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ABSTRACT

Cold flow tests of a four nozzle eductor system were
conducted to evaluate the system's performance with the
following geometric modifications: changing the area ratio
of the mixing stack to primary flow nozzles from 3.0 to 2.5;
adding a solid diffusor to the exit of the mixing stack;
adding two- and three-ring diffusors to the exit of the mixing
stack; adding film cooling ports along tﬁe length of the
mixing stack; and combining the effects of film cooling ports,
a two-ring diffusor and a shroud. Non-dimensional parameters
governing the flow phenomena are developed from a one-dimensional
analysis of a simple eductor system based on the conservation
of momentum for an incompressible gas. The eductor perform-
ance is evaluated in terms of these non-dimensional parameters.
Within the range of modifications considered, the configuration

with the film cooling ports, shroud and two diffusor rings

provided the best overall eductor system performance.
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NOMENCLATURE

English Letter Symbols

Area, in.2

Sonic velocity, ft/sec

Coefficient of discharge

Diameter, in.

Thermal expansion factor

Wall skin-friction force, 1lbf

Proportionality factor in Newton's Second Law,
g, = 32.174 lbm-ft/lbf-sec?

Enthalpy, Btu/lbm

Ratio of specific heats

Length, in.

Pressure, in. HZO

Atmospheric pressure, in. Hg

Velocity head, in. nzo

g PMS - Static pressure along length of mixing stack,

\ in. HZO

i

E R - Gas constant for air, 53.34 ft-1lbf/lbm-°R

g s - Entropy, Btu/lbm-°R

§ S - Distance from primary nozzle exit to mixing

: stack or entrance transition entrance, in.

g T - Absolute temperature, °R l
i u - Internal energy, Btu/lbm

: U - Velocity, ft/sec

Specific volume, fta/lbm




PP PP ey

.|
|
;!
|

4 SRR R B A L A

»

S i e e il g s i e e Sy i <A

Mass flow rate, lbm/sec

Axial distance from the entrance of the
mixing stack, in.

Expansion factor

Secondary flow area to primary flow area ratio

Flow coefficient
Kinetic energy correction factor

Momentum correction factor at the mixing

Momentum correction factor at the primary

Pressure coefficient

Mixing stack pressure coefficient

Standoff; Ratio of distance from entrance of
mixing stack to diameter of mixing stack

Absolute temperature ratio of the film flow
Absolute temperature ratio of the secondary
flow to primary flow

Absolute temperature ratio of the tertiary
flow to primary flow

Film cooling mass flow rate to primary mass

W

X
Y

Dimensionless Groupings
A*
AR Area ratio

£ Friction factor
K
K

e
Km stack exit
K

P nozzle exit
M Mach number
AP*
PMS*

Re Reynolds Number
s/D

TE = TF*

to primary flow

* = *

'I.‘s TS

® = *

'1‘t T

w% = WF*

flow rate ratio

W; = WS*

Secondary mass flow rate to primary mass
flow rate ratio




w; = WT* Tertiary mass flow rate to primary mass

flow rate ratio

X/D - Ratio of distance from entrance of mixing stack
to diameter of mixing stack

p* - Induced flow density to primary flow density

Greek Letter Symbols

v - Absolute viscosity, lbf-sec/ft2
o) - Density, lbm/ft3
¥ - Split ring diffusor included angle
Subscripts
0 - Section within secondary air plenum
1 - Section at primary nozzle exit
2 - Section at mixing stack exit
- Film cooling
m - Mixed'flow or mixing stack
or - Orifice
P - Primary
s = Secondary
t - Tertiary
u - Uptake
w - Mixing stack inside wall

Tabulated Data

MU - Uptake Mach number

PA-~PNZ

Pressure differential across secondary flow

nozzles, in. Hzo

PA-PS

Static pressure at mixing stack entrance
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PMS - Mixing stack static pressure, in. H20

}
5} PTA - Velocity pressure head distribution at mixing f
stack exit along a diagonal traverse, in. azo ‘

PTB - Velocity pressure head distribution at mixing
stack exit along a horizontal traverse, in. H20

PU-PA - Static uptake pressure, in. nzo
UM - Average velocity in mixing stack, ft/sec
up - Primary flow velocity at primary nozzle exit, ,
ft/sec ]
uu - Primary flow velocity in uptake, ft/sec ]
va - Diagonal velocity traverse at mixing stack
exit, ft/sec
VB - Horizontal velocity traverse at mixing stack
exit, ft/sec
VAV - Average mixing stack exit velocity
.
-
1
g ¢
?‘
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I. INTRODUCTION

With gas turbines becoming a more popular means of
powering naval vessels, special considerations need to be
given to their particular air breathing and exhausting
characteristics. With air-fuel ratios of four to five times
that of conventional steam plants and the requirement for a
relatively large amount of combustion air, a large quantity
of hot exhaust gas is generated. Due to gas turbine design,
these exhaust gases are at temperatures significantly above
those of conventionally powered ships. A few of the problems
caused by these high temperatures are thermal damage to
electronic equipment located in the mast of these ships, hot
gas corrosion of the mastand other superstructures located in
the hot gas wake, and a significant infrared radiation signa-
ture created by the hot gas plume and hot external surfaces
of the stack.

This thesis is an extension of research done by Ellin [1!1
and Moss (2] to determine better geometric designs for the
exhaust plenum and mixing stack system of gas turbine powered
naval ships.

Ellin initiated the work by constructing an eductor model

testing facility consisting of an uptake, primary flow nozzle,

lNumbers in brackets correspond to the reference numbers
in the Bibliography.
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j mixing stack, a means to control and measure the primary air
T flow, and a means to measure the secondary air flow; see
Figure 1. The primary air flow in the testing facility repre-
sents a gas turbine's hot exhaust gas. The secondary air
flow is ambient air induced into the entrance of the mixing
stack by the primary air flow; see Figure 2. From Ellin's

study of multiple nozzle flow systems consisting of several

identical round nozzles, it was determined that four primary

flow nozzles were preferable to either three or five, and that

|

i nozzle length has little or no effect on the eductor system's
overall performance. Ellin then verified the independence
of the one-dimensional model correlation parameters used on
flow rate or Mach number. He determined that for Mach numbers

) from 50% to 145% of the design Mach number of 0.064, the
correlation parameters suggested in the one-dimensional analysis
did in fact provide good correlation of the data.
Moss' work followed, and it initially consisted of veri-

fying the one-dimensional analysis as did Ellin. He then

tested the effect of the stand off distance (that distance

between the exit plane of the primary flow nozzles and the

entrance plane of the mixing stack). For the primary flow

nozzles he tested, Moss determined that the optimum stand off
distance for maximum eductor pumping was a distance equal to
0.5 diameters (0.5 Dm) of the mixing stack. An independent

investigation of this, conducted by Harrell [3], confirmed

3 Moss' findings. Moss then investigated the effects of a g

i: conical transition placed on the entrance to the mixing stack.

3
:
’
)
]
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He concluded that a straight mixing stack without an entrance
transition provided a better system performance.

This current study, using the same basic testing facility,
investigates the results of changing the primary flow nozzle
to mixing stack area ratio, modifying the exit geometry of
the mixing stack, and adding film cooling along the length
of the stack. An overall mixing stack length of 2.5 D was
chosen for testing as it was considered representative of
mixing stack lengths used in gas turbine powered ships.
Figures 1 and 2 provide a schematic representation of the
model testing facility. Figures 3, 4, and 5 illustrate the
locations of, and the terminology used, to define the air
flows.

The area ratio of the mixing stack to primary air flow
nozzles was changed to reduce the uptake back pressure which
is of concern because excessive uptake back pressure signi-
ficantly reduces gas turbine operating efficiency. However,
by lowering the uptake back pressure the primary nozzle exit
velocity is reduced, and, therefore, the secondary air flow
is also lowered. This loss in secondary air flow can be
compensated for with modification to the mixing stack exit
geometry and the addition of film cooling ports.

The primary flow nozzles tested in this study are pictured
in Figure 6 and shown dimensionally in Figure 7. The straight
stack tested is dimensionally illustrated in Figure 8 and

pictured in Figure 9.
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Three modifications of the straight mixing stack exit

geometries were investigated: a solid diffusor dimensionally
illustrated in Figure 10 and pictured in Figure 11, a two-
ring diffusor dimensionally illustrated in Figure 12 and
pictured in Figure 13, and a three-ring diffusor dimensionally
illustrated in Figure 14 and pictured in Figure 15. The
addition of diffusor rings on the mixing stack introduced

a tertiary air flow through the rings as shown in Figure 4.

Additional modifications to the eductor system were made
by cutting ports into the mixing stack as shown in Figures 16
and 17. Air induced through these ports is termed film
cooling air; see Figure 5. Tertiary and film cooling air
is induced, ambient air with the primary purpose of convec-
tively cooling the eductor system. This is contrasted with
secondary air flow which is ambient air predominantly intended
to reduce exhaust gas temperature by mixing.

The combining of the diffusor rings and the ported mixing
stack, as shown in Figures 18 and 19, constituted the next
eductor system tested.

The final model tested had a shroud added to the eductor
system as shown in Figures 20, 21, and 22. The shroud was
designed to direct the film cooling air along the exterior
of the mixing stack to reduce the heat transfer between the
mixing stack and the shroud. This acts as a thermal shield
of the hot mixing stack to further reduce infrared radiation
in addition to providing the source of air for the film

cooling ports.




Evaluation of eductor system performance was measured in
four areas: the amount of secondary air flow induced by the
primary air flow, the degree of mixing of primary and induced
air flows within the mixing stack system, the amount of uptake
back pressure impressed upon the turbine exhaust by the educ-

tor system, and the amount of film cooling air available to

reduce the exterior stack temperature of the eductor system.
The key factor which allows cold flow testing to predict
the effects of a hot gas eductor system is the similarity of
the momentum and energy transfer mechanisms in turbulent flows.
The momentum correction factor, defined as the ratio of the
actual momentum rate to the pseudo-rate based on the average
velocity, is used as a measure of the degree of mixing at the
exit plane of the mixing stack. Another measure of the degree
of mixing is the ratio of the peak exit velocity to uptake
velocity which also reflects the peak to average temperature
Both these means were utilized in the evaluation of

ratios.

eductor system mixing abilities.
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II. THEORY AND ANALYSIS

This investigation, being an extension of the work of
Ellin (1] and Moss [2], uses the same one-dimensional analysis
of a simple eductor system. Similarity between the basic
geometry tested by Ellin and Moss was maintained in order to
correlate data. The dimensionless parameters controlling the
flow phenomenon used by Ellin were also used in this investi-
gation along with the basic means of data analysis and presen-
tation. Dynamic similarity was maintained by using Mach
number similarity to establish the model's primary flow rate.

Although the analysis presented here is for an eductor
model with only primary and secondary air flows, it should be
kept in mind that many of the results presented are for sys-
tems with primary, secondary, and tertiary air flows. Systems
with tertiary and film cooling air flows have been non-dimension-
alized with the same base parameters as the secondary air
flow and have been calculated using the same one-dimensional
analysis. This allows for easy comparison of the results.
Parameters pertaining to the secondary systems are subscripted
with an "s", those relating to the tertiary box are subscripted

with a "t", and those relating to film cooling air with an "f".

A. MODELING TECHNIQUE
Dynamic similarity between the models tested and the actual

prototype was maintained by using the same primary air flow

22
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Mach number. For the primary air flow Mach number used
(0.064), and based on the average flow properties within the
1 mixing stack and the diameter of the mixing stack, the air
flow through the eductor system is turbulent (Re > 105).

As a consequence of this, momentum exchange is predominant

over shear interaction, and the kinetic and internal energy

terms are more influential on the flow than are viscous forces.
It can also be shown that the Mach number represents the ratio
of kinetic energy of a flow to its internal energy and is,
therefore, a more significant parameter than the Reynolds

number in describing the primary flow through the uptakes.

B. ONE-DIMENSIONAL ANALYSIS OF A SIMPLE EDUCTOR

The theoretical analysis of an eductor may be approached
in two ways. One method attempts to analyze the details of
the mixing process of the primary and secondary air streams
as it takes place inside the mixing stack. This requires an
interpretation of the mixing phenomenon which, when applied

to a multiple nozzle system, becomes extremely complex. The

other method, which was chosen here, analyzes the overall

performance of the eductor system and is not concerned with
the actual mixing process. The one-dimensional analysis is
based on a single primary nozzle exhausting into a mixing

stack, as shown in Figure 23. To avoid repetition with pre-
vious reports, only the main parameters and assumptions will
be represented here. A complete derivation of analysis used

{ can be found in references [l] and [4]. The one-dimensional




flow analysis of the simple eductor system described depends
on the simultaneous solution of the continuity, momentum and
energy equations coupled with the equation of state, all
compatible with specific boundary conditions.
The idealizations made for simplifying the analysis are
as follows:
1. The flow is steady state and incompressible.
2. Adiabatic flow exists throughout the eductor with
isentropic flow of the secondary stream from the plenum
(at section 0) to the throat or entrance of the mixing
stack (at section 1) and irreversible adiabatic mixing
of the primary and secondary streams occurs in the
mixing stack (between sections 1 and 2).
3. The static pressure across the flow at the entrance and exit
planes of the mixing-tube (at sections l and 2) is uniform,
4. At the mixing-stack entrance (section 1) the primary
flow velocity Up and temperature Tp are uniform across
the primary stream, and the secondary flow velocity Us
and temperature Ts are uniform across the secondary
stream, but Up does not equal Us' and Tp does not equal Ts.
5. Incomplete mixing of the primary and secondary streams
in the mixing stack is accounted for by the use of a
non-dimensional momentum correction factor Km which
relates the actual momentum rate to the pseudo-rate
based on the bulk-average velocity and density and by
the use of a non-dimensional kinetic energy correction

factor Ky which relates the actual kinetic energy rate
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to the pseudo-rate based on the bulk-average velocity

and density.

6. Both gas flows behave as perfect gases.

7. Flow potential energy of position changes are
negligible.

8. Pressure changes P,, to P, and P, to P, are small
relative to the static pressure so that the gas
density is essentially dependent upon temperature
(and atmospheric pressure).

9. Wall friction in the mixing stack is accounted for

with the conventional pipe friction factor term based

on the bulk-average flow velocity Um and the mixing
stack wall area Aw.

The following parameters, defined here for clarity, will

be used in the following development.

%p

Bn

<"

mass principle for steady flow yields

area ratio of primary flow area to mixing stack
cross sectional area

area ratio of wall friction area to mixing
stack cross sectional area

momentum correction factor for primary flow
momentum correction factor for mixed flow.

wall friction factor

Based on the continuity equation, the conservation of
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w = wp + ws + wt (1)

where

(la)

All of the above velocity and density terms, with the
exception of Pm and Um' are defined without ambiguity by
the virtue of idealizations (3) and (4) above. Combining
equations (1) and (la) above, the bulk average velocity at

the exit planeof the mixing stack becomes

W. + W, + W
)

s t P
% (1b)
m m

where Am is fixed by the geometric configuration and

(2)

©
3
]
)
s

where Th is calculated as the bulk average temperature from
the energy equation (9) below. The momentum equation stems
from Newton's second and third laws of motion and is the
conventional force and momentum-rate balance in fluid

mechanics.
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Note the introduction of idealizations (3) and (5). To
account for a possible non-uniform velocity profile across
the primary nozzle exit, the momentum correction factor K

is introduced here. It is defined in a manner similar to
that of Km and by idealization (4), supported by work con-
ducted by Moss, it is set equal to unity. Kp is carried
through this analysis only to illustrate its effect 6n the
final result. The momentum correction factor for the mixing

stack exit is defined by the relation

1 2
Ba = oww | 9y ey A e
mmo

where Um is evaluated as the bulk-average velocity from
equation (lb). The wall skin f{riction force Ffr can be

related to the flow stream velocity by

Um2 P
Ffr = f AW [-z-g:—] (5)
using idealization (9). As a reasonably good approximation

for turbulent flow, the friction factor may be calculated

from the Reynolds number
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Applying the conservation of energy principle to the steady
flow system in the mixing stack between the entrance and

exit planes,

U 2 U ‘ U a
s t
Wp[hp + -2-%] + ws[hs + Tg-;] + wt[ht + Q'g—c]
Um2
- wm[hm * Ke E] (7)

neglecting potential energy of position changes (idealization
7). Note the introduction of the kinetic energy correction

factor Ke' which is defined by the relation
1 3
By, = =8 | 0" 5 6k (8)

It may be demonstrated that for the purpose of evaluating
the mixed mean flow temperature Tm' the kinetic energy terms

may be neglected to yield
W W w

h, = ofh +of 0 +2%0 (9)
" Wn W

where Tm = ¢(hm) only, with idealization (6).

The energy equation for the isentropic flow of the

secondary air from the plenum to the entrance of the mixing




. o
Bl 6 o 0 X W Aty e 5 e S s e Wl ¥

stack may be shown to reduce to

£l = P (10)

similarly, the energy equation for the tertiary air flow

reduces to

The foregoing equations may be combined to yield the
vacuum produced by the eductor action in either the secondary
or tertiary air plenums. For the secondary air plenum, the

vacuum produced is

1 sz w32 1 Am W . }
P - P = {K + [1___] [K + ]
a os g Am o] Appp Asps 2 As Amp 2 X

(11)

where it is understood that Ap and pp apply to the primary
flow at the entrance to the mixing stack, As and Py apply to
the secondary flow at this same section, and Am and P apply
to the mixed flow at the exit of the mixing stack system.

Pa is atmospheric pressure, and is equal to the pressure at

the exit of the mixing stack. Aw is the area of the inside

wall of the mixing stack.
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For the tertiary air plenum, the vacuum produced is

2 2
(W_+W ) 11} A
IS R R I e bl v b o2
a ot 9 A, P (Appp+Asps) Ao, 3 a
2
W
m £ Aw
- ——[K_ + % —]} (1la)
Af, m b ] A

where the primary flow now consists of both the primary and

secondary air flows.

C. NON-DIMENSIONAL FORM OF THE SIMPLE EDUCTOR EQUATION

In order to provide the criteria of similarity of flows
with geometric similarity, the non-dimensional parameters
which govern the flow must be determined. The means chosen
for determining these parameters is to normalize equations

(11) and (lla) with the following dimensionless groupings.

Pa~Pos
Ps
ApP* = g a pressure coefficient which compares
U the pumped head Pa-Pos for the
igc secondary flow to the driving head
2
§)
52— of the primary flow
9¢
PePot
Pe
APT* = o a pressure coefficient which compares
U the pumped head P_=-P for the,tertiary
a ot U 2
9¢c flow to the driving head 72— of the
primary flow 9¢
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l W
WS* = wﬂ a flow rate ratio, secondary to primary
P mass flow rate 5
|
i W ‘
WT* = wE a flow rate ratio, tertiary to primary
P mass flow rate
£ 4 Ts
k| TS* = T an absolute temperature ratio, secondary |
Z P to primary =
Tt
T; i, an absolute temperature ratio, tertiary
‘ p to primary
b i _’
i o* = Eg a flow density ratio of the secondary
‘ s 0 to primary flows. (Note that since the
P fluids are considered perfect gases,
T
e THog |
Pe
p: o g a flow density ratio of the tertiary flow
P to primary flows. (Note that since the
fluids are considered perfect gases,
T
] * —2 = 1
Pt = Ty ?{’
\
As
| A* = — an area ratio of secondary flow area to
s A
4 P primary flow area
A ;
A* = . an area ratio of tertiary flow area to '
t A 1
P primary flow area ,
With these non-dimensional groupings, equations (1ll) and j
(l1la) can be rewritten in dimensionless form. Since both ; |
{3

31




+ v el e 4y e B wik e o e i) " i i 3 o -
A T : e I 5 e R B 5 s i S S RB S R o M  rc S i

|
E |
b | equations follow the same format, only the results for the
: secondary air plenum will be presented here.
Ap* P
—_— = 2 i - K =~ I - Wx [K_+ T*] B
| A A
f 2 1 m ;
b * = 5 .
i * W (K - greR) xﬁs]} (12)
where
A
! f “w
B = K + 35— .
m - 2 A
This may be rewritten as
AP* 2
- = C ¢+ CZW*(Td-l) + c3w* T* (13)
where
A A
c, = 2zB(k_~:£p,
\ 1
\ N R
Fi A
1 |
A A A
¢; = 2gGF "R P o R ® |
m P m |
{

As can be seen from equation (13),

AP* = F(W*,T*) .




The additional dimensionless quantities listed below
were used to correlate the static pressure distribution down

the length of the mixing stack.

PMS
)
PMS* = —S a pressure coefficient which compares
7%2 the pumping head %gg for ghe secondary
c 5 u
flow to the driving head 75: of the
primary flow, where PMS = static
pressure along the mixing stack length
% ratio of the axial distance from the

mixing stack entrance to the diameter
of the mixing stack

D. EXPERIMENTAL CORRELATION

It is desirable to make a direct comparison of prototype
and model performance on a one-to-one basis so that the
effects of changes in geometric parameters on eductor perform-
ance may be readily evaluated. The ratio of absolute tem-
peratures is the only parameter which was not controlled during
the model testing. Therefore a means of presenting the
experimental data for a given geometric configuration in a
form which results in a pseudo-independence of the dimension-
less groupings AP* and W* upon T* must be developed. From
equation (13) a satisfactory correlation of AP*, T*, and W¥*
for all temperatures and flow rates takes *the form

B = o(wran) (14)
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where the exponent n is determined to be equal to 0.44. The
details of the determination of 0.44 as the correlating
exponent for the geometric parameters of the models tested

is given in reference [l]. To obtain an eductor model's
pumping characteristic curve, the experimental data is corre-
lated and analyzed using equation (14), that is, AP*/T* is

plotted as a function of W*T*°'44.

This correlation is used
to predict the open to the environment operating point.
Variations in the eductor model's geometry will change the
appearance of the pumping characteristic curve and facilitate
comparison of pumping ability between models. For ease of

0.44

discussion, W*T* will henceforth be referred to as the

pumping coefficient.
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III. EXPERIMENTAL APPARATUS

Air is supplied to the primary nozzles by means of a
centrifugal compressor and associated ducting schematically
illustrated in Figure 1. The mixing stack configuration
being tested is placed inside an air plenum containing an
airtight partition so that two separate air flows, secondary
and tertiary, may be measured. The air plenum facilitates
the accurate measurement of secondary and tertiary air flows

by using ASME long radius flow nozzles.

A. PRIMARY AIR SYSTEM

The circled numbers found in this section refer to loca-
tions on Figure 1. The primary air ducting is constructed
of l6-gage steel with 0.635 cm (0.25 in.) thick steel flanges.
The ducting sections were assembled using 0.635 cm (0.25 in.)
bolts with air drying silicone rubber seals between the flanges
of adjacent sections. Entrance to the inlet ducting (:) is
from the exterior of the building through a 91.44 cm (3.0 ft)
square to a 30.48 cm (1.0 ft) square reducer, each side of
which has the curvature of a quarter ellipse. A transition
section (:) then changes the 30.48 cm (1.0 ft) square section
to a 35.31 cm (13.90 in) diameter circular section (:) « This
circular section runs approximately 9.14 m (30 ft) to the
centrifugal compressor inlet. A standard ASME square edged

orifice (:) is located 15 diameters downstream of the entrance
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reducer and 1l diameters upstream of the centrifugal com-
pressor inlet, thus insuring stability of flow at both the

orifice and compressor inlet. Piezometer rings (:) are

located one diameter upstream and one-half diameter downstream

of the orifice. The duct section also contains a thermocouple

just downstream of the orifice.

A manually operated sliding plate variable orifice (:) was

designed to constrict the flow symmetrically and facilitate
fine control of the primary air flow. During operation, the
butterfly valve . located at the compressor's discharge,
provided adequate regulation of primary air flow, eliminating
the necessity of using the sliding plate valve. The sliding
plate valve was positioned in the wide-open position for all
data runs.

On the compressor discharge side, immediately downstream
of the butterfly valve, is a round to square transition (:)
followed by a 90 degree elbow and a straight section of
duct. All ducting to this point is considered part of the
fixed primary air supply system. A transition section @
is fitted to this last square section which reduces the duct
cross section to a circular section 29.72 cm (11.7 in) in
diameter. This circular ducting tapers down to a diameter
of 26.30 cm (11.5 in) to provide the primary air inlet to
the eductor system being tested. The transition is located
far enough upstream of the model to insure that the flow

reaching the model is fully developed.
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Primary flow is measured by means of a standard ASME
square edged orifice designed to the specifications given in
the ASME power test code [5]. The 17.53 cm (6.902 in) diameter
orifice used was constructed out of 304 stainless steel 0.635
cm (0.25 in) thick. The inside diameter of the duct at the
orifice is 35.31 cm (13.90 in) which yields a beta (B = 4/D)
of 0.497. The orifice diameter was chosen to give the best
performance in regard to pressure drop and pressure loss
across the orifice over the range of primary air flow rates
tested [between 0.907 Kg/sec (2.0 lbm/sec) and 1.814 Kg/sec
(4.0 lbm/sec)].

The centrifugal compressor (:) used to provide primary
air to the system is a Spencer Turbo Compressor, catalogue
number 25100-H, rated at 6000 cfm at 2.5 psi back pressure.
The compressor is driven by a three phase, 440 volt, 100

horsepower motor.

B. SECONDARY AIR PLENUM

The secondary air plenum, pictured in Figure 24, is
constructed of 1.905 cm (0.75 in) plywood and measures
1.22 m by 1.22 m by 1.88 m (4 ft by 4 ft by 6.17 ft). It
serves as an enclosure that can contain all or only part of
the eductor model and still allow the exit plane of the mixing
stack to protrude. The purpose of the secondary air plenum
is to serve as a boundary through which secondary air for the
eductor system must flow. Long radius ASME flow nozzles,

designed in accordance with ASME power test codes [5] and
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constructed of fiberglass, penetrate the secondary air plenum,
thereby providing the sole means for metering the secondary
air reaching the eductor. Appendix D of Reference [l] out-
lines the design and construction of the secondary air flow
nozzles. By measuring the temperature of the air entering
and the pressure differential across the ASME flow nozzles,
the mass flow rate of secondary air can be determined. Flexi-
bility is provided in measurement of the mass flow rate of
secondary air by employing flow nozzles with three different
throat diameters: 20.32 cm (8 in), 10.16 cm (4 in), and
5.08 amn. (2in). By using a combination of flow nozzles, a wide
variety of secondary cross sectional areas can be obtained.

A secondary air flow straightener, shown in Figure 25,
consisting of a double screen is installed 1.22 m (4 ft) from
the open end of the secondary air plenum, between the ASME
long radius nozzles and the primary air flow nozzles. The
purpose of the straightener is to reduce any swirl effect
that could result when only a small secondary air flow area

exists.

C. TERTIARY AIR PLENUM

The tertiary air plenum, pictured in Figures 24 and 26,
is constructed of 1.90 cm (0.75 in) plywood and measures
1.22 m by 1.22 m by 1.22 m (4 ft by 4 ft by 4 ft). It serves
as an enclosure that completely surrounds the mixing stack
and allows the exit and entrance regions to protrude. An

airtight rubber diaphragm type seal, schematically illustrated
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in Figure 6 and pictured in Figures 27 and 28, is located at
each end of the enclosure. This allows measurement of a
tertiary air flow independent of the secondary air flow.
Tertiary air flow is measured with the use of long radius
ASME flow nozzles designed in accordance with ASME test codes
(5] and constructed of fiberglass. These nozzles are located
so ;hat they penetrate the airtight tertiary air plenum,
thereby providing the sole means for metering the tertiary
air reaching the inductor. By measuring the temperature of
the air entering and the pressure differential across the
ASME flow nozzles, the mass flow rate of tertiary air can
easily be obtained. Flexibility in measuring the tertiary
flow is provided by employing different size flow nozzles:
two of 20.32 cm (8 in) throat diameter, three of 10.16 cm

(4 in) throat diameter, and two of 5.08 cm (2 in) throat
diameter. By using various combinations of these flow nozzles,
a wide variety of tertiary cross section flow areas can be
obtained.

The interior of the tertiary air plenum is pictured in
Figure 29. The stand which holds the mixing stack can be
seen mounted inside the plenum. This stand, Figures 30
and 31, provides three axis adjustments to the mixing stack for
alignment purposes. Figure 27 shows the diaphragm air seal
at the entrance to the mixing stack, and Figure 28 shows the
diaphragm air seal at the exit plane of the mixing stack.

As can be seen, removable ports were located in the exit
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plane door to allow for adjustments to the mixing stack

|
and instrumentation without removing the diaphragms. ! |

D. INSTRUMENTATION

Pressure instrumentation for measuring gage pressures is
located inside the primary air uptakes just prior to the
primary nozzles, inside the secondary air plenum, inside the
:”% tertiary air plenum, and at various points on the model.
A variety of manometers, pictured in Figure 32, were used to |
indicate the pressure differentials. A schematic representa-
tion of the pressure measuring instrumentation is illustrated
in Figures 33 and 34. Monitoring of each of the various

pressures was facilitated by the use of a scanivalve and a

multiple valve manifold. The scanivalve was used to select

the pressure tap to be read, while the multiple valve manifold

allowed selection of the optimum manometer for the pressure
being recorded. A vent was included in the multiple valve mani- i
fold which provided a means of venting the manometers between ‘
pressure readings. The valve manifold provided a selection

E " of a 15.24 cm (6.0 in) inclined water manometer, a 5.08 cm
(2.0 in) inclined water manometer, and a 1.27 cm (0.5 in)
inclined o0il manometer (specific gravity 0.827). 1In addition,
the following dedicated manometers were used in the system:

a 43.18 cm (17 in) single column water manometer connected

to the primary air flow just prior to the primary nozzles,

E a 127 cm (50 in) U-tube water manometer with each leg

connected to a piezometric ring on either side of the orifice




plate in the air inlet duct, and a 2.54 cm (1.0 in) inclined
water manometer connected to the upstream piezometric ring.
Primary air temperatures, measured at the orifice outlet
and just prior to the primary nozzles, are measured with
copper-constantan thermocouples. The thermocouples are in
assemblies manufactured by Honeywell under the trade name
Megapak. Polyvinyl covered 20 gage copper-constantan exten-
sion wire is used to connect the thermocouples tc a Newport
Digital Pyrometer, model number 267, which provides a digital
display of the measured temperature in degrees Fahrenheit.
Secondary/tertiary ambient air temperature is measured with
a mercury-glass thermometer and recorded in degrees Fahrenheit.
Velocity profiles at the mixing stack exit plane are
obtained by using a pitot tube, pictured in Figure 35.
The tube is affixed to a mounting template which allows
accurate determination of both azimuthal and diametral posi-
tion. Alignment pins allow fast, accurate changes in azi-
muthal angles. The pitot tube is used in conjunction with
the 15.24 cm (6 in) inclined water manometer for obtaining

the velocity pressure head.

E. EDUCTOR SYSTEM

The multiple nozzle eductor systems studied are designed
specifically for service onboard gas turbine powered ships.
The model consisted of a single primary uptake, a single
cluster of four primary nozzles of constant cross section, as

pictured in Figure 6, and a single mixing stack. The parameters
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varied in this research were the primary nozzle areas, the

length of the mixing stack, modifications to the exit region
of the mixing stack, the addition of film cooling ports, and
a shroud added externally to the mixing stack. Based on the
finding of Ellin, four primary flow nozzles were used, and
based on Moss' work, a stand off distance of one-half diameter
of the mixing stack was used. Maintaining Mach number simi-
larity in the uptakes for all tests facilitated a direct
comparison of all mixing stack performances. The uptake
parameters and primary nozzle dimensions used correspond
approximately to the area ratio used in existing gas turbine

powered ships.

F. MODEL GEOMETRIES ‘

A variety of mixing stacks were tested to evaluate the |
effects that modifications to exit geometry and the addition
of stack wall ports had on eductor performance.

1. Straight Mixing Stack

Straight mixing stacks of length to diameter ratios
(L/D) of 3.0, 2.5, and 1.75 were tested. These mixing stacks,
pictured in Figure 9 and shown dimensionally in Figure 8,
were manufactured from 29.72 cm (11.70 in) inside diameter
plastic pipe with a nominal wall thickness of 0.64 cm (0.25 in).
Additional material was glued to the entrance region to create
a 1.25 cm (0.50 in) radius. This allowed for smooth flow of

secondary air into the mixing stack and prevented separation
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which might have occurred with a square edge. Pressure taps
were located along the mixing stack as shown in Figure 8.

2. Straight Mixing Stack With A Solid Diffusor

The straight mixing stack with a solid diffusor is
pictured in Figure 11 and dimensionally illustrated in Figure
10. The straight portion of the assembly, which has an
L/D = 1.75, was constructed similarly to the straight mixing
stack except a flange was affixed onto the end of the straight
portion so that a solid diffusor of L/D = 0.75 could be
attached. The solid diffusor was constructed out of 0.15 cm
(0.06 in) thick aluminum and was fitted with a flange matching
the one on the mixing stack. The solid diffusor was constructed
with a double included angle of seven degrees. This angle
was chosen to prevent flow separation in the diffusor section.
When the solid diffusor was attached to the mixing stack,
the joint was filled with body putty and faired in to prevent
any misalignment from causing flow separation. Pressure taps
were located along the mixing stack as shown in Figure 10.

3. Straight Mixing Stack With A Two-Ring Diffusor

The straight mixing stack with a two-ring diffusor
is pictured in Figure 13 and dimensionally illustrated in
Figure 12. The straight portion of the assembly is constructed
identically to a straight mixing stack of L/D = 1.75. The
diffusor rings were fabricated out of 0.15 cm (0.060 in)
thick aluminum alloy which was rolled and then welded into the

rings. The welds were dressed down to present the same flow
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blockage as the parent diffusor material. The spacers used

to attach the diffusor rings to the straight mixing stack

1 and maintain radial separation were desinged to minimize flow
disturbance and blockage. The entire assembly had an L/D = 2.5.
Pressure taps were located along the mixing stack as shown in
Figure 12.

4. Straight Mixing Stack With Three-Ring Diffusor

The straight mixing stack with three-ring diffusor
is pictured in Figure 15 and dimensionally illustrated in
Figure 14. The straight portion of the assembly was constructed
identically to a straight mixing stack of L/D = 1.75. The
diffusor rings were fabricated out of 0.15 cm (0.060 in) thick |
aluminum alloy which was rolled and then welded into the rings. ?
The welds were dressed down to present the same flow blockage ‘
as the parent diffusor material. Spacers, used to attach i
the diffusor rings to the straight mixing stack and maintain |
axial spacing, were designed to minimize flow disturbance and
blockage. Pressure taps were located along the mixing stack
b as shown in Figure 14.

5. Straight Mixing Stack With Ports

The straight mixing stack with an L/D = 2.5 was fitted
with rectangular inserts which contained ports pictured in
Figure 17 and dimensionally illustrated in Figure 16. This
construction allows for change of port geometry witnout having

to fabricate a new mixing stack. The ports used in these

experiments were rectangular in shape and measured approximately




9.6 cmby 0.6 cm (3.8 inby 0.25 in). The inserts were

placed in four circumferential bands, each band consisting of
four equally spaced inserts. These bands were labelled A
through D as illustrated in Figure 16. Each successive band

of inserts was displaced radially 30 degrees from the previous
band to allow for inducement of film cooling air completely
around the circumference of the mixing stack. The rectangular
port geometry was chosen to minimize the vena contracta effects.
The angle of entrance into the mixing stack of 45 degrees

was based on geometric flow disturbance considerations.

Except for the ports, the inside of the mixing stack was
maintained smooth. Pressure taps were located along the mixing
stack as shown in Figures 16 and 17.

6. Straight Mixing Stack With Ports And A Two-Ring Diffusor

The straight mixing stack with ports and a two-ring
diffusor is pictured in Figure 19 and dimensionally illus-
trated in Figure 18. This assembly consisted of the straight
ported section (L/D = 1.75) tested previously and the two-
ring diffusor tested on the straight stack. The assembly
has an overall L/D = 2.5. Pressure taps were located along
the mixing stack as shown in Figure 18.

7. Straight Mixing Stack With Ports, A Shroud Covering
The Ports, And Two-Ring Diffusor (Shrouded, Ported
Mixing Stack) )

The straight mixing stack with ports, a two-ring
diffusor, and shroud is pictured in—-Figure 21 and dimensionally
illustrated in Figure 20. This assembly was the same as the

straight mixing stack with ports and two-ring diffusor except

45

4




e e Sl T il B Y AR T a0 5 Voo s 3 ki

SRbe s WAL - o ¥

that a shroud was placed around the portion of the mixing
stack that was ported. This forced the air drawn in by the
ports to flow between the shroud and the outside surface of
1 the mixing stack. Spacers, designed to minimize flow block-
age, held the shroud a uniform distance from the mixing stack.
Pressure taps were located along the mixing stack as shown

i in Figure 20.

H G. ALIGNMENT

The alignment of the mixing stack with the primary air
flow nozzles was accomplished using cross-hairs, a level, and
a 30.48 cm (12 in) rule graduated in 0.25 mm (0.0l in). The
cross-hairs were placed across the exit and entrance planes
of the mixing stack, locating the geometric centerline axis
of the mixing stack. By using these cross-hairs and the
level, the geometric centerline of the mixing stack was
aligned with a machining mark that represented the geometric
center of the four primary nozzles. The graduated scale was
used to establish the desired stand-off distance (S/D) and
insure that the exit plane of the primary nozzles and the
entrance plane of the mixing stack were parallel. The three
axis mixing stack mounting stand, illustrated in Figure 30
and pictured in Figure 31, allowed alignment adjustments to

be performed easily and accurately.
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IV. EXPERIMENTAL METHOD 1

Evaluation of the eductor model requires the experimental
determination of pressure differentials across the ASME long
radius flow nozzles, temperatures of primary and induced air
flows, internal mixing stack pressures, and mixing stack exit
velocities. These experimentally determined quantities are

then correlated and analyzed to obtain pumping coefficients, i

induced air flow rates, pressure distributions within the

mixing stack, mixing stack exit velocity profiles, and momentum

correction factors. The qualities of the eductor model are

then evaluated to determine the model's relative effectiveness. !
The following discussion addresses the individual quali-

ties of the eductor model and how they were determined.

A. PUMPING COEFFICIENTS

The secondary pumping coefficient and the tertiary
pumping coefficient provide the basis for analysis of the
eductor model's pumping performance. Thus, changes in educ-
tor model parameters which affect pumping can be noted by a
change in pumping coefficient. The pumping coefficient(s)
is desired at the operating point which is simulated by com-
pletely opening the air plenum(s) to the environment. This
can not be conveniently measured. Therefore, the eductor's
characteristics are determined, plotted, and then extrapolated

to the operating point.
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The pumping characteristics of the eductor model are

established by varying the associated induced air flow rate,
either secondary or tertiary, from zero to its maximum
measurable rate. This rate is determined by sequentially
opening the ASME flow nozzles mounted in the appropriate !
pPlenum and recording the pressure drop across the nozzles.

Values for nozzle cross sectional area, pressure drop, and

induced air temperature are then used to calculate the

dimensionless parameters AP*/T* and W*T*o'44

0.44

or APT*/TT*
and WT*TT* as described earlier in the Theory and
Analysis section. The dimensionless parameters are then
plotted as illustrated in Figure 36. Extrapolation of the
pumping characteristics curve to intersect with the zero

pressure/temperature coefficient abscissa locates the appro-

priate operating point coefficient of the model.

B. FILM COOLING PUMPING COEFFICIENT

The film cooling pumping coefficient WF*TF*O’44 could not
be obtained in a manner similar to the secondary and tertiary
pumping coefficients because the testing facility did not
allow space for a dedicated film cooling air plenum. (The
straight ported stack geometry is the only exception, where
the film cooling pumping coefficient was calculated using the
tertiary air plenum as a dedicated film cooling air plenum.)

Therefore, the film cooling was combined with either the

secondary or tertiary air flows as required by the eductor

model geometry. The film cooling pumping coefficient was




then calculated as the difference in the secondary and

tertiary pumping coefficients with and without the addition

of film cooling.

C. INDUCED AIR FLOWS

Three induced air flows are identified in this study:
secondary, tertiary, and film cooling.

The secondary air flow indicates the amount of induced
air passing through the secondary air plenum.

The tertiary air flow indicates the amount of induced
air passing through the tertiary air plenum. The dimension-
less quantity WT* is the ratio of the tertiary air flow rate
to the primary air flow rate.

The film cooling air flow is that flow which is induced
through the mixing stack ports or shroud. It is introduced

as a coolant to reduce heat transfer in two areas: between

the hot exhaust gases within the mixing stack and the interior

wall of the mixing stack; and when a shroud is being used,
between the exterior mixing stack wall and the interior
wall of the shroud. The dimensionless quantity WF* is the
ratio of the film cooling air flow rate to the primary air
flow rate. Due to test facility limitations, film cooling
air flow was included in either secondary or tertiary air

flows depending on model geometry.

D. PRESSURE DISTRIBUTIONS
The mixing stack axial static pressure was obtained using

a series of pressure taps fixed to the mixing stack. These
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taps were generally placed in two axial rows, the rows being

45 degrees apart radially. Along each row the taps were
spaced in increments of quarter diameters. The exact location
of the pressure taps is indicated on the figure of each mixing
stack geometry tested. The mixing stack was aligned such

that one row of préssure taps was axially in line with one of
the four primary nozzles. The row positioﬁ relative to the
primary nozzles was labelled as illustrated in Figure 37.

The stack pressure (PMS) is plotted versus X/D to obtain a

mixing stack pressure distribution for each geometry tested.

E. VELOCITY PROFILES AND MOMENTUM CORRECTION FACTOR

° The momentum correction factor Kn is a measure of the
completeness of mixing and provides the basis for evaluating
this aspect of eductor performance. The momentum correction
factor is evaluated at the exit of the mixing stack by means
of two velocity traverses and the definition given in equation
(4). Velocity profiles at the mixing stack exit were calculated
from the pressures measured using the pitot tube pictured in
Figure 35. Since it was impractical to obtain a complete
three-dimensional plot of velocities at the exit plane of
the mixing stack, advantage was taken of the symmetry of the
velocity surface resulting from the arrangement of the primary
nozzles. Only two traverses were made. The first traverse
passes directly over the primary nozzles and records the peak

velocities, while the second traverse passes between the
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nozzles, thus measuring the minimum velocities at the

mixing stack exit. Figure 36 illustrates the orientation

| and identification of the two velocity traverses. An average
;ﬁ velocity at the mixing stack is obtained by integrating the
| velocity distribution over the mixing stack area to obtain
an integrated volumetric flow rate which, when divided by

the mixing stack cross sectional area, yields the average

velocity. |




V. DISCUSSION OF EXPERIMENTAL RESULTS

Exhaust eductor systems designed for marine gas turbine
applications must substantially cool exhaust gases, present
an exterior stack surface temperature which will not give
an easily detectable infrared signature, and effectively
disburse exhaust gases. In order to evaluate the overall
eductor model performance in this study, four areas of per-
formance were identified: the amount of secondary air flow
induced by the primary air flow, referred to here as pumping;
the degree of mixing of primary and induced air flows within
the mixing stack system, referred to here as mixing; the
amount of uptake back pressure impressed upon the turbine
exhaust by the eductor system;.and the amount of film cooling
air available to reduce the exterior stack temperature of
the eductor system.

The eductor models in this study were designed to reduce
the high back pressure 22.1 cm HZO (8.7 in HZO) in the model
previously tested by Moss (2] and to introduce various mixing
stack geometries to minimize the exterior stack temperatures

and still provide good secondary air flows and mixing.

A. QUANTITATIVE MEASUREMENTS
Quantitative measurement of the four areas of performance
was required to evaluate the different eductor models. A

summary of all eductor system models tested in this study is




given in Tables I and II. Data on individual models is

located in the tables referenced in the description of each
model. The pumping, mixing, back pressure, and film cooling
qﬁalities_of the eductor model were evaluated in the following
manner.
1. Pumping

The values of the secondary and tertiary pumping
coefficients were used, as required by the model geometry
being tested, to evaluate the pumping abilities of the models.
Values for the pumping coefficients were obtained from plots
of experimental data using the correlations

Ap*

e o (Wepx0-44

)

for the secondary pumping coefficient, and

ApPT* 0.44

oI

¢ (WT*TT* )
for the tertiary pumping coefficient. Tabulated values of
the pumping coefficients for the eductor model configurations
tested are included in Table II.
2. Mixing

Design changes to the mixing stack exit geometries
made quantification of the model mixing quality more complex
than it had been in the studies of Ellin and Moss. For ease

of cross referencing with the previous studies, the momentum

correction factor Km was calculated and tabulated in Table II
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for all model geometries tested which were of the straight
mixing stack design. In those cases, the closer the momentum
correction factor is to unity, the more complete the mixing
of the primary and induced air flows.

With the introduction of other than straight mixing
stack exit geometries, a quantitative evaluation of mixing
was made by comparison of the ratio of the peak exit velocity
to the average primary nozzle velocity. This non-dimensional
quantity, which is tabulated in Tables XIV to XIX, was evalu-
ated for each velocity traverse oriented in the A and B
direction, as shown in Figure 36. The lower the maximum
values of this ratio are, the more complete the mixing.

Figure 42 contains plots of all the velocity profiles
made on the models of this study. For reference purposes,
this figure also contains the numbers of the tables from
which the data was obtained.

3. Uptake Back Pressure

The static uptake back pressure PU-PA was a value
directly recorded from experimental data. To optimize turbine
efficiency, this value should be kept as low as practical and
still maintain an effective exhaust eductor system. Tabulated
values of static uptake back pressure are in Table II.

4. Film Cooling

The value of the film cooling pumping coefficient

0.44

WE*TF* is determined as described in the experimental

method section. The values of the film cooling pumping
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coefficient are proportional to the film cooling air flow rate
and indicate how well the eductor system is inducing film

cooling air.

B. SYSTEM EVALUATION

Initial model testing was conducted using an eductor
model with a straight mixing stack length L/D of 3.0 and a
stand off distance S/D of 0.5. The results of these tests
are shown in Tables IV and XIQ and Figures 40(a) through
38(c), 4l1l(a) through 41(c) and 42(a). These results compared
favorably with the experimental results Moss obtained using
a similar geometry; see Figure 40(c).

An L/D ratio of 2.5 was selected for use as the standard
length in this study because it is representétive of the
length found on a marine gas turbine installation.

The results of testing the L/D ratio of 2.5 are shown in
Tables IV and XIV, and Figures 40(d), 41(d), and 42(b). The
relatively high uptake back pressure of 22.1 cm H20 (8.7 in
320) was considered unsatisfactory in terms of decreased
turbine efficiency. Thus, a change in primary nozzle diameter
was made. An increase in primary nozzle diameter from 8.59 cm
(3.38 in) to 2.40 cm (3.70 in) reduced the mixing stack area
to primary nozzle area ratio Am/Ap from 3.0 to 2.5. The
results of utilizing the larger primary flow nozzles with a
straight mixing stack with an L/D ratio of 2.5 are shown in
Tables V and XV, Figures 40(e), 40(f), 4l(e), and 42(c). The

uptake back pressure was reduced significantly to 14.7 cm H20
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(5.8 in HZO) as desired. However, the secondary pumping

coefficient was reduced from 0.80 to 0.60, and the momentum
correction factor increased from 1.027 to 1.038. The unde-
sirable effects of reduced pumping and reduced mixing when
changing to an Am/Ap ratio of 2.5 required investigation of
mixing stack exit geometries which would increase eductor
pumping and mixing characteristics without causing excessive
increases in uptake back pressure.

The first mixing stack exit geometry modification attempted
was that of a solid diffusor with a seven degree double
included angle, dimensionally illustrated in Figure 10 and
pictured in Figure 11. The diffusor was selected because the
increase in mixing stack area at the diffusor decreases the
mixing stack pressure relative to the same L/D position on the
straight mixing stack. This pressure reduction was reflected
upstream at the mixing stack entrance and at the primary flow
nozzles where a lower back pressure and an increased secondary
pumpihg coefficient was noted.

At this point in the study due to mixing stack exit
geometry changes, the use of the momentum factor is no longer
a valid measure of mixing. 1In its place the peak exit velocity
to the average primary nozzle velocity, referred to here as
the velocity ratio, was utilized exclusively for determination
of mixing quality.' The results of testing the solid diffusor
are shown in Tables VI and XVI, and Figures 40 (h) through

40(m), 41(g) through 41(L) and 42(e) through 42(k). Relative
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to the straight mixing stack, the mixing stack with solid
diffusor had a slightly decreased uptake back pressure [from
14.7 cm H

0 (5.8 in HZO) to 14.5 cm H.,O (5.7 in HZO)L a

2 2
velocity ratio which showed no effective change, and a signi-
ficant increase in the secondary pumping coefficient from

0.58 to 0.70.

At this point in the study a major design development was
implemented with the purpose of cooling the exterior surface
of the stack to reduce the infrared signature. The first
design was that of a split ring diffusor, schematically
represented in Figure 4. The split ring design was selected
because the ambient air induced through the rings by the flow
of hot exhaust gases, referred to here as tertiary air flow,
surrounés the diffusor ring and acts as a thermal coolant.
This reduces the heat transferred from the hot exit gases to
the interior walls of the diffusor ring, thus reducing the
exterior temperature of the upper portion of the stack. Since
only the principle of the ring diffusor was to be investi-
gated, and it was not the intent of this study to develop
an optimal design, only two split ring diffusor configurations
were modeled and tested.

The two-ring diffusor, pictured in Figure 13 and dimen-
sionally illustrated in Figure 12, was modeled first. The
results of these tests are shown in Tables VII and XVI, and
Figures 40(n), 41(m), and 42(i). Relative to the mixing stack

with a solid diffusor, the mixing stack with the two-ring
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duffusor had an increase in uptake back pressure from 14.5

cm H,O (5.7 in HZO) to 15.4 cm HZO (6.05 in HZO), a velocity

2
ratio decrease from 0.86 to 0.80 in the A direction and from
0.71 to 0.69 in the B direction, a decrease in secondary
pumping coefficient from 0.70 to 0.62 (still better than the
0.58 recorded for the straight stack with an L/D of 2.5),

and a tertiary pumping coefficient of 0.115. :

The three-ring diffusor was then modeled. It is pictured
in Figure 15 and dimensionally illustrated in Figure 14.

The results of these tests are tabulated in Tables VIII and
XVI, and Figures 40(o), 41(n), and 42(j). Overall eductor
performance was less than that found in the two-ring diffusor
design with back pressure very nearly the same at 15.2 cm Hzo
(6.0 in uzo), a velocity ratio increase from 0.80 to 0.84

in the A direction and from 0.69 to 0.71 in the B direction,
no change in the secondary pumping coefficient of 0.62, and

a decrease in the tertiary pumping coefficient from 0.115

to 0.098.

The decrease noted in the overall eductor performance when
comparing results of the three-ring diffusor to that of the
two-ring diffusor may be misleading. Construction of the
three-ring diffusor with the material thicknesses selected
increased the blockage of tertiary air flow significantly.
Therefore, based on these results, no direct comparison of
the two designs can be considered final.

The tertiary air flow induced through the diffusor rings

appears to offer a method of cooling the upper portion of the
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stack. However, additional cooling is required on the lower
portion. To deal with this problem, the use of induced ambient
air was again investigated. Ambient air induced intoc the
straight portion of the mixing stack for the purpose of
convectively cooling the interior wall of the mixing stack
heated by the hot exhaust gases is referred to here as film
cooling air. To determine if the pressure potential necessary
to induce film cooling air was available, the axial pressure
distribution in the straight portion of the mixing stack with
the two-ring diffusor was closely examined. This examination
included experimentally obtaining the axial pressure distri-
butions at intervals of 0.125 D along the mixing stack at
four radial locations around the stack. The pressure distri-
bution as affected by misalignment of the mixing stack to the
primary nozzles was also examined by deliberate misalignment
of the stack as schematically shown in Figure 39. The results
of these tests are tabulated in Table III and summarized as
follows.

The internal mixing stack axial pressure distribution is
not significantly affected by misalignments of up to 3.42
degrees. Mixing stack pressure is independent of the radial
position after a distance of 0.125 D from the mixing stack
inlet. The pressure differential between the ambient air
and that within the mixing stack is sufficient to induce
ambient air into the mixing stack as film cooling.

To examine the effects of film cooling on the eductor

system, the straight mixing stack geometry was utilized.
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This geometry had the advantages of much previous testing,

relative ease of assembly, and use of the existing air plenum
within the testing facility to measure film cooling air flow.
The straight stack with ports pictured in Figure 17 and
dimensionally illustrated in Figure 16 was manufactured as
previously described in the Experimental Apparatus Section.
The configurations of the ported mixing stack are defined as

follows with tabular results listed in Table IX and XVII.

Configuration

A-l' B-l

A"l, B-l' C-2

A‘l, B"l' C"2,
D-2

Definition

(See Figure 16 for location
of Positions A, B, C, D)

One port on each rectangular
insert located axially at
position A was open (a total
of four ports)

In addition to the A-1 ports
already opened, one port on
each rectangular insert
located axially at position B
was opened (four additional
ports, a total of eight ports
open in this configuration)

In addition to the A-1 and B-1l
ports already open, two ports
on each rectangular insert
located axially at position C
were opened (eight additional
ports opened for a total of
sixteen in this configuration)

In addition to the A-1, B-1,
and C-2 ports already open,
two ports on each rectangular
insert located axially at
position D were opened (eight
additional ports opened for a
total of 24 in this configuration).

Table No.

IXb

IXc

IXd

IXe




As compared to the straight mixing stack, the ported
mixing stack in the A-1, B-1, C-2, D-2 configuration had an
increased uptake back pressure from 14.7 cm HZO (5.8 in uzo)
to 15.2 cm aéo (6.0 in HZO)' a velocity ratio reduction from
0.85 to 0.79 in the A direction, a velocity ratio increase
from 0.72 to 0.76 in the B direction, and a film cooling
pumping coefficient of 0.078. The secondary pumping coeffi-
cient was not measured for this configuration, it was esti-
mated to be 0.58 from the results of the tests run on the
ported stack in the fully closed position.

The ported mixing stack was then shortened to an L/D
ratio of 1.75 and the two-ring diffusor tested earlier was
added. The ported mixing stack with two-ring diffusor is
pictured in Figure 19 and dimensionally illustrated in

Figure 18. The results of the tests on this model are shown

in Tables X and XVIII, and Figures 40(u) through 40(w), 41(t)
through 41(v) and 42(%). The addition of the two-ring diffu-

sor had many of the same effects on the straight ported mixing

stack as it had on the straight mixing stack. The secondary
pumping coefficient was 0.57, showing no appreciable change
from the estimated 0.58 for the ported stack, the tertiary
pumping coefficient remained the same at 0.11 and the film
cooling pumping coefficient showed very little change, de-
creasing from 0.078 in the ported stack model to 0.076 in
the ported stack with two-ring diffusor. The uptake back

pressure remained constant at 15.2 cm H,O (6.0 in Hzo) and

2
the velocity ratio increased from 0.79 to 0.84 in the A
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direction and decreased from 0.76 to 0.72 in the B direction.
These results indicate that this configuration was capable
of pumping sufficient quantities of tertiary and film cooling
air and could have a significant effect on the external
temperature of the mixing stack system.

Infrared radiation from the mixing stack system could be
reduced by thermally shielding the system. This concept is
used by émploying a shrouded mixing stack system. This sys-
tem is schematically represented in Figure 5. Film cooling
air induced by the mixing stack ports was Firected between
the exterior of the mixing stack and the in*tevior of the
shroud. Thus the shroud is insulated from tae hot exterior
of the mixing stack by the flow of film cooling air and acts
as a heat shield for the hot mixing stack.

Initial testing of the shrouded, ported, mixing stack with
two-ring diffusor indicated that the entrance area, which was
restricted due to the entrance transition material of the
straight mixing stack, was a choke point for the film cooling
air flow. This condition was remedied by starting the shroud
l.1 cm (0.5 in) away from the mixing stack entrance. The
model is pictured in Figure 21 and dimensionally illustrated
in Figure 20. Results of the first shrouded mixing stack
tested are shown in Tables XI and XIX, and Figures 40 (x)
through 40(aa), 41(w) through 41(z), and 42(m). Results of
the mixing stack tested with the shortened shroud are shown

in Tables XII and XIX, and Figures 40(bb) through 40 (ee),
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41 (aa), and 42(n). The film cooling air coefficient was
favorably affected with the shortening of the shroud, and in
both models tested the film cooling air coefficient was
greater than it had been for the mixing stack system without
the shroud (this may be only due to experimental data scatter,
however the purpose of the model test was to insure that fllm
cooling air flow would remain adequate when the shroud was
added) .

To further enhance the air flow tﬁrough the shroud, the
shroud was modified to extend cpen ended along the mixing stack
and merge with the first ringof the two-ring diffusor. The
system configuration is referred to as the flow-through shroud
with diffusor ring mixing stack. It is pictured in Figure 22.
The results of testing this configuration are shown in Tables
XIII and XIX, and Figures 40(ff) through 40(ii), 41(bb), and
42(0). The results indicate that.the film cooling air pumping
coefficient increased almost as much as the tertiary air
pumping coefficient decreased when compared to the results
obtained from the ported stack with the two-ring diffusor and
shroud. No direct measurement of the guantity of film cooling
air entering the mixing stack was attempted, however, the
pressure distribution along the mixing stack is very similar
to that recorded for the ported stack with the two-ring
diffusor, Figure 41(a), so that film cooling air flow can be

assumed to be similar.
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VI. CONCLUSIONS

This investigation studied the effects on the eductor
system's overall performance of varying the geometric configura-
tion of the mixing stack and changing the area of the primary
flow nozzles. A detailed description of the various eductor
systems modeled and tested is given in the experimental
apparatus section. Trends and interdependency between geo-
metries tested were discussed in detail in the experimental
results section. Only a summary of the conclusions resulting
from this investigation are given here.

A. Changing the ratio of the area of the mixing stack to the
area of the pfimary flow nozzles from 3.0 to 2.5 decreased
the uptake back pressure and reduced the secondary pumping
coefficient.

B. An improvement in secondary pumping and a decrease in
uptake back pressure was obtained when a solid diffusor
was placed on the exhaust end of the mixing stack.

C. The combination of two-ring diffusor (geometry) induced
more tertiary flow than the three-ring diffusor (geometry).

D. The ported mixing stack provided significant air flow
through the ports which could provide film cooling on
the inside of the mixing stack.

E. The ported mixing stack and two-ring diffusor provided
increased system performance without affecting the back

pressure in the uptakes.
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The shroud placed around the mixing stack did not degrade
pumping or mixing characteristics of the eductor

system, yet it directs the film cooling air flow between
the shroud and the outside surface of the mixing stack
and provides thermal shielding of the mixing stack.

The combination of the ported mixing stack with flow-
through shroud and diffusor provided the optimum results

of the geometries tested. This configuration had the

features of providing film cooling where it could be

most effective, good secondary air flow and good mixing.




VII. RECOMMENDATIONS

In addition to providing insight into the effects that

geometric parameters have on eductor system parameters, this

research has also generated an awareness of the investiga-

tion's shortcomings. Presented here are recommendations for

future research and suggestions for different eductor system

design.

A.

Test the following eductor systems in a model testing
facility using a hot gas for the primary air flow: a
mixing stack with two-ring diffusor, a straight ported
mixing stack, and a ported mixing stack with a shroud
and two-ring diffusor. Evaluate the system performances
by placing_thermocouples on the system and correlating
these results with the cold flow data contained herein.
With temperature and pressure distribution data obtained
from tests conducted using hot gas as the primary air
flow, investigate the optimum placement of cooling ports
to achieve a minimum mixing stack surface temperature.
Starting the first set of film cooling ports and shroud
a significant distance down the mixing stack may prove
beneficial.

Using the cold flow testing facility, investigate the
optimum split ring diffusor included angle (y) as

shown in Figure 4.
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FIGURE 6. PRIMARY FLOW NOZZLES USED IN THIS STUDY

FIGURE 7.

AREA

RATIO A B
3.0 3.40" | 3.38"
2.5 3.20" | 3.70"

LAYOUT OF PRIMARY FLOW NOZZLES
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FIGURE 17

(CONTINUED)

REMOVABLE PORTED INSERT

i o s i



ORI ) i iy i e g

YOSNAAIA ONIY~OMIL ¥ ANV NOVLS ONIXIW ddLiOod 40 NOILWVILSNTII TVNOISNAWIA

T

8T J¥NOI4

(dI) u66°€T

(dI)usS8° 2T

(am)
w02°CT

(aI)
wOL°TT

85

o 7 el

w
@
w

< ,52°67

A




2]

Ve Gt

"

-

R A o A Wl

e SN

g e

g TIVLAd ANY ¥ TIVLAQ

(QIONILNOD) ~°8T FYNOIA

av3¥H| 3di4 ,8/T

uin aandse |

N3HL :
ANV NOVL3 o
ONIXIW
oL @anid .
SI dvl
3¥nsS3Yy _
HONOYHL
a3T1¥a 3704 g9 'Of
v 11v13d

Sh

y-y NOI1133g

#5C'0
efeoit Taa 1
|
|
; |
| |
_ T
|
_ 1
” |
LJF; r;$
R i
06°0—>] k= = k—,05'0
TI.-.OO.N-T Qm
- g TIvLa

B e |

86

oY




SN

A TWO-RING DIFFUSOR

SRR

87

PORTED MIXING STACK AND
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FIGURE 19.

(CONTINUED) DETAILED VIEW OF PORTED INSERT
AND PRESSURE TAP<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>