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PERFORMANCE OF LOW PRESSURE RATIO EJECTORS FOR ENGINE NACELLE COOLING

1. PURPOSE

In typical helicopter gas turbine engine installations, the engine is enclosed within a nacelle. Within

the nacelle, heat is rejected from the engine skin and from other sources such as the engine oil cooler
generator, and airframe accessories. Therefore, it becomes necessary to provide a flow of ventilat-
ing air through the nacelle to maintain the ambient temperature surrounding the engine at an acceptable
level

One posssible means of providing this ventilating air is to utilize the kinetit energy of the engine ex-
haust|gas in an ejector to induce an airflow through the enclosuré{ This dgvice is also commonly
called an eductor, an aspirator, or a jet pump.

A strhightforward method of defining the ejector geometry.to provide the required 'éooling flow for a
given|application is needed.

2. SCOHE

2.1 Method: A general method for the preliminary design of a single, straight-sided, low subsonic
ejedtor is presented. The method is baged on the information presented in References 1, 2, 3, and
4, ‘jnd utilizes analytical and empirical data for the sizing of the ejector mixing duct diameter and
flow length. The low subsonic restriction applies because compressibility effects were not included
in the development of the basic.design equations. The equations are restricted to applications where
Madh numbers within the ejector primary or secondary flow paths are equal to or less than 0.3,

2.2 Progedure: A recommended step-by-step procedure is shown.
2.3 [Equptions: The equations used in the procedure, as well as their derivations, are given.

2.4 Sample Calculdtion: A sample calculation is presented to illustrate the yse of the basic method.

3. METHOD

3.1 Despription: An ejector is a device that utilizes the kinstic energy of a nelatively high velocity gas
stream to induce the flow of another, lower velocity, stream into a common duct by depressing the
static pressure at the point where the high velocity stream enters the mixing duct.

3.1.1 Figures 1 and 2 illustrate schematically the two most generally used types of gas turbihe-ejector
systems. Figure 1 represents an installation where the compartment and gas turbine engine have
separate inlets. This is the most common type of installation encountered. Figure 2 represents an
installation where the gas turbine engine receives its airflow from the compartment. Refer to
Table I for nomenclature.

3.1.2 The main components of the ejector are as follows:

SAE Technical Board rules provide that: *‘All technical reports, including standards approved-and practices recommended, are advisory only. Their use by anyone engaged

in industry or trade is entirely voluntary. There is no agreement to adhere to any SAE standard or recommended practice, and no commitment to conform to or be guided by
any technical report. In formulating and approving technical reports, the Board and its Committees will not investigate or consider patents which may apply to the subject

matter. Prospective users of the report are responsible for protecting themselves against liability for infringement of patents.”

(a) The ejector primary nozzle, which is also the exit of the engine-mounted tail pipe.
This is represented schematically by Station 6. The relatively high velocity ex-
haust gas enters the ejector at this point.

coDyright 1971 by Society of AUtomoﬁve Enginée,rs D\.s-frrbu(ed under license from the IHS Archive Printed in U.S. A
=~ . § . - . . . -



https://saenorm.com/api/?name=9436225f0064bf3c0602afc2d80c9f7f

SAE AIR*1191 71 B 5357340 0003L&89 T mE

-2~
3.1.2 Continued

(b) The ejector mixing duct, extending from Station 6 to Station 10. In the mixing duct,
the kinetic energy of the exhaust gas is partly transferred to the ventilating airflow.

(c) The ejector secondary nozzle, which ig the annular-area between the engine tail pipe
or primary nozzle and the ejector mixing duct at the point where the ventilating air-
flow enters the ejector. The secondary nozzle is represented by Station 9.

3.1.3 Another component sometimes present in an ejector system is an exhaust diffuser. This device is shown
schematically in Fig. 1 and 2 as extending from Station 10 to Station 11. Use of this device will reduce
the static pressure at Station 10. . :

3.2 Flow Path Assumptions:

3.2.1 With the separately ducted configuration illustrated in Figure 1, the engine air flow\ig assumed to enter
the engine inlet guct at Station 1 at a specified pressure and a specified temperature. | The nacelle internal
ventilating air ig assumed to enter at a specified temperature and a specified pressune through a separate
entrance at Statibn 7, from which it flows through the nacelle with a resultant rise in femperature due to
heat transfer frqm the engine and its accessories and a drop in pressure-due to flow Josses and velocity
increases. The|engine exhaust leaves the turbine tailpipe (ejector prima¥y nozzle) wjth a veloecity V , at
a temperature T|,, and with a static pressure P,. The ventilating-dir) flow enters thd ejector at
Station 9 at a tehperature equal to T, at a velocity, V., and at a‘pressure, P_, whigh is assumed to be
equal to P,. In the mixing zone of the ejector, the kinetic energy of the exhaust gas is partly transferred
to the ventilating-air flow, so that the exhaust gas velocity decreases and the ventilating-air velocity in-
creases. The miixed stream leaves the ejector at Station 10°or Station 11, as applicable. In most cases,
because of the ugual physical limitations on mixing zone\length, the two streams are pot completely mixed.
This deviation fijom perfect mixed conditions is takenciito consideration in the basic {quations by the use
of an empirical mixing constant M. The mixed stream is discharged at 2 mean temperature T, , at a
mean velocity V] 0’ and at a pressure P1 0 °F Pll’ as applicable, which is usually eqyal to ambient pres-

sure.

3.2.2 With the configuration shown in Fig. 2, theengine and ventilating air enter the nacell¢ through a common
inlet at Station 1{ Part of this air enters the engine and the balance flows through the| nacelle around the
engine and into the ejector. Other assumptions are the same as above for the separate inlet configura-
tion,

3.3 Ejector Performahce Requirements: The quantity of nacelle cooling-airflow required for a given engine
ingtallation will dgpend on the amount of heat to be removed in each engine zone and on|the maximum allow-
able temperature ¢f each™zone. This may be seen by examining the following equation for the transfer of
heat to the ventilating.airflow.

4=W,C (T, ~T,) x60

where g = total heat transferred in a given zone,
Btu per hour ’
w, = nacelle ventilating airflow, lbs per min
Tb = applicable zone ventilating air discharge
temperature, OF
Ta = applicable zone ventilating air inlet

temperature, OF

C_ = mean specific heat of ventilating air,
P Btu per (Ib-OF)
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FIGURE 2

FLOW SCHEMATIC AND STATION IDENTIFICATION
FOR GAS TURBINE-EJECTOR INSTALLATION WHERE
ENGINE AIR IS TAKEN FROM THE NACELLE
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TABLE I
NOMENCLATURE
A Cross-sectional area or equivalent orifice area - sq ft
C Flow coefficient Dimensionless
D Diameter - ft or inches
E Ventilation characteristic Dimensionless
f  Fanning friction factor Dimensionless |
g Gravitatiopal constant (32.174) - ft/sep. 2
h  Enthalpy ) Btu/lp
L Mixing zone length ft or [inches
M Mixing coIstant Dimensionless
P Absolute pressure Ib/in 2
AP Differentidl pressure in, H'ZO
Q Volume flgw ft3/s bC.
R Gas constgnt (53. 32 for air) . ft/°R
Re  Reynolds jumber Dimepsionless .
T Absolute temperature OR .
V  Velocity ft/se¢. '
W  Weight flow b/sep. !
p Density /£t %'
7 Efficiency Dimepsionless ‘
B Viscosity Ib/ft4sec. "
| 1
.
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TABLE I (Continued)

Refers to entrance to compartment or engine inlet duct
Refers to engine inlet

Refers to compressor discharge

Refers to engine discharge

Refers to engine discharge

Refers to exit of engine discharge tail pipe
(ejector primary nozzle)

Refers to compartment inlet
___ Refers to compartment flow path

Refers to ejector secondary nozzle

Refers to exit of ejector mixing section

Refers to exit of diffuser section

Refers to ambient
Refers to compartment
Refers to diffuser
Refers to engine
Refers to fan

Refers to mixing zone

Refers to velocity pressure
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3.8.1 Once the following are known, it is a simple matter to solve the above equation for the required nacelle
cooling airflow:

The total heat to be removed in each zone, q.

The inlet temperature of each zone (the discharge temperature
of a given zone will be the inlet temperature of the next zone).

The maximum allowable nacelle cooling-air temperature of each
zone (this is usually specified in the engine installation manual).

3.3.2 Typical sources of heat release to the nacelle cooling airflow in a gas turbine installation include the
following:

cessory gearbox, the tail pipe, and the external skin of the
engine oil cooler.

Heat rejection to the generator cooling air.
Heat rejection to the oil-cooler airflow.

Heat rejection from engine-driven airframe accessories.

3.8.3 The values of heat rejection from engine external surfaces and'to the engine lubricating oil are normally
supplied by the epgine manufacturer. Both of these types of -heat rejection vary as a fiinction of engine
load and ambient|temperature surrounding the engine. The heat rejection from enging external surfaces
also typically varies as a function of the cooling air velocity around the engine. Heat yejection to gen-
erator cooling ailr or to oil cooler airflow need to be.included in the nacelle cooling load only if these air-
flows are discharged into the nacelle.

3.4 Recommended Dedign Procedure:

3.4.1 General Guidelings: The following general guidelines are recommended in the design pf gas turbine ex-
haust ejectors:

(a) The mixing quet should be made adequately long to assure good mixing of the two
flow streamg. If space(permits, a flow length equal {o several mixing duct diam-+
eters is recdmmended. ) The design procedure described herein, however, enables
one to design a shorter ejector if the resulting cooling airflow is adequate for the
installation.

(b) The ejector should be designed, iI possible, with use of a primary nozzle area equal
to the engine exhaust area upon which the engine estimated performance is based.
If, after investigating various combinations of mixing-duct diameter and length, the
nacelle cooling airflow obtained with this tail-pipe configuration is still inadequate,
the cooling airflow can be increased by use of a diffuser at the end of the mixing
duct to reduce the back pressure or by decreasing the tail-pipe discharge flow area
to increase the velocity of the primary flow. It should be recognized that reducing
the tail-pipe discharge area will result in a loss in available engine performance.

(¢) X turning of the exhaust gas is necessary, this turning should be made as gradually
as possible. Abrupt turng and bends in the exhaust duct should be avoided.

(d) The effect of mixing-duct pressure losses (caused by friction and turning of the ex-
haust gas in the mixing duct) on ejector performance may be treated in the calcula-
tion procedure by use of an equivalent frictional loss coefficient, 4;fL/D1 0
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3.4.1 Continued -7 -

and the center lines of the secondary nozzle and the mixing-duct inlet section
should be as parallel as possible in order to promote uniform distribution of
the airflow through the secondary nozzle.

. (e) The ejector primary and secondary nozzles should be as concentric as possible

(f) The design procedure presented herein is for the primary nozzle throat lo-
cated as shown in Figure 3(a). However, location (c) or (d) where the primary
nozzle throat is located approximately one diameter outside the mixing duct
throat gives better performance and location (b) gives poorer performance.

3.4.2 Design Procedure: The design method consists of the solution of the basic equations given in Table II
with the use of known and estimated data. The derivation of the equations of Table II is given in Section 5.

The following inputs are required to solve the basic equations:

1. Engine and nacelle inlet temperatures, T1 and T7
2. Engine and nacelle inlet pressures, P1 and P,7
3. Engine discharge temperature, T 6
4. Engine air flow rate, We
5. Engine tail-pipe or ejector primary nozzle discharge
area, A
6
6.

Required compartment cooling-air flow rate, WC

7. Compartment cooling-air temperature rise, T9-T7 or
T9--T11 as applicable
‘ 8. Compartment inlet "pressure drop'", A P7

9. Compartment flow path pressure drop, & P8

10. Ejector dischatrge pressure, P11

11. Mixing duct discharge diffuser area ratio and efficiency,
if applicable

Items 1,|2, 3, and 10 are-usually given operating conditions for the gas turbire engine. - Item 4 may be
basic gas turbine performance curves as a function of items 1, 2, and 3. Item 5 is known or
Items 6 and 7 are interrelated, since the heat transferred to the ventilating air is equal to
quantities\times the mean specific heat of the ventilating air. I the|lheat release to the com-
and the-maximum allowable compariment temperature are known, tie required W _can be cal-
culated from these quantities. Items 8 and 9 can be estimated from the geometry of the cox%partment and
the required ventilating flow or can be specified as design requirements for the compartment if the en~
closure i i if :

3.4.2.1 Engine and Nacelle Separately Ducted: Once the above inputs have been defined, the procedure is as
follows for the separately ducted configuration of Figure 1:

1. The equivalent orificeareas, A7 and Ag of the compartment flow
path are calculated with equation (17a)*. As a word of explanation,
since the flow area of the compartment is usually large compared
with the compartment inlet and exit (ejector inlet) areas, the ven-
tilating air pressure drops may be considered to be caused by flow
through throttling areas A,7 and A g’ This is further explained in
Section 5.

. 2. The ventilating-air characteristic is calculated with the use of
equation (22)*.

£ *See Table II
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TABLE I

BASIC EQUATIONS

Equivalent Orifice Areas

A=0.0333W AP

where the units are as follows:

T = OR
P = psia

AP = ino-hes-Hzn
W = 1bfsec.

For engine and [nacelle with separate inlets

Ventilation Chajracteristic

2 2
T [Ag Ty [Ag
=3 \x) *1 (&

g 7 9 8

Basic Design Eguation

W
_c =K
W
e

where x = posiffive root of

2
hore s < 2 )L E(ﬁ@) . (fﬁ) <ﬁ0_2> vy
T6 2 M A6 A9 A9

coy L0y |, 1 (L) (Z2-"n
Y "M\ A A P
6 6 VP
<4fL> .
A
y=1+ \P1o/ " | ;. 10

2 2M A11

Values of M may be read from Figures 5a through 5d as a function of
0.5,
L, <"l><§ ) and 410
DlO We T6 A6 .
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TABLE II (Continued)

Primary Nozzle Discharge Conditions

RTG w 2
Pvp = &
6 2
2g P6 A6
P._-P T w A 2 P - P
11 6 _ 9 _¢ E+ 6 _ 7 11
T w A P
vp6 6 9 vp6

For engine and nac¢lle with a common inlet

2 2
E=\T AL AT N\a,

Ventilation Charactpristic

Basic Design Equatjon

e (0R) g (22 (2) ) )
Tg MA\4g \Tg/\W 1\
ooyo Lo (210))) 1 T_>fﬂ %\ (fao)(f1]- P
M\ A 2|\, \a, J\4; s 2o
{ 6
=1+4fL/D10 ] Ny L. m
y 2M 2M A

Values of M may be read from Figures 5a through 5d as a function of
, 0.5

L (Y) (D), ana 2o
Do \ e/ \ To Ag

&)

(23a)

(38)

(46)

(47)

(48)

(49)

(24a)
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TABLE II (Continued)

Primary Nozzle Discharge Conditions
2
= R T6 We

vp 2
6
25 Py A,

P

T w 2 A 2 T A 2 w
_ ( Ty _c) S G Y s Y ' T IS
TR Wn AQ Tﬁ A We
A\ 2R 7 = 7 3 T~
(P11 ~ Pp
PV
Pg

9

1)
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3.4.2.1 Continued

3.4.2.2 Engine and Na,

P ]
-

-12 -~

A value of mixing length to mixing diameter ratio, L/D1 0’ is assumed.
Using the inputs listed above, the information calculated in steps

1 and 2, and the assumption in step 3, the flow ratio, W /W , is
calculated with use of Equations (27)* through (81)* by © iter-
ating on the ejector area ratio, A1 0/A 6’ until the specified value of

W, /W_is satisfied.

The required value of Fanning friction factor, f, shown in the equa-

tions may be estimated from data available in the literature for pipe

flow as a function of the average Reynolds number, (We + Wc)

D, 0/ (Al Mqg) ©Of tl.le .flow in the mixing duct. f)n til:y
: ik

a

or

influence the ejector performance and an estimated of £ = 0. 003.i
reasonable approximation to use in most design calculations,

Figure 4 may be used to obtaina preliminary estimate of A1 0/A6 for
the first iteration. This curve presents values of (W/W ) asa
function of ventilation characteristic E, ejector area ratig, A1 /A 6’
and temperature ratio, T9/ T6 for the case where\the mixing

congtant M equals 1.17.

For each iteration, the mixing constant M\is determined as a fun¢tion
of A1 0/A6 and the required

- T9 0.5
value of W—c T with the‘use of Figures 5a through 5d.
6

I, for the assumed values of A and L, the value of A, /A  satisfying
the required value of Wc/We is unacceptable, or no solution is
found at all, it may be necessary to incorporate an exhaust diffuspr, in-
crease the value\of L, or decrease the value of A6 in order to obfain a

satisfactory ‘solution.

belle with 8. Common Inlet: The procedure to be followed in the case|of an engine~

ejector system) with a common inlet is the same as that presented above except that]:

*See Table II

1.

The equivalent orifice area A1 is calculated instead of A7.

2,

The equations listed in Table II for the configuration with a common
inlet for engine and nacelle are used in lieu of those referenced above
for the separately ducted configuration.
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SOURCE OF DATA: STANFORD UNIVERSITY

TECHNICAL REPORT NO. 26 "EXHAUST
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Effect of a Fan Operating in Series with Ejector: A fan operating within the enclosure will have an
effect on the ejector performance. Since there is a multitude of combinations that could exist for this
case, no general case is presented in Table II. However, the following general rules may be followed
in certain specific instances:

1. I the fan operates in series with the ejector and all the cooling
air flow, W _, passes through the fan, the pressure rise through
the fan, APf, will have the same effect on cooling airflow rate as
an increase in compartment inlet pressure of an equal amount.
Therefore, for a separately ducted inlet configuration, replace

the term (P, ~Py)) /PVp6 with the term o - Pl
7 27. 7 va

- - OTS—F " . i+
and compartment inlet, replace the term (P, - P, .) /Pvp with tle

AP 6

f . ] :

- - th t .
term l: (Pl P 1 1) + g } /PVP6 in the applicable equationd

The term APf is input in units of inches H20 and is divided by 27.[7
to convert it to psi units to be compatible with Pl’ P7, and P11' The
final value of fan A P, and cooling flow would be obtained by iteraflion
to satisfy both the fan and ejector characteristics, as illustrated
Figure 6.

4. If the fan operates in parallel with another compartment inlet, thq fan
will assist the ejector only from thé standpoint of decreasing the
"pressure drop' A P_ or increasing the effective orifice area, A_{,,
for a given total compartmentflow rate. For this case, the compart-
ment flow minus the fan flow is used in calculating the effective ori-
fice area, A The total compartment flow is used in calculating the
effective orl.?lce area) A8 The final match point must satisfy bgth
the fan and compaxrtment inlet pressure drop characteristics, as {l-
lustrated in Figure 7. If the ejector is not capable of handling all|of
the fan airflow,-part of the fan airflow will be discharged through the
compartment.inlet. The equations and their derivation for this case
are given in Section 5.

3.4.2,4 Alternate Methiod:  An‘alternate method of solving the ejector problem is to graphipally match the

flow-pressure|rise éharacteristics of the ejector and the flow-pressure drop chara¢teristics of the
system being Ifowered by the ejector.

The flow-pressure rise characteristics of the ejector may be calculated for a specified geometry with
the use of Equation (15b) of Section 5 by assuming a range of values of Wc/We' Figure 8 illustrates
the matching of the ejector and system characteristics. Note that any difference in pressures P _and

P11 and the pressure drop due to the velocity increase of the nacelle cooling air in entering the

ejector secondary nozzle at Station 9 must be included in the system pressure drop.

This method may be used to match the ejector to any system.
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FAN CHARACTERISTIC

| MATCH POINT

COOLING AIRFLOW - Wd

FIGURE 6. ILLUSTRATION OF MATCHING OF FAN AND EJECTOR
CHARACTERISTIC WITH FAN OPERATING IN SERIES
WITH COMPARTMENT INLET; ENGINE AND NACELLE
SEPARATELY DUCTED
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NOTE: EJECTOR AND SYSTEM GEOMETRY FIXED

H POINT
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FIGURE 8.

NACELLE COOLING AIRFLOW - Wc

ILLUSTRATION OF GRAPHICAL MATCHING OF EJECTOR
PRESSURE RISE CHARACTERISTIC WITH SYSTEM PRES-
SURE DROP CHARACTERISTIC
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4. SAMPLE CALCULATION ‘
4.1 Input Quantities:

@ Engine and nacelle inlet duct arrangement Separate

@- Nacelle inlet temperature, T7, OR 560

@ Nacelle inlet pressure, P7, psia 14.7

@ Turbine discharge temperature, T6’ oR 1700

@ Engine air flow, We’ 1b/sec. 3.83

@ Tutbine tail-pige (primary nozzle) discharge flow area, A, sq ft 0. 60

@ Compartment cpoling-air flow required, W, 1b/sec. 0. 66

Compartment cpoling-air temperature rise, o 35

@ Compartment inlet pressure drop AP7, in, H20 0.2

Compartment flow path pressure drop APS’ in, H20 0.2

@ Ejector dischatige pressure, P,,, psia 14.7

@ Diffuser area rhtio, A11/A10 1.00 ‘

@ Diffuser efficiepcy, dimensionless --

Estimated friction factor 0.003

4.2 Compartment and Ventilating-Air Characteristics:

4.2.1 Equivalent Orificel Area:

@) A,=0.0333 (D@ %@ x @) satt 0.303
@6 A =0.0383 @\/(@ + )/(@ x {0)), sqtt 0.313
4.2.2 Ventilating Charadtéristic (Equation 22):
@T9=@+,°R 595
T, /Ty = (2 / @) 0.941
Ty/Ty= 1.0 : 1.00
a/a0% =[® + ©]°2 3.92
@) (AG/AS)Z -[® =+ @ | 2 3.67
@) (T,/T,) (Ag/A)? x 3.69 ‘
€3) (Ty/Ty) (Ag/Ay)> x @D | 3.67
E= (2 + (2 7.36

U
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4,2.2 Continued:

@ 1/T,- @ / (®

4.2.3 Ejector Design Solution:

AlO/AG assume (refer to Figure 4)*
@ A10= x@ , 8q ft

A9= @ -@, sq ft

D, = V@D ~ 0.7854, t

30 (L/DIO) (assume)

W o (05 . @
oW @

e 6

@ M enter Figures 5a through 5f with s and @

@ = X , feet
(AIO/A6)2 = ?
@ 4,,/a,= @) (9
4L/D = 4x x

ot S 3
6 o (a8 - & = 6D

:(Alo/Ag)] 2 - @ -2
4, o(A9) [(Alo/Ag) —2] = (9 x

1eM JE (A___/A \2
<=, { Y10’

+ (A o/Ag) [(Alo/Ag) - 2]}
-[@+ @] +[2x @]
@) a, mq. (28) [+@]x@
@3 b, Ea. 29 = @+ @) x (@)

W/ " [® 7 ©F

0.35
Trial Trial Trial
No. 1 No.2 No. 3
2.0 1.5 1.40
1.20 0.900 0.840
0.600 0.300 0.240
1.236 1.070 1.034
3.0 3.0 3.0
0.102 0.102 0.102
1.15 1.07 1.05
3.70 3.21 3.10
4.00 2.25 1.96
2.000 3.00 3.50
0.036 0.036 0.036
1.0156 1.0156 1.0156
29.44 16.56 14.43
0.0 1.000 1.500
0.0 3.000 5.25
12.80 9.140 9.371
4.835 3.5864 3.635
1.371 1.371 1.371
40.75 40.75 40.75

* The first assumption here is intentionally selected as a value not agreeing with Figure 4 to demonstrate

the rapid convergence of the final answer. — - — -
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Trial Trial Trial

4,2.3 Continued: No.1 No. 2 No. 3
R T,/(2g P, = [53.32 (@] 0.6656 0.665 0.665 ‘

2x382.174x (A1) x144

P =[ x ] /144, psi - 0.1883 0.1883 0.1883
6
@ Lo @ - @
@ -g 110 20|
b2 = 2 1.8796 1.8796 1.8796

dac= 4 x x -13.992 -5.492 -4.619

15. 871 7.372 6.499

Vb? - dac |- \/ 3.984 L2075 2.549

b+ Vb3 4ac = 6G) - 2.618 1.344 1.178

w /W = (62 + [2 ] 0.2902 0.1890  0.1620

1 = - L
Req'd W /W] = @ +(5) 0.1724 0.1714  0.1724

-0.7235 -0. 3863 -0. 3177

® @O ®E® &
®
®

¥ @ does not agree with @
within a reasdnable tolerance go back
to step @ and make a new assumption

on Ay 0/ Ag. ‘

(Alo/A6) finall (by cross-plotting) 1.435
(A, final = 68 x (6), sa. ft. | 0.861

(D; ) final = |\/5§ + 0.7854, feet 1. 047

(L) final = @ x (7 , feet 3.14

®® @6

4.2.4 Turbine Tail~Pipe |(Primary Nozzle) Discharge Conditions:
(Ty/Tg) (WAL= @ = 6D 0.01¢4
Ay= GO - (=t o-z61
(Aa/A9)2= [@T' ]2 5.285
E+ (A6/A9)2 = @ + 12,64
(P =Pg) /P o = x - ®-Qy 0.1814
Pii-Pe= @ x @ x 21.7, in. B0 0.68
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4.2.5 Check on Assumed Friction Factor:

wc/(wc+we) =@/ G+ @)
W /(W_+ W) =®/G)+ @)

® ®

5. DERIVAT

5.1 Equations for the Case Where the Engine and Compartment have Separate Inlg

® ®

Vi

) x @ + 69 x @), °R (Ea. 19)

scosity, n. , from Reference 5 as a function of

, Ib/ft-sec

Reynolds number, Re = x

ince a 3:1 variation in the magnitude of f does not significantly affect
jector performance, the initial estimate of f = 0. 003 is satisfactory.

@®+®) x 6

a function of .

ION OF BASIC EQUATIONS

0.147
0.8563

1538

" 2.57x 1070
2,124 x 106

0.004

ts:

5.1.1 Momentum Equation for the Ejector Mixing Duct: The relationships between|

for th
expre

(Momg

where

The w4

5.1.1.1

In most cases, becduse of the usual physical limitations on mixing zone

are

be required for complete mixing. As a result, the outgoing momentum i
for a homogeneous mean velocity. To take this effect into account, § "mixing constant'" M is
defined by the following equation:

that

j‘simple case of an ejector with a mixing zone of constant cross-secti

sed by the momentum equation, which states that:

ntum) . - (Momentum) = &) - ®P). |x A
in out s’ out s’ in 10
+ Wall Friction

momentum equals mass flow rate x velocity.

not completely mixed, since a mixing zone length of the order of 10

111 friction is a numerically small item but can be estimated from avajilable friction factor data.

pressure, flow, and velocity
pnal area may be conveniently

@)

ngth, the two flow streams
ixing duct diameters would
5, in general, different from

The factor M is equal to unity for complete mixing, but for incomplete mixing, its value increases.
Measured values™ of M, which are used in the design method presented herein, are shown in Fig, 5a

(Momentum) metnnl M x (Momentum) mean

()

through 5d of Section 3.

4

See References, Section 6

* Stepsthrough. may be eliminated in most cases w1€hout serious loss of accuracy.
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5.1.1.2 Referring to Fig. 1 and Table I of Section 3 for nomenclature and station identification, Equation (1)

for this case may be written as:

2
Toly , Do¥s  To” M M= -p) A +3 4 o
e - z 10 10~ e P10 D, “10 P10 Zg
from continuity:
W= pAV
Substituting from (4) into (3):
A
A - Pohg Vo) Vg (Pehg Ve Vo Py 450 Vig) VigM
(P, =P) = -
10 & 10 g g g,
2
B TS oA
DlO 10 10 2g
o v 2
Dividing both sides of equation (5) by ._6_2__6_ gives:
2 2
it P)A
®10 = Pe) A9 Py \) : P10 V1o
2 = 2A6 + 22— A9 V_ - 2M A10 -
Ps Ve e 6 Pe 6
2g
2
ST A ST A AT
D1 0 P 6 10 V6
For a perfect gas:
P
o RT
P
on P ZURT
Solving equation (4) for 'V
. Rh /2
T eA
2
°s Ve
Substituting the term PVp for %8 (turbine velocity pressure)
6
2
P6 Ve
P =
VPg 2g
Substituting from (4a) into (8):
2
e Ve w
P 6 T —_— = e
vp 2 2
o)
2g 6 A6 2g 96 A6

(3)

4)

®)

(6)

()

(7a)

(42)

®)

(82)

\
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Substituting from (7a) into (8a)
2
RT.W 2 _ RT w
Pooe = 6 e = 6 e ©)
VvV 2
6 P6A62 g Py Ag '

From equation (7a), it may be seen that for a constant gas constant R:

Ta

T (10)
b

With the small pressure differences involved in the normal ejector system, the effect of changes in
pressure on density changes may also be ignored (P /P, =1.0), and so in this case, equation (10)
becpmes: il

— — (10a)
From equations (10a) and (4a)

2 2 2 N
(@ - B ELR)
pa Va Tb Wa Ta Ab

2 2
D
W T\A
a b

Subgtituting from equations (8):dnd (11) into equation (6) and dividing botl] sides of the equation by A

2 2

2 2
Pio =P _ 5% D (E) <i6_> <T9_> _2M<Yci‘_”_§> <%> (319)
Pvp6 AlO A10 We A9 TG We A10 T6
2 2
- (ifé) (Wc + We> (f_e) (11_(_) a2)
DlO We AlO TG

Assuming perfect mixing, the mixed mean temperature may be calculated from an enthalpy balance:

Wc h9 +We h6 = (Wc + We) h10 (13)

Or, assuming constant specific heats:

Wc T9 + We T6 = (We -+ WC) TIO (13a)
Solving for TlO:
w w
T, =|=—2—) 7 +{—=-—) T (14)
10 W o+ W 6 W o+ W 9
e c e c

10°
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Substituting from (14) into (12) and consgolidating terms:

2
(P1g = Pg) - <f_§_ ) L9 G_f_’ ><f§ )(ﬁﬁ) (Z)
Pype A10 Te/\P10/\A9/ \ W,

@, .~ P, A
S LI for 1

Pvp6 \
VAN w w [T
- lam + -4&) L) {1 S+ 2 (X
D10/ \210 Ye Ye \ e
Equation (15) establishes a relationship between nozzle static pressure depression diyided by nozzle

dynamic pressure and the various area, flow, and the temperature ratios, when no exhaust diffuser
is used.

(15)

When a diffuser|is present, an additional pressure rise P11 - P1 0 is produced which [is given by
equation (15a)
. RTIO (Wc + We) 2 A10‘2
P =Pip = T " 1~ = (152)
ik 10 oe P & )2 A11
g P10%10
Combining equafions (14), (15), and«15a) and solving for P11 - P6
vp

|-°

)

: 2
)vp6- A10 T6 AlO A9 Wc
| P
A A W w /T
- nD[l -<A—1°>J (A—6> fra_e) l:l — T—9 ] (15b)
11 10 We e\16 ,

Energy Equation for the Ventilating Air: A second equation is provided by determining the flow, pres-
sure, and temperature relationships of the ventilating air. ’

- 2M+%f-l“-
10

The pressure loss analysis of the compartment air flow is based on the concept of equivalent orifices.
Consider, for example, a ventilation duct in which a volume flow, Q, at a density p, produces a pres-
sure drop, AP. The flow-pressure drop characteristics of this duct can be simulated by an equi~
valent orifice having the same characteristics. The area of an ideal equivalent orifice (with contrac-
tion and velocity coefficients equal to 1.0) may be calculated from the following equations:

(16)
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Substituting from equations (4) and (7) into equation (16):

oW’ RTW

AP = 22 2
2g 0 A 2g PA

Equation (16a) may be solved for equivalent orifice area as follows:

/ __RT
A=W 28 PAP

where all units are in consistent ft, 1b, sec., and R units.

With P in psia and A P in inches H_O units, equation (17) becomes

A-W / 53.32x Tx 27.7
V2x32.174xPx 144x 4P x 144
O
A=0.0333 W \/ 115
(psia) T (in. H,,0)

Referring to Fig. 1 of Section 2, the pressure dropsiin the compartment

(16a)

an

(172)

are considered to consist of

a ppessure loss in the compartment inlet ducting ‘represented by an equivalent orifice A_ and a loss

between the compartment and t he eductor nozzlé, represented by an equi
further reduction in static pressure occurs.in-the conversion of static pr
when the ventilating air enters the annular-area surrounding the primary
form:

Wc 2
- = = = A + A +
(P =Py = Bp=)%) Py Pg 9 2
gP_A
9 79
Substituting from equation (16a):
2 2
RT W 2 RT,6 W RT W
7 ¢ 8 . ¢ 9 ¢
P ~Pg) = 2z T 2 * 2
2g P,7 A,7 2g P8 A8 2g P9 A9

valent orifice " A_. A
bssure to velocity pressure
eductor nozzle, In equation |

(18)

(19)

Div

ding both sides of equation (19) by P, given by equation (9):
vp6
2

2 2
T6 P8 We A8 T6

: 2
% T () () (e
Pvp6 T6 P’Z We A7

As in the previous case, the pressure ratios are all approximately equal
ratios equal to 1. 0 and factoring out <W
c

W
e

Te

) 2

w2 )

P9 We A9
(20)

to 1.0. Setting the pressure

2 , equation (20) becomes:

2 2 2 -
P, -P T A

Pr P <.&><f’g> E(i) T AN (‘i) 21)
Pvp6 T6 We T9 A7 T9 A Ag
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