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Fig. 17. Cq4 vs. H; Data for PK; 25 and PKR

Parapet walls seem to increase the discharge efficiency of the PK weir as follows.
As a result of the parapet walls, there is an increase in area in the outlet keys, resulting in
an increase in the flow capacity of the outlet key reducing local submergence effects in
the outlet keys (particularly at the apex of the outlet keys, see Fig. 11).

Within the range of 0.12 < H; < 0.33-ft, it was observed that the crest on the
upstream side of the weir perpendicular to the flow (upstream end of the outlet keys, see
Fig. 11), had a springing nappe [the nappe detached from the upstream edge of the weir
producing a sharp-crested weir-type nappe (Johnson 2000)]; at all other H; values outside
that range (H; < 0.12-ft and H; > 0.33-ft) the nappe was clinging (there was no air pocket
under the nappe). In part, this may explain the increase in efficiency associated with to

the parapet wall, as shown in Fig. 17, is less within this range. It is also important to
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realize that by installing a parapet wall, P is increased, whereas if no parapet wall is

installed and the PK weir is built with the same P, an increase in weir length (larger
overhangs) results.

The RL is somewhat representative of a PK weir with a tall parapet wall. The Cq4
data in Fig. 14 for the PK; 25 and RL weirs show that the PK; 25 weir is more discharge
efficient than the RL weir. This suggests that, although the parapet wall can increase the
discharge efficiency of a PK weir, a limit on parapet wall height likely exists above

which the discharge efficiency begins to decrease.

Crest Type

The sloped upstream and downstream PK weir floors make building a crest type,
other than a flat-top crest type, more difficult without adding a parapet wall.
Consequently, a half-round crest was machined on the top of a 1-inch tall parapet wall
and attached to the PK; 25 (PKRFH). Gains in efficiency were evaluated by comparing
PKRFH and PKRFF (flat-top crest). At low values of H;/P, the half-round weir crest was
significantly more efficient than the flat-top crest weir crest; as H;/P increases, gains in
efficiency decrease gradually, as shown in Fig. 18.

It was observed that the half round crest type allowed the nappe of the upstream
crest horizontal to the flow (upstream crest of outlet keys) to cling [nappe clings to
downstream edge of the crest (Johnson 2000)] for the entire range tested, whereas the flat
top crest type had a leaping nappe (nappe detached from the downstream edge of the weir
crest) within the range of 0.17 < H;/P < 0.45. The increase in discharge efficiency

resulting from the half round crest type is likely related to this nappe aeration
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Fig. 18. Cq4 vs. H; Data for PKRFH and PKRFF

behavior. In PK weir design cases where a parapet wall is used, rounded crest shapes
will improve the weir discharge efficiency.
Discharge Efficiency with Multiple
Geometric Configurations

When designing a PK weir, it is likely that more than one geometric modification
(e.g., fillets, parapet wall, crest type, etc.) will be used to increase discharge efficiency.
Fig. 19 presents percent differences in efficiency, relative to the PK; »5 weir. In Fig. 19,
the Cq ratio vs. Hi/w (w = cycle width) was plotted to eliminate shifts in the data

associated with H;/P caused by varying weir heights.
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Fig. 19. C4/Cqy (PK1.25) vs. Hi/w Data for PKj 75, PKR, PKF, PKRF, and PKRFH

The appropriateness of superimposing the increases in discharge efficiency
associated with each individual PK weir modification (fillets, raised crest, and crest type)
to predict the Cq4 value of a PK weir with multiple weir modifications was investigated by
comparing data from the PK; 25, PKR, PKF, and PKRF. For example, the increase in Cg,
relative to PKj »5, associated with adding a parapet wall and fillets to the PK; 25 geometry
(PKRF) at H;/w of 0.3, was 7.64%. The superposition approach, which summed the
effects of the parapet wall (4.26%) and fillets (2.81%) efficiency increases, predicted an
increase of 7.07% in Cq4 (-0.57% relative to actual value). The average difference
between the actual values and superposition values for the entire range of H/w tested was

+ 0.43%. Though superposition is not an exact predictor of change in Cq, the
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superposition approach appears to provide a reasonable first-order approximation of the

influence of multiple PK weir geometry modifications on Cgy, relative to the PKj s.

PK Weirs vs. Trapezoidal
Labyrinth Weirs

Tullis et al. (1995) showed that C4, which is representative of the discharge per
unit weir length, decreases as the trapezoidal labyrinth weir sidewall angle () decreases.
A PK weir is similar to a labyrinth weir with o = 0°. As a relative comparison of non-
linear weir discharge efficiency, the Cq4 vs. H;/P data for a PK weir (PKRFH) and
trapezoidal labyrinth weirs with varying « values, based on trapezoidal labyrinth weir
with quarter-round crest data published by Willmore (2004), are compared in Fig. 20.

As expected, based on the findings of Tullis et al. (1995), the PK weir Cq data curve is
relatively consistent with the smaller « trapezoidal labyrinth weir data. Somewhat of a
surprise, however, is the fact that the PK weir C4 data fall nearly on top of the = 7°
curve rather than below it, as might have been expected with « = 0°. As discussed
previously, PK weir overhangs result in an increase in discharge efficiency, relative to
RLRIO (modeling a PK with no overhangs or vertical walls); this may, in part, explain
why the PK weir performs similarly to a = 7 (trapezoidal labyrinth weir with vertical
walls). In general, the discharge efficiency or discharge per unit weir length of a PK weir
will be smaller than most trapezoidal labyrinth weirs (a >7° for this specific weir

comparison).



36
0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

H, /P

Fig. 20. Cq4 vs. H;/P Data for Trapezoidal Labyrinth Weirs of Varying o and PKRFH

The discharge efficiency of a trapezoidal labyrinth weir of varying o or a PK weir
is not only a function of the discharge per unit weir length (Cq) but also the amount of
weir length that will fit within a given footprint restriction (i.e., footprint restricted by W
and/or B). In designing a spillway with given footprint restrictions of W and B, if more L
can fit within the given footprint restrictions, even if the Cq4 values are lower for that
particular weir geometry, an increase in discharge efficiency at a given value of H; may
be realized.

Trapezoidal labyrinth weirs with varying « (7°, 12°, 20°, and 35°) with half-round
crest shapes were compared with the most efficient PK weir (PKRFH) to determine the

corresponding weir lengths and footprint dimensions required to produce the same Q. P
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was common for all weirs (8.75-in) and the labyrinth weir apex and wall thickness

dimensions were determined using the Tullis et al. (1995) design method. It’s important
to note that weir C4 and consequently Q values vary with H;/P, and that in the weir
design process, the full range of anticipated H;/P values should be evaluated. However,
for convenience in this study the PK and trapezoidal labyrinth weirs are compared at a
single common H./P value (H:/P=0.5). In calculating the trapezoidal labyrinth weir
lengths required to match the PK weir Q, some labyrinth weir L values corresponded with
non-integer cycle numbers; most prototype labyrinth weirs consist of whole cycles or
whole cycles with a half cycle on one end.

For weir layout purposes, the footprint length (B) was restricted to that of the PK
weir; the footprint width (W) was variable to accommodate the required L. Fig. 21
presents a plan view of the PK weir geometry and the trapezoidal labyrinth weir
geometries overlaid onto the PK weir footprint (dashed lines). The percent change in W
and L for the trapezoidal labyrinth weirs, relative to PKRFH, are presented in Table 3.
It is demonstrated by these comparisons that if footprint restrictions of W exist, the PK
weir, though producing the smallest discharge efficiency per unit length (Cy), relative to
the trapezoidal labyrinth weirs, it produces the highest discharge efficiency per channel
width (W) at H;/P = 0.5. This is due to the considerable increase in weir length
associated with the PK weir geometry, relative to the trapezoidal labyrinth weirs, for a
given channel width. Table 3 also shows that if W is not restricted in the weir layout,
using a labyrinth weir can significantly reduce the overall weir length, and thus possibly
the cost of the structure (trapezoidal labyrinths have a shorter weir length, and no

overhangs).



PKRFH

-
I
——
i
T
——
B
N
—
]
o
—]
.
L
e
I__n_:_:___ .
a=7°

I,
|
|
1

e

g

=

a=20°

o

38

Fig. 21. PKRFH and Trapezoidal Labyrinth Weirs at Constant Q and B at H;/P of 0.5

Table 3. Trapezoidal Labyrinth Weir Percent Changes in W and L Relative to PKRFH at
a Constant B and Q at H;/P of 0.5

o

Percent change relative to PKRFH

W L
7° 44.1% 1.68%
12° 30.4% -40.5%
20° 30.0% -714.6%
35° 37.0% -110.6%

Alternatively, the discharge capacity of PKRFH was also compared with half-

round crest trapezoidal labyrinth weir designs were W was restricted but B was not, as

shown in Fig. 22 (the PK weir footprint is identified with a dashed line). Percent changes

in Q and B, relative to a PK weir, at H;/P = 0.5 are presented in Table 4.
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The PK weir design recommended by Lempériére (2009) is presented as a line

drawing that does not include dimensional guidance for all geometric parameters
(e.g. crest shape, wall thickness, shape of weir beneath upstream overhangs, etc.).
The optimal range of W; /W, for maximizing discharge efficiency is approximately
1.25 - 1.5. This is due to the balance of inlet cycle width to outlet cycle width with
respect to hydraulic capacity (ability to convey flow). As the inlet cycle width is
increased, a reduction in energy loss as water enters the inlet keys, as well as an
increase in inlet flow area, results in an increase in discharge capacity; but in
consequence of the inlet key width increasing, the outlet key width is decreased
(assuming W; +W, = constant) resulting in a increase in local submergence of the
outlet keys (particularly at the outlet key apexes) and a decrease in outlet key
discharge capacity.

PK weir overhangs result in a measurable increase in discharge efficiency, relative to
a rectangular labyrinth weir with sloping false floors (modeling a PK weir with no
overhangs). The PK weir upstream overhang geometry increases the inlet flow area
and wetter perimeter resulting in a reduction of inlet velocities, flow contraction, and
energy loss. This may explain, in part, why the PK weir geometry Type-B (larger
upstream overhangs) is reported to have higher discharge efficiency than PK weir
geometry Type-A (smaller upstream overhangs). The PK weir downstream overhang
geometry results in a larger area and wetted perimeter in the outlet keys, relative to a
rectangular labyrinth weir with false sloped floors, resulting in a more discharge

efficient outlet key exit.
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PK weir sloped floors did not significantly influence the weir discharge efficiency,

relative to the increase in discharge efficiency due to the PK weir overhangs. False
sloped floors in the outlet keys of the rectangular labyrinth weir aid in reducing local
submergence by helping to evacuate water out of the outlet keys (inducing super
critical flow out of the outlet keys) resulting in an increase in discharge efficiency.
Sloped floors in the inlet keys of the rectangular labyrinth weir have a slightly
negative influence on discharge efficiency. A combination of sloped floors in the
inlet and outlet keys results in a decrease in weir performance at H;/P < 0.6, and an
increase in weir performance at H;/P > 0.6, relative to the rectangular labyrinth weir
with no false sloped floors. It is expected that PK weir sloped floors (inherent in the
PK weir design) have a similar effect.

Installing fillets underneath the upstream overhangs of the PK weir creating a more
hydraulic shape, results in an increase in discharge efficiency due to a decrease in
inlet head loss associated with the improved flow conditions at the inlet cycle
entrances.

Raising the crest elevation by installing a parapet wall on the crest of the PK weir
results in an increase in discharge efficiency. This likely results from the increase in
area of the outlet keys, allowing more flow to enter and exit the outlet keys causing a
reduction of local submergence.

Improved crest shapes (half-round vs. a flat-top) results in significant gains in
discharge efficiency at low heads; as the head is increased, gains in efficiency
decrease gradually. This is likely the result of the increase in clinging nappe

behavior due to the half round crest type.
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If superposition is used to add changes in discharge efficiency resulting from PK

weir modifications (i.e., raising a crest via a parapet wall, and installing fillets
beneath the upstream overhangs, improving the crest type) a reasonable first-order
approximation of the change in discharge efficiency will result. In this study,
superimposing increases in discharge efficiency as a result of raising the crest, and
adding fillets beneath the upstream overhangs resulted in an average error of 7.11%.
In general trapezoidal labyrinth weirs are more discharge efficient per crest length
than PK weirs. If footprint restrictions of length (B) and width (W) exist, the PK
weir, though producing the lowest discharge per unit length, relative to typical
trapezoidal labyrinth weirs, produces the highest discharge efficiency. This is due to
the considerable increase in weir length produced with the PK weir geometry,
relative to the trapezoidal labyrinth weirs, with the same footprint. If B is restricted,
but W is not, by increasing W, a trapezoidal labyrinth weir can result in an increase in
discharge efficiency, relative to a PK weir. When B is not restricted, trapezoidal
labyrinth weir geometries with smaller side wall angles («) produced an increase in
discharge efficiency (higher Q at H;/P = 0.5), relative to a PK weir with the same W.
The larger a values, however, produced considerably less discharge than the PK weir
due to the significant decrease in total weir length with increasing a. For
applications, such as the crest of a thin concrete dam crest, where the weir footprint
is restricted by both B and W, the discharge characteristics of the PK weir are
advantageous. For channel applications where the limits on B and/or W are not so

stringent, trapezoidal labyrinth weirs may prove to be more hydraulically efficient
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and more economical to construct (PK weirs have longer crest lengths and are likely

more difficult to construct due to the overhangs).

Additional research is needed to further investigate optimal values of various
design parameters (e.g. crest type, wall thickness, fillets, floor slope, parapet wall etc.)
on discharge efficiency, and to determine the absolute “optimum” value of W; /W,. In
addition to better understanding PK weir geometry and corresponding discharge
efficiency, additional research may also lead to beneficial additions and/or modifications

of the relatively new “general” PK weir geometry.
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Detailed Drawings of Weirs

50



I/ /7770770 777777,

| |
491"
3.28"
0.5"
!
Q t
E{} 36.75"
AT __TA
mé

Plan View

p— 19.25" —n

NS

)

Section A - A

Fig. Al. PK Weir with W; /W, = 1.5 (PKy5) Detailed Drawing

51



52

DL/ 7 77777777 777777,

| |
4.55"
3.64"
OJE:
§> !
36.75"
A +A
W&

Plan View

— 19.25" —

Section A - A

Fig. A2. PK Weir with W; /W, = 1.25 (PKj.s5) Detailed Drawing



4.09"
4.09"
0.5"
: #
‘:D 36.75"
A & ~A

T,

o— 1025 _____

Plan View

-
-
-
-
i
F
-
Fl
"

.

Section A - A

Fig. A3. PK Weir with W; /W, = 1.0 (PK1,) Detailed Drawing

53



7//////{///////////{///////////////

, 4.55"
3.64"
Q +
.T
'ID 05
A4 A
|

36.75"

D

Plan View

Section A - A

Fig. A4. PK Weir with W; /W, = 0.8 (PKog) Detailed Drawing

p— 19.25" —n

54



V/////{////////{///////////

o 4
IZD 0.5" 36.75"
AL TA
| |
V722777772
Plan View
|

Section A - A

Fig. A5. PK Weir with W; /W, = 0.67 (PKq7) Detailed Drawing

55



Plan View

——19.25" &

L 9.69" J
Section A - A

Fig. A6. PK Weir (PKj.2s) with Raised Crest (PKR) Detailed Drawing

56



7
=
4.55" N
3.64"
r B O.LE)"
ip '
{
Aa LA

I

—— 195" —

Plan View

|

7.75"

-
-
-
-
-
-
-
#
=

2.32"—J L 9.69" —J

Fig. A7. PK Weir (PK3 25) with Fillets (PKF) Detailed Drawing

Section A - A

36.75"

57



%/////////{///////////{//////f
'ZD I\f # 36.75"
A [ __PA
I,
Plan View
1_?,, —— 19.25" — &

.
|

2.32"—-‘ L 9.69" —J

Section A - A

Fig. A8. PK Weir with Raised Crest, Fillets, and Flat Top Crest (PKRFF) Detailed
Drawing

58



59

W/////////'/////////{/////////

455 || !
\1.
] 3.64"
T 0.5'
Q Y !

A [ __TA

Plan View

p— 19.25" 4“

-
-
-
-

2.32" ‘J L 9.69" ‘J

Section A - A

-—'\14-‘ — O
U] =

Fig. A9. PK Weir with Raised Crest, Fillets, and Half Round Crest (PKRFH) Detailed
Drawing



60

|g:> # 36.75"
A D . '\

Plan View

— 19.25" ——#

Section A - A

Fig. A10. Rectangular Labyrinth Weir (RL) Detailed Drawing



61

4.55"

3.64"

— ol —

Q
= 36.75"

Aq *A

Plan View

— 19.25" —*

PE
-

,.‘i::: 1

1

P :
L—— 9.69" —J

Section A - A

Fig. All. Rectangular Labyrinth Weir with Ramps in Outlet Cycles (RLRIO) Detailed
Drawing



62

%////////////l/////////{//////f
I(ib # 36.75"
As A
mﬁf

Plan View

— 19.25" 4

=

13.97" —
Section A - A

Fig. A12. Rectangular Labyrinth Weir with Ramps in Inlet Cycles (RLRI) Detailed
Drawing



63

Z;
4,55" I
3.64"
0 05"

= T 36.75"

A4 PA

I,

Plan View

p—— 10.25" —«

! \
7.75"

}

— 13.97" —J

Section A - A
Fig. A13. Rectangular Labyrinth Weir with Ramps in Outlet Cycles (RLRO) Detailed
Drawing




APPENDIX B

Photographs of Weirs

64



65

Fig. B1. PK Weir with W; /W, = 1.5 (PK35) [PK15was tested backwards producing a PK
weir with W; /W, = 0.67 (PKq¢7)] Photograph

Fig. B2. PK Weir with W; /W, = 1.0 (PKy) Photograph
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Fig. B3. PK Weir with W; /W, = 1.25 (PKy2s) with Fillets, Raised Crest, and Half Round

Crest (PKRFH) [Testing was done with and without modifications (fillets, raised crest,

and half round crest type). Testing PKj s backwards produced a PK weir with W; /W, =
0.8 (PKo3s)] Photograph

Fig. B4. Rectangular Labyrinth Weir (RL) Photograph
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Fig B5. Rectangular Labyrinth Weir with Ramps in Inlet and Outlet Cycles (RLRIO)
Photograph

Fig. B6. Rectangular Labyrinth Weir with Ramps in Inlet Cycles (RLRI) Photograph
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Fig. B7. Rectangular Labyrinth Weir with Ramps in Outlet Cycles (RLRO) Photograph



