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ABSTRACT

A hydraulic cutterhead dredge which excavates soil at one point

and disposes of it some distance away is an extremely complicated sys-

tem. Much is unknown and remains to be discovered about its operation,

consequently attempts to model the system are hampered by this lack of

basic understanding of critical areas of the system. Soil, operation

and other considerations vary considerably therefore actual, on-the-

job, field dredging projects must be employed to gather information

and overcome these gapa in dredging knowledge. Unfortunately, this

feedback of information from real dredging projects is practically

non-existent today.

This paper attempts to outline the important and critical links

in the dredging system chain and to develop and discuss methods for over-

coming those obstacles that inhibit or eliminate the feedback cycle. A

computer model of a hydraulic dredging system is developed and used to

examine the four major limitations on solids output, namely: horse-

power, cavitation, line plugging and dislodgement limits. A full scale

feedback program is also developed.

The feedback of knowledge gained on one project for use as input

for future jobs and as basic knowledge is undoubtedly the industry's big-

gest problem today.
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SYSTEMS ENGINEERING AND DREDGING - THE FEEDBACK PROBLEM

by David R. Basco, Ph.D., P.E.
l

l. Introduction

From an analysis of one's dredging syste~, the addition of a few

process instruments, some judicial planning, and the use of high-speed

digital computers, every hydraulic dredging job undertaken today can be

readily turned into a research or "learning" project. This educational,

feedback process about one's own equipment. and system operation, under

all types of soil and operating conditions is practically absent from

today's dredging industry.

I have heard time and again that the wide variety of soil types

and conditions routinely encountered on any dredging project preclude

one from attempting to theoretically predict dredge performance. In

addition, the variety of suction geometries and large number of unknowns

only make such predictive attempts academic exercises. Also, attempts

to use laboratory scale models under controlled soil and operating con-

ditions are said to be unrealistic and not representative of true pro-

totype conditions.

If the above is true, then how can we ever hope to learn about what

really takes place during a hydraulic dredging operation? How can we

ever hope ta develop an understanding of the many unknowns involved sa

that a completely analytical model of the system can be constructed?

How can we develop confidence in these models of our system if they are

only based on laboratory scale results under uniform soil conditions?

l
Assistant Professor of Civil Engineering, Texas ARM University,

College Station, Texas,



One answer to all these questions is the topic of this paper. We

must work to turn each actual dredging job into a meaningful research

project from which we extract information that. can be readily used to

learn more about the entire dredging system. In addition, this feedback

of information is beneficial when:

�! bidding the next job;

�! evaluating changes during operation of a given job; and

�! evaluating proposed changes in existing equipment.

Of course, the reasons for our present state  or lack! of knowledge

regarding the capabilities of our dredging systems is a combination of

many complex factors. Mast spring from a shortage of financial resources

to spend on complete tests of a dredge system. Once a job is obtained,

the main objective is to keep the dredge in continuous operation at all

costs, in order to complete the job as scheduled. It would be unrealis-

tic to expect the dredge to be taken out of production and used for test

purposes at this time � and rightfully so. Also, the additional instru-

mentation required is somewhat expensive and requi.res fairly sophisticated

maintenance personnel to keep in proper working condition. Finally, even

if all the variables of interest were recorded during some representative

norms and extremes of the dredging cycle, the dredge contractor and his

assistants are usually too busy with the daily tasks of keeping the sys-

tem operating to begin to try to make some sense out of all the data

collected. Or, the dredger simply lacks the necessary engineering know-

ledge and technical capabilities to make the required calculations. All

the above reasons  and others! are obstacles to be overcome if the in-

formation feedback cycle is to be completed and if useful knowledge is



to be gained from on-the-job dredging projects.

This paper attempts to outline the important and critical links in

the dredging system chain and to develop and discuss methods for over-

coming those obstacles that inhibit or eliminate the feedback cycle. The

feedback of knowledge gained on one project for use as input for future

jobs and as basic knowledge is undoubtedly the industry's biggest prob-

lem,

My discussion will be limited to the United States dredging indus-

try and what I know about it. Perhaps, in some instances what I sav will

not apply to German dredgers. Your indulgence of my ignorance is request-

ed in those instances.

II. Illustrative Example

In order to add realism to the discussion, a hypothetical, hydraulic

cutterhead dredge system as shown in Fig. 1 will be referred to through-

out the paper. For simplicity, the pump centerline is taken at the water

level and the discharge pipe is also chosen at this datum. Centrifugal

pump performance curves herein discussed have been developed from model

tests of actual dredge pumps in the Hydrodynamics Laboratory of Texas A&M

University. All other data, graphs, illustrations, etc. employed are

also based on attempts to use the best knowledge available today.

III. Elements of Hydraulic Dredging Systems

A hydraulic cutterhead dredge as depicted in Fig. 1 is a complicated

system. Of usual interest is knowledge of the maximum solids output per
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H is computed as gH/~ D and dimensionless discharge, Qdim is Q/<3!2 2 3

~ = pump rotative speed, radians /sec

D = impeller diameter at discharge, feet

2
g = gravity constant, ft/sec

where:

These dimensionless results for clear water can be readily employed

in computer curve-fit programs to develop an equation for use with any

similar pump operating on any speed in the non-cavitation regime. For

example, the data shown in Figs. 2 and 3 produced the following equa-

tions for dredge pump head and efficiency as functions of flow rate:

8 =  h +h Q +h Q . !z D2 2 2

1 2 dim 3 dim

' = '1"2Qd- "3Q d22 dim 3 dim �!

with the coefficients and variables as defined below

H = Dimensionless pump head

E = Pump efficiency

Q . = Dimensionless discharge
dim

h = 0.1620897
1

e = 0.1042429

operating speeds can be readily established and output  in this case,

clear water volume! is limited by the drive horsepower available. The

various characteristic curves of Fig, 3 a! have been collapsed into a

single dimensianless curve, Fig. 3 b! by the use of dynamic similitude

relationships commonly called the "affinity laws". These "laws" only

hold when cavitation is not present in the pump. The dimensionless head,



h = 0.683657
2

h = -239.4055
3

e2 = 105. 8745

e = -4421.454
3

H e
m = m

H e �!

H
m = head in feet of mixture,

e
m = efficiency when pumping a rrrixture,

H, e = same variables for clear water.

where:

To be sure, the addition of solids to produce slurry flows through

the pump complicates matters to some extent. In fact, all the influ-

ences of material concentration, size and distribution are not completely

understood as of today. The type of pump as indicated by its specific

speed is also thought to be important.

The pump will essentially reproduce its characteristic clear water

head-capacity curve if the head is plotted in feet of mixture. However,

the head and efficiency curves are slightly reduced due to the additional

hydraulic losses caused by the presence of the solids in pump passages

which waste their kinetic energy in the diffuser sections. Fig. 4 a!

shows the results of tests of a model dredge pump conducted at Lehigh

University by Herbich and Vallentine �! . The pump head expressed in

feet of mixture and efficiency both drop off as the specific gravity of

the mixture  volume concentration! increases. Stepanoff�! studied the

results of seven independent researchers throughout the world in 1965

and concluded that the efficiency when pumping solid-liquid mixtures is

reduced as the ratio of the head reduction, i.e.
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The research efforts studied by Stepanoff covered a wide range of parti-

cle sizes and volume concentrations. From these results, he synthesized

the plot also reproduced in Fig. 4 b! which enables ope to estimate m/e

ior any volume concentration C and mean particle size of interest.
V

These results can be collapsed into one equation for computer purposes

and when coupled with the pump head equation above would permit the com-

putation of the head developed in feet of mixture for any material size

and concentration of interest. These results would then enable one to

compute the shaft input power requirements when pumping slurry or even

more simply from knowledge of the mixture specific gravity, S

�! BHP! = S  BHP!w

A computer routine can then be developed to again compute the maximum

pump flowrate Q and head developed H for all possible operating speeds
m

as before, only in this case for slurries of a specified volume concen-

tration  mixture specific gravity! and mean particle diameter. Again,

the output i.s limited by the available drive horsepower as before in the

clear water case. Fig. 5 illustrates these trends for both clear water

and slurry solids output for the example pump data presented, The dot-

ted lines show the effect of including the head and efficiency correc-

tion factors mentioned above for slurry flows, For the particular grain

size material chosen, the plot clearly demonstrates the importance of the

horsepower limitations on dredge pump output.

Recently, Wiedenroth �! has also presented more evidence regarding

the relationships between the head reduction for slurry pump fl.ow and the

volume concentration, particle size and type of pump as measured by its
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specific speed. Using the combined results of his own work and others,

he developed the following equation:

H . = 3.16 x 10 C  R !  N !
dim v e s �!

where:

a dimensionless head,

the volume concentration,

the mean particle diameter Reynolds Number, and

the pump specific speed.

H dim

C
v

e s

N
s

These results could also have been employed above instead of that

expressed by Stepanoff �!. The two are obviously related and work is

planned at the CDS to investigate these relationships and others. Field

feedback information is also completely lacking in thi.s important area.

The above discussion of dredge pump characteristic curves which cul-

minates in determination of the horsepower limitations on output as il-

lustrated in Fig. 5, cIearly demonstrates the importance of one's know-

ledge of the actual  or estimated performance from homologous models!

performance curves for dredge pumps. Unfortunately, current U. S. Dolicv

and practice in buying dredge pumps completely neglects the inclusion of

certified pump test curves in the purchase specifications. Nost dredge

pumps have never been tested to determine their actual efficiency.

Therefore, the first and primary prerequisite far solving the feedback

problem is the complete testing and determination of the performance

characteristics curves of the hydraulic dredge pumps in a particular

system.
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These curves  equations on computer! are then combined with the

given pipeline configuration and system headloss computations to deter-

mine the maximum pumping distance  line length!. This will be discussed

in detail in a later section of this paper.

Dce.dgt Pump CavW~on Cavu

Equally as important as the characteristic curves are the pump cavi-

tation curves or in other words, determination of the energy requirements

on the suction side of the pump to prevent cavitation from influencing

the pump performance. The curves are also neglected by the U. S. dredg-

ing industry when specifying the purchase of a dredge pump. They are,

of course, required in determination of the maximum possible digging

depth for a given dredge configuration, soil size and type, and transport

concentration. Consequently, the cavitation limitation which results in

maximum solids output for a given digging depth is the second limitation

on system output that must be considered.

Clear Water

The cavitation curves of a particular pump can only be obtained by

field or laboratory tests usually with clear water. The consequences of

cavitation on the pump H-g curve are illustrated in Fig. 6 a!. Pt high

cavitation intensities, the discharge rate is constant and the head drops

to very low values. The pump sounds as if it were passing large rocks

and boulders even though only clear water is used. Critical, "industrial"

type cavitation values expressed as the net positive suction head above

vapor pressure  NPSH! can be determined by experimental tests of the pump.

NPSH is computed from the following equation and is the total absolute
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amount of energy at the suction inlet expressed as head or foot-pounds

per pound of liquid flowing.

Pa Pv P V
2

NPSH = � � ~ +   � + � !
Y Y Y 2g �!

where: Pa = local barometric pressure,

Pvp = liquid vapor pressure,

y = liquid unit weight,

P pressure on suction side,

V = mean velocity at suction, and

NPSH = net positive suction head above vapor prcssure'

The usual laboratory technique employed is to lower Pa until the pump

head developed drops off. An enclosed head tank and vacuum pump are em-

ployed to regulate Pa. A given speed and flowrate are held constant dur-

ing the test. The values of NPSH and H are plotted  Fig. 6 b!! and the

value of NPSH "critical" to the proper performance of the pump is deter-

mined for this set of conditions. For low specific speed pumps  dredge

pumps! the "break-off" in performance is usually not sharp and some pre-

determined drop in head  say 2K! is used as cut-off criteria. NPSH

critical values are obtained for other flowrates and a critical cavita-

tion curve developed. Fig. 7 a! and  b! illustrate some typical results,

using a model dredge pump tested in the Texas A6M Laboratory. Critical

NPSH is seen to increase with the flowrate, Higher operating speeds

create increased velocities and require more NPSH to stifle cavitation.

Dimensionless cavitation curves can therefore be developed to plot re-

sults for all speeds. Fig, 8 shows the results for the model pump of

Fig. 1. The resulting equation developed from Fig. 8 for computer
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purposes is

v = � m = 0.657~ 1.966NPSH

C
rn s

�!

where:

cr = cavitation index
c

NPSH = net positive suction head  ft. of mixture!
m

H = head  ft. of mixture!

rr = dimensionless specific speed
s

Slurr Effects on NPSH

Very little information is available on the influence of solid par-

ticles in liquid-solid mixtures on cavitation effects in pumps. Tests

at Lehigh �} using silt-clay-water mixtures indicated slurries exhib-

ited no difference in cavitation performance from clear water tests if

the results are expressed in feet of mixture. Recent tests at Texas A&M

�,7! for larger sand particles  mean diameter 0.175 mrn, 0.40 mm and

2.0 mm! also revealed no significant trend for densities from 1.0 to 1.4

 Fig. 9! . Based on these results, it can tentatively be concluded that

mixture density and size have little effect on the critical NPSH require-

ments for dredge pumps. Estimates of NPSH-required in feet of liquid for

slurries can be made from clear water tests if the specific gravity of

the mixture is known  Fig, 8!,

To operate properly, the pump must be used in a system which provides

enough energy  NPSH available! to keep the pump fram cavitatinp. Hence,

the suction system must be analyzed to determine the maximum digging

depth in much the same fashion as the discharge system is analyzed to

find the maximum pumping line length.
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Daedge System Compone~ and A~&p~

If the basic work-energy equation in feet of mixture flowing is ap-

plied from point �! to point �! in Pig. 1, we would obtain

V4
Hp + � + Z +H +H

Vo Po
2

+ � + Zo +
2g

where the following terms are defined as:

Vo /2g
2

reservoir velocity head,  approximately zero!

gauge pressure head at surface,  exactly zero!

elevation heads at datum,  exactly zero!

total dynamic head developed by the pump,

discharge velocity head,  not zero but minor!

gauge pressure head at pipe exit,  exactly zero!

head loss in suction pipe system,

Po/y

ZQ&Z4

Hp

V4 /2g

p4fv

H = head loss in d ischar ge p ipe system,
I, 3-4

Hp = V /2g + H + H
2

1 � 2 3-4

which means that the net total head developed by the pump must be used

to overcome suction and discharge system pipe friction and developed

minor losses and in providing the discharge velocity head.

Note that in general minor elevation changes of pump and discharge pipe

termination point could easily be included if required.

Using the above simplifications, the work-energy equation becomes



Head Losses Due to Straight Pipe Friction

Clear Water

Current U. S. engineering practice employs the use of the Darcy-

Weisbach equation

h = f� L V

f D 2g �0!

L pipe length,

D = pipe diameter,

Re = VD/v = pipe Reynolds No.,

u = kinematic viscosity, and

k = absolute pipe roughness.

Colebrook  8! developed the following equation from experimental

results for the pipe friction factor, f, for any pipe flow of known

roughness, k, and Reynolds No., Re.

1/Rf � 2 log D/k = 1.14 � 2 log Il + ' ]9. 28

Re  k/D! l/f

A trial and error solution is required and can be readily adapted for

computer solution. The above two equations permit the computation of

the pipe head loss for clear water for a given pipe size and roughness,

flowrate, and pipe length.

~Slurr

The head loss for water and solids  slurry! is larger than the head

loss for clear water. Equations have been developed by empirical means

to compute the head loss due to friction h in a straight circular pipe,

where:

f = friction factor = fcn  Re, k/D!, from Moody Diagram,
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to permit computation of the slurry head loss in pipes. Graf  9! re-

cently presented an excellent summary of the current state of knowledge

in this area as of 1971. The equation employed depends upon the parti-

cular flow regime present in the pipe. FiF. 10 depicts the various flow

regimes  defined below! and transition velocities for a 27 inch pipe.

Pseudohomogeneous Flow � Solid particles with a settling velo-

city above 0.002 to 0.005 ft/sec whi.ch never settle out and

become fully suspended in the liquid and are essentially uni-

formly distributed over the entire pipe cross section.

Heterogeneous Flow  no deposit! � Flow in which the concen-

tration varies with depth over the pipe cross section but no

particles can remain on the bed.

Heterogeneous Flow � With a Moving Bed � Heterogeneous flow

with particles settling to the bottom but continuing to move

2.

3.

down the pipe.

4. Flow with a Stationary Bed � Slurry flow continues to take

place; however, some particles settle out and remain station-

ary as a deposit on the bottom.

The head loss equations that best represent flow in each regime a-

long with the expressions describing the velocity that separates each

regime are tabulated in Table II below after Graf  9!.

Equations �3! and �4! in Table II require knowledge of the particle

settling velocity, v which must be obtained by experiment. Fig. 12ss

duplicates the results of many experiments with irregular shaped sand

grains commonly dredged  9!. The settling velocities fall into three

distinct regions'-
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TABLE II

where 5 =  Ah/bL! �  bh/bL! = dimensionless head loss coeff. �8!
1

C  bh/bl!

 bh/bL! = head loss per unit distance for mixture expressed in

feet of clear water

 bh/bL! = head loss per unit distance for clear water  see above
1

Darcy-Weisbach Eqn!

C = volume concentration of solids.
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1, Laminar Flow d < 0.006 in. �.074mm!

ss ~gdg0 /18v]  Ss 1 �9!

2. Transition Regime 0.006 in. < d < 0.06 in. �.074mm-2.0mm!

3. Turbulent Settling d > 0.06 in. �.0mm!

87 ~d S~-1! �0!

In addition, the critical transition velocity, V between hetero-

geneous flow and flow with a stationary deposit requires the use of a

special plot for F  Fig. 11! which was developed by Durand �0! and

discussed in detail by Graf  9!.

All terms in Table II and Figs. 11 and 12 are defined below:

Ss = specific gravity of solids,

v = particle settling velocity,
ss

pipe diameter,

d = mean d>0 particle diameter,

velocity

transition velocity, homo. to heterogeneous

transition velocity, heter. to deposit with stationary bedV
C

R� = hydraulic radius, A/P defined as the ratio of the cross

sectional area in which the flow takes place to the wetted

perimeter

S = slope of energy grade line =  hh/DL!

V//4gRh = V /~gD
c

�1!hence

As an example, a sand-water mixture flows through a horizontal steel

pipe with a 27 inch diameter. The granul ometric curve of the sand anal�
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ysis indicates that it is a fairly uniform material with a size af d

0.42 mm. �.017 inches, no. 40 sieve is transition from medium to fine

sand!. Of interest is the computation of the head loss per unit pipe

length of the slurry mixture for volumetric transport concentrations up

to Cv = 30 percent and for mixture velocities up to V = 35 ft per second.

The resulting numerical values are tabulated in Table III and subsequently

plotted in Fig, 13, For each flow regime, the different head loss rela-

tions as listed in Table II have been employed. The computations are

greatly facilitated by use of a high-speed digital computer. Similar

curves are required for the 34 inch diameter suction pipe. Of primary

interest is the point of minimum head loss at the critical velocity

region.

Other "Minor" 9 stem Head Losses

Between points �! and �! in Fig. 1, i.e., throughout the dredge

system, there exist a number of features which contribute additional

head losses' These are listed in Table IV along with representative

ranges of loss coefficient, or equivalent pipe lengths and reference to

their source. These coefficients are based on clear water tests. Ad-

ditional tests are required to investigate the influence of slurry mix-

tures on the estimates shown and ta determine actual values far those

dredging components actually employed  rubber suction sleeves, stern

swivels, etc.!. Field tests would prove more valuable in these in-

stances. The equivalent pipe length, L . is the length of straight
equiv

pipe that would produce an equivalent head ]ass of the component con-

sidered.
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TABLE

HEAD LOSS PER UNIT LENGTH FOR DIFFERENT VFLOCITIFS AND CONCENTRATIONS

30C,%

V ! V
C

Flow with

stationary

bed

11.40 13.33 15.94V
C 15.9414.80 v

C

v  V v
C p

Heterogeneous
Flow

28.09 28.0928.09 28.09 28.09

.0723

.0773

.0825

,0878

.0933

.0989

.1047

.0999

.1068

1139

.1212

.1288

.1366

.1446

29

30

31

32

33

34
35

. 0690

.0738

,0787

,0838

.0890

.0944
,1000

.0889

.0950

.1013

.1079

.1146

.1215

.1287

.0778

.0832

.0888

.0945

.1003

.1065

.1127

V ! V

2

3 5 6 7
8 9

10

11

12

13

14

15

16

17

18

19
20

21

22

23

24

25

26

27

28

.1163

.0664

.0478

.0379

.0316

,0273

.0241

.0216

.0196

.0180

.0167

.0150

,0170

~ 0190

.0212

.0235

,0264

.0292

.0320

,0350

.0385

.0421

.0456

,0493

.0535

.0578

,0621

.0663

.2019

.1152

.0830

.0657

.0549

.0473

.0418

.0375

.0341

.0313

.0290

.0270

.0253

,0229

.0249

.0270

.0297

.0324

. 0351.

. 0378

.0413

.0447

.0482

.0516

.0558

.0599

. 0641

.0683

. 301.7

.1721

.1240

.0982

.0820

.0707

.0624

.0560

.0509

.0468

.0433

.0404

.0378

.0356

.0310

.0328

.0350

.0371

.0398

.0424

.0456

.0489

,0521

.0555

.0595

.0635

.0675

.0716

.4344

.2479

.1785

.1414

.1180

.1019

.0899

.0807

~ 0734

.0674

.0624

.0581

.0545

.0513

.0485

.0444

.0462

.0480

.0498

.0517

.0546

.0575

.0604

,0632

.0609

.0707

,0744
.0782

. 5103

.2912

.2097

.1661

.1387

.1196

.1056

.0948

.0861

.0791

.0732

.0683

.0640

.0603

.0570

.0559

.0572

,0584

,0597

.0609

,0634

0659

.0684

.0709

.0744

.0779

.08l3
,0848
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TABLE IV

"MINOR" SYSTEM LOSS COEFFICIENTS FOR DREDGING

* Dependent on distance from suction opening to bottom; suction angle,
etc. �2!
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NPSH Available in the Dredging System

The amount of Net Positive Suction Head, NPSH, available in the

dredging system must always be greater than that required by the pump in

order to prevent cavitation damage and excessive performance reduction.

It can be computed by simply applying the energy equation in feet of

slurry mixture flowing and absolute terms from the suction inlet to the

suction side of the pump  i.e., from point 1 to point 2 in Fig. 1!,

ing the example in Fig. 1, the energy equation becomes

V2 Z p 2
1+ 1 + 1 = 2+ 2 +Z2+h�

ym 2g Sm ym 2g 1-2
�2!

But in absolute energy ter~s above vapor pressure

P /ym = Pa/ym � Pvp/ym + D/Sm
1

�3!

where D is the digging depth. Taking the datum at point 1 and substi-

tuting Eq. �3! into �2! we obtain after some rearranging

P /ym + V /2g = Pa/ym � Pvp/ym + D/Sm � Z � h
2

2 2
1-2 �4!

The sum of P /ym and V /2g is the total NPSH available at the suction
2

entrance in feet of slurry to the pump, and since Z = D in this simple

example, we obtain

NPSH Pa/ym � Pvp/ym � D + D/S � h
avail m

Obviously, the critical factors reducing the amount of NPSH to
avail

stifle cavitation are the digging depth, D, the mixture concentration or

specific gravity, S , and the head losses on the suction side of the

pump. In fact, increased digging depths also require longer suction

pipe lengths which cause increased friction losses and greater head loss.



IV. Limitations of Hydraulic Dredging Systems

A considerable amount of detailed information has been reviewed in

the previous section in order to develop the building blocks required

for a complete understanding of the four basic limitations on performance

of hydraulic dredging systems. These limitations are discussed separatelv

below.

H046QjooH;pA &~~on  Ough~ -u~- Ljgp t.ppg~j

The maximum head developed by the pump for various slurry concen-

trations is limited by the horsepower available as shown in Fig. 5.

These results can be combined with Fq.  9! and the head loss equations

of Table II to relate dredge output to equivalent total line length, FLL.

In other words, the total head loss per equivalent unit length of pipe as

a result of straight pipe friction and other system losses is comnuted

from the equations in Table II and Table IV for slurries of vari,ous con-

centrations. These values are then used to compute the actual head loss

for various typical expected pumping distances. Using Fig. 5 and Fz.  9!

in combination, the output is then determined which can be pumped over

this equivalent line length. The results when plotted as shown in "ig.

14 are very similar to Fig. 5 except ELL has replaced the pumo head H.

Note also that for each slurry concentration considered, an optimum con-

dition is obtained corresponding to the peak of each concentration i urve

which results in the. maximum possible solids output for the maximum

possible line length  pump distance!. This optimum point, of course,

corresponds directly to the minimum head loss point as noted in Fis. 13.
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The envelope curve connecting up these optimum operation points there-

fore becomes the maximum output curve as governed by the horsepower

limitation of the drive system for the dredge pump. It can be noted

in. Fig. 14 that as the line length increases, more pump head is re-

quired to overcome pipe friction and therefore the pump speed must in-

crease. In addition the volume concentration pumped must be reduced to

lower the slurry head loss per unit foot to overcome the required pres-

sure drop in the longer line lengths. Consequently, less solids output

is produced when pumping long distances even though the total volumetric

flowrate, g drops off only slightly.

The envelope curve of results shown in Fig. 14 was first discussed

hy Turner �5! who plotted the output and line length in reverse order.

The results are limited to a given soil size, dredging system, and drive

horsepower.

Again, use of digital computers greatly facilitate the trial and

error computations that are required,

Caveman &~~on  OWpM -va- Ma~urn 'Digging Deplh j

Since the NPSE . must be greater than or equal to that required
avail

for proper pump performance, and the digging depth primarily determines

that available for various slurry concentrations as seen in Eq. �5!,

then the maximum digging depths to produce the maximum dredge output

can be calculated in a similar fashion to the line length versus output

plots in Fig. 14, The computation would proceed as follows, From Fig.

14, the total slurry output in gallons per minute would be determined

for the various operating speeds and slurry concentrations limited by
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the available drive horsepower. From this information and the NPSH re-

quirements as indicated in Fig. 8, the required NPSH would be determined.

Setting this value equal to the NPSH available in Eq. �5! and using the

local vapor pressure and atmospheric pressures; the required slurry con-

centration  Sm!; and computing the head losses using the equations and

methods previously discussed in Tables II and IV, the maxi~urn allowable

digging depth can be determined by trial and error. Even though the

optimum speed decreases as maximum output increases the maximum digging

depth will decrease with increasing output due to the relatively greater

increases in volume concentration transported.

For the example considered in Fig. 1, these computations have been

made on the computer and are tabulated in Table V and plotted in Fig. 15,

Again, because of the complexities of the computations, the results are

greatly speeded up by previous programming of a computer, The signifi-

cance of the results shown in Fig. 15 are simple. The maximum slurry

output is limited by the maximum digging depths shown. For greater dig-

ging depths, the output  solids concentration! must be reduced to pre-

vent cavitation in the pump. Or, as seen in Figs. 6 a! and  b!, the

pump output performance as measured by head developed or flow delivered

drops off rapidly when the NPSH requi.red  or equivalent maximum digging

depth! limits are exceeded.

The combined results of both the horsepower and cavi.tation limita-

tions are shown in Fig. 16 for selected digging depth intervals. When

digging at a given depth, maximum output is limited  for the range of

pumping distance indicated! to a constant value which then decreases due
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to the horsepower limitation for longer line lengths.

C~e.al PZU.gg~ng UeZa~y and Cane.enXrca.&an Iam~aru

The third limiting condition for solids output occurs at relatively

longer line lengths where because of horsepower limitations, the flow-

rate  velocity! must be decreased. Of necessity, a decrease in solids

concentration must also take place  Fig. 14!. If the line velocity is

allowed to drop too low or if the concentration becomes excessive, 1ine

plugging will result.

In most dredging systems the suction pipe is larger than the dis-

charge for cavitation reasons, therefore line plugging should take place

first on the suction side due to the slower velocities on this side of.

the system. However, since the suction pipe is always at some angle

from the vertical, the settled solids generally will slide down the pipe,

hence the discharge pipe may govern after all.

Little is known of this limiting condition and the variables that

result in plugged lines. Field results are required although even labo-

ratory data is lacking on this critical area as shown in Fig. 13 .

C~erchead Dw~gn and Orce.dge. Ops~an

Finally, the maximum output of a dredge system is controlled by the

limitations on dislodgement efficiency of the suction intake  cutterhead!

design and the efficiency of dredge operation, In other words, the out-

puts shown in Fig. 14 will never be achieved if the indicated solids

concentrations are never obtained,
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Cut terhead Variables

Some cutterhead factors of concern are listed in Table I. The

geometry of a particular cutter design  size, shape, number of blades

or type of cutting edge, and attack angle! are all important to varying

degrees of importance, If the design not only lossens the material for

liquid transport, but also guides much of it into the suction opening,

then the dislodgement rate will be sufficient to meet the optimum needs

of the entire system. The rotational speed of the cutting device also

obviously plays an important role.

Closely related also is the manner in which the dredge is operated.

Dred e 0 eration

Except in those instances when the material consistently flows to-

ward a stationary suction inlet, the dredge must be continually moved by

mechanical means in order to maintain so1.ids transport in the system.

During some period of the normal dredging cycle for a cutterhead dredge

operating from pivot spuds and swing winches, the flow in the system is

clear water. Thus, the average solids output per unit of time is the

integrated area under the transport volume versus time curve as shown

schematically in Fig. 17 a!. This plot can be obtained from instanta-

neous recordings of both the total volumetric flowrate pumped and the

mass desnity  p! or speci.fic gravity of the slurry mixture throughout

the entire dredge cycle. A schematic representation of what these

curves may look like is shown in Fig, 17 b! for the cutter swinging

through its various arcs of Fig. 17 c!. The shape of the curves are

only qualitatively known at this time. The "peak" slurry Sm is esti-
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mated at about 1.5-1.55 based on some tests performed by Ellicott Machine

Corporation and mentioned by Turner �6!. Obviously, the length of time

in which only clear water is pumped and zero solids are transported also

greatly influences the average output per unit time rate of dredging.

Thus, the rate of swing in the cut by the swing winches, the rate of pro-

gression forward  time for spud change!; the height of the dredged bank

and depth of cut all play an important role in the determination of the

dredging efficiency curves shown in Fig. 17 a! or  b!.

There is actually no way to practically duplicate a "normal" dredg-

ing cycle in the laboratory. This information  as shown in Fig. 17 b!!

must. be obtained from actual job records in the field. It must be ob-

tained under all. types of soil and digging conditions; with various types

of cutterheads employed; and with different crews and dredge tenders op-

erating the equipment. Average results must be obtained for "easy",

"normal", and "tough" dredging conditions and situations.

This basic, fundamental information which becomes the key to the

fourth limitation of dredge output, namely, the dislodgement limitation,

is one of the biggest unknown areas in dredging today. It is here that

the feedback problem is most critical.

To illustrate this point, let me cite an example of how management

of one dredging contractual firm in the U, S, approached a problem in the

operation of his dredgine system.  I can safely say the situation. is

typical of many operations in the U. S. today!.

The contractor was interested in the relocation of a booster pump

further downline end increasing the main dredge pump speed to improve

the overall output of the system. He measured the pump discharge pres-
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Horsepower Limitation  Maximum line length!

Cavitation Limitation  Maximum digging length!

Critical Velocity and Concentration Limitation  Prevent

line plugging!

2.

sures, main pump speed, and estimated the system velocity with a "meas-

uring-stick" at the discharge end. The average solids output in cubic

yards per hour was estimated for a number of days by determining the

volume of material removed in the cut and dividing by the length of

dredging time. This practice is standard in the United States. These

values of average solids output and flowrate were then emp1oyed to deter-

mine volume concentration Cv, slurry specific gravity, Sm, which in turn

were used to estimate characteristics about the improved system perfor-

mance at higher pump operating speeds. No pump test performance curves

were available so an efficiency of 70% was estimated in calculations of

the maximum horsepower required, The concept of a dredging cycle and

efficiency curves such as that in Fig. 17 b! in which the system limit-

ing events  Sm = 1.5 maximum! govern the maximum output was not consid-

ered in. the above case. The lack of intelligent feedback of critical

information from previous jobs or in this case, the actual job at hand,

and the lack of understanding of one's own dredging system resulted in

a total misunderstanding and compounding of errors regarding the con-

sequences of their estimations. Unfortunately, this situation exists

throughout the industry today. The feedback of intelligent information

from daily dredging projects must begin to overcome our shortcomings in

the four vital areas of output limitation on dredge performance summa-

rized below.
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4, Dislodgement Limitation  Optimize solids concentration!

The fourth limitation for the example system has been assumed to be

a maximum slurry Sm of 1.5  C = 30/! which is also shown in FIg. 16 for
v

completeness. It must be noted, however, that the rate of speed advance

or winch swing rate could be such that a much lower dislodgement rate

would occur which cauld result in a considerable reduction in solids

output under short line length conditions.

A computer program has been written at the Center for DredgIng

Studies of Texas ASM University to perform all the computations outlined

above. The computer listing is presented in the Appendix I of this pa-

per. For a given dredge system and soil size, plots similar to Fig. 16

can be developed. We are also currently developing the computer plot

subroutines to allow the automatic plotting of the output curves as shown

in Fig. 16.

V. Instrumentation and Measurement Requirements

Modern day dredges have many instruments which monitor the perfor-

mance of the steam-turbine diesel drives or other drive systems that

provide power for the dredge and dredge pumps. They are usually contin-

ually watched and controlled by a well trained crew  Navy experience! to

evaluate their performance and note any shortcomings in the drive system-

Almost unbelievingly, however, most dredges have no instrumentation

that continually records the direct production  solids output! of the

system. The dredger is paid for the amount of solids delivered over a

given unit of time and yet he usually has no idea of what production rate

is occurring at any given time throughout the daily dredging routine.
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This situation is roughly analogous to a paper mill where expensive

equipment is used to make fine grade paper but no instrumentation exists

throughout the rolling mills to permit learning whether fine writing pa-

per or brown butcher paper is being made until a piece is cut off the

final roll for analysis. I have also seen other cases where the required

process monitoring equipment has been installed but soon became inopera-

tive because of lack of maintenance or skilled electronics personnel

available to keep it running.

On many U . S. hydraulic cutterhead dredges, the following list of

instruments are usually provided to monitor slurry output:

1. Pressure Gauges, suction and discharge of dredge pump,

2. Pump speed,

3. Cutterhead speed, and

4. Digging depth.

In addition, measurements of discharge velocity by the velocity stick

are occasionally made for special projects but are not routine. System

pipe lengths, number of ball joints in the discharge, and other details

of the piping system are usually kept track of and some soil gradation

analyses are usually reviewed before the project begins. This informa-

tion together with a daily report of the in situ volume of material re-

moved during the previous day's dredging is generally all a contractor

has to make decisions about his equipment and project of interest. It

is also all that is available as feedback information from a particular

job that enables the dredger to learn the capabilities of his equipment

for future undertakings. It is the primary thesis of this paper that

this limited amount of feedback information is inadequate to enable the



dredger to make intelligent, technical decisions about the true and

limited capabilities of his equipment and system. In fact, that age old

axiom that too little knowledge is dangerous could be applied here. Too

often in the past, the feedback dredgers received from one job has got-

ten him into trouble on another job which appeared superfici.ally to be

very similar.

In addition to the above instrumentation, most hydraulic dredges

require the installation of an additional two, basic process instruments

which together measure and record continuously the total mass flowrate

of slurry during every second of dredge operation. This information is

the key that is vitally missing from most dredge feedback programs in

existence today. With it, most of the difficulties and shortcomings in

the construction of a mathematical model of a given dredge system  as

previously discussed! would be overcome and a truly accurate predictive

tool would be developed. The additional instruments required measure

total volumetric flowrate, Q, and mass density, p  specific gravity,
m

Sm! of the transporred slurry.

Vokum~c FJ'owa&e

Although many devices exist, two seem particularly appropriate for

dredging applications. The simplest is the adaptation of a regular 90'

elbow into a pressure differential  inner- and outer radii! gauge which

can be calibrated with known values of slurry present to read the total

rate of flow of slurry in the discharge pipe.

The second is an electromagnetic flowmeter. The mixture cuts
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through an electrically propagated magnetic field which induces a voltage

proportional to the mixture velocity. It has no moving or wearing parts

in the pipe  installed vertically! and is readily adaptable to electronic

calibration, and continuous data recording on graph paper or paper tape.

Knowledge of total Q at all times during the dredging cycle  Pigs. 16

and 17! is essential to the feedback process.

Again, two devices appear to be most practical for dredging applica-

tion of the many that exist. The simplest makes use of the pressure dif-

ferences in both the rising section and downcomer section of a vertical

pipe loop  Graf, 9!. The system of equations developed can be used to

solve directly for solids concentration, C . Then specific gravity is
v

determined fram the relationship

Sm-Sw
C

v Ss-Sw

where, C = fraction of solids by volume

Sm = mixture specific gzavity

Ss = solids specific gravity �.65 for sand!

Sw = liquid speci.fic gravity �.03 for seawater!

The second device is called a nuclear density meter. A radioactive

source radiates through a slurry flow and by proper calibration, the

mixture density is related to the amount of radiation getting through

the mixture to a receiving cell. This device creates no flaw disturbance

and the output signal also is easily amplified and recorded for later
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computation purposes. Stability and sensitivity do pose some problems,

howevers Recent advances using Geiger-Mueller tubes as the radiation

detector eliminate detector drift and greatly increase the system sta-

bility and reliability �7!, Knowledge of Sm Cv! at each instant of the

dredging cycle  Figs. 16 and 17! is also critical to the feedback pro-

cess.

Undoubtedly, the greatest problem with the use of these devices on

a dredge is their proper calibration and maintenance to insure their

reliability. Too often, in t' he past, those dredgers who purchased these

devices were quickly disillusioned when something went wrong and the

equipment supplier was unable or unwilling to supply the required tech-

nical expertise to keep the instruments in proper working order. If

the dredger could not find and keep a capable electronics technician

to service these instruments, then they were of no productive good and

became expensive, wasteful toys on the dredge. This has happened numer-

ous times both on private and federal government dredges in the U. S.

A few industrial concerns in the U. S. have recognized this prob-

lem, however, and have stepped in with a plan to overcome these short-

comings on dredges. They not only sell  or lease! the necessary process

instruments and recorders  electromagnetic flowmeter and nucleonic den-

sitometer!, but they also assume complete system responsibility for the

installation, continual operation, calibration, and maintenance of all

required primary measurement and recording equipment. Con.sequently,

they insure their customers at Least 95% reliability of use of these in-

strurnents during actual dredging operations and provide the results  Q
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and Sm, etc.! to the dredger in a format of his choosing for later anal-

ysi.s,

Of course, cost of this equipment and service is also of concern.

If one considers it a luxury accessory to be added on when convenient

 i.e., the money is available! then the costs can usually be falsely

justified as being too expensive. However, if these process measuring

devices are considered as necessities, without which the dredge tool is

rendered ineffective, and are included in the initial design, remodeling,

or updating costs of the equipment, then they are well worth the expense.

En fact, they' ll probably pay for themselves many times over the first

year alone. Close analysis will reveal many instruments on a dredge power

plant that are by nature essential. For all the feedback reasons men-

tioned in this paper, no dredge should ever be allo~ed to start digging

without continual, instantaneous feedback of how much solids are bein>

continuously dredged.

Compared with daily operating expenses and other dredging costs,

the actual cost of these process instruments and services is really in-

expensive. For example, a recent quotation received from a U. S. firm

for a 33" dredge was $40,000 for the determination of the net solids

transferred during dredging. This price included the cost of the elec-

tromagnetic flow meter and nucleonic densitometer, appropriate readout

equipment along with installation and field services. After the first

three months of free service and upkeep, the yearly upkeep costs were to

be 8X of the equipment costs renewable for three years after purchase.

This arrangement was included solely for the purpose of assuring the



dredging industry of the supplier 's strong desire to overcome previous

problems regarding the use of these measuring devices.

Lease and other options-to-buy plans are also made available.

Sy taking the measurement problem off the shoulders of the indus-

try and contractors in this fashion, the dredger can concentrate on

using the resulting information as vital feedback information about his

system,

A few other additional instruments could be added to enable more

information to be obtained from each dredging pro]ect.

C~eke.ad LMmal Spe.e.d

A recorder to measure and relate the speed with which the swing

winches are taken in to move the dredge laterally through the cut would

aid in determining the dredging efficiency. This information could also

be roughly obtained from Fig, l7,

1n 4Wu SOW-VcMWQ M&erc

Recently  Dec. 1972! a device has been described for rapid, in-the-

field measurement of the soil density without disturbing the deposit

�8! . The device incorporates a two-probe gauge which houses a nuclear

source and a radiation detector in much the same fashion as the device

to measure the density of flow in the discharge pipe. This information

would be of value in improving knowledge of the soil properties being

dredged for later correlation with dislodgement and cutterhead efficien-

cy determinations.
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SZ~y Pe.podM 1nNcafarc

It would be very valuable during dredging to know exactly when sol-

ids begin to settle out and remain stationary on the bottom of the dis-

charge pipe. One possibility is to incorporate a temperature sensitive,

flush mounted heating-probe on the bottom of the discharge pipe near the

dredge. For a given amount of heat to the probe, the temperature it at-

tains will depend on the slurry velocity, and concentration of solids

present which can be noted by prior calibration. When solids deposit on

the probe, the heat will not be lost to the fluid and the temperature in-

creases sharply. Of interest only are conditions under which the rela-

tively sharp temperature increases occur or are removed from a recording

of the temperature plot. The feasibility of the device is being consid-

ered for further study at the CDS laboratory. Knowledge of this occur-

rence is necessary to compare field data of critical deposit velocities

with the equations previously discussed and as a quick indicator of when

conditions approach those when pipe plugging may result.

In total, the devices discussed above are not at all unrealistic

and would all aid greatly in understanding what takes place during nor-

mal dredging cycles on a dredging prospect.

VI. Data Collection and Analysis System

Because of the complicated nature of a dredging system as evidenced

by the large number of variables involved  Table I! and because of the

time varying nature of the slurry output variables of interest, large
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amounts of data can be quickly generated and will become totally useless

unless a carefully designed program for collecting and analyzing the

data is initiated.

The type of data gathered can be broken dawn into three categories:

Type A � System Constants

Type B � Variables changing slowly with time

Type C � Variables continually changing during any dredging

cycle

I'n Table VI, examples of most of the kinds of data to be collected in

each category are listed. Each type lends itself better to a certain

method of collection, handling and storage for later analysis by com-

puter techniques.

A computerized data collection and handling system is shown sche-

matically represented in Fig, 18. The computer program is written gen-

erally to handle any type of similar system. Physical constants, pump

equations, transport equations, etc., are included as integral parts of

the basic program. The initial input data card includes all the con-

stants that are given for the particular dredge of interest  Type A Data

Category!. This flexibility in programming would for example enable one

to study the effects of different suction pipe sizes, lengths, etc., on

resulting output curves, if desired.

Data under category B would be recorded periodically by dredge crew

members as the need arose during actual dredging operations. In some

cases, hourly recordings may be required. The key to this data collec-

tion is the use of specially designed paper format for the data which in
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turn can be used directly by computer keypunch personnel for data take-

off and sorting for computer application. Incidentally, this should be

used already in any case for the limited amount of data presently col-

lected on daily dredging report sheets and logs. This information is

intended as feedback for management but too often ends up collecting

dust in the files because too much information is collected of a mean-

ingless nature. Because of the costs involved and limited format space,

the task of providing computer output often results in some critical de-

cisions regarding what information is essential for feedback purposes.

The key correlating factor relating all this data should be the precise

time it was recorded. Hence, the date, hour and minute become the inde~

or test number for each bit of data recorded.

The most difficult data to handle effectively is that of category C

which because of its volume requires continuous recording by analog meth-

ods  tape, graphical output, etc.!. Then for use in the computer, tbe

data must be digitized, calibrated properly and again keypunched for pro-

cessing. Et is recommended that initially, manual methods be utilized

for this process to insure confidence in the data and to become familiar

with the data trends during the dredging cycle. The time step interval

for data take-off can also be adjusted readily to coincide with critical

changes in the data trends and with index or test numbers mentioned above

for comparison and computer usage. Automated digitizing equipment is a-

vailable for later more sophisticated usage as the need arises.

It is also recommended that initially one dredge cycle  Fig. 17! be

studied in detail until al1 facets of its relationship to all other vari-



ables be thoroughly understood. Dredging under actual production cir-

cumstances is preferred to that specially set-up for testing purposes.

The team of personnel performing this work can be technical employees

of the particular dredging concern  if available!, dredge consultants, or

university personnel with dredging experience, It is important, however,

that they be allowed to concentrate their sole attention to this one task

until such time that the procedures become so routine that they can be

turned over to other, technical personnel. They should not be involved

with the daily tasks of keeping the dredge in operation for production

purposes. A computer program will be required to handle all the various

forms of input data.

A wide variety of output formats of the results is possible. Many

should be investigated until those most suitable for management and tech-

nical decisions are determined. Computed plotted results are also readily

possible in most instances.

Finally, the group responsible for improving the feedback capability

of a dredging system must be held fully accountable for their efforts.

In this way, the reasons for all problems and failures will come to light

and be eventually overcome. Gradually one will learn more and more about

the capabilities and limitations of a particular dredging system. Finally,

the actual savings in dredging costs will more than make up for the time

and money invested in the feedback undertaking.

VII. Data Feedback and Results

Two classes of valuable feedback information will be generated by a

program as outlined above. In one case, the information will be of a



basic, fundamental nature of general interest and applicability to all

people interested in knowing more about hydraulic dredging. Secondly,

the information learned will only be of interest for the particular

dredging system and operating personnel from which it was obtained.

Hm~c I~ o~on ae HpdrrauLic 8<edg~rtg

As mentioned above, probably the least understood part of hydraulic

dredging centers around determinations of the dislodgement rate and all

the variables that affect this factor such as material dredged, personnel,

cutterhead design, swing rates, cut depths, etc. Data collected in a

concise and systematic manner as suggested can begin to be used to build

correlations with the variables involved. The maximum dislodgement rate

can be defined. This information can be employed to develop typical

dredging efficiency curves  Fig. l7! under all types of dredging condi-

tions. Of course, the actual cutterhead geometry will be an important

factor in the generalization.

In addition, the effects of particle size, gradation, concentration,

etc., on the pump head reduction  Fig. 4 b! or Eq. 5!; wear rates on the

pump; and NPSH required critical values can be added to that information

determined in the laboratory.

Also, the effectiveness of Durand's equations  and others, Table II!

for head loss determinations can be studied. In particular, if a plug

in the line occurs, conditions can be traced such that the critical velo-

city and concentration formulas for solids deposition in the line can be

evaluated for practical application to dredging.
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Finally, additional loss coefficient determinations can be made to

supplement the meager amount of data available  Table IV, mainly based

on clear water tests! and to add additional information for cutterhead

intakes, stern swivels, suction sleeves, and other appurtenances typical

for dredging systems. All that is required is additional pressure drop

measurements across these devices under known flowzate and slurry den-

sity conditions.

Overall, all those factors where our general technical knowledge

is deficient can be improved by using real field test information. The

result will be better, more accurate, and field verifiable mathematical

models of all similar systems for predictive purposes. Parameter studies

of these math models will then isolate those few key variables of rela-

tive importance when compared to all factors involved. And, where avail-

able, physical laboratory tests of dredge systems will have actual field

information to evaluate and interpretate the model results.

In&vidual Spathe Infatcm~on

A great deal of knowledge will only apply to the actual dredge sys-

tem from which it was obtained. But since most dredges become "lifetime"

machines which are rebuilt, remodeled, and revised many times, the infor-

mation can be applied as long as the dredge is in working condition,

The primary use of t' he feedback information will be for ways in

which the solids output per unit operation time can be improved. This

improvement will take many forms. In most cases, those occurrences and

operation procedures which waste production effort will be immediately
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noticed and ways devised to eliminate or reduce their impacts For ex-

ample, the changing of spuds and repositioning the dredge both take time

and no solids transport occurs during this operation. Slow procedures

will be immediately noticed and possibly fast acting speed controls add-

ed to decrease this delay in the dredging efficiency curve  Fig. 17!.

Operation and choice of correct cutterhead design will be more scientific

and less costly trial and error will be required.

Decrease in pump performance due to wear rates will be easily de-

tected and more predictable. Standby replacement units will decrease

low efficiency during operation with worn equipment.

The effect on the entire system output curves  Fig. 16! as a result

of the addition of a new improved piece of equipment can be computed be-

fore purchase to evaluate the economic rate of return on the investment.

For example, a larger horsepower prime mover can be evaluated as to its

impact on performance resulting from the horsepower limitation previously

discussed, Or one pump manufacturer's new dredge pump design may be

evaluated in the system which it will actually operate,

The addition of various types of suction booster pumps to overcome

the cavitation limitation can also be evaluated on the dredge model.

The advantages and disadvantages of a suction !et booster system versus

a submerged booster pump in the suction line can be completely reviewed

regarding their individual effects on all limitations of the entire sys-

tem. For example, the ]et booster requires the addition of a clear water,

high pressure supply which adds to the total flowrate resulting in the

horsepower limitation being reached sooner for smaller concentrations of

solids transported. The actual magnitudes of this effect can be deter-
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mined from the verified mathematical model of the dredge system,

Another use will be in the precise determination of the optimum

number and location of additional booster pumps under long line pumping

conditions. The most advantageous time for their addition will also be

known.

An additional important use wi11 be in the training and evaluation

of dredge operating personnel. Rays will become clear to both manage-

ment and dredge operators for keeping dredge production at or near opti-

mum solids output for all types of dredging conditions encountered. The

situations that worked on the last job will be forgotten in light of new

evidence of the present job and many old rules-of-thumb will be disregard-

ed because of their limited applicability under a wide variety of dredging

circumstances,

Finally, between jobs, the total results of the last job can be corn-

pletely evaluated and the information stored for future use. That future

use will be for bidding on future jobs. The contractor or equipment sup-

plier who factually knows what his system can and cannot do under a wide

variety of dredging situations has the competitive edge. He knows when

and how to cut corners and what factors are most critical in meeting the

requirements or specifications of the next job bid. Tt appears to be only

a matter of time before some organization will fully realize the total im-

plications of what a feedback program as outlined herein will accomplish

when applied to his dredging system,
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VIII. Summary and Conclusions

Fig. 19 summarizes a complete feedback program as outlined in this

paper. The various blocks shown were discussed in detail previously.

The results provide badly needed management information which is

l. Factual,

2. On time,

3. Concise,

4. Impartial, unbiased,

5. Proven on own equipment,

6. Useful for present day, short term and long range deci.sions

and planning purposes.

Most of the problems associated with the instigation of such a pro-

gram as mentioned at the beginning of this paper have been overcome.

It is not necessary to take the dredge out of production to run complete

tests on its performance. In fact, actual project conditions are re-

quired to provide the wide variety of information needed. The new instru-

mentation required is not that costly or complicated and previous main-

tenance and upkeep problems are overcome by the suppliers agreement to

furnish complete system responsibility for years afterwards, if desired.

If the technical know-how to implement such a program is unavailable in

a dredge organization, it can probably be found using consultants or uni-

versity personnel with dredging expertise. Data reduction and analysis

can become overbearing if not for the time and labor � saving advantages of

high-speed computers. All that is required i.s some prior planning to

handle the data generated. Finally, shortsightedness and money can be
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ma]or hurdles to overcome. Vision is requ.ired to "see" the long term

advantages of such an undertaking. A commitment must be made and the

organization. must be willing to risk something to gain a whole lot more.

Such an improvement program should be made cost accountable for its ef-

forts. This means individual developments must show how they could re-

pay their investment costs over some short return period, For example,

the cost of the new required process monitoring instruments and mainte-

nance program could probably be repaid quickly by the elimination of the

daily need to post survey the dredge area to determine the volume of

material  solids, voids [air and waterj! dredged for payment purposes.

Payment could be for solids delivered which is continually totalized by

a meter on the dredge. This would be similar to the water or gas meters

that provide continuous totals of volumes used in your house.

Finally, the basic, fundamental knowledge gained about all aspects

of hydraulic dredge operation will be very valuable to the progress of

the entire industry. Hopefully, those organizations will be willing to

share the basic information obtained of a general nature with the entire

industry.

1. Feedback from day-to-day dredgir g pro!ects is fundamental,

lacking or non-existent, and the biggest problem facing the industrv to-

day if it hopes to pull up its technology to levels consistent with the

20th Century  rockets, space travel, etc.!.

2. The problems to be faced in providing feedback of both a fun�
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damental nature and specific type are not insurmountable. All that is

required is

a. an analysis of one's dredging system,

b, the addition of a few process instruments,

c. some Judicial planning,

d. the use of high speed computers, and

e, a commitment to undertake the effort and expense.

3. Such a feedback development program can be made cost account-

able by which the improvements in output can be shown to be more than

worth the added expense.

4. Efforts should begin immediately to begin such programs by a

wide range of the dredging community. The knowledge gained of a general,

basic nature, should be shared with all concerned for the betterment of

the total industry. Knowledge of a specific nature for a particular sys-

tem can be kept proprietary and will also eventually contribute to pro-

gress of the dredging industry as a whole.
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APPENDIX I

Computer listing of Hydraulic Dredge System Program
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COMMON /CIlEFF I/HA1 ~ HA2 HA3«'EAI EA2«EA3«NAI «NA2
RFAO� 1000! KITLE BHPMAX IMPDIA SUCOIA ~ DISDIA ~ Ll ~ l.2 ELEYP

lRPMM A X RP M INC QSTAR T i! 50

la«D50

39!

9

10

11
12
13

15

1.6

17

1B
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20
21
27
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74
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39
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42
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44
45

46
47
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50
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54
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57
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26

27

1R

1,7

l5
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1

2

27

f MPDFT= IMP ! 1 h/12 ~
DS'!R= IM'PI?FT¹¹2
PCURc- I MPOF T¹¹3

St!I. OFT= SUCD I 4/1 2 ~
Of SOFT=A ISO IA/12 ~
ARih S=P I¹   S UCDF T¹¹2 } /4~
ARFAD=P 1¹ OISDFT¹¹2 }/4
D5OF T =0 50/304 ~ 8
AC C C HK = 0 ~ 0001 ¹R HP MA X

LENGTH=L1+L2

WR I T'F � t 100! Tl TLF. ~ RHPMAX e RPMMAX ~ RPMMI}k« IMPORA«S !CD{A«D I SD
READ { 5+. IOOIr END. 10!...CSUBV........
KFY=O

SPGRM=CSUBV¹ { SPGRS-I !+1 ~
RAT!!?E=1 +00-{ CSUBV/0 0640 049!-{ ALOGIO{ 050! WSUBV/0+05+0 0
VC~ {TO=F1 { D50 CSUBV! ¹SQRT { 2 ~ +{ +{!{SOFT¹{ S>GAS-l ! !
QCR I TO= V  R I TD¹ A RF AIl¹449 ~
VCR[TS=FL D50 CSURV!¹SQRT{2 4G¹SUCDFT+{ SPGRS-I ~ ! !
OC> fTS=VC~ {TS¹ARFAS¹449 ~
HRI T~�«�2! SPGRM«CSUBV
RPM =R PMMAX
~=OSTAoT

AMFGA=RPM/9 ' 549
QI?!M=Q/�49 ' ¹AMEGA¹DCUBE!
HDI M=HA 1+HA 2¹QO I M+H A3¹OD IM¹¹2
H~ 40=  HDI M¹OMFGA¹¹2¹DSQR/G I ¹RAT IOE
EFF=   Fh 1+Eh 7¹QD f M+6 A3¹QO IM¹¹21¹RAT{OE
BH>='.3¹HF AD¹ S>GRM/  3960 ¹EFF !
IF   4BS  BHP-RHPMAX!-h .C .HK I 14 14 21
Q=BHPMAX¹3960 ¹FFF/{ HEhO¹SPGRMI
GO TO 15

IVStJR S=I? MEG 4¹   0/449 ~ I ¹¹Oa 5/  G¹HEAD! ¹¹Oa 75
S I GMAC= NA 1. ¹NSUBS¹¹NA2

NPSHh V=S IGMAC¹HFAD

V F. L 5 UC = Q/   449 ~ ¹ A R E h S !
CA  L Fo IF AC l VFLSUC, S>JCt?FT, F!
rhLL RFGIM~  V~LSUC,SUCOFT,F,S!
H 5 I JR L M=   FhlGTH¹ S+ f K ¹V FL S Ul ¹¹ 2/   2 ~ ¹G ! !
I F  S>G~M- l~ ! 1 y 1 q2
A~~PTH= 1000.

TA 27

'?~F ~TH=     Ph PVP+EL FV>-HSURI M! /SPGRM-'NPSHAV! / t 1 -1 /SPGRM!
I  Or!EATH.LT.G.O.AND.KFV.FQ.O! GO TO R
IF   DOFPTHeLT ~ 0 ~ 0 ~ AND ~ KFV ~ FQe 1 +OR ~ KEY ~ EQ ~ � 1 ! OAF>TH=1000
QS'?L I O=Q¹C SURV¹0 797

VEL i! I 5= 0/   449 ¹ AR F AO I
CALL ~> IFAC  VELD  S, Dt SOFTY F!
CALL PcGIMF  VCLIlr S,~f SnF T,F,S!
LLFgf V=HEAD/S
»M=nMFGA¹9.549

f~ O'!~PTH ~ "Q 1000 ! GO TO 3



/0

61
67

63

64

6~

67

68

70

71
77
7>

74
7'5

7f
t7
'7 R

70

80

97

PR

op

<1

g7

I F   rI'!F>TM-L 1 �t 3,4
w R   T -   6 t 1 0 6 ! R P Ih t H F h o t F F F t rJ t V ~ L '! I S ~ Q S 0 L I 0 t L L F Q I V

r I /t

3 WRI TF � 101 ! RP< MFAO EFF  !OE>TM 0 VELOIS QSOL IO 1 LEOIV
I< K - Y} Z6t8t7

5 W> I TF   6t 1.03!
KF Y=1

rhL L r!rHEFF  Q ;WTO,O4F,".A,Q,HEAD EFf!
WR TF�,104!

GO T> 14
t KsY=-1

  bt L OCHFFF  MICR ITS rIÃEGA !, HFAD EFF!
WRg rc   6 t 1 05 !
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'!N /P R ClPTY/'rlS QR 0l ',> Rf RHP MAX RP'MMAX SPGRM R hT I 0< ACCCHK
VgWMnf~ /CaNSWPI,G
rl<'E ~h=RP'IMAX/9 54!

Q=QCR[T

rlnMrf,h=gwFGA/]q.
rlMFGA=ONffr.4-0 !MFGA

Q l I M= Q/ �49 ~ ¹OM~GA¹Df UR<!
HD I ~= H A ] +Hh 2¹QDI M+HA�>¹QAI M¹¹7
HE40=   Ht! I M¹OMEGA¹¹2¹DSQ>/G! ¹+AT IOF
F~F=  F h 1+<A2¹Q~IM+FA3¹Qf! I M¹¹2 ! ¹RATI f3F
RH>='! ¹HF A 0¹ SPGR M/  3960 ~ ¹EFF !
IF I APS  RHP-RHPNAX! � ACCCHK!? 2 3
[~ RHP RHPMAX�t2 ~ ].
f!MFGA=PMFGA+AOMFGA

QrlMF GA = Dt!MF GA/] 0

f0 T> 1

Rf TU~N
F-N'0

Sf�P >f!T [hlF R'EGI ME   V 0 F y S!
IM>L IC I T PF AL   A-I, K-Z!
r rf M < rjhl / r R h I hl / fl 5 0 "l 5 0F T q C S G
CaNMr!f« /rnNST/Pt,G
f-lf!VFD-L=F¹V¹¹7/ D¹2 ~ ¹G!

IF C! 2e2g6
Vf<= ]800.¹G¹VSS t
f!,cr.,r!¹[!!¹¹ ]./3.!
V =Fl �50' C ! ¹S<RT I 7, ¹G¹0¹I SG-1 ~ ! !
[F V-V4! lr 1 ~ 2
IF   V-VC ! 4e4 3
Pq]=SG-!

S=Hf!VFflL¹ PH I ¹f+]. !
PFTURN

P fI =1 100 ~ ¹   SG 1 ! ¹V'SS  l50 ~ SG ~ 0! ¹ri¹f!/V¹¹3
rn Tn

~9=  V¹S«T�¹G! /VC }¹¹7/ � ~ ¹G!
S=   S".� ] . ! ¹~50F T/RH¹ f ¹V¹RH/�0 39¹SORT  I SG-1 ~ ! ¹G¹f
0~T¹¹3 ! ! ! ¹¹� /

SllRP IUT! VE F~ IF AC   V, f!, FNFW!
I<"I IC IT flFAL A � IeK-2!

r.h T~ x sUff s /0 ~ 00015/, Kvt SC 0/1 06F-05/
P T X V rf = V * A / K V I 6 t rf
c-q ~ r!]~

x2=2.¹<Lflr,]0 KSURS/f!!

X]=7.¹hf ZG10 ].+9.35¹n/KSURS/IRFYNU¹SQRT f!!!
FVf W=I ] ~ 14-XI-X7!¹¹I-r !

l I f f = h~ 5 I FNF W-f !
[F ~I«-O.OOO]! 1,1,2

r,q

R f' T ~.J 'l V

0VQ
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