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AN EXPERIMENT CONCERNING PARTLY CLOSED

CAVITIES BEHIND A SURFACE-PIERCING ROD

by

M. C. Meijer*

California Institute of Technology

Pasadena, California

1. Introduction

Thomsen in Ref. (l)** emphasizes three different states of ventila-

tion occurring at surface-piercing rods, as observed by Hay (2). Hay

has towed cylindrical rods which intersect the water surface, at differ-

ent speeds and at different depths of submergence. From his photogra-

phic records, the following observations have been made.

At relatively low speeds, an air filled cavity is formed in the wake

of the rod, which is open to atmosphere and which extends downwards to

a point above the base of the rod. With Increasing speed, this point

moves downward towards the base of the rod. This form of cavity has

been called the "Pre-Base Ventilation State".

After the cavity has reached the base, the state was referred to

as the "Base Ventilation State", which is found to persist with further

increased speed.

* Senior Research Engineer, Hydrodynamics Laboratory, California
Institute of Technology, on leave from the Technological University
of Delft, Holland.

** Numbers in brackets refer to the references ut the end of the text.



After the speed was increased over a certain level, the size of the

cavity was observed to decrease again forming a cavity closed at the

water surface. In this case the state was called the "Post-Base Ven-

tilation State".

Since this last phase in the development of the air-cavity has not

been observed in the Free Surface Water Tunnel at the California

Institute of Technology, it was thought desirable to perform some

experiments in order to find the conditions under which this Post-Base

Ventilation State can occur.

The present results are to be regarded as preliminary. A full

explanation of the ventilation phenomena described in the references

above and the text of this report to follow is not yet available. Neverthe-

less, since the results of the present work are at variance with published

work, it was thought worthwhile to present them now. Hopefully a more

thorough understanding of the ventilation phenomena will be obtained in

the not too distant future.

2. Preliminary Considerations

After reading Thomsen's report, the author considered the possi-

bility that the differences between the ventilation states may be caused

by specific differences in flow conditions which seem to appear in a tow-

ing tank and in a water tunnel. Especially turbulence, surface tension

and vibration were thought of as possibly responsible for the difference

in behavior at the water surface.

As compared to the Free Surface Water Tunnel, which has no

honeycomb and hardly any settling chamber, the turbulence level in a
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towing tank must be relatively very low.

With respect to the surface tension properties of the water, it can

be noted that dust may be floating on the surface of the towing tank,

whereas particles in the tunnel will be distributed homogeneously. Vibra-

tions of the rod may be mainly structural from the carriage in the towing

tank case and mainly of hydrodynamic origin in the tunnel.

Considering the differences mentioned above, it might be speculat-

ed that in the towing tank, closure of the cavity at the water surface will

be more readily achieved than in the "ree Surface Water Tunnel.

3. Apparatus

The models were fixed to the 3-component strain gage balance

which has been installed for the Free Surface Water Tunnel; no drag

measurements were performed though, as the sensitivity of the balance

(range: 25 lbs.)proved to be too small during the main part of the experi-

ments.

In order to facilitate the cormparison on the different cavity forms,

a grid divided in tenths of half inches was reflected into the plane of the I
cavity with the aid of an inclined glass plate at 45 degrees in front of the

tunnel window.

Photographs were taken through the glass plate. The exposure was

I/Z5 of a second at F/7.7 on 250 A. S. A. "Royal Pan" film. The light-

ing was supplied by three 750 watt lamps at a distance of 31 feet from

their respective objects, one spotlight pointed at the grid and one at the

cavity, the last one from beneath and slightly downstream in the center-

plane of the tunnel. One lamp with separate diffusing reflector from
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downstream behind the tunnel was used to light the model (see Fig. 1).

4. Experimental Procedure

4. 1 In the first experiment a 5/16 inch rod (8mm) was used piercing

the surface at a velocity of about 1Z f. p. s. (3. 7 m/seec). The depth of

submergence was about H = 5 inches (lZ7mm). According to Fig. 1)4

of Ref. 1, the post-base ventilation state would be expected to occur.
Instead, the cavity was quite open at the top. With the hand or a flat

plate covering the cavity, parallel to and near the free surface. the cavity

could be closed partially. In this case the flow at the surface changed

suddenly, which could be felt, as upward pressure on the means of

closure changed into suction. Air was heard to be sucked through a

small opening between the cover and the rod. After removal of the arti-

ficial closure, this condition could persist for some time, but would

soon change again into the open base ventilation state. Total covering

of the surface behind the rod resulted in the entire disappearance of the

cavity, which would always reappeb9 when the cover was removed.

Whether or not the disturbances due to the free stream turbulence are

responsible for this reappearance at this low Froude number is not

known.

In this preliminary experiment no measurements or photographs

were made. The Reynolds number based on the rod diameter was of

the order of 3XI0 4 . The same observations have been made with a

I/8 inch rod submerged to 3-5/8 inch depth. The extreme velocity in

this case was 20. 75 feet per second.

4. 2 In order to obtain subcritical flow conditions with respect to the



Reynolds number comparable to those in Hay's experiments, a rod with

a diameter of 1/8 inch (3 mm) was selected and the tunnel was run at a

velocity of 3. 94 ft./sec. (1. 2 m/sec.). Now the Reynolds number was

about 3.8 X Is . The tunnel velocity was too low for proper supercri-

tical operation, (now with respect to the channel Froude number) but as

the actual and local water surface was measured, the velocity, as calcu-

lated,was considered to be approximately correct, although it should be

noted that some change of velocity near the surface must have been pre-

sent due to some curvature of the surface then.

The ventilation state in this experiment was varied by changing

the submergence depth of the rod. At a depth of about 0. 138 ft. (42 mm)

a transient condition occurred in which the form of the cavity changed

considerably and generally at a slow pace with time as discussed in the

next section.

4. 3 With a 1/4 inch rod ('-6. 3 mm) a transient condition was found

with a velocity of 5. 44 ft. /sec. (1 -6 m/sec. ), the Reynolds number

being about I X 104. In this case the changing of form was much more

abrupt, and to photograph the different forms of the cavity, the submer-

gence depth had to be adjusted. With the lower velocity of 4 ft. /sec.

(L. 22 m/sec. ) again a more stable transition form was obtained.

5. Analysis of Data

S. 1 The process of the change of form mentioned in 4. 2 can be de-

scribed as shown in the photographs of Fig. 3. Photograph 2 shows the

open form obtained after shaking of the rod in the direction of the flow.

The length of the cavity just below the water sltrfacp may vary some-
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what, depending upon the intensity of the shaking procedure. In the

region of the extremity of the cavity downstream, near the water sur-

face, a small indication of a re-entrant jet exists, seen in the side

elevation of the cavity.

This open condition may persist for some time, but then the

cavity slowly becomes shorter and the "re-entrant jet" becomes a

small "bay", as shown in photograph 6 (also in 1 and 7). The "bay"

seems to proceed along a definite curve which is independent of the

submergence depth. (Photographs 5 and 9).

When the "bay" reaches the rod, the cavity is cut in two. Presum-

ably, because of surface tension effects, a third bubble is formed in

between, and thin films of water may divide the lower and upper bubbles,

however, not interfering with the general shape of the cavity in these

instances (see photograph 3).

It must be noted, that surface tensio~n will play a role in this case

where the dimensions and hydrody.tmic forces are small.

If the end of the rod is too far away, as is the case in photographs

8, 9, and 10, the closure between the bubbles will be complete and the

lower bubble will disappear (photograph 10). In the case of photograph

3, the presence of the end of the rod seems to promote the leakage of

air from the top bubble into the lower one.

The most stable form of the series seems to be that of photograph

4. which occurs after the lower boundary of the upper bubble and the

upper boundary of the lower bubble have merged into each other, which

occurs suddenly. In this case the two bubbles remain separated by a



film of water, the length of the cavity just below the water surface be-

comes shorter and, what is the most remarkable feature, the lower

end of the upper bubble forms a "flag" of a rough texture, which always

extends from a line about vertical through the end of the lower bubble,

to the curve of the original open cavity (photograph 2). All the forms in

the photographs numbered 3 through 6 remain within the boundary of the

open form and the curvature near the end of the rod remains approxi-

mately the same. The length of the top of the cavity only changes con-

siderably at the last instant (photograph 4).

When the submergence depth is reduced, only a small "bay" is

formed as is shown in photograph 7, after which the form remains the

same. With a larger submergence depth, the lower bubble disappears,

as is mentioned earlier. In photographs 8 and 9, the length of the

cavity near the surface appears to be larger than was the case in the

previous series, but this may be caused by the amount of shaking

applied.

In the case of photograph 10, where the lower cavity has disap-

peared, the lower end of the remaining cavity is situated at exactly the

same place as the division of the bubbles in photograph 10 (and 11) it

is also noted that the streamlines at the lower baundary of a remaining

upper-cavity are headed downwards.

S..2 Being acquainted with the proceedings described above, it is possi-

ble to guess the same general configuration at higher Reynolds numbers,

photographed in 12 and 13 for the thin rod and 14 through 18 for the 1/4

inch rod. In the case of the longer rod, the curve (see Fig. 2) along
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which the "bay" proceeds seems to have moved downwards with the end

of the rod; where the rod is thicker, the curve may have been moved

upward, even above the free water surface.

In the case of photograph 18 the rear boundary of the lower bubble

curls inwards and forms the separate bubble which can be seen within

the top of the cavity attached to the rod.

S._3 The cavity shown in photograph I is of interest because of its

separations. In this case the submergence depth is large; the end never

carried a cavity. The position of the vertical separation film in the

cavity is quite stable. The bubbles behind this line can be entrained by

the flow, leaving the forward cavity unaltered. This may be important, as

in the experiments described under 4. 1 it was already observed that the

length of the cavity, after opening of the water surface changed in steps

rather than continuously.

5..4 About photograph 15, it is noted that during this series the submer-

gence depth was mechanically lin14ed to 0. 304 ft. , in which range it prov-

ed to be impossible to make the lower cavity disappear. Photograph 15

now was obtained with a turbulence stimulating rod of 1/8 inch diameter

which was held at a 2 foot distance upstream of the model.

S. 5 Concerning the form of the cavity at the intersection with the water

surface, the following remarks can be made:

At relatively low Reynolds numbers, the surface appears to be

partly closed all the time. Even in the case of photograph 2 it is prob-

able that a small pressure drop at the air-entrance existed. Only in

the case of photograph 17 is it certain that the surface is entirely open.
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The hypothesis can be made that this i. caused by the position of the

curve of the "bay-points" being above the water surface.

6. Comment on Thomsen's Diagram

In Fig. 4 of Ref. 1, Thomsen showed the dependency of the flow

states from the ratio d/H, the inverted square of the Froude number

gH/U2 and Reynolds number Re based on the diameter.

The symbols used are:

d = diameter

H= depth of submergence
g = acceleration of gravity

U = velocity

This diagram has been reproduced at the same scale in Fig. 4 of

this report. Hay's experimental points have been replaced by points

representing the photographs of Fig. 3 and one extreme condition.

It is thought, that replacement of gH/Uz by its inverted value,

i.e. UN/gH, makes a better picture. In Fig. 5 d/H has been plotted

against US/gH. The black dots v"-•present the experimental data re-

ported here. the open symbols are taken from Thomsen's diagram and

indicate the onset of the post-base ventilation state. The dot at the

extreme right of the diagram shows the extreme condition, at which

still no post-base ventilation state could be obtained in a natural way.

The approximate linearity of the average transition line between

the base- and post-base ventilation state, as derived from Hay's ex-

periments, indicate that this phenomenon is little dependent of the sub-

mergence depth H, which seems to be valid also where d/H = I. It

can hardly be plausible, that this is relAteO! to the underwater flow. Thio
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seems to point at influences above the surface, such as the increase of

the height of the spray sheet with increasing speed, which should be

proportional to U3.

If such a spray sheet makes contact with a plate or other cover,

parallel to the water surface, than it has been shown that the cavity

obtains a shape in agreement with the description of the post-base

ventilation state.

7. Conclusions

Although experiments have been made at very low values of gH/U 2

and low values of dOR, the post-base ventijation state, as described

by Thomsen, did not occur in the Free Surface Water Tunnel in a

natural manner. It could be obtained by partial closure of the gap in

the water surface with a plate. Removal of this plate resulted always

in a restoration of the original base ventilated state if the velocity was

high enough.

It seems reasonable to sur;..se that in the case of Hay's experi-

mnents such a plate or other spray cover near the surface must have

been present, which became effective at high velocities, when the spray

sheet could make good contact with it. At the transition of the pre-base

ventilation state and the base ventilation state, stable cavities did exist

which were nearly closed near the water surface, or at a lower point.
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APPENDIX I

Data Sheet

Rod d = 1 inch, position vertical.

Water level at rest above bottom F. S. W. T. = 1. 434 ft. at wnich the model

raising mechanism is set with the end of the rod touching the water surface.

Grid reflection in optical plane under water of rod, divisions are in 1/10

of 1/2 inch.

Drag readings are of the same magnitude as the drift of the apparatus.

Barometer reading: 29. 4 inch Mercury at 720 F.

Camera setting: 1/25 sec. F/7.7.

Film sensitivity: 250 A. S. A.

Lighting: I spotlight 750 W, distance: 31', directed at grid.

1 spotlight 750 W, distance: 34', directed at rear

end of cavity from underneath and downstream.

Number of Velocity Water Level Rod-End Remarks
Picture Reading Above Bottom Level

Feet Feet Feet

1 1.595 1.311 1.183 trial for exposure data

2 1. 565 1.322 1. 184 long cavity after shaking
of rod; sometimes natural
condition

3 1.565 1.322 1.184 natural condition, rear
end of top cavity often
with bubbles

4 1.565 1.322 1.184

5 1.565 1. 322 1. 184 less stable

6 1.565 1.322 1. 184 more stable
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APPENDIX I

Data Sheet (continued)

Rod d = * inch, position vertical

Number of Velocity Water Level Rod-End Remarks
Picture Reading Above Bottom Level

Feet Feet Feet

7 1. 565 1.322 1.205 only stable condition

a 1. 565 1. 322 1. 170 after longitudinal
shaking

9 1.565 1.322 1.170 less stable

10 1.565 1.322 1.170 stable

11 1. 565 1.322 0.988 only stable form apart
from rear end bubbles

12 1.690 1.229 0.964 just changing form

13 1.690 1.229 0.964

14 1.698 1.235 0.954 transition

15 1.698 1.2.5 0.931 with aid of turbulence
rod I" at 2 ft upstream

16 1.700 1.235 0.985 quite stable, transition

17 1.700 1.235 1.007 very stable

18 1.S73 1.322 1.159



15

APPENDIX II

Calculation of velocity and submerged height of rod, d and

Barometer not corrected: 29. 4 inch Hg at 720 F.

Rod diameter d = inch = 0. 0032 m

Photograph No. 1 2.- 7 8-10 11 12-13

Vel. reading inft. HO 1.595 1.565 same same same 1.690

Local water level in it. 1.311 1.322 1.229

Vel. head in ft. HO 0.284 0.243 0.461
a

*pU 2 in kg / ma 86.5 74.0 140.4

U2 in (m/sec.)2  1.69 1.45 1.45 1.45 1.45 2.75

U in m/sec. 1.30 1.20 1.20 1.20 1.20 1.66

U in f. p.a. 4.26 3.94 3.94 3.94 3.94 5.44

".ocal water level in ft. 1.311 1.322 1.322 1.322 1.322 1.229

Levelofrodbaseinft. 1.183 1.184 1.205 1.170 0.988 0.964

Submerged ht. inft. 0.128 0. 138 0. 117 0.152 0.334 0.265

Same in m (H) 0.0390 0. 0420 0. 0305 0. 0463 0. 1017 0. 0807

d/H 0.082 0.076 0. 105 0.069 0.031 0.040

gH/U3  0. 227 0. 284 0. 206 0. 313 0. 688 0. 288

Re z Ud/v 3.8X103 3.5X103 3.5X10 3 3.5X10 3 3.5X10 3 4.8X10O
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APPENDIX H
(continued)

Rod diameter d = inch 0. 0063 m d = 0.0032m

Photograph No. 14 15 16 17 18 Extreme U

Vel. readinginft. H O 1.698 same same same 1. 573 8.400

Local water level in ft. 1. 235 1. 322 1. 650

Vel. headinft. H 0 0. 463 0. 251 6.750

JpU2 in kg/ms 141.0 76.S 2057.4

U2 in(m/sec.)? 2.76 2.76 2.76 2.76 1.50 40.42

U in m/sec. 1.66 1.66 1.66 1.66 1.22 6.36

U in f. ps. 5.44 5.44 5.44 5.44 4.00 20.87

Local water level in ft. 1.235 1.235 1.235 1.235 1.322 1.650

Level of rod ba se in ft. 0.954 0.931 0.985 1.007 1.159 1.337

Submergedht. inft. 0.281 0. 304 0.250 0.228 0. 163 0. 313

Same in m (H) 0. 0856 0. 0926 0. 0761 0. 0695 0. 0497 0. 0954

d/H 0. 074 0. %%'A 0. 083 0. 091 0. 127 0. 034

gm/Us 0. 304 0. 329 0. 271 0. 247 0. 325 0. 023

ReA Ud/v 9.5X10 5 9.5X 103 9.5X 103 9.5X 103 7. OX 103 1.85X104
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1.d~ =1in. 3. 2 n-i n
8~4.26 f.p.s.=1. 3 0 rs,c

H= 0. 12g ft = 3 9 .O0nrnnL

2. Aftcer shaking of rod
d = n. = 3 .2mrn-
U =3. 94 f. p. s. =1. 20 m/sec
J-i=0. 1319ft = 4 2 .O0mm

3. Developedi from 2, same data

4. Same as 3

-5. Same as 3, unstable
transient form



7. d in.= 3. 2 mm
U =3. 94f. p.s = 1.20 rr/sec
Ii z0. 117 t = 3 0. 5mm

8. After shaking of rod,
not stable
d =tn. 3 . 2mm
U =3. 94 f. p. . 1 l.Zm/sec

H 0 15 it 4 6 . 3mm

I9 
Developed from 8, transient,j same data

10. Same as 9, tahle

11. Stable, with or withoutA bubbles
d iln. 3 . 2mm
U = 3. 94 f. p. a = 1. 20m/sec
H =0. 334 it = 11 .7rmm

12. Form changing
d =j in. 3. 2 mm
U =5. 44 f. p. 1 6./e
1-1 = 0. 265 ft 9 0 .7 nmn

r~ig. 3 contintiea



14. d = in. =6. 3mm
U = 5. 44 f.P. s. = 1.66mr/sec

946'i1.1,H =0.Z281ft = 85. 6mm

''A turbulence rod

1 it. tiae ,2 oft uptra

U 5 .44 f.p. s. =1.66rn/sec
H =O. 304 ft =92. 6 mm

16. Transition form
4-1in. = 6.3 mm

U = 5. 44 f. P. s. =1. 66 rn/sec
H = 0. 250ft = 76. 1 mm'

17. Very stable, base
ventilation state
d = in. =6. 3 mm
U = 5. 44 f. p. s. = 1. 66 mn/sec

H = 0.2Z8 ft = 69. 5mm

18. Transition form
d = n. = 6.3 mm
U =4. 00 f. p. 9. = 1.2Z m/sec
Hi=O0. 163 ft = 49.7 mm

Fig. 3 continue'd
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