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ABSTRACT 

An Experimental Study of the Effect of Aspect Ratio, Wall A.ngle and 

Wall Offset on the Resultant Force on the Two-Dimensional Jet in 

Bistable Fluid Amplifiers 

by 

James J. McCoy, Jr. 

An experimental study was conducted to determine the effect of 

aspect ratio, wall angle and wall offset on the force that results due 

to the pressure differential across the jet, on a two-dimensional jet 

in a bistable fluid amplifier. 

A dimensional analysis was made of the variables involved and 

a model was constructed to give the variable geometry needed. Data 

was obtained for aspect ratios of four, six, eight, and ten; offsets of 

two, four and six nozzle widths; and wall angles of ten, twenty, and 

thirty degrees. Graphs were made of the pressure gradient near 

attachment to show the effect of these variables on the resultant force 

on the jet. Ways of maximizing the force on the jet are suggested 

from the results obtained. 
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angle receiver wall makes with centerline of model 

specific heat (constant pressure) 
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nozzle height 

thermal conductivity 

number of primary dimensions used in dimensional analysis 
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pressure gradient 

static pressure ratio 

density 

dimensionless group 
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INTRODUCTION 

The bistable fluid amplifier, since its introduction in I960, has 

become the object of a vast amount of research. The device operates 

on the principle that when a two-dimensional jet of fluid issues into a 

similar fluid confined between two walls, a pressure differential 

across the jet is set up that bends the jet toward one wall. 

The bistable amplifier is so named because it is stable in two 

positions, attached to either one wall or the other. For this reason, 

when a simple means is introduced to switch the jet, it becomes applic¬ 

able to fluid logic systems, serving as a digital on-off switch. Usually 

a smaller jet, called a control jet, is used to switch the power jet. 

However, conditions in a system can become such that the jet may 

switch without a control signal being introduced to switch it. If the 

device were designed to maximize the resultant force on the attaching 

jet, inadvertent switching could be avoided in many cases. 

The geometry of the device plays a large part in the magnitude of 

the force on the jet that results from the pressure differential across 

the jet. The Dimensional Analysis in Chapter 2 shows that power jet 

pressure, Reynolds number, and Prandtl number also influence the 

resultant force. Most existing bistable fluid amplifiers employ straight 
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walls. For this reason, this study was restricted to straight walls. 

By doing this, the geometric changes possible were reduced to wall 

angle, ratio of nozzle height to nozzle width, and the ratio of the wall 

offset to the nozzle width. The effect of changes in these three param¬ 

eters on the resultant force on the jet was studied. 

Chapter 1 is devoted to references of work done in the field of 

bistable fluid amplifiers. Chapter 2 is a dimensional analysis of the 

variables that influence the pres sir e gradient. The next chapter is 

a description of the model used to achieve the variable geometry. The 

method used to take data is described in Chapter 4. Chapter 5 presents 

the method used to reduce the data and the results obtained, and 

Chapter 6 includes conclusions drawn from this study and recommen¬ 

dations for future studies. 



1. 

CHAPTER 1 

References 

In 1930, Henri Coanda, a Rumanian engineer, reported the results 

of an experiment with jets that enabled him, by placing a wall surface 

near the jet, to deflect the jet toward the wall. In doing so, he in¬ 

creased the mass flow of the jet. The phenomenon of a jet clinging to 

a nearby surface has since been known as the Coanda effect. Coanda 

applied this effect to several of his inventions, which included improv¬ 

ing the scavenging of internal combustion engines, and increasing the 

maximum lift coefficient of a wing, among others, Even so, Coanda did 

not conduct a scientific investigation of the phenomena. Apparently 

unimpressed with such a simple observation, the scientific community 

of Coandafs time allowed his report to go almost unnoticed. 

Chang^, gave a detailed summary of reports written on the Coanda 

effect, and cited only six reports published prior to 1950. 

Possibly the first scientific report concerning the Coanda effect 

with application to what are now called fluid amplifiers was published 

(2) 
by Bourque and Newman' ' in 1959. A study of the reattachment of a 

two-dimensional, incompressible, turbulent jet to an adjacent, inclined, 

flat plate was made. They found that the flow becomes independent of 

both the length of the plate and the Reynolds number when those param- 
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eters are sufficiently large, and the flow, scaled with respect to the 

width of the slot, is then uniquely determined by the plate inclination. 

They also developed theories for the mean pressure within the separa¬ 

tion bubble, the position of reattachment, and the increase in volume 

flow from the slot. 

In March, I960, the Diamond Ordnance Fuze Laboratories (now 

Harry Diamond Laboratories), announced the development of fluid 

amplifiers. Since that announcement, a considerable amount of interest 

has been shown in fluid devices with no moving parts. In general, fluid 

amplifiers are separated into two major categories, digital devices and 

proportional devices. It is the digital fluid amplifier that utilizes the 

Coanda effect discussed above, while in the proportional device an 

attempt is made to minimize the effect of the wall. In the proportional 

amplifier a small control flow is used to deviate the power jet from the 

amplifier centerline in proportion to the amount of control flow. In 

the digital amplifier, commonly called the bistable amplifier, it can be 

seen in Figure 1 that as the fluid jet issues from the power jet nozzle, 

its particles collide with those of the fluid in the interaction region. 

The jet entrains a portion of the fluid in the interaction region, making 

the jet wider as it moves in the downstream direction. The entrainment 

of fluid by the jet in the interaction region lowers the pressure in the 
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zone between the stream and the boundary walls. This cause a back- 

flow near the walls, thus supplying entrainment flow. As the expansion 

of the jet does not happen with perfect symmetry, the jet shifts slightly 

to one side which decreases the area for backflow on that side. This 

causes a lower pressure on that side, while it increases the area for 

backflow and the pressure on the opposite side. This self-reinforcing 

action causes the flow to attach to one wall and form a low pressure 

bubble near the nozzle on the side to which the stream is attached. 

Since the pressure in the separation bubble is lower than the 

pressure in the region on the other side of the jet, there is a pressure 

gradient across the jet. The term transverse pressure gradient is 

often used when referring to this gradient. Throughout this paper, 

transverse pressure gradient will refer to the derivitive of the static 

pressure with respect to distance from the centerline of the model. 

The transverse pressure gradient is a function of many variables, and 

these variables are discussed more fully in the following chapter en¬ 

titled "Dimensional Analysis M. Three of these variables are wall angle, 

wall offset, and the ratio of the nozzle height to width. The effect of 

these variables on the transverse pressure gradient is the subject of 

this paper. 

(3) 
In 1962, R. W. Warren of Harry Diamond Laboratories gave an 

account of the basic phenomena that causes a bistable amplifier to be- 
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have as it does. In an attempt to establish a broad guide in the design 

of fluid bistable elements, he discussed the qualitative effect of certain 

design parameters such as control flow injection, sidewall arrangement 

and the effect of locating the splitter at different lengths downstream 

from the power nozzle. 

One of the most popular subjects of research in the field of fluid 

amplifiers has been the prediction of the attachment distance from the 

nozzle, the problem treated by Bourque and Newman. This is a signif¬ 

icant problem in obtaining the understanding that is necessary in de¬ 

signing elements based on the Coanda effect, e.g. , the fluid flip-flops 

or bistable elements, as the digital fluid amplifier is often called. 

Also in 1962, Levin and Manion^ published a report that is largely 

an extension of the work of Bourque and Newman. They developed para¬ 

metric equations that predict, as a function of wall offset and wall 

angle, the point at which the jet attaches. Bourque and Newman devel¬ 

oped equations to predict the attachment distance as a function of the 

distance that the wall is offset from the nozzle exit, or, alternatively, 

as a function of the angle between the wall, with zero offset, and the 

axis of the nozzle. Levin and Manion developed equations that predict 

attachment distance in terms of both offset distance and wall angle 

for two-dimensional, incompressible turbulent jets. The equations 
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they developed give good agreement with experimental data of both 

water jets and air jets if the spread parameter of the jet is allowed 

to vary. The spread parameter is defined by Schlichting^ as an 

empirical constant used in obtaining velocity profiles of jets. Levin 

and Manion reported that the spread parameter is inversely proportion¬ 

al to both offset distance and wall angle. They did not, however, 

develop equations to predict the exact manner in which the spread 

parameter varies. 

Whether or not the spread parameter does vary has been a some¬ 

what unsettled question. Schlichting reported that the value of the spread 

parameter for a free jet is 7. 67. Bourque^) and Perry ^ employed a 

constant value of the spread parameter in their analyses. Kirshner^, 

however, believes the spread parameter to be not only a function of 

geometry but also a function of distance from the nozzle. Trapani(^) 

conducted an experimental study to determine the characteristics of a 

turbulent confined jet. He reported that the confined jet spread param¬ 

eter was higher than the value reported by Schlichting for a free jet. 

He also said the spread parameter is a function of the geometry. 

Allowing the jet spread parameter to vary was Levin and Manion!s 

way of obtaining agreement between their theory and experimental data. 

As pointed out in more recent reports, Bourque and Perry believe the 
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spread parameter should in fact be a constant for all wall angles and 

offsets. This fact has been employed by them in developing new 

theories for wall attachment distance. Bourque used a new hypothesis 

on the path of the dividing streamline to extend the original theory of 

Bourque and Newman to include expressions for reattachment length 

for any offset distance and any angle of adjacent plate. 

Perry made a modification of Bourque and Newman's original 

"control volume" model and found that a single value of the jet spread 

parameter sufficies for a wide range of geometric conditions. He also 

presented experimental data to support the theory and claimed that the 

attachment distance is unaffected by the presence or lack of a second, 

symmetrically disposed sidewall, and is also unaffected by nozzle 

aspect ratio for ratios between 1 and 100. 

Another paper concerned with the attachment length has been pub¬ 

lished by McRee and Moses^^. They have calculated an expression for 

the attachment length and attachment angle in a simpler and more 

approximate manner than Bourque and Newman. However, they re¬ 

ported that the jet attachment length is increased greatly at small 

aspect ratios, and the amount of increase is dependent on Reynolds 

number. 

Another report on two-dimensional jet attachment has been written 
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by Olson and Staeffler They present a semiempirical analytical 

method with experimental verification for predicting both the effect of 

control flow on the power jet reattachment location, and the pressure in 

the separation bubble enclosed by the power jet. Their paper is an 

(12) 
extension of an earlier paper by Olson' , an experimental investigation 

of the effect of control flow on the power jet reattachment location for 

both single- and double-boundary wall configurations. These studies 

were conducted for both subsonic and supersonic jet Mach numbers. 

Olson reported an empirical correlation of the experimental results 

obtained for the infinite length, single boundary-wall configurations by 

which he estimated the effect of control flow on the reattachment loca¬ 

tions. From this, he indicated that terminating the wall at distances 

from the nozzle exit greater than approximately twice the distance to 

reattachment has no measurable affect on reattachment location, where¬ 

as terminating the wall at shorter distances moves the reattachment 

location upstream as compared to infinite wall reattachment location. 

Olson also reported that the spreading rates for the inner jet boundary 

were generally found to be less than the spreading rates for a free-jet 

boundary, wheras the spreading rates for the outer jet boundary were 

found to be greater than those for free-jet boundaries. 

The papers cited above were referred to while designing the model 
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used for this study. The attachment length, effect of wall length, etc. , 

played an important part in the design of the apparatus. 

Another important aspect of fluid amplifier design is concerned 

with the gain of the amplifier. For a proportional device, gain has 

(13) 
been defined by Peperone, Katz and Goto as the ratio of the change 

in the variable of interest at the output to the change of this variable 

at the input, or more simply, the ratio of the output to input signal. 

In the bistable element, however, gain does not follow such a 

simple definition. In many units, once a control signal is issued and 

the stream is switched, the control flow ceases. This reduces the input 

to zero, which in turn results in an unrealistic gain. This has resulted 

in necessarily calling a bistable amplifier's gain "instantaneous gain". 

Instantaneous gain is defined as the power output change divided by the 

instantaneous control power necessary to effect the change. However, 

the word instantaneous is often left out when discussing gain of a bi¬ 

stable element, with the understanding that gain actually means instan¬ 

taneous gain. Gain should not be confused with pressure recovery. 

Pressure recovery is the percent of the power jet pressure that can be 

recovered at the output. 

Another type of gain applied to bistable units is fanout gain. This 

is defined as the gain required to switch like units at the same power- 



jet pressure. Units carefully designed for the purpose of switching 

other like units have achieved fanout gains of over 16 and remained 

stable. The word stable here means the jet will not switch from one 

wall to the other unless the switch is made intentionally with a control 

signal. 

Campaganolo^) reported a flow gain of 3000 and a power gain of 

10,000 using a three-stage digital amplifier system. His paper gave a 

discussion of the design parameters involved in a cascading system of 

digital amplifiers and a procedure for testing single units and matching 

characteristics until stable operation is obtained. The gain in his 

system was accomplished by increasing each nozzle area by a factor of 

ten, and allowing the output of one unit to serve as the control of the 

next unit. 

When a fluid system is assembled using various fluid amplifiers, 

difficulty is encountered in Mmatchingn components. When one fluid 

device is connected to another, a signal from the first unit is delivered 

to the control of the second. In digital units input signals characterized 

by mass flows greater than those needed to switch the stream result in 

improper performance. Excessive mass delivered through a control 

nozzle causes pressure to develop in the interaction region that can 

disturb the bi-stable characteristics. On the other hand, when the con- 
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trol signal is insufficient to switch the stream, a jet that should be 

switched is not, and an error is introduced into the system. 

Katz^^ suggested the utilization of characteristic curves to aid the 

system designer. In order to connect two or more component devices 

properly, both input and output curves are necessary, and the curves 

must be obtained under the same operating conditions as those the unit 

is expected to experience in the system. Katz presented curves for 

several types of digital and proportional fluid amplifiers and described 

how the curves can be used to match components. To avoid delivering 

excessive mass through the control nozzle in a bistable amplifier a 

portion of the output can be vented to atmosphere before it is delivered 

to the control port. Katz presented a method for determining the vent 

size from characteristic curves. 

Warren mentioned another technique that can be used in connec¬ 

ting bistable elements. He suggested making successive elements 

larger and larger to accommodate all the flow of the previous stages. 

This is called a closed system. All the fluid supplied to the inputs, 

both control and power jets, is available at the output for the efficient 

use of power. Thus the size of each unit must be adjusted to that of 

the preceding one, and this type system is obviously not as practical 

as the bleed type system for use in logic systems. It is advantageous 
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to have fluid elements of the same size, using the same pressure source, 

and each having equal flow in logic systems. 

Kirshner^®) explained how characteristic curves for the bistable 

fluid amplifier can be obtained. He noted that in a symmetrical pro¬ 

portional amplifier the input characteristics from the left and right 

controls fall on the same curve, whereas a bistable amplifier must 

always be represented by two distinct input characteristic curves. This 

is due to the nonuniform static pressure distribution in the interaction 

region. So in general, characteristic curves for bistable elements are 

more complex than for proportional elements. 

Once the power jet has attached to one of the walls in the interaction 

region, there are several ways of switching the jet to the opposite wall. 

Applying suction to the region opposite the separation bubble can cause 

the pressure in that region to fall below the pressure in the separation 

bubble and the stream will switch. Another method is to introduce an 

acoustic signal into the region of the separation bubble. By far the 

most common manner employed to affect switching of the power jet 

is by the introduction of flow into the region of the stagnation bubble. 

This can cause either a momentum exchange or a pressure rise above 

that on the opposite side of the jet, or both, resulting in the switching 

of the stream. Now if the method is employed to utilize the momentum 
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flux of the control stream, the control nozzle would be located at a right 

angle to the power jet, as in Figure 1. Switching can be accomplished 

simply by introducing flow into the separation bubble, parallel to the 

power jet, at a rate fast enough to cause the pressure there to rise and 

cause the stream to switch. Since the method that utilizes the momentum 

of the control stream is in general faster and more efficient, it is the 

one generally employed. 

(17) Gottronx described the effect of audio-frequency acoustic waves 

on a pneumatic digital unit. He presented experimental evidence to 

show that the power jet stream can be switched with less acoustic 

power than pneumatic power. Gottron attributed the effect of sound on 

the power jet of a digital amplifier to several factors. Sound increases 

the turbulence of the jet thus causing the flow parameters to change, 

and the acoustic energy switches the jet. He also noted that the 

amount of acoustic power required to switch a bistable unit is frequency 

dependent. 

Keto^^ described the transient behavior of a bistable fluid element 

subjected to a suddenly applied input. He concluded switching by a 

control signal is caused by momentum interaction in the region adjacent 

to the nozzle rather than by the introduction of mass flow into the 

separation bubble. He also stated that there exist certain conditions 
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under which static pressure buildup in the bubble does not help in 

switching the stream. 

(19) Harold L. Fox wrote a report comparing the reliability of 

electronic components to fluid amplifiers. Using what he considered 

very conservative estimates, Fox predicted fluid elements to be at 

least as reliable as their electronic counterpart under normal con¬ 

ditions. When the elements were assumed to be exposed to extreme 

environmental conditions such as temperature, vibration or radiation, 

the fluid elements were found to be more reliable than the electronic 

elements. 
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CHAPTER 2 

Dimensional Analysis 

In an attempt to determine the variables of importance affecting 

the pressure gradient across the jet and to reduce the amount of exper¬ 

imental data necessary for this study, a dimensional analysis was made 

of the variables that influence the phenomenon. The success or failure 

of a dimensional analysis can indeed depend on the variables selected 

to describe the phenomenon, so care was exercised in their selection 

to include all the pertinent variables. 

Selecting the so-called ,fprimary dimensions11 is the first step in 

a dimensional analysis. The only rule to follow in selecting the primary 

dimensions is that all the variables used to describe the phenomenon 

must be expressible in the primary dimensions. The dimensional 

formulas of all the variables included in this study could be expressed 

in terms of the primary dimensions of length L, time T, temperature 0, 

and mass M. The dimensional formula of a physical quantity follows 

from definition or physical laws. 

Buckingham*s Pi Theorem states that if a physical equation exists 

between n quantities, it may be equivalently expressed as an equation 

between (n - K) dimensionless groupings of these quantities, where K 

is less than or equal to the number of primary dimensions involved in the 
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n quantities If Q is used to denote the physical quantities and <X 

to denote a dimensionless combination of the Q's, the theorem states 

that a functional relation of the form 

HQ\, Q 2> Q35 • • • > Qn) ~ 
0 

may be expressed as the following function of dimensionless groups: 

$(ir,,iT2 ,TTs}. .. JTTW-K) =. 0 , K ± m 

The symbol m denotes the number of independent dimensions. Each <f 

term is of the form 

-rr= Qs Qz Q3 ... Q. 
where the exponents a, b, . . . , are such that <f has no dimensions. 

The exponents of some of the quantities may be zero. 

The Pi theorem can be used to systematically combine n dimension 

al quantities into n - m dimensionless groups, m being the number of 

primary dimensions involved in the quantities. The method used here 

was to select m of the quantities as nprimaryM quantities (m being 

equal in this case to K, i.e. , 4). These m primary quantities were 

combined with the remaining (n - m) quantities to form dimensionless 

groups. A certain amount of caution must be used in selecting the 

primary quantities. First, they must not, themselves, form a dimen¬ 

sionless product; second, they must, among them, contain all the 
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dimensions involved; and third, no two can have identical dimensions. 

The variables selected for this analysis and their dimensions ex¬ 

pressed in terms of the four primary dimensions mentioned above were 

1) Pressure Gradient p (M/L
2
T ^ 

2) Wall Angle (radians) cC (1) 

3) Nozzle Width w (L) 

4) Nozzle Height h (L) 

5) Wall Offset s (L) 

6) Nozzle Exit Temperature Te (9) 

7) Nozzle Exit Static Pressure P (M/LT2) 

8) Nozzle Exit Velocity V (L/T) 

. 9) Nozzle Exit Density f (M/L3) 

10) Kinematic Viscosity -)> (L
2
/T) 

11) Specific Heat 2 2 
(constant pressure) Cp (L /0T ) 

12) Thermal Conductivity k (ML/0T3) 

13) Stagnation Pressure Fo (M/LT2) 

Using P, V, w, and Te for the primary quantities, Buckingham's Pi 

theorem was used to combine these variables with the remaining ones 

to form nine dimensionless groups. The groups obtained using these 

primary quantities were: 
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^z. ^ °L 5 

Now, as stated by the Pi theorem, these groups can be arranged in a 

functional form to give the variables of which the pressure gradient is 

a function: 

Several of these groups were expected to be obtained, such as wall 

angle, wall offset divided by nozzle width, and nozzle height divided by 

nozzle width (aspect ratio). Also the Reynold's number and the stagna¬ 

tion pressure to static exit pressure ratio were no surprise. In an 

attempt to eliminate the other three, or at least regroup them, a 

second set of primary quantities was selected. 

When P, w, Cp, and were chosen, the groups obtained enabled 

the following functional relation to be written: 
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P = —-f Oi J Vi , £^w; w^pX ,wV -A ( £ 1 ,(A) 
~ w V V\/ -7P P Vz pvv/2 £p J 

The functional relation obtained using j? , w, -^) , and Cp as 

primary quantities was: 

p =.£^-ff«c,h,I ,W£y, h. , W!^P]£, «LP ,*L£ 1.(3) — W3 L W } w yK. 1 y«- f** J 
From this, one can see that the pressure gradient is dependent upon the 

wall angle, aspect ratio, offset ratio, Reynoldfs number, Prandtl number, 

ZP W2CpTe vV 
Vx 

, and _W Po t 

fV* f 

However, a closer look at these groups yields some interesting 

results. Combining the last two groups in a ratio yields PQ/P. Dividing 

\*j*CpTg w ZP CpTc f Ps 
by ^ , gives - — , which, upon substitution of RT for Ap 

i?' 

yields • Substitution of y '~j for Cp yields 5 a cons^an^ rR JC. 

for a particular gas! This enables the functional (3) to be re-written 

as: 

P= 4 
1 w3 

y Je_ r 

w ' w ^ J Cf>/< } J p 
o/ VI £ w 

> —7 > T: * ] ■ b) 

Thus the number of variables that influence the pressure gradient when 

only one particular gas is considered has been reduced from twelve to 

six. 
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To vary all these quantities and measure their effect on the pressure 

gradient would be a tremendous task. For this study it was decided to 

measure the effect of the geometric variations. Thus the variables oC , 

ll. . and had to be considered. 
W W 
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2Q. 

Apparatus and Instrumentation 

The model fluid amplifier used in this experiment had to be designed 

and built with several important points in mind. First the parameters 

to be varied had to be considered, namely, wall offset, wall angle, and 

aspect ratio, as the ratio of nozzle height to nozzle width is called. 

Then the instruments to be used were considered and the size of the 

model determined. The model was to be used to obtain pressure maps 

and velocity maps, so it was made large enough to permit easy inser¬ 

tion of the hot wire anemometer and pressure probes. The air supply 

used was a Schramm compressor capable of delivering 200 cubic feet 

of.standard air at 100 pounds per square inch gauge. Even though 

the stagnation pressures used were not this high, the high flow rate 

allowed the use of a large nozzle area and still gave a wide range of 

subsonic Mach numbers. 

The nozzle height was fixed at two inches in order to permit easy 

access to the stream with the probes. Thus the nozzle width would 

have to be varied to give different aspect ratios. This was accomplished 

by making an oblong slot in the diffuser plate that attaches to the back 

of the nozzle block, as shown in Figure 2. Oblong holes were also 

drilled in the nozzle blocks to permit bolts to be inserted through the 
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blocks to clamp the top and bottom on for safety. 

The nozzle blocks were machined out of two inch thick pieces of 

aluminum, and were designed to allow the flow to stagnate and then 

accelerate smoothly to avoid the Borda Mouthpiece effect. The area 

in the stagnation chamber was more than sixteen times the nozzle area 

when the nozzle width was at a maximum, and more than forty times 

the nozzle area when the nozzle width was set for an aspect ratio of ten, 

the minimum setting used in this study. There was also a static pres¬ 

sure tap put into the block at the nozzle exit, to allow calculation of 

exit velocities. 

The receiver walls were made from two inch square aluminum 

tubing. The inner end of the wall was pointed so the wall could be 

sealed against the gasket on the front of the nozzle block. The walls 

were more than fifty nozzle widths in length, in order to assure 

attachment at a point less than half way down the wall. The papers of 

Bourque and Newman^ and Levin and Marion^ were consulted to 

determine where attachment was likely to occur for different wall 

angles and offsets. 

The bottom plate was fabricated from 1 /811 steel plate, and the top 

plate from 3/l6,f aluminum. Bolts were attached to the bottom plate 

and extended through the top plate. A stagnation pressure probe was 
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also installed through the bottom plate in the stagnation chamber. In 

order to permit the variable geometry, the nozzle blocks and walls 

were unattached to the top and bottom plates, as shown in Figure 2. 

Sealing was accomplished by attaching gasket material, one-eighth inch 

thick, to the top and bottom of the nozzle blocks, and clamping the 

top to the bottom with the bolts that protrude through the bottom plate. 

Angle iron was clamped across the stagnation chamber to give a good 

seal. The nozzle width was set with an accurately machined block 

placed in the nozzle exit that was left in place while the top was attached 

to assure that the nozzle blocks did not move during clamping. This 

design served very well to give the variable geometry needed for this 

study. 

The next step in the design of the model was the problem of posi¬ 

tioning the probes accurately. This was complicated by the fact that 

there were two probes of different lengths. It was desired to be able 

to replace one probe with the other in a minimum amount of time, and 

have the tip of the second probe occupy the same x-y position in the 

model as did the first. Figure 3a shows how this was accomplished. 

In order to obtain movement in the y-direction (perpendicular to the 

nozzle centerline), a block was mounted on a thread bar, with a hand 

crank at the end to move the block back and forth. A precision metal 
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scale with one-hundredth of an inch divisions was mounted beside the 

block, and a fine line etched on the block for an indicator. This 

enabled the probe to be positioned accurately in the y-direction. To 

obtain freedom in the x-direction, this apparatus was attached to a 

rack and pinion on each end, with the gears attached to the table, as 

shown in Figure 3b. Two gears were used, one on each side of the 

table, connected to a common handle by a rod, to prevent misalignment 

while moving the probe. Another precision scale was then attached to 

the table under the y-direction positioner, to locate the probe in the 

x-direction. With the probe tip located half-way between the top and 

bottom plates, it was placed in the nozzle exit plane half-way between 

the nozzle blocks, and the scales were zeroed. Then as the probe was 

moved to a new position, the scales indicated the exact coordinates of 

the tip. 

In order to maintain a constant stagnation pressure, or power-jet 

pressure, it was necessary to install a pressure regulator in the line 

leading from the supply tank to the model. To obtain regulation of low 

pressures (down to one inch of mercury) but high mass flow (up to two 

hundred cubic feet per minute of air), it was necessary to employ a 

regulator with a one inch inlet and outlet. Regulators with larger 

fittings would not maintain accurate regulation at such low settings, and 

those with smaller fittings would not pass a sufficient amount of air. The 
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regulator used was a Watts High Capacity model, and served very well 

to regulate the pressure in the stagnation chamber. 

As mentioned above, both pressure and velocity measurements were 

to be made. The instrument used in making the pressure measurements 

was a wedge-head two-dimensional probe made by United Sensor Corpor¬ 

ation. Since the flow direction at every point in the receiver section of 

the model was in general an unknown, it was necessary to use a probe 

that would enable flow direction to be determined. This was easily 

accomplished using the wedge-head probe, since it incorporated three 

pressure taps, one at the apex of the wedge to measure total pressure and 

one on each side to measure static pressure. The probe was inserted 

into the flow and rotated until the two pressures on the side were equal, 

at which time the probe faced directly into the flow. Care had to be 

taken to make sure the probe was not directed 180° away from the flow, 

at which time the static pressures would also balance. To avoid this, 

the direction of the probe that yielded a maximum dynamic head and 

still balanced the static pressures was recorded as the flow direction. 

The probe was 12 inches long, and the diameter of the shaft was 

0.190 inches. The head was a 15° wedge with its pressure taps as 

shown in Figure 4. A protractor was attached to the probe and a line 

etched on the probe mount to give flow direction. 
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In order to position the probe in the flow, a special stand was 

made to hold the probe and holes were drilled in the top plate to allow 

insertion of the probe. The mount is also shown in Figure 4. Holes 

were drilled on 1/2 inch centers throughout the region of the top plate 

from the nozzle opening past the point of attachment obtained with the 

largest offset and wall angle used in the study. The holes were covered 

with air-tight airduct tape, and were uncovered and recovered one at a 

time as pressure measurements were made. 

In order to locate the attachment point for the different geometries 

used, and to determine whether or not the flow was actually two-dimen¬ 

sional, a special probe made by United Sensor Corporation was used. 

The probe itself was thirty-six inches long, the diameter of the main 

body was 0. 250 inches, and the diameter of the last 8 inches toward the 

tip was 0.125 inches. This allowed the probe to be inserted into the 

model with minimum disturbance to the existing flow. The tip had five 

holes in it, one in the end and four located 90° apart, as shown in Figure 

5. The holes at the top and bottom of the probe were used to calculate 

the pitch angle, and this angle was found to be very small, even for an 

aspect ratio of four. 

In order to determine the point of attachment, the probe was used 

as a pitot-static probe. The attachment point is defined as the point 
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on the wall at which the flow stagnates, that is, there is a splitting 

of the flow. The flow downstream of the attachment point proceeds down 

the wall, and the flow upstream of the attachment point is recirculated 

into the recirculation bubble, as shown in Figure 6. The probe 

was inserted into the recirculation bubble near the wall, where the 

flow was in the negative x-direction. In this situation both the pressure 

taps 1 and 4 served as static pressure indicators even though 1 was 

actually in a wake region from the probe. As long as this condition 

existed and the probe was in backflow, the differential pressure Pj - P4 

was approximately zero. As the probe was withdrawn along the wall 

out of the backflow region and into the region where the flow was in the 

positive x-direction, Pi - P4 became positive. Between the backflow 

region and the region where there was flow down the wall, the flow was 

stagnated and the dynamic pressure was zerol It was this point, where 

the total pressure equaled the static pressure, and where any further 

withdrawal of the probe along the wall, no matter how slight, resulted 

in a positive dynamic pressure, that was recorded as the attachment 

point. Frequent checks by direct measurement of oil streaks on the 

wall indicated this method was very accurate. 

Manometers were used to obtain all pressure readings. Stagnation 

pressure was registered with a thirty inch mercury manometer. All 
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manometers used were Meriam-U-tube standard cleanout type. Static 

pressure at the nozzle exit was registered with a water manometer, as 

were all of the pressures from the probes. The nozzle static pressure 

and the stagnation pressure manometers were located on the control 

panel, while the others were located on a special manometer rack, as 

shown in Figure 7. 

Since some of the manometers vented to atmosphere it was necessary 

to know exactly what the atmospheric pressure was during each run. This 

was measured with a U. S. Army Signal Corps type barometer. A chart 

supplied with the barometer gave corrections for latitude and tempera¬ 

ture, enabling the measurement of atmospheric pressure to within one 

one-hundreth of an inch of mercury. 

The stagnation temperature was measured with a Century Thermom¬ 

eter with a mercury bulb placed in a well in the stagnation chamber. The 

bulb was connected to a circular dial located on the central panel calibra¬ 

ted in degrees Fahrenheit. 

Velocity measurements were made with a Flow Corporation model 

HWB-3 Hot Wire Anemometer. The wire used was .00035 inch diameter 

Tungsten. By using the stagnation temperature and pressure, static 

exit pressure, and isentropic flow relations, the velocity of the jet 

at the nozzle exit was calculated. With the hot-wire placed in the exit 
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plane of the nozzle, current readings were taken for several velocities, 

2 1/2 
and a calibration curve of I versus (PV) was plotted. This yielded 

essentially a straight line for Mach numbers less than 0.4. The static 

exit pressure, P, had to be included in the calibration curve since it 

has an effect on the resistance of the small wire. 
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CHAPTER 4 

Data-Taking Procedure 

The first step in preparing for a particular run was to set the 

geometry of the model. The features incorporated in the design of the 

apparatus made this a relatively simple operation. With the top off, 

the nozzle width was set, and an accurately machined ,ffeeler gauge11 

was placed between the nozzle blocks to prevent them from moving as 

the top was replaced. Four different feeler gauges were used to obtain 

aspect ratios of 4, 6, 8, and 10. 

With the nozzle width set, the walls were then positioned. The 

offset was set with a small, accurate rule, and then the wall angle was 

set with a protractor. Wall offsets of two, four, and six nozzle widths 

were used with each aspect ratio, and wall angles of ten, twenty, and 

thirty degrees for each offset distance. These settings were chosen in 

order to cover the range of aspect ratios, offsets and wall angles used 

in most existing, workable fluid bistable elements. 

With the nozzle width, wall offset, and wall angle thus set, the top 

was replaced and clamped down, and the feeler gauge removed. Then 

the compressor was turned on and the supply tank pressurized. The 

regulator was then used to carefully regulate the stagnation pressure 

to a value of four inches of mercury. This corresponds to approximately 
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two p. s. i. g. The temperature of the compressed air was then allowed 

to stabilize at its equilibrium value, usually about 150° F. The stagna¬ 

tion pressure was checked after the air had heated, and readjusted to 

four inches of mercury if needed. 

The next step was to locate the point of attachment, i. e., the point 

where the dividing streamline strikes the wall. As mentioned before, 

this was done by inserting the three dimensional probe into the separa¬ 

tion bubble, and slowly withdrawing it along the wall to which the stream 

was attached. Just before the local total pressure began to deviate 

significantly from the static pressure, the local total pressure was 

equal to the static pressure at the point where the dividing streamline 

was stagnating, since the dynamic pressure was zero there. This point 

was recorded as the attachment point; and after each run, a visual check 

with the oil streaks left on the bottom and the wall to which the stream 

had attached verified that this method of finding the attachment point 

was sufficiently accurate. 

When the attachment point had been located, pressure traverses 

were made across the jet in the vicinity of attachment, perpendicular 

to the centerline of the model, i.e., at x = constant positions. Also 

several pressure traverses were made through the separation bubble, 

again at x = constant positions. However, it was soon learned that the 
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lowest pressures in the separation bubble seemed to occur across the 

traverse made at approximately six-tenths to two-thirds the x-coordi- 

nate of the attachment point. That is, if the attachment coordinates were 

x = 6, y = 5, then the lowest pressure in the separation bubble occured 

in the traverse across x = 4. The oil streaks indicated a region of 

very low velocity at this position. This was where the back flow from 

the jet along the wall was slowed by the shearing forces from the down¬ 

stream flow at the edge of expanding jet, as shown in Figure 6. After 

this was observed, the pressure traverses were then restricted to the 

region of attachment and the region of the low pressure bubble, i. e. , 

x = 2/3 x-attachment, since it was desired to obtain a traverse across 

the low pressure region. 

During each run, the barometric pressure was obtained from the 

barometer, the temperature and latitude corrections applied, and the 

true room pressure was recorded, along with the room temperature. 

In addition to these two quantities, for each run the stagnation pressure, 

stagnation temperature, static exit pressure, nozzle height and width, 

wall offset and angle, and attachment point coordinates were recorded. 

Then at each point a pressure measurement was made, the x- and y- 

P + P 
coordinates of the point, Pi - 1%. , Pi - —--’-and the flow angle 

were all recorded, to yield the total and static pressure at each point. 
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Upon completion of a run the top was removed, the geometry of 

the model changed, and the process above repeated. In order to 

minimize the number of changes between each run, the nozzle was set, 

the wall offset was set, and the angle of the wall was varied. Then, with 

the same nozzle width, the offset was changed and again the walls were 

varied. This was repeated until data for all wall angles and wall offsets 

were obtained for a particular aspect ratio. The aspect ratio was then 

changed, and the cycle repeated. 
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CHAPTER 5 

Data Reduction and Interpretation 

For this experimental study, it was necessary to take a large amount 

of data. At each point in the flow field where a pressure measurement 

was made, five quantities were recorded. These were the x-coordinate, 

P2 + P3 
y-coordinate, Pi - Pa, Pi - _ ’ and the flow direction. The 

2 

number of pressure measurements made in a traverse varied from 

four to fifteen, depending on the geometry and the x-location of the 

traverse. Usually the pressure traverses were made across at least 

three x = constant lines. In order to get a good idea of the complete 

pressure map of the enclosed bubble, up to five traverses were made for 

some configurations. 

An I. B. M. 7040 computer was used to save time in reducing the 

data. All the data for each run was punched on cards and entered into 

the computer along with the data reducing program. The computer 

then converted all the pressure readings from inches of water or 

mercury to p.s.i.a. The stagnation pressure and the static exit pressure 

were then used to calculate the exit Mach number. Isentropic flow was 

assumed as the flow accelerated from the stagnation chamber to the 

nozzle exit. Air was assumed to be a perfect gas, with if =1.4. The 

following relation was used to calculate the exit Mach number: 
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Then the stagnation temperature was used to calculate the nozzle exit 

temperature using the following equation: 

Jk = 2 + Xri Mz . 
T a 

Now an approximation was made in order to compute the total temper¬ 

ature at each point. If air is considered an ideal gas, and the density 

throughout the receiver section is assumed to be constant, then the 

temperature at each point can be calculated. Since this result was not 

essential to the subject of this paper, this was done just to shed some 

light on the overall phenomona. Several papers have been written that 

assume a constant total temperature throughout the receiver section. 

If this approximation was good enough to give at least a qualitative 

picture of the total temperature, then Figure 9 shows that it is not con¬ 

stant. 

As has been mentioned before, the difference in static pressure 

across the jet is what holds it to the wall. In order to investigate this 

static pressure difference, the static pressure at each point had to be 

known. But the static pressure, even though it was not constant, was 

close to atmospheric throughout the receiver section. For this reason, 
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the changes in static pressur e were slight when compared to atmosphe¬ 

ric pressure. In order to amplify the static pressure changes,, atmo¬ 

spheric pressure was subtracted from the static pressure and the 

stagnation pressure and a ratio formed. The following non-dimen- 

A graph of this quantity, as shown in Figure 10, enabled the changes 

the distance from the model centerline, y. The distance y has been 

non-dimensionalized with the nozzle width, w. Figure 10 is a family 

of curves, each representing a different angle at a certain aspect 

ratio and offset distance. The traverse for each of these curves was 

made at x approximately equal to the x of the attachment point. 

Graphs of this type were plotted for each different aspect ratio and 

offset distance. Figures 11, 13, and 13 are more examples of these, 

each showing a family of three curves. 

The traverse taken through the lowest pressure region of the sep¬ 

aration bubble was also considered significant. As was mentioned be¬ 

fore, this low pressure region was found to occur at an x-coordinate 

approximately equal to two-thirds the x-coordinate of attachment. 

This is purely an empirical factor, and was approximately true in all 

cases. Figures 14, 15, 16, and 17 show the static pressure ratio versus 

sional quantity called resulted: 

in the static pressure to be easily seen. This 



36. 

y/w for the traverse at x = 2/3 x-attachment, for aspect ratios and 

offsets corresponding to Figures 10, 11, 12, and 13 respectively, as 

expected, the pressure in the low pressure region was considerably 

lower than the pressure on the opposite side of the jet. 

One thing that was not exactly expected was the fact that the lcwest 

pressure in that region was approximately the same in every case, at 

least it did not vary significantly with geometric changes. Also of 

interest was the way the pressure rose near the wall at the attachment 

traverse. The fact that there was a pressure rise was not surprising, 

since the flow was stagnation near attachment. This converted the 

dynamic head into a static head, thus the pressure rise. But what was 

interesting was the rate at which this pressure rise occured. It can 

be seen from Figure 10, for example, that the wall angle has an effect 

on the rate of pressure rise near the wall. Also, in comparing a cer¬ 

tain curve with another one with the same aspect ratio and wall angle 

but different offset distance, the slope of this curve was again different. 

This observation of the experimental results led to the next step in the 

reduction of the data. 

In order to obtain a more complete picture of the flow field, a 

pressure map was made of several of the different geometries. Figures 

18 and 19 show two of these. Using the static pressure ratio, 
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isobars were drawn throughout the region of interest. The attaching 

streamline was approximated using the flow directions and the attach¬ 

ment coordinates. It was observed that the attaching streamline 

seemed to follow a path that was definitely not a circle, as many have 

assumed. Bourque^ assumed a path that was different from an arc 

of a circle, and his theory seemed to give a better description of the 

path observed in this study. The approximate path of the attaching 

streamline was checked by both the oil streaks left by the flow and the 

directions obtained with the pressure probe. Figures 8c and 18 show 

this. Also, the results Bourque obtained predicting the attachment point 

were close to the values obtained in this study. 

Referring again to Figures 18 and 19, it can be seen that as the 

attaching streamline stagnates, there is a pressure rise in the vicinity 

of the attachment point. Now the pressure differential across the jet 

is what curves the jet and causes it to attach. Since this pressure 

difference acts over a definite area, there is a resultant force, But 

the larger the resultant force exerted on the stream, the more it curves 

and the higher the kinetic energy of the attaching streamline. When a 

higher kinetic energy streamline attaches, the rate of pressure rise 

near the attachment point will be higher. Thus by measuring the rate 

of pressure rise near attachment, the relative force that holds the stream 
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to the wall can be examined. 

This can be seen by imagining two extreme cases. First consider 

the case where the walls are set at a very small angle and a zero off¬ 

set, so the stream does not separate from the wall. Then we can 

assume isentropic expansion of the stream. Here the resultant force 

across the jet is zero and the rate of pressure rise is zero. If the 

offset is increased until the stream just separates from one wall and 

attaches to the other, then there is a small resultant force across the 

jet and the rate of pressure rise is low, since a low energy streamline 

is attaching. 

On the other hand, if the wall angle is small and the offset is so 

large that the stream does not attach, the resultant force across the 

jet is zero, and the rate of pressure rise is also zero. Now if the 

offset is decreased until the stream just barely attaches to one wall, 

again there is a small resultant force across the jet, and a low pres¬ 

sure gradient near attachment. This is due to a low kinetic energy 

of the attaching streamline. As the offset is varied between these 

limits for this particular wall angle, the pressure gradient will in¬ 

crease until a maximum is reached. At this point the force holding 

the jet to the wall is greatest, and the jet is least likely to switch 

without it being switched intentionally. As mentioned before the effect 

of wall angle, wall offset, and aspect ratio on the transverse pressure 
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gradient holding the jet to one wall is the subject of this study. Now 

this will be studied by examining the rate of pressure rise at attachment. 

Attention was focused on the slope of the Q versus y/w curve. 

This slope was not easy to determine from the graph of $ versus 

y/w since the slope was continually changing. However, it was 

noticed that from the point of minimum pressure to the point of highest 

pressure the curve was similar to an exponential function. If this were 

ture, a plot of In (P versus y/w would yield a straight line. But 

assumed both positive and negative values, since the static pressure 

was both above and below atmospheric pressure. To overcome this, 

the quantity (1 - &) was computed, a number that is always greater 

than one. Then the log of this quantity was computed, and plotted 

against y/w. Figures 20, 21, 22, and 23 show the transformed curves 

corresponding to Figures 10, 11, 12, and 13. This transformation was 

successful in straightening out the curves. This made obtaining the 

slope for this line a simple matter. The value of 

A[U(I--69] 
YV1 -      =— 

could be read from the graph. From this the equation of the straight 

line drawn through the points to the attachment point can be written as: 

\v\ (l-tf) = w\ [ 4- b . 
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Differentiation yields: 

<j ( I - ff ). _ yn 

(.1-4) 

Then we can write 

i_y?i I - - (i - 4>)a++, VM . 
I ^/w3 1 a+l. 

Thus by obtaining the slope of the straight line and the value of (lJf?) 

at the attachment point from one of figures like Figure 20, it is possi¬ 

ble to calculate the rate at which the pressure is building up at the 

wall. This was done for all the different aspect ratio, wall offset and 

wall angle combinations used in this study. 

In order to show the effect of the different variables on the pres¬ 

sure gradient at attachment, several sets of graphs were made. The 

first set, Figures 24, 25, 26, and 27, show how varying the offset 

distance affect the pressure gradient. A family of curves was ob¬ 

tained for each aspect ratio. Figure 24 is especially good , since 

values were obtained for an offset distance of one nozzle width for 

twenty and thirty degree wall angles. These curves show specifically 

the trend that the other curves seem to follow. 

On Figure 24, the points for 10° increase when the offset is de¬ 

creased from six to four. But if the offset were set at zero, and the 

wall at ten degrees, the stream would probably not separate from one 
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wall. Again we could assume isentropic diffusion, with zero pressure 

gradient across the stream. This means the curve for ten degree walls 

probably follows a curve similar to twenty and thirty degrees, since it 

must curve down to or near zero as the offset goes to zero. Points at 

two and one offsets with ten degree wall angles would have helped 

establish this, but the distance between the centerline and the wall at 

attachment was too small to allow enough pressure measurements to 

be made to establish the gradient. 

Figure 25 shows a similar trend, but not quite as clearly as did 

Figure 24. Here the ten degree wall curve is further from the twenty 

and thirty degree wall curves. This seems to indicate that wall angle 

changes between ten and twenty degrees have a greater influence on the 

pressure gradient than changes between twenty and thirty degrees. 

This effect is also seen on the next graph. It is assumed that the 

pressure gradient decreases as the offset distance goes below two or 

at least doesnft increase, and again the maximum gradient for a partic¬ 

ular wall angle seems to occur between offsets of two and four nozzle 

widths. 

a similar pattern. The ten degree wall curve shows a sharp drop as 

the low offset is approached. So from the graphs showing the effect of 

Figure 26, another graph of shows 
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wall offset, it can be seen that the pressure gradient at attachment 

increases to a maximum, then decreases as offset is increased. It can 

also be seen that the maximum occurs for offsets of between two and 

four nozzle widths. 

Figure 27 shows the values obtained for an aspect ratio of ten. 

The width of the nozzle for this aspect ratio was less than one-quarter 

of an inch. Because of this, even when the offset was set at 6 nozzle 

widths, the attachment point was only about three inches from the 

nozzle. This allowed pressure measurements to be made at only a 

few points. From these points the pressure gradient obtained was 

probably a lot lower than the actual gradient. Thus the points obtained 

at aspect ratio of ten should not be considered as conclusive, but are 

included for completeness. 

The next set of graphs, Figures 28, 29, 30, and 31, show the 

effect of variation of the wall angle for constant aspect ratio and wall 

offset. Each of these shows a family of curves, each curve represent¬ 

ing a certain offset, each at a certain aspect ratio. It can be seen from 

this graph that decreasing the wall angle increases the pressure gradient 

at the attachment point. In fact, it seems as though the maximum pres¬ 

sure gradient for a certain offset would occur at zero wall angle! Of 

course, if the offset were zero, the maximum would be at some angle 
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other than zero, since the gradient at zero wall angle would be zero. 

But, as the wall offset is increased to two nozzle widths or more, as 

the wall angle is increased from zero, the pressure gradient decreases. 

This is evident on all the graphs of this type. 

The next set of graphs shows the effect of aspect ratio on the pres¬ 

sure gradient. These graphs, Figures 32, 33, and 34 show a family 

of curves at a certain offset, with each curve representing a different 

wall angle. No specific trend can be attributed to these curves. As 

the aspect ratio increases, the pressure gradient neither increases 

nor decreases consistantly. This seems to indicate that the aspect 

ratio probably does not have much effect on the pressure gradient. 

At least it can be said that the aspect ratio does not have as much 

effect as the wall angle and wall offset on the pressure gradient at 

attachment. Again the points at aspect ratio of ten should not be con¬ 

sidered as accurate as the other points. 

It should be mentioned here that since the stagnation pressure was 

aspect ratio increased. The Reynolds number for an aspect ratio of 

four was approximately equal to 118,000, whereas for an aspect ratio 

of eight, the Reynolds number was approximately 60,000. This may 

have had some effect on the pressure gradient that shows up in these 

the same for each run, the Reynolds number, , decreased as the 
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graphs of versus aspect ratio. So these curves may be showing 

a combined effect of Reynolds number and aspect ratio on the pressure 

(2) 
gradient. However, Bourque and Newman reported having found that 

the Reynolds number has little effect on the flow after that number 

exceeds a value of approximately 5, 500. 
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CHAPTER 6 

Conclusions 

From the dimensional analysis it was learned that the geometric 

quantities wall angle, wall offset (/(*,), and aspect ratio (*%v) should 

influence the pressure gradient across the jet. Also, the stagnation 

pressure, Reynolds number, and Prandtl number should affect the 

pressure gradient. From the data taken, it was learned that the wall 

angle and wall offset influence the pressure gradient more than the 

aspect ratio. Also, the data indicated that the maximum gradient 

could be obtained for a particular aspect ratio with a small wall angle 

and an offset of approximately three nozzle widths. The aspect ratio 

seemed to have little effect on the force holding the jet to the wall. 

This study was restricted to straight walls. From the results 

obtained here it would be interesting to see some work done consider¬ 

ing curved walls, or straight walls with an angular increase in the 

vicinity of attachment. 
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Left Outlet Splitter Right Outlet 

Figure 1: Diagram of fluid bistable element 



Figure 2a, top: Model Fluid Amplifier with top removed 

Figure 2b, bottom: Model with top clamped on. 
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Figure 3a, top: Closeup of probe positioner 

Figure 3b, bottom: Probe positioner mounted on table 
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Figure 4a, top: Two-Dimensional Probe and mount 

Figure 4b, bottom: Sketch showing position of pressure taps 
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Figure 5: Three-Dimensional Probe used to locate attachment 
point 
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Figure 6: Qualitative picture of static pressure along wall 
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Figure 7a, top: Model on table, with Manometer rack beside 

Figure 7b, bottom: Top view showing oil streaks 
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Figure 8a, top: Front view of apparatus with top off 

Figure 8b, bottom: Front view with top on 
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Figure 8c: Top view showing oil streaks 
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