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ABSTRACT

Low-turbulence, uniform, steady flow through an abrupt 1 1/2 x
7 1/2 inch slot into a rectangular expansion was investigated. Average,
uniform velocity of the air through the slot was 110 ft/sec, with a

4Reynolds number of 7 x 10 . Velocity and pressure distributions were 

obtained and continuity, momentum, and energy relationships were eval

uated. The ratio of conduit-to-entrance-slot width was varied from 2 to 
7 while the vertical distance was held constant. Mean streamlines, 
eddy pockets, and the stability of flow were examined for each ratio.

The analysis performed on a section of unit height across the 
conduit at the mid point of the expansion indicated the eddy-pocket size, 
streamline development, and possible flow separation. The analysis 

indicates that the flow is three dimensional for the slot and conduit 
widths tested.

Stable-jet Wall attachments were found to exist at expansion 

ratios less than three, and neutrally stable wall attachments at ratios 
between three and seven. Slight irregularities in symmetry of the con
duit influenced the wall attachment of the jet. The attachment occurs 
first on the wall closer to the entrance slot.

Viii



CHAPTER 1

OBJECTIVES
" I

Flow through an infinite slot and through rectangular conduits 
has been previously examined by Albertson ef al. (1950) and Hindall 
(1966). The purpose of the author’s work is to provide additional in
formation on the flow through abrupt, rectangular expansions. This 
information was obtained by examining flow through a 1 1/2 x 7 1/2 inch 
slot into a rectangular conduit without a transition section. The con
duit's height was constant while the width varied.

Among the objectives of the project was the determination of 

mean streamlines of flow through the various expansion ratios. In 

about 1781 Lagrange presented what is known today as the concept of 
streamlines: a continuous line drawn through a fluid such that it is
tangent to the velocity vector at each point is a streamline. There 
is no flow across a streamline, thus a particle of fluid moves in the 

direction of the streamline at any instant. Its displacement is 6s 
with components in the x, y, z directions. Then ^  states
that the corresponding components are proportional and thus 6s and q 

lie in the same direction where q has components u, v, w. Now express
ing the displacements in differential form to produce the differential 
equations of a streamline yields:

U V W fl)
dx _ dy dz 
u "" v w

Equation (1) is actually two independent equations for which any line
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that satisfies them is a streamline. For the purpose of this experi
ment where turbulent, steady flow is used, the streamlines represented 
are the average positions of the instantaneous streamlines, thus they 
do not change with time.

Determination of zones of flow separation due to adverse pres
sure gradients was also within the scope of the project. Hindall (1966) 
found large zones of separation on the top and bottom of the rectangular 
conduits he examined, therefore the author was especially interested in 
the possibility of their occurrence in this work.

In conjunction with evaluation of flow separation, the location 
and size of eddy pockets created by the geometry of the expansions was 
to be evaluated. The sizes and shapes of these pockets are important 
factors governing the amount of energy dissipated as flow passes through 
the eddy-pocket region.

Jet stability within the conduit is connected to eddy-pocket 
development and stability. Therefore the stability of the jet with 
respect to external forces and expansion ratios was examined. It has 
been established that a jet issuing from a slot parallel to a flat plate 

will attach itself such that it flows along the plate. Sawyer (1960) 
and (1963). Hindall (1966) also found in an abrupt expansion this same 
condition. The jet stability and attachment condition was evaluated 
for each expansion ratio.

While evaluating the flow characteristics of each expansion 
it became necessary to determine the continuity, momentum, and energy 
relationships. Rouse (1959) presents the Reynolds equation which



governs turbulent flow on a unit volume bases as: (see Table 1)

3ui 3u^
(2)

in the x direction this is expanded to:

(3)

The left side is momentum flux, the first right term is the body forces 
The second right-side term represents pressure forces, while the third, 
forth, and fifth are viscous and Reynolds-stress terms.

For momentum analysis the general equation as found in Rouse 
(1959) is:

dS (4)

In the x direction this equation may be reduced to:

(&u + muv + nuw) dS + p (&u' + mu'v' + nu'w') dS



TABLE 1
4

Nomenclature 
p = Mass density of fluid
IR = Reynolds number
p = Dynamic viscosity
q = Flow rate per unit width
R = Hydraulic radius
A = Area of fluid at cross-section
P = Wetted perimeter of conduit
B = Width of expansion conduit
b = Width of expansion conduit

6 = Boundary layer thickness
P = Mean total pressure
P. = Mean ambient pressure

pU2Pq = Free stream dynamic pressure; PQ = — g-'*
U = Free stream velocity
Uo = Entrance slot velocity

u,v,w = Instantaneous velocity components 
u,V,w = Temporal - mean velocity components

u',v',w'.= Instantaneous deviations from temporal mean velocity 
components

V = Total mean velocity; = u^ + + w2
V = Total turbulence velocity; V  ̂ » u*  ̂+ u'̂  + w*^
i a Free index in tensor notation

j = Dummy index in tensor notation



By neglecting the body forces (air in air), viscous stresses, and mean 
transverse velocity components v and W» equation (5) reduces to a two- 
dimensional momentum- flux equation

r̂ i
pu dy + PAdy = 0 (6)

Rouse also obtains the work-energy equation where the fluctuating, mean 
velocity and pressure components are substituted for instantanous values 
in (2). By averaging the terms the result will be:

u

Ŝ u. 9?U*. onT
' puixi - "i te71 ""i a o r  * ““'i a a r  - u'i u r  tb-i 1 3 1 j i

which is the differential lequation of work and energy. Upon inter- 
gration of (7) over a giyeu region and after the volume integrals hake 
been changed by the Gaussian theorem to surface integrals, the following 
equation results:



The far left term represents net flux of kinetic energy out of the region, 
the second represents the rate of work done by the Reynolds stresses over 
the surface, and the third term is the Reynolds-stresses work done 
throughout the interior of the region. On the right side of the first 
and second terms are the rates at which work is done by the external 

pressures, and by the body forces. And the third and fourth terms are 
the rates at which work is being done by the viscous stresses.

By applying the same assumptions used in the momentum analysis 
the following is obtained:

V —  pTj— udS -
3u,

ou'iu 'j 35 T dv PA udS (9)

for turbulent flow V ~ u and = PT , by setting

f  ____
Br " L ou'iu'j H T dV then

the rate of turbulent-energy production may be expressed as:

ET = —  dy + PA udy PT udy (10)

Using the above relationships momentum and energy analysis were 
performed for the various expansions. The dissipation or conservation 
of energy through the expansion will aid in determining the relative 
efficency of a similar structure. Current hydraulic structures are 

using abrupt expansions to dissipate energy down stream of turbines.
An example is Mica dam on the Columbia river where circular expansions 
are used for this purpose, Russell and Ball (1967).
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After determining the flow characteristics it was necessary to 

evaluate the effectiveness of the analysis. Data was gathered over a 
horizontal section across the conduit taken at the vertical mid point.
It was realized that because flow is entering and leaving the upper and 

lower boundaries of the section this movement must be considered in the 
analysis of flow conditions.



CHAPTER 2

TEST EQUIPMENT

Once the objectives were decided upon, it became necessary to 
assemble the equipment required for the project. The major concern of 
the author was the selection of fluid to be used and the method of set
ting the fluid in motion. The problems associated with the use of water
as the fluid are such that air was considered for this experiment.
Rouse (1947) listed several advantages of the low velocity air tunnel in 
hydraulics research. They are:

i1. Due to low density of the air Oggy that of water), 
structural requirements of the equipment are kept to a 
minimum.

2. For the same reason power requirements are low.
3. Absolute tightness of the system is not as critical with

air as with water.
4. Reservoirs and catch basins are eliminated.
5. Many phases of instrumentation, especially the hot-wire 

anemometer, become greatly simplified when air is used 
instead of water.

There are problems associated with the use of air for hydraulic 

research. They occur when the effects of compressibility, cavitation, 
or gravitational attraction of water are not duplicated by air under 
the same flow conditions. Air may, however, undergo velocities of over



one hundred feet per second while closely matching the flow character
istics of water. Because of the range of Reynolds numbers encountered 
in flow in and around common hydraulic structures the geometry of the 

structure dominates the properties or flow characteristics instead of 
velocity, scale, and viscous influences. Rouse (1949). Thus when con
sidering the current, flow velocities, viscosities, and size of hydraulic 
structures in use today, the shape of the structure controls the flow 
characteristics.

Schlichting (1955) mentions that flows of gases can be treated 
as incompressible with a good degree.of approximation if the dynamic 
head is small compared to the modulus of elasticity of the fluid. Thus

oV2from Bernoulli's equation p * - constant and where v = velocity of
flow, the change in pressure p caused by flow is the order of the

2dynamic head q = — — so that —  % . Assuming a maximum velocity of
150 ft/sec the ratio is 0.014. Schlichting also states that the 
outside value acceptable of 3. is 0.05 for the flow to be considered 

incompressible. Therefore the velocity of 150 ft/sec is well within the 
range of incompressible flow.

On the basis of the acceptability of air, equipment was assembled. 
The fluid mechanics laboratory had on hand a two-horsepower centrifugal 
venilation blower with a rubber coupling on the discharge duct to reduce 
vibration. The blower was attached to a plywood tunnel 6 x 19 Inches and 
28 inches long. Several layers of screen were placed within the tunnel 
to break up blower disturbances in the flow. In addition to the screens 
1/2 inch tubing placed horizontal within the tunnel also reduced the



10
effects of the blower and insured uniform flow. The inside of the 
tunnel was free of burrs or obstructions immediately upstream of the 
slot.

To the end of the tunnel a 1/4-inch plywood end plate with a 
7 1/2 x 1 1/2 inch smooth slot was attached, see Figures 1, 2, 3, and
4. To the face of the entrance a 1/4 - inch plexiglass rectangular con
duit with moveable sides was mounted. The top and bottom panels of the 
conduit was flush with the slot. The conduit was 30 times as long as the 
entrance slot was wide. A maximum expansion of the conduit to seven 
times the slot width was possible.

Along the left and top sides of the conduit ambient-pressure 
taps were installed on a spacing of 1 1/2 inches. On the right and 
bottom sections taps were also installed to determine ambient pressures 
along these walls. All ambient taps were drilled 1/16 inch in diameter. 
On the right panel 3/8 inch holes were drilled at stations 2b, 10b, 18b, 
26b, 34b, and 44b, on the center line of the panel. The purpose of 

these holes is to allow determinations of the pressures and velocities 
within the conduit by probes. All holes were drilled normal to the 
surface, and were free of burrs. The ambient-pressure taps were 
sealed with surgical tubing and clamps. The probe holes were sealed 

with tape.
After the critical expansion ratio was found (i.e., where the jet 

could not be switched from wall to wall) additional 3/8 inch holes, were 
drilled to allow more complete study of the fluid stream. Every joint 
of the conduit was sealed with tape to prevent flow leakage.



a) Horizontal Section 
Through Slot

b) Vertical Section 
Through Slot

3 3/4"

Figure 1 Entrance Slot Details
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· F igure 2 A pp3.ra tus 

Figure 3 Instruments Used in Experiment 
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Plan View

3 3/4" Constant

Elevation

Figure 4 Definition Sketch in Region of Expanded Flow
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Three types of pressure probes were used. All probes were 

fabricated from 1/16-inch O.D. brass tubing with an inside-to-outside 

diameter ratio of 0.577. The stagnation pressure, ambient pressure, and 
reverse-flow stagnation-pressure probes had openings at least 18 times 
the diameter of the probe holder upstream of the holder. The tip of the 
ambient-pressure probe extended 5/8 inch beyond the two 0.01 - inch- 
diameter sensing holes in the probe. The end of the probe is ellip
soidal ly shaped to allow minimum flow separation around the tip.

To measure velocities a hot-wire anemometer. Old Gold Model 
type 4-2, with'a mean-product computer type 2, and a Hewlett-Packard 
model 130B dual-trace oscilloscope was used. The anemometer wire is 
0.00015 inch in diameter made of tungsten, and spread between two prongs 

approximately 1/8 inch apart.

For the determination of eddy-pocket size and for confirming 
possible zones of flow separation, a 1/8-inch brass rod with thread on 
one end was used. The thread provided a visual indication of the pre

sence of flow turbulence as well as indicating direction of flow.
Tolerances in construction and alignment of the apparatus was 

within 1/64 and 1/16 of an inch respectively. A stagnation-pressure 

survey was conducted over the entrance slot without the plexiglas 
attached, to verify uniform flow at the entrance. The variation in 
velocity was less than one percent of the maximum velocity.



CHAPTER 3

TEST SEQUENCE

The complete apparatus was assembled with the conduit walls at 
the maximum width. With all joints sealed with tape the alignment of 
the conduit was checked and the blower started. The tunnel is centrally 
located in a laboratory room with the approximate dimensions of 20 ft x 
40 ft x 12 ft high. The blower draws air from one end of the room and 
forces it through the expansion and into the room again. With all room 
doors closed a smooth circulation of the room air takes place. The room 
temperature varied within two degrees centigrade during the longest 
test period, and with a closed system the pressure was constant.

At the start of each test the initial temperature and pressure 
were recorded. The initial flow condition was observed by inserting a 
stagnation-pressure probe into the discharge end of the conduit. Typical 
observations noted at that time were: direction of flow within the con

duit, and any variation of velocity or pressure occurring along the con

duit relative location and extent of eddy pockets or separation zones, 
and an estimation of the vertical variation in pressure gradients.

After a "feel" for the type of flow occurring within the system 
was obtained, the alcohol manometer was attached to the ambient-pressure 
taps and the wall pressures recorded. The jet was then deflected and 
the location of the deflecting device at the time of deflection noted, 
if the deflected jet stayed in its new orientation, it was termed

15
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neutrally stable. If it did not stay in the new position but immedi
ately returned to the original flow condition, it was considered stable.

To define the flow parameters within the conduit, stagnation- 
pressure and velocity traverses were made, by proceeding in 1/2-inch 
increments across the conduit at the stations previously listed. In 
determining the net, jet area the turbulence channel on the Old Gold 
Computer was used to detect the zones of shear. Figure 6, and thus define 
the net area of the jet. Figure 5.

Following the compilation of the pressure and velocity data, a 
thread survey was undertaken. As previously mentioned this technique 
was used to define the areas of flow separation.

At the end of each test run the room temperature and pressure 
were checked, and the mean value of each was used in any calculations. 
Data which appeared to be in error were checked at this time.
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Shear Zones

y/b

Figure 5 Typical Jet\l u'^/U^ Distribution

of Conduit
Turbulent 
Mixing Zone

Poten
Flow Self Perserving 

Zone

Figure 6 Zones of Jet Flow After Sawyer (1963)



CHAPTER 4

DISCUSSION OF DATA ACCURACY

In attempting to obtain meaningful data the data itself must be 
examined and a decision made on its authenticity. In restricting the 
data to a unit slice across the conduit at the center, several advantages 
occur. First the size of the apparatus could be to a scale commensurate 
with the monies available for this research. Secondly, the space re
quired for correct orientation of the probes to obtain accurate readings 
is reduced, and the disturbance of flow due to sampling is also reduced.

The problems associated with probe orientation with respect to 
mean flow is worthy of concern. Due to confined working areas, within 
the conduit, it was almost impossible to set the probe parallel to the 
local velocity. The problems became complex when using the ambient 
probe. The flow would often be parallel to the tip while at the sens
ing holes crossflow was occurring. Though the lack of perfect probe 
stationing is sure to have caused some error in the data the author 
believes it to be slight.

Hot-wire anemometers, developed around 1914 and refined con
tinuously since, are subject to considerably less errors than the 
pressure probes as far as orientation is concerned. The sensing wire 

was always set in the vertical position, and thus the flow was always 
normal to the wire. Except for the case of flow approaching the wire 
from along the probe arm, errors in velocity determination due to 

positioning of the probe are slight.

‘ 18
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Hubbard (1957) developed a calibration procedure which when fol

lowed allows the investigator to determine velocities and to check the 
functioning of the complete system. By performing this calibration 
before and after each run, equipment accuracy was assured. The single 
largest source of error is believed to be caused by the human element. 
There is considerable fluctuation of the computer monitor in some flow 
regions. This necessitates the operator estimating the mean dial read

ing and thus introducing a probable error. Figure 7 shows a typical 
series of turbulence measurements.

Emmett and Wallace (1964) discuss errors in piezometric measure
ments in hydraulic research. They found that errors increase with hole 
diameter as flow separation occurs across the hole. Boundary roughness 
will also affect tap pressures. For a smooth channel with a 0.05-inch 
diameter hole the pressure was less than three percent in error. The 
test taps used in this project were 0.062 inches in diameter so the 
error anticipitated should have been in the five-percent range;

Another souce of possible error is the alignment of the test 

equipment. The alignment was held to 1/16 inch variation to insure 

accurate data. There is undoubtly some error due to this tolerance, 
however, it should not be detectable in light of the flow velocities 
used.

Though the author was aware of the many possibilities of error 
present, no corrections of raw data were made. If the results of a 
survey were obviously in error the survey was re-run and the new data 

used in the analysis.
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— —  Figure 7 Turbulence Measurments
u*—  variation with distance from entrance slot at expansion ratio 7.



CHAPTER 5

ANALYSIS AND DISCUSSION OF RESULTS

The streamlines depicted on Figures 8 through 19 were determined 
by dividing the net flow area (defined as that flow at any cross-section 
which ultimately leaves the conduit without undergoing a reversal of 
direction in an eddy or separation pocket) into equal areas. The bound- - 
aries of the equal q areas were then used as mean streamlines.

Due to a difficulty in determining the location of the boundary 
between net flow and the fluid entrained by the jet, the streamlines are 
subject to some variation. Sawyer (1963) breaks the jet into three 
separate zones. Figure 6. The middle zone is potential flow, and is 
bounded by two turbulent mixing layers. The third zone is where the jet 
is self-preserving. The author found the zone of turbulent mixing or 

the shear zone difficult to detect with any accuracy in lateral extent. 
Figure 5 as previously referred to was the author's basis of distinguish

ing between the zones. To ensure the most accurate representation of the 

mean streamlines it became necessary to make slight variations so that 
agreement was reached between all data available.

With some expansion ratios the velocities were slightly greater 
at station 4b than at the entrance slot. Figures 20 through 27. This 
indicated that the flow was separating on the top and bottom panels of 
the conduit. The most likely cause of this separation was the existence 
of an adverse pressure gradient, Streeter (1962) and Schlichting (1955).

21
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Figure 8 Horizontal Streamlines at Centerline of Conduit for Expansion Ratio 2
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Figure 9 Vertical Streamlines at Centerline of Conduit for Expansion Ratio 2



Figure 10 Horizontal Streamlines at Centerline of Con did: for Expansion Ratio 3+2
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M
U~l



26

5048442418 2826

Figure 12 Horizontal Itreanilines at Centerline of Conduit for Expansion Ratio 3



Figure 13 Vertical Streamlines at Centerline of Conduit for Expansion Ratio 3
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Figure 14 Horizontal Streamlines at Centerline of Conduit for Expansion Ratio 4
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Figure 15 Vertical Streamlines at Centerline of Conduit for Expansion Ratio 4
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Figure 16 Horizontal Streamlines at Centerline of Conduit for Expansion Ratio
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Figure 17 Vertical Streamlines at Centerline of Conduit for Expansion Ratio 5
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However, the author was unable to confirm the occurrence of the separa
tion zones by the use of thread surveys. The possible separation zones 
on the top and bottom panels most likely do exist despite lack of visual 
conformation.

The eddy pockets were clearly defined. Figures 8 through 19. As 
shown on these sheets the eddy-pocket size increases with expansion ratio. 
Sawyer (1960) found in his studies of a jet issuing parallel to a flat 
plate, that when the entrance slot of width b was 5.62 times this width 
from the parallel plate, the point of reverse flow was lib downstream of 
the slot. For this project when the expansion ratio is five the reverse 
flow occurrs at a distance of 14b. This appears to be in general agree
ment with Sawyer's work. However, without knowing the velocities with 
which he worked further correlation is impossible.

Not only should the lengths of the eddy pockets increase in size 
with expansion ratio, but they should also increase with increasing slot 

velocities. As the initial particle momentum through the slot increases, 
the point of jet attachment moves farther from the slot. Also as the 

Reynolds number goes to infinity the length or the eddy-pocket goes to 
infinity.

An additional item of importance was found to be the mirror- 

image existence of the eddy pockets as the neutrally stable flow was 
forced from one wall to another. Relatively identical reproduction of 

the pockets was obtained respective to the wall attachment condition.

For the stable jet attachment there was only one possible combination 
of eddy pockets for each expansion.
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The method of analysis was partially successful. Development of 
the streamlines and eddy pockets was possible through the analysis. How
ever, the continuity, momentum, and energy relationships, for the 1:5 
rectangular slot are affected by the accelerated flow through the area 
analyzed. This flow condition in the area analyzed necessitated addition
al evaluation of the data before the above relationships could be obtained.

By analyzing the continuity, momentum, and energy relationships, 

not only can the conservation of energy be evaluated, but selections 
of an expansions to conserve or dissipate energy can be made. Inte
gration of the velocity over the section area normal to the mean 

flow will determine the mean rate of flow. For continuity requirements 
to be met the flow rate past one section must be the same as past all 
sections within the test conduit. Figure 28 illustrates the results of 

the continuity analysis for each expansion ratio. Possible flow sepa
ration and the growth of the boundary layer have produced the indicated
increasing flow along the channel. Because the flow parameters are
obtained and analyzed at a segment of unit height across the conduit the
increasing velocities at the center line of the conduit indicate a
greater flow rate than actually exists. Schlichting (1955) for turbu
lent boundary layer thickness develops the thickness equation:

Y  = 0 . 3 7 For a rectangular conduit the Reynolds number

is a function of the hydraulic radius R, where R = -p- , Then the Reynolds

number IR = , Rouse (1949). This means that the greater the expansion
ratio and thus the R, the smaller will be the boundary layer thickness.

A thicker boundary layer will require a faster centerline velocity along
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the conduit which is verified by Figures 20"through 27. For the 
expansions smaller than B = 4b the boundary layer appears to have been 
completely developed beyond station 30b. The velocity distribution has 
at this station assumed the shape as shown on Figure 29.

Figures 30 and 31 show the effect of separation due to adverse 

pressure gradients and the effect of boundary layer growth on the 
momentum and energy relationships. Figure 31 also indicates that as the 
expansion ratio increases the tendency is for increasing energy dis
sipation. In the vicinity of p  = 5  the apparent flow separation on the 
top and bottom panels has a marked effect upon the velocity distribution 
and thus the energy relationship.

At expansion ratios 4, 5, and 7 the flow existed in neutral 
stability. Neutral stability is defined as that condition of flow 
where the jet when attached to one side of the conduit can be deflected 
to the opposite side where it remains until again deflected. Sawyer 

(1960) describes the tendency for a jet to remain along a wall. Fluid 
entrained by the jet causes the initial curvature of the jet towards 

the wall as the entrainment produces a pressure difference. The final 

jet configuration results when the mean volume flow entrained from the 
eddy cavity by the inner edge of the jet is balanced by the mean flow 
back into the eddy pocket. At the expansion ratio of approximately 
3 a movement of 1/16 inch in either wall produced a jet attachment 
along the wall closer to the entrance slot. The significance of this 
occurrence is that under similar conditions not only can the orientation
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of the flow be predicted, but to an extent it can be controlled. 
Figures 32 through 37 show the effect of jet attachment on the ambient 
wall pressures.
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CHAPTER 6

CONCLUSIONS

The following conclusions are presented as the important find
ings of this research.

1. The jet is neutrally stable for the 1:5 entrance slot at 
expansion ratios between 3 and 7.

2. The jet attaches itself to the closer wall at expansion 
ratios less than 3.

3. The greater the expansion ratio, the greater the rate 
of energy dissipation.

4. The smaller the expansion ratio, the smaller is the 
momentum increase. Separation on the top and bottom of 
the conduit due to adverse pressure gradients becomes 
less possible as the expansion ratio decreases.

5. Eddy-pockets increase in length as the expansion ratio 
increases.

6. For the expansions with B less than 4b the boundary 
layer was apparently fully developed by station 30.
And for the expansions greater than 4 the conduit length 
did not allow full development of the boundary layer on 
all sides of the conduit.
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