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Introduction.

Any system of air movement where energy is imparted to en air
stream of relatively low velocity through the medium of a second air
stream of relatively high velocity is here considered as an injector,
The variations in the design of injectors cover a wide range and prob-
ably ere as numerous as the air movement problems for which they have
been a solution, This is due to the fact that the air injector is
simple to design, inexpensive to build, and within certain limits =
easily adjusted to produce the results desired.

Many attempts have been made to definitely evaluate the
relations of the elements of design of an injector by the use of
empirical formulas, Many of these formulas have been published
end are used by industrial ventilating engineers., It is not the
objective of this discourse to discredit either the origin or use
of these formules, They have been developed by experiment - and
as a rule - represent good design for most practical applications.
They are statements of the practical relations of the elements of
design and rarely have a fundamental aerodynamie origin.

It is the objective of this discourse to make en aerodynamie
analysis of the air injector and establishgd/a guide to its design and

application.



PROCEDURE ,
The subjeet will be dealt with in somewhat the following manner:
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A,

PART I,
Analytical Development.
Simple Preliminary Design:

As a basis for discussion the writer has selected an in jector
stack of the simplest design - see figure 1 on the following page.
Inesmich as the primary objective of the injector is the movement
of air, it is analogous to a fan, As a specific example, the cen-
trifugal fan has two essential parts, i.e., the impeller which
imparts energy to the air, and the housing which confines and
directs the energized air stream. The injector stack is essentially
the same, It has the nozzle for imparting energy to the air and the
stack for econfining and directing the energized air. If one ‘were
to assemble a fan for a specific purpose, extreme care would be
teaken in selecting an impeller and housing whose characteristics
blended together would produce the results desired. The same care
should also be taken in assembling an injector stack. The char-
acteristics of each part should be studied and used as a guide in

obtaining an efficient and balanced assembly,

1, The Nozzle:

The nozzle as the source of energy in the injector should
receive first consideration., As will be apparent later in this
discussion, the nozzle should produce an air jet with uniform in-
tensity and a minimum of turbulence. With high nozzle velocities,
it is also good practice to keep the spproach velocity low in order
to reduce the frictional resistance between the primary air supply
and the nozzle., A study of the characteristics of wvarious nozzle

designs will lead to the selection of the converging orifice type
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of nozzle., The writer recommends a converging orifice nozzle with
an included angle of taper of 13° and an area of entrance three
times the area of discharge. This gives an approach velocity of
one~third the discharge velocity; it also breaks up stratification
and reduces turbulence. This nozzle design and formula for its use
are given in appendix I,

2,The Alr Jet:

The air jet produced by a nozzle has characteristics which
will be recognized as being of considerable importance in the jet's
application to a stack injector, The American Blower Company
gives a very descriptive chart on these characteristics in their
book, "Air Conditioning and Engineering". This chart is given
with some notes by the writer in figure II, By using it for a
guide, tests were made roughly verifying the characteristics given
and developing the following observations:

(4)The discharge opening of a nozzle should be very accurate in
shape. For perfestion, it should be smoothly machined to a
true circle., Roughness or. irregularity gives a distorted
or one~-sided jet,

(b) The included angle of the jets divergence as defined by
distinct lines of force is not effected by the velocity
of discharge,

(6)The stream line confines of the jet are well defined by
force lines up to 15 nozzle diemeters distant from the
discharge. Beyond this point, turbulence, lack of confine-

ment, and fading of force lines takes place.
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(d)When the air jet is projected into a smoke laden atmosphere,
an induced disturbance tekes place ad jacent to and parallsl
in motion to the jet., The intensity of this motion increases
es the distance from the nozzle increases. (The development
and control of this characteristic is the elementary principle
of the injector.)

From these observations - together with figure II, relative
stack dimensions can be determined. The following analogy was used
by the writer in determining dimensions for a preliminary design.

3.Stack Diameter:

Figure II indicates that the maxirmum diameter of the jet
defined by distinct lines of force is 5} nozzle diameters. Assuming
that a stack larger than this ratio would act as an encumbrance on
the air stream thru turbulence and friction, the writer chose 5%
nozzle diameters for the test design, Subsequent tests proved this
ratio to be a 1little too high, See Part I1I-D,

4.,Stack Length:

‘Tt was observed that an induced motion parallel to the jet
existed, Inasmuch as it is the derlopment of this characteristic
that we are frimarily interested in, tests were made to determine
the amount of the induced volume at varying points along the axis
of the jet. The lines on figure II marked A-B were arbitrarily
drawn to establish the diameters éf imaginary circles, Circles
'oro_ostablished at points as indicated, the air volume determined,
and the results plotted in terms of the nozzle volume., See figure
ITI, From this study, a stack length of 20m nozzle diameters was
established, 4As will be shown later, this length is insufficient.

See discussion under B-l,
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8, Test Stack:

Figure IV shows the test stack. That portion shown in dotted
lines indiocates the portion added for test purposss. The bell-mouth
utfmo gives a minimum entrance loss and is the dasis for ealoula=-
tionss The length shown was developed by tests. The nozzle was made
detachable with the idea of varying the nozzle sizes and studying
nozzle-stack diameter ratics,.

Tests to Verify Design:

The following tests were male and the results were recarded. Maxy
of the tests were repeated as many as twenty times under varying con-
ditions ef nozile sizes, primery air pressures, aud entrence and dis-

ohargé mim:sn. The resul ts given are either the average or a

_ specimem, as indicated,

1,

To determine the minimm length of stack necessary for maximm
efficiensy. |

This test was run for nozzle sizes of 2", 3", 4", &%, and 6"
digmster, The pressures on the nozzles varied from 2" wyter

gauge on the 2" noszle and 1" water gauge to 6" wator.ajaugo on

the 6" nozzle., TFigure V, show a specimen test with a 5" dismeter
noszle wnder 5" Weg.; pressure, It was fousd that meximumm entrace
volume rnnlt-fl when the staek was 40 nozzle dimeters im length,
This length was verified for the other nozzles at various pressures.
I will be observed that at this distanse the cross-section of the
discharge beeomes practically wnifam ~ indicating a minimm of

’ stratification, \

To determine the nature of the emfined jots
The results of this test are showa in figure VI, An attempt vas made

t0 apply this study to each nozzle size; however) the 5* dismeter and

=2
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and 6' diameter nozzles were the only successful tests. By way of
expleanat ion -~ the writer suggests that the nozzles - smaller thaa
S" digmeter soculd not campletely f£ill a stack of 24" diamster. This
theory is dased on the mxximm defined jet diamester as determined by
the previocus study of a jes, rignrg VI. gives the results of a test
~on a 8" diameter nozzle at 5" w.g.,pressuwre.

3, Determine the effect of varying the stack-mozzle dismeter ratio as
indicated by the efficiensy of the equipment.
This test is discussed in part II,



A.

PART II.
| Theoretical Development.,
Besis mfor Theory - Ses Test Stack - Figure IV,
Tests were made by use of the section shown in dotted lines.
This was neeessary for meking reasonsbly asccurate measurements., For
theoretical analysis the stack must take the form shown in heavy
lines. The eonditions to bde taken into sonsideration in the

_ analysis are as follows:

1.

The dell-mouth entranee offers a minimmm of resistamnce. It forms

a basis from which all development must be in the form of inereased

) entranee resistance.

The full discharge length is essential for complete mixing of the

ﬁo air stréams as indicated by tests already discussed.

All losses in the primary air stream previous te the discharge
openiag of the mozxzle wre cmddorod as part of the primery air
supply system and not part of the imjeetor staek,

Tamdamental Equations:

Ag previously mentioned, the fumdamental action of the
injector is the transfer of energy from sn air streem of relatively
high veloeity to amother air stresm of relatively lew veloeity.
Expressing this action in the form of en equation, we Iave

E, = Eg+ E, (n
vhere

Ey = energy of the nozzle.

Ep = energy of the air stream at discharge.
By gz energy sbsorbed by friction.

If this equation were expressed in terms of the mass-energy equation

ihero

E =4 my? (2)
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it would read as follows:

1 M\ =L MV +Er (2
where

M g mass of primary air

V) = velocity of discharge in feet per second,

M, = mass of secondary air plus primary air at discharge,

Vn =veleeity of eambined primary and secondary at discharge

in feet per secend.

l, s energy eonswmeld dy frisction.
Inasmuck as llD sonsists of the two masses, primary and secmdary air,
equation number three (3) can be further expanded to

JEMNV': ‘""é MNVDL'*';_MS vbz+Er &)
where

'8 = mass of sesondary eir.
Stating ll\"8 in terms of air volumes and velocities the equatiom

. ° Y 'V " 'D
1 Q';”;"" - & Q';;Y 2+ -é'g—«;;V +Ep (5)
where

Q = quantity of air in cubisc feet per secomd

bescmics

g = aceeleration dus to gravity in feet per sdeond 32,8 v

i s yoi.ght of air per ecubie foot,

l’ being a constant detemined by experiment and varying for
different valnes of Q and V ~ equation #5 ean be sancelled ocut te
show a more direet fumetional relation between the variables V and Qe

The equetion becomes after elearing
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Qu VW = Ve (QurQs) +F (¢)

*F" Deing the new constant for frietionm.

Frog this relation observe the following:
Assume the value of the equation remains constant.
1, If Qq varies

8. Vg veries indireetly.

L 1S YN varies direestly.

. QB varies indirectly.

d, T varies directly.

2, It V, varies
Qe 1: varies indirectly.

be Qq varies indireetly.
S, Q' varies directly.
d, ¥ varies indirectly.

Let it be observed that the amount of energy available for use
on the secondary air is dependent on the smount used in moving the
primaery air. In other words - the smaller the volums of primary air
the greater the possibility of high efficiency in terms of energy
aprlied. Following this degie - the efficiency of the energy trensfer

depends on the amount of available energy which cam be expressed as

Qg _
Ea = Gos0. E. —Ec (7)

where E, = available energy.







c.

Friotion Analysis:

This leads us to the necessity of holding Ep to a minimm,
Friction ean bde classified as onme of two foms, either internal
or exbtornal., Internal frietiom is eonsidered as those losses in
energy treansfer dus to the characteristics of the equipment whieh
ean be controlled - to a very great exteat by eare in design.
External frietion eonsists of the physieel requirements of the
spplication which are controlable only to a small degree. It is
the same friction a fan would have to wark sgainst if it were
applied t0 the sams job, For the sake of making slear the
effect of design ea the smount of emergy lost by frictiea of
either classiffcation - both classes are enumsrated belew.

Internal Friotion:

1, Poorly shaped nozzles ean give a cnewsided jet,spemding
euergy in a non-effective blast-turbulemce, and frictionm
‘aguinst the stack walls,

2, Improperly propertiened stack-noszle dismeters can spemd

energy in turbulemee, skin fristiom, or excessive seeonde
_ ary veleoity. See Sectiom D,
S, Deproperly installed mozzles (eus of lime or loose)
develop the sams troubles with fri¢tiem as noted in #1,
4, All duet work should be smooth and stremm~line,
External Frioction:

1, Elbows, Sees, eanopies, booths, ete.s

8, High velocities, restrictions, ete,

S, Excessive lengths of entrenee and discharge duects.
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4, Loah in joints and seams.
8, Sprinkler lines inside stacks, ete, _
Internal friction caanot be evaluated exsept by test. Extermal
fp.ction can be evaluated in terms of veloecity head or statie
pressure. When kmown in terms of static pressure the energy
eonsumed can be saloulated by use of the equation

EF :(Q x P x .0866’) foot pounds (g)

per second,
whare

? = statie pressure in inches w.ge 0865 = foe$ pounds per

second required to move one eubic foot of air per
seeond sgaimst one inck pressure water gange.
D, Stask-Nozzle Diameter Ratie:

In Part I = Tests, a reference was made in regard to a test
for detemining the proper stack-nozsle dimmeter ratic. The dis-
cussion and resul¢s of this test were differed to this later
treatmsnt due to tl» fact that their understand ing should de
founded on the foregoing theoretical develorment. The results
are shown as figure VII, The curve shows the percent of primary
air emergy actually emswmed in air movemsnt, Stating the curve

in the fom of an equation

E D = Hozzle Ratio Efficiemey. (C?)
Ew
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Theoretiecal Summary:

As ean be observed in equation #6, the successful injestcr

depends on the balance deweloped by the designer for the relatiom

between five varisbles. In order to pronerly design an injector

for a specifie amlicsat ion, each of the variables mmst be evaluated

in terms of the oconditions set up by the spplicatiom. If this is

fellowsd out in a logical sequence - ths design {s simple and

definite. A plam of logical procedure is here given.

1,

4.

6.

7e

Determine the velosity of tls secondary air and figure

the necessary stack diameter to handle the volumes

required.

Determine the energy required te move the uéonlary

air & the velocity selested - use equation #2,

Determine the additienal energy required for over-

eoming aspproach resistanee or frictiom.

hlm the volumetrie ratio of primary to secondary air,
Determine the emergy required to move the coambined volume

of sesondary and primary air at the velee ity established

in fl, Use equation B3,

Determine the energy necessary for overemming frietiem ia

the staek. This value oan be assumed to de fram 2% te 5%

of the energy at the nozxzle.

By use of the sum of {tems 3, O, and 6, and the primary air
velume the area and pressure of the nozzsle ean be determined,
For this - use either the ecaleulatioms of appendix I Sogether

with equatien f6 ~ or the ehart givem im appendix II,

The everall effieiency ean de figured by dividing the sum of
items #2 and #3 by the power imput,
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PART III,

Variations in Design.

The foregoing has dealt entirely with what has been referred
to as a simple design., An attempt was made to show the fundamentals
of this method of air movement, As will be shown in the following
discussion, this method has been used in several different stack
designs; however, the fundimental principle remains the same and
the fundimental equation given as B-6 on page 14 holds true for each
design, This equation was used by the writer in some 100 tests and
found to be consistent, There are four fundamental deviations from
the simple stack design. Each of these are given in the following dis-
cussionj however, the writer feels safe in stating that an increase
of efficiency, by any one of them, of over 5% would be unusual and
excessive.

The test stack with the bell-mounthed entrance (figure IV)
eliminates all the resistance of approach, This leaves the throat
and discharge end as the only remaining parts that might be improved.
It was stated previously that the friction in a well designed stack
might run as high as 5% on the discharge. Following this line of
reasoning, it might be said that all that could be expected of any
improved stack would be a possible increase of 5% in efficiency -

speaking of available energy only.
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Venturi 8tack:

Figures VIII, IX, and X ghow ventur{ designs of more er less
empirical origin. This tyve was used by one of our largest imdus-
$rial ventilation engineering and contracting firms for a number
of years. It was claimed to be the most efficient of all stack
designs; however, they admit now that i$ never showed an advantage
of over 5% over other designs. Their elaims camtended their in-
oreased efficiency was dus t0o reduced di scharge resistanse - and
increased efficiency of energy transfer by high throat welocity.
The reduced diseharge resistance is admitted. By use of the
venturi it {s possible - under ideal conditioms = to reduce this
resistance %0 a negative gquantity - actually ereating a slight
suetion on the throat. The eomtentiom for high threat wveloeity
seems rather unfounded as it, in itself, requires a greater amount
of energy tham if a lower velosity were used.

Physically the stack has several echaracteristics meteworthy
of mentiem. »

1, Its desigm appears difficuls; however, it is simple,

as adjustments are always provided to campenmte for
‘ orrors in desiga. See note om figure IX,

2, It is expensive t¢ fabricate as mamy differemt patterns

 are Recessary.

Se¢ The small throet makes the upper portion inaceessidle

for clemming or maintenanse,
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B, Straight Stack with Defleetor-Cens Neszzle,

Figure XTI shows a straight stack design with a deflector-
cone noizsle. The objective of this type of nozzle is to odtaim an
famediate mixing of the twe air stremms and thereby sharten the nee~
essary length of the stack. I is the opinion of the writer than am
attempt in’ this direction is false eeonomy. Ohanging the diverging
angle of the je$, ehanging the ecurse or direction ef the jet, er
changing the course of the gsecmdary air stream involves restrictions
or iaterferenee which produce friection, The savings acecamplished by
shortening the stack would not pay for very mmech energy consumed by
frioctien when figured over the anticipated life of the equipment.

It could algo be oxpuhi that this tyre of nossle would have a greater
action than viher nozzle desigas in dlasting intrained pigment against
the walls of the stack.

Straight Stack with Gonverging Nozzle and Ocme-Deflectors: v

Figure III siows another design intended te shortea the stack,
This design is patterned after the Selmtte-Koerting draft boesters. The
m- is good when applied te stack-noxxle diameter ratios greater tham
$3. The Sehutte-Kgerting designs were for use in large diemeter chimneys
with small high pressure noszsles., The applicatisn of this idea %o air
movemsxt within the scope as here discussed eould be eriticized in the
same manney as followed in discussing the design of figure XI, Actual
experisnee by the writer has proved the ocritieisms to be true and not

a mattér of opinion,
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D.

Stacks with Annuler Ring Nozszles:

Figures XIIT and XIV show the latest developments im nozszles
for an imjestar stack. This design probabdly has more arguments im
i%s favor than any other deviation from the simple stack design.
Figure XIV is the later development and is now being used very
suecessfully, The prineipal points of emstruction are the vre-
testive skin for the ntlok»- famed by the primary air, the shorter
required stack design, the low pressure primry air, and the ease
of cleming and maintenance,

The only eriticisms on this stack eare directed against the
designer's claims for higher efficiency. If the efficiency of the
stack is figured on the dasis of the whole system, including the
primary air fan end motor - the cmtentions could fall beyond
eriticism, If the eontention is limited to the stack alone -
it is poorly founded. To bear out this point tls writer has
prepered a graph shown in appendix #II. This greph is based on
caloulations only - but 1% shows the inerease of available energy
by inereased primary air pressurese. It will be odserved that the
smount of available kenetic energy in the primary air, with the
primary air volume ecnstant, is direetly proportional to the
primary air pressure. This is trus regardless the design of the
nozzle.

However, this attack on the cmtended efficiency of the
annular-ring-venturi stack should de modified, The overall
eofficieney is the imnortant eonsideration in the lang run. This
design, although vossibly of low efficiency as a unit, has several

characteristics which - when balanced in ultimate results - place
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it in the opimion of the writer as the best of current practical
design. To support this oninion the following points are
enumerated:
1, The stack is simple to design.
2, It is relatively more exvensive to build.
3. It is ccmvenient to clean.
4, I¢ requires a greater volume but lower pressure
primary air, This reselts in a greater effisieney
of primary air supoly.
8, The venturi stask reduces stack back pressures.
Design Summary:
To summarize the merits of the various stack designs the
writer has ehosen to eonstrust a chart whieh is given as figure XV,
The qualifiecations of each stack are given as the opinion of the
‘writer; they are the result of perscnal experience, experiencesof
others, and ordinary dedustion end study, No staek could be desigmed
{deal for all applicatioms. Each stack hag same one outstanding
sharasteristie which may make it ideal for a specifie eappliceation.
An attempt has been made to0 bring out the ehief characteristics of
esach design and pick out the one stack design whieh - in the opiniom
of the writer - would be most satisfaetorily used for the average

applications.
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PART IV,
dpplication.
Gensral Use:

All problems of air handling ean be solved more efficiently and
more ocononica]iy than by use of the injesctor, when emsidered from
the power standvnoint alone. The use of the injector should be the
result of careful deliberation on all the ¢ircumstances influencing
the application. Relatively sneaking, the injector is low in first
cost but costly to operate. Keeping this thought in mind its use
will generally fall in one of the following apnlications:

1. Increase draw of furnace stack for periodic operation.

2. Remove smoke or steam from process operations when use is

only oecasionmal,

3. Remove corrosive fumes from process operations.

4. Remove fumes and fog from spray painting operations.

S, Handling air where space will not vermit the imstallation

of a direct overating fam. |

6, Hanlling air where the investment in a direct operating fem

is prohibitive when campared to using a high nressure low
volume blower that may be on hand.

Statements have been made to the effest that an injestor stack
should never be used in a vosition where the jet motiom is not wp.
The imvression sesms to be nrevalent that the success of the injectar
largely depends on a natural draft action. The writer tales the
1iberty of correcting this immression. Tests have proved that the
advantage realized by use of the matural draft created in a sheet
metal stack (exsept where heated air is handled) is very spall and

not denendable. The writer advises the use of the injestor in any

30
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vosition adventageous to the amnliocation, nroviding sufficient
length of straight stack is available for proper apvroach and
discharge conditioms. Less frietion is encountered if the in-
jector is loeated near the discharge when long runs are necessary.
Whether the injector or a fan is used, provision for replacement
air is necessary.

Paint Fums Removal:

The injector stack has worked very satisfactory in removing
pigment or varnish laden fumes from paint spraying operations.
There is eQquipment on the market now that works on this application
more efficiently and economically than the injestor. The air is
drawn through a scrubber and filter, thence into a2 fan and dis-
charged to the atmesphere. It is high in first cost but lew in
cleaning and power costs. If a job is to de short in life and
will net require excessive cleaning, the injestor will probably
figure out to be the best investment. '

Corrosive Fume Removal:

This tyre of arvlication is a very good examnle of sn air
hendling job where the injector is most suscessful, The marts of
the equipment coming in contact with the fumes are standard gauge
sheet metal, easily treated for carrosive resistance. The fan cean
be standard design and not risk the necessity of frequent replace~
ment. The injector figures to be the most advisable investment for
this spplication when compared with the cost of a fan of svecial

material or spesial treatment,
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Ineircuit Injector Fan:

Many annlications of the injector stack require the movement
of air that is relatively clean and would not be detrimental to
the fen. In eases of this nature - the fan may be connected some-
what as shown in figure XVI. This arrangement saves ths energy
lost in handling the wrimary eir and increases the overall efficiency
considereadbly.

General Notes on Design:

Although the injector normally would not be used for back pressures
as high as would be the case with a fan, the sames presautions in design
must be followed. Losses due to noor design are more costly with an
injector than with a fam - dus to the share of energy necessary for
econveying away the vrimary air, Soms items not to bde overloeked are
as follows:

1, Plan the Quet veloeities lew to avoid umnecessary friction,

1,200 t0 1,500 feet velooity.

8, Plen all hoeds, elbows, tees, branches, and eanopies for a

minimmm of resisteance.

3, Plam all systems with a means of replacing the air exhausted.

4o Taks the primary air from outside to avoid heat loss. This

does not apwly to air imeireuit hook-up.

5. Locate the nozzle in a straight run of nipe - at least four

pipe diamsters from any elbow and have sufficient stack to
give at least 50 nozzle dismeters before a discharge elbew

is encountered,
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