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SUMMARY

A method is given for applying one-dimensional analysis
to an injector with constent diameter mixing. A review is made
of the theory for the turbulent mixing of air streams. Some of
the difficulties of applying this theory to injectors are con-
sidered.

An outline of experimental work is given for a simple
air injector with constant diameter mixing at low temperatures.

In this injector a single convergent type primary nozzle was used
operating at higher than critical pressure ratios. ' The diameter
of the mixing tube was varied to give diameter ratios of mixing
tube to primary nozzle of 2.2 to 5.7.

In this injector the ratio of secondary to primery mass
flow varied from O to 4. The maximum static pressure rise in the
mixing tube was about one stmosphere.

Graphs are presented which compare experimental results
with those predicted from one-dimensional analysis. Curves are
presented for the design of injectors for the range of variables
investigated.

The static pressures along the mixing tube were observed
in order to determine the lengths required for mixing. A complete
set of pressure profile curves is presented, and the relation of

the mixing length to the other variables given in graphical form.
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TABLE OF NOMENCLATURE
SUBSCRIPTS
1 Primary jet in plane of nozzle exit.
2  Secondary jet at throat of nozzle.
3 §Section of mixing tube vwhere pressure recovery is maximum.
e Space before secondary nozzle throat.
m Mean value.

o Space before primary nozzle.

NOTATIONS
A Sectional area.
Cp Specific heat at constant pressure.
D Diameter.
32.17 acceleration of gravity (ft/seca).
k Constant.
k*  Constant.
Length required for mixing of primary and secondary fluids.
Mixing length in turbulent flow.

Mass flow of air.

L - B

Total pressure.
Static pressure.

Congstant.

3 o ‘O

Total temperature.

t Static temperature.
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Velocity.

Deviation from average velocity.
Velocity.

Deviation from average velocity.
Distance from primary nozzle to throat of secondary nozzle.
Distance along axis.

Ratio of specific heats Cp/Cv.
Apparent viscosity.

Viscosity.

Fluid density.

Viscous shear stress.

Apparent shear stress.




CHAPTER I

INTRODUCTION

The injector is essentlially a form of pump. A primary
or actusting fluid flowing at a high velocity from a nozzle is
allowed to mix with and transfer its momentum to & second fluid,
called the secondary or induced fluid. By this action the
secondary fluid may be mede to flow at increased pressure.

Commercially, injectors have many applications. They
are used for deep well and ash handling pumps, for boiler water
feeding using steam as the primary fluld and also as a source of
inducing draught in steam locomotives. Because of the complete
absence of moving metal parts they are very reliable. This
together with their inexpensive and simple construction makes
them competitive with other forms of pumps even though the
mechanical efficiency may be less.

Injectors are finding many new applications. With the
edvent of'high power turbo jets the injector problem has received
considerable attention as a means of utilizing tail pipe burning
for thrust augmentaetion, or for supplying additional air for
engine cooling. The injector seems promising for this service
because of its simple construction and low weight. It has also
been congidered as a pump for removing boundary- layer air from

aircraft wings and fuselage surfaces.




An spplication of the injector with which the author
has been directly connected was to meter and feed coal to the
furnace of the McGill experimental cosl burning gas turbine. In
this case the primary fluid was air which was bled from the
compressor outlet, and the secondary medium consisted of fine
coal particles asbout 90% being of less then 200 mesh in size.

This feed gystem was used for about 200 hours of engine running at
low power conditions. At high power running conditions with
high furnace pressure it was found that the particular injector
used could not pump sufficient coal against the increased pregsure
and gave an unsteady coal feed. In future tests the coal will

be metered by other means and the injector will be used solely

to convey the metered coal to the furnace.

No experimental results could be found for an injector
pump for solid particles. Even when both primary and secondary
fluids are air the data available is meagre and limited to a small
range of variables., It was therefore thought logical that
before proceeding with the more complicated case vhere the
secondary medium was solid particles, to investigate the case of
the secondary fluid being air and compare the performance with
that predicted from the one-dimensional analysis. This thesis
deals with this phase of the investigation.

A simple air injector was set up for the experiment.

It was decided to use a constant diasmeter mixing section since

one-dimensional trestment could be applied to this form. This




injector was of the ennular type with the primery air nozzle
located centrally. Complications such as end diffusers were
not used because it was thought that this was another problem

which could be investigated geparately.




CHAPTER II
THEORY

I - One-Dimensional Analysis

The performance of the injector may be obtained by
treating the flow as "one~dimensional®; that is, a flow in
vhich the velocity, the pressure and the temperature of the
fluid are assumed to be constant over any given cross section.
Although this supplies no information for the region where the
primary and secondary fluids mix, it gives a way of calculating
the overall performance which agrees fairly well with that
obtained from actual tests, as will be shown from the results
of the experiment. The application of one-dimensional analysis
to the constant diameter injector will now be given.

In many flow processes the important flow variables

defined by the conservation laws and the equation of state may
u
VgRT

the velocity parameter, MPéRT the total pressure parameter,

pA u_ . PA

be combined into a set of related dimensionless quantities:

the

the static pressure parameter and
MyERT P P Verr * Wy
total momentum parameter. Other dimensionless parameters may
be used but the above are chosen because they contain the mass
flow M, the total temperature T, and the totel pressure P,

which may be considered to remain constant in many flow processes.

These parameters are related to the pressure ratio P by a growp
p




of equations for adiabatic flow processes which are given in
Appendix I. In Ref. 17 curves are plotted from these equations

vhich relate the above paraméters and facilitates the handling of

flow problems.
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Fig. 1. Cross Section of Injector,

A diagrammatic sketch of the cross section of the
injector is shown in Fig. 1. Primary air flows from the reservoir
"e" and issues from the exit of the primary nozzle shown as "4m
in the diagram. The secondary air flows from region "o" through
the annular space between primary nozzle and mixing tube shown
ag "2n, The two flows come together and mix with transfer of
mass and momentum and leave the mixing tube at section "3".

Far the one-dimensional treatment of the injector the
following assumptibns are made:

(1) Uniform velocity and pressure at "i" the exit of the

primary nozzle, and also at "2" the throat of the




gecondary nozzle,
(2) Complete mixing of air streams and so wmiform velocity
and pressure at section "3" the exit of the mixing tube.
(3) No heat transfer across the boundary of the mixing tube.
(4) Values of Cp and y for both fluids are constant and
equal to 0.24 and 1./ respectively.

(5) No friction losses in nozzles or mixing tube.

Conslidering the conditions at the inlet and outlet of
the mixing section and applying the law of conservation of
momentum, the law of conservetion of mass and agsuming (5) no

losses in the mixing tube, the following equation is obtained.
Myw + piA; +Maup + DaAe = (M + Mp) ug + pg (4 +42) .. (1)

This is the momentum equation for the constant diameter injector.
The method used to calculate the performance of the
injector will now be given., Consider first the primary converging
nozzle. If the pressure ratio Pe/p. is less than the critical
value, then p; will remain equal to pz; at all times. If the

ratio pe/p, 1s greater than the critical value the nozzle becomes
chocked, the pressure at "4i" will then increase as P 1is
increased, the ratio Pe/p, remaining constant at the critical
value and the jet will expand beyond section "i" of the nozzle.

In a convergent nozzle operating above the critical

pressure ratio the static pressure parameter __giéi__ remains

M, \ eRT,




constent and neglecting the nozzle losses

Pe '
Ml = klAl W 0009060086090 E006000e0s000s0s0OITBIOILLE (2)
e

For a constant pressure ratio the momentum parameter also remains

constant and the momentum can be calculated by the formula

§
M1u1+p1A1 = klpeAl 00O OB CIEROSEORISIS P OEOGOESLOLESELENOGEESES (5)

Thus for a given converging nozzle the mass flow and momentum can
be calculated if A,, pe and Te are known.

In the calculations of the secondary mass flows and
momenta the following procedure was followed. A static pressure
was agsumed for section *2" the throat of the secondary noﬁzle.
The ratio Po/p, ©20 be calculated which fixes all the other
parameters at this section. The mass flows and the momenta
can then be calculated from the adisbatic flow equations given
in the appendix or more conveniently from parameter curves such
as plotted in Ref. 17.

By adding the mass flows and momenta at "1" and "29,
the mass flows and momentum at section "3" can be found. The
momentun parameter can then be calculated and all the other
parameters found from curves Ref. 17. This was the method used
to calculate the theoretical curves given in Figs. 15, 16, 17

and 18 of the report.



As already mentioned this method of analysis does not
concern the very essential mixing process which occurs between
gections "4i" and "3", Therefore the present knowledge of

turbulent mixing of streams will be reviewed.

II Turbulent Theory
If two streams of fluld of different velocities and

properties unite after passing some boundary as shown in Fig. 2,
identations increase
rapidly in size. This

results in the surface of

discontinuity breaking

down into a large number

of eddies or vortices

which are usually ir-

regular. Because of

Fig.2. Two Streams of Fluid
Flowing Together.

fluctuations in the flow
the surface at the boun-
cary between the two fluids may take on a slightly wavy foam as
showvn in Fig. 3. If a system of co-ordinstes is taeken which
move along with a velocity equal to the mean velocity of the two
streams then the wave crests and troughs will remain at rest.
With respect to this system of co-ordinates the upper fluid is
flowing towards the right while the lower fluid is flowing

towards the left. Applying Bernoulli's theorem will lead to



the conclusion that the motion being assumed steady there is an
excess of pressure at the crests of each fluid and a defect of
pressure at the troughs. This distribution of pressure indicates
that the motion cannot be steady, for the fluid in the region of
excess pressure will tend to move into the neighbouring region
vhere there is reduced pressure. This causes the undulations to
become more marked, resulting in the surface of discontinuity
breaking down into separate eddies. This concept is given by

Prandtl (Ref. 12).
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Fig. 3. Fluid Streams with Undulations.

The final state usually consists of an irregular medley
of large and small eddies as shown in Fig. 4. Thus it can be seen

that mixing of two fluid

—~f’“““—~—‘/f—~”-~;f%‘"' ' streams is subject to

s g . TN - i

x“‘f5~\x\\\‘\\5 \\ considerable and usually
s __J/’

S s G irregular fluctuations.
However the time average
of the velocities at

Fig. 4. Eddies in a Surface of
Discontinuity. different points taken
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together represents a steady flow of the mean value.

If the velocity components are denoted by wuy o and
the temporary deviations from those by u' v' go that the actual
velocities are u= u, +u', v= v, +v' then the mean values
of u' v'! are zero. By definition this is however, not true of
the mean of the squares of the products of u' and v!,

In applying the momentum theorem to turbulent motions
it is not sufficient to apply it to the steady average motions but
the mean value must be formed from the momenta crossing the fixed
control surface. It can be shown that the average momentum

passing through a unit area is
e(uv), = eu vy+ e v

vhere the suffix "m" is used to denote the mean values. This
means that the average momentum passing through this area is
greater than that calculated, using the average velocities, by
the amount @ (u! v!)y the mean value of the product of the
velocity fluctuations.

Now the change of momentum with time of any mass is
equal to the force acting on that mass. Therefore the reaction
corresponding to @€ (u' v )m which 1s exerted on a unit area

is a shear gtress, and

7' = - v')m R VA



- 1) -

vhere 7' 1is an apparent shearing stress caused by turbulence.
This equation cannot be applied because of the difficulty of
estimating a value for 7!.

In order to obtain a formule of practical use Prandtl
expressed u' and v' the fluctuations of velocity by other
quantities related to the distribution of the mean velocity.
Prandtl assumed a length which he considered related to the
diameter of balls of fluid which move as a whole, and also as
the path transversed by those balls relative toAthe rest of the
surrounding fluid.

Considering a ball of fluid displaced between two
velocity layers of distance Y4 apart the change in its velocity
v'! becomes { fgg? . Because of the continuity condition for
a small element the velocity fluctuation v' must be of the same
magnitude. Inserting these values for u' and v' in
equation (4)

2 /8y 2
7y o= el (a}uﬂ) P ()
This is Prandtl!s equation and it can be applied to many problems

of turbulent flow.

du
If we assume that € = 92 —=2  then

dy
7= € i"i P (=)
dy

and the equation becomes of the same type as the equation for
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the viscous shearing stress 7 = p g—;l and & has the dimensions
of a viscosity. It is however larger by power of ten. Another
important difference is that it varies very much from point to
point, for example it goes to zero as the boundary wall is
approached.

The mixing length ! in turbulent motion varies from
place to place. No general theory is yet avallable regarding
its magnitude, although in a number of particular cases it has
been found possible to make assumptions leading to results in
good agreement with experiment. In many instances it is permiss-
ible to neglect the actual shearing stresses arising from thé
viscosity in comparison with the apparent shearing stresses, and
also a far more reaching assumption to leave the effect of viscosity
on the magnitude of £ out of mccount altogether. The latter
assumption is permissible only for large Reynolds' numbers.

In many cases the length f can be brought into a
simple relation to the characteristic lengths of the respective
flows. For the flow along a smooth wall A must at the wall
itself equal zero, since all transverse motions are prevented at
gsolid boundaries.

In order to find the quantity ,[ from the data of

(1 7
basic flow, T. Karman put the !

- Qgslf;ul
'[ = k ldy dy=
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according to the formula [ is not dependent on the amount of
velocity but only on the velocity distribution. Thus ,? is a
pure position function, k 1s a constant which must be determined
from experiment.

The Prandtl mixing length formula has been applied
successfully to casgses of free jets issuing in still air. Here
the mixing length ,[ may be assumed a pure position function
proportional to the width of the jef: from the resulting formula
we can deduce their behaviour.

The difficulty of applying Prandtl's equation to
calculations for the injector is one of finding a suitable mixing
length. With an injector having a large ratio of mixing tube
diemeter to primary nozzle diameter it is probable that in the
region of the exit of the primary nozzle the mixing length f
would be closely related to the mixing length of the free jet.
0f course, as the mixing advanced, this simple assumption could
not apply, since near the wall the mixing length must become
zZero. It 1s therefore umlikely that any simple approximation
for the mixing length would yleld valuable results without

investigating the velocity, pressure and turbulence in the mixing

tube.
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III Review of Literature

In the published work on injectors most authors consider
only the one-dimensional analysis of entrance to and exit from
the mixing tube. Mixing is considered to take place either at
constant area or constant pressure, the two cases subject to
calculation. This type of analysis is exemplified by work of
Stodola (Ref. 14) and later by Flugel (Ref. 4).

In his analysis of the injector Flﬁgel considered mixing
to take place at constant pressure. By using the energy equation
he arrived at optimum velocities for mixing of the primary and
secondary fluids. Combining the energy and momentum equations
he was able to outline calculations for an injector with constant
pressure mixing followed by a diffuser. From his calculatioﬁs
he was able to suggest the best shape of mixing nozzle and he
presented equations which applied to gas liquids and vapours.

Flagel introduced the concept of the effective dragging
force between primary and-secondary fluids. To simplify the
calculations he assumed that at any point the velocity over a
section of the primary jet and the velocity over the annulér ares
occupied by the secondary fluid were constant. He applied the

following formula

2
af = k—zgg-(vl—VQ) da

vhere "df" is the force on a small element "da' of the boundary
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surface, "k" a kind of friction constant and "v," and "v," the
velocities of the fluid streams. By applying this equation
together with the momentum equation for small sections of 1enéth
"dx" along the axis, and allowing for wall friction, he obtained
en equation which may be solved for licuids but is insoluble for
dissimilar compressible fluids.

A similar approach has more recently been made by
B. Szczeniowski (Ref. 16). By equating the resistance of the
primary on the secondary fluid he was able to calculzte the
performance of a liquid injector. His calculations are concerned
only with end results end unlike Flﬁgel's do not follow changes
along the mixing tube.

Keenen and Newmann (Ref. 8) studied an air injector with
constant area mixing. By varying the diameter of the primery
nozzle they investigated a range of diameter ratios of primery
nozéle to mixing tube from 107 to 1024. The apparatus was
designed with a blower for the secondary air so that tests could
be run with equal pressures before the secondary nozzle and at
the exit of the mixing tube. Most of the experimental results
are given for this condition and therefore cannot be used for
pump design. They found that in the region of variables inveé,
tigated their results agreed fairly closely to that predicted by

one-dimensional treatment.
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CHAPTER ITI

APPARATUS

The apparatus was designed to study the pumping
properties of the injector and the preséure behaviour in the
mixing tube. It was thought that the most useful information
could be obtained by keeping the geometry of the injector as
simple as possible, so an injector with a constent mixing tube
diameter was chosen. This type of injector gives a pressure
rise in the mixing tube and lends itself to one~dimensional
analysis. |

In choosing the range of variables for the injector
the possibility of using the same injector later as a coal pump
wvas kept in mind so that comparisons could be easily made. A range
of diameter ratios of primary nozzle to mixing tube of between
2.2, to 5.73 was chosen with pressure ratios across the primery
nozzle from 2 to 6.

A léyout of the apparatus is shown in Fig. 5. The air
for the primary nozzle wes supplied from the laboratory main and
was capable of giving 0.1 1lbs per second at 90 psia. The air
flowed through a globe valve with a bypass for fine adjustments
and thmw ugh a gtandard orifice meter before passing to the
primery nozzle. The pressure and temperature of the air before
the orifice meter was measured and also the differential pressure

across the orifice plate.
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Detail of Primary Nozzle

Fig.6.
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Fig.7. Details of Secondary Nozzle
Nozzle No. Dy in. R; in. Rz in. T in.
1 1.455 1.92 0.68 1.156
2 1.187 1.56 0.56 0.937
3 0.811 1:12 0.40 0.656
4 0.560 0.80 0.28 0.469
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The details of the primary nozzle are shown in Fig. 6.
The outside profile of this nozzle was designed so that the
secondary flow into the mixing tube would not be restricted vhen
the primary nozzle was located at the throat of the secondary
nozzle. The inside of the primary nozzle was shaped to reduce
losses.

The secondary nozzles were machined from brass with
profiles and dismeters shown in Fig. 7. 1In order to obtain these
profiles very accurate templates were first made and then the
nozzles machined to match them. The profiles are close to the
A.S.M.E. Bell-mouth orifices (Ref. 2).

The throat of the nozzles were of the same inside diameter
as the mixing tubes. These tubes were made from stainless steel
tubing of 5/8", 7/8", 1-1/4" and 1-1/2" nominal diameter and about
32" long. They were threaded at the ends to facilitate changing.

A series of pressure taps were made to determine the
static pressure rise along the mixing tubesg. This was & con-
venient way of determining the lengths required for fluid mixing,
and offered many advantages over methods of other investigators
(Ref. 8) who made the mixing tube sectional and increased or
decreased the length by attaching or removing sections.

Pressure taps were provided at the throat section of
the secondary nozzles as shown in Fig. 7 and also every two

inches along the tube., A convenient way of attaching the



e 2

Fig.8.

Photographs of Rig Showing Manometer
Tube Attachment
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manometer lines was used, see Fig. 8. The tube was drilled and

a metel strep with the manometer connections was clamped to the
mixing tube and provided with a rubber gasket to prevent leaks.
This arrangement eliminated any possibility of tube distortions
caused by welding on the manometer comnections. It also made the
initial construction easier and saved considerable time when the

tubes were changed.

An air metering tenk was placed after the injector with
& valve to control the pressure rise in the mixing tube. The tank
itself was about 6 feet long and 8 inches in diasmeter provided
with a baffle at the inlet to even out the velocity. A 1.999 in.
diameter thin plate orifice was provided at the outlet end to
measure the total flow through the injector. Provision was

made to measure the temperature and pressure of the tank.
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CHAPTER IV

EXPERIMENTAL PROCEDURE

I Calibration of Meters

Before proceeding with the injector tests the instruments
were checked and the meters calibrated. The thermometers were
compared with a primary standard thermometer at room temperature
and agreed within 0.3°F. The primary air gsuge was compared with
a Gas Dynamics Laboratory's standerd pressure gauge and found to
agree within 0.1 psi. throughout its entire range.

The apparatus contained three flow meters. The first
was a stendard thin plate orifice meter with flange taps. The
mass flow formula and coefficient for this meter was taken from
referencelz. The second fluid meter was the primary nozzle
itself. The third meter was the total flow meter and for this a
coefficient given by Gamberg was used (Ref. 2).

The first test was made to calibrate the primary
orifice plate meter against t e primary nozzle. Readings were
taken with the pressure upstream of the orifice plate adjusted
to 30, 50, 70 and 90 psia. From this run the formula given for
the primary air flow in Appendix I was calculated.

The second test was made to check the primary orifice
plate meter against the total flow meter. For this test the
primary nozzle and the mixing section were removed and the

primery thin plate orifice meter connected in series with the
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total flow meter. The test was run at approximately the same
conditions for the primary orifice plate meter as in the first

calibration run. The mass flows calculated for both meters

agreed within 1%.



PRESSURES 1.

2.

TEMPERATURES 7.

INSTRUMENT LIST

INSTRUMENT
Laboratory mains eir pressure Pressure Gauge
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II Experimental Running

Throughout the injector tests the primary and secondary
air remained close to room temperature and the secondary air was
at all times the prevailing barometric pressure. The primary
nozzle was located on the same axis as the mixing tube, this left
the following five variables.

(1) Distance from the exit of the primary jet to the throat
of the secondary nozzle. In the apparatus this could
be adjusted to any desired value.

(2) The dieameter ratios of mixing tube to primary nozzle.
Retios of 2.24, 3.24, 4.75 and 5.73 were obtainable.

(3) The pressure ratio across the primary nozzle. Any
value up to 6 could be obtained.

(4) The pressure rise ratio across mixing tube. This
could be varied but its maximum value depended on the
other varisbles.

(5) The secondary air mass flow, its value also was governed

by the other variebles.

A test was performed to determine the effect of varying
the distance from the exit of the primary jet to the throat of
the secondary nozzle. During this test the mixing tube diameter
and the primary air pressures were kept constant at values of
1.187 and 40 psiae. respectively. One test was carried out at

a constant low pressure in the mixing tube of 0.329" Hg. and
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varying the location of the primary nozzle from 0.7 mixing tube
diameters inside the throat to 4.75 diameters outside the throat.
In this test the secondary mass flow became the dependent variable.

A second test similar to the previous one was carriéd out
but this time the pressure rise in the mixing tube was adjusted
to a higher value; the secondary flow was very small so it was
kept constant and the pressures in the mixing tube allowed to
vary. This concluded these tests.

A comprehensive series of tests were then performed to
determine the effect of varying (2), (3) and (4) on the perform-
ance of the injector. For these tests the exit of the primary
nozzle was located at the throat of the secondary nozzle. The
procedure for these experiments all followed a similar pattern.
With one of the mixing tubes in place the primary air pressure
was kept constant at 30 psia. and a series of readings taken
varying the pressure in the mixing tube. Then the pressure was
increased to 50, 70 and 90 psia. and a set of readings obtained
for each of those pressures. The mixing tube was then replaced
with one of a different size and the same procedure followed.,

In this way the full range of variables was covered.

The resulls of these tests are shown in Figs. 22 to
33 inclusive., The static pressure behaviour along the walls
of the mixing tube are presented as curves and the values of the
variables that were kept constant for each particular curve are

shown.
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- CHAPTER V

DISCUSSION OF RESULTS

I - Effect of Position of the Primary Nozzle

The results of changing the axial position of the primary
nozzle relative to the mixing tube are shown in Figs. 10 and 11.
For both curves the primary pressure was kept at 40 psia. and the
mixing tube diameter at 1.187 inches. TFor Fig. 10 the pressure
in the mixing tube Pzs Ves kept constant at the low value of
0.353" Hg. The graph shows that from a distance of about one
mixing tube diameter outside the throat of the secondary nozzle
to about 0.5 diameters inside the throat, the ratio of Mz My
remains constant at its maximum value. From one diameter to 4.75
diameters outside the throat the ratio M2/, decreases almost
linearly with distance; also if the nozzle isg advanced more than
0.5 diameters inside the throat of the secondary nozzle the ratio
Mz, decreases, because of the shape of the primary nozzle which
restricts the secondary flow. The best position of the primary
nozzle is close to the throat of the secondery nozzle when the
values of pz are small., Similar results have been found by
Keenan and Neumann (Ref. 8) when investigating larger diameter
ratios with low mixing tube pressures.

The effect of varying the position of the primary nozzle
was also investigated with the pressure in the mixing tube increased

to approximately 3.05" Hg. (Fig. 11). Because the secondary flow




was very small it was kept constant end pz allowed to vary. The
best position for the primary nozzle was, in this case, between
three and four mixing tube dismeters outside the throat of the
secondary nozzle. It would seem that the best position of the
primery nozzle depends on the pressure rise ratio in the mixing
tube. However when the primary nozzle is located at the throat of
the secondary nozzle the decrease in pressure rise from the
maximum value is only 0.25" Hg.

It is interesting to note the effect of the position of
the primary jet on the static pressure behaviour in the mixing
tube. Figs. 10 and 11 show that varying the position of the
primary nozzle changes the position of the statlic pressure curve

but the curves remain similar for all primary nozzle positions.
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II Behaviour of the Static Pressure in the Mixing Tube

Figs. 30, 31, 32 and 33 show the behaviour of the
static pressure along the wall of the 1.433 in. diameter mixing
tube. These curves show that, in general, for a short distence
after the throat of the secondary nozzle the static pressure
increases linearly with distance. Then there is a region where
the pressure increases very rapidly: finally the static pressure
becomes fairly constant with a slight decrease which is due to
frictional losses. As shown, the behaviour of the pressure at
the section of the mixing tube close to the secondary nozzle
depends on the M;/M; ratio. For high values of this ratio the
static pressure increases, but for the very low values of Mp/M,

the pressure decreases slightly.

Fig. 9. Reglons of Mixing Tube.

The first part of the pressure curves correspond to
region "A" of the diagram (Fig. 9). The position of meximum slope

corresponds to region "B" where the boundary of the jet reaches




the wall. The constant pressure part of the curves corresponds
to region "C" where the mixing is camplete.

With the curves for the smeller diameter mixing tubes
the first constant slope sections of the static pressure curves
are not as definite. This is probably due to region "A®" being
shorter end so the widely spaced pressure taps could not detect

it.
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III Mixing Length
An attempt was made to determine the factors affecting

the length required for mixing the fluid streams. Mixing length*
mey be defined as the distance from the exit of the primary nozzle
to the point where the pressure rise in the mixing tube reaches
its maximum value. However it is difficult to locate the
maximum pressure rise from the pressure profile curves but points
where the pressure rise is 95% of the maximum can be located
more easily. These points were therefore used to correlate the
mixing length to the other variables.

The ratios of the mixing lengths to the tube diameters
were calculated and plotted against mass flow ratios Mpy/M, as
shown in Figs. 12, 13 and 14. From these curves it can be observed
that L/D5 increases as Mé/Ml increases, this relation being linear
in the case of the 0.560 in. and the 0.811 in. diameter mixing
tubes.

If the curves are extended, then for the case where no
secondary fluid is flowing the mixing length is approximately 4.5
mixing tube diameters in all cases. VWhen Mp; is equal to M; then
the L/D5 ratio increases as the M; increases. The length required
for mixing varies from sbout 4.5 mixing tube diameters to 10.5

diameters.

# The mixing length as defined above is not to be confused with
Prandtl's mixing length, as mentioned in Chapter II.
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TV General Performance of Injectors

In Fig. 15 lines are drawn for constant diameter ratio
showing the relation between M,/M; and pg/po and pressure
constant at 30 psia. The curves all behave similarly in that
the values of Mp/M, decrease as p5/p° increases, this relstion
being almost linear. The relationship of Mz/Ml depends on the
diameter ratio.

The lines for larger diameter ratios are more closely
parallel with the Mp/M, axis and the smeller diemeter ratios more
clogely parallel to the p5/p° axis. Lines predicted from theory
ere also shown in this graph. These lines show a marked similarity
with the experimental curves.

When the envelope is drawn to the constent area curves the
resulting curve will show the maximum value of Mp/M, for any given
value of p5/Po' It also shows that for any value of p5/p° there
will be a best diameter ratio that will give the maximum value of
Ma/M;.  This is very important in the design of injectors.

Similar curves for constent primary pressures of 50, 70
and 90 psia. are shown in Figs. 16, 17 and 18. They all behave
similarly to the 30 psia. curves. Also, the curves predicted
from theory show a very marked resemblence to the experimental
curves.

In order to compare the curves for different pressures
a set of envelope curves are drawn from the experimental curves

of 30, 50, 70 and 90 psia. primary pressures. It will be seen
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that the effect of increasing the primary pressure is to shift the
envelope curve away from the My/M; and pS/PO axes, For a given
value of ps/p the value of Mp/M; will increase as the primary
pressure is increased, provided of course the optimum diameter
ratio is used in each case.

It will be noted that the theoretical curves agree more
closely with experimental curves of higher primery pressures. By
triel and error it was found that if theoretical curves are drawn
for 70% of the actusl pressure ratio then these envelope curves
agree fairly closely with experimental curves (Fig. 20). This
offers an approximate method of predicting the performance of
the injector from one-dimensional curves.

Points were located in Figs. 15, 16, 17 and 18 vhere the
experimental curves touched thelr envelope curve. From these
points a set of design curves were drawn and are shown in Fig. 21.
If the required pressure rise in the mixing tube is known and
also the pressure that is available for the primary nozzle then
the optimum diameter ratio D5/D1 can be read directly from this

curve.
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CHAPTER VI
CONCLUSIONS
Part I
1. In the range of varisbles investigated the performance of the

constant ares injector can be predicted c¢losely from one-
dimensional theory.

The secondary mass flow in the injector decreases as the
pressure rise in the mixing tube is increased. This is
almosf a linear function.

For any given value of pressure rise in the mixing tube and
pressure ratio across the primary nozzle there is a bhest
diemeter ratio Dy /D, which will give maximum Mp/M,. This
best diameter ratio can be obtained from curves such as those
given in this thesis.

No general conclusion can be made regarding the effect of the

primary nozzle position on the performance of injectors.

However in the cases covered the effect of the primary nozzle

position was not critical and good performance wes obtained
vwith the primary nozzle located at the throat of the
secondary nozzle.

The length of tube required for mixing varies from 4.5 to 10.5

mixing tube diameters, increasing as the ratio of My/M,

increasges.
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Part II

As previousiy stated the present work on the constant area
alr injector originated as the preliminary investigation of an
injector for pumping solid particles. The results of such an
investigation may lead to the design of a simple pump for feeding
finely ground solid material against low pressures. A pump of
this type could be used for many spplications, such as feeding
crushed coal to industrial and other types of furnaces. This
investigation would be essentially the study of an injector varying
the properties of the secondary fluid.

In the limited investigation which was performed on the
air injector, the author beceme aware of the complexity of the
injector problem. 1In the injector not only is the geometry
variable but also the fluid properties. To obtain experimental
data for the whole range of variables would seem an almost
impossible task. In this respect simple methods of analysis
such as the one-dimensional treatment is valuable.

There is a great need for fundamental work to be done
on the problem of fluid mixing in confined spaces. In the
injector the investigation of the region of the primary jet with
hot-wire or other instruments should yield valusble information.
This would not only clarify the injector problem but also many

other related problems.
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Fig.13. Mixing Length for Diameter
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Fig.14. Mixing Length for Diameter
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Fig.?1l. Static Presgsures in Mixing Tube
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APPENDIX I
I - Formulae for Calculating Primary and Total Air Flows.

M; = 0.02535 EE
VT,
where Pg = pressure upstreem of primary nozzle psia.

Te = Temp. upstream of primery nozzle °R.
(Nozzle diameter 0.25 in.)

Chessisssrastonenne ceees (1)

(AP + B)AP

(My + Mp)= 0.0748
T

vesesnenes (2)

vhere AP = Pressure in metering tank in. Hg.
B Barometric pressure in. Hg.

Té = Temperature in metering tenk ©R.
(

rifice diameter 1.999 in.)

II - Theoretical Adiabatic Flow Equations Relating Pressure
Ratio to Other Parameters.

_\T%—FT =\/ 7.2_11.[1 - (5)1‘}}", eereeenes (B)

1
Py
ol T =T (4)
M\/_ERT- Vyz-‘yl \\l _ (_Pl;)"Y-:l-j tesveenves
Y-1
pY
T e (5)
M\ g - P Y1 R €
Lt BF






