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Executive Summary
The objective of this study is to understand the dynamics of surges within storm water

systems. Surges generally result due to rapid filling sequences in nearly horizontal pipelines.

Interesting dynamics such as water pressurization or air entrapment may occur as the water

level within these pipes approaches system capacity. During normal conditions, most storm

water collection systems operate in an open-channel state, and the way in which the pipes
become pressurized is often very asymmetrical. Pipes may become full in some areas while
still being only half full or less in other areas of the collection system. Thus, it is important
to understand the interactions between this unsteady flow situation and vertical shafts

provided for access or ventilation.

Laboratory experiments were conducted to understand the influences of some of the

key variables involved with this problem. The setup can be seen in Figure 1 of the report.

The quarter-turn butterfly valve was opened rapidly to initiate the pressure surge through the

system. The variables studied were the upstream reservoir elevation, vertical riser diameter,
initial water depth within the system, and the amount of ventilation of the riser. In each

experiment, except the initially full pipe, there was a large amount of air entrained into the
flow. The mam focus of concern was monitoring the maximum pressure within the vertical
shaft. There were direct correlations between this peak pressure and two of the variables:
initial water depth and reservoir elevation. As the reservoir elevation increases, the peak

pressure increases as well. As the initial water depth within the system increases, the
maximum peak pressure increases. There were no direct correlations between the maximum

peak pressure and either riser diameter or degree of ventilation. The magnitude of the

pressure surge appears to be based primarily on the conditions that defined the magnitude of
the pressurization within the pipeline rather than riser characteristics.
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Introduction

Urban storm water collection systems experience a range of flow conditions. During

dry weather or small rainfall events, the system usually functions as an open-channel.

During large storm events, the flow regime may undergo a transition to pressurized flow.
There are many effects associated with this transition which may result in adverse impact to

the storm water system. For example, this transition could cause pipes to burst, unsanitary
water to return to ground elevation (geyser phenomena in extreme cases), manhole covers to

dislocate, or air pockets to become entrapped and/or pressurized.
The development of this transition from open-channel flow to pressurized flow can

potentially be very asymmetric during rapid filling conditions. One portion of the system

may be pressurized while another part of the system could be less than half full. This fact is
what causes the transition to result in complex unsteady flow situations. According to the

previous work of Vasconcelos and Wright, pressure fronts may develop which are then
transmitted through the system as "pipe-filling bores". Many times these pressurized bores

push large volumes of air ahead of them similar to the action of a piston. There are a large

variety of phenomena typically associated with interactions between reflections of the bore
and the air pressurization that lead to formation of discrete air pockets with the air under

pressure. This air pocket may then travel along the system and be released rapidly when it
encounters a vertical shaft. Two basic situations that led to large surges in the riser were

observed. The first was when the standing water in the riser was forced upwards by the

buoyancy of the air entering the riser. Vasconcelos studied this situation in some detail. The
second situation occurred as the trailing edge of the pocket swept past the now-empty riser
and the pressurized air/water mixture at the tail of the air pocket created an additional surge.

It is this condition that is the objective of the current study. It should be noted however, that
an entrapped air pocket is not required to develop the second type of surge as the pressurized
conditions behind a pipe-filling bore even with the air freely vented ahead of it, are capable
of creating a surge in a vertical riser. The similarities between these two types of conditions
were exploited to simplify the experimental setup for this study.
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Experimental Setup
The movement of air pockets through a vertical shaft may result in unsanitary water

returning to grade or possibly even a geyser event. The goal of this experiment is to quantify
the various aspects that would be associated with the movement of the fluid following the
tail-end of an air pocket rising upwards into a vertical shaft. Figure 1 shows the laboratory

setup of our experiment. The upstream end of the system consists of a constant-elevation
reservoir. The flow is transmitted through a 95 mm diameter (3 % in.) clear acrylic pipe. A

quarter-turn butterfly valve is installed in the pipeline near the upstream end. The purpose of
the valve is to be able to rapidly initiate a pipe-filling bore in the horizontal pipeline
downstream of the valve. The vertical riser is located 3.467 m downstream of the valve. At

the downstream end of the system, a weir controls the initial water depth within the system as

well as the flow through the system.

Vertical
Riser

Reservoir

Butterfly
Valve

Pressure
.Transducers Datum

v

7.785 m

Figure 1 - Experimental Setup

As shown in Figure 1, three piezo-resistive pressure transducers (Endevco model

8510B-1) were located within the system to measure pressure. Two are located at the invert
of the main horizontal pipe, 2.67 m and 4.42 m downstream from the butterfly valve. The
third transducer is located 0.156 m above the base of the riser, or 0.251 m above datum. The

piezo-resistive pressure transducers convert the change of pressure to a voltage output which
is sent to a data acquisition system (National Instruments DAQPad MIO-16XE-50) and then
to a computer. Pressure readings were collected at a frequency of 20 measurements per

second (20 Hz).
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The experiment focused on adjusting four different variables, as seen in Table 1. The

upstream reservoir was adjusted to elevations of 0.627 m, 0.703 m, and 0.822 m above the
main horizontal pipe invert (datum). The reservoir consisted of a large Plexiglas box in the
center of a large cylindrical tank. An inflow source was provided into the reservoir so that
water flowed over the top edges of the reservoir to maintain a constant pressure head over the
duration of the experiment. The elevation of the reservoir was adjusted by adding or

subtracting blocks under the base of the reservoir.

Table 1 - Experimental Variables
Variable Values

Initial Depth 50%, 70%, 95%, 100% of pipe diameter
Ventilation Open, closed, -5% open
Riser Diameter 44.4, 25.4, 12.7 mm

Reservoir Elevation 0.627, 0.703, 0.822 m to pipe invert

Secondly, the initial water depth in the horizontal pipeline downstream of the valve
was adjusted between the levels of 50%, 70%, 95%, and 100% full with respect to pipe
diameter. The weir box at the downstream end of the system had base dimensions 0.240m by
0.240m. The weir crest elevation was adjusted by sliding sharp-crested Plexiglas pieces of
different heights into or out of the end wall of the weir box. The weir crest height produced
the desired initial water depth in the pipeline while the water flow over the crest was

sufficient to maintain a full pipe condition after the pipe-filling bore arrived at the
downstream end of the system

Three different vertical riser diameters were used, namely 12.7 mm, 25.4 mm, and
44.4 mm. Adjusting this variable was the most labor-intensive due to required caulking
around the riser junction each time. The pressure transducer was mounted in the same

location for each of the three diameter risers and in such a way as to be unobtrusive to the
flow within the riser. Each riser consisted of clear acrylic tubing of height greater than 1.8

meters, sufficiently tall that all surges were contained within the riser.
The final variable was the degree of ventilation within the riser. Open ventilation

simply meant that the top of the riser was open to the ambient air. Closing off the top of the
vertical riser created closed ventilation conditions. Under these conditions, the air contained

within the riser became pressurized as the surge was initiated and the compressed air limited
the height of the surge. The other ventilation setting was an intermediate condition in which
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an opening at the top of the riser provided a ventilation area 5% of the riser cross-sectional
area. From previous experiments, this was considered to be sufficient that some air

pressurization would develop as the surge rose in the riser shaft. This ventilation condition
was produced by placing a plug at the top of the riser with a smaller diameter hole, such that
the opening was roughly 5% of the cross-sectional area of the riser.

Experimental Procedure
A systematic experimental procedure was repeated for each experimental trial in

order to minimize the possibility for errors. The butterfly valve was slowly closed preceding
each repetition. The slow closure allows the system to gradually come to rest at an initial

depth based on the downstream weir height. The initial still-well water level was recorded
for each set of experimental conditions. The butterfly valve was opened rapidly, allowing the

surge front to propagate through the system. The system usually reached steady-state

equilibrium within 15 seconds with the flow passing through the system controlled by the
weir in the discharge outlet box. The still-well water level in the riser for this equilibrium
state was recorded as well. Individual experiments were performed for each permutation of
the values listed in Table 1 with the exception of the 100% initial depth scenario. Only eight

experimental combinations were performed for the 100% initial depth in addition to the 81
other experimental combinations. These full pipe experiments were primarily performed to

gain a better understanding of energy losses within the system.

Results

The results consisted of transducer output pressure readings as well as digital video

recordings. The still-well observations for each trial were used to calibrate the output into
the correct pressure head units. The data was scaled such that the initial and steady-state

pressures conformed to the static water levels observed during the appropriate portion of the

experiment. The pressure readings plotted with respect to time for each of the trials can be
seen in Appendix B. From these pressure plots, the maximum peak pressure was recorded
and these are compared in Table A-l of Appendix A.
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Visual observations of the experiments showed that a large amount of air became
entrained within the surge movement. Two different flow behaviors existed for the

experiments, based only on the initial depth of the system. For initial depths of 50 and 70

percent with respect to pipe diameter, the flow exhibited that of a moving hydraulic jump, as

seen in Figure 2. The surge front consisted of an air / water mixture entraining small
diameter air bubbles. The other behavior, exhibited for the 95% full case, showed the

movement of larger diameter air pockets instead of an air / water mixture, as seen in Figure
3. These air pockets moved with the flow of water rather than with the movement of the

pressure surge. As air flowed through the system, some of it moved up into the vertical riser
while the rest of it flowed downstream. As expected, there were no visual signs of air

moving through the system during the 100% initial depth experiments.

I
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Figure 2 - Moving Hydraulic Jump With Air Entrainment
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Figure 3 - Moving Air Pocket

From the video recordings, the visual observations of the maximum water level were

compared with the pressure readings from the transducer. Since a fair amount of air was

observed in the riser, a question was whether or not the presence of the air phase was

sufficient to alter the hydrostatic pressure head in the riser. Equivalence between the
observed water level and the corresponding pressure head would indicate that this is not an

issue. Figure 4 shows a comparison below. If the air has an impact, the visual water level
should be higher than the recorded pressure head; the experimental data show no such effect
and the two values are the same, apparently within measurement accuracy. The small but

perhaps systematic deviation for the 95 % full case is likely due to the discrete air pockets in
the riser. The important thing to note about the small differences is that a numerical model



should be able to treat the water and air as two distinct phases. A correction for the change in

density due to the presence of the air bubbles seems unnecessary for these experiments.
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Pressure vs. Visual Water Level
(Reservoir Elevation: 0.627 m, Ventilation Open)

□ Transducer Output
■ Video Observation
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Figure 4 - Visual Comparisons With Peak Pressures

Influence of Variables

The experimental results were influenced strongly by changing some variables, but

they seemed unaffected by changing others. As the bore progresses forward, it would move

in a shape similar to that sketched in Figure 5, depicted in a frame of reference moving with
the bore that is assumed to have a quasi-steady speed of propagation.

X"
<—

P, Ap, (Vs-V) <
y fs> vs, Afs

Figure 5 - Surge Front Schematic
Conservation of mass and momentum can help qualitatively explain the expected

behavior across the bore front.

cVs - V) • Ap = V, • Afs (Eqn. 1 - Mass)



P • Ap + p- (Vs - Vy • Ap = p • g • y fs • Afs + p • Vs2 • Ajs (Eqn. 2 - Momentum)
Where P represents the pressure upstream of the bore front, Ap is the area of the full pipe, Vs
is the bore velocity, V is the fluid velocity behind the bore, y fs is the centroid depth in the

downstream free-surface portion of the flow, A/s is the area of the free surface portion, g is

gravity, and p is the density of the fluid. From equations 1 and 2 we can solve for a

parameter Z, or P/pg, that represents the pressure head just behind the bore front that will
influence the magnitude of the riser surge:

Ai. vKa„Z = yk~ + — (Eqn. 3)/s
A, g-(Ap-AJS)

From equation 3 we see that an increase in velocity V would increase Z. One of the
effects of raising the reservoir elevation is to increase the fluid velocity and therefore raise
the surge pressure. Increasing the reservoir elevation of the system did indeed result in an

increase of the maximum peak pressure for all but one of the nine experiments as can be seen

in Figure 6; the small deviation in that one experiment is probably near the limit of
measurement error.

Effect of Reservoir Elevation on Peak Pressure
(Rser Diameter = 1.27 cm)

50% 70% 95% 50% 70% 95% 50% 70% 95%

Cpen Closed 5%Cpen

Figure 6 - Influence ofReservoir Elevation

The initial depth variability of the system represents the realistic conditions involved
in most storm water scenarios. A bore movement usually encounters a partially filled
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collection system and the experimental results show that the fuller the initial depth, the

higher the maximum peak pressure and thus the surge in the riser. We see from equation 3
that as initial depth increases, both terms in the equation will increase due to an increase in

A/s and y fs. Therefore we can qualitatively predict that increasing the initial depth will

increase the peak surge pressure, assuming all other variables are unchanged. This coincides
with the experimental results for all 27 experiments, as shown in Figure 7.
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Effect of Initial Depth on Peak Surge Pressure
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Figure 7 - Influence of Initial Depth

The ventilation was discovered to have little impact on the maximum peak pressures

in the system. From Figure 8 we observe that there is no significant variation apparent with

respect to the degree of ventilation. Visually, there was a large difference in the riser water

level between the open and closed scenarios. The transducer pressures, however, were very

nearly the same between both situations due to air pressurization in the closed ventilation

case or water column pressure in the open ventilation case. The open ventilation case

consistently resulted in a slightly lower maximum peak pressure presumably due to friction
losses involved in the movement of the water column up into the riser. On the other hand,
the degree of ventilation had a very strong impact on the oscillation characteristics. The

pressure output for the closed ventilation scenarios resulted in a much higher frequency and
smoother behavior, as can be seen in the pressure plots of Appendix B.
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Figure 8 - Lack of Influence for Ventilation and Diameter

There are two opposite effects which are influenced by the diameter of the vertical
riser. The first is friction. The smaller the riser diameter, the more energy will be lost to

overcoming friction along the vertical pipe walls for a given height of rise. Therefore, as the
water moves up into the riser, the friction from a smaller diameter would cause the maximum

peak water heights to be less. Inertia is the other effect that would be influenced by the
vertical riser diameter. We know that upon the opening of the valve, the water will be
accelerated up into the riser due to pressure forces originating from the elevated reservoir.
Once the water level within the riser reaches that equilibrium elevation, the fluid will have a

velocity upwards that will then decay due to the force of gravity. The larger the diameter, the
more the fluid entering the riser shaft should influence the remaining flow in the pipeline,

effectively reducing the inertia of the surge. Therefore, the larger diameter causes a lower

velocity of the fluid as it reaches the equilibrium elevation and causes the maximum peak

pressure to be slightly less. These two competing effects resulted in the absence of a trend

between peak pressure and riser diameter or else the effects of these two phenomena were

sufficiently small that they do not significantly affect the riser surge.
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Conclusions

Some general statements can be made concerning the behavior of surges within

systems containing vertical shafts.
• As the bore front propagates through the system, a significant amount of air becomes

entrained within the flow resulting in two co-existent fluid phases. The air

pockets / bubbles involved in this experimental setup were not forced to become

pressurized, but with inadequate ventilation conditions they could be a major cause of

system malfunction.
• The magnitude of the surge does not appear to be connected to the presence of air

entrained within the flow, implying that numerical models that consider the air and
water as distinct phases should be able to predict the surge magnitudes.

• The maximum peak pressures are influenced by the main system properties rather
than the riser characteristics. In other words, the main controlling factors are the
nature of the flow regime transition, related in these experiments to reservoir
elevation and initial depth in the case of the experiments studied. However, other
factors such as the rate of pipeline filling, the riser location, pipeline geometry, etc.

will be the controlling factors in a real system. We are continuing this investigation
to determine whether it is possible to predict the surge magnitude simply from the
riser characteristics and the pressure in the pipeline behind the bore. This capability
would provide a relatively straightforward approach to the design of ventilation risers
and other vertical shafts.

• As the reservoir elevation increases, the maximum peak pressure within the riser
increases.

• A higher initial depth within the system results in a higher peak pressure in the
vertical shaft.

• Peak pressures in the riser did not vary in any significant fashion with riser diameter
or degree of ventilation..

There are a number of additional issues that need to be investigated in order to understand the
conditions that may lead to large surges in vertical risers in storm water systems. One is

clearly to understand the flow conditions that will lead to pipe-filling bores with large
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pressures behind the bore. A reflection on the experiments performed to date at the

University of Michigan seems to indicate that the largest surges in prototype systems are

more likely to be created by the buoyant rise of pressurized air and the displacement of water

already present in the shaft as the trapped air pocket begins to enter. Further investigation

may involve an in-depth look at how flooding instability may influence the air / water

interactions within the riser. Future study should also consider the scaling effects of applying
these surge characteristics to large systems.
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Appendix A - Maximum Pressures
Table A-l: Maximum Peak Pressures

Variable Values Riser Peak Pressure Head
Initial Depth Ventilation Riser Diameter Reservoir Elev. Feet (datum) Meters (datum)

50% Open 44.4 mm 0.703 m 1.543 0.470
50% Open 44.4 mm 0.627 m 1.387 0.423
50% Open 44.4 mm 0.822 m 1.656 0.505
50% Open 25.4 mm 0.703 m 1.529 0.466
50% Open 25.4 mm 0.627 m 1.413 0.431

50% Open 25.4 mm 0.822 m 1.485 0.453
50% Open 12.7 mm 0.703 m 1.518 0.463
50% Open 12.7 mm 0.627 m 1.413 0.431
50% Open 12.7 mm 0.822 m 1.748 0.533
50% Closed 44.4 mm 0.703 m 1.703 0.519
50% Closed 44.4 mm 0.627 m 1.665 0.507
50% Closed 44.4 mm 0.822 m 1.861 0.567

50% Closed 25.4 mm 0.703 m 1.845 0.562
50% Closed 25.4 mm 0.627 m 1.704 0.519
50% Closed 25.4 mm 0.822 m 1.648 0.502
50% Closed 12.7 mm 0.703 m 1.574 0.480
50% Closed 12.7 mm 0.627 m 1.475 0.450

50% Closed 12.7 mm 0.822 m 1.820 0.555

50% 2% Open 44.4 mm 0.703 m 1.477 0.450

50% 2% Open 44.4 mm 0.627 m 1.134 0.346

50% 2% Open 44.4 mm 0.822 m 1.552 0.473
50% 2% Open 25.4 mm 0.703 m 1.739 0.530
50% 2% Open 25.4 mm 0.627 m 1.308 0.399
50% 2% Open 25.4 mm 0.822 m 1.621 0.494
50% 5% Open 12.7 mm 0.703 m 1.485 0.453
50% 5% Open 12.7 mm 0.627 m 1.531 0.467
50% 5% Open 12.7 mm 0.822 m 1.800 0.549
70% Open 44.4 mm 0.703 m 2.132 0.650
70% Open 44.4 mm 0.627 m 1.848 0.563

70% Open 44.4 mm 0.822 m 2.190 0.667

70% Open 25.4 mm 0.703 m 2.182 0.665
70% Open 25.4 mm 0.627 m 1.697 0.517
70% Open 25.4 mm 0.822 m 2.256 0.688

70% Open 12.7 mm 0.703 m 1.704 0.519
70% Open 12.7 mm 0.627 m 1.610 0.491
70% Open 12.7 mm 0.822 m 2.275 0.693
70% Closed 44.4 mm 0.703 m 2.264 0.690
70% Closed 44.4 mm 0.627 m 2.122 0.647
70% Closed 44.4 mm 0.822 m 2.444 0.745
70% Closed 25.4 mm 0.703 m 2.265 0.690
70% Closed 25.4 mm 0.627 m 2.237 0.682
70% Closed 25.4 mm 0.822 m 2.368 0.722
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Table A-l: Maximum Peak Pressures (continued)

Variable Values Riser Peak 3ressure Head
Initial Depth Ventilation Riser Diameter Reservoir Elev. Feet (datum) Meters (datum)

70% Closed 12.7 mm 0.703 m 1.992 0.607
70% Closed 12.7 mm 0.627 m 1.990 0.607
70% Closed 12.7 mm 0.822 m 2.319 0.707
70% 2% Open 44.4 mm 0.703 m 2.005 0.611
70% 2% Open 44.4 mm 0.627 m 1.788 0.545

70% 2% Open 44.4 mm 0.822 m 2.120 0.646
70% 2% Open 25.4 mm 0.703 m 2.021 0.616

70% 2% Open 25.4 mm 0.627 m 1.745 0.532
70% 2% Open 25.4 mm 0.822 m 2.022 0.616
70% 5% Open 12.7 mm 0.703 m 1.868 0.569
70% 5% Open 12.7 mm 0.627 m 1.566 0.477
70% 5% Open 12.7 mm 0.822 m 2.246 0.685
95% Open 44.4 mm 0.703 m 2.253 0.687

95% Open 44.4 mm 0.627 m 2.019 0.615
95% Open 44.4 mm 0.822 m 2.650 0.808
95% Open 25.4 mm 0.703 m 2.134 0.650
95% Open 25.4 mm 0.627 m 1.715 0.523
95% Open 25.4 mm 0.822 m 2.486 0.758
95% Open 12.7 mm 0.703 m 2.399 0.731
95% Open 12.7 mm 0.627 m 1.872 0.571

95% Open 12.7 mm 0.822 m 2.435 0.742
95% Closed 44.4 mm 0.703 m 2.424 0.739
95% Closed 44.4 mm 0.627 m 2.930 0.893
95% Closed 44.4 mm 0.822 m 2.975 0.907
95% Closed 25.4 mm 0.703 m 2.206 0.672
95% Closed 25.4 mm 0.627 m 2.281 0.695
95% Closed 25.4 mm 0.822 m 3.099 0.945
95% Closed 12.7 mm 0.703 m 3.050 0.930
95% Closed 12.7 mm 0.627 m 2.786 0.849
95% Closed 12.7 mm 0.822 m 3.209 0.978
95% 2% Open 44.4 mm 0.703 m 1.957 0.596
95% 2% Open 44.4 mm 0.627 m 1.624 0.495
95% 2% Open 44.4 mm 0.822 m 1.927 0.587
95% 2% Open 25.4 mm 0.703 m 2.027 0.618
95% 2% Open 25.4 mm 0.627 m 2.125 0.648
95% 2% Open 25.4 mm 0.822 m 2.308 0.703
95% 5% Open 12.7 mm 0.703 m 2.110 0.643
95% 5% Open 12.7 mm 0.627 m 2.079 0.634
95% 5% Open 12.7 mm 0.822 m 2.302 0.702
100% Open 44.4 mm 0.627 m 1.629 0.497
100% Open 44.4 mm 0.822 m 1.898 0.578
100% Open 25.4 mm 0.627 m 1.425 0.434
100% Open 25.4 mm 0.822 m 2.143 0.653
100% Closed 44.4 mm 0.627 m 2.151 0.656
100% Closed 44.4 mm 0.822 m 2.672 0.815
100% Closed 25.4 mm 0.627 m 2.467 0.752
100% Closed 25.4 mm 0.822 m 2.909 0.887
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Appendix B - Pressure Plots for All Experimental Data

Exp#1111 Downstream
(lnit Depth = 50% Vent = Open; FSser D = 44.4 mm; Res. Bev. = 0.703m;)
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Exp# 1211 Upstream
(lnit Depth = 50%; Vent = Closed; Ffiser D = 44.4 mm; Res Bev. = a703m)
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Exp #1311 Upstream
(Init Depth = 50% Vent = 2% Rser D = 44.4 mm; Re& Bev. = 0.703m)
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Exp #2111 Upstream
(I nit Depth = 70%$ Vent = Open; Ffiser D = 444 mm; Res Bev. = 0.703m)
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Exp #2211 Upstream
(lnit Depth = 70% Vent = Closed; Ffiser D = 44.4 mm; Res Bev. = a703m)
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Exp #3111 Upstream
(Init Depth = 96% Vent = Open; Rser D = 44.4 mm; Res. Bev. = 0.703m)
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Exp #3211 Upstream
(I nit. Depth = 95% Vent = dosed; Ffiser D = 44.4 mm; Res. Bev. = 0.703m)
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Exp #3311 Upstream
(Init Depth = 95% Vent = 2% Ffiser D = 44.4 mm; Res Bev. = 0.703m)
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Exp# 1112 Upstream
(Init Depth = 50% Vent = Open; Ffiser D = 44.4 mm; Res. Bev. = 0.627m)
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Exp # 1212 Upstream
(Init Depth = 50% Vent = Closed; Ffiser D = 44.4 mm; Res. Bev. = 0.627m)
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Exp #1312 Upstream
(Init Depth = 50% Vent = 2% Riser D = 44.4 mm; Res. Bev. = 0.627m)
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Exp #2112 Upstream
(lnit Depth = 70% Vent = Open; Riser D = 44.4 mm; Res. Bev. = a627m)
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Exp #2212 Upstream
(Init Depth = 70% Vent = Closed; Riser D = 44.4 mm; Res. Bev. = (1627m)
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Exp # 2312 Upstream
(Init Depth = 70% Vent = 2% FSser D = 44.4 mm; Res Bev. = CL627m)
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Exp #3212 Upstream
(Init Depth = 95% Vent = Closed; Riser D = 44.4 mm; Res. Bev. = 0.627m)
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Exp #3312 Upstream
(Init Depth = 95% Vent = 2% FSser D = 44.4 mm; Res. Bev. = 0.627m)
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Exp# 1113 Upstream
(I nit Depth = 50% Vent = Open; Riser D = 44.4 mm; Res. Bev. = 0i822m)
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Exp # 1213 Upstream
(Init Depth = 50% Vent = Closed; Fflser D = 44.4 mm; Res. Bev. = 0.822m)

jsAV,

0.00 ZOO 4.00 600 8.00 10.00 1Z00 14.00 1600

Time (s)

Exp #1213 Riser
(Init Depth = 50% Vent = Closed; Riser D = 44.4 mm; Res Bev. = a822m)

0.400

0.350

£ 0.300
r 0.250

3 0.200

| 0.150
£ 0.100

0.050
0.000

p tA

IM \
l\

\y

0.00 2.00 4.00 6.00 8.00 10.00

Time (s)

12.00 14.00 16.00

Exp #1213 Downstream
(Init Depth = 50% Vent = Closed; Riser D = 444 mm; Res Bev. = 0.822m)

0.500

0.400

0.300

0.200

0.100

0.000

V

0.00 2.00 4.00 6.00 8.00 10.00

Time (s)

12.00 14.00 16.00

36



Exp# 1313 Upstream
(Init Depth = 50% Vent = 2% Ffiser D = 44.4 mm; Res. Bev. = 0i822m)
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Exp #2113 Upstream
(I nit Depth = 70% Vent = Open; H9er D = 44,4 mm; Res. Bev. = 0.822m)
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Exp #2213 Upstream
(Init Depth = 70% Vent = Closed; Riser D = 44.4 mm; Res. Bev. = CL822m)
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Exp # 2313 Upstream
(Init Depth = 70% Vent = 2% Riser D = 44.4 mm; Res. Bev. = 0.822m)
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Exp #3113 Upstream
(Init Depth = 95% Vent = Open; R9er D = 44.4 mm; Ftea Bev. = 0.822m)
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Exp #3213 Upstream
(Init Depth = 95%$ Vent = Closed; Riser D = 44.4 mm; Res. Bev. = a822m)
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Exp # 1121 Upstream
(Init Depth = 50% Vent = Open; Riser D = 254 mm; Res Bev. = 0i703m)
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Exp# 1221 Upstream
(Init Depth = 50% Vent = Closed; Riser D = 25.4 mm; Res. Bev. = a703m)
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Exp #2121 Upstream
(Init Depth = 70% Vent = Open; Riser D = 25l4 mm; Res Bev. = 0.703m)
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Exp #2321 Upstream
(Init Depth = 70% Vent = 2% Riser D = 25.4 mm; Ftes Bev. = 0.703m)
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Exp #3121 Upstream
(lnit Depth = 96%$ Vent = Open; Ffiser D = 28.4 mm; Res. Bev. = a703m)
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Exp #3221 Upstream
(lnit Depth = 95% Vent = Qosed; Ffiser D= 25.4 mm; Res Bev. = CL70Gm)
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Exp #3321 Upstream
(lnit Depth = 95% Vent = 2% Riser D = 25l4 mm; Res Bev. = 0.703m)

|
¥

0.800

0.700

0.600

0.500

0.400

0.300

0.200

0.100

0.000

0. 00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

Time (s)

Exp #3321 Riser
(lnit Depth = 95% Vent = 2% Riser D = 25.4 mm; Res Bev. = 0i703m)

0.500

t
0.400

0.300

i 0.200

1 0.100

0.000

a

"1 • "f I ~' r— 1 1 1 1

6.00 8.00 10.00 12.00 14.00 16.00

Time (s)

Exp #3321 Downstream
(lnit Depth = 95% Vent = 2% Riser D = 25.4 mm; Res Bev. = 0.703m)

0.600

0.500

0.400

0.300

0.200

0.100

0.000

L,".'[***• ■?

i 1

• Trial A

Trial B

Trial C

0.00 200 4.00 6.00 8.00 10.00 12.00 14.00 16.00

Time (s)

52



Exp #1122 Upstream
(I nit Depth = 50% Vent = Open; Riser D= 2Ex4 mm; Res. Bev. = (1627m)

0.500

0.400

0.300

0.200

0.100

0.000

, iJbi&i K' i.

V

I I I I I I 1

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

Time (s)

Exp #1122 Riser
(I nit Depth = 50%; Vent = Open; Riser D = 25.4 rrm; Res Bev. = 0627m)

0.250

0.100

0.050

0.000

0.00 2.00

J

\ I
I wLJy^— —

4.00 6.00 8.00 10.00 12.00 14.00 16.00

Time (s)

Exp# 1122 Downstream
(Init Depth = 50%; Vent = Open; Riser D = 25.4 mm; Res Bev. = 0627m)

0.400

0.100

0.000

i

I
J

■Trial A

Trial B

Trial C

0.00 200 4.00 6.00 8.00 10.00 1200 14.00 16.00

Time (s)

53



Exp #1222 Upstream
(lnit Depth = 50% Vent = Qosed; FSser D = 25.4 mm; Res Bev. = 0i627m)
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Exp # 1322 Upstream
(lnit Depth = 50%$ Vent = 2%$ Riser D = 254 mm; Res Bev. = a627m)
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Exp #2122 Upstream
(Init Depth = 70P/<$ Vent = Open; Riser D= 2£x4 mm; Res. Bev. = 0i6Z7m)
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Exp # 2222 Upstream
(Init Depth = 70% Vent = Closed; Riser D= 25.4 mm; Res Bev. = Q627m)
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Exp # 2322 Upstream
(Init Depth = 70% Vent = 2% FSser D = 25.4 mm; Res Bev. = Q627m)
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Exp #3122 Upstream
(lnit Depth = 95%$ Vent = Open; Riser D = 25.4 mm; Res. Bev. = a627m)
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Exp # 3322 Upstream
(lnit Depth = 95%$ Vent = 2°/<$ Riser D = 254 mm; Res Bev. = 0i627m)
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Exp# 1123 Upstream
(lnit Depth = 50% Vent = Open; Riser D = 254 mm; Res Bev. = a822m)
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Exp # 1223 Upstream
(I nit Depth = 50% Vent = Closed; Riser D = 264 mm; Res Bev. = 0t822m)
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Exp # 1323 Upstream
(lnit Depth = 50P/<$ Vent = 2%s Riser D = 25.4 mm; Res Bev. = CL822m)
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Exp # 2123 Upstream
(Init Depth = 70% Vent = Open; FSaer D = 2Ex4 mm; Res. Bev. = 0i822m)
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Exp # 2223 Upstream
(lnit Depth = 70% Vent = Closed; Riser D = 254 mm; Res Bev. = 0.822m)
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Exp #3123 Upstream
(lnit Depth = 96%$ Vent = Open; Rser D = 264 mm; Res Bev. = a82an)
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Exp # 3223 Upstream
(lnit Depth = 95%$ Vent = Closed; Riser D = 25l4 mm; Res Bev. = Q822m)
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Exp #1131 Upstream
(Init Depth = 50% Vent = Open; Riser D = 12.7 mm; Res. Bev. = 0i703m)
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Exp #1231 Upstream
(Init Depth = 50%$ Vent = Qosed; Ffiser D = 1Z7 mm; Res Bev. = 0.703m)
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Exp #1331 Upstream
(lrit Depth = 50%$ Verrt = 5%$ Riser D = 127 mm; Res Bev. = CL703m)
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Exp #2131 Upstream
(Init Depth = 70%$ Vent = Open; Rser D= 1Z7 mm; Res Bev. = 0.703m)
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Exp #2231 Upstream
(lnit Depth = 70P/<$ Vent = Closed; Ffiser D = 1Z7 mm; Res Bev. = (1703m)
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Exp #2331 Upstream
(Init Depth = 70% Vent = 5% Ffiser D= 1Z7 mm; Res Bev. = 0.70Gm)

0.600

0.500

0.400

0.300

0.200

0.100

0.000

... /v~-. -

Tnal A

Trial B

Tnal C

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

Time (s)

Exp #2331 Riser
(Init Depth = 70% Vent = 5% Riser D= 1Z7 mm; Res. Bev. = 0.703m)

Tnal A

Tnal B

Tnal C

.00 2.00 4.00 6.00 8.00 10.00 12.00 14 00 16 00

Time (s)

Exp #2331 Downstream
(Init Depth = 70% Vent = 5% Riser D= 1Z7 mm; Res Bev. = 0.703m)

Tnal A

Tnal B

Tnal C

0.00 ZOO 4.00 6.00 8.00 10.00 12.00

Time (s)

14 00 16.00

76



Exp #3131 Upstream
(lnit Depth = 96% Vent = Open; Riser D= 1Z7 mm; Res. Bev. = (1700m)
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Exp #3231 Upstream
(lnit Depth = 95% Vent = Closed; Riser D = 12.7 mm; Res Bev. = 0.703m)
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Exp #3331 Upstream
(Init Depth = 95% Vent = 5% Riser D= 1Z7 mm; Res Bev. = CL703m)
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Exp # 1132 Upstream
(lnit Depth = 50% Vent = Open; Riser D= 1Z7 mm; Res. Bev. = CL627m)
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Exp # 1232 Upstream
(I nit Depth = 50%$ Vent = Closed; Riser D= 1Z7 mm; Res Bev. = Q627m)
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Exp # 1332 Upstream
(I nit Depth = 50P/<$ Vent = 5P/<s, Riser D = 127 mm; Res Bev. = 0i627m)
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Exp #2132 Upstream
(lnit Depth = 70% Vent = Open; F89er D= 1Z7 mm; Res. Bev. = a627m)
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Exp # 2232 Upstream
(Init Depth = 7tP/c$ Vent = Qosed; Riser D = 1Z7 mm; Res Bev. = 0t627m)
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Exp # 2332 Upstream
(Init. Depth = 70%$ Vent = 5%$ Riser D= 1Z7 mm; Res Bev. = 0.627m)
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Exp # 3132 Upstream
(Init Depth = 96% Vent = Open; Rser D= 1Z7 mm; Res. Bev. = a627m)
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Exp # 3232 Upstream
(Init Depth = 95%; Vent = Closed; Riser D= 1Z7 mm; Res Bev. = a627m)
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Exp # 3332 Upstream
(I nit Depth = 95% Vent = 5% FSser D= 1Z7 mm; Res Bev. = 0i62r7m)
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Exp # 1133 Upstream
(IniL Depth = 50% Vent = Open; Riser D = 1Z7 mm; Res. Bev. = Q822m)
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Exp # 1233 Upstream
(I nit Depth = 50P/$ Vent = Closed; Riser D = 1Z7 mm; Res Bev. = a822m)
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Exp # 1333 Upstream
(lnit Depth = 50%$ Vent = 5%; Riser D = 1Z7 mm; Res Bev. = CL822m)
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Exp #2133 Upstream
(lnit Depth = TCfV<s> Vent = Open; Riser D = 1Z7 mm; Res Bev. = a822m)
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Exp # 2233 Upstream
(lnit Depth = 70%$ Vent = Closed; Riser D = 1Z7 mm; Res Hev. = 0i822m)
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Exp # 2333 Upstream
(lnit Depth = 7CP/c$ Vent = 5°/c$ Riser D= 1Z7 mm; Res Bev. = CL822m)
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Exp #3133 Upstream
(lnit Depth = 96% Vent = Open; Rser D= 127 mm; Res Bev. = a822m)
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Exp # 3233 Upstream
(I nit Depth = 95%? Vent = dosed; Riser D = 1Z7 mm; Res Bev. = 0.822m)
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Exp # 3333 Upstream
(Init Depth = 9SP/a, Vent = 5°/<$ Riser D= 1Z7 mm; Res Bev. = 0i822m)
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Exp # 4112 Upstream
(lnit Depth = 100% Vent = Open; Ffiser D = 44.4 mm; Res Bev. = Q627m)
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Exp #4212 Upstream
(lnit Depth = 100% Vent = Closed; Riser D = 44.4 mm; Res. Bev. = a627m)
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Exp # 4113 Upstream
(lnit Depth = 100% Vent = Open; Ffiser D= 44.4 rrm; Res Bev. = 0i822m)
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Exp # 4213 Upstream
(lnit Depth = 100P/<$ Vent = Closed; Riser D = 44.4 mm; Res Bev. = (X822m)
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Exp #4122 Upstream
(Init Depth = 100P/<$ Vent = Open; Riser D = 25.4 mm; Res Bev. = CL627m)
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Exp # 4222 Upstream
(Init Depth = 100%$ Vent = Closed; Riser D = 25.4 mm; Res Bev. = a627m)
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Exp #4123 Upstream
(lnit Depth = 100% Vent = Open; Riser D = 2x4 mm; Res Bev. = a822m)
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Exp # 4223 Upstream
(lnit Depth = 100%$ Vent = Closed; Riser D = 25.4 mm; Res. Hev. = 0i822m)
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AIIM SCANNER TEST CHART#2
Spectra

4 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopqrstuvwxyz;:",./?$0123456789
6 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopqrstuvwxyz;:",./?$0123456789
8 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmriopqrstuvwxyz;:",./?$0123456789
10 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopqrstuvwxyz;:'t,./?$0123456789

Times Roman
4 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklrnnopqrstuvwxyz;$0123456789
6 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopqrstuvwxyz;:",./?$0123456789
8 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopqrstuvwxyz;:", ./?$0123456789
10 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopqrstuvwxyz;:",./?$0123456789

Century Schoolbook Bold
4 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghgklmnopqrstuvwxyz;:",./?$0123456789
6 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopqrstuvwxyz;:",./?$0123456789
8 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopqrstuvwxyz;:",./?$0123456789
10 PT ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopqrstuvwxyz;:",./?$012&56789

News Gothic Bold Reversed

ABCDEFGHI J KLMNOPQRSTUVWXYZabcdefghijklrnnopqrstuvwxyz;:",./? $012 34 567 89
ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghi jklmnopqrstuvwxyz;:'\./?$012 34567 89
ABCDEFGHIJKLMN0PQRSTUVWXYZabcdefghijklmnopqrstuvwxyz;:",./?$0123456789
Bodoni Italic
A HCDHh'CHIJKl.MNOI'QRSTUyWXY/MbcdefghijklmnoiHintuvwxyz:: ",./?S0123456789

ABCDEFGHIJKLMNOPQRSTUVWX YZabcdefghijklrnnopqrstuvwxyz;: ",./?$0123456 789
ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklrnnopqrstuvwxyz;:. /?$0123456789
ABCDEFGHIJKLMNOPQR STUVWX YZabcdefghijklmnopqrstuvwxyz;:'r,.
Greek and Math Symbols
ABTAEH0HIKAMNOII<l)P2TYnX>l'Za/378€^Si7iKA^voir((>pcrTVo)X<|»{=:F' '>•/== + = ?t°> <><>< =

ABrAE=6HIKAMNOn4>PZTYnX1'Za/3T8£5e7)iKXti.TOir<|)po-ruo)Xi);{Sq:",./^± = ^-> <><>< =

ABrAE=eHIKAMNOn<I>P2;TYnX4'Za/3y8€|9T)iKAjuvo7r<f)p<Trvo)X>l'^T". /^± = =A°> <><><=

ABrAES0HIKAMNOn<l>P2TYfiXvPZa/3y8e£0i7iKA.fAvo7r<j>pcrTy2 =

t rr

6 PT

8 PT

10 PT

6 PT

8 PT

10 PT

White

MESH HALFTONE WEDGES
i i i i

0123456
6.
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