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SUMMARY 

A method is given for applying one-dimensional analysie 

to an injector with constant diameter mixing. A review i8 made 

of the theory for the turbulent mixing of air streams. Sorne of 

the difficulties of applying this theory to injectors are con­

Ridered. 

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 wes used 

operating at higher than critical pressure ratios. . The diameter 

of the mixing tube was varied to give diameter ratios of m1xing 

tube to primary nozzle of .2 • .2 to 5.7. 

In this injector the ratio of secondary to primaIJ' mass 

flow varied from 0 to 4. The maximum ~tatic pressure rise in the 

mixing tube was about one atmosphere. 

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 de termine the lengths required for mixing. A complete 

set of pressure profile curves i8 presented, and the relation of 

the mixing lengtb to the other variables given in graphical forme 
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CHAPTER l 

INTRODUCnON 

The injeotor is essentially a form of pump. A primary 

or aotuating fluid flowing at a high velocity fram a nozzle ie 

allowed to mix wi th and tran sf er i ts momen tum to a second fi uid, 

oalled the seoondary or induced fluide By this action the 

secondary fluid may be made to flow at increased pressure. 

Commercially, injectora have many applications. They 

are used for deep well and ash handling pumps, for boi1er water 

feeding using steam as the primary fluid and a1so as a source of 

inducing draught in steam locomotives. Beoause of the complete 

absence of moving metal parts they are very re1iab1e. This 

together with their inexpensive and simple construotion makes 

them competitive wi th other forms of pumps even though the 

mechanical efficiency may be 1ess. 

Injectors are finding many new applications. With the 

advent of high power turbo jets the inj ector problem has recei ved 

considerable attention as a means of uti1izing tail pipe burning 

for thruet augmentation, or for supplying additional air for 

engine oooling. The inj ector seems promising for this service 

because of its simple construotion and 10w weight. It has also 

been oonsidered as a pump for removing boundary~ layer air from 

airoraft winge and fuselage surfaces. 
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An application of the injector with which the author 

has been directly connected was to meter and feed coal to the 

furnace of the McGill experimen'tal coal 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 about 90% being of less than 200 mesh in size. 

This feed system was used for about 200 hours of engine running at 

low power conditions. At high power running conditions with 

high furnace pressure i t was fO\D1d tha t the particular inj ector 

used could not pump sufficient co al against the increased pressure 

and gave an unsteady coal feed. In future tests the coal will 

be metered by other means and the injector~ll be used solely 

to convey the metered coal to the furnace. 

No experimental resul ts could be found for an inj ector 

pump for solid partiales. 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 logiaal that 

before proceeding with the more complicated case where the 

seoondary medium was solid particles, to investigate the oase 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 inj ector was set up for the experiment. 

It vas decided to use a constant diameter mixing section since 

one-dimensional treatment could be applied to this forme This 
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inj ector was of the annular type wi th the primary 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 separately. 
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CHAPTER II 

THEnRY 

l - One-Dimensional Analysis 

The performance of the injector may be obtained by 

treating the flow as "one-dimensional"; that is, a flow in 

which the veloci ty, 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 ove raIl performance which agrees fairly weIl with that 

obta1ned fram actual tests, as will be shown from the results 

of the experiment. The application of one-dimensional analysie 

ta the constant d1ameter injector will now be given. 

In many fl?w processes the important flow variables 

defined by the conservation laws and the equation of state may 

be combined into a set of related dimensionless quantities: \~ 
VgRT 

the velo city parameter, PA the total pressure parameter, 
MVgRT 

~ ~ MVgRT the- static pressure parameter and ~ + the 
. V tsLl.J. M V di 

total momentum parameter. Otber dimensionless parameters may 

be used but the above are chosen because they contain the mass 

flow M, the total temperature T, and the total pressure P, 

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

These parameters are related to the pressure ratio P b.Y a group 
p 
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of equations for adiabatic flow processes which are given in 

Appendix l. In Ref. 17 curves are plotted from these equations 

which relate the above parameters and facilitates the handling of 

fiow problems. 

o ~-----
2 '-----e 1 

-_ . ..,,------

Fig. 1. Cross Section of Injector. 

A diagrammatic sketch of the oross section of the 

inj ector is shown in Fig. 1. Primary air nows from the reservoir 

"en and issues t'rom the en t of the primary nozzle shown as "1" 

in the diagram. The secondary air nows from region "0" through 

the annular spaoe between primary nozzle and mixing tube shown 

as "2". The two nows oome together and mix wi th transfer of 

mass and momentum and leave the mixing tube at seotion "3". 

Far the one-dimensionaltreatment of the injector the 

following assumptions are made: 

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

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

(2) Complete mixing of air streams and 60 uniform 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 1.4 respectively. 

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

Considering the conditions at the inlet and outlet of 

the mixing section and applying the law of conservation of 

momentum, the law of conservation of mass and assuming (5) no 

losses in the mixing tube, the following equation is obtained. 

This is the momentum equation for the constant diameter inj ector. 

The method used to caloula te the performance of the 

inj ector will now be gi ven 0 Consider first the primary converging 

nozzle. If the pressure ratio Pe/Pa is less than the critical 

value, then Pl will remain equal to Pa at all ttmes. If the 

ratio Pe/Pa i5 greater than the critical value the nozzle becames 

chocked, the pressureat "1" will then lncrease as Pe ls 

increased, the ratio Pe/Pa remaining constant at the critical 

value and the jet will expand beyond section "1" of the nozzle. 

In a convergent nozzle operating above the critical 

pressure ratio the static pressure parame ter P1Al remains 
Ml (grtr;, 



cons"tP..nt and neg1ecting the nozz1e losses 

Pe 

\Tf: o ••••••••••••••••••••••••••••••• (2) 

For a constant pressure ratio the momentum parame ter also remains 

constant and the momentum can be calculated by the formula 

Thus for a given converging nozzle the mass flow and momentum can 

be calculated if Al' pe and Te are known. 

In the calculations of the secondary mass flows and 

momenta the following procedure was followed. A static pressure 

was assumed for section ~2" the throat of the secondary nozzle. 

The ratio PO/P2 can be calculated which fixes aIl the other 

parameters at this section. The mass flows and the momenta 

can then be calculated from the adiabatic now equations given 

in the appendix or more conveniently from parame ter curves such 

as plotted in Ref. 17. 

By adding the mass nows and momenta at "1" and "2", 

the mass flows and momentum at section "5" can be found. The 

momentum parameter can then be ca1culated and aIl the other 

parameters found from curves Rer. 17. This was the method used 

to calculate the theoretical curves given in Fige. 15, 16, 17 

and 18 of the report. 
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As already mentioned this method of analysis does not 

concern the very essential mixing proeess which oeeurs between 

sections "1" and "5". Therefore the present knowledge of 

turbulent mixing of streams will be reviewed. 

II Turbulent Theory 

If two streams of fluid of different veloeities and 

properties unite after passing sorne boundary as shown in Fig. 2, 

Fig.2. Two streams of Fluid 
Flowing Together. 

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 

fluctuations in the flow 

the surf~ce a t the botm-

cary between the two fluide may take on a slightly wavy foam as 

shown in Fig. 5. If a system of co-ordinates is taken which 

move along with a velocity equal to the mean velocity of the two 

streams then the wave creste and troughs will remain at rest. 

Vith respect to thls system of co-ordinates the upper fluid Is 

flowing towards the right while the 10wer fluid Is flowing 

towards the 1eft. App1ying Bernoulli t s theorem will lead ta 



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 ~teady, for the fluid in the region of 

excess pressure will tend to move into the neighbouring region 

where there ls reduced pressure. This causes the undulations to 

become more marked, resulting in the surface of discontinuity 

breaklng down into separate eddies . 

Prandtl (Ref. 12). 

This concept ls gi ven by 

r---­
t--­.-----.... - __ 1 

--1 
-----' 
.... -_ - 1 
... - 1 

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 1 t can be seen 

_ .. ---

-'----
Fig. 4. Eddies in a Surface of 

Discontinulty. 

that mixing of two fluid 

streams is subject to 

considerable and usually 

irregular fluctuations. 

However the time average 

of the velocities at 

different points taken 
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together repreeents a steady flow of the Mean value. 

If the velocity components are denoted by Um vm and 

the temporary deviations from those by u l VI so that the actual 

velocities are u: ~ + u I , v: vm + VI then the mean values 

of u l VI are zero. By definition thie 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 ta the steady average motions but 

the raean 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 

where the suffix "m" is used ta denote the Mean values. This 

means that the average momentum paesing through this area is 

greater than that calculated, using the average velocities, by 

the amount e (ul vl)m the mean value of the product of the 

velocity fluctuations. 

Now the change of momen tum wi th tirae of any mase ie 

equal to the force acting on that mass. Therefore the reaotion 

corresponding to e (u' v')m which ie exerted on a mit area 

i6 a shear stress, and 

~I = - eCu' vl)m ••••••••••••••••••••••••••••• (4) 
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where 'i' is an apparent shearing stress caused by turbulence. 

This equation cannot be applied because of the difficulty of 

estimating a value for l' ' . 

In order to obtain a formula of practical use Prandtl 

expressed ut and v t the fluctuations of velocity b.1 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 b.1 those balls relative to the rest of the 

surrounding fluide 

Considering a baIl of fluid displaced between two 

velocity layers of distance j apart the change in its velocity 

Il dUm • v' becomes K Because of the continui ty condition for 
dy 

a small element the velocity fluctuation v' must be of the sarne 

magnitude. 

equation (4) 

Inserting these values for u ' and v t in 

R.. 2 (~)2 e dy 
•••••••••••••••••••• (5) 

This is Prandtl' s equa tian and i t can be applied to many pro blems 

of turbulent now. 

If we assume that 

'f' = € <ÎUm 
dy 

du m -dy 
then 

......................... (6) 

and the equation becomes of the srune type as the equation for 
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the viscous shearing stress -:r: J1 ~; and é bas 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 1 in turbulent motion varies from 

plaoe to place. No general theory i8 yet available regarding 

its magnitude, although in a number of particular cases it has 

been found possible to make assumptions leading to reaul ta in 

good agreement wi th experiment. In many instances i t is permiss-

ible to neglect the actual shearing stresses arising from the 

viscosity in comparison with the apparent shearing stresses, and 

also a far more reaohing assumption to leave the effeet of viscosity 

on the magnitude of f. out of aeeount al together. The latter 

assumption is permissible only for large Reynolds' numbers. 

In many cases the length 1 oan be brought into a 

simple relation to the charaeteristie lengths of the respective 

flows. For the flow along a smooth wall 1. must at the wall 

itself equal zero, sinee all transverse motions are prevented at 

solid boundaries. 

In order to find the quantity i from the data of 

basic flow, T. Kârmân put the 1"1 

1. = k I~ dy 1 ni dy2 
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according to the formula J. is not dependent on the amount of 

velocity but only on the velocity distribution. Thus R is a 

pure position tunctlon, k is a constant which must be determined 

from experiment. 

The Prandtl mixing length formula has been applied 

successfully to cases of free jets lssuing in still air. Rere 

the mixing length j may be assumed a pure post tion function 

proportional to the width of the jet: from the resul ting formula 

we can deduce their behaviour. 

The difficulty of applying Prandtl' s equation to 

calculations for the lnj ector ls one of finding a sui table mixing 

length. Vith an injector having a large ratio of mixlng tube 

diameter to primary nozzle diameter i t ls probable that in the 

region of the exit of the primary nozzle the mixing length 1. 
would be closely related to the mixing length of the free jet. 

Of course, as the mixing advanced, this simple assumption could 

not apply, sinee near the wall the mixing length must become 

zero. It is therefore unlikely that any simple approximation 

for the mixing length would yield valuable resul ts wi thout 

lnvestlgating the veloelty, pressure and turbulence in the mixing 

tube. 



- 14 -

III Review of Literature 

In the published ' work on inj~otors most authors conslder 

only the one-dimensional analysis of en trance te and ex! t from 

the mixing tube. Mixing is considered te take place either at 

constant are a or constant pressure, the ~o cases subject to 

calculation. This type of analysis is exemplifi.ed by work of 
Il 

Stodola (Ref. 14) and later by Flugel (Ref. 4). 

In his analysis of the injecter Flügel considered mixing 

to take place at constant pressure. By using the energy equation 

he arrived at optimum velocities for roixing of the primary and 

secondary fluids. Combining the energy and roomentum equations 

he was able to outline calculations for an injector with constant 

pressure roixing followed by a diffuser. From his calculations 

he was able to suggest the best shape of roixing nozzle and he 

presented equations which applied to gas liquids and vapours. 

" Flugel introduced the concept of the effective dragging 

force between priroary and secondary fluids. To simplify the 

calculations he assumed that at any point the velocity over a 

section of the primary j et and the velo ci ty over the annular area 

occupied by the secondary fluid were constant. He applied the 

following formula 

where "df ll is the force on a small element "dal! of the boundary 
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surface, "k" a kind of friction constant and "VJ.II and "va" the 

velocities of the fluid stresms. By applying this equation 

together with the momentum equation for small sections of length 

"dx" along the axis, and allowing for wall friction, he obt&ined 

an equation Which may be solved for liquids but ie insoluble for 

dissimilar compressible fluids. 

A similar approach has more recently been made Qy 

B. Szczeniowski (Ref. 16). By equating the resistance of the 

primary on the secondary fluid he was able to ca1culete the 

performance of a 1iquid injector. His ca1culations are concerned 

" on1y with end results and un1ike Fluge1's do not fo110w changes 

a10ng the mixing tube. 

Keenan and Ne'WIllann (Ref. 8) studied an air injector witb 

constant area mixing. By varying the diameter of the primary 

nozz1e they investigated a range of dismeter ratios of primary 

nozzle to mixing tube from 107 to 1024. The apparatus was 

designed wi th 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 invee~ 

tigated their results agreed fair1y close1y to that predicted by 

one-dimensiona1 treatment. 
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CHAPTER III 

APPARATUS 

The apparatus was designed te study the pumping 

properties of the injecter and the pressure 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 constant mixing tube 

diameter was chosen. This type of injecter gives a pressure 

rise in the mixing tube and lands itse1f to one-dimensiona1 

ana1ysis. 

In choosing the range of variables for the injector 

the possibi1ity of using the saroe injecter 1ater as a ooa1 pump 

was kept in mind so that comparisons could be easi1y made. A range 

of diameter ratios of primary nozz1e to mixing tube of between 

2.24 to 5.75 was ohosen with pressure ratios across the primary 

nozzle from 2 to 6. 

A 1ayout of the apparatus is shown in Fig. 5. The air 

for the primary nozz1e was supp1ied from the laboratery main and 

was capable of giving 0.1 lbs per second at 90 psia. The air 

flowed through a globe valve with a bypass for fine adjuBtmentB 

and thmugh a standard orifice meter before passing to the 

primary nozz1e. The pressure and temperature of the air before 

the orifioe meter was measured and a1so the differentia1 pressure 

aoross the orifice plate. 
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Fig.7. Details of Secondary Nozzle 

Nozzle No. D5 in. Rl in. Ra in. T in. 

l 1.455 1.92 0.68 1.156 
2 1.187 1.56 Q.56 0.957 
5 0.811 1.12 0.40 0.656 
4 0.560 0.80 0.28 0.469 
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The detai1s of the primary nozz1e are shown in Fig. 6. 

The outside profile of this nozz1e was designed so that the 

secondary f10w into the mixing tube would not be restricted when 

the primary nozz1e ws 10cated at the throat of the secondary 

nozzle. 

10sses. 

The inside of the primary nozzle was shaped to reduce 

The secondary nozzles were machined from brass with 

profiles and diameters shown in Fig. 7. In order to obtain these 

profiles very accurate temp1ates were first made and then the 

nozzles machined to match them. The profiles are close to the 

A.S.M.E. Bell~outh orifices (Ref. 2). 

The throat of the nozz1es were of the sarne ins1de diameter 

as the mixing tubes. These tubes were made from sta1nless steel 

tubing of 5/8", 7/8", l-1/4 11 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 

stat1c pressure rise along the mixing tubes. This ws a con­

ven1ent way of determining the lengths required for fluid mixing, 

and offered many advantages over methods of other 1nvestigators 

(Ref. 8) who made the mixing tube sectiona1 and increased or 

decreased the 1ength by a ttaching or removing sections. 

Pressure taps were provided at the throat section of 

the secondary nozz1es as show in Fig. 7 and also every two 

inches along the tube. A conven1ent way of attaching the 
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Fig.S. Photographs of Rig Showing Manometer 
Tube At taclunen t 
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manometer lines was used, see Fig. 8. The tube was drilled and 

a metal strap with the manometer connections was clamped to the 

mixing tube and provided wi th a rubber gasket to prevent leaks. 

This arrangement eliminated any possibility of tube distortions 

caused Qy welding on the manometer connections. It also made the 

initial construction easier and saved considerable time when the 

tubes were changed. 

An air metering tank was placed after the injector with 

a valve to control the pressure rise in the mixing tube. The tank 

itself was about 6 feet long and 8 inches in diameter 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 messure the temperature and pressure of the tank. 



- 25 -

CHAPTER IV 

EXPERIMENTAL PROCEDURE 

l Calibration of Metera 

Before proceeding with the injector tests the instruments 

were checked and the meters calibrated. The tbermometers were 

compared with a primary standard tbermometer at room temperature 

and agreed wi thin 0.5° F • The primary air gauge was compared wi th 

a Gas Dynamics Laboratory's standard pressure gauge and found to 

agree within 0.1 psi. througbout its entire range. 

The apparatus contained three flow meters. The first 

was a standard thin pla te orifice meter wi th flange taps. The 

mass flow formula and coefficient for this meter was taken from 

reference 2. The second fluid me ter was the primary nozzle 

itself. The third meter was the total flowmeter 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 ~e primary nozzle. Readings were 

taken with the pressure upstream of the orifice plate adjusted 

ta 50, 50, 10 and 90 psia. From this run the formula given for 

the primary air flow in Appendix l ws calcula ted. 

The second test ws made te 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 

primary 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 rune 

agreed within 1%. 

The mass flo'Ts calcula ted for both meters 



INSTRUMENT LIST 

INSTRUMENT RANGE SMALLEST SUBDIVISION 

PRESSURES 1. Labora tory mains air pressure Pressure Gauge o - 100 psig. 0.5 psi. 
et inlet to apparatus 

2. Air upstream of thin plate Pressure Gauge o - 100 psig. 0.5 psi. 
primary orifice 

5. Differential pressure across H;aO Manometer o - 40" H;aO 0.1" 
primary orifice 

4. Atmospheric Pressure Hg. Barometer 0.01" 
l\) 

5. Mixing tube static pressures H;aO Manometers o - 40" H2 0 0.1" \)\ 

6. Total fiow metering tank H;aO U-tube o - 40" H20 0.1" 
pressure 

TEMPERATURES 7. Air temperature upstream of Mercury Thermometer o - 120°F 1° 
primary orifice 

8. Ambient Air Temperature Mercury Thermometer o - 120°F 10 

9. Total flow measuring tank Mercury Thermometer o - 120°F 10 

temperature 
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II Experimental Running 

Throughout the injector tests the primary and secondary 

a~r remained close to room temperature and the secondary air was 

at aIl times the prevailing barometric pressure. The primary 

nozzle was located on the S['.ùllC axis as the mixing tube, this left 

the following five variables. 

(1) Distance from the exit of the prllnary jet to the throat 

of the secondary nozzle. In the apparatus this could 

be adjusted to any desired value. 

(2) The diameter ratios of mixing tube to primary nozzle. 

Ratios 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 variables. 

(5) The secondary air mass flow, i te value aleo was governed 

by the otber variables. 

A test ws performed to de termine the effect of varying 

the distance from the exit of the primary jet to the throa t 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 peia. respectively. One test was carried out at 

a constant low pressure in the mixing tube of 0.529" Hg. and 
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valyL~g the location of the prbnary nozzle from 0.7 mixing tube 

diameters inside the throat ta 4.75 diameters outside the throat. 

In this test the secondary L18:~S flol' became the dependent variable. 

A second test. similar to the previous one was carried out 

but this time the prepsure rise in the mixing tube was adjusted 

to a higher value; the secondary flow was very sroall 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. 

Wi th one of the mixing tubes in place the primary air pressure 

was kept constant at 50 psia. and a series of readings taken 

varying the pressure in the mixing tube. Then the pressure WllS 

increased te 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 saroe procedure followed. 

In this way the full range of variables was covered. 

The results of these tests are shown in Figs. 22 te 

55 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 

l - Effect of Position of the Prtmar,{ 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 bath curves the primary pressure was kept at 40 psia. and the 

mixing tube diameter at 1.187 inches. For Fig. 10 the pressure 

in the mixing tube PB' was kept constant at the low value of 

0.555" 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 M2/M1 

remains constant at its maximum value. From one diameter to 4.75 

diameters outside the throat the ratio M2/M1 decreases almost 

linearly wi th distance; also if the nozzle is advanced more than 

0.5 diameters inside the throat of the secondary nozzle the ratio 

M2)M1 decreases, because of the shape of the primary nozzle which 

restricts the secondary flow. The best position of the primary 

nozzle is close ta the throat of the secondary nozzle when the 

values of PB 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 5.05" Hg. (Fig. 11). Because the secondary flow 
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was very small 1 t was kept constant end PB allowed to vary. The 

best position for the primary nozzle was, in this case, between 

three and four mlxing tube dlameters outside the throat of the 

secondary nozzle. It would seem that the best position of the 

primary nozzle depends on the pressure rise ratio in the mixing 

tube. However when the primary nozzle 1s located at the throat of 

the secondary nozzle the decrease in pressure rise from the 

maximum value is only 0.25" Hg. 

It ls interesting te note the effect of the position of 

the primary jet on the static pressure behaviour in the mixing 

tube. Flgs. 10 and Il show that varying the position of the 

primary nozzle changes the position of the static pressure curve 

but the curves remain similar for aIl primary nozzle positions. 
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II BehavioUr of the Stat1c Pressure in the Mixing Tube 

Figs. 50, 51, 52 and 55 show the behaviour of the 

static pressure a10ng the wall of the 1.455 in. diameter mixj~g 

tube. These curves show that, in genera1, for a short distance 

after the throat of the secondary nozz1e the static pressure 

increases 1inear1y with distance. Then there i6 a region where 

the pressure increases very rapid1y: fina11y the static pressure 

becomes fair1y constant with a slight decrease which is due to 

frictiona1 losses. As shown, the behaviour of the pressure at 

the section of the mixing tube close to the secondary nozzle 

depends on the Ma/Ml ratio . For high values of this ratiQ the 

static pressure increases, but for the very low values of Ma/Ml 

the pressure decreases s1ight1y. 

------4<:" 

------le:.:. 

A B c 

Fig. 9. Regions of Mixing Tube. 

The first part of the pressure curves correspond to 

region "A" of the diagram (Fig. 9). The position of maximum s10pe 

corresponds to region "B" where the boundary of the jet reaches 
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the wall. The constant pressure part of the curves corresponds 

te region "C" where the m1xing is complete. 

With the curves for the smaller diameter m1xing tubes 

the first constant slope sections of the static pressure curves 

are not as definite. This is probably due to region "Aff being 

shorter and so the widely spaced pressure taps could not detect 

it. 
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III Mixing Length 

.An attempt was made te determine the factors affecting 

the length required for mixing the fluid streams. Mixing length* 

may 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 te 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 te correlate the 

mixing length te the other variables. 

The ratios of the mixing lengths to the tube diameters 

were calculated and plotted against mass flow ratios Ma/Ml as 

shown in Figs. 12, 15 and 14. From these curves i t can be observed 

that LIDo increases as Ma/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 nuid is nowing the mixing length is approximately 4.5 

mixing tube diameters in aIl cases. When Ma is equal to Ml then 

the LIDo ratio increases as the Ml increases. The length required 

for mixing varies from about 4.5 mixing tube diameters te 10., 

diameters. 

* The mixing length as defined a bove i s not te be confused wi th 
Prandtl' s mixing length, as mentioned in Chapter II. 
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IV General Performance of Injectors 

In Fig. 15 lines are dra,m for constant dia.meter ratio 

showing the relation between Ma/Ml and P5/ and pressure 
Po 

constant at 50 paia. The curves aIl behave similarly in that 

decrease as P5/ increases, 
Po 

this relation 

being almost linear. The relat10nship of Ma/M1 depends on the 

d1a.meter ratio. 

The lines for larger diameter ratios are more closely 

parallel with the Ma/Ml axis and the smaller diameter ratios more 

closely parallel te the PBI 
Po 

axis. Lines predicted from theory 

are also shown in this graph. These lines show a marked similarity 

with the experimental curves. 

When the envelope is drawn te the constant area curves the 

resulting curve will show the maximum value of M2/Ml for any given 

value of PB/po. It also shows thé: t for any value of P5/po there 

will be a best diameter ratio that will give the maximum value of 

This is very important in the design of inj ecters. 

Sim1lar curves for constant primary pressures of 50, 70 

and 90 psia. are shown in Figs. 16, 17 and 18. They aIl behave 

similarly to the 50 psia. curves. Also, the curves predicted 

from theory show a very marked resembl&nce to the experimental 

curves. 

In order te compare the curves for different pressures 

a set of envelope curves are drawn from the experimental curves 

of 50, 50, 70 and 90 psia. primary pressures. It will be seen 
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tr.at the effect of increasing the primary pressure is ta shift the 

envelope curve away from the Ma/Ml and PB/Po axes. For a given 

value of PB/po the value of Ma/Ml will increase as the primary 

pressure 1s 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 primary pressures. B,y 

trial and error it was found that if theoretical curves are drawn 

for 70% of the actual pressure ratio then these envelope curves 

agree fairly closely with experimental curves (Fig. 20). This 

off ers an approximate method of predicting the performance of 

the injector from one-dimensional curves. 

Points were located in Figs. 15, 16, 17 and 18 where the 

experimental curves touched their 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 DB/Dl can be read directly from this 

curve. 
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CHAPTER VI 

CONCLUSIONS 

1. In the range of varié,bles j.nvestigated the perfonnance of the 

constant area injector can be predicted 0108ely from one­

dimensional theory. 

2. The secondary mass flow in the injector decreases as the 

pressure rise ln the mixing tube is increased. 

almost a linear function. 

This ls 

5. For any glven value of pressure rise in the mixing tube and 

pressure ratio across the primary nozzle there is a best 

diameter ratio D5/Dl which will give maximum M2/Ml. This 

best diameter ratio can be obtained from curves su ch as those 

given in this thesis. 

4. 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 was obtained 

with the primary nozz1e looated at the throat of the 

secondary nozzle. 

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

mixing tube diameters, increasing as the ratio of M2 /Ml 

increases. 
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Part II 

As previously stated the present work on the constant area 

air injector originated as the preliminary investigation of an 

injector for pumping solid particles. The results of sueh 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 applications, 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 fluide 

In the limited investigation which was performed on the 

air injector, the author became aware of the complexity of the 

injector problem. In 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 te 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 ahould yield valuable information. 

This would not only clarify the injector problem but also many 

other related problems. 
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Fig .15. Mixing Length for Diameter 
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Fig.14. Mixing Length for Diameter 
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Fig.21. Injecter Design Curves 
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Fig.22. Static Pressures in Mixing Tube 
- -

Dia. of Mixing Tube 0.560 in. 
Primary Pressure 50 psia. 
primaIJr Mass floW' 0.0329 lbs./see. 
Primary Air Temp. 75°F. 
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Fig.25. Static Pressures in Mixing Tube 
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Fig.24. Static Pressures in Mixing Tube 

Dia. of Mixing Tube 
Primary Pressure 
PrimarJ Mass Flow 
primaIJr Air Temp. 
Seconda!"J Air Temp. 

0.560 i.n, 
70 'D'ëL" .. 

0.0767 Ib::)PGc. 
7tOF. 
n;CF , 

Dista.nce Along Mi:d.nj" Tube ilL" in. 

-

-4 r------I'-----+----4-----+.----4-.--.--.-.-j----- --

-B 1------4--------1------11------4----+-----+------1 

1 



- 52 -

1 
1 

1 1 1 1 

Fig.25. Sta.tic Pressures in Mixing Tube 
t-- -

Dia. of Mixing 'l'ube 0.560 in. 
Prfmary Pressure 90 psla. 
Primary Mass Flow 0.0978 lbs./see. 
Primary Air Temp. 82OF. 

f-- Secondary Air Temp • 73°F. --
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Fig.26. static Pressures in }'1ixing Tube 

Dia. of Mlxing Tube 
Primary Pressure 
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Primary Air Temp. 
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Fig.28. Static Pressures in Mixing Tube 

Dia. of Mixing Tube 0.811 in. 
Primary Pressure 70 psia. 
Primary Mass Flow 0.0760 1bs./see. 
Primary Air Temp. 86°F. 
Seeondary Air Temp. 85°F. 
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Fig.29. Static Pressures in Mixing Tube 

Dia. of Mixing Tube 0.811 in. 
Primary Pressure 90 psia. 
Primary Mass Flow 0.0971 1bs.jsee. 
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Fig.50. Static Pressures in Mixing Tube 
f--- -

Dia. of Mixing Tube 1.455 in. 
Primary Pressure 50 psia. 
Primary Mass Flow 0.0528 Ibs./see. 
Primary Air Temp. 76°F. 
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Fig.~1. Static Pressures in Hixing Tube 
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Fig. 52 . sta tic Pres i"ure .. : in Mixir~g Tube 

Dia. of Mixing Tube 
Primary Pressure 
Primary Mass Flow 
Primary Air Temp. 
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Fig.53. , static Pressures in Mixing Tube 
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APPENDIX l 

l - Formulae for Ca1culating Primary and Total Air Flows. 

. . . . . . . . . . . . . . . . . . . . . . .. (1) 

where Pe = pressure upstream of primary nozzle psia. 
Te = Temp. upstream of primary nozzle oR. 
(Nozzle diameter 0.25 in.) 

· . . . . . . . .. (2) 

where AP :: Pressure in metering tank in. Hg. 
B = Barometric pressure in. Hg. 
Tl&. :: Temperature in metering tank 
(Orifice diameter 1.999 in.) 

II - Theoretical Adiabatic Flow Equations Relating Pressure 
Ratio te Other Pararaeters. 

1 p:y 
PA (p) 

MV gRT = \ 1 ...1L. ·l (P.~ l 
V y -1 l - p J Y J 

· . . . . . . . .. (5) 

· . . . . . . . .• (4) 

•••••••••••• (5) 




