, it is believed that the 
results have a somewhat wider range of applicability. Hence, no attempt is 
made in this paper to restrict the discussion to any particular field of appli-
cation. 

Past practice has ascribed to open junctions in pipe systems an arbitrary 
yet small head loss. The authors have, however, determined that losses at 
such junctions may indeed be of an important magnitude. As a result, new 
methods of analysis have been proposed and old ones modified so as to provide 
a more realistic basis for design. 
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Because the designer is interested primarily in the variation of pressure 
throughout the system rather than in the variation of total head, the results 
are presented in terms of the changes in piezometric head prevailing at these 
junctions in preference to the more customary total head loss coefficients. 

General 

The shape of junction of primary interest to one of the sponsoring agencies, 
and therefore the one studied in greatest detail, was a rectangular one having 
a width-to-length ratio of 1 to 2.5. As a consequence, the analyses and tests 
applicable to such structures are presented first. A subsequent section ex-
tends the discussion to the more general cases of square and round junctions 
and, in addition, correlates these to the rectangular. 

In order to identify each pipeline and the conditions therein a systematic 
subscript notation has been employed. The number "1" is reserved for con-
ditions in the downstream pipe and the following larger numbers are assigned 
in order to conditions in the pipes met in turn in moving from the downstream 
pipe in a clockwise manner in the plan view. 

So that the effect of the junction might be properly delineated, the es-
tablished piezometric head lines in the various pipes were projected to the 
center of the junction so that any pipeline resistance losses would automatical-
ly be excluded from the pressure change attributable to the junction. The 
method of determination of the pressure change is described in detail in the 
following section. 

Experimental Methods 

Test Equipment 

A general isometric view of the test equipment for a typical junction is 
presented in Fig. 1. Metered flows were supplied to Lucite model pipelines 
which were in turn connected to the model junction. The junction itself was 
constructed of Plexiglas plate. 

Each of the header tanks indicated in Fig. 1, was supplied with a series of 
baffles, a rounded inlet for the pipeline, and a set of straightening vanes with-
in the pipeline itself. The purpose of each of these appurtenances was to aid 
in obtaining fully established flow in as short a distance along the pipeline as 
possible. As a further means of ensuring normal velocity distributions in the 
pipes, all lines were made as long as was compatible with the physical di-
mensions of the laboratory. Lengths of at least 25 pipe diameters were em-
ployed, and in every case but one le11_gths of more than 40 diameters were 
used. Such lengths have beenstated(lJ to be sufficient for the development of 
fully established flow. 

The outlet box and tail gate shown in Fig. 1 were provided for two purpos-
es; viz., (1) to force all the pipes in the system to flow full, and (2) to permit 
variation of the depth of water in the junction. 

Generally seven piezometers were connected to each of the model pipelines 
to define the slope of the piezometric head lines. These piezometers were 
concentrated most heavily at the downstream end of each pipe so that the 
slope of the piezometric head line in established flow might be determined. In 
addition a collection ring was attached to the model junction with several taps 
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through the walls of the junction so that a measure of the average elevation of 
the free surface in the junction might be obtained. 

Four sizes of Lucite pipe were used for the model pipelines; namely, 3.00, 
3.75, 4.75, and 5.72 inches in inside diameter. Use of these sizes permitted 
variation of the relative size of the three pipelines and of the pipe size rela-
tive to the junction size, even though only a few absolute junction sizes were 
employed. 

Testing Procedure 
In practically all of the tests the end product of the testing was the de-

termination of the change in piezometric head between each inflow pipe and 
the downstream pipe. This, of course, required careful establishment of the 
piezometric head line for each pipe. During the testing of certain configu-
rations a considerable amount of surge was observed in the piezometers, in 
which case readings were taken so as to ascertain the extremes of this fluctu-
ation and the average was then determined. 

Determination of the slope of the piezometric head line for flow in the 
model was facilitated through use of standard resistance slopes. Tests were 
made at the beginning of the laboratory program on long sections of the model 
pipe to define the resistance slope for various rates of flow in two sizes of 
pipe, the 3.00-inch and 5. 72-inch. Plotting the results of these tests on the 
usual resistance coefficient vs. Reynolds number graph disclosed that the 
Lucite pipe had a resistance only slightly greater than that of hydraulically 
smooth pipe carrying turbulent flow. This conclusion is in substantial 
agreement with that reached by other investigators. (2) This higher value was 
caused mainly by non-uniformities in the pipe section and diameter, even 
though the walls were smooth. Once the resistance coefficients for these two 
sizes had been determined, curves of resistance slope vs. discharge rate for 
each of the four pipe sizes were prepared, it being known that the temperature 
of the water in the recirculating system would be nearly constant. These re-
sistance slopes were computed through use of the Darcy-Weisbach equation. 

In order to investigate the effect of the total rate of flow and to ensure the 
accuracy of the test results, each configuration was tested with at least two 
different total discharges and two different depths of water in the junction. 

Treatment of Test Data 

The initial step in interpretation of the test data was the plotting of the 
piezometer readings against the location within the system of the correspond-
ing piezometer taps. The plotted points thus represented the location of the 
piezometric head lines for each of the various pipes of the test arrangement. 
Straight lines representing the standard resistance slopes described previous-
ly were fitted to the plotted points in order to eliminate any error which might 
be caused by the incorrect elevation of any single point. The greater weight 
in the determination of the position of the piezometric head line was accorded 
the points nearer the downstream end of each pipe. In the upstream portion 
of the pipes the measured pressure elevations were found to lie somewhat 
above these lines due, of course, to the fact that the normal velocity distri-
bution had not been fully developed in this section. 

The determination of pressure changes across the junction required the 
measurement of the vertical distance between the plotted upstream and down-
stream pressure lines, each projected to some common vertical plane or line. 
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For convenience in design the point of intersection of these pipe centerlines 
at the centerline of the box was selected as the point of reference. These 
points are called "branch points" after McNown.(3) 

For convenience of application to design, the measured pressure changes 
were plotted in their ratio to the mean velocity head in the downstream pipe 
thus producing a dimensionless coefficient. 

Rectangular Junction with Main and Lateral 

This pipe arrangement consisted of a through line and a pipe aligned 
perpendicularly to this main or through line entering the narrow side of the 
junction as indicated in plan in the insets in Figs. 2 and 3. The flowlines of 
all the pipes were flush with the junction floor since an early series of tests 
indicated negligible differences between the cases of flowline and crownline 
alignment. 

Pipes perpendicular to the downstream pipe occur frequently in the dis-
cussions of this configuration and of those which follow; hence , for simplicity 
they will be referred to subsequently as "laterals". Laterals, when used, 
carried flow to the junction and only one downstream pipe was included in any 
of the systems. 

In this series of tests the downstream pipe generally had a flush, square-
edged entrance at the junction box, although a few runs were made to ascertain 
the effect of other entrance conditions. In these additional tests rounded and 
projecting entrances of types discussed later were investigated. 

In combining flow such as that being discussed, the downstream pipe should 
ordinarily be larger than any upstream pipeline, so that values of the diame-
ter ratios D1 / D2 and D1/ D3 equal to or greater than unity were the only ones 
tested. Only two sizes of pipe were employed for the downstream pipe; viz., 
the 4.75-inch and 5.72-inch diameters. D1 / D2 values of 1.00, 1.20, 1.58 and 
1.91; and Di/D3 values of 1.00, 1.20, 1.53, 1.58, and 1.91 were tested. 

For this arrangement of pipes it was to be expected that the momentum of 
the flow from the upstream main would be preserved to some extent in cross-
ing the junction and would aid in maintaining flow in the downstream pipe. On 
the other hand, the momentum of the flow in the lateral should be anticipated 
to be relatively ineffective in supporting the flow in the downstream pipe, at 
least at the lesser rates of flow. The flow from the lateral thus should be 
considered as a mass of fluid which must be merged with and carried along 
by the flow from the upstream main. As a consequence, the pressure at the 
exit from the lateral should be expected to be the same as that at the exit 
from the upstream main. Also, the upstream pressure lines projected to the 
branch point should be at roughly the same elevation as the water surface in 
the junction, since the box pressure is the source of one force which main-
tains the flow in the downstream pipe. In cases in which small laterals carry 
large rates of flow with resulting high velocities, the lateral jet should disrupt 
the flow from the upstream main, requiring higher pressures in the junction. 
Moreover, it is evident that, whenever the pressure at the exits from the up-
stream main and from the lateral are not greatly different, an analysis for 
K2, the pressure change coefficient for the upstream main, will also be ap-
plicable with satisfactory accuracy to the valculation of K3, the pressure 
change coefficient for the lateral. This situation should occur when a 
relatively small proportion of the total flow in the system enters from the 
lateral. 
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Theoretical Analysis 
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19 

A method of analysis involving the momentum concept is useful in this 
case. As noted earlier, it seems logical to assume that the flow from the up-
stream main contributes the only momentum effective in the direction of the 
downstream flow , and that the flow from the lateral furnishes an added mass 
to be carried into the downstream pipe by the force of the box pressure. An 
analysis based on this foundation should be expected to be least accurate in 
those cases in which the lJ.teral efflux velocity is high enough to cause the jet 
from the lateral to impinge on or penetrate that from the upstream main, 
thereby causing both to be deflected and diffused with an attendant increase in 
the level of pressure in the box required to maintain flow. 
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Continuity in this case requires that 

HY 6 

01 = Oz t Q.3 
in which Q is the volume rate of flow, and the identifying subscripts are as 
discussed earlier. 

(1) 

The momentum equation for expanding flow incorporating the assumptions 
described previously is 

;r/2;,,4-;rh/A; -1oh; (/4-,42 ) = Q,pf,/-02 '°~ (2l 
in which Y is the specific weight of the fluid, h' is the piezometric head, A is 
the cross-sectional area of flow,p is the fluid density, and Vis the mean 
velocity of the flow. The piezometric heads appearing in Eq. (2) are obtained 
by projecting the piezometric head lines to the branch point. 

Combining Eqs. (1) and (2), and simplifying 

h =h/-h'=2 112 [1-(/L-) 2 (-'ft)] z 2 / 23 Q, z 
h.z 

Defining K2 = --- , Eq. (3) may be transformed into 
f1Z/.z:7 

Kz = 2 [I- (%~) 2 r!YJ 

(3) 

(4) 

wherein D is the pipe diameter. Eq. (4) is the fundamental equation for de-
termining pressure changes in this particular system. As noted previously, 
it may be used unchanged to obtain K3 so long as the lateral introduces only a 
relatively small portion of the total flow. 

Test Results 

While the division of flow rates between the lateral and the upstream main 
is a primary variable, it is obvious that the same division may be obtained 
with any number of total rates of flow. In order that the effect of the total 
rate might be determined, at least two values of the total flow were tested for 
each flow division and geometry. On the basis of many hundreds of tests the 
conclusion seemed appropriate that the value of the total flow rate exerted 
only a negligible and unsystematic influence on the pressure change coef-
ficients once the geometry and flow division were fixed. 

To examine the agreement between test and analysis Figs. 2 and 3 are pro-
vided on which Eq. (4) is represented by the solid curves. The trend of the 
data is quite apparent. Almost exact agreement between analysis and test 
exists from Q3/Q1 = 0 to the flow division at which K2 or K3, as the particular 
case may be, is zero. This, of course, occurs when the momenta of the flow 

in the upstream and downstream mains are equal, since the (lUantity (~:) 2 

in Eq. (4) is the ratio of these momenta. It is further evident that beyond the 
flow division for which K is zero the equation gives a fairly good average 
value of the test points. When the lateral and downstream pipes are of rela-
tively the same size, the agreement extends nearly through the entire range 
of flow divisions. Only when small laterals are employed (with consequently 
large values of the lateral momentum) does the deviation become appreciable. 
As a consequence Eq. (4) can be depended upon when Q3/Q1 -:;_ 0.4 for any 
geometry and for all values of Q3/Q1 when the lateral and downstrea.m pipe 
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sizes are nearly equal , provided the junction box is rectangular and of con-
siderable length in relation to the downstream pipe diameter. 

Since the size and shape of the junction should be expected to modify the 
pressure changes when a large part of the total flow is from the lateral, it is 
obvious that Eq. (4) should be applied only to junctions which are geometrical-
ly similar to the one tested; i.e., to a rectangular junction. Even for these 
junctions the equation produces less reliable results for smaller size laterals 
carrying disproportionate shares of the total flow. Square and round junctions 
are discussed later. 

Effect of Downstream Pipe Entrance Conditions 

The effect of entrance conditions at the downstream pipe was also investi-
gated for this system. In addition to the square-edged, flush entrance utilized 
in the majority of the tests, two other entrance types were tested. One was a 
square-edged projecting pipe with a wall thickness of 1/ 12 the downstream 
pipe diameter extending into the box 1/ 4 the box width. The other was a flush 
entrance with the edge rounded to a radius of 1/ 8 the downstream pipe diame-
ter. 

In Fig. 4 the data showing the effect of entrance conditions on K2 and K3 
for the two pipe-size combinations tested are assembled. The re-entrant con-
dition is seen to have a negligible effect on lateral or upstream-main pressure 
throughout the entire range of flow divisions, except when small laterals 
carry almost all the flow, a condition not likely to be encountered. The round-
ed entrance, on the other hand, does exhibit a measurable reduction in K2 and 
K3 in the range of flow divisions producing positive pressure changes. The 
degree of reduction of the lateral pressure due to rounding the downstream 
entrance is almost exactly duplicated in the upstream main. 

On the basis of these results it would appear that efforts to improve the 
downstream entrance conditions can produce minor benefits, but only in the 
range of flow divisions involving high proportions of lateral flow. It is also 
clear that reasonable projections of the downstream pipe are not detrimental. 

Through Line Only 

Many tests were run on a rectangular junction with an upstream and down-
stream main aligned in plan and with no lateral present. Two cases were 
recognized in these investigations; viz., expanding and contracting flow. 

Expansions 

With an expansion of flow the analysis leading to Eq. (4) applies in this 
case also , except that Q1 = Q2. Thus 

Kz = 2 [ !- ( 4)2J 

Contractions 

(5) 

The primary difference in the analysis of contractions as compared with 
that for expansions involves the application of the momentum principle be-
tween the contracted section just inside the downstream pipe and a section 
further downstream at which the flow has expanded to again fill the pipe. 
Losses due to boundary separation occur almost exclusively in the zone 
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following the section of greatest contraction of the flow (where conditions are 
denoted by the subscript c). As in the case of expansions, inclusion in the 
final equation of losses due to surface resistance is circumvented by project-
ing the piezometric head lines to the branch point. 

Continuity requires that 

01 = A V, = Oc = Ac Vc = Oz = 42 Vz 
The momentum principle can be applied between sections c and 1 (down-

stream) to yield 

(6) 

(7) 
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in which R is the boundary shear force in the pipeline between sections c and 
1 and the (h')'s in this case are the piezometric heads at sections c and 1. 
Eq. (7) is true by virtue of the fact that the piezometric head at section c 
must be constant completely across the section of area A1, since the stream-
lines of the submerged jet are parallel there. Eq. (7) combined with Eq. (6) 
reduces to 

/2 j - /2, , - Ii = P1 [ V; 2A, - z Ac J = Z:. z [I - fc J (8) 
.I .9 

in which Cc is the ordinary contraction coefficient. (4) 
The Bernoulli or energy equation written between sections 2 and c, in which 

region a small resistance loss, Hf, occurs, gives rise to 
/ K:: z / t!z.z 

her 29 = hz. r 257 -1--(,r (9) 

Combination of Eqs. (8) and (9) leads to 

/2 1 -/2 ,_ )Z -fh· = Y,z _!_z - /,{z ~z-1- V, 2 + Y, z. [I- 2 ] I (10) 
2 i M T 29 ½: 2::7 Az Zg 29 Cc 

If the piezometric head lines are projected to the branch point, the left side 
of Eq. (10) is approximately h2. The only discrepancy is the difference in the 
resistance slopes for the two pipes multiplied by the distance between the 
junction centerline and the contracted section. This is obviously of secondary 
importance. 

h 

in 

Inserting the diameters Di and D2, and K2 = v,.z into Eq. (10) results 
I /Zg 

(11) 

Eq. (11) is the desired formula for the pressure change coefficient for con-
tractions in a two-pipe system. 

Test Results 

Either of Eqs. (5) or (11) should be applicable to the analysis of flow in 
equal-size pipes. Both equations yield zero for K2, while the experiments 
indicate a positive but small value for this coefficient. It should be pointed 
out that in the derivation of the two equations mentioned, the junction width, b, 
was considered to be negligible; i.e., the entire unit was assumed to behave 
as a sudden expansion or contraction, as the case may be. Still it seems 
reasonable that at some large value of the parameter b/D2 the jet will not re-
main essentially intact while crossing the junction, and a consequently larger 
loss will occur. This increase is due in part to viscous shear, but results 
primarily from the impingement of the spreading jet on the wall surrounding 
the entrance to the downstream pipe. 

To test this hypothesis configurations having values of b/D2 up to 3.33 were 
investigated with equal size upstream and downstream pipes. Fig. 5 presents 
the results of these tests. The effect of increasing junction width seems to be 
a fairly uniform increase in K2, although it appears likely that some limiting 
value will be attained as the junction box is further enlarged. Definition of 
this limit was not attempted since the ratio of the distance across the box to 
the inflow pipe diameter was already near the upper end of the range likely to 
be encountered in practice. 
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A series of tests was made with the available model pipes providing sever-
al ratios of upstream to downstream pipe sizes, and thus various degrees of 
expansion of the flow across the rectangular junction first described. The 
test results were compared to the theoretical analysis embodied in Eq. (5). 

In Fig. 6, Eq. (5) is shown as a solid curve in the area of negative changes 
of pressure and the pressure change coefficients derived from the test data 
are plotted and suitably identified. Obviously the conformity betweeri analysis 
and experiment is quite satisfactory. The large negative values are easily 
explained if it is recalled that the coefficients represent pressure changes and 
not changes in total head. Thus negative coefficients corresponding to 
pressure rises are to be expected whenever the fluid is caused to decelerate. 
In the present case this is brought about by the increase in pipe diameter on 
the downstream side of the junction. 

Similar tests were made with various degrees of contraction of the flow 
across the same junction, and the results compared to the theoretical analysis 
expressed in Eq. (11). 

In Fig. 6, Eq. (11) is shown as a dashed curve in the area of positive chang-
es of pressure. The experimental pressure change coefficients for this case 
are also plotted for comparison. It is seen that the conformity between analy-
sis and experiment is also satisfactory for contractions of flow . 

Probably the most significant conclusion to be reached from the tests just 
described is the absence of effect of the box itself-at least for the range of 
the parameter b/D2 tested. Thus, it would be expected that variations of con-
struction details at the junction would not be effective in modifying its charac-
teristics. However, the more common construction details were investigated. 
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As was mentioned earlier, the vertical positioning of the pipe centerlines 
is immaterial so long as they are parallel and are aligned between limits in 
which either their crownlines or flowlines coincide. 

In expansions of flow, it may be expected that the relatively short distances 
across the junction will result in the expansion taking place in the downstream 
pipe. Therefore, flowline or crownline alignment, downstream pipe projecting 
into the junction box, or rounding of the entrance to the downstream pipe 
should all be of negligible importance in modifying the pressure change coef-
ficients. These conclusions were verified. 

It seems reasonable that shaping of the bottom of the junction so as to con-
tinue a portion of the pipe section through the box can effect no significant im -
provement of the pressure change in straight-through flow. Although this 
inference was not tested, the latitude for possible reduction of loss is small. 

Although rounding of the downstream entrance was not tested with contract-
ing flow, it is evident that such rounding will reduce the pressure change coef-
ficients because the loss at contractions is primarily due to constriction of 
the flow at the change in pipe size coupled with the subsequent expansion of 
the flow in the downstream pipe. 

Rectangular Junction with Opposed Laterals 

In this arrangement two lateral pipes were joined to the junction at the 
center of the long side of the junction as indicated in plan in the inset in 
Fig. 7. As before, the flowlines of all pipes were set flush with the bottom of 
the junction. The downstream pipe was fitted with a flush, square-edged 
entrance in every case. 

Theoretical Analysis 

As often occurs, the analysis of this configuration was suggested and guided 
by the results of the test program. 

In every case the pressure change coefficients for one lateral appeared to 
have a reasonably constant value over a considerable range of flow divisions. 
The extent of this range seemed to be controlled by the relative magnitudes 
of the velocities in the two laterals. For all the combinations investigated, 
the first deviation of K from this constant value was perceptible when the ve-
locity in the line with constant K became less than that in the line opposite. 
Thus K2 deviated from its constant value when V 3 ? V 2, and K3 when V2 ? V3. 
From this it was deduced that the coefficient pertaining to a particular pipe 
was controlled more by the flow in the pipe opposite than it was by the flow in 
the pipe itself. 

A rational explanation of the two phenomena just noted can be attempted if 
it is realized that the pressure rise in the lateral carrying the lesser-velocity 
flow must be due to the force of the opposing jet. To aid in visualizing the 
forces, the action can be likened to a situation in which a vertical flat plate 
divides the junction box in a direction normal to the centerlines of the incom-
ing laterals in such a way as to deflect the two jets. The resultant of the 
distributed pressure along this plate due to one of the jets may be considered 
to be linearly proportional to the jet velocity head. (5) The net force exerted 
on the plate is the difference between the forces exerted by the two jets and 
may be considered as transmitted to the fluid and eventually to the wall of 
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Fig. 7. Relative mean pressure coefficients for in-line opposed laterals. 

the junction. The pipe having the lesser-velocity flow will be affected by this 
pressure differential over its entire area. 

The final particular to be scrutinized in connection with the tests concerns 
the magnitude of the relatively constant values which K2 and K3 exhibited 
when V2 2'. V3 and V3 2'. V2, respectively. Precisely at the point where 
V2 = V3, K2 and K3 both approached 1.6 in value for all th~ conformations 
investigated in this series of tests. Thus 1.6 might be taken as a "base" value 
for the pressure change coefficients. 

An attempt is made in the following to combine the significant facts just 
outlined into a mathematical analysis of the situation. 

Utilizing a notation comparable to those previously employed, and a ssign-
ing the higher velocity to lateral pipe 2, an expression embodying the funda-
mental deduction from the experiments may be written 

2. 2 / h / 1/42 (12) /23 - '2 = fflz - - !773 .Zg £-9 
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in which m might be referred to as a "mean pressure coefficient" and the 
piezometric head lines have again been projected to the branch point. The 
value for m for a given pipe is fixed by the ratio of the pipe size to the size 
of the low-velocity lateral. The means by which m may be determined will be 
discussed later. Addition and subtraction of hi on the left side of Eq. (12) and 
division by the outfall velocity head results in the equation 

;{--;; -K ; h.rhz _ (Clz.)z(o1 )4 (0.:1)z(p,)4 (l 3) 3 2 t,:z./z5 - 1"?7.z 0, Dz. - /773 (?1 03 

Assuming that m2 and m3 can be estimated, Eq. (13) still appears to con-
tain two unknowns, K2 and K3. However, use may be made of the second 
fundamental observation discussed previously; viz., the constancy of the coef-
ficients at a value of 1.6 until the velocity in the opposing lateral exceeds that 
in the lateral under consideration. Thus Eq. (13) permits calculation of the 
variable one of the two coefficients once m2 and m3 are known. 

To determine the mean pressure coefficients Fig. 7 is presented. This 
figure presents the mean pressure (written in terms of the velocity head in 
the lateral from which the jet issues) exerted by a circular jet over any nearly 
concentric circular area of a plate held normal to the jet. This is restricted 
to the zone within which the flow is appreciably curved by the deflection. The 
curve was prepared on the basis of a general knowledge of the distribution of 
pressure exerted by a jet together with experimental substantiation. 

The end points of the curve were based on values given in the reference 
literature. A value of mat the lateral-diameter ratio of zero can be approxi-
mated by the stagnation pressure corresponding to the maximum velocity, 
which occurs at the center of the lateral pipe. Rouse(6) gives an equation for 
the centerline velocity 

J/,rnox 
V/??eo/7 

143/7-1-I 
in which f is the Darcy friction factor. In the tests under consideration the 
average value off was 0.018; accordingly m = 1.42. A value slightly lower 
than this was finally adopted in order to obtain better agreement with the ex-
perimental data. 

At the other extreme Powell proposes a value of m = 0.33 for the case in 
which the pressure is distributed over the entire area within which the flow 
is sensibly curved. He suggests that this area is 6 times that of the issuing 
jet. This value of m is less than the corresponding value indicated in Fig. 7. 
However, the bottom of the junction box restricts the expansion of the jet in 
that direction and the average pressure head (which, in effect, is equivalent 

to m 1;;) is thereby increased over that obtaining with a symmetrically ex-

panding jet. Thus the higher value in Fig. 7 should be expected. 
For a diameter ratio of unity, m must be approximately equal to the kinetic 

energy correction factor for the lateral flow, which in this case is roughly 
1.05. 

In order to determine the shape of the curve between these three values, 
recourse was had to the experimental data. Substitution of the test results 
into Eq. (13) for a given geometry and with all the flow through one lateral 
yielded the value of m for that lateral. The results of the calculations from 
the experimental data and the pseudo-theoretical curve are presented in 
Fig. 7. 
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Test Results 

Eq. (13) is plotted in Fig. 8 together with the applicable experimental 
points. The correlation is clearly very good throughout the entire range of 
pipe-size ratios and flow divisions tested. In this regard it is appropriate to 
note that the one set of tests involving unequal-size laterals represents con-
ditions as greatly different from equal-size laterals as was possible with the 
equipment available. Since Eq. (13) is substantiated for D2/ D3 = 0.524, 1.00, 
and 1.91, it is reasonable to assume that it is also valid for intermediate con-
ditions. 

To be noted in Fig. 8 are the large values of the coefficients accompanying 
substantially different velocities in the two laterals. Thus when unequal ve-
locities in the two laterals are anticipated or may occur, adoption of this ar-
rangement of pipes should be carefully evaluated. Means of avoiding large 
losses with directly-opposed laterals are discussed in the following. 
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Improving Opposed-Lateral Flow 

Offset Laterals. -Simply offsetting the laterals in plan as indicated in the 
inset in Fig. 9 proved to be the most effective way of improving the flow 
characteristics of opposed-lateral flow with rectangular junctions. On the 
basis of the tests and on consideration of the area over which significant 
pressures are exerted by a deflected jet, it was concluded that to be most ef-
fective the offset of the lateral centerlines should be at least equal to the sum 
of the lateral diameters. 

In Fig. 9 the experimental data on the offset laterals are presented. It will 
be immediately remarked that the losses were reduced considerably as com-
pared with the directly-opposed laterals. In these tests the pressure change 
coefficients were always below 2.5 times the outfall velocity head, and gener-
ally were below 2.0. Perhaps even more important, the coefficients varied 
between very narrow limits throughout the practical range of flow divisions. 
Thus by simply realigning the pipes a material increase in the flow efficiency 
of the junction box was realized. 

No analytical solution for pressure changes at this type of junction is 
presently available. 

Deflector Devices.-Several deflector devices, incorporating deflecting and 
guiding walls, were added to the offset-lateral system in an attempt to further 
improve the hydraulic characteristics of this configuration. 

The deflector devices used were of two basic types. In one a wall across 
the corner of the junction was used to deflect the flow from the far lateral 
toward the downstream pipe. It was realized that the deflected flow would 
follow the far wall of the junction box, and thus tend to pass across the exit 
from the near lateral, with the possible effect of increasing the pressure level 
in the near lateral. A second type, with a curved deflector across the far 
lateral terminating in a wall extended to the near lateral, was evolved to avoid 
this possible adverse effect. 

An over-all appraisal of the deflector devices tested would be that in gener-
al they effected some reduction in the pressure change coefficients. However, 
it is believed, on the basis of the present investigation, that the improvement 
in the hydraulic characteristics of the junctions with offset laterals, brought 
about by the use of deflecting and guiding walls, is so slight as to make their 
use unwarranted without further study in most cases. 

Square and Round Junctions 

Since in this paper consideration is given only to cases in which all pipes 
flow full, changes in pipeline grade may be neglected. The testing of square 
and round junctions was limited to studies of three-pipe systems consisting of 
upstream and downstream mains, and a lateral at 90° to these mains. Primary 
attention was directed toward situations in which most of the flow was carried 
by the lateral, since it had been found during the investigation of the rectangu-
lar junction that the relative size of the lateral pipe and the size and shape of 
the junction were necessarily ineffective so long as the momentum of the flow 
in the upstream main was greater than that in the downstream pipe. 

The tests revealed that the magnitude of the pressure changes at various 
divisions of flow between the lateral and the upstream pipe were related to 
the pressure change when all the flow came from the lateral. To aid in the 
analysis of the results of the model tests, the pressure changes for all flow 
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from the lateral were first systematized with respect to pipe size and junction 
size. Then a method was evolved for reduction of the pressure change coef-
ficients from these maximum values to yield the proper values when less than 
the total flow was carried by the upstream in-line pipe. The analysis of 
pressure changes at square and round junctions is therefore divided into these 
two parts in the following discussion. 

All Flow from a 900 Lateral 

Most of the tests were run using square model junctions. These square 
junctions had side dimensions of 6.00, 6. 25, 7 .00, and 10.00 inches, while the 
round junctions tested were 6.88 and 9.88 inches in diameter. The ratio of 
the junction side dimension or diameter to the downstream pipe diameter 
ranged from 1.05 to 2.10. This range represents the practical extent of the 
value of this parameter likely to be encountered in practice. 

The lateral pipe size was varied so as to cover adequately the range of 
D1/D3 from 0.83 to 1.53. A few tests were run outside this range. Data for 
square and round junctions at which the lateral is larger than the downstream 
pipe were required as such cases can occur at changes of grade. The test 
with the extreme ratio D1/D3 = 0.656 was run in order to verify the contention 
that at very small values of D1/D3 the junction should behave as a large reser-
voir, the coefficient of pressure change thus approaching a value of 1.5. This 
test served to establish the validity of this reasoning. 

Two series of tests were run in which the entrance to the downstream pipe 
was rounded on a quarter-circle arc of radius 1/8 the downstream pipe di-
ameter. All other tests employed flush, sharp-edged entrances. 

The methods of testing and of determining the pressure change at the 
square and round junctions were the same as in the case of the rectangular 
junctions. 

Test Results 

It seems unlikely that a sound and general theoretical analysis can be de-
vised for this arrangement. In any event the limited number of tests run did 
not substantiate any such analyses attempted. As a result, in lieu of an ana-
lytical method a graphical solution was devised. 

Data derived from the tests on square junctions in which all the flow turned 
90° are presented in Fig. 10. Some of these data were modified as discussed 
later to fit the empirical analysis for cases in which part of the flow is 
carried by the upstream main. However, the data presented are in general 
on the conservative side wherever they do not agree completely with the tests. 

The curves shown in Fig. 10 are for constant values of the ratio of the 
square junction side dimension to the downstream pipe diameter. They were 
faired in to best fit the experimental data, guided by the fact that the pressure 
change for the lateral must be controlled to a large extent by the momentum 
of the flow therein. Thus the curves should be approximately parabolic in 
shape, reflecting the presence in momentum considerations of the square of 
the pipe-diameter ratio. 

To be noted in Fig. 10 is the effect of the junction size. As this is de-
creased relative to the downstream pipe diameter the pressure loss is also 
decreased appreciably. This is attributed to the fact that in a very small 
square junction the wall opposite the lateral is nearly flush with the down-
stream pipe and thus deflects the flow into this pipe. As the junction is made 
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larger relatively, the effect of the wall is reduced and in such junctions the 
lateral flow may substantially pass the entrance to the downstream pipe, thus 
adversely affecting the pressure change. These contentions are further sup-
ported by tests involving deflectors. In moderately large junctions straight 
walls placed flush with the side of the downstream pipe and opposite the later-
al exit, effecting a reduction in junction width on that one side, exhibited sig-
nificantly beneficial effects. 

In addition to the general effect of relative junction size on the pressure 
change coefficient K3, two effects of the size of the lateral relative to t~ size 
of the downstream pipe may be noted in Fig. 10. With small junctions, K3 
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decreases with increasing D1 / D3, and with large junctions (b/ D1 > 1.50), K3 
increases with increasing D1 / D3. 

An increase in the pressure change as the lateral pipe size was reduced 
was also observed in the earlier investigation of rectangular junctions with 
combining flow in which junctions of large dimension transverse to the down-
stream pipe were used. The data from these model tests aided the determi-
nation of the curves of Fig. 10 for the larger size square junctions. 

Round Junctions. -The results of tests on round junctions are also included 
in Fig . 10. Apparently the round junction is a more efficient transition than 
its square counterpart under certain limited conditions. However, definite 
conclusions on the extent of pressure loss reductions with such junctions are 
not possible with only the extremely limited number of tests made. Two sets 
of tests with D1/ D3 = 1.53 indicate a reduction in K3 on the order of 0.6. Two 
other tests with D1/ D3 = 1.20 disclose a reduction in the neighborhood of 0.2. 

Deflecting Devices. -Several deflecting devices were installed in these 
junctions to test their effectiveness. The trend of these data is indicated in 
Fig. 10. It is apparent that the walls having larger deflection angles are more 
effective, though they do preclude flow from an upstream main. 

Combining Flow 

The tests involving flow through all three pipes of this configuration were 
continuations of the 90°-angle lateral pipe tests just described with the addition 
of an investigation of the effect of various divisions of flow between upstream 
main and lateral. Since it was felt that Eq. (4), derived for a11d applied to the 
rectangular junction with through and lateral flow, would be adequate for 
square and round junctions when most of the flow is carried by the upstream 
main, major attention was given situations in which most of the flow entered 
from the lateral. 

The same general arrangement and pipe-size ratios were employed as in 
the cases in which all flow was carried by the lateral. The main-to-
downstream pipe-size ratio was generally small, but a few tests were run 
with upstream mains nearly as large as the downstream pipes. 

No satisfactory theoretical analysis of flow through such junctions has yet 
been formulated. However, an entirely empirical modification of the equation 
for rectangular junctions-Eq. (4)-has been devised which yields very promis-
ing results. Somewhat different equations are required for the upstream and 
lateral coefficients, K2 and K3, respectively. 

For the upstream main the equation 

K = K [1-(<h .!Z!.) 2 ] 2 Z 0t Oz (14) 

is proposed, in which K2 is the vajue of K2 when all the flow enters the man-
hole from the lateral. Values of K2 are shown in Fig. 11. 

For the lateral pipe the equation 

,,,, = K [ 1 _ ( ()z 0 1 ) z o, lo3 ] 
/\.3 3 CP1 Oz (15) 

is proposed, in whi£_h K3 is the value of K3 when all the flow comes from the 
lateral. Values of K3 are shown in Fig. 10. The variable exponent was de-
vised to reflect the fact that at large values of D1/D3 the curvature of plots 
of K3 vs. Q3/ Q1 is greater than at small values. 
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Both of Eqs. (14) and (15) satisfy two necessary conditions. They corre-
spond to the experimental data when Q3/ Q1 = 1, and they have the value zero 
when the momentum in the upstream main equals that in the downstream main. 
The necessity of the second of these two conditions was established by the test 
results. That Eqs. (14) and (15) do indeed satisfy this requirement is evident 

if it is recognized that the quantity (~: is nothing more than the square 
root of the momentum ratio between the upstream and downstream mains. To 
obtain values of K2 and K3 for lateral discharge rates less than those prevail-
ing at equal upstream and downstream momenta, resort must be had to 
Eq. (4). 
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Test Results 
Data for the in-line main pressure change derived from the tests on square 

and round junctions in which all the flow turned 90° are presented in Fig. 11. 
Although the in-line pipe carried no flow, it filled with water from the lateral 
as flow was established, and served to measure the pressure level in the 
model junction. Together Figs. 10 and 11 give complete data on pressure 
changes for conditions in which all flow turns 90°. 

The curves shown in Fig. 11 are for constant values of the ratio of the 
junction side dimension or diameter to the downstream pipe diameter, as in 
Fig. 10. The plotted points for R2 at Q3/ Q1 = 1 in Fig. 11 are obtained by 
plotting K2 against Q3/ Q1 and then extending curves through the values f~ 
Q3/ Q1 < 0.85 in accordance with Eq. (14) to obtain a corrected value for K2 
at Q3/ Q1 = 1. The procedure of plotting points and drawing curves in Fig. 11 
was similar to that described for the construction of Fig. 10. 

Plots of Kz and K3 vs. Q3/ Q1 from the test data revealed that both often 
reached maximum values with some flow from the in-line pipe rather than at 
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all flow from the lateral, as might be implied by Eqs. (14) and (15). However, 
for all flow from the lateral the values of K2 and K3 were materially less than 
at lesser portions of lateral flow only when the lateral pipe was significantly 
smaller than the outfall. Conditions of a small size lateral pipe with a high 
proportion of the flow are not common in field practice. Therefore the 
methods used to determine K2 and R3 when all flow enters from the lateral 
are considered to be justified. Any errors in evaluating pressure changes are 
on the side of overestimation, and become quite small in the practical range 
of flow divisions in the small size lateral pipes. 

Several typical plots of observed values of K2 and K3 vs. Q3/ Q1 are shown 
in Figs. 12-14. The curves shown represent values given by Eqs. (14) and 
(15) based on the K3 and K2 values of Fig. 10 and 11, respective.!_y. The curves 
in Fig. 14 were obtained through use of the individual values of K3 for round 
junctions as given in Fig. 10 rather than from the curves, which apply strictly 
only to square junctions. 
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Obviously the conformance of the equations to the test data is satisfactory, 
even when markedly different upstream main pipe diameters are employed. 
This is indicated in Fig. 12 and is significant in that quite different ranges of 
the parameter Q3/Q1 are involved for positive values of K2 and K3. 

It is worthy of note that the only distinction between the square and round 
junctions is manifested in the different values (in general lower*) of K3 re-
quired for the latter. Otherwise, the application of Eqs. (14) and (15) is exact-
ly the same for both shapes. 

Deflecting Devices. -Several deflecting devices as illustrated in the insets 
in Figs. 15 and 16 were installed for the purpose of reducing pressure losses 
at square and round junctions. The results of the tests on these devices are 
also presented in the figures. 

Several conclusions can immediately be drawn from these graphs and 
others were based on test results which are not included in Figs. 15 and 16. 

Corner deflectors intended to turn the flow from the lateral and reduce its 
impingement on the through flow, as incorporated in Devices No. 8 and 11 
(Fig. 15), were generally ineffective in reducing pressure losses. In fact 
Device No. 8 had an adverse effect on the lateral pressure loss for large 
values of Q3/ Q1 due to the throttling effect at the deflector. 

Rounding or shaping of the junction bottom also proved to be ineffective. 
As evidenced by Device No. 15 (Fig. 16), the pressure loss for the upstream 
main was markedly increased by the rounding when most of the flow was 

*This point is more amply proved by data not included in this paper. 
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carried by the lateral. This was ascribed to the tendency of the rounded 
bottom to deflect the jet from the lateral upward thereby causing the jet to be 
diffused more thoroughly than it was without the rounding. 

Device No. 16 (Fig. 15) exhibited some reduction in the lateral pressure 
loss when almost all the total flow was carried by the lateral. However, at 
lower values of Q3/Q1 with V2 ?V3 the loss was increased over that prevail-
ing for the same pipe sizes without the deflector. 

Simple wall-type deflectors, extending from the side of the upstream pipe 
to th downstream pipe and therefore at an angle of about 10° with the through-
pipe centerline, as exemplified by Devices No. 14 and 25, proved to be the 
most effective of those tested. The curves shown in Fig. 16 are plots of Eqs. 
(14) and (15) applied to values of K3 and K2 from Figs. 10 and 11, respectively. 
Significant reductions in the lateral pressure loss resulted from their use 
without the adverse effects exhibited by the other devices previously discussed. 
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Fig. 16. Results for deflector devices in square and round junctions. 

Deflector walls parallel to the downstream pipe and without bottom rounding 
were also tested in square junctions. These appeared to be only slightly less 
effective in the reduction of pressure losses than the 10°-angle deflectors, so 
long as the junction side dimension did not exceed 1.5 n1. The parallel wall 
was less effective in the large junctions. 

On the basis of the necessarily limited number of tests on wall-type de-
flectors at an angle to the downstream pipe, the lower two curves in Fig. 10 
were added. The tests with parallel wall deflectors, also limited, served to 
define the curve for b/D1 = 1.00 in Fig. 10. Reduction of K2 by angled de-
flector walls is not as great as in the case of K3. On the basis of the test data 
~vailable, a curve for b/D1 = 1.00 was added to Fig. 11 for use in defining 
K2 for both zero-angle and 10° deflector walls. Further reduction of K2 for 
the angled deflectors does not appear justified. With Figs. 10 and 11 the 
pressure changes in junctions with the recommended wall-type deflectors may 
be calculated using Eqs. (14) and (15), just as they may be for junctions 
without deflecting devices. 
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The two series of tests in which a rounded downstream entrance was em-
ployed indicate an average re~uction .!_n K3 of approximately 0.25. A reduction 
of 0.2 may be applied to both K2 and K3 for purposes of design. Diminished 
reductions as greater portions of the flow are carried by the upstream main 
will result through use of Eqs. (14) and (15). 

SUMMARY 

In addition to the quantitative results discussed previously several quali-
tative conclusions of interest have been reached and are reiterated below. 
They apply only to junctions in pipes flowing full with the junction open to the 
atmosphere. 

1. In expanding flow involving an upstream main aligned with a downstream 
main, shaping of the invert, rounding of the downstream entrance, and 
other similar modifications heretofore thought to be beneficial were 
found to be ineffective. On the other hand, projecting entrances to the 
downstream pipe were found not to be detrimental. 

2. In the case of an in-line main and a lateral, rounding of the downstream 
entrance was found to be effective in reducing pressure losses when 
large portions of the flow were carried by the lateral. However, re-
entrant entrances did not exhibit adverse effects in such cases. 

3. Directly-opposed laterals should not be employed when they are expect-
ed to carry flows having greatly different velocities. 

4. Horizontally offsetting such opposed laterals was found to improve 
measurably the hydraulic characteristics of these junctions. 

5. Loss-reducing devices were found to be of little benefit when combined 
with the offsetting of the laterals as described in 4 above. 

6. In square and round junctions the pressure loss is decreased as the 
junction size is decreased relative to the downstream pipe size. 

7. In small square and round juhctions the lateral pressure change de-
creases as the lateral pipe size is decreased relative to the downstream 
pipe size. In large junctions the reverse is true. 

8. Deflecting devices in square and round junctions were found to be quite 
effective, particularly in those involving flow only from a lateral. 
Those deflectors used with three-pipe systems were somewhat more 
beneficial in reducing the lateral pressure loss than they were for the 
upstream main. 
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