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ABSTRACT» 

ùotJÇptP Mi 5/w»rtf 

An experimental investigation was carried out for the purpose 

of determining the influence of the depth of water upon the coeffi¬ 

cients of lift and drag of a submerged body on or near the bottom 

of a flowing stream. This investigation made use of the facilities 

of the Rice University wave tank. 

Two types of models were employed in this study, an upright 

flat plate attached to the bottom and a cylinder with a clearance of 

0,12 diameters above the bottom. 

The results of the tests indicate that the drag coefficient 

increases as the size of the body increases in relation to the depth 

of water, while the lift coefficient does not exhibit such an increase, 

A method is developed which predicts the shallow-water drag coefficient 

with an accuracy of + 10$ if the value of the deep-water coefficient 

and the upstream conditions are known. The same method can be used 

to obtain a deep-water coefficient from tests conducted in shallow 

water 
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INTRODUCTIONS 

This investigation was conducted for the purpose of obtaining 

experimentally the variations with the depth of the water of the lift 

and drag coefficients of a body located on or near the bottom of a 

flowing stream. 

As the size of the body incrèases in relation to the depth of 

the water, a reduction in cross-sectional area of the flow results, 

so that the velocity in the vicinity of the reduced cross-section is 

greater than that of the approaching stream. It seems plausible, 

therefore, that the forces on such a body might be greater than in 

the case where the height of the body is small with respect to the 

depth of the stream. Since the lift and drag coefficients are com¬ 

monly referred to the approach velocity of the undisturbed fluid, 

these coefficients should also exhibit such an increase as the dimen¬ 

sionless body height, d, increases. 

Two different types of models were used in these tests, a flat 

plate attached to the bottom and a circular cylinder which was rough¬ 

surfaced on one side and smooth-surfaced on the other. The cylinder 

had a clearance of approximately 0.12 pipe diameters with the bottom. 

Since the tests were conducted with flow in both directions, the 

cylinder provided two series of tests with the same model configuration. 

The ratio of body height to water depth ranged from 0.08 to 0.21 

for the flat plate model and from 0.12 to 0.36 for the cylindrical 

model. The Froude number referred to depth of the inlet stream varied 

from 0.15 to 0.52, and the Reynolds number based on the height of the 
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5 5 body ranged from 1 x 10 to 2.2 x 10 for the flat plate, and from 

2 x 10^ to 3.25 x 10^ for the pipe model. 

The results of the experiments are compared both with predicted 

values for each individual test obtained from a least-square fit line 

of the data plotted logarithmically, which results in a power-law type 

variation of the drag coefficient; and with predicted values for a re¬ 

lationship contained in equation 27. 
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THEORY 

The forces of an object submerged in a fluid flow may be determined 

by either of two methods. This determination may be either by means of 

experiments in which the magnitudes of the forces are actually measured, 

or the alternative approach using a mathematical model of appropriate 

complexity to accurately describe the physical situation. The equa¬ 

tions arising from this mathematical model may then be solved for the 

required forces. 

In perhaps the simplest model which can be developed to describe, 

the physical situation in the tests discussed here, the flow down¬ 

stream of the object is idealized by the situation of Figure 7. The 

downstream flow is divided into two streams, the turbulent wake with 

height and velocity V^, and the fluid outside the wake with the 

free surface at height above the bottom and with velocity The 

coordinate system of this model is fixed with reference to the object. 

There are three equations which must be satisfied between stations one 

and two in Figure 7. 

The conservation of mass between stations one and two: 

The Bernoulli Equation for the free surface streamline: 

and the momentum equation between stations one and two: 

V, 2 
2 
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If ve write the same set of equations for the situation of Figure 

8» the same object, this time at a depth approaching infinity, and with 

the same approach velocity, ve obtain again the continuity equation: 

and the momentum equation: 

Combining equations 4 and 5, ve obtain: 

If we now non-dimensionalize equation 1 by dividing through by 

J^l^l* we 

7) 1 = (fcj - h3 ) v2 ♦ 

v . H 7 where h = , , v =   

T
I 

equation 2 by dividing through by 

y 2 
8) 1 + _Il  = h0 + 

2g Hx 
14 

h3 V3 

If we non-dimensionalize 

ve obtain: 

v 
2 
2_ 
2 

If ve now introduce the Froude Number of the entering flow, 

defined by 

9) F = 
V 
1 

and rearrange, ve obtain 

10) 1 - fcj = F2 ( v2
2 -1 ) 

2 
if we now introduce the drag coefficient 

n> 
F 
 2  or Fn 
i 2 D 

i pBV^ 

°D 
defined ty: 

*f°D D Tl2 
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12) 

Equation 3 then becomes, with some rearrangement 

*pe(Hl2- H22> = $ [(H2- ty V22 + 
H3V32+ SLB ï/ - H, v/] 

2 
Dividing equation 12 through by we now obtain the non- 

dimensionalized momentum equation 

13) 1 - h2
2 = 2 F2 [{h2 - h3) v2

2 + h3v3
2+ if - lj 

Where F is defined as in equation 9 above and d = D/H^ 

equation 13 may be solved for C^, givings 

14) GJJ d = 1 - h?
2 - 2 (h2 - h3 ) - 2 v* + 2 

Equation 6 for the deep-water case may also be non-dimensionalized 

and introducing 

15) Cp = \  

* S- 
we obtain an expression for the deep water 

o 

16) CJJ d = 2 h3 v3 ( 1 - v3 ) 

If we substitute equation 7 into equation 14, we obtain 

17) CJJ d = 1 - h2
2 - 2( h2- h3) v2

2 + 2 ( 1^- h3) v2 - 2h3v3
2+ 2h3v3 

or CJJ d = 1 - h22 - 2( h2« h3) v2 ( v2« 1) + 2 h^ (l - v3 ) 

F2 

This may be interpreted to mean that the drag is the sum of the 

change in pressure due to the change in the depth minus the increase 

in momentum of the fluid outside the wake due to the change in pressure 
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plus the loss of momentum of the fluid in the wake. These three 

effects are expressed in the first, second, and third terms on the . 

right hand side of equation 17. 

It will be noticed in comparing equations 16 and 17 that the 

third term of equation 17, is formally identical to the expression 

for CpQd in equation 16. This led to the question of whether the 

shallow water drag might not, in fact, result from a superposition 

of the effect of the free surface upon the drag resulting from exchange 

of momentum with the fluid in the wake. This in turn led to the formu¬ 

lation of a method for calculating the drag coefficient for the shallow- 

water case from the inlet conditions, the ratio of the height of the 

object to the inlet depth and the deep water drag coefficient. 

If we assume that the wake produced by the body is essentially 

the same in shallow water as in deep, we can use equation 16 to arrive 

at values of v^ and h^. One convenient way is to choose the value of 

v^ which minimizes hy This can be justified since h^ and v^ will vary 

with the distance downstream of the body, but Cn will maintain a con- 
UQ 

stant value. Therefore, if we choose to minimize h^, we have 

18) v3 = 0.5 

h3= 2 Cjj^d 

If these values for h^and v^ are substituted into equation 7 we obtain 

19) i- (hj-sy) v2- cDod 

If equation 19 is combined with equation 10, we obtain a cubic equa¬ 

tion in Vg 
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0 ^ JLV2
3 +<*0. d-îL-i) T

2 
+ i-s„d = 

which may then be solved for v^ and the value of v^ substituted back 

into equation 10 in order to obtain The values of Vg, Vy and 

h^ may then be substituted into equation 17 to obtain for the shallow 

water case. 

The above method yields reasonable reliable values of for small 

values of d and F, but diverges progressively from experimentally meas¬ 

ured values with increasing values of these two parameters, indicating 

that the wake behind the body is also accelerated by the interference 

effect created by the constriction of the flow due to the presence of 

the body. 

The failure of the above approach to accurately predict values of 

Op for the shallow water case suggests an attempt to relate the observed 

drag coefficient directly to the interference effect. 

If, once again, we construct the simplest possible model of the 

interference induced acceleration, we can again idealize the inlet 

stream as a stream of depth and a velocity V^. The depth over the 

body of height D is represented by and the velocity of the stream 

passing over the body by V^. Again we obtain the equation of continu¬ 

ity: 

21) _fH1V1 = J>H4 V4 

and Bernoulli's Equation for the free surface 

22) jDg^ +j5V1
2 =j3g (H4 + D) + joV4

2 

~ 2 
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If as before, we non-dimensionalize the above equations, we 

obtain respectively: 

23) 1 = \ v4 

F2 
24) 1 H- L_ = h, 

2 

and 

+ d + 
2 

v4 

or, rearranging and combining 23 and 24, we obtain a^cubic equation 

in v4 

25) v4
3 - (1 + - d ) v^ + 1 = 0 

2 2 

which may be solved for v^. For most of the values of F and d in these 

tests, the expression on the left hand side of equation 25 has one nega¬ 

tive root and two positive roots, the smaller of the two positive roots 

being the physically realistic solution for the tests. The larger of 

the two positive roots corresponds to flow over a weir. 

The v^ obtained from this procedure should be closely related to 

the shallow water drag since the expression for v^ contains both d, the 

body height-to-inlet depth ratio, and the Froude Number, F. We now 

form a second Froude Number, F^ 

26) F2 = % \ , 

UN ) 

By continuity, however 

N ■ J- 
% 

1 5 
therefore, F,, = F v^ 

We then proceed to attempt to find an expression for the shallow 
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water drag coefficient Cp as a function of the deep water drag co¬ 

efficient Cp and v^ or F^/ F, perhaps of the form 

= <k(V“ 

It seems reasonable to try the simpler possibilities for a rela¬ 

tionship of this kind first, and this is in fact what was done. The 

first attempt to find such a relationship resulted from the observation 

that the Froude number itself was the significant parameter in describ¬ 

ing the flow. Therefore, the first functional relationship which was 

tried was 

») S = S (-I2-1 = °D 
T41-5 

o F o 

Experimental Values for CQ î 

o 

The literature does not abound with experimental values of lift 

or drag coefficients for either of the two configurations discussed 

here. Hoerner^gives a value of 1.98 as the drag coefficient of a two- 

dimensional flat plate in the free stream perpendicular to the direc¬ 

tion of flow. The boundary layer of the wall, however, reduces the 

effective area exposed to the full velocity of the free stream, thereby 

2 
reducing the observed drag coefficient. Wieghardt provides a method 

for calculation of the drag coefficient of a flat plate attached to a 

wall by means of a series of nomograms. This method gives a value of 

1.39 for the conditions of the present series of tests. Wieghardt re¬ 

ports drag coefficients reduced as much as .one third due to the presence 

of the wall ( e.g. from the value of 1.98 reported above to as little 

as 1.23). 
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Similarly, the drag of a circular cylinder is reduced by the 

presence of the wall, Beckmann and Thibodeaux^ report values of 

for a pipe near a wall, either in contact with the wall or not, of 

from 0.35 to 0.40, and values of the lift coefficient ranging from 

0.35 to 0.65 obtained by several different means, both theoretical and 

experimental, for a pipe attached to the wall. This will be reduced 

appreciably for pipes with even small clearances from the wall, and 

for rough-surfaced pipe. 

The values of reported above are for supercritical or fully 

turbulent flow. For the case of subcritical flow, the corresponding 

values of drag coefficient for circular cylinders are 1.20 for a cyl¬ 

inder in the free stream as reported by Hoerner and numerous others 

and 0.80 for the cylinder attached to the wall. 
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FACILITIES 

The series of tests herein described were carried out in the Rice 

University wave tank, located in the basement of the Ryon Engineering 

Laboratory Building on the Rice campus* 

Wave Tank Facility: 

The Rice wave tank is one hundred feet in length with an "L" ex¬ 

tension seventeen feet long at the end opposite the wavemaker, at 

right angles to the main tank. The tank is eight feet in width and 

may be filled with water to any depth up to seven feet. 

Wave Absorption and Damping Devices: 

The wave tank is fitted with turning vanes in the vertex of the HLM 

shape of the tank, whose purpose is to impose a phase shift upon ad¬ 

jacent portions of an incident wave, which must travel different dis¬ 

tances in negotiating the vanes, and direct this wave into the short 

leg of the tank where it may be partially absorbed by the screens and 

perforated beach installed in this section of the tank, thereby creat¬ 

ing a damping effect,- in addition to that created by the phase shift. 

These devices are quite efficient in damping waves of a short period 

but are not so effective in damping waves of much longer period, such 

as the standing waves which exist in the tank after a test and which 

remain for a considerable period after the cessation of a test. 

The Test Carriage: 

The test carriage is a platform ninety-two inches wide and one 

hundred twenty inches long spanning the width of the tank. It has a 

wheelbase of 85-5/8 inches and rides on sixteen inch rubber-tired 
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wheels along rails which run the length of the wave tank along either 

side of the hundred-foot leg of the tank. The carriage may be fitted 

for tow-testing of ship models, or in the case of the tests herein 

described, may be used to move models of various configurations through 

the water. The carriage is driven by a five horsepower 230 volt Gen¬ 

eral Electric D.C. motor which drives the axle nearer the wavemaker 

end of the tank through a lock-chain belt drive to the input shaft of 

a Winsmith speed reducer. The speed of the carriage is controlled by 

means of two rheostats. The primary control is a 106 ohm Navy degaus¬ 

sing rheostat converted for this purpose, and a second control has been 

added in the form of a 26.2 ohm Cutler-Hammer motor controller which is 

used when it is desired to match a particular speed, as is often the 

case in model testing, due to the fairly limited number of discrete 

settings afforded by the primary control. The carriage in the configu¬ 

ration used in these tests was capable of speeds in the order of five 

feet per second. 

Test Section: 

The models used in these series of tests were mounted on a plat¬ 

form eighty-eight inches square made of one-inch plywood. The leading 

and trailing edges of this platform were streamlined to reduce dis¬ 

turbances. This platform was supported at its lateral edges by two 

trapezoidal vertical side walls, also of one inch plywood with leading 

and trailing edges rounded. These trapezoidal side walls were 76-1/4 

inches high, measured from the top of the lower platform. The upper 

and lower bases of the vertical walls were 30 inches and 88 inches 
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respectively and each was topped with a section of 2-1/2" aluminum 

angle seventy-six inches in length. The side walls were maintained 

at the proper separation by a 2" x 5" rectangular aluminum beam eighty- 

eight inches in length. The test section was secured to the carriage 

by clamping the top angle bars of the test frame to the rectangular 

frame rails of the test carriage. 

Modelsi 

The two types of models used in these tests are described below by 

first describing the general characteristics common to both, and then 

each of the two is described in terms of its particular features. 

In both cases, it was desired to obtain essentially two-dimensional 

flow over the model. This was done by extending the model across the 

entire width of the test section although forces were only measured on 

a thirty-six inch portion in the center of the model. In each case, 

the portion of the model in the center was independent of the remainder 

of the structure, to the extent that its only restraint consisted of 

the strain gaged members which were used to measure the drag and lift 

forces acting upon the center section of the models. These force- 

measuring members were cantilevered from the fixed portions of the 

model, which were in turn rigidly attached to the walls and/or bottom 

of the test section. 

Flat Plate Model: 

The basic configuration of the flat plate was a beam of T-shaped 

cross section 6-lA inches high with a 4-lA inch base. The web and 

flange were lA inch thick, except for the center section which had a 

14 



1/8 inch flange. The flange of the outer portions extended across 

the entire width of the test section in order to insure proper fit 

with the center section, but the flange thickness was reduced to 1/8 

inch in the cneter portion. The flange of the center section was 

separated from the continuous flange of the outer section by a Teflon 

sheet in order to reduce friction between the two. The center section 

was fitted with triangular end plates. The upright flat plate was 

located twenty-seven inches from the beach end of the test section 

lower platform. In all of the flat-plate tests the test section lower 

platform or simulated ocean bottom was coated with 80 grit waterproof 

sandpaper. The drag force on the test section was measured by means 

of strain gaged plates cantilevered from the fixed portion of the flat 

plate and loaded by the movable center section. 

Pipe Model: 

The pipe model consisted of an 8-5/8 inches O.D. pipe. The pipe 

was mounted equidistant from the ends of the test section lower plat¬ 

form. In all of the pipe tests, the lower platform was coated with 80 

grit waterproof sandpaper and the pipe was mounted with one inch of 

clearance between the pipe and the test section lower platform or simu¬ 

lated ocean bottom. The pipe was also covered with 80 grit waterproof 

sandpaper on the half facing away from the beach. Lift and drag forces 

on the test section were measured by means of strain gaged beams canti¬ 

levered from the fixed portion of the pipe and loaded by the movable 

center section. 
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Test Instrumentations 

Instrumentation of the test series consisted of the strain gages 

mounted upon' the lift and drag sensing beams plus the output from a 

potentiometer driven from an axle of the test carriage. These three 

outputs were recorded with a Honeywell Model 1508 Visicorder. The 

galvanometer used in the Visicorder were Honeywell series "M" subminia¬ 

ture optical galvanometers with a frequency of 40 Hz and damping re¬ 

sistance of 350 ohms. The traces of the galvanometer deflections from 

the strain gage bridges and from the potentiometer were recorded by 

the Visicorder on light sensitive paper together with a time indica¬ 

tion as the paper was driven past the light beams of the galvanometers. 

The potentiometer output results in a sawtooth trace which can be used 

together with the timing lines to obtain a record of the carriage 

velocity. The strain gage readings were calibrated after each test 

by applying a known load to the model by means of lines attached to 

the test section and leading up through pulleys to the carriage. 
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TEST PROCEDURE; 

Each of the two models was tested in the tank over a range of 

velocities from approximately two feet per second to nearly five feet 

per second. The tests were performed in both directions at as nearly 

the same velocities as possible. In performing the tests in both di¬ 

rections, the carriage motion was merely reversed. Therefore in the 

flat-plate tests where the model was not located symmetrically with 

respect to the test section, the test conditions were not identical in 

the two directions as ideally they should have been in order to isolate 

the directional inconsistencies in the results. In the same way, due 

to the fact that the pipe model was sand coated on only one side, the 

the tests in opposite directions are effectively two different tests, 

rather than just the same test performed in opposite directions. 

Pipe Tests: 

The pipe tests were performed in nine series. In all of these 

series the test section and model configuration was the same except 

for the water depth in the test section. In the first series, consist¬ 

ing of tests numbered 510 through 516, the depth of water in the test 

section was seventy-three inches. The series consisted of tests in 

each direction at three different velocities. In addition to these 

six tests, an additional test was performed in which the carriage was 

brought from rest to a velocity of about three feet per second. After 

the carriage had travelled about ten feet, it was stopped and immediate¬ 

ly reversed, accelerating to as nearly the same velocity as possible 

in the reverse direction. This oscillatory motion was continued for 
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about three full cycles. The first half-cycle is all that was con¬ 

sidered in the current study, since in all the following half-cycles, 

the model encounters the wake generated in the previous half-cycle and 

the velocity of the model relative to the water is not accurately rep¬ 

resented by the velocity of the carriage. In the oscillatory tests in 

this and all succeeding series of pipe tests the direction of motion 

during the first half-cycle was in the direction away from the beach 

end of the tank. 

In the second series of pipe tests, numbered 520 through 526, the 

tests conducted were performed in the same manner and in the same order 

as in the first series. The only change in the test conditions was in 

the depth of water in the test section, which was sixty-six inches for 

the second series. 

In each succeeding series, the tests were conducted in the same 

manner and in the same sequence, with the water depth in the test sec¬ 

tion lowered by six inches for each successive series, down to a mini¬ 

mum of twenty-four inches, which was the depth for the last series of 

pipe tests, numbered 590 through 596. 

Flat Plate Tests; 

The flat plate tests were conducted in eight series, each series 

consisting of eight tests. Each series consisted of four tests in each 

direction, at velocities of roughly 2.2, 2.5, 3*2, and 4.3 feet per 

second, except for the last two series in which it was not possible to 

obtain usable data at the highest velocity. In the first series, num¬ 

bered 1800 through 1807, the depth of the water in the test section was 
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seventy inches. In the second series, numbered 1808 through 1815, 

the water depth was lowered six inches, to a level of sixty-four 

inches. In each succeeding series, the water level was lowered by 

another six inches, until for the final series, tests 1856 through 

1863, the depth of water was twenty-eight inches. 

Some tests from an earlier group were also used in an attempt to 

extend the range of water depths investigated. These tests were per¬ 

formed using the same flat plate model, but during the interval be¬ 

tween these tests and those described above, the model and test section 

had been disassembled and other tests requiring a different test sec¬ 

tion configuration had been performed, so these test data are used with 

some caution. For this series of tests, numbered 800 through 805, the 

water was seventy-four and one-half inches deep in the test section. 
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DATA TABLE I 

Data Table I, which follows, contains the raw test data obtained from 

the test records, The quantities tabulated are tj the time required 

for the test carriage to travel a distance of 4.35 feet, V^, the 

carriage velocity, the lift and drag obtained from the galvanometer 

deflections, and H^, the water depth in the test section inlet. 
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DATA TABLE I 

Test 
t 

(sec) 

PIPE TESTS - 

v, 
(ft/sec) 

510 1.45 3.00 

512 1.10 3.96 

514 0.91 4.78 

516 1.47 2.96 

520 1.44 3.02 

522 1.08 4.03 
524 0.91 4.78 

526 1.43 3.04 

530 1.47 2.96 

532 1.11 3.92 

534 0.93 4.68 

536 1.44 3.02 

540 1.45 3.00 

542 1.11 3.92 

544 0.92 4.73 
546 1.40 3.11 
550 1.50 2.90 

552 1.12 3.88 

554 0.94 4.63 
556 1.48 2.94 

560 1.50 2.90 

562 1.14 3.82 

564 0.96 4.53 
566 1.51 2.88 

570 1.53 2.84 

572 1.15 3.78 

574 0.96 4.53 
576 1.56 2.79 

WAVE DIRECTION 

Lift 
(lbf) 

Drag 
(16f) 

H, 
(inches) 

8.1 19.7 73.0 

10.0 45.3 
13.2 74.5 

7.7 23.0 

6.8 25.4 66.0 

6.4 50.3 
11.0 75.6 

5.6 21.4 

6.6 23.6 60.0 

9.2 40.0 

12.0 63.2 

4.4 28.0 

6.0 22.3 54.0 

9.0 49.0 

11.6 61.6 

6.0 27.0 

6.6 25.6 48.0 

9.3 50.8 

5.0 69.0 

3.8 33.8 

6.0 30.0 42.0 

8.6 60.0 

3.3 67.7 
5.0 24.3 

7.0 32.8 36.0 

6.3 58.6 

10.0 68.0 

2.2 20.0 
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DATA TABLE I 

PIPE TESTS - WAVE DIRECTION (continued) 

Test 
t 

(sec) 
V. 

(ft/sec) 
Lift 

(Ibf) 
Drag 

(Ibf) 
H, 

(inches) 

580 1.60 2.72 0.9 32.7 30.0 

582 1.19 3.66 6.8 57.5 

584 0.99 4.39 8.7 74.2 

586 1.57 2.77 3.8 28.8 

590 1.60 2.72 4.3 34.6 24.0 

592 1.25 3.48 7.4 67.8 

594 1.05 4.14 8.0 88.7 

596 1.63 2.67 3.1 33.5 
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Test 

511 

513 

515 

521 

523 

525 

531 

533 

535 

541 

543 

545 

551 

553A 

553B 

555 

561 

563 

565 

571 

573 

575 

581 

583 

585 

591 

593 

595 

PIPE TESTS - BEACH DIRECTION 

t 
(sec) (ft/sec) 

Lift 
(lbf) 

Drag 
(lbf) 

H1 
(inches) 

1.49 2.92 4.3 21.7 73.0 

1.06 4.10 23.2 32.0 

0.88 4.94 29.6 46.4 

1.43 3.04 7.9 22.3 66.0 

1.05 4.14 24.9 38.3 

0.90 4.83 30.8 60.7 

1.41 3.08 12.6 20.7 60.0 

1.07 4.06 22.8 39.3 

0.99 4.39 27.0 46.7 

1.39 3.13 13.0 23.3 54.0 

1.06 4.10 22.8 41.0 

1.01 4.31 25.0 44.3 

1.39 3.13 13.4 28.6 48.0 

1.09 3.99 21.8 42.0 

1.15 3.78 19.9 38.5 

0.92 4.73 28.0 58.7 

1.43 3.04 12.6 25.4 42.0 

1.09 3.99 21.2 42.3 

0.94 4.63 28.9 62.7 

1.44 3.02 13.4 27.7 36.0 

1.13 3.85 21.3 44.3 

0.96 4.53 27.0 62.0 

1.53 2.84 13.4 27.0 30.0 

1.19 3.66 20.0 49.7 

1.02 4.26 22.0 69.0 

1.63 2.67 11.5 27.0 24.0 

1.23 3.54 20.2 48.0 

1.03 4.22 16.4 72.0 
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Test 

800 

802 

804 

1800 

1801 

1802 

1803 

1808 

1809 

1810 

1811 

1816 

1817 

1818 

1819 

1824 

1825 

1826 

1827 

1832 

1333 

1834 

1835 

1840 

1841 

1842 

1843 

1848 

1849 

1850 

FUT PUTE TESTS - WAVE DIRECTION 

t 
(sec.) 

Vi 
(ft/sec) 

Drag 
(lbf) 

H, 
(inches) 

2.10 2.07 12.0 74.5 

1.27 3.43 30.0 

0.94 4.63 49.4 

1.94 2.24 15.5 70.0 

1.67 2.60 19.0 

1.37 3.13 30.5 

0.97 4.48 56.1 

2.03 2.14 14.3 64.0 

1.71 2.54 19.0 

1.37 3.18 28.9 

1.01 4.31 50.0 

2.04 2.13 13.4 58.0 

1.66 2.62 19.5 

1.33 3.27 32.4 

0.97 4.48 52.0 

2.01 2.16 14.0 52.0 

1.73 2.51 18.3 

1.34 3.25 30.0 

1.03 4.22 53.0 

2.07 2.10 13.2 46.0 

1.74 2.50 18.8 

1.35 3.22 27.1 

1.16 3.75 38.0 

2.03 2.14 14.6 40.0 

1.73 2.51 20.4 

1.35 3.22 27.2 

1.17 3.72 34.0 

2.03 2.14 15.0 34.0 

1.77 2.46 20.7 

1.38 3.15 31.1 
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FLAT PLATE TESTS - WAVE DIRECTION (continued) 

Test t 
(sec.) (ft/sec.) 

Drag 
(lbf) 

Hi 
(inches) 

1851 1.29 3.37 33.6 

1856 1.97 2.21 19.0 28.0 

1857 1.70 2.56 27.8 

1858 1.34 3.25 34.4 

1859 — — 
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FLAT PLATE TESTS - BEACH DIRECTION 

Test t v, Drag «1 

801 2.03 2.14 13.0 74.5 

803 1.25 3.48 31.0 

805 0.94 4.44 46.5 

1804 1.91 2.28 17.0 70.0 

1805 1.60 2.72 22.5 

1806 1.30 3.35 31.4 

1807 1.01 4.31 48.0 

1812 1.99 2.19 15.7 64.0 

1813 1.69 2.57 21.0 

1814 1.36 3.20 30.0 

1815 1.02 4.26 47.6 

1820 1.99 2.19 16.5 58.0 

1821 1.71 2.54 20.3 

1822 1.35 3.22 30.0 

1823 1.03 4.22 50.1 

1828 2.10 2.07 15.0 52.0 

1829 1.72 2.53 20.0 

1830 1.34 3.25 32.0 

1831 1.04 4.18 49.0 

1836 2.09 2.08 15.0 46.0 

1837 1.77 2.46 • 20.0 

1838 1.36 3.20 31.6 

1839 1.08 4.03 52.8 

1844 2.05 2.12 15.0 40.0 

1845 1.74 2.50 20.8 

1846 1.35 3.22 33.0 

1847 1.09 3.99 53.0 

1852 2.01 2.16 15.6 34.0 

1853 1.74 2.50 20.0 

1854 1.34 3.25 37.0 
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FLAT PLATE TESTS - BEACH DIRECTION (continued) 

Test t Vj Drag 

1855 1.13 3.85 55.0 

1860 2.00 2.18 18.0 28.0 

1861 1.70 2.56 28.8 

1862 1.32 3.30 47.0 

1863 1.17 3.72 58.9 
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DATA TABLE II 

Data Table II, which follows, contains the quantities F, the Froude 

Number referred to the test section inlet velocity and depth, and 

Op, the lift and drag coefficients referred to the velocity V^, and 

d, the dimensionless model height referred to H^. These quantities 

are functions of the raw test data and are derived from the raw data* 
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DATA TABLE II 

PIPE TESTS - WAVE DIRECTION 

Test F Re K 
(xlO5) 

CL C'p d 

510 .214 2.02 .417 1.02 .118 

512 .283 2.67 .297 1.34 

514 .342 3.23 .268 1.51 
516 .212 2.00 .408 1.22 

520 .227 2.04 .346 1.29 .131 
522 .303 2.72 .183 1.44 

524 .359 3.23 .223 1.53 
526 .229 2.05 .281 1.07 

530 .233 2.00 .350 1.25 .144 

532 .309 2.64 .278 1.21 

534 .36? 3.16 .254 1.34 

536 .238 2.04 .224 1.42 

540 

3
 

CM
 • 2.02 .309 1.15 .160 

542 .326 2.64 .272 1.48 

544 .393 3.19 .241 1.28 

546 .258 2.10 .288 1.30 

550 .256 1.96 .364 1.41 .180 

552 .342 2.62 .286 1.56 

554 .408 3.12 .108 1.49 
556 .259 1.98 .204 1.82 

560 .273 1.96 .331 1.65 .205 
562 .360 2.58 .274 1.91 
564 .427 3.06 .074 1.53 
566 .272 1.94 .279 1.36 

570 .289 1.92 .402 • 1.88 .240 

572 .385 2.55 .204 1.90 

574 .461 3.06 .226 1.54 

576 .284 1.88 .131 1.19 
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DATA TABLE II 

PIPE TESTS - WAVE DIRECTION (continued) 

Test F Re 
(xl05) 

Cl Cp d 

580 .303 1.84 ,056 2.05 .288 

582 .408 2.47 .236 2.00 

584 .490 2.97 .209 1.78 

586 .309 1.87 .230 1.74 

590 .339 1.84 .270 2.17 .359 

592 .434 2.35 .283 2.60 

594 .516 2.80 .216 2.40 

596 .333 1.80 .202 2.18 
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PIPE TESTS - BEACH DIRECTION 

Test F Re, 
(xlO5) ®L °D 

d 

511 .209 1.97 .234 1.18 .118 

513 .293 2.77 .639 0.88 

515 .353 3.34 .562 0.88 

521 .229 2.05 .396 1.12 .131 

523 .311 2.80 .673 1.04 

525 .363 3.26 .611 1.20 

531 .243 2.08 .614 1.07 .144 

533 .320 2.74 .640 1.10 

535 .346 2.97 .649 1.12 

541 .260 2.11 .616 1.10 .160 

543 .341 2.77 .628 1.13 

545 .358 2.91 .625 1.11 

551 .276 2.11 .634 1.35 .180 

553A .352 2.69 .635 1.22 

553B .333 2.55 .645 1.25 

555 .417 3.19 .581 1.22 

561 .287 2.05 .632 1.27 .205 

563 .376 2.69 .617 1.23 

565 .436 3.12 .626 1.36 

571 .308 2.04 .681 1.41 .2*40 

573 .392 2.60 .667 1.39 

575 .461 3.06 .610 1.40 

581 .317 1.92 .769 1.55 .288 

583 .408 2.47 .694 1.72 

585 .476 2.88 .561 1.76 

591 .333 1.80 .749 1.76 .359 

593 .441 2.39 .749 1.78 

595 .526 2.85 .426 1.87 
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FLAT PLATE TESTS - WAVE DIRECTION 

Test F Re 
(xlO5) °D d 

800 .147 .973 1.86 .080 

802 

C
M
 

C
M
 • 1.61 1.70 

804 .327 2.17 1.54 

1800 .164 1.05 2.06 .086 

1801 .190 1.22 1.87 

1802 .232 1.49 2.02 

1803 .327 2.11 1.86 

1808 .164 1.01 2.08 .094 

1809 .194 1.20 1.96 

1810 .242 1.49 1.91 

1811 .329 2.02 1.80 

1816 .171 1.00 1.96 .103 

1817 .210 1.23 1.89 

1818 .262 1.54 2.02 

1819 .360 2.11 1.72 

1824 .183 1.02 1.99 .115 

1825 .213 1.18 1.93 

1826 .275 1.52 1.90 

1827 

C
O
 • 1.98 1.98 

1832 .189 0.99 1.99 .130 

1833 .225 1.17 2.00 

1834 .290 1.51 1.74 

1835 .338 1.76 1.80 

1840 .207 1.01 2.12 .150 

1841 .243 1.18 2.15 

1842 .311 1.51 1.75 

1843 .359 1.75 1.64 

1848 .224 1.01 2.18 .176 

1849 .257 1.15 2.28 

1850 .330 1.48 2.09 
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FLAT PLATE TESTS - WAVE DIRECTION (continued) 

Test F Re 
(xl05) °D 

d 

1851 .353 1.58 1.97 

1856 .255 1.04 2.60 .214 

1857 .295 1.20 2.83 
1858 

1859 

.375 1.52 2.18 
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Test 

801 

803 

805 

1804 

1805 

1806 

1807 

1812 

1813 

1814 

1815 

1820 

1821 

1822 

1823 

1828 

1829 

1830 

1831 

1836 

1837 

1838 

1839 

1844 

1845 

1846 

1847 

1852 

1853 

1854 

FUT PUTE TESTS - BEACH DIBECTION 

F He 
(x 105) 

°D d 

.152 1.01 1.89 .080 

.246 1.63 1.71 

.314 2.08 1.57 

.166 1.07 2.18 .086 

.198 1.28 2.03 

.244 1.57 1.87 

.314 2.02 1.72 

.167 1.03 2.19 .094 

.196 1.21 2.11 

.244 1.50 1.96 

.326 2.00 1.74 

.175 1.03 2.30 .103 

.204 1.20 2.09 

.258 1.51 1.93 

.339 1.98 1.87 

.175 0.97 2.33 .115 

.214 1.19 2.08 

.275 1.52 2.02 

.354 1.96 1.87 

.189 0.99 1.99 .130 

.221 1.15 2.21 

.288 1.50 2.06 

.363 1.89 2.17 

.205 1.00 2.22 .150 

.241 1.17 2.22 

-311 1.51 2.12 

.385 1.87 2.22 

.227 1.02 2.22 .176 

.262 1.17 2.13 

.340 1.52 2.34 
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FUT PUTE TESTS - BEACH DIRECTION (continued) 

Test F Re c 
(x 105) °D d 

1855 .403 1.81 2.47 

1860 .251 1.02 2.54 .214 

1861 .295 1.20 2.93 
1862 

O
 

to 
c*\ • 1.55 2.88 

1863 .429 1.75 2.84 
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DATA TABLE III 

Data Table III, which follows, contains the non-dimensional quantities 

derived from a solution of equation 25 for v^, and substitution of v^ 

into equation 24 to obtain h^. The quantity Fg is a Froude Number 

constructed from h^ and and F as in equation 26. is repeated 

for comparison with the quantity Y 2/ F. 
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DATA TABLE III 

PIPE TESTS - WAVE DIRECTION 

Test v4 \ 
F 2 V* °D 

510 1.14 .875 .262 1.22 1.02 

512 1.15 .869 .349 1.24 1.34 

514 1.16 .862 .427 1.25 1.51 

516 1.14 .875 .258 1.22 1.22 

520 1.16 .860 .285 1.25 1.29 

522 1.17 

to • .385 1.27 1.44 

524 1.19 

to • .464 1.29 1.53 
526 1.16 .860 .287 1.25 1.07 

530 1.18 

to
 • .300 1.29 1.25 

532 1.20 .836 .405 1.31 1.21 

534 1.21 .824 .493 1.34 1.34 

536 1.18 .845 .307 1.29 1.42 

5*40 1.21 .826 .332 1.33 1.15 

542 1.23 .813 .444 1.36 1.48 

544 1.26 .795 .554 1.41 1.28 

546 1.21 .825 .345 1.34 1.30 

550 1.25 .802 .356 1.39 1.41 

552 1.28 .783 .494 1.44 1.56 

554 1.32 .759 .617 1.51 1.49 

556 1.25 .802 .361 1.39 1.82 

560 1.30 .760 .405 1.48 1.65 

562 1.35 .742 .563 1.56 1.91 

564 1.43 .699 .730 1.71 1.53 

566 1.30 .769 .402 1.48 1.36 

570 1.38 .722 .472 1.63 1.88 

572 1.50 .669 .704 1.83 1.90 

574 — — — — 1.54 

576 1.38 .724 .461 1.62 1.19 
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DATA TABLE III 

PIPE TESTS - WAVE DIRECTION (continued) 

Test v4 h4 F2 F2/F CJJ 

580 1.54 .650 

582 — 

584 — — 

586 1.55 . 646 

590 — — 

592 — 

594 — — 

596 — — 

.579 1.91 2.05 
2.00 

1.78 

.595 1.93 1.74 

2.17 
— 2.60 

2.to 

2.18 
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Test 

511 

513 

515 

521 

523 

525 

531 

533 

535 

541 

543 

545 

551 

553A 

553B 

555 

561 

563 

565 

571 

573 

575 
581 

583 

585 

591 

593 
595 

PIPE TESTS - BEACH DIRECTION 

v4 F2 F2A 

1.14 .875 .255 1.22 1.18 

1.15 .868 .363 1.24 0.88 

1.16 .860 .443 1.25 0.88 

1.16 .860 .287 1.25 1.12 

1.18 .851 .397 1.27 1.04 

1.19 .842 .470 1.29 1.20 

1.18 .844 .313 1.29 1.07 

1.20 .834 .421 1.31 1.10 

1.21 .829 .459 1.32 1.12 

1.21 .824 .347 1.34 1.10 

1.24 .810 .468 1.37 1.13 

1.24 .806 .495 1.38 1.11 

1.25 .799 .387 1.40 1.35 

1.28 .781 .510 1.45 1.22 

1.27 .786 .479 1.44 1.25 

1.32 .755 .636 1.52 1.22 

1.31 .766 

to 
St • 1.49 1.27 

1.36 .734 • 598 1.59 1.23 

1.45 .690 .761 1.74 1.36 

1.40 .716 .508 1.65 1.41 

1.51 .662 .727 1.86 1.39 

— — — — 1.40 

1.56 .640 .619 1.95 1.55 

— — — — 1.72 

— — — — 1.76 

— — — — 1.76 

— ~ — — 1.78 
■i ni„r mmmm 1.87 
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FLAT PLATE TESTS - WAVE DIRECTION 

Test v4 h4 F *2 F/F °D 

800 1.09 .917 .166 1.13 1.86 

802 1.10 .914 .278 1.14 1.70 

804 1.10 .908 .378 1.16 1.54 

1800 1.10 .912 .188 1.15 2.06 

1801 1.10 .911 .219 1.15 1.87 

1802 1.10 .909 .268 1.16 2.02 

1803 1.11 .902 .332 1.17 1.86 

1808 1.11 .903 .191 1.16 2.08 

1809 1.11 .902 .227 1.17 1.96 

1810 1.11 .899 .284 1.17 1.91 
1811 1.12 .892 .390 1.19 1.80 

1816 1.12 .893 .203 1.18 1,96 

1817 1.12 .891 .250 1.19 1.89 

1818 1.13 .887 .314 1.20 2.02 

1819 1.14 .877 .438 1.21 1.72 

1824 1.14 .880 .222 1.21 1.99 

1825 1.14 .878 .259 1.21 1.93 

1826 1.15 .873 .337 1.23 1.90 

1827 1.16 .863 .446 1.25 1.98 

1832 1.16 .863 .236 1.25 1.99 

1833 1.16 .861 .282 1.25 2.00 

1834 1.17 .854 .368 1.27 1.74 

1835 1.18 .847 .433 1.28 1.80 

1840 1.19 .841 .268 1.29 2.12 

1841 1.19 .837 .317 1.30 2.15 

1842 1.21 .828 .413 1.33 1.75 

1843 1.22 .818 .485 1.35 1.64 

1848 1.23 .810 .308 1.37 2.18 

1849 1.24 .806 .356 1.38 2.28 

1850 1.26 .791 .469 1.42 2.09 
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Test v4 

FLAT PLATE TESTS - WAVE DIRECTION 

F2 

(continued) 

CD 

1851 1.28 .785 

to 
£
 • 1.44 1.97 

1856 1.31 .762 

Cf'N 
to • 1.50 2.60 

1857 1.33 .752 .453 1.53 2.83 

1858 1.39 .721 .612 1.63 2.18 

1859 — —— — 
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FLAT PUTE TESTS - BEACH DIRECTION 

Test v4 F *2 F2/F °D 

801 1.09 .917 .172 1.14 1.89 

803 1.10 .913 .282 1.14 1.71 

805 1.10 .909 .362 1.15 1.57 

1804 1.10 .911 .191 1.15 2.18 

1805 1.10 .910 .229 1.15 2.03 

1806 1.10 .908 .282 1.16 1.87 

1807 1.11 .903 .366 1.16 1.72 

1812 1.11 .903 .194 1.16 2.19 

1813 1.11 .902 .229 1.17 2.11 

1814 1.11 .899 .286 1.17 1.96 

1815 1.12 .893 .386 1.19 1.74 

1820 1.12 .893 .208 1.19 2.30 

1821 1.12 .892 .242 1.19 2.09 

1822 1.13 .888 .309 1.20 1.93 

1823 1.14 .880 .410 1.21 1.87 

1828 1.14 .880 .212 1.21 2.33 

1829 1.14 .878 .260 1.22 2.08 

1830 1.15 .873 .337 1.23 2.02 

1831 1.16 .863 .442 1.25 1.87 

1836 1.16 -.864 .234 1.25 1.99 

1837 1.16 .861 .277 1.25 2.21 

1838 1.17 .854 .365 1.27 2.06 

1839 1.19 .843 .469 1.29 2.17 

1844 1.19 .841 .266 1.30 2.22 

1845 1.19 .838 .315 1.30 2.22 

1846 1.21 .828 .413 1.33 2.12 

1847 1.23 .811 .527 1.37 2.22 

1852 1.23 .810 .311 1.37 2.22 

1853 1.24 .805 .363 1.38 2.13 
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FLAT PLATE TESTS - BEACH DIRECTION (continued) 

Test 

1854 1.27 .788 

1855 1.31 .764 

1860 1.31 .763 

1861 1.33 .752 

1862 1.39 .718 

1863 1.48 .6/77 

F2 V* CD 

,486 1.43 2.34 
,601 1.49 2.47 
,376 1.50 2.54 

,453 1.53 2.93 
,626 1.64 2.88 

,771 1.80 2.84 
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DISCUSSION OF RESULTS; 

The raw test data, in the form of the Visieorder oscillograph 

records were evaluated visually, and three quantities measured. The 

first of these was the time required for the test carriage to travel 

a distance of 4.35 feet, as recorded by the potentiometer output driven 

by the carriage axle. The other two quantities measured were the de¬ 

flections of the galvanometers measuring the outputs from the force¬ 

measuring strain gage bridges. These latter quantities were combined 

with the calibration traces obtained by means of applying known forces 

to the center section of the model* The calibration forces were chosen 

so as to match as closely as possible the deflections observed during 

the test run, and were performed immediately after the cessation of the 

test in order to minimize the possibility of drift in the instruments. 

The times measured in order to determine the carriage velocity 

were on the order of 1 - 2 seconds, and were averaged over at least 

four cycles in which the times did not vary more than 0.02 seconds. 

The errors in the measurement of the times were in this way less than 

+ 1 %. The galvanometer deflections were measurable within + .01 

inches, although the actual test deflections could not be measured 

with such accuracy due to the rapid small oscillations of the galvano¬ 

meter traces. In the worst cases the deflections were measurable 

within + .05 inches. The deflections were themselves on the order of 

from one to over four inches. For this reason the force measurements 

were accurate within + 5 %• The values of density and viscosity used 

in calculating such quantities as Reynolds number and coefficients of 
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lift and drag were constant throughout. 

Due to the errors in measurement of the time, the velocities 

calculated were also in error by + 1 %, If we now consider only the 

errors which enter into the calculation of and through the 

errors in measuring velocities and forces, we obtain a maximum bound 

on the error in and of + 7 %• If we assume that the temperature 

and other properties of the water in the tank were constant for all 

tests, then we can assume that any errors in the values of density 

and viscosity enter all of the derived quantities to an equal extent 

and so long as we use consistent values for these properties, this 

will not result in any additional scatter in the calculated quantities. 

The value)» of density used in all of the calculations was assumed to 

be constant at a value of 2 slugs/ foot‘d or 64.4 lbm/ foot for con¬ 

venience in calculating the dynamic pressure 

constant for all tests. These values were assumed constant for all 

tests since the temperature is maintained by thermostat. 

The values of H^, the initial depth of the water, and other 

lengths used were accurate to within less than + 1 % in the worst 

case, resulting in a maximum error in the calculation of Froude numb¬ 

ers of less than 4- 1-J- %. 

which for this value of J5 becomes 

2.13 x 10*° slugs/ ft-sec was also assumed to be 
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The initial parameters having been calculated, the next quanti¬ 

ties to be calculated were the dimensionless quantities v^, h^, and 

F^. These were obtained from the numerical solution of equation 25 

above. Having these quantities, next we plotted as a function of 

F^/F, the Froude number ratio. This is seen as figures 11, 12, 13 and 

14. 
The tests conducted in each of the two directions are plotted 

separately for both models. Although Wieghardt's method predicts the 

same value for for the flat plate for the configuration of the 
o 

tests run in either direction and for the entire range of velocities 

of these tests, the observed data show a slight but consistent direc¬ 

tional preference. The reason for this may have been some slight 

deviation from the level of the ocean bottom, resulting in an imposed 

pressure gradient along the test section. This may have resulted from 

either a static condition or from a difference in the dynamic angular 

deflection of the carriage in response to the moment imposed upon it 

by the drag of the test section and model. The discrepancy may also 

have resulted from some other cause related to the configuration of 

the tank, but it did exist, and for that reason the two groups of flat 

plate tests are treated separately. 

Likewise, the pipe tests are treated separately, although the 

reasons for this are more apparent. Since the pipe was roughened on 

only one side, it certainly seems reasonable to assume a direction¬ 

ality of the tests resulting from whether the rough side of the pipe 

was the leading edge or the trailing edge, both from the point of view 
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of skin friction and also from the point of view of turbulence) since 

the range of Reynolds numbers observed is exactly that in which 

laminar-to-turbulent transition occurs for smooth circular cylinders, 

according to most references. It also appears to be for this reason 

that there is such a lack of linearity in the plotted test data. 

There does seem to be some dependence of the drag coefficient 

on Reynolds number, in addition to the Froude number effect as it 

might be called. In general, an examination of the test data would 

indicate that in deep water, the decrease in with increasing 

Reynolds number predominates, but since as the water gets shallower, 

the increase of Froude number with velocity becomes more rapid, while 

the increase of Reynolds number remains constant; as the water becomes 

shallower, the Froude number effect begins to dominate, and begins 

to increase with increasing velocity. 

Although the flat plate in a free stream, i.e. not attached to a 

wall, does not exhibit a clearly defined laminar-to-turbulent transi¬ 

tion, as is the case with a circular cylinder, the flat plate attached 

to a wall does exhibit a decrease in the drag coefficient with an in¬ 

crease in Reynolds number, but the decrease does not appear to be a 

strong function of the Reynolds number. This can be seen by an exam¬ 

ination of the data from tests numbered 800 through 805 in Table II. 

This decrease in the drag coefficient would appear to be associated 

with the laminar-to-turbulent transition which occurs along the wall 

and results in the thickening of the boundary layer, thereby reducing 

the effective area of the flat plate which is exposed to the full 
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velocity of the free stream. 

In order to attempt to verify the hypothesis that is a linear 

function of the Froude number ratio, the experimentsi data was plotted 

logarithmically with as a function of v^. This data was then fitted 

with a straight line by the method of least squares. The results of 

this are shown in Table IV together with a comparison of the least 

square fit curve and the curve suggested by equation 27 with exponent 

of v^ of 1.5, with the experimentally obtained points. 

The least-square fit curve gives both the exponent of v^ and a 

value of the deep water coefficient . The value of for the 
o o 

curve with exponent of 1.5 was obtained from the logarithmic plot by 

merely extrapolating the line with slope of 1.5 backward from the 

point whose abscissa was the mean of the logarithms of v^ and whose 

ordinate was the mean of the logarithms of C^. The intercept of this 

line was then exponentiated in order to obtain C^. 
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DATA TABLE IV 

VALUES OF CD EMPIRICAL TABULATED BELOW ARE FOR CDD ■ 1. 04 AND EXPONENT OF V4 « 1.380 

VALUES OF CO THEORETICAL TABULATED BELOW"ART FOR CD15 « 1.01 AND EXPONENT OF V4 * 1.5 

TEST CL OBSERVED CD 08SERVED CD EMPIRICAL PER CENT ERROR CD THEORETICAL PER CENT ERROR 

510 0.41M 1.0150 1.25*0 16.9319 1.2371 17.9531 

512 0.2966 1.3430 1.2638 -6.2632 1.2498 -7.4584 

514 0.2679 1.5120 1.2786 -18.2526 1.2657 -19.4620 

516 0.4078 1.2160 1.2516 2.6875 1.2367 1.5099 

520 0.3456 1.2910 1.2814 -0.7516 1.2686 -1.7630 

522 0.1830 1.4380 1.2985 -10.7410 1.2871. -11.7235 

524 0.2233 1.5340 1.3177 -16.4193 1.3077 -17.3032 

526 0.2807 1.0730 1.2616 16.2786 1.2689 15.4396 

530 0.3495 1.2500 1.3125 4.7649 1.3022 4.0095 

532 0.2778 1.2080 1.3338 9.4291 1.3251 8.8378 

534 0.2544 1.3400 1.3595 1.4379 1.3530 0.9594 

536 0.2236 1.4230 1.3136 •8.3249 1.3034 -9.1761 

540 0.3092 1.1490 1.3558 15.2522 1.3489 14.820? 

542 0.2718 1.4600 1.3851 -6.8549 1.3806 -7.2004 

544 0.2406 1.2780 1.4276 10.4794 1.4267 10.4257 

546 0.2882 1.2970 1.3585 4.5246 * : 1.3518 4*0544 

550 0.3640 1.4120 1.4119 -0.0057 1.4097 -0.1618 

552 0.2859 1.5620 1.4579 -7.1374 1.4597 -7.0060 

554 0.1083 1.4940 1.5227 1.684? 1.5303 2.3738 

556 0.2040 1.8150 t • 4124 -28.5028 1 • A1 0 3 •28.6994 

560 0.3309 1.6540 1.4964 -10.5343 1.5016 -10.1495 

562 0.2739 1.9110 1.5720 -21.5611 1.5843 -20.6198 

^64 0.0745 1.5290 1 .7048 10.3106 1.7302 11.6296 

566 0.2794 1.3580 1.4953 9.1303 1.5004 9.4907 

570 0.4016 1.8320 1.6320 -15.3181 1.6501 -14.0536 

572 0.2042 1.3990 1.8134 -4.7203 1.8504 •2.6280 

576 0.1312 1.1930 1.6262 26.6384 1.6437 27.4203 

580 0.0585 2.0520 1.838? -8.6761 1.9335 -6.1314 

566 0.2296 1.7400 1.9033 8.5811 1.9503 10.7836 
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VALUES or CO EMPIRICAL TABULATED BELOW ARE TOR COO • 0,88 AND EXPONENT Of V4 • itzsr 

VALUES OF CD THEORETICAL TABULATED BELOW ARE FOR CDO » 0.83 AND EXPONENT OF V4 * 1.5 

TEST CL OBSERVED CD OBSERVED CD EMPIRICAL PER CENT ERROR CD THEORETICAL PER CENT ERROR 

511 Ot 2340 1.1610 1.0360 •13.9953 1.0103 •16,6966 

513 0,7250 0.6612 1.0472 15.6551 1.0234 13,6935 

515 0*5610 0.6807 1.0593 16.6631 1.0375 15,1140 

521 0.3959 1.1160 1.0589 •5.5817 1.0370 •7.8117 

523 0.6726 1.0350 1.0735 3.5623 1,0540. 1.6059 

525 0.6114 1.2050 1.0871 •10.6430 1.0701 -12.6089 

531 0.6139 1.0700 1.0836 1.2755 1,0662 •0,3564 

533 0.6396 1.1030 1.1012 •0.1617 1.0867 •1.5039 

535 0.6466 1.1220 1.1092 -1.1553 1,0960 •2.3678 

541 0.6156 1.1030 1.1170 1.2512 1,1052 0.2029 

543 0.6279 1.1290 1.1424 1.1702 1,1353 0.5549 

545 0.6250 1.1060 1.1497 3.6266 1,1440 3.1466 

551 0.6345 1.3540 1.1622 •16.5059 1.1588 •16.8417 

5531 0.6346 1.2230 1.1961 •2.2512 1.1993 •1.9765 

5532 0.6450 1.2480 1.1660 •5.2259 
y 

2.4100 

1.1873 •5.1149 

555 0.5606 1.2160 1.2481 1.2618 3,4712 

561 0.6315 1.2730 1.2256 •3.6651 1,2348 •3.0975 

563 0.6173 1.2320 1.2921 4,6463 1,3151 6,3156 

565 0.6259 1.3560 1.3967 2.7731 1.4432 5.9035 

571 0.6610 1.4080 1.3350 •5.4662 1.36T4 •2.9700 

573 0.6666 1.3860 1.4711 5.7632 1,5354 9,7278 

‘*•1 
0.7666 1.5490 1.5349 •0.9191 1.6152 4,0981 
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VALUES OF CO EMPIRICAL ÎADULATEO BELOW ARE FOR COO « 1,66 ANO EXPONENT OF V4 * MIS 

VALUES OF CD THEORETICAL ÎABULÀTECTBELdW ARE FOR COO « 1,56 AND EXPONENT OF V4 « 1.5 

TEST CL OBSERVED CO OBSERVED CD EMPIRICAL PER CENT ERROR CD THEORETICAL PER CENT ERROR 

800 -0,0000 1*8640 1.82-33 -2.2296 1.7760 -4,9557 

60? -0,0000 1.7050 1*8318 6.9216 1.7871 4,5921 

804 -0*0000 1.5380 1*8444 ' 16.6104 1.8036 14.7251 

1800 -o.oooo 2.0550 1*8365 -11.8974 1.7933 •14,5960 

1801 -0.0000 1.8670 1*8387 -1.5384 1,79'62 -3.9439 

180? -0.0000 2*0160 1*8431 -9.3793 1.8020 * -11*6778 

1603 -0*0000 1*8600 1.8582 -0.0984 1,6218 -2*0975 

1806 -0*0000 2.0760 1.8554 -11.8902 1.8181 -14*1839 

1609 *0*0000 1.9570 1.8583 -5.3091 1,8220 •7*4088 

1810 -0.0000 1.9110 1*8644 . -2.4996 1,8300 *•4*4 258 

1811 -0*0000 1.7970 1.8760 4.2U8 1.8454 2.6212 

1816 -0*0000 1.9650 1.8795 -4,5506 1.8500 -6*2190 

1817 -0,0000 1*8930 1.8842 -0.4656 1.6563 -1.9796 

1616 -0.0000 2*0190 1*6926 -6.6770 1.8674 -8.1162 

1819 -0*0000 1.7240 1*9168 10.0599 1.6996 9.2446 

1624 •0*0000 1.9930 1.9107 •4,3050 1.8915 •5.3665 

1625 -0,0000 1.9300 1.9152 -0,7734 1.8974 -1.7171 

1626 -O.OOOO 1.8980 1.9276 1,5344 1*9140 0*6336 

1827 -0*0000 1*9810 1*9530 •1.4350 1.9480 •1*6954 

163? -0,0000 1.9930 1.9509 •2.1596 1.9451 -2.4601 

1833 -0,0000 2.0050 1.9578 -2.4094 1*9545 -2.5842 

1834 -0.0000 1.7400 1.9751 11.9052 1.9778 12*0231 

1^35 -O.OOOO 1.8020 1.9928 9,5753 2.0016 9.9742 

1840 •0.0000 2.1200 2*0086 -5.5447 2.0230 •4.7923 

1641 -0.0000 2.1510 2.0185 •6.5638 2.0365 •5.6247 

1842 -0*0000 1*7460 2*0449 14,6159 2.0723 15.7474 

1843 -0.0000 , 1.6400 2.0716 20,8340 2*1069 22*2331 

1848 -0.0000 2.1780 2.0938 •4.0197 . 2*1394 •1*8048 

1849 -0*0000 2*2850 2*1076 -8.4176 2*1583 •5.8690 

1850 -0.0000 2.0870 2.1514 2.9918 2*2189 5.9433 

1851 -0.0000 1*9700 2.1707 9.2467 2,2456 12.2800 

1856 -0.0000 2.5980 2.2415 •15.9040 2.3449 •10.7936 

1857 -0.0000 2.8310 2.2748 -24,4479 2.3920 -18.3549 

1858 -0.0000 2.1760 2.3858 8.7924 2.5502 14,6745 
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VALUES OF CO EMPIRICAL TABULATED BELOM ARE FOR COO ■ I,«6 AND EXPONENT OF V4 ■ 1,928 

VALUES OF CD THEORETICAL TABULATED BELOW ARE FOR CDO « 1,67 AND EXPONENT OF V4 » 1,5 

TEST CL OBSERVED CO OBSERVEO CO EMPIRICAL PER CENT ERROR CO THEORETICAL PER CENT ERROR 

601 •0, 0000 1,8870 1,8080 0,5806 1,9020 0.7911 

60S -0,0000 1,7070 1,9103 10,6404 1,9141 10.6190 

605 -0.0000 1,5730 1,9242 18,2525 1.9276 16.4050 

1604 •0,0000 2.1650 1.9166 •14.0036 1,9203 •13.7826 

1605 •0.0000 ’ 2,0290 1,9206 "5.£430 1,9243 -5,4423 

1806 •0,0000 1,8700 1,9260 3.0099 1,9316 3.1874 

1607 •0.0000 1.7250 1,9436 11,2560 1,9471 11,4052 

1812 •0,0000 2,1900 1.9436 •12,6663 1,9471 •12.4768 

1613 •0,0000 2,1130 1,9460 •6,4686 1.9512 •6,2904 

1814 •0,0000 1.9550 1.9567 0,0689 1,9598 0,2449 

1815 •0.0000 1.7450 1.9763 11.7945 1,9610 11,9146 

1620 •0,0000 2,3020 1,9767 •16,3391 1,9814 •16,1811 

1821 •o.oooo 2,0910 1,9636 •5,4063 1,9864 •5,2660 

1622 •0,0000 1,9260 1,9960 3,5076 1,9984 3,6236 

1623 •0,0000 1,8730 2,0230 7.4142 2.0249 7,5026 

1628 •0,0000 2.3310 2,0218 •15,2937 M 2.0237 •15,1823 

1629 •0,0000 2,0650 2,0300 •2,7073 2.0319 •2,6156 

1830 •0,0000 2.0240 2,0478 1,1626 2.0493 1.2353 

1631 •0,0000 1.6670 2,0829 10,3647 2.0836 10.4026 

1836 •o.ooco 2,3060 2.0613 •10,8896 2.0823 •10,6412 

1637 •0,0000 2,2080 2,0906 •5,6043 2.0916 •5.5668 

4638 
\ 
1639 

•0,0000 2.0590 2,1164 2,7100 2.1166 2.7230 

•0.0000 2,1700 2.1606 •0.4366 2.1600 •0,4610 

1644 •0.0000 2,2210 2,1660 •2.5415 2,1653 •2,5710 

1645 •0,0000 2,2190 2,1807 •1,7565 2.1798 •1,7964 

1646 •0,0000 2,1190 2,2206 4,5735 2.2169 4,5027 

1647 •0,0000 2,2180 2.2869 3.0985 2.2660 2,9730 

1652 •0.0000 2,2200 2,2950 3.2689 2,2919 3,1390 

1653 •0,0000 2,1330 2.3175 7.9627 2.3140 7,6226 

1654 •0,0000 2,3410 2,3924 2,1490 2,3674 1,9434 

1655 •0,0000 2.4740 2,5076 1,3460 2.5003 1.0538 

1660 •0,0000 2,5370 2.5142 •0,905! 2,5067 •1.2087 

1861 •0.0000 2,9320 2,5699 -14.0915 2,5611 •14,4804 

1862 •0,0000 2,8650 2,7623 •4.4415 2.7493 •4,9354 

1863 •0,0000 2.8410 3,0205 5,9425 3,0014 5,3438 
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CONCLUSIONS: 

1. The drag coefficient, , of a submerged body exhibits an in¬ 

crease as the Froude number ratio, F^/F, increases with the value 

of 1, which corresponds to the case of infinitely deep water, 

i.e., F = d = 0, to values greater than unity, corresponding to 

finite values of the inlet Froude number, F, and the body height- 

to-inlet depth ratio d. 

2. The lift coefficient, C^, on the other hand, does not exhibit an 

increase similar to that shown by the drag coefficient. Although 

individual tests within a series conducted at the same value of 

d but with different velocities did vary somewhat, average values 

of for series of tests conducted with different values of the 

parameter d remained fairly constant until values were reached 

which would result in a Froude number, F£, of unity at the point 

of minimum area of the flow. The present study did not include 

sufficient data points of this type to permit adequate inter¬ 

pretation of lift coefficients associated with this type of flow. 

3. The drag coefficient appeared to be a linear function of the 

Froude number ratio of the flow over the body. Evaluation of 

the test resulted in the conclusion that a relation of the form 

of equation 27 

s = so 
fits the observed data with an RMS error of 10%. 

53 



Figure 1, Test Instrumentation Console 

Figure 2, Test Carriage 
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Figure 3. Test Section with Pipe Model Installed 

Figure 4. Close Up of Pipe Model 
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Figure 5. Test Section with Flat Plate Model Installed 

Figure 6, Close Up of Flat Plate Model 
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Figure 8, Idealized Model of Deep Water Flow 
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Figure 9. Idealized Model of Flow Over the Body 
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Figure 10. Carriage in Motion with Test Section Installed 
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. -Figure 11. Plot of CJJ Versus Y 2 / F, Pipe Tests in Wave Direction 
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Figure 13, . Plot of CJJ Versus F2 / F, Flat Plate Tests in Wave Direction 
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