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AN EXPERIMENTAL INVESTIGATION OF RECTANGULAR EXHAUST-GAS
EJECTORS APPLICABLE FOR ENGINE COOLING

By Eugene J Maenganiello and Donal& Bogaﬁsky

SUMMARY

An experimental investigation of rectangular exhaust-gas e jector
pumps was conducted to provide data that would gérve as a guide to the
design of ejector applications for aircraft engines with marginal cool-
ing. The pumping characteristics of rectangular e jectors actuated
by the exhaust of a single-cylinder aircraft engine were determined

for a range of mixing-section area from 20 to 50 square inches,

over-all length from 12 to 42 inches, aspect ratio from 1 to 5,
diffusing exit area from 20 to 8l square inches, and aspect ratio
of exhaust nozzle from 1. to 42, A few tésts were conducted with
a multistage ejector, a divided ejector, and an ejector incor-
porating bends along its length. ' '

With a decrease in the quantity of air pumped and an increase
in the length of ejector, the ejector pressure rise increases
to optimum values. Optimum values of ejector area were found
to depend upon mass-flow ratio of air to exhaust gas for given
engine operating conditions. Diffuser-exit sections consideradbly
improved the performance of the ejectors. An arrangement of-a

straight mixing section‘withia diffusing exit and a flattened
.exhaust nozzle provided the most favorable ejector performance.
An ejector composed of a straight mixing section of 24-inch

length and 25-square-inch area with a diffusing exit of 1l2-inch
length and 1.87 exit area-entrance area ratio provided a pres-
sure rise of 6 inches of water for a mass flow of air repre-
sentative of cooling requirements (6 times the mass flow of
exhaust gas) for the engine when operated at -a cruise power of
85 indicated horsepower. '

A simplified analysis, which considers the effect of per-
tinent ejector variables and indicates the performance in terms
of known engine quantities, was made. The agreement between
theory and experiment was fair over the range of e Jector config-
urations tested, except that a serious discrepancy existed in that
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the optimum ejector areas preescribed by theory were smaller and the
values of peak pressure rise predicted at the small optimum areas
were higher than indicated by the tests.

) INTRODUoTION

The coollng problem hasg been one of the main obgtacles to the
attainment of high power outnuts with modern air-cooled aircraft
engines. Adequate cooling on the ground, in climb, and in long-
range cruise has been difficult ‘to obtain in most submerged and
pusher-type installations, and in some high-performance tractor
installations. The possibility of the use of ejector pumps actuated
by the engine exhaust has been suggested as a means of providing the
additional coollng~a1r preseure drop requlred in 1nstallatlons with
marglnal cool;ng

Some experimental 1nvestiga+1ons of the ejector principle have
been made in connection with aircraft problems " References 1, ¢,.
and 3 present results of ejector tests with regard to ﬁet-thrust aug-
mentation. The tests were conducted, ‘for the most part, with small-
scale models actuated by compressed air under steady- flow conditions.
Reference 3 also includes *the results of ‘some tests with exhaust-gas
ejectors. Reference 4 reports an investigation of the de31gn and

. operating conditions of small-scale compressed—alr ejectors, the

results of which are pertinent to their pumping as well as to their
thrust-augmentation characteristics. In reference 5 results are
presented of a preliminary investigation madé to determine the suit-
ability of ejectors actuated by the exhaust of a radial aircraft
engine for providing engine cooling air at the ground condition.

The vressure drops realized with some of the ejector combinations
tested 'in referencé 5 were of significant magnitude for cooling,
References 6 and 7, published -after the completion of the present
investigation, descr:be ‘tests made ‘at the Northrop Aircratl 't, Ino. of
a number of exhaust-ejector gystems for cooling aircraft engines.
The results of these tests showed that appreciable improvement in
cooling could be obtained by the use of ejectora. :

In view of the results presented in references 1 to 5 and of the
general interest in ejector-cooling augmentation, the present tests
were conducted at Langley Field, Va., in the fall of 1942 to obtain
additional quantitative information on the performance of exhaust-gas
e jector pumps and to provide design data for the application of
ejectors to aircraft- -engine ‘installations. The publication of t
results was delayed by the transfer of the staff and equipment to
Cleveland, Ohio

The experimental work was performed on ejectors of rectangular
cross section actuated by the exhaust from a single-cylinder aircraft
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engine. The pumping characteristics of éjectors of various area

were determined for a range of length, aspect ratio, diffusing exit,’
' and shape of exhaust nozzle. Electors of rectangular cross section
were tested because it was felt that this approximate shape would
readily lend itself to installation on engine cowls of conventional
configuration. Engine power was limited to about the cruise value
(70 percent rated). A simplified theoretical analysis was made that
indicates ejector performance in termq of known engine and exhaust-
gas quantities.

ANALYSIS

An ejector is a device in which the kinetic energy of one fluid
is used to pump another fluid from a region of low pressure to a
rgglon cf high vressure.

In the present application, consideration is given to the use
of the high-velocity exhaust-gas Jets that issue from the individual
exhaust stacks of the cylinders of an aircraft engine for pumping
ccoling air from the rear of the engine to the atmosphere. The
effect of ejector action, then, is to reduce the static pressure |
behind the engine and thus to increase the pressure drop available
for cooling. Ejector action is effected by the transfer of momentum
between the high-velocity exhaust-gas jet and the low-velocity air
in the mixing section.

An ejector may be designed for constant pressure throughout the
mixing section, in -which case it has little value as & pump; on the
other hand, a constant-area mixing section permits operation with a
pregsure rise and is therefore pertinent to the present applicatioh.
The addition of a diffusing exit to the constant-area mixing section
results in a further pressure rise ow1ng to the conversgion of veloc-
ity head.

‘ A theoretical equation for the pfessure rise across the ejector
is derived in the appendikx and incorporates the assumptions that
follow.

The exhaust process in an engine i§ an intermittent one in which
the mass-flow rate, the velocity, and thersfore the mowmcntum of the
exhgust gas vary cyclically. Consegusntly, the inflowing air and
the outflowing miziture in the ejector aciuated by the exbaust gas
will be of a puleating nature. The effect of the pulsating exhaust
gas is taken into account by the use of a mean effective exhaust-gas
velocity Ve* which is introduced in reference 8 as the equivalent

velocity that, when multiplied by the steady-flow average masa-flow
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rate of exhaust gas, would produce the average momentum obtained by
thrust measurements. Unfortunately, a similar treatment is not
readily applicable to the air that enters and the mixture that leaves
the ejector. In view of the complicated nature of the pulsating air
and the mixture flow and their dependence upon mass-flow rate,

e jector dimensions, and engine operating conditions; steady-flow
values are assumed. Inasmuch as the pulsations in the air flow are
damped relative to those existing in the exhaust-gas flow, the devi-
ations incurred by the foregoing assumption should not be serious.

The assumptions of complete mixing and absence of wall friction
are made. The pressurs rise obtained with an ejector is then
expected to be gsomewhat less than that predicted by theory. In an
actual ejector both the degree of ccmpleteness of mixing and the fric-
tion losses increase with increase of ejector length. The pressure
rise, however, is so affected by these opposmo factors as to produce
an optlmum length. :

The additional assumption of a uniform velocity distribution.
across the ejector area is postulated. Actually, the air entering
the mixing section is accelerated by contact with the high-velocity.
exhaust-gas jet with the result that the ejector cross- -sectional area .
surrounding the Jet is more effective in conducting the mass flow of
gases. than the area adjacent to the walls. The effective flow area
may be further decreased by the.increased flow resistance of the
corner regions of the rectangular ejector:.. Hence, the obcerved pres-
sure. rises will not be compat1b e with the theoretical pressure rises
for an.ejector of the same area. A more. favorable comnarisop is.
possible with theoretlcal pressure rises for some arbitrarily reduced -
area.

The expression for thé Dressure>riée across the ejector subject
tc the foregoing assumptions, as derived in the appendlx, is given by
equation (19), .

7 2 ' M, ¢, T .
MY, M.\ M, M, /M o BRN[Me Cp. Ta
. __C__e.+<_9.> 1lale .i+<£+l>; Yo Be\| °_Pa (ﬁi ] ) (19)

The symbols used in this.equation are defined in the appendix.
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This equation will be considered as the general expression for
evaluating the performance nf the tested ejectors both with and with-
out a diffuser exit; for nondlffu81ng ejectors, the diffuser factor
B is eoual to 0.

If the differpnce in specific heat and gas constant of air and
exhaust gas is neglected and the area of the exhaust-gas jet is small
(that is, the factor a ~accounting for the reduction of the ejector-
entrance area due to the presence of the exhaust-gas jet is unity)
equation (19) may be simplified to

_ -
MT /M RN ( MoT \) A
Ap = —2 =222 +(—3 + 101+ 22 B L) (20)
o.M {2M \M \ T 2
a e e \e \ a “a/
L §
which may be Pxnressed as .
o Mele (M2 1 MM To)
Ap - \-.__
CAs \Ag pa \M 1/

In the range of ejector operation of practical interest in the
present application, the use of equation (20) introduces sligh% devi-
ations from the pressure rises predicted by equation (19).

If 'a nondiffusing or straight ejector is first considered,
inspection of the general equation indicates that the pressure rise.
is a function of several variebles; namely, area of ejector, mass-
flow rate and mean effective ve1001ty of exhaust-gas Jjet, mass-flow
ratio of air to exhaust gas My, Me, Jdensity of awr, and temperature
ratio of exhaust gazs to air. In the present appiication all of the-
variables except ejoctor area are sneuwfleo or are known from the
desired engine opsrating condiiions, fThe mass-flow rate of exhaust
gas is specified by engine pover and the mass-flow rate of cocling
air is knova from the ooollng characteristics of the engine. (Rep-
resentative values of Md,Me - lie bshween G and S5.) The temperature
and the density of the air are deterrined by the ejector-inlet con-
ditions. A rpprkqﬁnJaJ 7e valve of T“DOG ¥ 23y be used for the
temperature of the exizuat gas inasmuch sg large variations from
this value have inapprzciable ef'fach upon the results., The velocity
of the exhaugt-gas jet is determined by the engiue operating con-
ditions and by the area of the sxhaust-gas nozzls, For maximum
e jector performance, swall nozzie areas are irdicated; the minimum
nozzle area is, hcowever, limited by consideratviovrs of engine-power
loss. Reference 8 provides information for deteramining the minimum
vermigsible nozzle area and also the mean effective exhaust-gas

~
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velocity from the engine orerating conditions. The mean effective
velocity is the value ohtained by dividing the average exhaust-gas
thrust, as measured with a target, by the average mass-flow rate of
exhaust gas; hence, 1t is directly applicable %o the ejector equation.

When the values of thé/ioregoing variables are inserted in the
general equation, the prcsqure rlse 1s reduced to a function of the
area of the form

c
Ap = -

" Q

mho

1
A

>

where Cy and Cp are constants. o

For a diffuser éjector this equaticn is modified simply by a
reduction in the absolute value of the negative term to an extent
determined by the expansion ratio cf the diffuser.

The theoretical curves were obtained from equation (19). In
the calzulation of the theoretical curves for comparison with - the
test results, the following values were used:

Mass-flow rete of exhaust gas, pounds per minute . . . ., . . . . .8
Mean effsctive exhaust-gas velocity (obtained from
reference 8 for the 2.6 sq.in. nozzle area and the
. atmospheric exhaust used), feet per second . ., . . . . . . . 1625
Density of the air (atmospheric), slug per cubic foot . . 0.00232
Temperature of exhaust gag, OF . . . « .« .« .« « ¢« .« o 0oL 1500
- Temperature of air (average value maintained throughout _
the tests), °F . . . . . . . . . ... S 1
Specific heat of exhaust gas, Btu ver pound per OF . oo . . . 029
Specific heat of air, Btu per pound per CF . . v v « v . .. . 0,24
Gas constant of exhaust gas, foot-pounds per pound per °F . . 56.4
Gas .constant of air, foot-pounds per pound per °F . . . . . . 53.3

Diffuser-loas coefflulent S T O
' The performance of ejectors of various area was then calculated
for a range of Ma/Me' from 3 to 16.

APPARATUS AND METHODS

The test-engine setup and the auxiliary equipment used for this
investigation are shown in figure 1 and the arrangement of the appa-
ratus is further indicated diagrammatically in figure 3. The single--
cylinder test erigine was an 1820-G engine modified to cpsrate with
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only one cylinder. The air-cooled cylinder was enclosed in a
sheet-metal jacket open at the front and connected at the rear to a
motor-driven: centrifugal blower that provided the necessary engine
cooling air. An electric dynamometer was used to load the engine
and to measure the engine torque. ZEngine speed was measured by an
electrlcally operated’ revolution counter and a stop watch

The charge-alr weight flow of the englne was measured by a thin-
plate orifice installed accordlng to A.S.M.E. standards. ‘A surge_
tank was provided between the engine and the orifice to damp out
pulsations., Upstream and differéntial pressures at the orifice were
measured with & mercury and a water manometer, respectively. The
fuel-flow measurements were obtained with a calibrated rotameter.

The weight flow of the air pumped by ejector action was measured by
means of a large intake-orifice pipe (reference 9), an alcohol micro-
manometer was used to indicate the small pressure drops across the
orifice plate. The dovnstream end of the orifice pipe was connected
to a c¢ylindrical surge tank with a' volume of approximately 90 cubic
feet to which was attached an extension chamber with provision for
mounting the various ejectors. The static pressure in the surg
tank and in the extension chamber was controlled by a butterfly valve
installed between the orlflce plpe and the surge tank dnd was measured
w1th a water manometer.

The engine exhaust stack consistlng of a 25%7inch 1n51de-
diameter pipe, was led through a Tlexible connectlon into the exten-
sion chamber and was provided with g flanged end to permit the attach-
ment of nozzles of various shape.. The nozzle-exit area was
2.6 square inches, "calculated from reference 8, for zero power loss
at an engine speed of 2100 'rpm, a manifold pressure of 35 inches of
mercury, and an exhaust pressure equal to that at sea level. " The
nozzle.exits were centrally located in the -convergent entrance sec-
tions of the ejector; their axial position was varied by spacers.

. Ejectors of rectangular cross section were chosen for the tests
despite the inherently greater strength and stability of the circular
form. This choice was prompted by considération of the aerodynamic
aspects of an actual ejector installation on a conventional cowl
where approximately rectangular shape wourd permit more ‘efficient
utilization of available- space.. . :

Fach ejector was-composed_of a convergent entrance section and
a constant-area mixing section; the addition of & diffusing-exit
section to the mixing section formed a diffuser ejector. The con-
vergence of the entrance section and the divergerice of* the ‘exit sec-
tion were confined only to the vertical plane; this procedure was
dictated by consideratlon of space limltatlons in an actual wnstal-
lation.
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For a given ejector :area, the entrance sections wére constructed
with a ratio of entrance area to ejectocr area of 3.06. The lengths
of these entrance sections-were equal to the lengths of a 60° right
conical section of the same entrance and exit areas. It was felt
from a consideration.of the results of referenoe 4 that this con-
flguratlon would permit. the most- economlcal space utlllzatlon without .
sacrifice in ejector performance. Mounting plates were welded to
the entrance sections to provide attachment to the surge-tank exten-
sion chambor.

The diffusing-exit sections were built with an included angle
of 12° Reference 10 indicates that a negligible ‘increase in shock
logs above minimum value is incurred with this expansion angle for .
rectangular diffusers with single-plane divergence.

Table I presents a summary of the ejector configurations tested
and figure 3 indicates the details and terminology of a representative
e jector. The conflguratlons are divided into two general groups:
First, straight ejectors consisting of converging entrance section
and constant-area mixing section and, second, diffuser ejectors con-
gisting of diverging exit sections appended: to the straight e jectors.
Straight-section areas of 20, 25, 30, and 50 square inches were
investigated over a range of over-all length from 6 to 36 inches for
both groups. Diffusing exits were tested in lengths of 6, 12, and,
for a few cases, 18 inches. In regard to the maximum length tested,
no attempt was made to cover the range of length required to obtain
maximum ejector performance for all areas investigated. Instead,
the lengths were limited to values that were considered compatible
with available space on conventional aircraft power-plant installa-
tions. - An‘ejector aspect ratio of 3 (the ratio of the larger to the
smaller dimension of the rectangular straight gection) was arbitrarily
chosen for most of the tests from a rough consideration of how the
ejectors might be installed on thé periphery of the nacelle of a
radial engine. A few tests, however, were conducted with ejector
aspect ratios of 1 and 5 for comparative purposes.. The exhaust-
nozzle aspect ratio was varied with each ejector area in-an effort
to obtain improved performance; the total range covered extended from
a square nozzle to a wide flat nozzle with an aspect ratio of about
40, In a number of tests the locdtion of the nozzle exit was varied
from a central axial positlon in the ejector-entrance section to a
position farther back.

In addition to the foregoing simple ejectors, tests were con-
ducted with several special arrangements shown in table II. The
25-square-inch ejector was divided into two equal ejectors by the
installation.of a dividing plate throughout its length. For this
arrangement the exhaust stack was branched into two identical

‘
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nozzles, cach with an exit area of half that of an ordinary nozzle.
These nozzles were centrally located in the divided ejector-entrance
section. Tests were conducted to determine whether the increased
length-hydraulic. diameter ratio for the same over-all length and
total area would improve the performance. One multistage ejector,
consgisting of three straight ejectors in a seriles, was tested. This
ejector was constructed at approximately the proportions recommended
in refsrence 4.

Inasmuch as application of ejectors to an aircraft installation
might require some bends or curves along the ejector length, several
tests were made with single- and reverse-curved lengths inserted in
the mixing section of the 30-square-inch eJjectors.

During the initial phase of the investigation, the ejector

. characteristics werc determined over a range of engine powers. The
limitations of the setup did not permit engine operation above atmos-
~Pheric manifold pressure and above an cngine speed of 2000 rpm, which
gave a maximum engine power of 85 indicated horsepower. At a‘fuel-.
air ratio of 0.08, these operating conditions resulted in 'an exhaust-
zas, mass~flow rate of 8 pounds per minute. 'At an appreciadbly lower
power output, the performance of the ejectors was of no practical
interest; hence, most of the tests were conducted at the maximum
obtainable engine power. For cach ejector combination tested, the
Pressure rise across the ejector, that is, tho difference in surge-
tank and atmospheric pressures, was varied from the minimum to the
meximum obtainable in four or five steps by means of the butterfly:
valve. The quantity of air pumped was measured at each condition.

- DISCUSSION

Straight ejectors. - The performance of the straight or constant-
area ejectors is eshown in figure 4, where the rise in pressure across -
the ejector is plotted against M,/M,. Ejector details and termin-

ology are shown in figure 3. Experimental results are presented for
ejJectors with an aspect ratio of 3, with areas of 20, 25, 30, and
50 square inches, and over a range of ejector length for an exhaust-
nozzle area of 2.6 square inches and engine operating.conditions of
85 indicated horscpower, engine spesd of 2000 rpm, and fuel-air ratio
of 0.08. The mass-flow rate of exhaust gas for these conditions was
8 pounds per minute.  The exit aspect ratio of the exhaust nozzle

- used with the ejector of S50-square-inch area was about three times
that of the nozzles used with the other ejectors. The wide nozzle
was chosen in this casé in order to distribute the exhaust jet across
, the ejector arca and thus to prov1de mixing comparable with that
+obtained with the other sjectors. Theoretical curves obtained from
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equation (19) are included for comparison. Theoretical curves for

90 percent of the actual arca gave the best all around agreecment with
the experimental results  for all the straight ejectors. For a given
arca the pressure rise resulting from ejector action decreases as the
quantity of air pumped is increased. An increase in area increases
the range of mass-flow operation. The experimental curves are similar
to the analytical curves and epproach them in mﬂgnitudo for the ejec-
tors of longer length. :

In figure 5 the results of figure 4 are cross-plotted against the
length of ejector expressed in hydraulic diameters L/Dh for an
Mz/Me of 6. The optimum length was reached for the 20-square-inch
eJector at an L/Dh of about 8 but the performance was nct appreciably
improved with an increase in length above an L/Dh of 6. The declining -
rato of increase cf pressure rise with increase in length is explained

by the cpposing cffects of incroasing friction losses and more cocmplete

mixing benefits. The results for the ejectors of 25- and 30-square-inch
area show that optimum lengths were not attained; the curves have started
to level off, however, at an / h‘ of about 6 or 7. Greater lengths

than these bested would very likely have resulted in improved performance
for ejoctors of larger area; as previously explained, the maximum lengths
used were limited by practical considerations of inatallations on air-
craft. ‘

A -comparison of the performances of erctors of varicus area in

A

figure 4 indicates that the optimum area depends on M /M With

increasing Ma/we, maximum obtainable pressurc rise is realized with
the largsr arca ejectors tested. Faired curves of pressure risc against
ejector area are cross-plotted from figure 4 on figure 6 for values of

M /MJ of 6 and 9, which are representative of the range of cooling-air

requirement of modern aircraft engines. Only theoretical curves for

90 percent of the actual area are included for comparison; the full-
arca theoretical curves are omitted for clarity. The cexperimental and
théoretical curves are similar in shape and cxhibit fair agreement in
magnitude at the large arecs. Seriocus discrepancics, however, exist at
the smell areas; the theory predicts appreciably higher pressure risc
and smaller optimum area than obltained by experiment. For cxample, at
an. Ma/M of 6, optimum arca for the ejector of 3C-inch length was®

obssrved at about 27 square inches with a pressure rise of 3.8 inches
of water, whereas theory predicts the optimum area to be about .20
square inches with a pressure rise of 5.4 inches of water. This behav-
ior is not without precedent; Fllgel (reference 11) indicated that the
minimum cross-gectional area required for steady-flow application has
been found by experience to be frem 30 to 50 Percent grcater than that
prescribed by theory.
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Diffuser ejectorg. - The performances of ejectors with 6- and
12-inch diffusing exits are shown in figures 7 and 8, respectively.
The results are plotted in the same menner and for the same engine .
conditions as for the straight sjectors. The theoretical and
experimental performance 1s seen to be essentially of the same nature
as that noted for the straight ejectors. The valucs of pressure rise
observed, however, for ejectors with 6-inch diffusers are from

1/2 inch to 2% inches of water greater than those obtained with the

straight ejectors of similar area and over-all length and for the
same range of Ma/Me For the ejectors with 12-inch diffusers the

values of pressure rise are from 1/2 1nch to 3% inches of wator -

greater than those for correspondlng stralght.cjoctors. In additlon
to the increased pressure rise or improved pumping performance’
obtained with diffusing exits, it is seen that they externd the range
of ejector operation to higher values of M /M than achieved with
stralght ejectors ‘

The agreement between theoretical and experimental curves is of
the same order as that existing for the straight cjectors; but, in
several instances at low Ma/Me, the observed values of pressure
rise exceeded those predicted by theory. Theorctical curves for.
© -85 percent’ of the actual arca were found, however, to give best all
around improvement in the agreement between calculated and oxper*-
mental rcsults for all thn diffuser ejectors tested.

- The effect of length of straight section on the‘performance‘of
diffuscr ejectors is seen from figures 7 and 8 to be of the .same
nature as noted for straight ejectors. Of further interest is the
relative performence of various combinations of diffusecr and straight
section of different length. In figure 9(a), curves of 25-square-inch
ejectors with 6-, 12-, and 18-inch diffusers and with a 6-inch straight
section are plotted for comparison. In figure 9(b) these results and
those for various lengths of - straight section with a 6-inch diffusing
exit from figure 7(b) are cross- pletted against over-all ejector
length for an Ma/Me of 6. All the diffuser sections were constructed

with the same divergence angle; hence, the longer-length. dlffusers
- correspondingly incorporate greater expansion ratios. The improved
-performance of the straight sections of longer length with the 6-inch
-diffuser over that of the-straight section 6 inches in length with
larger diffusers indicates the advantage of adequately long straight
mixing sections. The importance of this consideration is further
emphasized in figure 10 where the periormence curves of various ccm-
binations of ejectors of 24-inch over-all length ard 25-square-inch
uroa are grouped (fig. 10(a)) and ere plotted against respective

ngths of ctmponent straloht and diffuser sections for values of
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Ma/Mg of 6 and 9 (fig. 10(b)). The most advantageous utilization

of the 24-inch over-all length is realized with a combinatien of a
straight section of about 16-inch length-and a diffuser of about
8-inch length. This combination is not critical, however, and has
little advantage over 24-inch length ejJectors composed of 6- to
18-inch straight scctions and 18- to 6-inch diffusers. The combi-
nation of longest straight section and shortest diffuser that will
not impair performance is desirable from considerations of exit_area.

With the long ejectors of the same over-all length the larger .
expansion-ratio diffuscrs are advantageous; for sxemple, in figurcs 7(b)
and 8(b), the pressure rise observed for an M,/Mg of 6 with the

245 + 12D eJjector was 6.0 inches of water as compared with a pressure
rise of 5.2 inches of water for the 30S + 6D ejector.

Various aircraft manufacturers have proposcd augmenting engine
cooling by the use of cxtremely short ejectors congisting of no more
than individual exhaust stacks cjecting into the space betwéen the
cowl flaps and engine nacelle. Furthermore, results of unpublished
tests comparing such installations with conventional installations
of exhaust-collector rings are cited by them wherein the pscudo-
elJector arrangement appreciably improved engine cooling.

In this comnection it is interesting to note that short eJjectors
are relatively ineffectval in pumping actien; for example, a
65 + €D ejector of 25-square-inch area provides a pressure risc of
gbout 2.0 inches of water at an M,/M, of 6. Part of the improve-
ment in enginc cooling that resulted from change-over of cellector-
ring to individual-stack arrangement may have been due to the con-
cemitant cleaning up of the space bchind the engine in addition tec
ejector action.

As previously discussed, the reduced-area concept improves the
agrecment between experiment and theory. The performance of the
24-inch straight-section ejectors with 6- and 12-inch diffusing exits
is cross-plotted against mixing-section area for Ma/Me of 6 and 9
in figures 11 and 12. Only the 85-percent-roduced-arca thenretical
curves are included for comparison; the full-area theoretical curves
are omitted for clarity. The trends of the experimental curves and.
their agreement with thecry is seen to be similar to that of the

straight ejectors; a large discrepancy still exists at the small
areas.

. In crder to cbtain an over-azll comparison of the performance of
straight and diffuser sjectors, figures 6, 11, and 12 are combincd
and replotted in figure 13 with exit area instead of mixing-section
area as the abscissa. The advantage of the 12-inch diffuser over
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the 6-inch diffuser and of the 6-inch diffuser over the straight
ejectar as regards meximum performance is clcarly demonstrated; the
tendéncy of ‘the curves to cross at the small areas may, however,,
reverse the relative performance. It is also recalled, from prev1ous
discussion, that the benefits'of the. large diffusers Wlll not be
reallzed.w1thout sufficient-length of mixing section.’

Curved o Jectors - The effect of bencs ‘in the mix 1ng soctlon of
an ejector of 30-squaré=inch ‘area with 12 inch dlffu51nn exit is
shown in flgure 14, where performance curves are presented for a.
30-inch straight mixing longth, a 36-inch mixing length’ (whlch included
a 6-in. length 15° bend), -and’ a 42- -inch mixing length: (which included
two 6-in. length reverse 15° bends). The [details of “these curved.
ejectors are shown.-in table ‘II. No- s1gniflcant variaticen in per-
formance among the arrangements is apparent.- Although .the obsorved -
lack of depreciatlon in . performanco with gddition of bends may be due
to compensatlon of, bend loss with’ mlxmO length gain, figure 8(c)-
indicates that’ the gains from -increased mixing length above 30 1nches 
are negligible.’ It thus appears that slight curvature in-the ejector
mixing sectlon has llttlo, if any, unfavorable effects upon perform-
ance. R L

Ejector aspect ratio. - Although the investigation of-cjector
aspect ratio was not complete,’ the results of the few tests made on
this phase of the problem are presented. In’ figurc 15 the effect
of aspect ratio is obtalned by comparison of the ner?ormance of the
30-square-inch ejector of -3 and. 5 aspoct ratlo and .of -the 25-square-
inch ejectors of 1 and 3 aspcct ratio.

The performance of ejectors.of aSprt ratlo 3 appears to be
slightly better than those of. aspoct ratio 5 for. the same nozzle of
exit-area aspect ratio of 15.8. AlthouOh an ejector of asdect -~
ratio 3. was observed to be better than an ‘ejector .of aspect ratio 1;
part of the improved performence may be “attributed to the fact that

- different exhaust nozzles were used with the 25-square-inch ejectors
undergolng comparison. The square exhaust nozzle used with the _
eJector of aspect ratio 1 is not, as will be discussed. later, as!-.'7
effective as a flat nozzle of tho type used with the " ‘ejector of.
aspect ratio 3. It .is considered; thereforo, that .the actual udvan-'
tage of aspect ratio 3 is sllght ‘ " -

The effect of aspect ratio on: eJcctor actlon may bc con51dernd
in terms of length- -hydraulic.diameter ratio because, for constant
area, change in aspect ratio changes the hydraulic diameter and,

therefore, for a given length, Changos -the L/Dn.- Thus the small -
improvement in performance obtained by 1ncreasing uhe agpect. ratio
from 1 to 3 may be thought of as being: due to intreased mixing effi-
ciency resulting from 1ncrease in L/Dh .and the- subssquent sllght
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depreciation in performance with further increase of aspect ratio ae-
being the result of increased friction effe0us overcompensating the
benellts of improved mixing. ‘

Divided ejectors. - The tests of the divided ejectors (see
teble II) were an exten81on of the investigation of eJjector aspect::
ratio and were- prompted by the idea that improved performance: of
short-length ejectors could:be obtained. by decreasing the’ hydreullc
diameter and consequently increa81ng the L/Dh In figure 16 the
results of the divided 25- -square-inch ejector are compared with those
of the simple or undivided ejectors of 25-square-inch area and ‘aspect
ratio of 3. Despite the 25-percent smaller hydraulic dicmeter and
the greater ‘L/bh of .the divided ejectors, their performance was: .
poorer than that of the undivided ejedtors The depreciation in -
performance may have béen caused by - additional losses incurred in the‘
branched exhaust nozzle and by 1ncreased frlction effects : '

Multistage eiectors - Figure 17 1llustrates the performance of
the multistage ejector, the physical details of which are given in
table II. The proportions were arrived at from consideration of
the recommendations of reference 4. Included for comparison is the
performance curve of the 245 + 12D ejector of 30-square-inch area and
aspect ratio of 3, the over-all length and exit area of which corre-
sponds closely to thut of the multistage ejector '

The multistege eJjector exhibits. poorer performance than the
single-stage-diffuser ejector over a. great part of the M /M range
but appears to-be slightly better at the high end of the range It
thus appears that the multistage ejector is better adapted to appli-
cations requiring high flows; this conclusion cannot, however, be
congidered general inasmuch as only one multlstage arrangement was-
tested. : .

Nozzle-exit aspect ratio. - During the course of the 1nvest1-
gation, exhaust nozzles of various aspect ratio and of 2. 6- square- ,
inch exit area were tested with several of the different area egectors
Some representative results illustrating the effect of nozzle aspect
ratio are plotted in figure 18(a). The performance of the ejectors
of 25-square- %§ch area and aspect ratio of 1 Wlth nozzles of- aspect

ratio of 7 (437 in. by 39/64 in.) *s better than the same ejectors

with nozzles of aspect ratio of 1 (lg in. by lg in.). Comparison ..
of the results of eJjectors of 30-square- 1nch area and- aspect ratlo
of 5 shows the 15.8 aspect-ratio nozzle (632 in. by 15/32 in ) to- be .

better than the 41.7 aspect-ratio nozzle (1032 in. by 1/4 in. ) and
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the perfo}manoe of the s jectors of 30-square-inch area,.and asnect
ratio of 5, indicates a slight advantage of the 12 aspect-ratio

nozzle (5%% in. by 15/32 1in.) over that of the 15.8 aspect-ratio

nozzle. It thus appears that flattening out the exhaust nozzle to
a certain extent provides improved ejector performance dbut that
excessive flattening results in depreciated performance.

The improved performance with the wide exhaust nozzle is

- undoubtedly dve to the better mixing resulting from the increased
surface area of the exhaust Jet. The reason for the falling off in

. performance with the extremsly wide nozzle is not readily apparent.
There is a very good possibility that the cross-sectional area of
the excrewelv wide nozzles may have appreciably increased during
operation ewing to the action of the high-pressure, high-temperature
exhaust gas. The larger area would, of course, decrease the Jeb

~ mementum and hence decrease the ejector: perivormsnce. Although pre=
‘cautions in the form of reinforcing bands and through-rivets were -
,uahen to avoid enlargement, only a 'slight bLngnb would cause a large
Jincreasé in area for the wide flat nozzles. Inasmuch as the prac-
ticability of ‘extremely wide exheust nozzles was ﬂLestlonab e because
of their 1nherent structural wenkneus, further tests with additional
precautions to meintain the oes*red cross- soctlonal area with these
nozzles were not conducted . . R

It is bolieved that, 1n'general, increage in surface area of the
primary. jet will improve the performance of eJectors prov1dod that
the cross-sectional area is not increased.

Nozzle-nxit lodét*bn - A'”ew tests were made with the exhaust-
nozzle exit located 1 iuch upstream of iYe center of the ejector-
‘entrance section. The wesults of ne’c tests are comparcd in fig-
ure 18(b) with the results obtairvsd wiih “le moizle in the central
position. Ne 51gn1f1ugnt dl”is:aJcc ;d perrormence 18 indicated.

quctor<performance at hicker engiﬂe D0¥Rr. - Althouvh the
maximum engine power at vhich experin:ntal results were cbtained was
limited to.cruise value (85 indicated horsepower corresponding to a
-~ masg-flow rate of exhaugt gas.. M of. 8 pounds per minute), theoret-

~ical ejector performance at. nigh power should be. con81dered.

For ourﬁoses of 1llustratlon, calculations were made for an Mg
of 12 7ounds per minute, which corresponds to about rated powsr.
The mean effactive exhaust-gas velocity was taken at 1950 feet per
second as obtained from reference 8 for the-same exhaust-nozzle area
as used In the tests (2.6 sq in.). The resulte of the calculations
are shown in figure 19(a) whers pressure rise is plotted against
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ejector area for an Ma/Me of 6 for cases of straight, 6-inch dif-
fuser, and 12-inch diffuser ejectors. The previously considered -
theoretical curves for M, of 8 pounds per minute are included for
comparison. Similar sets of curves are presented in figure 19(b)
for an Mg/Me of 9. .
The curves for an Mg of 12 pounds per minute are similar to
those for an M_ of 8 pounds per minute except for higher values of
pressure rise. If the large difference in pressure rise occurring

“at the small areas is neglected, an increase in pressure rise from

2 to SL inches of water is indicated for the high-power condition for

an M /M of 6 and an increase in pressure rise from 2 to 3 inches
of water for an M /M of 9. It is noted that the performance
curves for an M of 12 pounds per minute peak at larger area than
do the curves for an Mg of 8 pounds per minute.

It is appreciated -that the pezk values of pressure rise indicated
by theory will be as unattaineble in practice for an Mg of 12 pounds
per minute as they were observed to be for an Mg .of 8 pounds per
minute. It is reasonable to assume , however, that the actual dif-
ference in performance between operatlon at an Mg of 12 pounds per
minute and an Mg of 8 pounds per minute will closely approximate
the theoretical dlfferences previously noted. Theseé values will
probably be somewhat decreased owing to the large friction at the
higher power. In addition, it is expected that the actiial areas
yielding optimum perfoirmance will.be larger than. correspondlng areas
for the low power conditiom.

Altitude performance. - The performance of ejectors. at altitude
is of interest. In lieu of experimental results, theoretical values
have been considered in order to indicate the trends of ejector per-

" formance with variation in altitude. In figure 20, the variation

of pressure rise with ejector area is shown for pressure altitudes at
sea level, 15,000 feet, and 30,000 feet. The curves were calculated
for an exhaust-nozzle exit area of 2.6 square inches, an exhaust-gas

- mass-flow rate of 12 pounds per minute, an Ma/ of 6, and for
"straight and 12-inch-length diffuser ejectors. The e jector alr tem-

peruture was arbitrarily assumed constant at 75° F. The peak pres-
sure rise of the ejectors decreases with increase in altitude and

roccurs at larger values of'area; the second effect is more marked for

the nondiffusing ejectors. Inh the practical range beyond the peak
values, altitude produces but slight change in ejector performance.

Use of the nozzle of exit area of 2.6 square inches; designed
for zero power loss at sea level, will incur an engine power loss
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with increase in altitude. A larger nozzle, designed for zero power
loss at varticular conditions of power and altitude, will not produce
ag large ejector pressure rises as indicated in figure 20, but the

relative ejector performance at different altitudes will be similar.

. SUMMARY OF RESULTS

From tests of rectangular eJectovs, actuated by the exhaust of
an 1820-G single-cylinder engine operating with an exhaust-gas mass-
flow rate of & nounds per minute corresponding to cruise power of
85 indicated horsepower through e nozzle with cn exit area of
2.6 squarc inches, it was found that: :

1. Ejector pressure rise increased with decrease in duantity
of air pumped. ' ot

2. Ejector performance increased at a diminishing rate with
increase in length. Lengths of about 6 or 7 dicmeters, although not
optimum, constituted adequate practical values.

3. For given operating conditions an optimum ejector area
existed, the value of which increased with increase in mass-flow
ratio. At the test conditions best performance with straight ejec-
tors was indicated at an area of about 27 squere inches for a mass-
flow ratio of 6 and 2t an area of about 30 square inches for a mass-
flow ratio of 9. For an ejector 30 inches in length, the pressure
" rises were 3.8 inches of water and 2.0 inches of water, respectively-

4. Diffuser-exit sections considerably improved the performance
of the ejectors; the use of a diffuser of 1l2-inch length and
1.87-area ratio attached to a straight section of 24-inch length and
25-square-inch area resulted in a pressure rise of € inches of water
for a mass flow of air representative of cocoling requirements (6 times
the mass flow of engine exhaust gas). Although this gain was
obtained at the expense of increased exit area,; the performence of
diffuser ejectors was also better than that of straight ejectors for
the same exit area and over-all length. '

5. Ejector cross-sectional aspect ratio had small effect; with
the exhaust-gas nozzles used, ejectors of aspect ratio of 3 gave
slightly improved performance over those with aspect ratio of 1 and 5.

6. The performance of divided ejectors formed by insecrtion of
an axial separating plate in a 25-square-inch eJjector actuated by
flow from a forked exhaust-gas nozzle was poorer than the performence
of the original undivided ejector. '
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7. A three-stage ejector exhibited poorer pumping character-
istics than a single-stage diffuser ejector of the same over-all
length and exit area.

8. The inclusion of 15° single and reverse bends in the mixing
section of an ejector did not noticeably impair its performance.

9. Flattened exhaﬁstrgas nozzles with.cross-sectionai aépect S
ratio of approximately 12 to 15 provided better ejector performance
then nozzles of either smaller or larger aspect ratios.

10. Simple steady-flow ejector theory predicted performance of
gtraight and diffuser ejectors in fair agreement with experimental
results over the range of ejector configuration tested; peak values
of pressure rise predicted at small ejector areas were unattainable.
Optimum ejector-area values prescribed by theory were smaller than
indicated by test. :

Aircraft Engine Research LaboratorJ,
National Advisory Committee for Aeronautlcs
Cleveland, Ohio.
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APPENDIX - DERIVATION OF EQUATIONS

Symbols

M  average mass rate of gas flow, (slugs)/(sec)
V  average gas velocity, (ft)/(sec)‘ 2
.V mean effective gas velocity, (ft)/(sec)

P static pressure, (1b)/(sq ft)

A ejector cross-sectional area, (sq fﬁ)

A_. cross-sectional area of exhaust-gas jet at section 1, (sq ft)
P density of gas, (slugs)/(cu ft)

R igas constant, (ft-lb)/(siug)(oF)

T gas temperature, (°F absolute)

c.. specific heat at constant pressure, (Btu)/(slug) (OF)

kg loss coefficient in dlffuser

L straight-mixing*sectioh lengthAof ejector,i(iﬁ.)

D, hydraulic diemeter of ejector cross section (“;}%%5%3}')’ (in.)
. P 3

"« factor accounting for reduction of ejector-entrance area due to

(A, - 2 )1
presence of exhaust gas jet €

L (az - 8g)% ]
21

>

2
ey
1 {2V~ kg

-2
L_ \Az/ NIEY)

$‘

’

8  diffuser factor

——

o

/

Subscripts:
a  with reference to cooling air
e with reference to exhaust gas

m with reference to mixture
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0 .entrance to convergent section of ejector

b

entrance to straight mixing section
o _D

2 exit of straight mixing-section or entrance to diffuser

[@}]

exit of diffusing section

Simplified Analysis ' o

The basic principles of the ejector pump are elementary; a
.rigorous analysis of the processes involved is, however, extremely
complicated. Although existing analyses incorporate, of necessity,
gimplifying assumptions, the final eguetions are rather uwnwieldy -and
not in a form readily applicable to an investigation of ejectors
actvated by the exhaust gas of an aircraft engine.

The simplified analysis that follows: considers the effect of per-
tinent variables and predicts, performance in terms of known engine
guantities. -~ The pressure rise across the ejector 1is obtained as a
function of the mass-flow rate of air pumped, the ejJector cross-.
sectional area, and the mass-flow rate and velocity of exhaust gas
available.

The effect of the pulsating exhaust gas ig taken.into account by
the use of an effective exhaust-gas velocity Ve introduced in refeir-
* ‘encé 8 as that equivalent velccity which, when multiplied by the steady-
flow average mass-flow rate of exhaust gas, would produce the average

. momentuwn obtained by thrust measurements. In view of the complicated

nature of the pulsating air and the mixture flow and their dependence
upon M /Ae, e jector dimensions, and engine operating conditicns,

steady- flow values are assumed

Straight ejectors. - A wniform velocity distribution and complete
mixing are -assumed at station 2. (See fig. 3.) If the laws of con-
gervation of momentum and congervation of mass are applied between
stations 1 and 2 and if friction is neglected, the following equation

may be written

MoV + MoV, + Py = (My + M )V, +pohp - (1)
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If the equation is rearranged and the pressure rise across the mixing
- gection wherein Ay = Ay is solved

MVe  MaVay (Mg + Me) Vm, (2)
Pe T ST YT T TR, '

The air and mixture velocities may be expressed as

(M, + M) . ‘
Vn, = ’“g;"ﬂg“ - (3)
© '*1112 2 C
and
Ma
v, = -
21 o, (Ap—Ag)
1

where Ae is the cross-sectional area of the exhaust-gas jet in

section 1. The pressure differences existing throughout the ejec-
tor in the present application have negligible effect upon density;

hence .Oa1 may be taken as equal to Da » Or.simply as Da,vand 1n

conJunctlon with the perfect gas oouatlon
o = paRaTa (4)
Bz 7 W RyTy

When equations (3) and (4) are substituted in equation (2), there is
obtained

S

[ A ! 2 .
_ MV + My _ (M, ; M )¢ R Ty - (8)
Ay Php (A2 = Ag) A% 0, R,Ty

If Bernoulli's equation is.applied betwsen sections O and 1 and
the air velocity at section O is_assumed to be equal to zerc,

1 2 . -
P = Po - 2 Pa Val
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cr

W
——— (6)
Py (A — AL)

Nl oy

Pl o po ==
The pressure rise from O to 2 is obtained from equations (5) and (8)

| ‘ 2 o L

o _Mv Ma 1 Maa (M +M) mm )
p? PO = + -~ - 2 N
i A2 paAZ(AZ'Ae) zApa(AZ“Ae)z A2 Pa RaTa

which may be writien

r 1
MV ’Vl\ M.l oM M.\ /M T |
D, — P, = K = 2 ?f—‘?"~/;;9+1\<19+1> Tm|  (s)
2 Boi Py Mg j2H, N\ig &~ ) \My _Ra‘l’a‘ .
where

Ao(Ag"ZAe)
@ 2
(Az"Ae)

is the factor accounting for the reduction in available area for air
flow in section 1 due to the presence of the exhaust-gas Jjet. For
practical cases Ae is small relative to A, and o . may be taken
ag wnity. '

Rm and. Tm‘ may be expressed in terms of the properties and tem-

peratures of the alr and the exhaust gas.

From the general energy equation; negleﬂtlng the kinetic- energv
terms; there is obtained

<

(M, +M)c =M, ¢, T, +M,c, T <9) 

Pr T a Py B e .
The specific heat of the gas mixture is given by

(Mg /M,,) Cpg * ©

P
Ch = e (10)
P

m (Ma/Me) + 1
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'Similarly, the gas bonstant.Of-phé gas mixture is giVen by

’

) (Mg/M,) Ry + R,

R = (11)
e (Mg /M) +1 -
Equations (9),. (10), and (11) are combined to obtain.

e meN o c N
;/ M Re\\ / Ma Pe Te \
= 3+ = j = e 522

Rplm \Me Ra: Me Cp, Ta/ (12)

RyTp,  /Ma N\ /Ma Cp, 4
o l, —+ o |
\ Mo M, Cp, ]

MT M-8 M M

L L2 (13)
0 ‘Az \AZ/ ’ pa Me

&
2

N

M

&

If the difference in specific heats and gas constants between air
and exhaust gas is neglected and if the area of the exhaust-gas Jet is
emall compared with the area of the ejector, equation (13) may be sim-

"plified to

= 2
_ MGVE_?_ L1 Mg\ . /Ma Te (15)
PZ PO - Ao 5; Ao \Me, Ty

Thus the pressure rise of the exhaust-gas eJector pump is given as the
sua of two terms: (1) the exhaust-gas thrust per unit ejector area

and (2) the product of the square of the mass-flow rate of exhaust gas
Per unit ejector area, the gpecific volume of air, and a function of .
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the mass-flow ratio and of the ratio‘QT exhaust-gas temperature to air
temperature. The second term is negative for all values of Ma/Me'

With the range of variables encountered, the second term of the
right side of equation (14) is negative indicating the existence of
an cptimum- eJector area.

. lefuuev exit. - Addwtlon of a dxffu81ng exlt to the stralght

" ejector permits conversion of. part .of the kinetic head into pressure
head. The pressure rise attributable to the diffuser may de readily
evaluated in terms of the pertinent factors already used. Applica-
tion of Bernoulli's equation and the continuity equation between ssc-
tions 2 and 3 and assumption of constant density gives the familiar
diffuser equation

L ) 2
o .1 2l _ (72 -
P5 = Py =Z Py sz 1 (Ef)- - (18)

The”efPiciency of pressure recovery of a diffuser is dependent upon
~ both the- expansion angle and the expansion ratio. Equation (16) is
thus modlfled to

2 2] : '
A ( A
1 2 2 ' 2 (17)
Py =Py =3PV [ _<A>-kd<_‘> »
3:. 2. 2 m m_2 L A, ] A3,~| : . \

where kd’ the loss cbefficient in thé'diffuser, is a function of
diffuser angle.

RyTp

Subotltutlon of the- expr9851ons for Vi P and g from
*Tata

?) m"
equatidns (3), (4), and (12) in equation (17) gives

I 2 . ﬁ{ a . R;\<Ma + °Ps Tg

M, o+ M\ 7AN g M "R /A\M % T
b5 - b, =.§L~(}_7:____] 1-/22) . k, <\l KE INe  Pa ta/| (38)
: Ky

e
“Pa 2/ \AS/ : <114_€l. +1 b_/.lé + c, e\*.
L A N =2
. : M, My “p, /_

With addition of equation (18) to equation (13), the total pressure
rise in an ejector (p3z - p, = Ap) with a diffuser exit becomes

0N

\__4_/
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- 2 i (N.I?'.+ C_Piirz'i
MgVe . M M Mg /M Mg Ro\Mg Spg T
ap = Z ‘+<ﬁ> 1 MalaMg /I e ]><_§'_+.E)\._.?_..ﬁ_i (B_ _1) (19,

) : +

 where

L a2 a2\
B = rons - kd - A_
3] 3] |
" If the simplifying assumption made 1in going ffom equation (13) to
~equation (14) is again applied, equation (19) reduces to '

T MM \8 o i “m-N/. O\ e

ap o MeTel (e ;_bﬁ;eye,r@a”\ M TN N | ee

A ._,.Aa/ pa Mo | 2 Mg _ Mg J - Mg Ty a _
: C ~

Equation (19) or (20) may be considered the general equatlon for
straight as well ag diffuser ejectors For straight ejectors g = 0
and equation (19) reduces to equation (13) and equation (20) reduces

to equaticn (14). The theoretical curves used in this report were
calculated by means of equation (19); over the range of ejector oper-

ation of practical interest in the present application, use of the

approximate equapion (20) introduces negligible deviation from equa-
tion (19). (See fig, 21.)
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setup.
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_NACA ARR No. EYE3I Fig.

? —To
:Ei—n ) 12 \I .
Straight
trance mixing  Diffusing
section section section
(¢} 1 2 3

nozzle

T T 1

Figure 3.~ Ejector details and terminology.

Ejector 1s specified as follows:
Straight mixing-section area, square inches
Aspect ratio of straight mixing section, m/n
Length of straight mixing section S, inches
Length of diffusing section D, inches

For example, an ejector with a straight section of
24 inches and a diffusing section of 12 inches would
be designated 24S + 12D,
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COMMITTEE FOR AERONAUTICS



Fig. 4a,b,c,d NACA ARR No. EYE3I

Pressure rise, Ap, in. water
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o 2 4 6 8 10 12 o0 2 4 6 8 10 12
v . Ma/Me .
(c) Area, 30 square inches. (d) Area, 50 square inches,

Figure 4.~ Performance curves for straight ejectors actuated by ex- 7
haust of single-cylinder engine. Aspect ratio, 3; exhaust-
gas mass-flow rate, 8 pounds per minute; exhaust-nozzle area, 2.6
square inches; fuel-air ratlo, 0.08; 1néicated horsepower, 85,
For further detalls see table I. -
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Pressure rise, 4p, in. water
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Figure 5 - Variation of pressure rise with length-hydraulic
diameter ratio for straight ejectors actuated by exhaust
of single-cylinder engine. Aspect ratio, 3; ex~
haust-gas mass-flow rate, 8 pounds per minute; exhaust-
nozzle area, 2.6 square inches; fuel-air ratio, 0.08;
indicated horsepower, 85; mass-flow ratio, 6.
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fuel-air ratio, 0,08

ingle-cylind
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2.6 square inches

d by exhaust of s
exhaust—-gas mass
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Variation of pressure rise with ejector area
exhaust-nozzle area,

indicated horsepower, 85,

ejectors actuate
Aspect ratio, 3

Figure 6.-—
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NACA ARR No. EME3I : Fig. 7a,b,c,d

LT

Pressure rise, Ap, in. water

i

> 4 510

(c) Area, 30 square inches; (d) Area, 50 square 1inches;
diffuser—-area ratio, 1.40. . diffuser-area ratio, 1.31,

Figure 7.- Performance curves for 6-inch diffuser ejectors actuated by
exhaust of single-cylinder engine. Aspect ratio, 3; exhsust-
gas mass—flow rate, 8 pound per minute; exhsust-nozzle ares, 2.6
squere inches; fuel-alr ratio, 0.08; indicated horsepower, 85.

For further details see table I.
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50 square inches
diffuser-area ratio, 1,62,

(d) Area,

12 0
Ma/Me
30 square inches;
1.80.

diffuser-area ratio,

(q) Area,

exhaust-nozzle area

Aspect ratio, 3; ex—
0.08; indicated horsepower, 85,

engine.

=inch diffuser ejectors actuated
gas mass—-flow rate, 8 pounds per minute

Performance curves for 12

by exhaust of single-cylinder

haust-

2.6 square inches; fuel-air ratio,
For further detalls see table I,
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 Sess
T
I

Pressure rise, Ap, in. water

Pressure rise, Ap, 1ln. water

. 24 30
Total ejector length, in.

(b) Variable straight and diffuser lengths;
mass-flow ratio, 6.

Figure 9.- Effect of incremental straight and diffuser length on per-
formance of ejectors actuated by exhaust of single-cylinder
engine. Area, 25 square Inches; ejector aspect ratio, 3; exhaust-
gas mass—flow rate, 8 pounds per mimite; exhaust-nozzle area, 2.6
square inches; exhaust-nozzle—exit aspect ratio, 12; fuel-air ratio,
0.08; indicated horsepower, 85. For further details see table I,
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NACA ARR No. EYEZI Fig.
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Pressure rise, Ap, in. water

0 10 20 30 40 50
Ejector area, sq in.

Pigure 11,- Variation of pressure rise with ejector area for 6-inch
diffuser ejectors actuated by exhaust of single-cylinder
engine. Aspect ratio, 3; exhaust-gas mass-flow rate, 8 pounds per
minute; exhaust-nozzle area,2 6 square inches; fuel-air ratio,
0.08; {ndicated horsepower, 85, '



Fig. 12 | © NACA ARR No. EYE3|

water

in.

Pressure rise, Ap,

Ejector area, sq in.

.Figure 12.,— Variation of pressure rise with ejector area for 12-inch
diffuser ejectors actuated by exhaust of single-cylinder
engine. Aspect ratio, 3; exhaust-gas mass-flow rate, 8 pounds per
minute; exhaust-nozzle area, 2.6 square inches; fuel-air ratio,
0.08; 1ndicated horsepower, 85,
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Fig. I4 NACA ARR No. EYE3|

Pressure rise, Ap, 1in. water
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Figure l4.~- Performance curves for curved ejectors actuated by exhaust
of single-cylinder engine, Area, 30 square inches; aspect
ratio, 3; exhaust-gas mass-flow rate, 8 pounds per minute: exhaust-~
nozzle area, 2.6 square inches; fuel-air ratio, 0.,08; indlcated

horsepower, 85. For further detalls see table II.
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Figure 15.,- Effect of mixing-section aspect ratio on performance of
ejectors actuated by exhaust of single-—cylinder engine,

Exhaust-gas mass-flow rate, 8 pounds per minute; exhaust-nozzle
area, 2.6 square inches; fuel-alr ratio, 0,08; indicated horse-
power, 85, For further detalls see table I.
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Performance curves for dividéd ejectors actuated by

;

)

Area, 25 square inches;

+ exhaust—-gas mass-flow rate, 8 pounds per minute

3

exhaust-nozzle area, 2.6 square inches;

fuel-alr ratlio, 0.08

’

For further details see table II.

engine,

exhaust of single-cylinder

aspect ratio, 3
indicated horsepower, 85,

Figure 16.—
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Pressure rise, Ap, 1n. water
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‘Figure 17.-

Ma/Me

Performance curves for a multistage ejector actuated
by exhaust of single-cylinder

engine,

Exhaust-gas

mass-flow rate, 8 pounds per minute; exhaust-nozzle area,
2,6 square inches: fuel-air ratio, 0.,08: indicated horse-

power, 85,

For further details see table II,
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NACA ARR No. EMES3I Fig. 19a,b
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water
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.Pressure rise, Ap,
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Ejector area, sq in,

(p) Mass-flow ratio, .

Figure 19.~ Theoretical variation of pressure rise with ejector
area for straight and diffuser ejectors for two exhaust-
gas mass-flow rates, Exhaust-gas temperature, 1500° F;
alr temperature, 750 F; exhaust-nozzle area, 2.6 square
inchese



Fig. 20a,b

Pressure rise, Ap, in. water
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(b) 12-inch diffuser ejector,

Figure 20.,~ Theoretical variation of pressure rise with
ejector area at various altitudes. Mass-flow ratio, 6;
exhaust—-gas mass—flow rate, 12 pounds per minute; exhaust-—
gas temperature, 1500° F; air temperature, 75° F; exhaust-
nozzle area, 2.6 square inches.
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Pressure rise, Ap, in. water
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Figure 21,- Comparison of theoretical performance of a
12-inch diffuser ejector as predicted by equation (19)
and approximate equation (20)., Mass-flow ratio, 6;
exhaust-gas temperature, 1500° F: air temperature, 75° F;
exhaust—-nozzle area, 2,6 square 1nches.
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