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Summary

Experiments were conducted to investigate whether it may be feasible to simultaneously mix and
retrieve radioactive waste slurries that are stored in million-gallon, double-shell tanks at the Hanford Site
in Richland, Washington. Oscillating mixer pumps, located near the floor of these tanks, are used to
mobilize and mix the slurry prior to retrieval. Operational scentios that maybe beneficial for retrieval
may require simultaneous operation of a decantkransfer pump and the jet mixer pumps. The effects of
jet-induced agitation and jet impingement upon the decanthansfer pump’s flexible suction hose have not
previously been experimentally evaluated. Possible effects of the jet impacting the hose include hose
fatigue, hose collision or entanglement with other structures, and induced static and dynamic loads on the
decanthnsfer pump equipment.

The objective of this work was to create oxxating conditions in a test tank that produce a dynamic
response (in the flexible suction hose upon impingement from an above-floor jet) that is similar ~othat
anticipated in the actual tank. A scaling analysis was conducted to define the interactions between the jeL
the tank floor and the suction hose. The complexity of scaling the multi-layer flexible hose (matching its
hydroelastic parameters at full and l/4-scale) led to an alternate approach, that of matching the expected
full-scale forces on the full-scale hose in the scaled tank.

Two types of tests were conductd characterization of the jet velocity profile in the test tank at two
axial locations from the nozzle and observation of the motion induced in the flexible retrieval hose from
impact by the jet. The velocity profile of the jet in the test tank was measured to compare the measured
profiles with profile predictions for an above-floor jet. These data were used to obtain a refined estimate
of the velocity profile and therefore, the force acting upon the test article at a particular location in the
tank. The hose motion and location within the test tank resulting from jet impingement were recorded by
video. This visual record can be correlated with the data recorded by the data acquisition system. These
daa coupled with the velocity profile results’,were used to estimate the forces required to induce motion
in the hose.

Velocity profiles were measured at axial distances of 1.5 m (5 ft) and 3 m (10 fi) horn the nozzle. At
1.5 m (5 ft) excellent agreement was obtained between the experimental and published velocity profiles at
0.032 and 0.063 m3/s (500 and 1000 gpm). However, as flow rates increas~ flow patterns in the tank
induced by the location of the suction return to the recirculating pump caused the jet profiles to diffuse
more rapidly and decreased the elevation at which the maximum velocity occurred. This phenomenon
was also observed at 3 m (10 ft); however, for this axial distance, jet diffusion occurred at all flow rates
tested.

Jet impingement tests were conducted using 3-m (1043) and 6-m (20-ft) long flexible suction hoses
with the free end tethered such that either 1) the hose rested on the tank floor, 2) the hose end was at the
fluid surface, or 3) the hose was raised along the retrieval pump support column to simulate the stowed
position. During the tests, hose motion was recorded using digital vide~ also the jet flow rate and
tensional force in the tether were measured. Tensional loads of <89 N (20 lbf) and 411 N (70 lbf) were
obtained for the 6-m (20-ft) hose completely submerged and fully stow~ respectively. The&y weight
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of the 6-m (20-ft) hose test section was 271 N (61 lbf). During a significant portion of the tes~ the tether
cable was slack.

Estimates of the conditions that would produce hose motion in the full-scale system were completed
for two cases: the jet impacting the 3-m (10-ft) and 6-m (20-ft) hoses resting on the tank floor. The
experimental results were used to predict the corresponding forces that would be required to induce hose
motion in a full-scale tank at an axial distance of 5.2 m (17 ft) from the mixer-pump nozzle. The
prediction for the full-scale flow rate was made assuming the velocity profile for the full-scale jet takes
the shape of published velocity profiles.

These predictions are based on two full-scale forces: 1) the total force applied to the hose and 2) the
peak force per unit length. At full-scale, the maximum flow rate through the 15.2-cm- (6-in.-) diameter
nozzle is 0.327 m3/s (5186 gpm). The corresponding values of total force and peak force per unit length
are 164 N (37 Ibf) and 365 N/m (25 lbf/ft), respectively. Based on the experimental da@ the conditions
required to initiate hose motion at a distance of 5.2 m (17 ft) from the mixer-pump nozzle are estimated to
be 80 N (18 lb~ with a flow rate of 0.233 m3/s (3700 gpm) when the total force is match@ and 263 N/m
(18 lbfHt) with a flow rate of 0.095 m3/s (1500 gpm) when the peak force per unit length is matched.

Test observations led to the following conclusions:

● The flexible suction hose readily moved out of the path of the jet. In the full-scale system with higher
forces and dual mixer pumps, the flexible suction hose motion could be even more significant than
that observed during these tests. This motion may.interfere with the operation of other in-tank
hardware.

● The steady motion of the jet caused the hose and tether to wrap around the pump column. A rotating
mixer pump, a longer tether, and a larger distance between the tank wall and the fixed end of the hose
may exacerbate this problem. The coiling of line around the pump column is significant and maybe
difficult to uncoil in a full-scale radioactive environment.

● The most stable condition tested was with the flexible suction hose in the stowed position. In this
position, the tether was shortened to bring the free end of the hose close to the test column. This
placed the bulk of the hose in a vertical position with none of the hose in contact with the tank floor.
Testing of the stowed configuration was conducted with the 6-m (20-ft) hose and the tether attached
to the overhead cran~ however, in this configuration, the liquid level in the tank was 1.8 m (6 ft) and
approximately 4 m (13 ft) of hose was suspended in air out of the liquid. Additional fluid level could
change the response of the flexible-line cable system because of fluid dynamic effects; however, this
is not thought to be a significant problem.

● Inspection of the 6-m (20-ft) flexible suction hose following retrieval from the tank (September 30,
1998) showed that the weld between the corrugated hose and the weld nipple sustained some damage
during testing. The cause of this damage has not been identifie@ it could be based on fatigue or be
caused by the tight bend radius required for the test to model the proposed full-scale dimensions. The
cause and solution should be identified prior to deployment in a radioactive tank.
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1.0 Introduction

Radioactive waste is stored in million-gallon, double-shell tanks that are 22.9 m (75 fi) in diameter
and 10 m (33 ft) high, at the Hanford Site in Washington state. Dur+opposed jet-mixer pumps, shown in
Figure 1.1, located at the bottom”of the tanlq impact the waste slurry to mix it to a requir~ concentration
prior to waste retrieval. Retrieval pumps with flexible suction hoses that extend through the tank riser.to
the bottom of the tank are used to retrieve the waste. ‘Onescenario under consideration is to operate the
retrieval pumps concurrently when the mixer pumps are operating. The effects of concurrent operation
have not been quantified.

To treatment
Retrieval p md disposal

Figure 1.1. Double-shell tank configuration showing mixer and retrieval pumps

Operational scenarios that may be beneficial for Hanford ProjectW211 retrieval may require
simultaneous operation of a decanthransfer pump and jet mixer pumps. The effects of jet-induced
agitation and jet impingement upon d“tianthransfer pump equipment are generally unknown. Of
particular interest are the effixts of the mixer-pump jet on the decanthransfer pump’s flexible suction
hose, shown in Figure 1.2. Possible effects from mixer-pump jet impact include hose fatigue, hose
collision with other structures, and induced static and dynamic loads on the decanthransfer pump
equipment. The purpose of this investigation was to provide qualitative information on flexible hose
behavior when it is impacted by a mixer-pump jet. This information will be used to make an initial
assessment of flexible hose motion and its severity.
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1.1 Objectives

The objective of this work was to bound the mixer-pump jet-induced dynamic response of the flexible
suction hose. This was accomplished by performing representative tes&g in the Pacific Northwest
National Laboratory (PNNL) l/4-scale double-shell-tank test facility located in the 336 building. The
focus of the tests was to qualitatively examine the degree of suction hose motion induced by the jet mixer
pumps. Quantitative measurements of structural loads and dynamics were not performed in these initial
efforts, but could be explored later as required.

The work included three tasks: 1) scaling analysis, 2) experimental design and testing, and 3)
examining and reporting the results.

1.2 Scope

● Waling Analysis: A scaling analysis was conducted to define the interactions between the je~ the
tank floor, and the flexible suction hose. The results of this analysis defined the pump and hardware
configuration required for testing.

● Experiment Conf&uration and Tests: The experiment was conducted in the 336 building at the
Hanford Site and utilized the 5.7-m (18.75-ft) diameter, 2.4-m (8-ft) high, WI-scale model of a
double-shell tank. Testing was performed in water with a single non-rotating jet that impacted the
suction hose and pump support column. The suction hose was conilgured to replicate the operational
configuration; one end was rigidly connected to the vertical pump support column, and a cable
tethered the other end. Parameters to be varied included jet velocity, jet orientation, hose
configuration (i.e., deployed or stowed), and location.

● Reporting The experiments were videotaped. A video summary of the velocity and hose impact
tests and a final report were prepared.

1.3 Timing

This project was initiated in July 1998. The majority of the time between July and the end of the
fiscal year (September 30, 1998) was required to perform the initial analysis to determine the test
parameters, and based on this information, to design, procure, and install the test hardware. Testing was
accomplished over a 4-day perio~ September 25 through 28, 1998. A lo-minute video documenting the
tests was assembled and delivered September 29, 1998. The initial report w& compiled after completion
of testing for presentation and discussion of the findings on September 30, 1998. The report was finalized
in 1999.

*The Pacific Northwest National Laboratory is operated by Battelle for the U.S. Departinent of Energy.
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2.0 Conclusions and Recommendations

The observations from the fluiddynamic tests conducted to evaluate the dynamic response induced
by the impact of a mixer-pump jet on the flexible suction hose of a retrieval pump are summarizd.
Inferences, based on the test observations, about the operation and performance of the full-scale deployed
retrieval pump system are presented in Section 2.1. Conclusions and recommendations for additional
analyses and further testing are presented in Sections 2.2 and 2.3.

2.1 Synopsis

Experiments were conducted to investigate whether it may be feasible to simultaneously mix and
retrieve radioactive waste slurries stored in million-gallon, double-shell tanks at the Hanford Site in
Richland, Washington. Oscillating mixer pumps located near the floor of these tanks are used to mobilize
and mix the slurry prior to retrieval. Operational scenarios that maybe beneficial for retrieval may
require simultaneous operation of a decanthransfer pump and the jet mixer pumps. The effects of jet-
induced agitation and jet impingement upon the decanthransfer pump’s flexible suction hose have not
previously been experimentally evaluated. Possible effects of the jet impacting the hose include hose
fatigue, hose collision or entanglement with other structures, and induced static and dynamic loads on the
decanthransfer pump equipment.

The objective of this work was to create operating conditions in a test tank that produce a dynamic
response (in the flexible suction hose upon impingement from an above-floor jet), similar to that
anticipated in the actual tank. A scaling analysis was conducted to define the interactions between the jet,
the tank floor, and the suction hose. The complexity of scaling the multi-layer flexible hose (matching its
hydroelastic parameters at full and l/4-scale) led to an alternate approach, that of matching the expected
full-scale forces on the hose in the scaled tank.

Two types of tests were conducted characterization of the jet velocity prollle in the test tank at two
axial locations from the nozzle and observation of the motion induced in the flexible retrieval hose from
impact by the jet. The velocity profile of the jet in the test tank was measured to compare the measured
profiles with the profde predictions for an above-floor jet. These data were used to obtain a refined
estimate of the velocity and therefore, the force acting upon the test article at a particular location in the
tank. The hose motion and location in the test tank were recorded by video. This visual record can be
correlated with the data recorded by the data acquisition system. These da% coupled with the velocity
profile results, were used to estimate the forces required to induce motion in the hose.

Velocity profiles were measured at axial distances of 1.5 m (5 ft) and 3 m (10 ft) Ilom the nozzle. At
1.5 m (5 ft) excellent agreement was obtained between the experimental and published velocity profiles at
0.032 and 0.063 m3/s (50Q and 1000 gpm). However, as flow rates increase& flow patterns in the tank
induced by the location of the suction return to the recirculating pump caused the jet profiles to diffuse
more rapidly and decreased the ‘elevationat which the maximum velocity occurred. This phenomenon
was also observed at 3 m (10 ft); however, for this axial distance, jet diffusion occurred at all of the flow
rates tested.
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Jet impingement tests were conducted using 3-m (10-ft) and 6-m (20-ft) long flexible suction hoses
with the free end either 1) tethered to rest on the tank floor, 2) tethered with the hose end at the fluid
surface, or 3) tethered with the hose raised along the retrieval pump support column to simulate the
stowed position. During the tests, hose motion was recorded using digital video; also the jet flow rate and
tensional force in the tether were measured. Tensional loads of c89 N (20 lbf) and <311 N (70 lbf) were
obtained for the 6-m (20-ft) hose completely submerged and fully stowed, respectively. The dry weight
of the 6-m (20-ft) hose test section was271 N (61 lbf). During a significant portion of the test, the tether
cable was slack.

Estimates of the conditions that would produce hose motion in the full-scale system were completed
for two cases: the jet impacting the 3-m (10%) and 6-m (20-ft) hoses resting on the tank floor. The
experimental results were used to predict the corresponding forces that would be required to induce hose
motion in a full-scale tank at an axial distance of 5.2 m (17 ft) from the mixer-pump nozzle. The
prediction for the full-scale flow rate was made assuming the velocity profile for the full-scale jet takes
the shape of published velocity profiles.

These predictions are based on two full-scale forces: 1) the total force applied to the hose and 2) the
peak force per unit length. At full-scale, the maximum flow rate through the 15.2-cm- (6-in.-) diameter
nozzle is 0.327 m3/s (5186 gpm). The corresponding values of total force and peak force per unit length
are 164 N (37 Ibf) and 365 N/m (25 lbf/ft), respectively. Based on the experimental da@ the conditions
required to initiate hose motion at a distance of 5.2 m (17 ft) ilom the mixer-pump nozzle are estimated to
be 80 N (18 Ibf) with a flow rate of 0.233 m3/s (3700 gpm) when the total force is matchd and 263 N/m
(18 lbflft) with a flow rate of 0.095 m3/s (1500 gpm) when the peak force per unit length is matched.

2.2 Conclusions

● The flexible suction hose readily moved out of the path of the jet to regions of lower fluid velocity.
The force applied by the jet that induced motion of the submerged flexible suction hose along the tank
floor was less than 1/2 me total force predicted to be applied in the full-scale tank. The full-scale
condition used for comparison is that of 0.327-m3/s (5182-gpm) flow through a 15.2-cm- (6-in.-)
diameter nozzle at a stand-off distance of 5.2 m (17 ft) between the niixer pump nozzle exit and the
transfer pump column. Jn the full-scale system with higher forces and dual mixer pumps, the flexible
suction hose motion could be even more significant than that observed during these tests. This
motion may interfere with the operation of other in-tank hardware.

● The jet did not induce visually observable high-frequency motion in the flexible suction hose
although the system was not instrumented to measure high-frequency oscillation. Low frequency
oscillatory motions of the tethered end of the hose with both large and small amplitudes were
observed after the bulk of the hose had been moved into a static configuration by the flow. Although
this result does not conclusively demonstrate that high-frequency oscillation will not occur, it does
indicate that it may not be the primary concern.

● The steady motion of the jet tended to cause the hose and tether to wrap around the pump column.
The shorter than full-scale tether used in the tests aided in preventing the hose from completely
encircling the test column. A rotating mixer pump, a longer tether, and a larger distance between the
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tank wall and the fixed end of the hose may exacerbate this problem. If these components begin to
wrap around the pump column, the result may be more detrimental to prolonged fidl-scale system
operation. The presence of dual rotating mixer-pump jets may magnify this problem. The coiling of
line around the pump column is significant and maybe difficult to repair in a full-scale ra&oactive
environment.

Repositioning the flexible hose back into the path of the jet after a test required partial removal
(raising) of the test article column that represented the transfer pump column. This type of recovery
operation would be more difficult and time consuming to implement in a radioactive environment.

The most stable condition tested was with the flexible suction hose in the stowed position. In this
position, the tether was shortened to bring the free end of the hose close to the test column. This
placed the bulk of the hose in a vertical position with none of the hose in contact with the tank floor.
Testing of the stowed configuration was conducted with the 6-m (20-ft) hose and the tether attached
to the overhead cran~ however, in this configuration, the liquid level in &e tank was 1.8 m (6 ft) and
approximately 4 m (13 ft) of hose was suspended in air out of the liquid. Additional fluid level could
change the response of the flexible-line cable system because of fluid dynamic effecw, however, this
is not thought to be a significant problem.

The force of the impacting jet did not induce significant tensional loads upon the flexible suction-hose
tether. Tensional loads ofc89N(20lbfiand<11 N (70 Ibf) were obtained for the 6-m (20-ft) hose
completely submerged and filly stowd respectively. The dry weight of the 6-m (20-ft) hose test
section was 271 N (61 Ibf). During a significant portion of the testing the tether cable was slack.
This is also expected to be the ctie in the full-scaIe system unless a cable tensioning system is
employed. If waste precipitates on the cable and changes its mass and diameter, more significant
forces from added mass and drag could develop.

Inspection of the 6-m (20-fi) flexible suction hose during retrieval from the tank (September 30,
1998) showed that the weld between the corrugated hose and the weld nipple may have been
darnaged during testing. The cause of this damage has not been identifid, it could be based on
fatigue or be caused by the tight bend radius required for the test to model the proposed fidl-scale
dimensions. The cause and solution should be identified prior to deployment in a radioactive tank.

2.3 Recommendations

The present design of the transfer pump with a flexible suction hose appears to have potentially
setious shortcomings regading simultaneous mixer pump and transfer pump operations. If the currently
identified configuration remains a practical necessity for the retrieval projec~ improvements to the design
could be achieved through analyses and further testing.

These scoping tests and analyses have provided insight regarding the response and operation of the
full-scale hose during deployment. Based on this knowledge, several additional tests could be completed
to recommend a path forward for flexible suction hose design and deployment. It is recommended that jet
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impingement on the flexible suction hose created by a dual-jet oscillatory mixer pump system may be
evaluated at l/4-scale.

Experimental observations showed that dynamic responses of the flexible suction hose to jet
impingement were of low frequency and large amplitude. Therefore, a scaling compromise regarding the
elastic properties of the hose could be implemented. By matching or bounding bend radius, surface
conditions, weight per unit length and maximum displacements of the flexible suction hose, tests with
dynamic similitude of the flow field with two mixer pumps at l/4-scale could be performed. The results
provided by these tests would evaluate the dynamics between the flow field generated by the angular
rotation of jets and the flexible suction hose motion.
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3.0 Scaling Approach

In this section, the determination of the geometrical arrangement of the hose system in the tank is
presented. Tlis system consists of a jet (parallel to but above the tank floor) impinging on a flexible
corrugated steel hose located at an axial distance downstream from the nozzle. The main objective of this
study is to assess whether or not the dynamic response of the flexible hose in the full-scale tank would be
detrimental to retrieval activities. To this en~ experiments in a Ml-scale tank were performed. A
discussion of the hydroelastic dimensionless parameters that are relevant in the similitude analysis of the
jet-floor-hose system is presented.

3.1 Jet-Floor-Hose System

Inforthcoming retrieval operations, the tank waste supematant liquid and settled solids layers will be
mixed using submerged jets positioned parallel to the tank floor. The supe-matant liquid and settled solids
are expected to reach a prescribed level of fluid uniformity that maintains settled particles in suspension.
Thus, the mixed waste will have an effective viscosity low enough that the fluid mixture can be pumped
out of the tank. The suction mechanism relies on a steel corrugated flexible hose welded to a fixed pump
shaft (near the floor tank) and the free end tethered to a cable routed along the pump column. The height
above the tank floor of the suction end of the hose can be adjusted with the tethered cable that passes
through the riser and is reeled to a cable drum. The following nomenclature is used to describe the jet-
hose-floor system throughout this repofi

do Nozzle diameter
d Outer diameter of the hose
h Height of the nozzle above the tank floor
U. Jet velocity at the nozzle exit
x Distance from the nozzle exit to the hose.

Specifically, the present study concentrates on the dynamic response of the hose system. For the
sake of illustration, consider the configuration in which the hose is fully stowed. The bulk of the hose is
positioned perpendicular to the tank floor. Figure 3.1 shows a schematic diagram of the system near the
floor.
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Figure 3.1. Schematic diagram of the jet-floor-hose system

3.2 Hydroelastic Parameters

When describing the dynamic behavior of an elastic component on which fluid flow interacts, the
elastic strain energy of the componen6 fluid kinetic energy, added mass of the componen~ damping of the
component caused by viscosity, fluid inertia etc., are independent variables that need to be taken into
account. Depending on the contribution that each of these variables has on a particular situation, the fluid
flow can induce vibrations of the elastic elemen~ or induce motion of the element, which in turn affects
the flow. The former is known as flow-induced vibrations and the latter as hydroelastic motion
(Zukauskas et al. 1988, Haszpra 1976, 131evins1977). For the hose system, the following set of
independent dimensionless groups is readily obtained

d~
Gz =— G3=&,

YInax‘ P

G5
m5 g ltank

G6=—
‘= ‘ U2=

(3.la)

(3.lb)
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where

Hose bending radius
Young modulus of elasticity of the structure or component
Maximum force per unit length
Gravity
Effective moment of area of the hose

Tank fluid level .
Sum of the hose mass, the liquid mass inside the hose, and the added mass
(Chen and Chung 1976) of the hose
Maximum velocity
Vertical location at which the velocity is maximum

Logarithmic decrement of the damped motion of the hose

Distance between corrugation peaks in the hose
Mixed waste effective viscosity

Mixed waste density
Density of the hose.

GI is the ratio of elastic strain energy to fluid dynamic energy and is referred to as the hydroelastic
parameter. G2and G3are ratios of characteristic lengths and density for the hose and the fluid. Gg is the
Reynolds number based on the di~eter of the hose and on the maximum velocity of the flow field near
the hose. Gs is the damping parameter for the hose. ~s is the Froude number that is a measure of the fkee
surface phenomena. Note that in the dimensionless groups above, the length scales that characterize the
jet flow are implicitly taken into account. Variables such as U- and y= depend on ~, U., h, and x.

In theory, there is complete similitude when all the dimensionless groups can be exactly matched for
the model and the prototype. This situation is usually not attainable in practice even in the case when just
a few groups are desired to be fully matched. Inevitably, compromises in choosing the matching ‘
parameters must be made based on knowledge of the dynamics of a specific hydroelas~c problem. As the
geometry and operating conditions of the model approach those of the prototype, distortions in matching
the relevant groups diminish, but the cost of performing experiments increases. One or more groups
could be weakly dependent on the variable of interest (stress of an elastic cornponen~ drag, frequency of
oscillation, etc.). For instance, it is acceptable to not specifically match the Reynolds number in
establishing similitude when the flow is highly turbulent. Whenever the interaction between fluid flow
and the elastic component is not known a priori, the choice of the most relevant dimensionless groups to
be matched must be hypothesized.

A l/4-scale model of a double-shell tank is available to perform experiments on the jet-floor-hose
system. Geometric scaling of the full-scale system allows for the fluid dynamic characteristics (jet
spreading, maximum velocity elevation, etc.) to match in both the model and the prototype. Because the
focus of the present study is on the dynamic behavior of the hose, the scaled hose must be carefully
analyzed. The flexible hose consists of two main parts: the corrugated pipe ahd the external braid. Both
are made of stairdess steel. Figure 3.2 shows a schematic diagram of a segment of the actual flexible
hose.
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Figure 3.2. Schematic diagram of ~exible hose. a) Longitudinal section of the corrugated hosq
b) Top view of the hose steel brai& c) Cross section of braid strand

The geometxic parameters that define the hose are

BOD Braid outer diameter

br Hose bending radius

Ch Height of corrugation peak

Ct Thickness of corrugation pipe

dw Strand wire diameter
NOD Nipple outer diameter
ND Nipple inner diameter

nw Number of wires per braid strand
s, Strand wire diameter
s. Width of braid strand
L Dktance between corrugation peaks.

The hose bending radius is defined as the radius of the loop formed by coiling the hose without
causing any permanent deformation; i.e., the hose returns to its original straight shape when the applied
bending moment is removed. Note that a precise scaling of the hose involves nine length scales, and that
an effective moment of area (which appears in the hydroelastic parameter Gl) for the braided hose is a
function of all nine parameters. Commercially available flexible hoses (braided corrugated pipe) are
specified by the vendor according to the pipe diameter (the corrugation height is not included in this
measurement) in inches. Table 3.1 shows three length parameters for four flexible hose dkyneters. A 3-
in.diameter suction hose was chosen for the full-scale tank retrieval system. It would seem appropriate
to use, in the experimental model, a vendor-specified 3/4-in.-diarneter hose when the actual tank is
geometric scaled at 1/4 scale. This choice is deceptive when taking into account that the nine parameters
that characterize the flexible hose must be scaled accordingly. In actuality, the so-called 3/4-in.diameter
hose does not correspond to a WI-scale, 3-in.diameter hose.
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Table 3.1. Length parameters for flexible hoses

Hose Specification NOD[cm (inch)] BOD[cm (inch)] br [cm (inch)]

“3/4 inch” 2.159 (0.850) 2.337 (0.920) 4.286 (1.688)

“1 inch” 3.292 (1.296) 3.973 (1.564) 7.699 (3.031)
“2 inch” 6.010 (2.366) 7.112 (2.800) 21.59 (8.500)

“3 inch” 8.819 (3.472) 9.728 (3.830) 40.64 (16.00)

From Table 3.1, a 3-in. hose scaled by 1/4 yields for NOD,Bo~, and br the values 2.20,2.43, and
10.16 cm respectively. However, the commercially available 3/4-in. hose for the same parameters has
the values 2.16,2.34, and 4.29 cm. Even though the scaled 3-in. hose and the 3/4-in. hose match NODand
BODwithin 4%, the bending radii are off by 58%. The large difference in the values for b. is the result of
the combined effects that variations of the nine parameters have between two different size hoses. Jn lieu
of using a custom made hose (in which the hose material might have to be different fi-omsteel) and trying
to select the most relevant dimensionless groups to obtain the scaling laws, a different approach is
proposed.

Instead of s&ding the prototype geometrically and dynamically, it is proposed to employ the same
hose configuration that is proposed for the fill-scale retrieval system but conduct the tests in the l/4-
scale tank that is available for testing. This will eliminate any concerns regarding the elastic and plastic
properties of the hose in a full-scale deployment. In addition, the force4 exerted on the hose in the l/4-
scale tank are to be mimicked to match the “expected forces” acting on the retrieval hose in the actual
tank. However, the fluid flow conditions in the test tank will not be identical to “thosein a fidl-scale tank.
Therefore, the nozzle diameter, nozzle height above the floor, jets- and location of the hose must be
calculated to simulate in the WI-scale tank the dynamic flow conditions impacting the hose at full-scale
conditions. These calculations need to be based on the dynamical behavior of turbulent jets interacting
with a floor. The dynamics of the above-floor jet are more complicated than that of a free jet (Davis and
Wimwto 1980). Firs~ the flow field is not axisymmetric, thus three spatial coordinates are required to
spec@ its velocity profile. SeCon&there are different types of velocity profiles that depend on the
location downstream of the nozzle. Third, the above-floor jet diffuses faster than the free jet. Because
the velocity profile of this kind of jet can not be represented in an analytic fo~ one must rely on
experimental data To calculate the geometric and dynamic parameters required in the test tank a
systematic method was developed for this study.
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4.0 Analysis

In this section, an alternative procedure (different from a similitude analysis) is described. This
different approach is prompted by the inherent difficulty in matching the hydroelastic dimensionless
numbers at a smaller geometrical scale. Specifically, these are the elastic properties of the hose as
described in Section 3.0. In this alternate procedure, matching the expected forces on the hose in the full-
scale tank is sought in the scaled tank. In addition, multidimensional interpolation techniques are applied
to published experimental data to predict the velocity characteristics of a jet interacting with a wall
(floor). A methodology to estimate required experiment dimensions and operational conditions in a
scaled tank is presented.

4.1 Above-Floor-Jet Velocity Profiles

Based on the data reported by Davis and Winarto (1980), a set of interpolating fimctions that
characterize the jet dynamics was constructed. Speciilc data points were read from the experimental
result plots provided by these authors. Because of the floor effect on the jet flow, velocity profiles in the
vertical coordinate y are asymmetric. The profile is subdivided into an inner region that attaches to the
floor (Os ys y~w) and an outer region (ya y- ). The velocity distributions for the inner and outer

region are denoted by Ui~~~and UOUW,respectively. The data is indicative of a Gortler-~e vertjcal
velocity distribution for the outer region, namely,

(4.1)

where, q, the dimensionless vertical coordinate, is given by

T
= Y- Ynlax

Y112 –Ymax .

In the horizontal direction, z, the velocity profiles are symmetric and can be represented by the Gortler
equation in the form

U(X>y, z) =
U(x,y,o) ~+@_;[#j2 ‘(4.2)
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The 1/2 subscript in they and z coordinates denotes the locations at which the velocity has fallen to one

half of Um To fully describe the above-floor jet kinematics, the following fimctionrd relationships

were numerically constructed from experimental data (Davis and Wimmto 1980) by using
multidimensional interpolation

()Ynlzx _f& A
do 1 do’do

[)UOxh ——
U-=f* dO’dO

[)b,fx-=
bY 4~

(4.3)

(4.4)

(4.5)

(4.6)

b=and bYare the distances between the location of the point of maximum velocity and that at which the
velocity has dropped in half. These two length scales are equal to each other in a circular free jet but they
dfier when wall effects are present.

The degree of interpolation used for the independent variables of the above dimensionless
interpolating functions depended on the number of data points available. For fl, the type of interpolation
used was cubic for the X@ data and quadratic for h/& Cubic interpolation was used for both
dimensionless variables in f2.For f~,linear, quadratic, and cubic interpolation was used for x/&, I@,
U/UW, respectively. Function f~is only valid for the inner region of the jet. Other relevant variables
such as yin, y-, and complete expressions for the velocity profiles can be derived from combinations of
the interpolating functions:

[)Ymax=fl :3: do
00

r 1
I I

‘*’2=R+!IY””

(4.7)

(4.8)
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The outer component of the vertical velocity distribution Uo.w is

(4.9)

whereas, the inner component is obtained by numerically solving the following equation for each vertical
location y

Thus, the three-dimensional velocity profile is

H(y) – H(Y - y~=) uh~~~+ H(Y – Ymax) Uouter
U(X>y, z)J

~+@-9[:)’j2

where, H(y) is Heaviside step fimction such that H(y)= O,y <0 and H(y) = 1, y >0.

(4.10)

(4.11)

As an example of the use of the interpolating functions, Figure 4.1 shows vertical velocity profiles at
axial locations of 3 m (9.8 ft), 5.2 m (17 ft), and 7 m (23 h), and the locus of the maximum velocity as a
function of the axial coordinate for parameters pertaining to the actual tank. Figure 4.2 shows the three-
dimensional velocity profile for the actual tank at x = 5.18 m(17 ft).
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Figure 4.1. Vertical velocity profiles and locus of the maximum velocity as a function of the axial
coordinate in the actual tank a) 3 m (9.8 ft), b) 5.2 m (17 ft), c) 7 m (23 ft).

Figure 4.2. Three-dimensional velocity profile in the actual tank at an axial location of 5.18 m (17 ft).
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4.2 Impact Force Estimate

Before a set of parameters for the test tank ( which mimic the forces on the hose in the full-scale tank)
is obtain~ it is necessary to calculate the forces on the hose. An estimate of the drag force on the hose is
calculated relying on simpli@ng assumptions about the hose “roughness” and&e flow fieid past the
hose. The braid on the hose makes the transition to fully turbulent flow appear for lower values of the
Reynolds number than in the case of a smooth cylinder. Beyond this transition point the drag on a
cylinder approaches a constant value for a given surface condition. To be conservative, it will be
assumed that the drag on the hose is that of a smooth cylinder. The drag per unit length of hose will not
be uniform because the flow field impinging on the hose is that of an above-floor jet. An estimate of the
drag on the hose is calculated by assuming that at each infinit&imal vertical length of the hose, the
velocity profile is uniform. Furthermore, at each value of y, the local velocity is obtained from the
equation for the vertical velocity profile U(x, y, O). This is a reasonable assumption bemuse the radius of
curvature of the velocity field in the lateral direction z (z~,z/4(& – 1)) is larger than the radius of the

hose. At an axial location of 5.18 m (17 ft) ,from the nozzle, the radius of curvature of the velocity profile
is 8.23 cm and the radius of the hose is 3.81 cm. Thus, the drag force per unit length F’ on a vertical hose
is approximated by

F$=: p d~ CD(Re(U(X, y, O)))U(L Y, OY . (4.12)

where the inner and outer velocity distributions are contained in U from Equation (4.11). Note that there
are inner and outer contributions for the Reynolds number, Re, and the drag coefficien~ CD. The
Reynolds number is defined based on the hose diameter as p U(x, y, O)d~ /jL. For the drag coefficien~

the fit by Sucker and Brauer was used (White 1991)

1.96 4xIOA Re
CD= l.18+$+p–

1+3.64x10-7 Re2
(4.13)

This correlation provides conservative estimates of the drag coefficient for Re > 2xl@ because it does not
take into account roughness effects. The total load on the hose is

F=fwJ(x7YJwY (4.14)

YI

An analogous approach is followed in the calculation of forces on horizontally located hoses or tubes but
the velocity distribution used is in the lateral direction.
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4.3 Test-Tank Parameter Selection

The proposed procedure for computing the values for the set of parameters to be used in the test tank
is based on mimicking the exerted forces on the hose that occur in the full-scale tank for a mixture
specific gravity of 1.2 and a viscosity of 10 cP. This search of parameters begins by imposing one of the
length scales that characterizes the velocity field of the above-floor je~ namely, the elevation above the
floor where the velocity, and therefore the force per unit length on the hose, is maximum y-. Having
fixed this scale in both the test tank and the actual@ the nozzle diameter& and elevation h are
computed for a given pair of values (x, h/&) (there is an infinite number of solutions). For each (x, h/&),
a value of the ratio x/& is calculated by solving the implicit equation

()xh
x fl ——

do ‘ do
=Ym:

o
(4.15)

from which & and h can be easily obtained. With the aid of the interpolating functions, the velocity
profiles are calculated. Under the assumption that the Reynolds number is high enough, the nozzle
velocity, UO,for a test tank that matches the l? ’-, the maximum force per unit length on a vertical hose at
a height y- in the actual tank is calculated from

‘Os”lii”-fka (4.16)

where the subscripts denotes parameters for the test tank. If the total load on the hoses is to be matched,
the nozzle velocity is approximated by

r
I

u .1A
‘s IP,

1

5Y= 1112

I
U(X>y, 0)2 ]

~1

J(
I

U(X, y, o)/uoy

o’ J

(4.17)

in which, as before, it is assumed that the drag coefficients for the hose in the test tank and in the fidl-
scale tank are the same for regions near y-. The upper limit for integration was chosen so that the
velocity had decayed to about 1% of U-. Flow rates and velocities as a fimction of axial location of the
hose in the test tank are shown in Figure 4.3 (for the case in which the maximum force per unit length,

F’w is matched) and FiWre 4.4 (for the case in which the total load is matched). The velocity values in
Fig. 4.4 are upper bound values obtained by considering the velocity profile above the maximum velocity
(outer region of the jet velocity profile) as the velocity function. The integrals were thus evaluated from
y= to 5 ym.
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Taking into account several candidate values to be used in the test tanlGthe final choice of a
parameter set for the experiments was determined on the basis of an appropriate combination of pump
capabilities, test system power requirements, and nozzle velocity. Table 4.1 lists the set of parameters for
the fall-scale and the test tank.

Table 4.1. Parameters in the actual and test tank

Full-Scale TanIc Test Tank

& [cm (inch)] 15.24 (6) 10.23 (4.0)

h [cm (inch)] I 45.72 (18) I 38.26 (15.0) Ii I

x [m (I?)] 5.1816 (17) 3.62 (11.9)
)

u. [In/see (ft/see)] 17.92 (58.8 ) 20-25 (68 - 82)

d~ [cm (inch)] 7.62 (3) 7.62 (3)

P [Wrn31 1200 1000

p~a SW] 0.01 0.001

Figure 4.5 shows a comparison of the force distribution on a vertical hose for the full-scale tank (UO=
17.9 rnlsec) and for the test tank when the maximum force per unit length F’= is matched (UO= 20
mkc) and when the total load F is matched (UO= 22.6 rn/see).

1

— FullScale(UO= 17.9mkc)
0.8- , – – - Scaled(F’is Matchedat UJ= 20mkec)

-\ ----- ScaIed(Fis MatchedatUo= 22.6II&C)
: \,

0.6- h,
g
A

0.4-

0.2-

0-

0 260 460 660 860 1600
F’ (N/m)

Fi~re 4.5.’ Force per unit length based on maximum force F’- distribution on a vertical hose for the
actual tank (UO= 17.9 m/s) and for the test tank
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4.4 Test Matrix

The following parameters were identified to be varied during these experiments:

. Fluid Water at ambient temperature

. Fluid level 1.8m(6ft)

● Jet velocity Varied from low to maximum provided by the pump

. Hose length 3and6m(10and20ft)

. Angle hose makes with the nozzle centerline when it is in line with the retrieval pump column
Odegree Collinear with the nozzle

45 degree At a 45 degree angle from the line collinear with the nozzle

90 degree At a 90 degree angle horn the line collinear with the nozzle

● Position of the hose end
On the floor of the tank Simulates the fully submerged condition
At the surface of the tank Simulates the retrieval configuration
Close to the test stand Simulates the fully stowed position

Attached to the overhead cm.ne Simulates the fully stowed position for the 6 m (20 ft hose)

4.9
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5~0 Experimental Configuration

The test conditions, test tanlGpump and piping system test hardware, instrumentation, and data
acquisition system used to measure the velocity profile of the jet and to evaluate the mixer-pump jet-
induced dynamic response of the flexible suction hose are described.

5.1 Test Conditions
Alltests were conducted at ambient temperature using process water as the test liquid. The tank was

open to the atmosphere. The tests were designed to require no hazardous or regulated materials.

5.2 Test Tank

Testing was conducted in the l/4-scale model of a double-shell tank located at the 336 building test
facility at the 300 area of the Hanford Site in Richlan& Washington. The facility is operated by the
Pacific Northwest National Laboratory for the U.S. Department of Energy.

The l/4-scale double-shell tank is a stainless steel tank that is 5.72 m (18.75ft) in diameter and 2.44-
m (8-ft) deep. When filled to 1.8 m (6 ft), the tank contains 47 m3 (12,392 gal) of water. The tank also
contains a removable fiberglass dome with access risers that are scaled to model the dome space of the
Hanford waste tanks. For this test pro- the dome was removed from the test tank. An access bridge
runs east to west over the center of the tank and is 4.4 m (14.5 fi) above the tank floor.

5.3 Piping

The piping and tank confixon is shown in Figure 5.1. Pipe jumpers 8 in. in diameter were
fabricated for discharging and retrieving water to and from the tank. The jumpers were utilized to avoid
penetrations through the tank walls. The discharge line, shown in Figure 5.2, containing the test nozzle,
was located on the E-NE side of the tank. The two suction jumpers, one of which is depicted in Figure
5.3, were located on the north and south sides of the tank.

5.3.1 Pump

A diesel-powered, single-stage, skid-mounted centrifugal pump (model 6015-7 LUE )1 shown in
Figure 5.4, was used to circulate water through the test system. The pump required a lo-in.-diameter
suction line and had an 8-in.-diameter discharge. The pump was rated for prolonged operations of
approximately 0.126 m3/s (2000 gpm) at 827 kpa gage (120 psig) with 68.9 kPa (10 psi) NPSH (net
positive suction head). Flow rates of approximately 0.158 m3/s (2500 gpm) at a system pressure drop of
approximately 689 kPa gage (100 psig) were obtained duriig testing.

1 The pump was rented from Paco Pumps, Portlan& Oregon. .
5.1
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Jet Forces Test Setup -

Notek Redvcerismade ~a10x10x8T@.

Note B. The Q.ang6satkse kca!Jco=ante-U FwSW. WMhe”*makeS=.serMY -
However. each ftznge cconedca throughW system is to ccntainatleast one LJF.

Figure 5.1. Plan view of tank and piping

5.3.2 Nozzle

The nozzle was machined from aluminum stock. The nozzle diameter, 10.23 cm (4.027 in.), was
selected based on the theory of near-wall jets, presented in Section 4.0, and the capacity of the test fixture
to ensure an appropriately shaped velocity profile at the test article. The nozzle was installed parallel to
the tank floor. The nozzle centerline was measured to be 37.8 cm (14.89 in.) above the floor. The nozzle
was 30.5-cm (12-in.) long with a 10.23-cm- (4.027-in.-) diameter bore that was 7.6-cm (3-in.) long at the
exit. The nozzle taper upstream of the straight bore consisted of a 6.5 degree haIf angle up to
approximately 15.2 cm (6.0 in.) The upstream end of the nozzle had male PWI’connections for a nominal

5.2



6-in. pipe. The flow path from the 8-in. vertical downcomer to the nozzle consisted of an 8 in. to 6 in.
reducing elbow and a 10.2-cm- (4-in.-) long coupler to transition from the welded piping to the threaded
nozzle. The horizontal distance from the center of the 8-in. vertical downcomer to the face of the nozzle
measured approximately 68.6 cm (27 in.) When directed to the center of the tanlGthe nozzle face was
1.02 m (40 in.) from the tank wall.

Carbon steel discharge jumper on east side of tank
tiewlooking noittl
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Figure 5.2. Design for nozzle discharge piping
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Figure 5.3. Design for suction jumper piping on south side of tank

5.4 Retrieval Pump Column with Flexible Suction Hose

The test article consisted of a simulated pipe column, shown in Figure 5.5. The flexible suction hose
was attached the base of the pump column. The test article was positioned approximately 0.9 m (3 ft)
from the wall of the tank and 3.6 m (12 ft) from the face of the nozzle when the nozzle was directed at the
column. The retrieval pump column was designed so that less than a 6.3-mm (0.25-in.) deflection would
occur when the column was in line with the nozzle at a maximum flow condition.
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Figure 5.4. Centrifugal pump showing suction and discharge piping

5.4.1 RetrievalPumpColumn

The pump column was simulated using a structure fabricated from carbon steel pipe that was
supported by an overhead bridge 4.4 m (14.5 ft) above the tank floor. The structure consisted of an 8-in.
150 class slip-on flange, 2.6 m (85 in.) of 8-in. Schedule 40 pipe, an 8-in. to 6-in. eccentric reducer, a 6 in.
to 3-in. eccentric reducer, 0.9 m (36 in.) of 3-in. Schedule 40 pipe and the female side of a 3-in. union.
The eccentric reducers were welded to the 8-in. pipe so that one side of the pipe column formed a flush
straight edge. A schematic of the column is presented in Figure 5.5.

The column fit through a 23-cm (9-in.) hole in a 12.7-mm (0.5-in.) steel plate that was bolted to the
overhead bridge above the tank. The column was bolted to the 12.7-mm (0.5-in.) plate via the pipe
flange. Spacers were placed between the plate and the flange to adjust the height of the test hose
connection.

5.4.2 Suction Hose

The hose tested, obtained from the Hanford Site, was identical to the hose identified for hot
deployment* in actual tanks. Two tests hose assemblies were fabricated for the tests; one contained 3 m
(10 ft) of hose and the other 6 m (20 ft). The 6-m (20-ft) length of hose was obtained by welding two 3-m
(10-ft) sections together. One end of each assembly contained a 9-mm (0.375-in.) hole drilled near the
end of the weld nipple to accommodate the tether connection. The opposite end of the assembly was
welded to a 30.5-cm- (12-in.-) long, Schedule 40, 3-in. pipe nipple with the male side of a 3-in. union
threaded to it. The hose assemblies were attached to the retrieval pump column via the 3-in. pipe union.

1The flexible suction hose was obtained from Dirk D.Wiggins, Lockheed Martin Hanford Company,
Richkmd, Washington.
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Test Fixture Stand for Jet Forces Test

Welded slip n flange (Does not rotate) Flange will be bolted to.5 in plate.
\

8 in. Pipe

‘- y T

85 in.

1, ,C /

1~ in. Note B

6 in x 3 in eccentric reduser
Note A

8 in x 3 in eccentric redumr
Note A

< 3 in.pipe provided by shop

-===15=
Female half of threaded 3 in. union

Werldad joint to braided hose
Male half of 3 in threaded union

12 in. long”3 in. Pipe welded to braided hoa

Tank floor
Connects to braided hose

Note A: The eccentric reducers are to have the flat sides aligned

Note B: 143in. dimansion is from the bottom of the flange to the welded joint between the braided hose
and the 12 in. section of attached pipe WI the union tightened.

Figure 5.5. Test article configuration

5.5 Instrumentation

Instrumentation and data acquisition system components are listed in Table 5.1. Use of trade names
is for convenience and research purposes only and does not represent endorsement of these products.
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Table 5.1. Instrul
MeasuredParameterRange Sensor SignalCoI

Uncertainty

Pressure, upstream O to 120psig Amelekb’88FO05A2CSSM 425% NA in transmitter
pressuretransmitter

Pressure, Oto 120psig Ametekb]88FO05A2CSSM MUM% NAin transmitter
downstream pressuretransmitter
Pumpflowrate Oto 3000gpm Daniel’)8-in.orificeplabq Honeywelld]’)AP

5.5950-in.innerdiameter transmitter

Watertemperature, Oto 100degree 1/16in. shroudedungrounded ti degreeF Dataacquisition
pump F TypeJ thermocouple
Waterdensity, o.9tol.l Calculatedby dataacquisition *
pump specificgravity systembasedon temperature
Watertemperature, Oto 100degree 1/16in. shroudedungrounded &degree F Dataacquisition

tank F TypeJ thermocouple
Loadcell tension Oto 300 Ibf Reverc8’363-D3-300-20P1load io.03 API 4058G

cell
PitottubeAP,low Oto 30 in. HzO Roscmound)l151DP3E22B2 Ml% Transmitter

D.P, transmitter
Pitot tubeAP,high 010150 in. Roscmoun$ 1151DP3E22B2 Ml% Trsmsmilter

lentation list
iitioning

Uncertainty
NA

NA

*2,2 dcgrccF

*2,2 degreeF

MLl%

ml%

,
ML27% 4 to 20 mA

ti.27% 4 to 20 mA

M. 18% 4 to 20 mA

1

SC0,32T0 4 to 20 mA

,
MI.32% I 4t020mA

Notes Data
Acquisition
Channel

Loggedto data I
acquisitionsystem
Loggedto data 2
acquisitionsystcm
Loggedto data 3
acquisitionsystcm
Loggedto data 4
acquisitionsystem
Loggedto data
acquisitionsystem
Loggedto data 5
acquisitionsystcm ‘
Loggedto data 6
acquisitionsystem .
Loggedto data 7
acquisitionsystcm
Loggedto data 7. . .

I HzO D.P. transmitter I I acquisitionsystem

Dataacquisition StrawberryTrc&)DS-12-16PCboard io.3% Voltageand current

Dataacquisitiontiming o I MOM% I Computerclock

Dataacquisitioncomputer Gateway2000k)4DX2-66VPC I

i)OvcmllChannelUncc~jntY = [(SensorUnccnainty)z+ (SignalCond.Uncertainty)2+ (DataAcq,Uncertainty)z]05
b)Amctckus GflUgcPMTproducts, Fcastcrvillc, Pennsylvania.

C) DanjCl How produCIS,~c,,HOW Measurement Products Divkkm HOUSW‘fCxas.
d) Honeywell Inc., plymouth,Minnesota,
c)ModelY41104.N11-11.02.07, s.n 7637863894003,1000 jn. H20 mrrgc. NO uncertainly givenforOrificeplate.NoUnmwinty8V8jhrblCfortransrnittcro
nBasedonthermocouplechanneluncertaintyat 20 degreeC and the relationshipbetweenpurewaterdensityversustemperaltrrcfrom CRCHandbookof Chemistryand Physics. Density(kg/l) = 0.999870+ 0,000063594T
(degreeC) -0.000008250~ (dcgrccC) + 0.00000049~ (degreeC).
E)RCVCETransducers,InC,,Tustjn,California,Cablecolorcode:+.Ex,:Rcd,.Ex,: B]~ck,+t)lkt:Green,.OUti White,Shield:Orange.
10This tmnsmjltcris field.scalable,Ap[ dots not rateovemlluncefiajnty. 1,1270is basedon thespecified* 0,01Vo / “C! excitation stabilityand + 0,02%/ “C temperature stabilityOWX a 50”C SllSlgC.

I) Rosemount Inc., ROsemOunt MeasurementDivision,Tulsa,Oklahoma,

j)StmwbcrryTree Inc.,Sunnyvale,California.
k) Gateway XXN, Inc., NorthSiouxChy, SouthDako~. ,,
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The jet velocity profile was obtained from pressure differentials measured with a Pitot probe. The
probe was fastened to a stand and was positioned at either 1.5 m (5 ft) or 3 m (10 i?) from the nozzle exit.
The probe was raised and lowered manually. Measurements were taken along the centerline of the jet at
different elevations from the tank bottom for axial locations of 1.5 m (5 ft) and 3 m (10 ft) from the
nozzle.

5.6 Flow Rate Calibration

An 8-in.-diameter orifice meter with a squae-edged, concentric, paddle-type orifice plate was
installed in the pump discharge line to measure flow rate. The net pressure drop across the orifice plate
was approximately 48 kpa (7 psi) at the desired flow rates of 0.126 to 0.158 m3/s (2000 to 2500 gpm).
The pump was not designed to operate for prolonged periods of time at the speeds [revolutions per minute
(rPm)] that were required to produce the desired flow rates with the orifice plate installed.

To allow tests to be conducted at the higher flow rates, a relationship from test data was developed for
the flow rate as a function of the pressure in the orifice metering tube with the orifice plate removed.
Pressure measurements were taken using a dial pressure gage installed upstream of the test nozzle to
correlate the orifice meter flow readings (orifice plate installed) with the gage pressure. This is the same
pressure gage that is observed in several of the video images, refer to Section 6.

After removing the orifice plate from the system, a test was conducted to obtain measurements of the
pressure in the orifice metering tube that were correlated with the nozzle upstream pressure to obtain the
flow rate through the system.

The orifice plate bore diameter was 14.2113 cm (5.5950 in.). The transfer function to obtain the flow
rate from the differential pressure drop across the plate was

Q = 122.5294 (Sg Hw)05 (5.1)

where

Q Flow rate in gpm
Sg Speciilc gravity of the water flowing through the meter
Hw Different@ pressure in in. of water at 60° F

The coefllcient of 122.5294 was obtained from the calibration parameters provided by the manufacturer.1
The correlation for the flow rate as a function of nozzle upstream pressure is:

Q= 665.24+ 100.69 Pms -12515 (PNUS)2 (5.2)

where

Q Flow rate through the system in gpm
P~~ Pressure upstream of the nozzle in psig read from the pressure gage

1 Daniel Flow products, Jnc., Flow Measurement Products DIV.,Houston, Texas.
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The correlation coefficient for this curve fit is 0.999 and is valid for pressures of 3 to 27 psig (21 to 186
lcpab gauge).

The correlation for the flow rate as a function of the pressure in the metering tube with the orifice
plate removed is:

Q= 125.644+ 110.738 Pm- 1.19528 (Pm)’ (5.3)

where

Q Flow rate through the system in gpm
.

Pm Pressure in the metering tube in psi.

The correlation coefficient for this curve fit is 0.999 and is valid for pressures of 3 to 36 psig (21 to 248
kpa).
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6.0 Experimental Results

Two types of tests were conducted: characterization of the jet velocity profile in the test tank at two
axial locations from the nozzle and observation of the motion induced in the flexible retrieval hose from
impact by the jet. The velocity profile of the jet in the test tank was measured to determine how well the
profile matched the profile prediction described in Section 4. This data was used to obtain a refined
estimate of the velocity and therefore, the force acting upon the test article at a particular location in the
tank. The hose motion and location in the test tank were recorded by video. This visual record can be
correlated with the data recorded by the data acquisition system. This daa coupled with the velocity
profiles, were used to estimate the forces required to induce motion in the hose.

A summary of the experimental results was compiled after testing was completed on September 26-
28, 1998; these results and a draft of this document were presented to the client for discussion on
September 30,1998. Additional analysis will be conducted upon client direction.

6.1 Velocity Profiles

Vertical, centerline velocity profiles of the jet in the test tank were obtained using a Pitot tube.
Profiles were taken at the axial locations of 1.5 m (5 ft) and 3 m (10 ft) from the nozzle exit. These
measurements were taken at flow rates of 0.032, (500), 0.063 (1000), 0.095 (1500), and 0.126 m3/s (2000
gpm). The test conditions are summarized in Table 6.1

Table 6.1. Velocity profile summary
Velocity Distance Flow rate start stop Comments
profile from nozzle nominal time time

m (ft) m3/s (gPm)
9-25-1 1.5 (5) 0.150 (2380) 11:34 11:56 Glass window installed behind probe

9-25-2 1.5 (5) 0.032 (500) 17:08 17:25 Window removed

9-25-3 1.5 (5) 0.063 (1000) 17:30 17:40
9-25-4 1.5 (5) 0.095 (1500) 17:44 17:54

9-25-5 1.5 (5) 0.126 (2000) 17:58 18:13
9-25-6 1.5 (5) 0.150 (2350) 18:17 18:33 Pressure dropped as run continued

9-26-1 3.0 (lo) . 10:37 11:17 Bled transducer line to remove air at
10:43

11:17 Lifted test article column out of jet
‘path. No change in velocity noticed.

9-26-2 3.0 (lo) 0.095 (1500) 11:20 11:44 Test article column in raised position
11:52 Test article column lowered

9-26-3 3.0 (lo) 0.126 (2000) 12:01 1227 Pitot tube assembly came apart at
12:27

6.1
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The velocity data described has been time averaged for 60s. A comparison between experimental
velocity data and the velocity profiles obtained from the multidimensional interpolation analysis @ised
on the experiments of Davis and Wimuto (1980)] for an axial location of 1.5 m (5 ft) from the nozzle is
presented in Figure 6.1. At this axial location, the measured and referenced data agree for flow rates of
0.032 m3/s (500 gpm) and 0.063 m3/s (1000 gpm). However, as the flow rate increases, the measured
profile diffuses more rapidly than expectd thus decreasing the magnitude of the maximum velocity and
the elevation at which this maximum occurs. Figure 6.2 is analogous to Figure 6.1, except that the
location of the hose from the nozzle is at 3 m (10 ft) and no data was obtained for a flow rate of 0.063
m3/s (1000 ~m). Note that the difference between the measured and the interpolated velocity profiles
increases with flow rate. This departure from the predicted behavior of the above-floor jet can be
attributed to the tank geometry and the manner in which water is drawn out of the tank by means of the
suction ducts.

The interpolated velocity profiles were obtained from velocity measurements of an attaching jet in a
relatively infinite body of fluid with the floor being”the only solid boundary. To simulate the condition of
an infinite tank, the distance between the nozzle exit and the tank walls must be large enough to ensure
the flow of the jet is not influenced by the flow at the walls. In the l/4-scale ta& the tank wall behind
the nozzle was less than ten nozzle diameters away, and the vertical 8-in.diameter discharge line was
within five nozzle diameters of the nozzle exit. These close distances between solid boundaries and the
nozzle exit resulted in the jet being “starved”. The tank boundaries reduced the jet’s ability to entrain
fluid thus influencing the profile of the jet. This effect is observed by the change in elevation at which the
peak velocity was measurd, this elevation decreased with increasing flow rate at the axial distance of 1.5.
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Figure 6.1. Comparison between experimental velocity data and the velocity profiles obtained from the

multidimensional interpolation analysis (x= 1.5 m)
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Figure 6.2. Comparison between experimental velocity data and the velocity profiles obtained from the
multidimensional interpolation analysis (x= 3 m)

.

The high flow rates of 0.063 to 0.158 rn3/s(1000 to 2500 gpm) through the nozzle result in the entire
volume of the tank being recirculated every 11.5 to 4.6 rein, respectively: The inlets to the suction lines
were placed on the tank floor and were located on opposite sides of the tank at approximately 90 degree of
rotation along the tank circumference from the nozzle location. The suction line was split and placed on
opposite sides of the tank to ensure that flow created by the suction lines would have a conservative effect
on the force applied to the hose by the jet (i.e., would not result in an increased force). The high flow
rates to the suction line inlets along the floor of the tank, in a direction that is perpendicular to the flow of
the je~ resulted in an increased diffusion of the jet momentum with axial distance from the jet.

The combined effects of the close boundaries and the suction line flows resulted in smaller than
predicted peak velocities and a decreasing of the elevation at which the peak velocity occurred with
increasing flow rate. ‘l%isvariation in the velocity profile results in a smalIer than titicipated force being
applied to hose configurations in the l/4-scale tank except for the case of the hose deployed along the
floor of the tank.

6.2 Flexible Suction Hose Impact Tests

A series of impact tests varying hose length, hose end location, and initial orientation in the tank were
conducted over a range of flow rates and nozzle orientations. These tests =e summarized in Table 6.2.

6.3
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Table 6.2. Summary of flexible suction hose impact experiments

Run Hose Angle Tether Pump Pump Pump Pump TimeBy- Time HoseLocation Comments
Number Length from Location Log Log Video Video Pass and Hose

Test and Book Book HighFlow Moves
Article Length Observed

m (ft) Degree m (in.) On off On off
9-27-1 3 (lo) o Floor 12:33:10 12:36:44 0 0:01 Viewthroughwindow. See photo.

3.6 (140) 0:45
1:17 Lessthan 0.6 m Viewthroughwindow. See photo.

(2 ft) to right
1:38 See photo.
1:40 Movesto right See photo.
3:04 Hosefarthest

positionto right
9-27-2 3 (lo) o Floor 12:59:47 13:03:17 NA o Windowremovedfromtank. See

3.6 (140) photo.
0:51 Hosemovesto

right
1:53 Hosemovedover

by wall
3:10 Hoseloopedby Hosefinal condition. See photo.

wall Had to lift test article to move
hose,

9-27-3 3 (lo) o Surface 14:04:31 14:10:10 0 0:14 See photo,
1.6(64) 0:22

1:05 Hosemovedto See photo.
45 degreeangle

5:36 Hosemovedto Final location, See photo.
90 degreeangle

I
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Run Hose Angle Tether Pump Pump Pump Pump TimeBy- Time HoseLocation Comments
Number Length from Locrrtion Log Log Video Video Pass and Hose

Test and Book Book HighFlow Moves
Article Length Observed

m (ft) Degree m (in.) On off On off
9-27-8 3 (lo) 45 Surface 16:42:58 16:44:46 0 1:51 Initialcondition. See photo,

1,6(64)
Hosebobsaround Observedthat moredrugoccurred

0:23 in low flow to hoseon surfaceof waterthan on
submergedportionof hose
(commentfrom video). See photo,
Finalcondition. See photo,
10-fthose removed,noticekink in
hose whereit attachedto pipe, See
photo.

9-27-9 6 (20) 45 On floor 17:51:27 17:55:04 0 3:44 0:34 Hosewrapped Watercloudy,poor visibility. See
aroundpipe in photo,
clockwise
directionand
loopedbehind
nozzlewithend
near nozzle

9-27-10 6 (20) 45 Surface 18:14:12 18:17:26 0 3:15 0:30 Hosebobbed
0:38 aroundon tether

9-28-1 6 (20) 45 Surface 14:43:20 14:47:00 0 2:08 Initialcondition, See photo.
0.15 Hosemoveseven See photo.

beforejet motion
is visible

Viewof tank, See photo.
9-28-2 6 (20) 45 0,6 (24) 15:05:19 15:07:42 0 2:24 0:11 Cableat third loop fromend of

above hose. Initialcondition, See photo,
floor

Final condition, See photo.





The test sequence was as follows: initiate data acquisition and video monitoring start the pump;
when the pump stabilize& open the pump gate valve and.initiate flow through the nozzle. The pressure
was increased sequentially throughout the test until hose motion was induced. The pressure was
increased again if hose motion ceased. Testing con&ued until the flexible hose had reached a point
where no further motion was observed. The hose motion tests were recorded with a digital video camera.
The flow rate through the nozzle was calculated based on orifice plate and pressure drop da~ also the
tension in the load cell mounted between the tether and the tether mount was recorded. An example of
flow rate through the nozzle for run 9-274 is shown in Figure 6.3. The flow rate is seen to increase in a
series of four steps. The tension in the tether load cell for the same testis presented in Figure 6.4. This
plot shows that the tension remained below 40 N (9 lbf) for the test. These pressure and load cell plots
are representative of the data obtained from other test runs.
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Figure 6.3. Nozzle flow rate versus time for nm 9-27-4
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Figure 6.4. Load cell tension versus time for run 9-27-4

Observations during each of the tests were recorded. A synopsis of each of the runs is presented in
the sections that follow.
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6.2.1 Run 9-27-1

This run was conducted with a 3-m- (10-ft-) long hose. The hose was lying on the floor in line with
the nozzle. The tether length was approximately 3.6 m (140 in.). A sequence of shots during the test
follows<

9-27-1 Initial Condition, Os

.-.-.=.--y “--”

,-

9-27-11:38 S

9-27-11:17 S

9-27-11:40 S

Figure 6.5. Observations during Run 9-27-1.

At the start of this test, the hose was positioned in line with the nozzle. The end of the hose was
resting on the floor of the tank. The tether was taut. After 1:17, the hose moved slightly to the right. At
1:38 the hose had moved further to the right. The original position can be seen at 1:40 as the tape line on
the floor to the left of the vertical wooden support in the middle of the viewing window. The test was
stopped at this point. The tether restricted additional hose movement from this final position at time 1:40.
Its movement was restricted by the edge of the frame that supported the viewing window. The tether
restriction is visible in the photographs.
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6.2.2 Run 9-27-2

This run, a duplicate of run 9-27-1 with the viewing window removed, was conducted with a 3-m-
(10-ft-) long hose. The hose was lying on the floor in line with the nozzle. The tether length was
approximately 3.6 m (140 in.). ”A sequence of shots during the test follows.

9-27-2 Initial Location, Os 9-27-2 Final Location

Figure 6.6. Observations during Run 9-27-2.

At the start of this tes$ the hose was positioned in line with the nozzle. The end of the hose was
resting on the floor of the tank. The tether was taut. Eventually the hose moved out of the path of the jec
the tank wall behind the retrieval pump column limited additional movement. At the end of the test the
hose is shown positioned behind the 90-degree tape line, resting along the back wall of the tank. The
tether length and the tank wall restrained additional movement.

6.2.3 Run 9-27-3

This run was conducted with a 3-m- (10-ft-) long hose. The hose positioned in line with the nozzle.
The end of the hose was raised to the water surface. The tether length was approximately 1.6 m (64 in.).
A sequence of shots during the test follows.
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9-27-3 Initial Location 9-27-31:05 S

9-27-3 Final Location

Figure 6.7. Observations during Run 9-27-3.

At the start of this test, the tether was taut. At 1:05, the hose moved to the left out of the path of the
jet, stopping even with the 45-degree tape line. At 5:36, the hose nearest the pump-support column
moved to the 90-degree tape line. The end of the hose was still level with the water surface. The tether
restrained its further movement.

6.2.4 Run 9-27-4

This run was conducted with a 3-m- (10-ft-) long hose. The hose end was tethered close to the pump

column with most of the hose out of the water, modeling the stowed position. The tether length was

approximately 1 m (40 in.). A sequence of shots during the test follows.
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9-27-4 Initial Location 9-27-40:05 S

9-27-40:18 S 9-27-40:45 S

-— .. --m . . “... /.. ,.

-----

. .

Figure 6.8. Observations during Run 9-27-4.

At the start of this test, the hose was bent in line with the nozzle. The hose end was tethered close to
the pump support column. At 0:18 the hose moved to the left out of the path of the jec towards the 45-
degree tape line. The hose continued to mov~ at the end of the test when the flow was stopped, the final
position of the bottom of the hose that rested on the tank floor was behind the 90-degree line. The tether
restrained further movement.
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6.2.5 Run 9-27-5

This run was conducted with a 3-m- (10-ft-) long hose. The hose was lying on the floor at a 45-
degree offset from the position in line with the nozzle. The tether length was approximately 3.5 m (140
in.). A sequence of shots during the test follows.

9-27-5 Initial Condition

9-27-5 Final Condition

9-27-50:10 S

Figure 6.9. Observations during Run 9-27-5.

At the start of this test, the tether was taut. At the start of the test, the middle of the hose began to
move toward the 90-degree lin~ the end moved toward the 45-degree line. At the end of the test the
middle of the hose was positioned about 0.3 m (1 ft) behind the 90-degree line, the end of the hose was
about 0.6 m (2 ft) in front of the 90-degree line. The curvature was induced by the position of jet it was
aimed toward the pump column. The tether length and the tank wall restrained further movement.
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6.2.6 Run 9-27-6

This run was conducted with a 3-m- (10-fi-) long-hose. The hose was lying on the floor at a 90-
degree offset from the position in line with the nozzle. The tether length was approximately 3.5 m (140
in.). A sequence of shots during the test follows.

9-27-6 Initial Condition, Os 9-27-6 Final Condition

,. ..-

~..”:-.”:
.-, ,-

9-27-6 Final Condition

1- -L.-—. — .. . /

Figure 6.10. Observations during Run 9-27-6.

At the start of this test, tether was taut. Most of the hose movement was obscured by water
turbulence. At the end of the test, the middle of the hose moved about 0.6 m (2 ft) behind the 90-degree
lin~ the end of the hose was even with the 90-degree line.
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6.2.7 Run 9-27-7

This run was a repeat of run 9-27-5 with the nozzle rotated so that the centerline of the jet was aimed
at the midpoint of the 3-m- (10-ft-) long hose. The hose was lying on the floor at a 45-degree offset from
the position in line with the nozzle. The tether length was approximately 3.6 m (140 in.). A sequence of
shots during the test follows.

9-27-7 Initial Condition

:> ...> ~:

:.
----- ,,,.

,., -’ ., --:. ,, .-,

. .
,, ..,., ., ,, .

. ..1.. . . .

. ...-...:,,..:,. -.,.,, ,- .,-:,. ,.

9-27-70:05 S

IillL_L‘
.’%. - . ,. .-,. ;-.,,, ?,,,-’.”’

‘i$$o ‘ ,,,’< : .. -”,: ‘
. . /:’ . . ’:.:’”..,”.:.. : ,

,.-”~~ ... .: >: -:,.: ,:. ,.:. .+ : ,;.
/ ,“ ?-: >,. ,..

....<. .-,.’ ,. ,. ... , ,. ,-
.. —..’,. - —.JIA.——.—.———

9-27-70:22 S 9-27-7-0:24 S

,..

Figure 6.11. Observations during Run 9-27-7.
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9-27-71:07 S 9-27-7 Final Condition

9-27-7 Final Condition, Second View

Figure 6.11. Observations during Run 9-27-7, continued.

At the start of this test, the tether was taut. At 0:05s into the test the hose began to move toward the
90-degree line. Movement continued and at 0:24s the hose hit the back wall. After that the flow in the
tank caused the hose to rotate clockwise around the pump column. At 1:07s the hose end rose to the
surface at the wall of the tank. The final condition shows the hose looped to the right of the pump
column. The tether length and the tank wall restrained further movement.

6.2.8 Run 9-27-8

This run was conducted with a 3-m- (10-ft-) long hose. The hose was lying on the floor at a 45-
degree offset from the position in line with the nozzle. The end of the hose was level with the water
surface. The tether length was approximately 1.6 m (64 in.). The nozzle was rotated so that the centerline
of the jet was aimed at the midpoint of the 10-ft long hose. A sequence of shots during the test follows.
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9-27-8 Initial Condition

9-27-8 Kinked Hose.

9-27-80:23 S

Figure 6.12. Observations during Run 9-27-8.

During this test, the hose remained stationary. The length of the tether restricted its movement. Upon
completion of the test, the pump column was raised to permit switching to the 6-m- (20-ft-) long hose.
During this operation, the hose was observed to have a permanent deformation just below the point of
attachment of the nipple. This deformation is shown in the photograph.

6.2.9 Run 9-27-9

This run was the first run conducted with a 6-m- (20-ft-) long hose. The hose was lying on the floor at
a 45-degree offset from the position in line with the nozzle; after the hose reached the tank wall; it curved
along the tank wall toward the nozzle. The nozzle position remained the same as in the previous test. A
sequence of shots during the test follows.
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9-27-9 Initial Condition 9-27-9 Final Condition

.,. ,.
,,:,.- ,.,
.,...,
,: I

Figure 6.13. Observations during Run 9-27-9.

The initial condition shows the placement of the hose along the 45-degree line. Close to the pump
column, the hose was slightly in front of the 45-degree tape mark. During the tes~ the hose moved back
to the tank wall. At that point, it began to move clockwise along the back wall of the tank. At the end of
the test, the hose was completely around the pump column. Its looped position is shown in the final
condition photo. The tether was wrapped around the pump column clockwis~ this constrained the final
position of the hose end.

6.2.10 Run 9-27-10
This run was conducted with a 6-m- (20-ft-) long hose. The hose was lying on the floor at a 45-

degree offset from the position in line with the nozzle. The hose was tethered with ~e end of the hose
just penetrating the water surfac~ to obtain this position, the hose followed the 45-degree tape line
towards the side of the tank and then looped back towards the p’umpcolumn. The nozzle position was
unchanged from the previous test. A sequence of shots during the test follows.
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9-27-10 Initial Condition 9-27-100:16 S

9-27-101:55 S

9-27-10 Final Condition

Figure 6.14. Observations during Run 9-27-10.
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During this test, the hose remained near its initial condition throughout the major portion of the test.
Towards the end of the test, the hose migrated in front of the pump column to the right. The change in
tether position is visible in the last two photos.

6.2.11 Run9-28-1

This run was a repeat of Run 9-27-9. This run was conducted with a 6-m- (20-ft-) long hose. The
hose was lying on the floor at a 45-degree offset from the position in line with the nozzle after the hose
reached the tank wall, it curved along the tank wall toward the nozzle. The hose tether was relaxed so
that the end of the hose rested on the floor of the tank, The nozzle position was the same as in Run 9-27-

9-28-10:15 S

9-28-1 Final Condition

6.21

Figure 6.15. Observations during Run 9-28-1.
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The initial condition shows that the hose was positioned along the 45-degree line. About 15 s into the
test, the hose began to move; the final position was behind the 90-degree line. The hose passing through
an intermediate condition is shown at 0:15 s. Two cameras were used to record this run. The second
camera provided a view from over the jet nozzle to the retrieval pump support column. This view shows
the pressure gage on the top of the nozzle supply line. At the end of the test, the hose had migrated
around the retrieval pump support column in a clockwise direction. Its final condition was along the
sidewall of the tank oriented in the shape of the letter J. The tank wall and the length of the tether
restrained the end of the hose.

6.2.12 Run 9-28-2

This run was conducted with a 6-m- (20-ft-) long hose. The hose was lying on the floor at a 45-degree
offset from the position in line with the nozzle; tier the hose reached the tank wall, it curved along the

tank wall toward the nozzle. The end of the hose rested about 0.6 m (2 ft) off the floor of the tank. The
nozzle position was the same as in Run 9-27-8. A sequence of shots during the test follows.

9-28-2 Initial Condition 9-28-2 Final Condition

.:l

--Q.&l

.

Figure 6.16. Observations during Run 9-28-2.

This run was a repeat of run 9-28-2 with the tether shortened to the third loop from the end of the
hose. The initial and final conditions are shown in the photos. The hose moved similarly to the previous
test. The shorter length of tether limited the hose final condition to a loop.

6.2.13 Run 9-28-3

This run was the first run conducted with a 6-m- (20-ft-) long hose connected to the overhead crane.
The hose was raised off of the tank floor at a 45-degree offset from the position in line with the nozzle;
the hose was tethered by the crane to simulate the stowed position. The length of the tether and the
amount of hose above the water level are shown in the photos. The nozzle was rotated so that the
centerline of the jet was aimed at the base of the bent hose. The hose moved back and forth during the
tests. Some motion of the tether and hose in the air above the tank was observed.
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9-28-3 Initial Condition

9-28-3 During Test

9-28-3 Initial Condition

Figure 6.17. Observations during Run 9-28-3.
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6.2.14 Run 9-28-4 “

This run was also conducted with a 6-m- (20-ft-) long hose connected to the overhead crane. The
hose was lying on the tank floor at a 45-degree offset from the position in line with the nozzlq the hose
was tethered by the crane to simulate being deployed. Only 1.5 m (5 ft) of hose was above the water
level. The length of the tether and the amount of hose above the water level are shown in the photos. The
nozzle was rotated so that the centerline of the jet was aimed at the base of the bent hose. The hose
moved back and forth during the tests. Some motion of the tether and hose in the air above the tank was
observed. The position of the crane and the length of the tether kept the hose in the same general location
throughout the test.

9-28-4 Initial Condition 9-28-4 On Crane

9-28-2 During Test

Figure 6.18. Observations during Run 9-28-4.
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63 Force Analysis

Results for 6-m (20-ft) and 3-m (10-ft) hoses lying on the tank floor with the jet flowing
perpendicular to the hose were examined. The jet impacted the hoses at an axial distance of
approximately 2,9 m (9.5 fi) from the face of the nozzle. This configuration was referred to as the 45-
degree location/horizontal.

Using the velocity profiles obtained in the l/4-scale tank to determine the axial profile of the jet and
assuming the jet spread symmetrically in the horizontal plane, the total force, F, and the peak local
forceflength, F’, applied to the hose to impart motion were conservatively estimated. Because a full-scale
hose configuration was used for testing, the force required to induce motion in the lkl-sczde and full-scale
tanks is expected to be equivalent.

The calculated forces from the experimental results were used to obtain an estimate for the minimum
flow rate required at full scale to ‘movea hose on the floor of the timk located at an axial distance of 5.2 m
(17 ft) from the mixer-pump nozzle. The prediction for the full-scale flow rate was made assuming the
velocity profile for the fi.dl-scalejet is shaped the same as that obtained by Davis and Winarto (1980).
This is the data used to create the interpolating functions for predicting the velocity profile of an above-
floor-jet that was discussed in Section 4.

When reviewing the results, it is import.mt to note that two full-scale forces wem used to determine
the test parameters. A total force applied to the hose F (Equation 4.14) and a peak force/unit length (F’,
Equation 4.12) are determined. At full-scale, the maximum flow rate through the 0.15-m (-in.) nozzle is
0.33 m3/s (5200 gpm) and the corresponding values of F and F’ are 164 N (37 lbf) and 365 N/m (25
lbflft), respectively. In the l/4-scale t.a& F and F’ do not occur at the same flow ratq therefore,
predictions for full-scale conditions, made using the experimental observations, will result in two
predictions for the flow rate.

Only the averages of the calculated results are presented. For the 6-m (20-ft) hose, on the tank floor,
located 2.8 m (9.5 ft) downstream of the nozzle in the experimental setup, F and F’ were estimated to be
80 N (18 lbf) and 264 N/m (18 lbf/ft) respectively.” These forces result in predictions for the minimum
flow rate required to,initiate motion of a hose on the &nk floor 5.2 m (17 ft) from the mixer pump nozzle
at full-scale. The minimum flow rate is 0.233 m3/s (3700 gpm) when matching F, and is 0.095 m3/s (1500
gpm) when matching F’.
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