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SUMMARY 

The hydrogen-bubble visualization technique has been 

adapted to the 12-inch variable-pressure water tunnel of the 

David Taylor Model Basin. An outline of this adaption and the 

operation of the technique; are described. 

Photographic techniques and analyses applied to the result- 

ing films are discussed. Sources of error are delineated, par- 

ticularly with regard to the deceptive streakline patterns that 

can be formed and especially the results of exceeding the velocity 

limitation imposed by the shedding phenomena taking place behind 

the platinum wires. Errors caused by compression and/or stretching 

of bubble lines along their length are discussed, and procedures 

are given for recognizing this type of error. In addition, cathode- 

wire configurations are described by which both longitudinal and 

transverse velocity profiles can be obtained in steady or unsteady 

water flows. 

Various cathode-wire configurations are described through 

which qualitative aspects of the flow about bodies as stagnation 

and separation point motions are depicted. 

INTRODUCTION 

The uses of visualization techniques for the determination of the 

characteristics of fluid flows have become quite diversified since Reynolds’ 

transition experiments in the 1880's. The introduction of visible media 

into fluid flows has been accomplished in many ways for the acquisition of 

either qualitative and/or quantitative flow characteristics. Injection of 

dyes into liquids or smoke into gasses through porous bodies or hypodermic 

needles, the homogenous mixing of visible “unity oil" - (Sp/Gr. = 1) in 

water, the ‘hypodermic: injection of anisol bubbles into boundary layers, 





tellurium injection, electrochemiluminesence, etc. are a few examples. The 

merits of each visualization technique are based upon the extent of the dis- 

turbance to the fluid flow caused either by the injection method or by the 

injected medium itself and upon the accuracy with which the desired flow 

characteristics can be observed. 

In most cases, such visualization techniques as mentioned above are 

useful for obtaining only the qualitative characteristics of a specific 

flow. Quantitative characteristics are usually achieved by means of such. 

techniques as hot-wire anemometry or pitot-tube surveys, etc. 

Analysis of flow fields by means of dye-injection techniques to 

exhibit streakline: patterns of the flow should be done with care as shown 

by ewe This is very important in such unsteady flows as exist in 

boundary layer transition and in the oscillating wakes behind bodies. With 

a view toward surmounting this ambiguity connected with the streakline 

patterns and at the same time achieving quantitative measurements such as 

time variant velocity profiles, the following scheme was introduced by 

eller,” A swell wise (0.001-in. diameter), positioned in a water flow, 

snenedaed waste a negative voltage and a positively energized terminal 

positioned in the same flow were so arranged as to construct an electrolysis 

of the flowing water. Because of the two-to-one ratio of the resulting 

volumes of gas, hydrogen was chosen to exhibit the fluid motion. This hydro- 

gen gas is produced in the form of very small photographable bubbles on 

which the predominant force is the drag due to local fluid motion. 

This hydrogen-bubble visualization technique can be particularly use- 

ful in propeller and hydrofoil research as performed in variable-pressure 

water tunnels. In addition to such quantitative results as time-variant 

velocity profiles in water flows, the bubble technique is qualitatively 

useful for observing flows around bodies. Separation phenomena, oscillating 

¥ 
References are listed on page 26 . 





flow patterns in the wakes of these bodies, and the time and space relation- 

ships for these phenomena are examples of the quantitative value of the 

technique - 

Unfortunately, the bubble technique is not without disadvantages, e.g., 

certain velocity limitations. Included below is a discussion of the velo- 

city limitations and the application of the hydrogen-bubble visualization 

technique to two-dimensional unsteady flows. A scheme is put forth through . 

which a quantitative analysis of the longitudinal and transverse aspects 

of an unsteady water flow is achieved. 

The following is a description of the hydrogen-bubble visualization 

technique, its diversified capabilities, and its establishment at the 

David Taylor Model Basin. The study presented here was carried out under 

the General Hydromechanics Research Program, S-ROO9-O101, Task 0103. 

USES AND LIMITATIONS OF THE HYDROGEN-BUBBLE TECHNIQUE 

Basically, the hydrogen-bubble flow-visualization technique consists 

of an electrolysis process created by the excitation of cathode and anode 

terminals wetted by flowing water. The resulting gas formed at the 

cathode terminal is visible hydrogen gas which may be produced in the form 

of very small bubbles. Analysis of the forces on a buoyant sphere in a 

steady slow-speed (Stokes flow) water flow shows that the buoyancy to 

drag ratio satisfies 

B/D = g aa / Asp) 

If the bubble size is sufficiently small, say a few thousandths of an 

inch, the buoyancy force is very small compared to the drag force. Con- 

sequently, the motion of the bubbles is dictated by the local water velo- 

city. This predominancy of drag over buoyancy is verified by the negligible 

rise rate of the small bubbles. Through this predominance of drag over 

buoyancy, water velocity profiles may be accurately obtained in two-dimensional, 

low-speed flows. 
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To avoid altering the true value of the physical quantity being 

measured, the terminals required for the electrolysis process are chosen 

to minimize the effect of their presence on the flow. The terminal chosen 

for the cathode is a very thin wire supported in the water flow at some 

location where the characteristics of the velocity field are desired, and 

the anode consists of the metal water tunnel or towing tank wall, or some 

suitably installed metallic terminal. Many different materials were used 

as cathode terminals and platinum was found to be most suitable for this 

purpose because of its corrosion resistance. Other materials used were 

stainless steel, copper, brass, bronze, and zinc. 

When the thin cathode wire is energized with a de power source, a 

continuous sheet of hydrogen bubbles is produced in the water. The rows 

of tiny bubbles which constitute the sheet are distorted according to the 

local characteristics of the flow field. 

Velocity profiles in two-dimensional flows are obtained by pulsing a 

voltage to such a wire. The cyclic generation of hydrogen along sine wire 

produces patterns like those of Figure 1. Figure 1 shows an actual size 

view of the bubble patterns in the wake of a symmetrical foil shape (chord- 

thickness ratio is 10:1) at O-deg angle of attack. The view is parailel 

to the trailing edge and perpendicular to the chord of the foil. 

Figure 1 illustrates both the qualitative and quantitative aspects of 

the hydrogen-bubble technique. In addition to the quantitative data, such 

as the longitudinal velocity profile available at the vertical platinum 

wire 2 inch downstream of the foil trailing edge, qualitative information 

is provided on the reversal of flow at the platinum wire. This reversed 

flow which is present at the vertical wire is noted to extend upstream of 

the wire, past the trailing edge, and into the boundary layer of the foil 

shape. Such a reversed flow exists because of flow separation and continues 

as far upstream as the location of the boundary-layer separation point on 

the foil shape. 

Figure 1 also illustrates the manner in which the platinum wire is 

Supported in the wake of the foil shape. The heavy wire or rod frame is 

constructed and mounted so as to avoid errors induced by wibrations caused 
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by the flow around it. An insulation (a vinyl plastic coating: Chem- 

Sol Plastisol material) is applied to the portion of the wire holder which 

is submerged. The platinum wire is soldered to the horizontal rods that 

are visible at the top and bottom of the figure. These two horizontal rods 

are welded to a vertical strut barely visible (and out of the plane of focus ) 

in the right background of the photograph. This vertical strut is positioned 

so that it is not in the plane of the bubbles (the plane of focus) and, con- 

sequently, does not interfere with the bubble patterns near the platinum 

wire except near the soldered ends. The region behind the platinum wire 

affected by the horizontal wire supports is easily observed, and the wire 

is always positioned to utilize the center portion of the bubble patterns 

for flow analysis. Figure 2 shows four platinum wire holders. 

The distance between the bubble rows behind the wire depends on the 

velocity at the wire and the period of the pulsed ieee The velocity 

at the wire is directly proportional to the bubble-row separation and 

inversely proportional to pulse period; the constant of proportionality is 

the scale factor encountered in the photograph (see analysis below). For 

the 0.00l-in. wire shown in Figure 1, the diametral Reynolds number is 

below 40 for velocities in water up to 5 ft/sec. Consequently, there is 

no vortex shedding behind the wire itself as shown on page 17 of Reference 5. 

The velocity recovery is assumed to occur within a very short distance 

downstream of the O.00l-in. diameter wire. By this means, a close approxi- 

mation of the local longitudinal velocity profile is achieved. Note that 

the determination of such a longitudinal velocity profile is achieved by 

these means only when the stretching or compressing of the bubble rows along 

their length is minute compared to their horizontal translations (see below). 

For a Reynolds number, based upon the cylinder diameter, less than hO, 

the two vortices remain attached to the cylinder independent of the time 

variable. That is, there is no oscillatory feature in the wake, and 

disturbances downstream of the cylinder appear to be rapidly damped out 

near the cylinder. In the range of R, petween 40 and 150, the flow 

1 is termed "stable." The flow behind the cylinder is characterized by 
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a laminar flow and by vortices being shed from the regions downstream of the 

separation points. The vortex streets in the wake are ultimately dissipated 

by the viscosity far downstream from the cylinder. In the transition range, 

encompassing Re from 150 to 300, laminar-turbulent transition begins to 

appear in the free-stream layer that has separated from the cylinder. For 

Re from 300 to 10°, the flow is characterized by the shedding of vortices 

consisting of turbulent fluid whose source seems to be the separated shear 

layer. Therefore, rows of hydrogen bubbles present in the cathode wire 

wakes for these latter three Re regimes can portray very deceptive patterns 

of the fluid velocity profiles. Accordingly, it is most desirable to 

operate the technique in fluid-flow velocities where the diametral Reynolds 

number is kept below 40. It is apparent that this can be done by controllin 

the fluid velocity, by selecting a suitable wire diameter, or by altering 

the kinematic viscosity of the fluid. 

In addition to the applicability of the hydrogen-bubble technique to 

water flows, it has recently been established that the technique operates 

very successfully in water-glycerine mixtures (personal correspondence and 

Reference 6). Such mixtures are extremely useful for changing fluid viscosity 

by means of temperature control. In this glycerine-water mixture, several 

wire configuratioss were used to obtain velocity profiles in which there 

existed an increasing vorticity distribution in time throughout the profile. 

Of particular significance, however, was the higher degree of photographic 

clarity and contrast obtainable in such mixtures. The velocities attained 

in this study were on the order of 6 im. /sec. 

It is believed that velocities considerably in excess of this value 

can be investigated in these mixtures without sacrificing the bubble quality. 

The greatest percentage of glycerine used in the cited study was 40 per- 

cent. However, it is felt that higher percentages could be used and 

acceptable bubble quality retained. 

The determination of velocity profiles in two-dimensional flows in 

which longitudinal and transverse components of velocity are of comparable 

magnitude should be done with great care. Figure 1 is a good illustration 

of such a flow. When only longitudinal displacements of successive bubble 

6 
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rows are taken as indicative of local velocity, large errors can occur. 

This is due to a visually undetectable stretching or compressing of the 

bubble rows along their length. 

Streamline patterns for steady water flows are also obtainable with 

the hydrogen-bubble technique. As described in Clutter et ail,” 1G ws} 

possible to uniformly "kink" a 0.002 or 0.004-in. diameter wire by feeding 

it through a pair of gears. A 0.001-in. diameter wire was found to be 

inadequate in this respect because it would not retain the necessary kinked 

configuration. When the wire is kinked and such a wire is excited by a 

de voltage, electrolysis occurs along the entire length of the wire, but 

the hydrogen is dragged off the wire by the flow only at the downstream 

points of the kinks. In a steady flow, the resultant pattern is that of a 

series of streamlines. In unsteady flow, it is that of a series of streak- 

lines. 

Obviously, the larger diameter (0.004 in.) "kinked" wirec causes a 

small disturbance to the flow. Therefore, the use of the kinked wire is 

limited to a velocity range in which the influence of the wire on the flow 

ean be neglected. It is emphasized that care should be used in the employ- 

ment of the larger kinked wire for this reason. However, for R,& 40 such 

a method does give a rapid means of visualizing the flow field by streak- 

line traces. 

When a pulsed excitation is imparted to the kinked wire, the streak- 

lines are changed into dashed lines. These dashed lines are then illus- 

trative of the accelerations and the velocities which exist in the fluid. 

It was found that discrete dashes could be achieved with a voltage pulse 

having very small rise and drop wainaes c= Otherwise, dashes with blurred 

ends result, i.e., the tips and the tails of the white bubble lines are 

fuzzy. In the work carried out at DIMB it was found, however, that even 

with very short rise and drop times (less than 15 ms), when the velocity of 

flow past the kinked wire is sufficiently large, i.e., 10 to 15 ft/sec, the 

tips and tails of dashes become blurred. This is felt to be the result of 

vortex shedding from such a wire configuration. 
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A means of uniquely marking fluid particles so that both components 

of velocity are illustrated was accomplished by inserting two cathode wires 

(one kinked, the other straight) in the two-dimensional flow. The resultant 

bubble pattern is a combination of time and streaklines. (Time lines are 

the loci of fluid particles which were located at the platinum wire at a 

previous time (Reference }}).) The two wires were installed so that the 

resulting hydrogen bubbles were contained in planes which practically coin- 

eided. Enough space should be allowed between these plans so that the 

presence of one wire does not influence the motion of the bubbles from the 

other wire. The direction of observation should be perpendicular to both 

planes of bubbles. A sketch is shown in Figure 3a. 

The longitudinal displacement of the intersections of bubble lines is 

proportional to the longitudinal component of velocity, and the transverse 

displacement of these same intersections is proportional to the transverse 

component of velocity. The incorporation into this analysis of the longi- 

tudinal streaklines from the kinked wire enables determination of the 

transverse component of velocity at the downstream extremities of the kinked 

wire. Obviously, this particular technique for marking specific fluid 

particles will be inadequate when the flow has velocity components of com- 

parable magnitudes in all three spatial directions. 

The analysis to obtain the longitudinal and transverse velocity profiles 

at a Single Location in steady or unsteady flow then proceeds as follows. As 

a transverse bubble row is swept off the straight wire, intersections with 

each of the longitudinal lines are Visible looking perpendicular to both 

planes of bubbles. These intersections are then dragged downstream in 

accordance with the velocity profile. When the subsequent rows of bubbles 

are dragged off the straight wire, another series of intersections is 

observed. Since these intersections are formed after an interval of time 

equal to the pulse period, the transverse displacement referenced to some 

visible datum point divided by the pulse period is proportional to the 

transverse velocity. This velocity is a quasi-steady ome taken over the 

pulse period and, accordingly, the pulse period should be much smaller than 

the period of any flow oscillations. The initial transverse spacing of the 

8 
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horizontal bubble lines is that of the wave length of the kink in the 

kinked wire. Increasing or decreasing this spacing is therefore achieved 

by suitably adjusting this wave length. A photograph of a spider-web 

bubble pattern can be seen in the wake of a circular cylinder in Figure }. 

Note that an analysis like that described above can be performed only when 

the two bubble-generating wires are positioned as shown in Figure 3a. The 

wire configuration shown in Figure 3a and the previously described analysis 

were successfully employed, and results can be seen in Reference 6. 

Another way of achieving these intersecting patterns of hydrogen 

bubbles is accomplished without the use of kinked wires. If straight 

(0.001-in. diameter) wires. energized with de excitation are installed like 

rungs in a ladder (Reference 4) in the flow so that the line of vision is 

parallel to the rungs, the steady sheet of bubbles from each wire rung appears 

as a line to the observer. Positioning another wire in the usual manner 

(shown in Figure 3b), i.€., perpendicular to the direction of vision, enables 

creation of the transverse rows of bubbles such that an intersection of 

bubble lines is visible. Additional intersections are obtainable with 

additional wires. The wires installed as ladder rungs which are oriented 

parallel to the direction of vision do not have to produce bubbles along 

their entire length to create these intersections. Wires which are 

coated with a thin waterproof insulator except for some small interval 

at the center of the wire suffice for the production of a bubble line as 

seen by the observer. It is important that the insulation be thin to 

avoid yorticity shedding from the insulated portions of the rungs. The 

wire which receives pulsed excitation (viewed perpendicular to its length) 

can then be positioned in or out of these ribbons of bubbles. Such a scheme 

has several advantages. One is the lifting of the velocity limitation due 

to the shedding phenomena behind the 0.004-in. diameter kinked wire. Another 

is the flexibility of chcice of spacing between the longitudinal lines. 

Positioning the transverse wire in the sheets of bubbles streaming from 

the rung wires also enables visual determination of whether or not vortex 

shedding is taking place from the transverse wire, i.e., for R,? ho. 
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As the above scheme for measuring two-dimensional steady or unsteady 

velocity profiles is accomplished at specific locations in a plane, it is 

necessary that the bubble-line intersections be sufficiently numerous to 

enable a "continuous" determination of the velocity field. That is, the 

separation of the streaklines from the wire rungs and the separation of the 

time lines have to be such that the resulting quantitative data enable a 

smooth extrapolation for the velocity value points of measured values. In 

this way, one is then able to describe velocity profiles by a smooth 

curve. However, a photograph with an inordinate number of bubble line 

intersections can be tedious and difficult to interpret for quantitative 

results. 

The velocity field may be calculated in another manner when a motion- 

picture film strip has been taken of bubble distortions in a particular 

velocity field. When particular fluid particles, as marked by individual 

bubbles, are followed from frame to frame, division of the vector distance 

between bubbles by the small known time interval between frame exposure 

determines the magnitude and direction of velocity components throughout 

the field. This procedure and the one previously described for determining 

velocity profiles from a single frame are greatly expedited by the use of 

film readers such as the Benson-Lehner Corporation Oscar Model F (GS 1026 G) 

System. This method of velocity field determination can become extremely 

difficult, if not impossible, when there are many similarly sized and 

indistinguishable bubbles on successive film frames. One way to eliminate 

this difficulty is to use the spider-web bubble patterns to enmesh the 

desired velocity field. The bubble translations can then be traced relative 

to some datum point observable on the film frame in. a very organized fashion. 

As previously mentioned, the adjustable grid size enables one to specify 

the number of intersection points in the se lootty a ISlUGl, 

The qualitative aspects of higher speed (3 to 5 ft/sec and above this 

range) oscillating wakes may be caecmred without a photograph as follows. 

Consider the flow about a foil shape or flat plate behind which the 

shedding vortices are moving into the wake so rapidly that physical 

visualization of the bubble patterns is difficult when a continuous lighting 

ake) 



Ce eae 
rel 2) 

y eB be Me aks 

Rie 

* ee Pa : a, " Bn Xe 1 rt "ih LN id 
ig - oH ot eS ae 24 ; Mest eS DUE Ae ea hl ae 8 iy n fe st J a " * . ; 

ie fe ay Mink THY 
CO ats ir Sie 

; iy i i fossa ion sel nde Ske ol) ama 
; + 9 Mae Pay be ie ee in Le Of hake Mad i MAb Ale 4 hae sh ETS BN oe 

f UR a ri Lore | 
= ‘ ‘ CCE we ri 

5 ‘ 4 : . ae a 

j Gen ‘ ‘vrn) } : 5 Pp eres dew ies 

fa hag of a wf 

. 
5 

1 j ica t i ‘Th 5A hs C8 2952 Fax AW h 

’ ree) 0) 7 

\ : a et * Sa } Pog il vat y oi 
i j RSS) mi ; Hf x ne deh a) ALL ' Pus } mes whe Tee i eomaan at ra | 

‘ . i ivr i Opie : 
- ‘ i Z ay i ie 

i 

4 a 

5 : 



scheme provides the illumination. Using stroboscopic lighting, let a 

straight platinum wire, oriented perpendicular to the wake of the body (as 

shown in Figure 1) be energized with pulsed excitation. If the strobotac 

frequency is adjusted to be equal to the frequency of vortex shedding, the 

motion of these vortices will cease. Now if the pulsed excitation frequency 

is adjusted to freeze the bubble rows and space them about 1/4 in. apart 

in the free-stream velocity field, the entire bubble pattern will become 

stationary. The pulse frequency required to achieve a completely frozen 

bubble pattern must be an integral multiple of the strobe frequency. The 

spacing of 1/4 in. between free-stream bubble rows is an approximate value; 

the spacing should be such that the wake is not excessively congested by 

needless amounts of hydrogen bubbles. (Should the strobotac (or shedding) 

frequency be desired, it can easily be numerically determined using an EPUI 

(events per unit time) meter to monitor the strobotac output signal.) Figure 5 

shows a photograph of such a frozen bubble pattern. The transverse develop- 

ment of the wake in the longitudinal direction is apparent from such a photo- 

graph. In light of Hama's work, ~ it is stressed that care should be used in 

interpreting the photographic results such as those shown in Figure ye, 

In order to specify the actual positions of vortices in the wake of 

such a foil or flat plate body, the following procedure should be used. Let 

a platinum wire holder configuration (as shown in Figure 3b) be positioned 

in and perpendicular to the wake of the body. With both wires properly 

energized, the resulting bubble patterns should be illuminated using the 

improved lighting scheme discussed in the LIGHTING section. Photograph the 

spider-web patterns with a motion-picture camera using a film speed chosen 

to achieve a sufficient number of frames of the cyclic phenomena taking 

place in the time interval of the shedding period. This could be 10, 20, 

or 30 frames per second, depending on the continuity desired between film 

frames. Guiding values for such a film rate can easily be obtained using 

the strobotatic illuminating scheme described above. Having this strip 

of film of the cyclic translations of the bubble line intersections, use a 

film reader to quantitatively analyze the time variant, two-dimensional 

velocity fields. The velocity of the wake vortices is obtained by 
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multiplying their wave length by the frequency of the strobotac lighting 

which "freezes" their motion. When the velocity of the vortices in the wake 

is subtracted from this determined velocity field, one is then able to 

specify the actual centers of rotation of the wake vortices to within the 

accuracy permitted by the clarity of the photographs. Such a result enables 

quantitative analysis of the entire wake flow field, provided of course, 

that the transverse dimension of the wake permits the bubble line inter- 

sections to be observable on the screen of the film analyzer. Excessive 

bubble line congestion can cause this analysis to be tedious, if not impossible. 

in addition to wake width dimension, which is dependent on body sizes, water 

speeds, etc., the experimenter may be able to eliminate bubble line congestion 

by altering the pulsed excitation frequency and/or the spacing between the 

the platinum wire rungs of the ladder wire configuration. 

TESTE FACILITY 

To achieve a two-dimensional water flow, the test section of the 12- 

inch variable-pressure water tunnel at the David Taylor Model Basin (Ref- 

erence 7) was modified in the following manner. A plexiglas circular tube 

(Figure 6) was installed in the existing open=-jet test section to form an 

axisymmetrical closed-jet test section. Into this plexiglas tube were 

installed the straight, parallel plexiglas liners that are shown in Fig- 

ure 6. The perpendicular distance between the liners is 6.66 in. The 

flow which precedes this test section was made to change smoothly from the 

circular upstream tunnel shape to the straight-sided plexiglas section by 

means of two aluminum transition pieces installed in the entrance nozzle. 

A pitot survey of the longitudinal velocity distribution revealed that 

departures from a total average velocity (averaged over the whole test 

section) were less than 3 percent. Transverse velocity components were not 

measured. Departures from the average test section velocity occurred pri- 

marily in two places. The first occurred mear the wall of the test section 

as could be expeeted due to the presence of the boundary. The other occurred 

due to a slowly moving "slug" of water centered in the test section. Similar 
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departures were found in a previous survey in the open-jet test section, 

where the deviations from the average were from 3 to 5 percent (see Ref- 

erence 8). This agreement with the previous survey was comforting in that 

the two-dimensional section introduced no new departures from the average 

and, in fact, reduced those known to exist. 

ELECTRONIC RQUIPMENT 

Because the load resistance (i.e., the electrical resistance across the 

terminals of the pulse generator ) ean vary with each water tunnel or 

towing tank, the electrical specifications of one pulse generator which 

operates very well in one water tunnel may be insufficient to produce 

similar bubbles in another water facility. The proper equipment specifica- 

tions can be obtained as follows. First, an estimate should be made to 

determine the maximum dimension of the flow fields which are to be visually 

studied. For instance, in the case of a hydrofoil study, the width of the 

wake (looking perpendicular to the chord and parallel to the span length) 

might be the largest dimension. For a visual study of the wake looking 

perpendicular to the span length, the span length would be the maximum 

linear dimension needed for the wetted platinum wire. Once this length is 

determined, a platinum wire of this dimension should be installed in the 

center of a test section of the water tunnel. This wire is then energized 

with a de power supply using the tunnel (or tow channel or suitably installed 

anode) as the other terminal. Readings of voltage and current taken for 

different flow velocities allow one to determine the load resistance of 

' the water tunnel or tow channel. 

From the load resistance, a desirable size for the lengths of the 

Yows should be determined. It has been found that a value of 0.040 in. is 

an appropriately photographable width for the rows of hydrogen bubble 

clusters. The bubble rows in Figure 7 are of this size and therefore the 

above value was so chosen. This is not a sacred number, however; it is 

dependent upon the lighting and photographic setup in that whatever can 
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be made to show the fluid velocity patterns clearly on film will suffice. 

At some indicative value of the total pressure, the coulomb transfer across 

the surface area of the wetted wire can then be determined. In the time 

interval of the pulse width, this coulomb transfer specifies the required 

current. “Thus cuisrenu as expressed, by: 

al (a Sh) b ear Ape eer 
; RD Wr 

where 

is the eumcenu, 

e is the charge of an electron, 

A is Avogodro's number, 

p is the pressure at the water surface, 

Yy is the specific weight of the water, 

h is the depth of the platinum wire, 

d is the width of the hydrogen bubble row, 

L is the length of the hydrogen bubble row, 

R. is the Universal Gas Constant, 

W is the pulse width, and 

T ais the temperature. 

Now the power per pulse can be specified and the electrical equipment output 

determined when line losses are incorporated into the above result. 

The hydrogen bubbles observed in the work reported here were produced 

by several different power supplies. The de power supply which was used to 

excite the kinked wire (DIMB unit, Type 140A, Serial 101) transmitted a 

maximum of 150 V and 500 ma to the wetted wire. A continuously variable 

voltage amplitude was available by means of this de power supply. The 

insertion of a suitable switch in the output of this power supply permitted 

a polarity reversal which was very helpful in keeping the wetted wire free 

from platinum oxides. 

Tn addition to the de power supply, a Hewlett-Packard Model 214A 

Pulse Generator was used for the pulsed power supply. This unit delivered 

O - 170 V into the approximately 300-ohm load resistance and produced 

excellent bubble rows for flow velocities up to about 5 ft/sec. The output 
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Signal of this pulse generator had a reversible polarity and a 10-cps to 

l-meps continuously adjustable repetition rate with a pulse width range 

from 0.05 to 10.0 ms. The sharply rising and dropping voltage pulse, 

attained with this instrument, was found to give distinct edges to the 

bubble rows. The characteristics of the output of this unit, such as pulse 

width, period, and amplitude, were accurately monitored by a Tektronix 

RM-503 Oscilloscope (see Figure 8). 

For clear and concise bubble rows at higher flow velocities, the out- 

put of this pulse generator was amplified by the circuit shown in Figure 9. 

Through this amplifier, the voltage transmitted to the wetted wire could 

be increased to more than 4O0OV. 

LIGHT ING 

Ordinary floodlights were found too bulky to mount properly in the 

hatch of the water tunnel, and they produced insufficient light. Accordingly, 

the existing tunnel flash tubes (Edgerton, Germeshauser, and Grier FX-22) 

were installed in the test section of the tunnel in their 28-inch glass tube 

mounts in the hatch of the water tunnel (see Reference 7). They improved 

the situation somewhat but could not be focused properly upon the bubble 

rows. These lights were used for stroboscopic lighting and gave 5000-w, 

4800-V flashes. 

In order to attain increased clarity between the white bubble rows 

and the black background, two 100-w Sylvania "sun guns" were mounted 

beneath the hatch cover and above the water surface. Figure 10 shows two 

"sun guns" mounted in the drained test sections. These very compact and 

extremely bright lights proved very satisfactory for flow velocities as 

high as 5 or 6 ft/sec. Not only can these particular lights withstand water 

being splashed on them, but they can also operate continuously when com- 

pletely submerged; the submerging advantage obviously eliminates the water- 

surface reflection effect. This submerging characteristic is a distinct 

convenience because the proper illumination of the bubble rows requires that 
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the light be directed at the bubbles to form an angle of about 125 deg with 

the line of vision. For this type of illumination, the “sketches in 

Figure 11 show a means of increasing the amount of light properly 

directed at the bubble rows. 

Such an increase in the amount of light would undoubtedly allow a 

faster shutter speed for photographic purposes. The bubble motions in the 

higher speed flows would be satisfactorily "stopped" to permit the use of 

this steady "sun gun" lighting for higher flow velocities. 

When higher flow velocities were achieved in the water tunnel, the 

steady "sun gun" lighting was insufficient. Reference here is to velocities 

in the range of 10 to 16 ft/sec. To achieve suitable lighting at these 

velocities, strobotacs were used to slow down and "freeze" the motion of the 

rapidly moving bubble rows. Figure 12 shows two General Radio Type 1531-A 

Strobotae units mounted in the tunnel test section. These units were driven 

synchronously by a General Radio Type 1217-B Unit Pulse Generator. The 

flash rate was accurately determined by the digital readout of Hewlett- 

Packard Model 522B Electric Counter. The flexibility available through the 

continuously variable flash repetition rate and the continuously variable 

pulse frequency to the wetted wire proved to be extremely helpful in the 

subsequent film analysis as described below. 

PHOTOGRAPHY 

The resulting bubble patterns could easily be observed visually and 

photographically. To achieve sufficient photographic contrast between 

bubble patterns and the dark background, a unique photographic recipe was 

developed. The most satisfactory 35-mm still camera was a Leica Model M-2 

with a 50-mm Summicron lens and a dual range finder for close focusing. 

Plus-X film rated at ASA 400 was found to give the best -résults. This ) 

film was developed in Acufine for the recommended time plus 25 percent. 

The printed results were made by Polycontract "F" paper using a No. 9 

filter and developed in D-72. 
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Motion-picture photography of the bubble motions was successfully 

accomplished with 35- and 7O-mm Mitchell High-Speed FC Chronograph cameras. 

The chronograph attachment was not used on either of the cameras. Although 

higher film speeds were available, the 7O-mm Mitchell camera was operated 

at approximately 25 frames per second. This frame speed was found to be 

acceptable in stopping the flow patterns for free-stream velocities up to 

about 5 ft/sec. Figure 8 shows the photographic and pulse-generation equip- 

ment in the observation booth of the water tunnel. Prints of these motion 

films enabled observation of the cyclic motion of the separation point on a 

solid surface, the subsequent roll-up of this fluid into discrete vortices, 

and the shedding of these vortices into the downstream wake of the body. 

For reasons of compactness and ease of film handling, the 35-mm Mitchell 

camera replaced the 7O-mm. Film analysis, i.e., the cyclic portrayal of 

events behind solid bodies, proceeded in exactly the same manner. 

SOME OPERATIONAL PROCEDURES 

The electrical operation of the technique proceeds as follows. A 

platinum wire of appropriate length is properly oriented in the velocity 

ri@lle (Figure 3h). A suitably installed anode terminal is connected to 

the ac or de power source. In the case of de power, the amplitude of the 

voltage is adjusted to form a white and photographable sheet of bubbles. 

The bubble diameter should be such as to minimize bubble rise due to 

buoyancy. it is noted that excessively high voltages cause sporadic forma- 

tion of large bubbles which rise due to their buoyancy. In the case of ac 

excitation, the pulse frequency should be chosen in accord with an analysis 

Similar to that. in Reference 4. The analysis is directed toward optimum 

measuring conditions and is pertinent when the cross-derivative terms are 

negligible in the series expansion of the longitudinal velocity. When the 

pulse frequency has been properly chosen, the pulse width is then adjusted 

to render the bubble lines photographable without excessive buoyancy 

effects. 
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The clarity of the bubble lines is very sensitive to the cleanliness 

of the cathode wire. Removal of debris which accumulates on the wire can 

be achieved in several ways. For example, the wire may be removed from the 

water and carefully etched with a 20-percent solution of nitric acid. How- 

ever, debris accumulates so frequently that this method becomes cumbersome. 

When convenient access to the cathode wire or its wire holder is available, 

a delicate striking of the wire holder with an electrically insulated object 

suffices to loosen accumulated debris. It is of considerable importance to 

incorporate this accessibility feature into the design of any closed test 

section in which the hydrogen-bubble technique is to be used. Another is to 

strike the metal side of the water tunnel with a small hammer. 

The following method, which was discovered quite by accident, is fre- 

quently more efficient and incomparably more convenient than any of the 

others cited. In order to observe the bubble lines from an anode wire, the 

pulse polarity was reversed on a wire which had been just operating for some 

time as a cathode hydrogen-generating wire. When the polarity was changed 

back again, the resulting hydrogen-bubble lines were amazingly concise and 

distinct. The technical details of such a wire-cleaning procedure were not 

investigated but it was felt that it was due to an electrostatic repulsion 

process. Therefore, it has been found very convenient to arrange the 

energizing circuit so that one has such a means available to clean the wire 

while it is in the moving flow. 

Another method which has been found effective is to energize the wire 

before the fluid is in motion. The generated hydrogen rises immediately 

and an upward flow is produced all about the vertical wire which sweeps 

debris up and off the vertical wire. However, of all these methods, the 

polarity reversal methos is the one most frequently used. 

SOME PRELIMINARY EXPERIMENTAL RESULTS 

The bodies about which the flow was visualized are shown in Figure 13. 

The foil shapes are TMB modified NACA 66 profiles. Chord-to-thickness 

ratios are 10:1 and 5:1; both chord lengths are 6 in. The circular 
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cylinder is 1 in. in diameter. The two remaining bodies in the figure are 

both plates. The plate on the right in Figure 13 has dimensions 2 by 1/2 alia c 

and all surfaces are flat; the other also has a 2-in. chord but a thickness 

of 1/4 in. and a rounded leading edge with a flat trailing edge 1/4 in. 

thick. The spanwise dimension of all the cylindrical bodies is 6.66 in. 

The photographic results for the various cathode-wire configurations 

and experimental setups are shown in Figure 1 and in Figures 14 through 17. 

in Figure 1 the flow characteristics downstream of the trailing edge of the 

10:1 aspéct ratio foil shape are portrayed by the bubble patterns. MInstan- 

taneous velocity profiles at the location of the O0.00l-in. diameter platinum 

cathode wire are obtained in the manner previously described. For such an 

undertaking, an enlargement of the photograph of the bubble patterns in 

the wake region behind the wire facilitates the velocity determination. 

Enlargements of different photographs are shown in Figure 7. The bright 

area in the left side of the photographs is a light reflection off the sharp 

trailing edge of the plate. The specification of position in such a compu- 

tation is best done with an observable datum point wiich appears in the photo- 

graph and is located in the plane of the bubbles. For unsteady flows, 

similar to the one shown in Figure 1, the time-variant velocity profile at 

one location in the wake is obtainable with a series of photographs encom- 

passing the period of oscillation. An entire wake survey can be obtained 

with successive locations of the cathode wire downstream of the trailing 

edge. Although this can be a laborious process, a result of considerable 

Significance is achieved. Such a survey was performed, not in a wake 

flow, but in a very thick boundary layer, by Hama and Nutant (Reference Be 

They were among the first to use the hydrogen-bubble technique and 

excellent photographic results were obtained in this low-speed investigation. 

Figure 14 illustrates a typical bubble pattern about the 10:1 aspect 

ratio foil shape for a situation in which a kinked wire was positioned 

upstream of the leading edge and energized with de voltage. Note the dis- 

tortions of the mainstream flow due to the presence of the body. In 

addition, the streaklines demonstrate the involvement of the free-stream 

flow in the wake region behind the body. 
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To visualize flow characteristics very close to the body, i.e., in the 

boundary layer of the body, it is necessary to insert the streaklines into 

the boundary layer itself. This is done by positioning the kinked wire 

very close to the leading edge of the body so that the streaklines begin 

in the stagnation region and are dragged around the body in accordance with 

the boundary-layer characteristics. Caution should be used, however, in 

interpreting these streakline patterns. Hama has shown that very deceptive 

streakline patterns can be obtained in shear flows. That is, streakline 

rollup patterns can be wrongly interpreted as illustrating concentration 

of vorticity in shear flows in which there is no wave amplification what- 

soever. Streakline patterns about the l-in. diameter cylinder are shown 

in Figure 15. In this series of photographs the streaklines portray the 

eyelic behavior of and the mainstream participation in the flow developments 

behind the cylinder. 

The hydrogen-bubble technique can also be conveniently utilized to 

determine the position of the separation point of the flow about a body. 

To use the technique in this manner, however, two wires operating in the 

flow simultaneously are usually needed. Because of the separation from the 

body of the streaklines due to boundary-layer characteristics, it becomes 

necessary to put bubbles into the flow downstream of the separation point. 

Thus, the streaklines upstream of the position of separation exhibit the 

expected velocity gradient: 

tei) es 

where vu is the longitudinal velocity of the flow in the boundary layer and 

y is the transverse coordinate perpendicular to the surface of the body. 

The position of separation is defined as the position on the body where 

au | m 
es Oban 

Downstream of the separation point, the flow is reversed and 
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Therefore, visually, the specification of a positive velocity gradient up to 

a certain position on the foil surface, and a similar specification of a 

reversed flow condition proceeding in the opposite direction up to a certain 

position, indicates that separation must occur between these respective 

locations .” When the interval between such points is very small, the 

prediction of the location of the separation point is accurate. Figure 16 

shows such an interval between positive and negative velocity gradients. 

The two wires in the flow are straight and excited with a d-c voltage. One 

is positioned at the front stagnation point of the foil shape and illustrates 

a positive velocity gradient. The other is smoothly attached perpendicular 

to the surface of the foil and supplies bubbles into a reversed flow region. 

In the thin interval between these groups of bubbles lies the separation 

point on the surface of the body. The separation streamline is contained 

between these two groups of hydrogen bubbles. Motion-picture photography 

of such a separation region obviously enables determination of any cyclic 

motion of this point and the correlation of such motion with wake phenomena. 

One of the more severe limitations of the hydrogen-bubble technique, 

which has also been found by other investigators, is the low-velocity 

flows to which the technique has been confined. This is primarily due to 

the delicate hardware used to install bubbles in a water flow. To install 

a 0.00l-in. diameter platinum wire in a water flow so that the wire remained 

straight, the following was done. A heavy rod or steel wire frame, which 

was adequately insulated from the water, was made into the configuration 

visible in Figures 1 and 2. The thin cathode wire was soldered across the 

two cantilevered portions of the wire holder. Before the two ends of the 

wire were soldered, however, the cantilevered portions of the wire holder 

were bent together very slightly. When the remaining end of the wire was 

soldered, these portions of the holder were released and stretched the 

thin wire taut. As one can easily imagine, the amount of wire-holder 

bending required extensive practice before competent wire installations 

al 
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were achieved. The result of such a process was a wire installed as in | 

Figure 1. However, such a configuration required very little lateral drag 

force to cause breakage of the wire - usually at the solder joint. Suf- 

ficient lateral drag force for breakage was produced at water velocities as 

low as 1 to 3 ft/sec. Obviously, the susceptibility to breakage also depends 

on the initial wire tension. 

To surmount this difficulty, a new wire-support mechanism was devised 

by Mr. John Coon of the Model Basin. This new manner of positioning wires 

utilized two rods of elliptical cross section (major axis 1/4 in., minor 

axis 1/16 in.). One such rod was mounted through the top and the other 

through the bottom of the closed-jet test section. The plexiglas test section 

was modified to enable positioning the platinum wire at any location in the 

streamline direction. Because of the elliptic section, rod vibration due to 

vortex shedding was radically reduced and the increased rigidity of the 

supports was apparent. A disadvantage of such a support system was that the 

wire could not be easily stretched into a straight configuration. When 

this was attempted, breakage usually occurred. The non-taut wire was then 

used and, although the wire assumed the form of a catenary, an extremely 

high water velocity could be obtained before breakage occurred. In fact, 

tunnel velocities as high as 16 ft/sec were achieved. Figure 5 shows the 

results of such a high-velocity flow situation. 

For the above-mentioned velocity profile determination, it is not of 

critical importance that the cathode wire be straight. The significant 

features are bubble-line separation in the transverse direction or loca- 

tions of particular bubble-line intersections in successive film frames, 

pulse frequency and motion-film rate, and the scale factor encountered in 

the photography. For the streamwise specification of the location of the 

computed velocity profile, it is convenient to adjust the catenary-shaped 

wire so that the vertically sloped section occupies the center of the 

wake. This provides for initially straight and transverse bubble lines 

in the wake region at the streamwise location of the wire. 

Additional difficulties in using the hydrogen-bubble technique are 

caused by vortex shedding behind the thin cathode wire. This vortex 
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shedding causes rapid diffusion of the otherwise distinct edges of the 

bubble rows. Further problems, which time limitations in the present 

investigation did not permit studying, related to the possibility of 

excessive, but undetectable, wire oscillation and the deceptive velocity 

fields behind these thin wires. It is obvious that such a body in a flow 

has its own wake and this may obscure the wake profile that is being 

investigated behind a foil or other shape. However, as seen in the photo- 

graph, the delicate hardware can be arranged to install hydrogen bubbles in 

flows having velocities far beyond speeds of 1 ft/sec. It is logical to 

expect, therefore, that small, more delicate wires may be similarly 

installed in flows where velocities reach 10 to 15 ft/sec without intro- 

ducing the shedding errors that undoubtedly exist behind an O.OOl-in. 

diameter wire in flow velocities of 10 to 15 ft/sec (R, > ko). 

The following cathode-wire configuration has been found convenient in 

determining the general characteristics of the three dimensionality of a 

supposedly "two-dimensional" flow. The wire should be installed in the 

- flow in such a way that it is parallel to the generatrix of the body 

about which the flow is being studied. For instance, if the wire is 

positioned parallel to the trailing edge of the foil shape and perpendi- 

cular to the flow direction, the "plan view" of the velocity field can 

be observed. In fact, this was done by Hama and Nutant and the wire was 

energized by a pulsed excitation. Figure 1/7 illustrates such a wire con- 

figuration. The excitation of the wire near the trailing edge is with de 

yoltage. The upstream kinked wire is energized similarly. In this 

case, the trailing-edge wire is crudely attached to the straight walls of 

the test section by means of tape. It should be mentioned that photography 

parallel to the resulting wake bubble patterns produces blurred and 

apparently poorly focused photographs. This is especially true for the 

short depth of focus encountered with the necessary shutter openings. As 

was done in Reference 3, photography should be performed perpendicular to 

such bubble patterns; unfortunately, time did not permit the alterations 
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necessary for such photography. However, with the naked eye (or proper 

photography) one can gain considerable insight into the three dimensionality 

encountered in the wake of these "two-dimensional" bodies. The literature 

verifies that such flows can be extremely predominant (Reference 10) in 

reality. 

When experimental investigations are considered in water, it is 

apparent that with discrete sizing of characteristic body lengths of models, 

it is important that the water velocities needed to meet specific parameter 

values are adaptable to the necessary bubble quality. Although it has been 

definitely verified that velocities can exceed certain values without wire 

breakage, there is a decrease in bubble quality with increased water velo- 

city, not to mention the increased likelihood of vortex shedding error which 

undoubtedly occurs at higher flow velocities. 

Further flexibility in the bubble technique is attained by allowing 

a particular portion of a metallic model to act as a cathode terminal (see 

Reference 2). When this was attempted, the bubbles were unevenly dragged 

from the body, apparently because of excessive boundary-layer thickness. 

Therefore, when: the model itself is used as a cathode terminal, the local 

fluid velocity has to be sufficient to drag the bubbles into the flow. A 

dielectric covering (paint or plastic tape) can easily be applied to the 

entire surface of the body in the fdlow with the exception of the region 

where the bubbles are to be produced. Another way to achieve the same 

effect is to imbed a platinum wire or other conductor into the surface of 

a plastic or nonconducting body. One has then only to energize either the 

entire body or the imbedded conductor with a de voltage to obtain a steady 

stream of bubbles from any point on the surface of the body. Pulsed 

excitation was found rather unsuccessful due to the uneven shedding of 

bubbles between electric pulses. An attempt was made to utilize the trail- 

ing edge of the foil shapes in such a manner, but the velocities in this 

region for very small angles of attack were apparently insufficient to 

drag bubbles into the flow evenly all along the entire span of the body. 

Although the bubbles were not dragged evenly (as a sheet of bubbles) into 

the flow along the span length, one could observe whether or not the 
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downstream stagnation streamline intersected the trailing edge of the body. 

Such an observation resulted from the visible reversed flows on the upper 

and lower foil surfaces or the absence thereof in the region of the trailing 

edge of the body. Therefore, determination of the satisfaction or the vio- 

lation of the Kutta-Joukowski condition is possible; the degree of accuracy 

depends on the accuracy with which the conductors were positioned on the 

surface of the foil. Such a determination would undoubtedly employ the 

definition of separation point and reversed flow discussed earlier and the 

lighting scheme as sketched in Figure 11. An experiment using essentially 

this same method for specifying the position of separation is described 

in Reference 9. 

For instance, in the surface of a plastic foil shape, wire conductors 

which can be energized separately are placed so that they are parallel to 

the trailing edge and spaced, e.g., 0.010 in. apart; then the point of 

separation could be determined on this foil to an accuracy of not less than 

0.010 in. Such accuracy is achieved by observing between which two wires 

the velocity gradient is normal to the surface and changes sign. 
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Bubble lines from straight wire 
positioned behind plane of 
Streaklines. A separate pulsed 
power source is used. 

—— 

Straight Wire 

Streaklines from kinked wire energized with 

dic. power source. These lines are referred 

to in later discussion as horizontal lines. 

Kinked Wire 

v(At) 

a u(At) 

Figure 3a - Bubble Pattern for Longitudinal and Transverse Velocity 
Field 
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Figure 3b - Wire Configuration for Longitudinal and Transverse Velocity 

Profile Determination 
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Figure 5 - Typical Bubble Patterns Behind a Two-Inch Plate 

(Freestream Velocity is 16 fps) 





Figure 6 - Twelve-Inch ID Plexiglas Closed-Jet Test Section with 
Two-Dimensional Sides Installed 
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Figure 7 - Enlargement of Bubble Patterns in the Wake of a Flat Plate with 

Sharp Trailing Edge (Freestream Velocity is 1 fps) 
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Figure 8 - Leica Camera and Pulse Generation Equipment 
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Figure 9 - Amplifier Unit Built for Hewlett-Packard Pulse Generator 

Model 214-A 
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Figure 10 - Two Sylvania "Sun Guns" Mounted in Drained Test Section 
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Sun Gun Mounted 

above Water Level 

Water Level 

Side Wall Painted Black for 

Contrast with the Rows of Bubbles 

Line of 

Observation 

Plane in which Bubbles Appear 

Closed Jet Test Section 

Air Water Level 
Water 

Sun Gun 

(Submerged) 

Plane in which Bubbles Appear 

Line of 

Observation 
Black Side Wall 

Sun Gun 

(Submerged) 

(b) 

Figure 11 - View Parallel to Stream Velocity (Looking Upstream) of One 

Lighting Scheme (a) and an Improved Setup (b) 
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Figure 12 - Two General Radio Strobotacs Mounted in Hatch of Test Section 
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Figure 14 - Streakline Pattern About a Foil Shape, Aspect Ratio is 10:1 

(Freestream Velocity is 1 fps) 
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