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ABSTRACT

A 1:35.2 scale model of the Pedro Miguel Lock
was constructed in the 140-foot model basin at
David W. Taylor Naval Ship R&D Center (DTNSRDC).
A 19.2-foot ship model was used in experiments to
determine resistance and sinkage characteristics of a ship
with maximum allowable beam and draft transiting a
lock of the Panama Canal. Model data are presented
and a quasi-steady extrapolation technique is
discussed. Results presented show a limiting
speed due to resistance forces when entering
the lock and a limiting speed due to groundirig
of the ship's bottom when exiting the lock.
Recommendations of operational 1limits for full
scale ships are presented.

INTRODUCTION

A project 1s being performed by the David W. Taylor Naval
Ship R&D Center (DTNSRDC) for the Panama Canal Company involving the
measurement of hydrodynamic forces on large ships operating in the
confined waters of the canal or in the locks. Three phases of the
project have been proposed: a study of the ship entering and leaving
the lock, a study of ships meeting and passing, and a study of the
acceleration and deceleration of a ship crossing Lake Mira Flores.
The work performed in the study of the ship entering and leaving

lock is presented in this report.




The objective of the lock study is to provide guidelines for

expedient operation with large ships during lock transiting maneuvers.
Faster transit times will mean increased revenues, yet practical
limits are imposed by the available tow force of the locomotives
or by the speed at which the ship will bottom on the lock door sills.
By modeling the extreme situation of a maximum beam and maximum
draft ship, the limiting speeds and forces may be determined for
future application.

Experiments were conducted in the 140-foot basin at DTNSRDC
to determine the sinkage, trim and resistance forces acting on a
ship entering and exiting a lock using a model-scaled lock and model
of a full-form ship. The model represented a ship with the maximum
allowable beam and draft for the Panama Canal Locks. The experiments
included variations in ship speed and bottom clearance.

The extrapolation of the model data to the full-scale predictions

is complicated by the restricted flow around the ship. Straightforward

Froude scaling assumptions cannot be used in this case. An extrapolaticn

theory which has been developed on the basis of a quasi-steady analysis
of the dynamic situation is discussed in Appendix B. The resulting
full-scale predictions of sinkage and resistance are presented along
with guidelines for operating restrictions such as maximum locomotive

force or maximum transit speed to avoid grounding.

EXPERIMENTAL ARRANGEMENT
The limiting beam and draft for ships transiting the lock

is 106 and 39 feet, respectively. A ship whose beam and draft




approach these limiting values is referred to as a PANMAX ship. DTNSRDC

Model 5194, which represents a full form tanker, was chosen to be
used in these experiments. The linear scale ratio (A = 35.24) used
in all geometric scaling for these experiments was determined by the
ratio of the limiting ship beam and the beam of Model 5194. The model
was then ballasted to the draft corresponding to 39 feet, full scale.
The principal dimensions and characteristic coefficients of the ship
model which was used in the experiments are shown in Table 1.

A 1:35.24 scale model of the floor of the Pedro Migual Lock
was constructed of concrete in the 140-foot basin from drawings provided
by the Panama Canal Company. The sides and end of the model lock
were made with three vertical layers of (8" x 8" x 16") cinderblocks.
One wall of the model lock was extended beyond the end of the lock
floor to represent the wingwall of the lock. The fullescale lock is
1,015 feet in length, and 110 feet wide. A 41 foot depth of water
over the door sill was scaled. A photograph of the model lock without
water is shown in Figure 1. Figures 2 and 3 show the ship model in j

the lock.

DESCRIPTION OF EXPERIMENTS :
Measurements were made of model drag, sinkage, and trim relative
to the at rest level for all experimental runs. During propulsion
experiments, propeller RPM was also recorded. For the exiting runs, i
measurements of pressure were taken at four different locations on a
the lock floor as the propeller passed. The pressure gauges which

were installed on the lock floor are shown in Figure 4. During the




entering experiments the pressure was measured at the lock door

sill, the location of minimum water depth in the lock. The variation
in water level at the end of the lock was also measured during the
entering experiments by means of a parallel wire wave gauge.

The exiting experiments were conducted with a bottom clearance
of 2.4 feet at the ship scale. The entering experiments were done
with ship scale bottom clearances over the lock door sill of 2.4,

5.3, 8.3, and 10.0 feet. Both model draft and water level were varied
to obtain the different bottom clearances. For each bottom clearance,
experiments were conducted with and without the propeller turning.

A time history of the data was recorded on a strip chart for
each experimental run. In addition, digital voltmeters were used
to obtain numerical values of the data at any instant of time.

A portion of the run when the entire model was in the lock
showed relatively steady state results. This portion of the run was
used in the quasi-steady state data analysis.

The model data are presented in Appendix A. A sample strip
chart record is also included in Appendix A. It shows the behavior
of the various parameters measured during a run when the model was

entering the lock.

EXTRAPOLATION OF MODEL RESULTS
The fluid dynamic problem of a ship entering or leaving the lock
is very complex in that the phenomenon is basically unsteady and
simultaneously involves several laws of similitude. For this problem

there is no established technique which allows us to translate the




results obtained at a model scale to those applicable to the full-scale

ship. In general, for a complex and highly unsteady flow problem,
it is very difficult to establish a rigorous scaling procedure for
making predictions regarding a full-scale ship from model-testing
results. Even if such'a procedure is established, it requires an
extremely laborious analysis to treat the unsteady aspect of the problem.
Fortunately, for the present problem, we are mainly concerned with
ships moving at very low and constant speeds, and there is evidence
from model testing results to indicate that the flow regime surrounding
the ship model had only a slight degree of unsteadiness. Thus, it
is believed that a simple and more practical approach of the quasi-steady
technique will be sufficient for the analysis of this problem.

A steady state analysis has been developed for extrapolating
the model results to ship scale. This theory is outlined in Appendix
B. The theory first assumes that the total resistance consists of
three parts: a pressure resistance caused by the change in water
levels in the lock; a frictional resistance; and a residual resistance
which is the remainder of the total resistance not accounted for by
the pressure and frictional resistances. The second assumption made
is that the flow regime around the model and ship have complete geometric
similarity. The friction line used in the extrapolation was derived
by Reichardt as reported on page 285, equation (13~37a) of reference 1?
for flow between two moving walls in close proximity to each other
(couette flow). The friction line assumes that the walls have hydraulically
smooth surfaces. A modification was made to account for the ship surface

being rough, as explained in Appendix C. The model is assumed to be

*
Reference listed on page 10. 5




hydraulically smooth in the extrapolation because the Reynolds number and
equivalent sand roughness of the model are small enough that this
assumption gives the most reasonable approximation to the frictional re-
sistance. The frictional resistance of a full-scale ship depends on its
surface condition which may vary considerably from ship to ship and is not
known a priori. Hence, a number of estimated values of the equivalent
sand-grain roughness, Ks’ were used in the extrapolation.

The measured model resistance data showed considerable scatter.
Hence, these data were first faired and extrapolation was performed on the
basis of the faired resistance curves. Second-degree polynomial fit was
used to represent the faired resistance curves in order to facilitate
computations. The resistance curve for the case of model exiting the
lock with very small bottom clearance (0.814 inches, model scale) showed
an abrupt increase for speeds higher than approximately 0.06 feet per
second. It was determined that such abrupt increase in resistance values
was due to grounding (i.e., ship-model bottom touching the lock door sill).

Although a fourth-degree polynomial fit was used to represent the
faired resistance curve of this case, the portion which appeared questionable
has been represented by dotted curve in Figures 5 and 10 to indicate
that grounding took place during the experiments. The corresponding
polynomial coefficients for individual resistance curves are presented

in Appendix A.

SO




DISCUSSION

Figure 5 contains curves of model resistance (tow force) versus model
velocity at a given bottom clearance for both the exiting and entering
experiments. Curves of resistance as a function of speed for all the
entering experiments show a clear trend of lower resistance as bottom
clearance increases. The asymptotic behavior of the resistance curve for
the exiting experiments was caused by the model grounding on the lock
floor. The exiting experiment showed that even when the model was towed,
there was a speed beyond which the model touched bottom (grounded) on
the sill of the lock door. During the entering experiments a similar

behavior occurred but at higher speeds.

Figures 6 through 10 contain plots of ship resistance (Rt )
versus ship speed (Vs) for the four different lock door sill i
clearances. The extrapolation method used to obtain these results
is that of Appendices B and C. Each figure represents a family of
curves based on varying ship equivalent sand roughness, Kg, for
a given sill clearance.

An accurate value of Ky is impossible to calculate without
good full-scale data. This method of plotting a family of curves
of different Kg was chosen so that an accurate value of Kg can be
found by a small number of full-scale tests run at some later date.

Table 4, Appendix A, gives a breakdown of the resistances
for Kg = .015 with different sill clearances. It should be noted
that the pressure resistance term is the largest part of the

total resistance. This indicates that increasing the number of

culverts in the lock can decrease the total resistance of the ship.
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Figure 5 indicates that the exiting speed is limited by grounding

on the door sill. 1In the entering case, when the ship towed, the maximum
speed into the lock will be limited by the available tow force.

Sinkage and trim characteristics for the towed and propelled con-
ditions of a ship entering and exiting the lock are presented in Figures
11 and 12.

The midship sinkage data were made dimensionless by ship length.

It is assumed that the data is applicable to full form ships of different

lengths. Stern sinkage and trim angle increases with decreasing bottom
clearance at a constant value of ship velocity. The sinkage and trim also |
increase if the propeller is turning. The stern sinkage is greater when |

the ship is exiting the lock than when it is entering. |

CONCLUSIONS

The values of ship resistance presented in Figures 6 through
10 are based on the extrapolation technique described in Appendices
B and C. It should be noted that the pressure resistance term is i
the most significant portion of the resistance for every bottom clearance.
However, the frictional and residuary resistances are significant
enough to have an effect on total ship resistance.

The values of total ship resistance can vary a great deal depending
on the value of K;, the equivalent sand grain roughness of the surface
of the ship. The final determination of Ky will have to depend on
full-scale information. In addition to flow conditions which will be
dissimilar between the ship and model and therefore cannot be scaled,

the actual pressure rise and tow force may depend upon some geometric
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detail not scaled in this model (such as the flow through the culverts

in the bottom of the lock). Such a detail ma? be accounted for by
considering a different hydraulic radius between the ship and the
model.

Whatever the differences between the predicted values and
the actual ship values of resistance entering a lock, the technique
shown here for scaling the resistance is considered more valid than
a straightforward Froude extrapolation. Response from the Panama Canal
Company is requested in making the determination of Kg. Full-scale
values of resistance (e.g. locomotive tow-force) as a function of speed
for various clearances will allow the data shown here to be used
generally as a guide for providing appropriate tow forces and for estimating
lock-transit time.

The recommendation to be made from these data would be that the
PANMAX ship be towed into the locks without using the ship's propeller.
If the ship's propeller is used, the sinkage of the ship is increased
significantly and the speed at which the ship would touch bottom on
the lock door sill is reduced. Finally, it would appear from these
data that a maximum speed of approximately one mile per hour should not

be exceeded with a PANMAX ship entering the lock.
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TABLE 1 MODEL AND SHIP GEOMETRY

A - Bxa = ;‘Og(’)g = 35,24 : Linear Scale Ratio
me
MODEL GEOMETRY SHIP DIMENSIONS
h - 19.2 ft. (5.85 m) waterline length L = 677 ft. (206 m)

B = 3,008 ft. (0.917 m) beam at maximum gection B

106 ft. (32 m)

T = 1.107 fr. (0.337 m) draft at maximum section Iy 39 ft. (12 m)

A = 3329 1b (14807 N) displacement A = 64,980 tons (66,020 tonnes)

2 2 2
sm = 87.668 ft (8.145 m") wetted surface Ss =108,871 £t (1753 mz)

2

AX = 3,319 ft (0.308 mz) maximum section area Ay, = 4122 ft2 (383 mz)

c = (.997 maximum section coefficient
C = 0.836 block coefficient

[ = 0.839 prismatic coefficient

cw = 0.886 waterline coefficient

LCB = 0.463 longitudinal center of buoyancy
LWL

12
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MODEL TEST DATA USED IN THE

TABLE 2

POLYNOMIAL RFGRFSSION

ENTERING THE LOCK

Y

FPS

R
v

LBS

BOTTOM CLEARANCE=

“OSF
.161
.218
. 265
.321
.372

1.47L0
5.8970
10.0250
13.5630
18.8700
22.4080

BOTTOM CLEARANCE=

.130
176
.272
«333
.385

1.7690
2.9480
6.L4860
9.43k40
11.9730

BOTTOM CLFARANCE=

.180
.230
.2ko
.33k
k28
L33
.L70

. 7690
.8330
.9k9o
.7180
L9610
.8L60
.9TLO

HOO3ENNWE

h

BOTTOM CLEARANCE=

.218
.266
367
b3

1.7690
2.3590
L. 4230
5.3070

Hy

IN.

.816 in.

.050
.290
.430
.600
. 750

1.000

1.816 in.

.050
.150
.270
.Lko
.kao

2.816 in.

.1k0
.190
.100
.190
.3ko
.3k0
.L80

3.41€ in.

.050
.100
.2ko
270

14

ANALYSIS

EXITING THE LGCK

Y

FPS

BOTTOM CLFARANCE= 816 in.

.070
.093
.100
153
175
<220
<231
.235
e
.258
.258
28l
<302

ju}
ONFWWH

32

M
LBS

.T130
.4330
.2380
.9L80
.4360
.T660
il
125
12,
185
20.
.8L00
L3,

1760
5020
5340
0600
L4800

9600
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v
S
S
MPH

«100
«200
«300
<600
«500
«600
<700
«800
«9 00
1.060
1.100
1.260
1.300
1.600
1.500
1.600

FPS

«017
«040
<0604
<090
o117
ol b
«172
«200
«229
«258
«288
«318
«368
«379
«4 09
&l

16

TABLE 4

R
F
S
LBS

871.0
3%839.6
7685.9

13600.2
21176.5
30609.8
41296.7
53833.9
68018.9
83849.6
101323.7
120639.8
161196.0
1635491.0
187623.5
213292.1

R
F
M
L8sS

«0199
« 0786
«1756
« 3108
« 4839
«6949
« 9637
1.2302
1.5543
1.9161
23154
27522
3.2265
3.7382
42874
L,87%0

SHIP SCALE
BOTTOM CLFARANCE = 2.40 ft
K= 0.015
R R R
T R P
S S S
LBS LBS LBS
22267.5 6979.5 14417.0
51179.2 11756.9 35982.6
87083.0 16261.6 $3135.6
130294.9 20814.1 9588045
181107.5 25578.3 134352.8
239777.9 30657.3 178710.7
306532.5 361243 229111.5
381572.8 42034.4 285704.5
465080.5 48431.5 3486300
5572203 553513 418019.%5
658143.5 62823.8 893995,
767989 .4 70875.0 ST6ET LV
886887.6 79527.2 666164e5
1014959,2 88800.2 762568.1
1152317.6 98711 .6 865982.5
1299069.4 109277.3 376499.9
MODEL SCALE
BOTTOM CLEARANCE= .816 IN
R R R
T R P
M M M
LBS L8S LBS
«04302 .0800 «3303
1.0796 «1766 « 8245
1.93 38 2815 1. 4467
29038 «3961 2.1970
4,0846 «5222 3.0785
5.4515 «6b617 4,0949
7.0096 «8162 52493
8-76““ 09873 605365
10.719¢ 1.176% 79883
12.8791 1.3848 3,57R3
15.24L82 1.6137 11. 3192
17.8300 1.8662 13.2136
20.6280 21376 15,2642
23.6456 244342 17.64731
26.8857 2.7556 19,8427
38.3515 3.1025 22.3751

1.9942
1.5216
1.3292
1.20009
1.1193
1.0588
1.011%
«9729
« 94608
« 91306
.8897
.8688
+8502
+8336
«8186
«884&9




MPH

«100
«230
«300
«4 G0
«500
«600
o706
«8006
+3 G0
1.000

FPS

«017
<040
o064
<390
o117
ellts
«172
«200
«229
«258

TABLE 4 (CONTINUED)
FXITING DATA
SHIP SCALE
. BOTTOM CLEARANCE = 2.k0 ft
Ks— 0.015
R R R
T R P
S S S
LB8S LBS LBS
~2941 6.6 -4L4704.6 14617.0
11997.3 -27424.9 35982.6
74861.5 6iu0.0 63135.6
134230.2 26749, 4 958805
178566.8 23037.5 134352.8
210726.1 1605.5 1787107
248987.5 -21420.7 229111.5
327942.6 -11595,.8 2857045
439251,.9 82602.9 348630.0
832301.0 330431.9 418019.5
MODEL SCALE
BOTTOM CLEARANCE= .,816 IN
R R R
T R P
M L} M
LBS LB8S LBS
-e162u -¢5123 «3303
.“912 "0‘0‘.19 062‘05
1.6922 «0699 le4467
29787 « 4709 21970
440327 e703 J.0785
Le8244 « 0347 G, 0949
5.7G9¢% -.4840 5.2498
70 50 63 '0272'0 6. 5’065
11,5691 2.0064 7.98R3
19.7611 8.2667 93,5783

17

R
F
S
L8S

a71.0
3439.6
7685.9
13600.2
21176.5
30409.8
41296.7
53833.9
68018.9
83849.6

R
F
M
L8S

«0199
<0786
«1756
« 3108
« 4835
e 6949
«J437
1.2302
15543
19161

]

1.9942
1.5216
1.3202
1.2069
1.1193
1.0588
1.0114

«9729

«9403

«9134




MPH

«100
«200
«300
4 00
«500
«600
«700
«800
«900
1.000
1.100
1.200
1.300
1.4600
1.500
1.600
1.700

FPS

«016
«038
«061
«085
«110
«136
e162
«189
e216
24k
o272
«3060
«328
«357
« 386
ol 16
b5

R
T
S
LBs

5146.3
13693.4
25978.4
42250 .1
62703.7
876499.3

116772.6
150641 .8
189211.1
232574 04
2803816.8
334016.1
392244.3
655568 .4
524050.6
597749.6
676720.5

B0TTOM CLEARANCE=1.816 IN

R
T
M
L8s

«1024

« 2891,
«5620

« 9265
1.3883
1.9522
26222
3.4019
L,2946
5.3031
6.4302
Te.6782
9, 06495
10,5661
12,1701
13.9233
15.80676

TABLE 4

(CONTINUED)

SHIP SCALR

BOTTOM CLEARANCE = 5.33 ft

R
R
S
LBS

1216.8

2532.3

4389.1

6885,.6
18076. 4
13997.7
18676.3
26132.9
30386.2
3744443
§5325.1
54036.9
63588. 8
73988.9
85246446
97362.3
110348.1

Ks= 0.015

R
[
S
LBS

356646
9726.8
18386.3
29693.1
43796.6
60820.3
80875.1
104059.4
130461.9
160163.4
193237.8
229753.5
269773.9
313358.5
360562.8
L11439.5
466038.1

MODEL SCALE

R
R
M
L8s

«0123
«0338
«0675
«1165
«1830
<2688
«3756
« 50866
«6571
« 8342
1.0369
1.2660
1.5225
1.8070
2.1204
24632
2.8362

R
-]
M
L8s

«0817

«2229

4212

«6804&
1.0035
1. 3936
1.8531
23844
269893
3.6699
Lew278
52645
61815
71801
8.2618
9.4275
10.6786

18

R
£
S
L3S

363.2
1836.3
3205.0
5671.3
8830.7

12681.2
17221.2
22469.5
28365.0
34966.7
%2253.9
502257
58881.6
68221.0
7824L3.2
88947.8
100334.3

R
F
M
L8s

«d083
«0328
«0732
«1296
«2018
«2898
« 3935
« 5130
«6482
« 7990
«9655
1e1677
1.3455
1.5589
1.7879
20326
242928

22515
1.7163
1.4859
1.3508
1.258%
1.1900
1.1364
1.0929
1.0566
1.0257
«9989
«9753
e 95464
«3356
« 9187
9032
«88¢1




MPH

«100
«200
«300
o4 U0
«5 U0
«5600
7 00
«83410
«9 00
1.000
1.100
1.200
1.3460
1.4 00
1.500
1.600
1.760

<016
«036
358
.082
«1 Ub
«130
«15b
«181
«208
«234
«261
«288
«316
343
«371
«399
«b28

R
)
S
L8s

L87.7
3885,.1
9798.5

18283.1
29405.4
43227 .3
598044.9
79188.5
101424, 0
126552.9
154613.6
185641 .4
219€69.3
256728.0
2968uL6. 4
JelGUB1.6
3866369.2

B80TTOM CLEARANCFE=2.816 IN

R
T

M

LBS

«2394

<4216

«6616

« 9631
1.3288
1.76160
2.2619
2.8332
J.4767
be1940
4e9860
5.8555
6.8023
7.8282
8.33462

TABLE L (CONTINUED)

SHIP SCALE
BOTTOM CLEARANCE = 8.27 ft
K = 0.015
S
R R
R P
S S
L8s LBS
-1708.8 2008.0
-220000 53405
-1757.6 9892.1
-385.6 157241
1921.7 22898.7
5170.8 J1472.2
9368.1 41495.2
16519. 4 53013.0
20629.9 66066, &
277044 80693.1
357470 96927.6
44761.6 114801.4
54751.8 134304407
657207 1 55585.2
77671.4 1785649,0
90606.6 203260.8
104528.8 229744eu

MODEL SCALE

R
R
M
LBS

‘00159
-.0270
-e0269
‘00060
«0322
«0915
«1737
«2800
« 4115
«5693
e 7544
«9675
1.2695
1.4810
1.7824
2.115¢4
2.4795

R
p
M
LBS

« 0460
«1224
e 2267
«3603
«524L7
o 7211
«9508
1.2147
1.5138
1.84990
202209
26305
3.0783
3.5650
4.0912
Le 65746
5.2642

19

R
F
S
LAasS

188.6
Ths,7
1664.0
2944.6
4585.0
6584.2
8941.5
11656.2
14727.6
18155. 4
21939.1
26078. 4
30572.8
35622.1
40626.0
46186.2
52096. 4

LBS

e00%3
«0170
«0380
«0673
e1068
«1505
«2043
«2666
«3365
elbi169
«5013
«59659
«e65986
8094
«92A3
1.055%&
1.1905%

2.6488
1.8621
1.6130
1.4658
1.3652
1.2907
1.2326
1.1851
1.1456 _
1.1119 :
1.0828
1.0572
10344
1.0160
.99356
.9788
. 9636




MPH

«100
«200
«300
«4 00
«500
«600
«700
«8 G0
«900
1.000
1.100
1.260
1.300
1.4 00
1.500
1.600
1.70G0

FPS

«016
«036
«057
«080
«106
«129
«153
«179
«205
«231
«257
«284
«311
«338
«366
«393
21

TABLE 4 (CONTINUED)

SHIP SCALE
BOTTOM CLEARANCE = 10.01 ft
KS— @.015
R R R R
T R P F
S S S S
LBS L8sS LBS LBS
4749.9 4L816.3 -215.9 1649.5
8833.3 7928.7 J14.0 538.6
13699.5 10460.1 1919.6 1319.7
19654,.7 12558.1 7612 2335.4
26879.1 15291,.2 8951. 46 3636.5
35500.3 15700.1 14578.0 5222.2
45617 .2 16811.8 2171 3.5 7091.9
5731u .8 17646,1 30419.6 9245.1
706649.9 182168.0 0750.6 11681.3
85694.1 18539, 4 527545 16400.2
1d2696.3 18620.1 664748 17601 . 4%
121104.0 18468.2 81951.2 20686.6
1641560.1 18090.7 9921 9,9 2L249,.5
1639044 17493.6 118314.9 28096.0
138173.3 16682.1 139267.5 3222367
214406.7 15661.0 162107.2 36632.4
242618.3 144344 186861.8 41322.1
MODEL SCALE
BOTTOM CLEARANCE=3.6416 IN
R R R R
T R P F
M M M M
LBS LBS LBS LBS
« 0622 « 0637 -« 0049 «0036
«1153 «+ 1946 «0072 «0135
2182 elblbl « 0440 «0302
« 3527 «1903 «1091 «0534
«5207 2320 « 2051 « 0831
o 7234 «2701 « 3360 «1193
« 96246 «3029 «4975 1621
1.2388 «3306 «6970 e21i3
1.5537 «3530 «9337 «2669
1.9679 «3701 1.2088 «3291
243025 «3817 1.5232 «3976
2.7382 «3877 1.8778 e 727
3.2157 « 3881 2.2735 «5541
3.7359 «3829 27110 «6620
&,2993 « 3719 3.1911 e7363
4.9066 «3551 3. 7160 «8371
55584 «3325 4.2817 e JbL63
20
P ——

205161
1.91%8
1.6592
1.5081
1.6049
1.3284
1.2685
1.2199
1.1793
1.1467
1.114A8
1.0885
1.0651
1.04061
1.0251
1.0079

«99290




Figure 1 Lock Model Set-up for Exiting Experiment

-




Figure 2 PANMAX Ship Model Entering the Lock with Bow
Approaching Pressure Gages

2




Figure 3

Stern View of Model Entering the Lock

23




e

Figure 4

Lock Floor Showing Pressure Gages on
Lock Door Sills

24
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Figure 13 is a strip chart recording from a run made during the
entering experiments.

Points on the strip chart are noted for when the bow entered
the lock, when the stern entered the lock, when the bow was over the
door sill, and when the run ended. A portion of the run when the entire
model was in the lock and conditions wcre relatively steady is indicated
by circled areas. This portion of the run was used for the quasi-~steady
state data analysis.

The data recorded on the strip chart are for a resistance run.
Information recorded includes the resistance signal, the output from
the bow and stern trim gauges, the model speed, the water level at
the inside end of the lock model, the water level at the entrance
to the lock, and the pressure measured at the floor of the door sill.
The start of the run is at the bottom of the page and the chart speed
corresponds to 5 mm per second. The indicators for the data channels
were zeroed in the center of the strip chart channels except for channels
4 and 8 which were recording speed and propeller rpm, respectively.
Channels 4 and 8 were zeroed on the right edge of the strip chart

channel.
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As a basic building block to a complete quasi-steady treatment
of the flow problem, a steady-state theory of analysis has been developed
for extrapolating the model results to those of a full-scale ship.
Moreover, as a first approximation, it has been further assumed that
the entire flow regime was completely steady and the steady-state
method of analysis developed in this project has been used to predict
performance characteristics of the full-scale ship. It is proposed
that the predicted full-scale ship results so obtained be checked
against the actually observed results of a full-scale ship of comparable
size and type. A careful comparison of the predicted and actually
measured full-scale results will enable us to determine whether the
present simplér technique is valid or a more laborious approach of
the complete quasi-steady technique should be used.

If the complete quasi-steady analysis should prove to be neces-
sary, the problem may be approached as follows. To illustrate a general
technique of the quasi-steady approach, let us consider the resistance
and speed relationship of a ship entering the lock. Suppose that the
ship speed is held constant; nevertheless, the flow regime surrounding
the ship is unsteady. In conducting a model test to investigate this
problem, we shall measure, among others, the model speed and resistance.
However, the resistance is now time dependent and therefore it is
customary to plot the measured resistance versus time. To perform
the quasi-steady analysis for extrapolating the model results to those
of the full-scale ship, the time scale which covers the range of interest
would be divided into a finite number of sub-intervals. Within each

of such sub-intervals, the whole flow regime is assumed to be completely

S —




steady and the steady-state technique described above is used to analyze
the experimental data. In carrying out the steady-state analysis
within each time sub-interval one can use the time-mean values of

all the measured experimental data for computations.

The Steady-State Analysis

To illustrate the idea, we shall consider the example of

a ship entering the lock. For a steady-state analysis, we shall assume
that the ship speed, the drag force, the water levels at the bow and
stern, and the whole flow regime are constant. A schematic diagram

illustrating nomenclatures used in this problem is given in Figure 1l4.

Let Ry be the total resistance, V the constant velocity, and
L the length of the ship at the waterline. Since we shall be discussing
the experimental results at the model scale and the extrapolation
of the model results to those of the full-scale ship, we shall use
the subscripts "m" and "s'" to denote the model and ship results,
respectively. From the schematic diagram, Figure 14 it 1is clear
that at least two factors contribute to the ship resistance: (i) the
pressure resistance caused by the difference in water levels at the
bow and stern, respectively, and (ii) the frictional resistance due
to the water flowing through the space between the ship-hull surface
and the lock surface which includes the walls and the bottom. Thus,
it would appear reasonable to decompose the total resistance, R,

as follows:

Rt=Rp+Rf+Rr (1)
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In this decomposition, Rp and R_ are, respectively, the pressure resistance

f
and the frictional resistance as described in (i) and (ii) above. The
third component, Rr’ shall be referred to as the residuary resistance.

The residuary resistance here represents that part of the total resistance
which is not properly accounted for by Rp and Rf .

In order to predict the resistance at the ship scale from that
obtained at the model scale, it is necessary to establish appropriate
scaling laws for this specific problem. It seems apparent that each of
the resistance components in equation (1) is governed by different laws
of similitude. One can reach such a conclusion by starting from dimensional
analysis. Instead, we shall analyze the problem by direct observationms.

The fundamental question of our problem may be posed as follows: What
is the corresponding ship speed in order to achieve an exact similitude
of the flow regime if the speed and flow regime at the model scale are
specified? Here, obviously, a complete geometric similarity between the
ship (including the lock) and the model is assumed.

In the following we shall investigate the computation of each
of the component resistance in (1) and their extrapolation to the ship
scale. First, we shall assume that the pressure resistance, Rp’ may
be computed hydrostatically. Thus, if Tim and sz are the drafts of the
model at the bow and stern, respectively, then Rpm may be approximated
by using the following equation:

Rom = Pl * B (Tyy = Tpp)

P (2)

g pgAxm (hlm a h2m)
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where Axm is the underwater portion of the cross sectional areas at the

midship, and him and h2m are, respectively, the water levels at the bow

and stern. In deriving equation (2) we have assumed that the waterline

from the stern to bow is a straight line.

Since we have assumed a complete similarity of the flow regime at

the model and ship scales, the pressure resistance of the ship may be

computed as follows: p _ B 1/2 pe
ps _ P8P%s (T1g = Tyg)

* pgA ( h

My B =

= X3R

pm
where A = I..S/I.im is the linear ratio between the ship and model.

In equation (3) we have made use of the relationship:

L o L (4)

The computation of the frictional resistance, Rt’ is not as straight=-
forward. As was defined previously, Rf is due to the water flowing through
the space between the surfaces of the ship hull and the lock. This flow
is somewhat analogous to that through a U-pipe except that now the water
velocity may vary considerably within the space. We shall use this pipe-
flow analogy to analyze the problem regarding Rf.

We shall assume that there exists a mean velocity, V__, which
characterizes the back flow of water from the bow to stern. The back
flow mean velocity, VBF’ is hypothetical and different from the apparent

ship velocity V . However, we may assume that they are related as follows:

VBFm = (Axm/Aom) Vm

(5)
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where Vm is the apparent model velocity and A.om is the cross sectional
area of the "pipe" (i.e., the underwater space between the lock and

model cross sections ) at the midship. In equation (5), the conservation

of mass relationship has been applied.
Our next task is to find the corresponding back flow mean velocity,

VhF , at the ship scale from VBF as obtained in (5). By consulting
s m

*
the equations governing pipe flows, [1],we may assume, roughly, that

the following relationship holds between the model and ship scales:

o " Vgr o Vor ¥
where & g
e W By — ) o
- X B ;

is the pressure gradient of the "pipe" flow, d is the hydraulic mean
diameter or radii and C is a constant for model~to-ship correlations.

In general, the constant C is intended to account for the differences

in Reynolds numbers, the pipe roughness, and any other relevant parameters
between the model and ship scales. Thus, in principal, the values of

C can be determined if there exist sufficient data at the model and

ship scales. Unfortunately, at this time, there are no available ship

scale data which correspond to the model-test results of this project.
One method for finding C with a minimum of full scale data is given
in Appendix C.

Since the pressure gradient is the same at the model and ship

scales, qs = q- Equation (6) then simplifies to:

*number in the brackets indicates the
reference listed on page 10. 41
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vBFS = /ds7dm N vBFm (8)

The apparent ship velocity may be obtained from the back flow mean

velocity and relationship
¥ " Aos/Axs E VBFs B A O il e (2)

That is, the ship velocity is equal to the model velocity times the square

root of the linear ratio and the square root of C. If C is assumed to

be 1.0, equation (8) then reduces to the normal Froude scaling assumption.
The frictional resistance of the model may be computed from the

back-flow mean velocity, VBF .
m

2,

Re. = 1/2 5 Vee " Sa B (10)

where Sm is the actual wetted surface of the model when entering the lock.

The frictional coefficient Cfm is to be calculated from a Reynolds number

based Y .
ased on BFm
Similarly, the frictional resistance at the ship scale is computed

from

2
Reg = /200 VBF, S¢ Cts (11)

where the frictional coefficient Cfs should be chosen for Reynolds number

based v .
ased on BFS

There remains the task of finding the residuary resistance, Rr'

Firstly, at the model scale, we may compute

R_ = - &
rm "~ Nem ” Rom = Rep (12)

and
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= 2 13
€. =R fals 8RS 5 {13)

The origin and character of the residuary resistance here is not identical
to that of the usual ship-resistance problem. However, they do bear some
resemblance. Therefore, we shall hypothesize that the residuary resistance

coefficients of the model and ship are the same, i.e.,

e ™ Crn (14)

From this hypothesis the ship residuary resistance may be computed by

2
R _ =1 2
ps - MAR TS 5, (15)
Finally, the total ship resistance is obtained by
R =
ts Rps i Rrs * Rfs (16)
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The extrapolation technique used in the Panama Canal study is based
on the theory presented in Appendix B. The analysis presented in
Appendix C attempts to calculate C with a minimum amount of full scale
data.

The backflow velocity as seen by the model consists of two parts -
the forward motion of the model, Vm, and a velocity that is due

to the change in waterlevels at the bow and stern, me.

The conservation-of-mass relationship in the ship coordinate system

requires that

BF m
(2)

where

BT L
(o) X

is the ratio of the actual backflow to the backflow of an impermeable
lock. It accounts for the loss of backflow due to the flow through
the sides and bottom of the lock. The lock model was designed to
allow some flow through the lock sides to model the culverts in the
bottom of the actual lock. Since it is impossible to determine the

accuracy of the modeling, we can at best assume that n =7 ,
m s

(1) and (2) give

V' = v
pm (BF - 1) vm

(3)

Pipe flow analysis [1] tells us that the same relationship
shown in Equations (1), (2), and (3) are assumed to hold at

the ship scale.




1/2 (4)

where f

and f is a frictional coefficient.

1/2
2234
L —[ . ] (5)

where f, the frictional coefficient is a function of VBF .

In our case we hav

Combining Equations (2) and (3), we have that

VBFm = -1 ° 'pm (6)
Inserting Equation (5) gives us
1/2
v = [?gggﬂé] : BF (7)
BFm f BF-1
The ship has a similar equation,
1/2
1 28Jd%} , _BF (8)
BF £ BF-1

If we insert (7) and (8) into Equation (6) from Appendix B,

we have
7 2
qd (BF-1) - d (BF-1)
I r
Zde L 3r2 o 2gJ BF2 9)
sl " s M »

Performing the eliminations, (9) becomes
C = fm/fs (10)
Equation (8) from Appendix B can be rewritten as

2 2

C = Vg A Var ) (1)
s m
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Since f is a function of the backflow velocity, a solution can be

found for C by iteration on Equations (10) and (1l1).

To find C, only a proper determination of f remains. Since we are
dealing with a ship in a lock, the normal ship frictional lines that
assume a flat plate undisturbed by a wall cannot be used. We will
use two flat plates in close proximity to each other, one stationary,
the other moving, as a model for a ship in a lock. This type of flow
is called couette flow.

]
Reichart , as reported on page 285 of reference 1, deduced a

relation for this type of flow, shown as Equation (12).

1/ Jc; = 4.06 Logy, (-"—3— - JCg ) - 0.83 (12)

B is the distance between the two plates. One half of the hydraulic
diameter was used as B in the calculations. The Reichart equation for
for couette flow assumes hydraulically smooth surfaces. There is no
equation to account for rough surfaces with couette flow. However, there
are equations for flow between two stationary parallel plates with rough
and smooth surfaces.

The equation for smooth stationary plates is

1/J% = 2.03 Log;, (BB~ . JB) - 0.47 (13)

For rough stationary plates with an equivalent sand roughness

Ks, the equation is

¢ B/2

1/ JE = 2.03 Log =
s

10 ) 4 2,11 (14)

The relation of f to Cf can be shown:
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P. - P
) and
! B5 2
4 =Cg . 1/208V/(A . L) = R/(A, - L) (16)
This gives
S. d
f = .
A . L O
= (17)
An assumption is made to find C . That is:
rough
C / C = f /£ (18)
frough oot rough' smooth
which gives us
C = f /£ C
f .
rough rough’ smooth fsmooth (19)
At this point, we have equations describing C in terms of a
frictional coefficient f. If we combine Equations (17) and (10),
we have C in terms of Cf.
€ = Cep/Cesq (20)

The only information that is needed to find C is the equivalent
sand grain roughness of the model and lock and the ship and lock.
The equivalent sand grain roughness of the model and lock was

calculated as follows. For each different type of surface, a value of

Ks was found. It was then multiplied by the length of the wetted perimeter
of the surface. The sum of these surfaces were divided by the total wetted

perimeter to get an average value of Ks .

48




N— w..*g

The calculation proceeded as follows:

Surface Parameter K8 Product
Model 5.358 feet .00015 .0008037
Smooth Concrete 3.143 .001 .003143
Floor
Cinderblock wall 2.467 .005 .01175
I = 10.97 feet I = ,0157
K = .0157/10.97 = .00143

for sill clearance 0.816 (model).

d = ,204 feet
m

K/ d = .007
s m
And the Reynolds number is (at V

dm VBFm 4
g = 5,59 x 10

= .4
BF 2 ft/sec)
m

Daily [1 ] gives a plot of f versus Reynolds number for pipe flow. This
plot indicates that for the value of Ks/dm assumed for the model and

for Reyrolds numbers up to the one that was calculated above, f is approxi-
mately the same as for hydraulically smooth surfaces. This is the basis
for our assumption that the model is hydraulically smooth. However,

the Reynolds numbers for the ship are so large that even if we assume

that Ks/dm decreases by a factor of 10, the best assumption for f will

be the rough-surface friction line.
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