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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 the 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

A - Area, in.2

c — Sonic velocity , ft/sec

C - Coefficient of discharge

• D — Diameter , in.

Fa - Thermal expansion factor

Fir 
— Wall skin—frict ion force , lbf

g - Proportionality factor in Newton ’s Second Law ,
g 32.174 ibm— f t/ lbf-sec

h - Enthalpy , Btu/ibm

k - Ratio of specific heats

L - Length , in.

P - Pressure , in. 1120

• ~a 
— Atmospheric pressure, in. Hg

- Velocity head, in. 1120

PMS - Static pressure along length of mixing stack,
in. H20

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

s - Entropy, Btu/lbm-°R

S - Distance from primary nozzle exit to mixing
stack or entrance transition entrance, in.

• T - Absolute temperature, °R

u - Internal energy , Btu/lbm

• U - Velocity , ft/sec

3v - Specific volume , f t  / lbm
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TI

W - Mass flow rate , lbm/sec

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

Y - Expansion factor

Dimensionless Groupings

A* — Secondary flow area to primary flow area ratio

• AR - Area ratio

f - Friction factor

• K - Flow coefficient

• Ke 
- Kinetic energy correction factor

Km 
- Momentum correction factor at the mixing

stack exit

K - Momentum correction factor at the primaryp nozzle exit

M - Mach nuinber

— Pressure coefficient

— Mixing stack pressure coefficient

Re - Reynolds Number

:1 S/D - Standoff; Ratio of distance from entrance of
mixing stack to diameter of mixing stack

T — TF* - Absolute temperature ratio of the film flow
to primary flow

T* = TS* - Absolute temperature ratio of the secondary
flow to primary flow

= TT* - Absolute temperature ratio of the tertiary
flow to primary flow

— WF* - Film cooling mass flow rate to primary mass
flow rate ratio

W~ = WS* - Secondary mass flow rate to primary mass

~~~~ 

flow rate ratio
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W~ WT~ - Tertiary mass flow rate to primary mass
r flow rate ratio
4,

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

- Absolute viscosity , lbf-sec/ft 2

3• p - Density, ibm/ft

- Split ring diffusor included angle

• Subscripts

• 
0 - Section within secondary air plenum

1 - Section at primary nozzle exit

2 
- 

- Section at mixing stack exit

f - 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 d i f ferent ia l  across seco idary flow
nozzles, in. 1120

PA—PS - Static pressure at mixing stack entrance
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PMS - Mixing stack static pressure, in. 1120

t PTA - Velocity pressure head distribution at mixing
stack exi t along a diagonal traverse , in. H20

PTB - Velocity pressure head distribution at mixing
stack exit along a horizontal traverse, in. 1120

PU-PA - Static uptake pressure, in. 1120

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

VS - Horizontal velocity traverse at mixing stack
exit, ft/sec

VAV - Average mixing stack exit velocity
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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 mast and 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 E].lin (il l

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,

1Numbers in brackets correspond to the reference numbers
in the Bibliography.
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mixing stack, a means to control and measure the primary air

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

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
.4 -,

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

Moss’ findings. Moss then investigated the effects of a

conical transition placed on the entrance to the mixing stack.

L 18 
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He concluded that a straight mixing stack without an entrance

4 ’ 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 3. 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.

I 
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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 fi lm 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

L cooling ports .

20
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Evaluation of eductor system performance was measured in

k 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

ratios. Both these means were utilized in the evaluation of

eductor system mixing abilities.

I; H
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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. Systc~ms

with tertiary and fi lm cooling air flows have been non—dimension-

alized with the same base parameters as the secondary air

f low 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

wi th an “s” , those relating to the tertiary box are subscripted

with a “ t M , and those relating to film cooling air with an “f” .

A. MODELING TECHNIQUE

Dynamic similarity between the models tested and the actual 
I

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 . 0 6 4 ) ,  and based on the average flow properties within the

mixing stack and the diameter of the mixing stack, the air

flow through the eductor system is turbulent (Re > l0~ ) .

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 OP A SIMPLE EDUCTOR

The theoretical analysis of an eductor may be approached

t - 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 
1

• • 

be represented here. A complete derivation of analysis used

can be found in references [1] and (4]. The one-dimensional
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f low 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 1. and 2) is uniform.

4. At the mixing-stack entrance (section 1) the primary

flow velocity U~, and temperature T~ are uniform across

the primary stream, and the secondary flow velocity U
~

and temperature T5 are uniform across the secondary

stream, but U~ does not equal U5, and T~ does not equal T
~
.

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 whi ch

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 Ke which relates the actual kinetic energy rate

24
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to the pseudo—rate based on the bulk-average velocity

and density.

6. Both gas flow s behave as perfect gases.

7. Flow potential energy of position changes are

negligible.

• 8. Pressure changes P
~ 0 to P51 and P1 to 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 Urn and the mixing

stack wall area Aw•

The following parameters, defined here for clarity, will

be used in the following development.

A
• area ratio of primary flow area to mixing stack

m cross sectional area

- ‘  area ratio of wall friction area to mixing
m stack cross sectional area

momentum correction factor for primary flow

K momentum correction factor for mixed flow.m

f wall friction factor

Based on the continuity equation , the conservation of

mass principle for steady flow yields
4
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Wm = W~, + + W~ (1)

where

= PpUpA~

W~ = p5U5A5
(la)

= PtUt~
At

Wm =

• All of the above velocity and density terms, with the

exception of 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 plane of the mixing stack becomes

W + W  + W
• U = 

t p
• m p Am m

where Am is fixed by the geometric configuration and

t~ 

I
= 

~~~~~~~~~~~ 
(2)

where Tm 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.

r C
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K c ~~~~] + ( 5 $
] + + P1A~ 

— K [ r n m] (3)

• + P A  + F2 2  fr

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

is introduced here. It is defined in a manner similar to

‘I that of Km and by idealization (4), supported by work con-

ducted by Moss, it is set equal to unity. K~ is carried

• through this analysis only to illustrate its effect -on the

final result. The momentum correction factor for the mixing

stack exit is defined by the relation

Am

Km W U  ~ U dA (4 )
0

where Urn is evaluated as the bulk-average velocity from
‘I

equation (ib) . The wall skin friction force 
~f r  can be

related to the flow stream velocity by

U 2 p
Ffr 

— ~~~~~~~~~~ (~~g~~
m] (5)

• using idealization (9). As a reasonably good approximation

for turbulent flow, the friction factor may be calculated

• from the Reynolds number

27
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f — 0.046(Rem)
°2 . (6)

Applying the conservation of energy principle to the steady

flow system in the mixing stack between the entrance and

exit planes,

U 2 U 2 U 2
w ( h  + ~~~] + W5[h5 + •~~—] + W;(h t +

W ( h  + K ~~~~~~~~~ 
(7)

neglecting potential energy of position changes (idealization

7) .  Note the introduction of the kinetic energy correction
• • - factor which is defined by the relation

Am
Ke — 

~ 
U2

3
P dA (8)

W U m 0 
2

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

h h~ + 
~~~
! h3 + 

~~~~ 
ht

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

28
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- stack may be shown to reduce to
(

P - P  U 2
0 8 S

H- = 
~~~~~

— (10)
S C

similarly, the energy equation for the tertiary air flow

reduces to

_ _ _ _ _  —

Pt 
—

• 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

t-
-

• W 2 W 2 A W 2 A1 p s 1 m m f
- ~a 

- ~os = 
gc Am 

K~ A~P~ A5p5 
- - 

Am”m 
Km + ~

-

~~~~~~ (11)

where it is understood that A and p apply to the primary

flow at the entrance to the mixing stack, A
~ 
and p5 apply to

the secondary flow at this same section, and Am and ~m 
apply I -

to the mixed flow at the exit of the mixing stack system.

is atmospheric pressure, and is equal to the pressure at

the exit of the mixing stack. A
~ 

is the area of the inside

wall of the mixing stack.

4L
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For the tertiary air plenum, the vacuum produced is

(W +W ) W A
p - P  — 

1 {K P S  + t [1 1 m
a ot g~A~ p (A~P~+A5P5) AtPt 

-

H - W 2
- 

AmP 
(Km + ~ ç]} (il 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 (ila) with the following dimensionless groupings.

~a~~osp
t~p* = a pressure coefficient which compares

U the pumped head 
~
‘a~~os 

for the
-

• secondary flow to the driving head
C

- 
- of the primary flow

-
i 

Pt-Pot
p

~PT* = 
t
2 a pressure coefficient which compares

- I U the pumped head 
~a~~ot 

for the2tertiary- I  U
flow to the driving head of the

- primary flow c

- 30
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ws* = a flow rate ratio, secondary to primary
p mass flow rate

W
— a flow rate ratio, tertiary to primary

p mass flow rate

T
— TS* = an absolute temperature ratio, secondary

p to primary

T~ — an absolute temperature ratio, tertiary
p to primary

* — 
p

S a flow density ratio of the secondary
p to primary flows. (Note that since thep fluids are considered perfect gases,

1
S

Ptp
~ — -~— a flow density ratio of the tertiary flow

p to primary flows. (Note that since the
fluids are considered perfect gases,

1
t Tt t

A~ — an area ratio of secondary flow area to
p primary flow area

A
— an area ratio of tertiary flow area to

p primary flow area

With these non-dimensional groupings, equations (11) and

(h a) can be rewritten in dimensionless form. Since both

3] 
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equations follow the same format, only the results for the

secondary air plenum will be presented here.

— 2 X
E{ [K ~~~

_
~~~~~ 8] _ W * [K ~~+ T * ]  ....E ~~~~

+ W* 2T*(~~~(K ~ — 
~~~~~~~~~~~~~~ 

~~
E 8 ] }  (12)

where

Af w8 = Km +~~~~r• .

This may be rewritten as

= C1 + C2W* (T+l) ÷ C3W*
2T* (13)

where

C1 = 2 
~~~

(K
: 

—

C2 = — 2 (~~~~~) 8 , and

A A A
C3 = 2 

X~~~
(
~~~~~ 

— 2A*A~ 
8 - B)

As can be seen from equation (13),

— F (W* ,T*) .

4J 32
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The additional dimensionless quantities listed below

were used to correlate the static pressure distribution down

the length of the mixing stack.

PMS
PSp~~* a pressure coefficient which compares

the pumping head for the secondary
• Ps U 2

flow to the driving head 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 CORRE LATION

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 ~P*, T*, and W*

-

• 
for all temperatures and flow rates takes the form

= p (W*T*~) (14)

33
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where the exponent n is determined to be equal to 0.44. The

I 

details of the determination of 0.44 as the correlating

exponent for the geometric parameters of the models tested

is given in reference (1]. To obtain an eductor model’s

pumping characteristic curve, the experimental data is corre-

lated and analyzed using equation (14), that is, a~P*/T* is

plotted as a function of W*T*044. 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

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

pumping coefficient.

ii

I

;
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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 16-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 (13 . 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 11 diameters upstream of the centrifugal corn-

pressor inlet, thus insuring stability of flow at both the

orif ice and compressor inlet. Piezometer rings (13 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 (13 was
designed to constrict the flow symmetrically and facilitate

fine control of the primary air flow. During operation, the

butterfly valve (13 , 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

[1  
diameter. This circular ducting tapers down to a diameter I
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

H- square edged orifice designed to the specifications given in

the ASME power test code [51 . 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 = d/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 ASNE 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 [1) 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

5.08cm. (2 in). 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

38
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- t  
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 that 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

th: 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 staci 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 mult~p1e v-~lve mani-

fold which provided a means of venting the manometers between

pressure readings. The valve manifold provided a selection

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 oil manometer (specific gravity 0.827). In 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,

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

connected to a piezometric ring on either side of the orifice

________ - 
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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-

siori wire is used to connect the thermocouples to 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 regiolL

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.

~ I 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,

j 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 a 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 djffusor of LID — 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. Th. straight portion of the assembly is constructed

id.ntically 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

- 
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

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

-
‘ 

as shown in Figure 14.

5. Straight Mixing Stack With Ports

I 
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 
-
~
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9.6 cm by 0.6 cm (3.8 in by 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  (Shroude d, Ported
Mixing Stack)

The straight mixing stack with ports, a two—ring

diffusor, and shroud is pictured in —F igure 21 and dimensionally

illustrated in Figure 20. This assembly was the same as the

straight mixing stack with ports and two-ring diffusor except

____
_ _  
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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

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

in Figure 20.

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 (0.01 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

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,

induced air flow rates, pressure distributions within the

H 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.

j
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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 ASNE flow nozzles mounted in the appropriate

plenum and recording the pressure drop across the nozzles.

Values f or nozzle cross sectional area, pressure drop, and

induced air temperature are then used to calculate the

dimensionless parameters t~P*/T* and W*T*
044 or 1~PT*/TT*

and WT*TT*°44 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*044 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 pleni~m.)

- - 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

48

— -.~~-•--.- -~~ --~~—--~-- -_—— •~~ 
-
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ‘•

• -— —,-- —•—



—--

~~~~~

---=—-‘-
- --- 

~~~~~~~~~~~~~~~~~~~~~

_

~~~~~~~~~~~ _ ‘— --- - --- — --.,-- — --— ..-
~~~

-- - - - - -
~~

- —_---- --

~

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

f lows 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 pressure taps was axially in line with one of

the four primary nozzles. The row position 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 Km 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

- 
I 

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

50 
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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

velocity at the mixing stack is obtained by integrating the

velocity distribution over the mixing stack area to obtain j
an integrated volumetric flow rate which, when divided by

the mixing stack cross sectional area, yields the average

velocity.

~
‘

• ‘-‘I 
-
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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 H20 (8.7 in H20) 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

52
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• 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

qualities 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

— - * ~0.44-~~~- - ~(WT

for the secondary pumping coefficient, and

____ 
0 44

_ _ _ _  = •(WT*TT*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 11

I i  

_ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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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

WF*TF* 0 4 4  is determined as described in the experimental

method section. The values of the film cooling pumping

54
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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 LID of 3.0 and a

stand off distance S/D of 0 .5 .  The results of these tests

are shown in Tables IV and XIV and Figures 40(a) through

38( c ) ,  41 (a)  through 4 1(c) and 4 2 ( a ) . These results compared

favorably with the experimental results Moss obtained using

a similar geometry ; see Figure 4 0 ( c ) .

An L/D ratio of 2.5 was selected for use as the standard

length in this study because it is representative 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 ) , 4 1(d ) ,  and 4 2 (b ) . The

relatively high uptake back pressure of 22.1 cm H20 ( 8 .7  in

H20) 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 ~.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 4 0 ( e ) ,  4 0 ( f ) , 41 ( e ) ,  and 4 2 ( c ) . The

uptake back pressure was reduced significantly to 14.7 cm H20
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I
(5 .8  in H 20) 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 effecta 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

pumping 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. In 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

4 0 ( m ) ,  4 1(g) through 4 l (~~) and 4 2 ( e )  through 4 2 ( 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 H20 (5.8 in H20) to 14.5 cm H20 (5.7 in H2
0)), a

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,

surrounds 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
- j 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 Cm) , and 42 (i) . Relative to the mixing stack J
with a solid diffusor, the mixing stack with the two-ring

• 57 1
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duffusor had an increase in uptake back pressure from 14.5

cm H20 (5.7 in H20) to 15.4 cm H20 (6.05 in H20), a velocity

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.

- 
. 1 The results of these tests are tabulated in Tables VIII and
- • XVI , and Figures 40 ( o ) , 4 1( n ) ,  and 4 2 ( 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 R 20

(6. 0 in H 20) ,  a velocity ratio increase from 0.80 to 0 8 4

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 into 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 f i lm 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 Definition Table No.
(See Figure 16 for location
of Positions A, B, C, D)

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

A-l, B-l In addition to the A-i ports IXc
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)

A—l , B-l, C-2 In addition to the A-l and B-i IXd
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)

A-i, B-i, C-2, In addition to the A-i, B-i, IXe
D—2 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).
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As compared to the straight mixing stack, the ported

mixing stack in the A-l, B-l, C-2, D—2 configuration had an

increased uptake back pressure from 14.7 cm H20 (5.8 in H20)

to 15.2 cm H20 (6.0 in H20), 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 coeff i-

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(t). 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 H20 (6.0 in H20) and 
• 

-

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 fi lm 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 employing a shrouded mixing stack system. This sys-

tern is schematically represented in Figure 5. Film cooling

air induced by the mixing stack ports was ~ irected between

the exterior of the mixing stack and the in ’-e’-ior of the

shroud . Thus the shroud is insulated from t~i~ 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

1.1 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 4 0 (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 4 0( 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 film

cooling air flow would remain adequate when the shroud was

added).

To further enhance the air flow through the shroud, the

- 
- shroud was modified to extend open ended along the mixing stack

and merge with the first ring of 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

XII I and XIX , and Figures 40 ( f f )  through 40 ( i i) ,  41 (bb) , and

42 (o) . 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 quantity 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 suimnary 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 primary 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 
I 

—

increased system performance without affecting the back

pressure in the up~akes.
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F. The shroud placed around the mixing stack did not degrade
I

- 
- 

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.

G. 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 .

V
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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.

B. 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 arid shroud

a significant distance down the mixing stack may prove

beneficial.

C. Using the cold flow testing facility , investigate the

optimum split ring diffusor included angle (~ ) as

shown in Figure 4.
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~ 
a 1.10 1.15 — —
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1.18 — —
: 

C 1.26 1.23 — —
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~ a 1.06 1.06 1.03 1.06

0.750 b 1.08 1.09 0.99 1.08

C ]..15 1.18 1.03 1.09 5

a 1.00 0.99 — —
0.875 b 0.99 1.01 — —

C 1.10 1.12 — —
a 0.93 0.89 0.92 0.88

S 

1.00 b 0.93 0.94 0.89 0.86

5 C 1.01 1.01 0.94 0.91

~S Run a: data taken with mixing stack in true alignment.

Run b: data taken with mixing stack 0.97 degrees out
of alignment .

Run C: data taken with mixing stack 3.42 degrees out
of alignment.

S 

All data recorded i n H 2O.

TABLE III .  MIXING STACK PRESSURE READINGS AS EFFECTED
BY ALIGHMENT
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4. 4 5 5 4 5 5 9 5 5 9 94
• 4. 54

5-
4,
55
5- 5 4 ft • ft ft 4 ft 4 5
• 5- U 53 0 5) U 53 14 ‘Si .5 55 ft 55 * * ft ft ft S

45 5 I S I I I I S S S S 5 5 5* 4 4 * 4 4 4
54 a 5 4 U 00 0 0U U U  * •~~~~~~ 4 * 4 f t f t f t S
4 5 5 5 - 4 ) 5 4 ) 5 5 4 5 5 5 5 5  ft ft • f t * * 4 f t * 5

• 5- 5 - 0 4  5. . 4 .  * * 5 * 4 5
VI U * 4 * 4  * f t S S f t *

• 45 .5 ..f t f t .* . • f t
O 4. —
VI VI 0
5- 

5-~~~~~~V5 II’S l 4’ S O 0 0 0 0 U  •

* 
4 . 4  5 •• •( •  s 5 5- 0‘S 0 0 00 0 5) 5 )0 5 4
5- 5* 5.5 54 14 54 .4 54 ft S S S S S I S S S N Z

( 5 5 4 1 4 5* 1 4  0. 0 0 0 00 0 0 0 5 )  
~~ HVI U

.4 55 U i-3 El
45 53 .4. V’S 45 0VI Z (3 VI (1
4 —  4 . 5 1 4 .

~~~~V 5 0 0 0 O 0 O 0O  
5 5 5 5 5 5 00 0 0 04 ’

4, • • 5 I S S S I I  • ~~~~~~~~~~~~~~~~ 
El U

4. 9 5 4 5 4 0 4  13 55 4 0 5 5 4 5 5 5 5 4 4 4 5  55 ~ 1 0 1 0 4 5 1 0 1 0 4 0 4 5 4 4  Z
• 

I 
5- 45 5- V’S VI V’S 51 V’S 455 SI 55 51 5 I S S I ~ 5 5 ~

0 9 53 0 1,5 54 5) 5) 0 14
4 4 .  II’S 5- C)

•4. 55 VI S
55 (‘54 5-4

45 04 P. IS I 54 5) I—I
• 4 . 5 4  5 4 5 4 5  V’S

U (‘4 U (54 II I 4. 0 H
5 5 4 5 4  5 4 5 -  4 , 5 5  5 P .0 0 0 0 0 0 0 0 0  4

4 54 P. Ui •54 50 I I I S I S 5 S I 55 54 5- 53 41 U 5) 54 54 54
•11 55 4, £ .4. 55 I’S 4 (55 I’S I’S 55 (‘4 ‘I 55 0) (‘.4 5 5 1 • ‘S ~ I
55 4 5. 55 0 2 I’S I’S 55 I’S 554 I’S (54 (‘.4 55 0 4.4 II 0 0 0 5) 0 5)

13 5. 54 *45 * 
IS

• 5 5 3  4 . 5 4 44 5 4  5-
5 1 5 4  5 5 5 0 4 4 .  0
5 4 4 5
41 45 5 4 5 4  VI ft * f t S • 4 f t 4 •
3 4 5 0  4. 5 4 * 4 5 4 5  5 5 5 - 5 - 5 . 5- 5 - 5 -5 - 5 - 5 -  • * * * f tf t f t S . El4 4 5 5 4 4 4 ( 34 4  4, 45 5 I I S S S S S I 5 5 4  • 4 * 5  * 5 * 4 *

2 5 ) 4 .4 4  5 4 5 4 00 1 40 0 0 05 40  5 4 4 5  4 5 5 5 5* 4 4 4
1 0 5 4  5 5 4 , 5 . 5 . 5 .  5 5 4 5  VI 4 5* 4 * 5 5* 4 *
5 5 4 5 4  44 455 555 455 54

55. 5. 5. 55 5 ft 55 55 ft 55 55 4
4. 5 5 5 5 4 1 5 3 4 1  555 5 5 5* 5 5 * 4 4 * *
0 3  5 5 5 5 44 . 4 .  4.

4. 54
4 5 4 5  £ 5 5 54 . 5 5  4
P. 5- .4 I’S 55 54 —

(I 4 .5 •  4 £
45 4 5 5 4 4 5 4 .

5 0 4 1  4 5 4 5 5I I I9 U~~~~9 0 ) 5 5 4 4  * 4 .  54 5 5 5 4’ 4 ’U ’ S * 0 ) 5 - 4 4
S 55 4.

4 .
50 13
4 ‘S
5.1 VI

-

~~ 

_ _



V I 9 9 5 *U 5 4 5 4 0 5 4 I I
VI 41 I’S 5- 4’ 45 (3 9 S’S I)

• 5 5 %  • I I I I I I I S I
• .1 5. 5) 54 04 I’ S I’S (I’S 54 511 0

SI. I~’.* V’S V’S V’S VI V’S V’S II 3’S

U
5 5 * 5 55 5 * 5 5 * 4  * ft
.4 1 5 5 5*  * 5 5 4  * 5 *

45 4 . 5 5 5 5 5* f t f t f tf t .
.3 5 - 5 5 5  * ft * 4 5 4*

u• • • • • •f t f t• f t
f t * f t f t * f t f t f t f t

5 ’ S 1 0 4 ’ 5 5~~~~~~~~~~~~~~
ft

• ‘SI 53 55 5.1 .5 04 55 I’S (‘S *5 . 4 .  I S S I I I • • •
4 . 0 . 4 1 0 5 3 5 ) 1 4 5 4 0 5 3 5  f t f t  U N
5 ft f t f t  0 5 5 4
4 ft 0 *  • 0 5 - 1 4

• 4 1 4*  I’S 5 5
• 5 ft ft I 5) 0

55 5 5 *  SI

U 4’ 4’ III 4’ 4’ ‘S 9 555 511*. VI 5- I’S 5- 5.. 5- 5- 0) 5- 5-
4 , 4 .  5 I S I 5 5 I I I 5 3 5 1  5 4 9

45 54 55’S III II’S 54 155 II’S Ill III 4’ 0 (55
55 4 1 5 - 1 4  5 5 5 5 5 5 1 4
54 4 (54 I S  I ’ S S  S

I 0 0 s 0 0
• 4 5 1 4  4 . 1 4

5 0 0
ft (05 511 54 54 55 S’S 4’ ft 55 IS
ft 54 I’S 555 9 4’ UI UI 4 5- 5.
I’S 5 3 5 4 5 30 5 4 4 1 00 *  5 4 9  04 * 5 5
5- I I S S S S I S • WI I’S 55 (55 ft ft
ft 1 4 5 30 0 05 )0 0  * ‘~~~0 5 5 1 4  0 0 4 4

• 5. ft 0. 0 ~ 45 0 ft ft
• 4. ft 5 0 5 4  • f t f t

14 5 4 * 5
45 41

ft
5- ~‘S ‘ S e ’ S  1 4 5 4 5 5  Z5. 55 55 41 51 5* 5- 9 55 0 (51 5) 0
54’. 9 1S1 155 0 0 0  — S S ’~ 55 

~~ 
5-4

4 54 0 00 0 4 40 0 4 4  £ 1) S I  4 1 ) 5- 0 4  El
~ ~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~P
0 U  ~~~~~~~~~~~~~~

5 5 5 4 5 4 00 0 0 09  5)9 0 9
* • 5 1 5 1 5 1 9 9 9 9 9 5 4  4. 4 5 5 1  45 4 5 ( 5 4

5. 9 9 9 4 9 9 9 9 4’  0 0 4 4  5 4 0 5 5 0 4
• 5- 44 555 ((5 III 44 VI 555 (45 (45 — I’S 5 5 04 41 5 S

I I S S S 5 5 ~~‘ 5 0 0  5- ~~~0 0

55~.
4 *  0 ( 5 4

5- 4 0 5 0 1 0 0) 5 0 5 4  51 ~ * (0 5 5 9  Hft 45 5 4 9 9 5 3 5 55 5 154 5 4 5 5 5 5*  4 1 0 5*
55 555 II’S 55 54 sØ 5) 5) 0 5J I’S ft * 5) 55 5 I H
4. 1 4 5 - 5- 4 1 5 -0 5 4 5 4 5 4  I.. 5 0 4 5 -

I I S S S S I I 5 P . 0 W  ft 5 50

:;
III U* S I5 - 4 4 9*  45 ft * 4, * *

• ISp l l 5 5- 5 - 5 5 5 5 5’ S* 4 . 0 * 4  4 .0 4 *  m
4 . 5 0  5 5 5 5 ( 5 19 9 5 ’ S 55 * 5 ft * 5 4 5
5 4 4 5  Q 1 4 Q e O OU U  ft 4 5 0 f t~~~ 4 5 0 5 *
Si ~ ~ ~ ~ ~ El

• 5 -~~~~~~5 5 5 4 5 5 5 4 5 4 f t  ~~ ‘S
5. ft I- 5-
IL 55 5 11~ . 5 5 5  55 II SI
5 1 3 *  0~~~~~~ ft
55 41 13 VI 54. 4. 54 VI
5. 4 4. 554 45 4 5 5 1 5 5
I’S 55 4 5 5 5  04 .4.
Ml 51• I— £ — I — S

45 4 4. 0.
4. 54 54

54 54
.4, V’S

IS
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H 1I
I 4.4 9 9 9 9 9 9* 9 9

4 9 9 95 5 5 59 4 5 5 5 5
4. 0 0 05 4 5) 0 0 0 0

• 5- 0 0 0 01 30 0 0 0
0.
-I

‘34 . 5 5 5 5  1 4 4 4 ’ V 0 5 5 4 0 4 1
VI 4’ III III 04 555 .4’. 40 44 55

S ~ ~ I ~ ~ ~ 
I

4 .4 55 55’S UI SI SI 4’ 4’ 4’ 9 4’
4.45 VI VP 55 5- 5- 5- 5- 5- 5- 5- 5- 5-
Z 4 , V I

4 45 4 III II 14 9 I’S -.5 55
• VI 555 54 9 (I’S ‘V (05 VI 55 4’ ft

• lii 455 ~~~Z Ø V ’ S 14 ( 5 S 4 1 5 - O U f t
• I VI 4. 4. 4 , 0 4  ~ 5 • I I I 5 f t  53

• Ml ‘4 (54 ‘S 0 554 IA 0 0 5) II 5 55 ~~ 0 ‘ 0’ 0 SI .0 4
41 4. 45 45 U U  1 4 S ’ S~~~~~~b 1 )O ft W S 5 5 4 5 5 1 4 5 4 5 5 I 5 4I5I ft

• • 554 55 55 4. 4. 54 14 S’4 IV ft 45 ‘S I 5 5 ~ 
5 ~ 5 I ft

• 45 u s  ft 3 5 . N I S II ’ S 4 1 4’ 4 5 ) 5 5 f t
0 5 5  so 5 4 5 4  4 5 . 5 - S 4 4 01 4 5 5 5 5~~~~1 ) 5)  44 55 ~~ 5 14 5 4 I 0 0 4 5 5

0 10 555
• 4 1 (5 4 5  SI
I I 55 I’S

14 5- 4.4
54 — 40 55 U I’S 5- * (I’S 44 9 I’S 10 0)

4. 55 4’ *5 4, 5 Vi 53 9 5*5 VI 0 VI II) 555 
~
. 4 45 5) 0 44 5

4 II ’S 5 S W  a 5 ) 5 0 9 I’ S  0 4 * 5 4  5 ‘S I S S I I 5 I 5
45 4. U 45 I ‘S S I S I • I s s .1 I’S . — se 5)

• U~~~~~~5- 3 55 5 5 5 5 1 41 40 0 0 00  0 5~~~~~~5 5 V I~~~~~~5 5 W 4
- 5- ‘S 55 IS (41 4. 54 14 14 14 14 — SI

U 4 5 4 5 *  4.
45 • 4 5 - W  P.
4 5 4 0 4 5 545 5-

I 55 (3 5 4 4 . 5 - 1 454 5 5 ( 5 1
• 

• ‘4 5. .5 55 (54 VI 13 4’ I’S .5
• I ‘S U U 5’S V’S 5 55 0 14 55 55 US 54 53 VI 54 55 _ I’S III 9 4 50 ft

• • 554 45 0. 5- ‘4 0 5- 14 ‘~ (‘4 .5 53 VI ‘S I I S S I s I I ft
— 45 ~~~~~~~~~~ ‘S Q S • s I S 5 5 5 4 5 4 5  5 3 1 4.5 ~~~~~‘ 5 5 5 5 5  S If t
5- 5 ’ S 5 . 14 ’ ’S 5 5 5 5 1 45 4 Q 0 4 3 4 4  5 ft
4. 55’ II ~~ 115 555 5. 54 .4 ft
‘S 4 . I L 4 . 4 ,~~~~~ Ml

• 4. 5 4 5 0 0 5  Z
• 4, 53
1’ 0 45 ( 3 5 4 5 5 9 5 4 5 5 9 9 5 50 )

• 5- 54 55 III III III III III 115 5(5 (55 (I’S
4. ‘S 54 o Ii 0 0 ‘Si 0 (3 0 (45 I’S 0) 5- 5. 5. 5. 5. (5- 5-
55 ~‘S SI~~~~~ 1) 0 5 1 5 - 0 1 0 5 4  I ’ S ’ S  I 5 5 5 5 5 5 5 5

45 5 5 5 5 I 5 5 5 5 S 4. 45 (55 (5 5 115 III (55 (II 54 II’S II’S
54 1 1 19 9 5 15 ’ S 5 1 5 15 I9 5• 4 5. -4

5-
U

• 55 9 9 III V’S V’S 115 (‘.4 41 5
• 14 0 0 5 -0 5 4 5 55 4 1 3  * 4 5 5 4 5 ) 5 3 5 5 5 11 1*45 5 I I S • S S S S S S V’S Ui (4 53 II’S 55 I’S ft

54 0. 0 0 0 0 0 05 ) 0 0  5 54 1 4 5 5 . 5 9 5 5 45 0 5
4 4 5 - 5 5 5 5 5 5 5 5 5 5 0 5 5 5  5 S I  I l s 5 5 f t
5. 50 0 0 5 4 0~~~~~~0 0 Df t
VI 55 ft ft

.4. 45 * 
a
0

5- 4, 9 1 4 5 1 4 40 0 5 5 5 15 -  N
55 5 - 4 5 0 0 0 0 O 0 5)~~~~~~O • s. 9 4 4’ I S 4’ 5 4 . O0
0 4 5 4  S S S I S 5 I 5 5 55 5 5 0 9  ~~~9 1 4 N 5 * Ø
55 3 5 . 99 9 9 9 9 9 9*  ‘S 5 4 5 4 5 4 1 40 0 0 0 0  Z

5- 14 14 14 55 14 .5 14 14 .5 ft S S S S S I 5 5 5
VI 5 4 1 4 1 4 5* 1 45 4 1 4  0. 5 40 0 0 0 0 05 )0

— ‘SI ‘ El
.4 55 55

4 5 5 3  4. 5.1 4.
‘4 0

4 4 5 5 01  VI 5 - 5 - 5 - 5 - 5 - 5 - 5 - 4 1 5 -

!~~ . N
S 9 5 3~~~ 4 5 1 0 0  4 0 1 4 4 1 5 ) 5 5 5 4  5- 1 0 4 4 4 4 4 0 5 0 4 0  .41

5 4 5 3  5- 55’ 5 1 5 1 45 ’ S  4 5 54 4 5 5  5 5 5 5 5 5 5 5
4 5 5 1  I~~~~~0 5 ) 4 1 0 5 ) 1 3 5 40 0 5 3
4 3 (55 5-

• Ii. V I I  5—4
5 5 1 5 .  V~ ~~~~~~ H45 04 U II 5 .5 0
45 0 -1 ~~ 45 VI 4 5 5 1 4 5 1  05 44 5) 55 51 555 H
U N U N  ~1 I 45 * 9 9 5 4 9 0) 0 5 1 5 4

• 5 4 0  ~~~ 5. S I’S 4 . 5 5 4 1 0 0 00 00 0 0  ft 5 4 5 5 5 1 1 ) 5 5 5 1 5 5 1 4 5 4
I 5- 55 P. 0 5- ~ 5 5 ~ 5 ~ 45 5- 0) (‘.4 — ‘3 5- 54 54

5. 4 £ 5, 45 51 5. ‘S 55 I’S (54 I’S 0) IV I’S (54 I’S S I I ~ ~ ~ ~ N55 55 5. VI 0 .5 05 I’S 55 55 0) 0) I’S 554 0) 0 0 (3 0 4.3 0 54 0 0
0 5 . 1 4 4 1 4 . 5 5

5 - 5 4  4 . 5 3 4 , 4 1 3  S4.
• (00 4 5 5 0 4% ‘3

5 4 4 5• 41 “S — ‘ VI 0) I’S I’S V. 5- 55 II ft
5) 555 4. ‘.4 45 4. 45 Vi 0) ~‘S 5- 5- 5- 5- 5- 5- 5- 555 55 5- 55 III 54 V’S 5
‘S 4. 5 5 ( 3 5 3 5 4  4 5 4 5  5 5 5 I 5 5 I 5 5 5 5 5 4 0 0) 5 4 5 50 5 4 *

.5 0 4 4 4  4 4 5 40 0 0 00 0 0 5 4 0  4. 0 5 5 4 9 5 5 4 5 - 5 -  *4 4 0  5 4 55 0 5 . 5 -  5 5 4 ,  I I 5 I ‘S I I S •
55 .3 13 VI VI VP 54 54 54 0 54 0 54 54 ft

4. 5. ft

£ 4 . 4 . 5 3 5 3 5 3  ft
5 4 5 4  P .5 4 4  4,

4, 55 0. 04 04 04

4 , 4 5  4 5 5 4 * 4 .51
S — .3 I’S SI
45 4 , 5 5 4 . 4 . 4 5

• 5 1 S  ‘S 4,
5 - 5 5 5  4 5 5 4 5 4 5 5 5 4 9 5 1 5 5 5 -5 5 4 5  4 5 5 4 5* I ’ SI . 19 4 14 5 - 5 5 5 0

5 4. 4.
4 )
5- 5.1
5 5 4 .
4.4 VI

~~ 
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• ‘SI

~~~ T1KE~I ON 1 FEB LS7E e~ LENKE ANt STAEI’III

~~~~~~~~~~~~~~~~ ~CZaLES13.38 flSSI3

A,IeIe,’ST PRESSURE U 3C~ 5OO 11.HGA, TEMPERATI.~RE • 14.0 OEG .FAt R

F~DJP~ ~.PTAKt) TEMPERATURE • 116~Z OEG.FAHR

~ p PTA PT~ ‘VA VS VAIV*V VG /’S~~ VA/LI VS/IJ
IP~CPES IN.120 FTISEC

d o  ~~~~ 1110 • 3 .25 91.2 16.0 0.71 12 a.~ cii 0.4235 o.3!~c

c.~~c ~~~~ 4.30 2.60 141.0 10956 1.1085 O.U2C O.~ 545 o.~ aco
3*ccc 4~ E’7! 4.65 2.~C 146.6 UL.7 1I~527 O.E7E4 C.~ IC7 0.5117

1.!cC 4.31~ 5.00 2.S5 152.0 116.8 1.19~ 3 O s~~1~~1 C17C!6 a.s~ zi

2.000 !.l)! 5.00 !s~ O 152.C 121.6 14953 0s5~ 1~ O~ 1Cf 1 0.5647

~I3cc 3.3i~ 4.70 3.40 ~47.4 125.4 1.1589 O.Se!7 O.~ a43 O.512C

2.cCC 2.$1~ 4.30 3.10 141.0 129.0 1~ 10e5 1.C143 O.~ 545 C.5S1S

3.!CC 2.31! 4SCO 3.60 136.0 132.5 1s0691 1.0420 0.6313 0.6153

4.0CC 1.6~! 3.10 3•~ 5 132.5 131.7 1.0420 1.0252 ~~~~~~ 0.6113

4.500 15315 3.60 3.60 12510 129.0 1.0143 1.0143 0~ !9E6 0.5515

~.ccc C.E1! 3.35 3.~C 124.4 127.2 C.5784 1.OCC1 0.5711 0.560!
5.5CC 0.31! 3.30 3.40 123.5 l?’.4 C.9711 0.5151 O.!1~4 0.!IZC

~.ccc C.1~! 3.30 3.!C 123.5 127.2 C.t731 1.COCX 0.5724 0.5505
6.5CC 0.62! 3.50 3.!! 127.2 128.1 1.0001 1.CC12 0.SSC! 0.5647

( 15000 1.125 3.65 3.~ C 129.5 130.8 1.0213 1.C2E2 0.6C!0 0.607~
1.SCC 1.e2~ 3.50 ?.*C 134.! 13255 1.0557 1.C42C O.62!4 0.6153

t.CCC ~.12! 4.25 3.60 140.2 134.3 1.1020 1.0!!~ C.~5(7 0.6234
• 1.500 2.625 4.45 3.10 143.4 130.8 1.1277 1.02(2 0.6655 0.607~

d ccc 3.12! 4.15 3.45 145.1 IZb.3 1.1772 0.5626 0.eSfl 0.566
6.SCC 3.~ 25 4.90 3.3! 150.5 120.7 1.1833 0.54(1 0.6Sf? C.56C2

3C.C0C 4.12! 5.10 2.SC 153.5 115.8 1.2072 0.5103 0.7126 0. 375

1C.!OC• ‘.625 4.70 2.75 147.4 112.1 1.1589 0.686! 0.2143 0.5234
13.000 !.12! 4520 2.!0 136.3 107.5 1.0955 C.84!2 0.L4~S 0.4551

11.5CC • !.62! 2.20 1.7C 100.1 88.6 C.7929 0.6670 0.4612 0.4116

12.750 !.E1! 2.20 1.!C 10058 77,5 0.7529 C.6C6! 0.46*2 0.3555
fl’TIERATIO FLCII RA TE • 55.17 CU.F’T/SEC

a d~S!5 LeN/SIC

~WE~ AGE ~iELGCI1~ • 127.11 Fl/SEC

F~ 1~~ P~ F~ Ch RATE, beP • 3.765 ~IP~ SEC
F~ IP,~~ VELCC I1Y , (P ~ 215.38 FT/SEC
pCp~ t~1I,~ FACTCP, KM • 1.017

(a) L/D ~ 3.0

TABLE XIV . EXIT VELOCITY DATA FOR A STRAIGHT MIXING STACK
WITH 3.38 IN1 NOZZLES
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• C*1A IMIN ON 21 P11 1US I’~ LENKI APsC ST*I~’LIs,f~~~• 5) L/t. ~~.‘• ~T~Ai~ HT StAC it i 4 NGZ2LI5(3.31 !N.4

~~eI1I~1 PRESSLRI 
a 21.110 IP~HGA, TEMPERATURE s ‘)e.O DEG.FAI’P

•

; 
• 

~~~~~ (UPTAI’ 1~ 11MPE~ ATUR1 • 11~.5 O!G.FAHR

~ ~ PTA Pi~ bA VI VA/VAV V1/Vi~ VA/LP V8/IJF
II’CI~15 IN.~~C

•~)* (Sc !.l75 1.0! 1.C! 7C.4 70.4 0.5364 0.!214 O.32!e 0.3238
(.SCC f.31! 3.30 1.10 124.6 16.6 C.6509 056E2! O.!74C 0.4120

- •  
I 

I•ccc 4.875 4.35 1.SC 143.4 S4~ l 3.0917 0.121! 0.tsco 0.4355

1.SCC 4.3~! 4.65 2.1! 152.5 100.8 1.1646 O.1L~! 0.7030 O~4633

~~SO00 2s€ 1f 5.80 2.~ 5 165.6 11115 1,2606 0.8521 O.761C 0.5144

•4 4 2.!OC ~.31! 6.20 3.1C 171.2 121.0 1.3033 0.5216 O.7$U 0.5563
:~ 35000 2.81! 3.50 3.50 167.0 128.6 1.2714 0.~ 7S2 0.761! 055511

• 3.500 ~.3fl 5.45 3.15 160.5 133.1 1.2220 1.C136 0.7316 0.6116

4.CCC 3.11! 4.70 3.SC 14S.~O 135.8 1.1348 1.O3!~ 0.68!0 0.624C
45500 1.31! 3.50 3565 135.8 131.3 1.0337 1SCCCC 0.6240 0.6031

~ !.CCC C.815 3.50 3.4C 121.6 126.8 C.97S2 0.5652 0.5911 0.5*26
5.SCC 0531! 3.25 3.25 123.9 123~9 C.9436 01543* ~ 0.5666 0.5656

t.CO0 0.125 3.10 3.1! 121.0 122.0 C.5216 C5526C 0.!5~3 0.56c8
• 

. 6.5CC C.&2! 3.20 3.4C 123.0 126.8 C.9363 0.5652 0.!6!2 0.5*26
• •).CCC 1.125 - 3.43 3.!! 126.8 12915 C.i652 0.5*12 0.!E26 0.5552

1.5CC 1.625 3.70 3.70 132.2 132,2 1.0068 1.001* 0.tC~ l 0.6078
• 

~.0cc 2.12! 4.00 3.15 137.5 134.9 1.0469 1.02PC 0.2319 0.62CC
• *1500 2.62! 4.50 3.7! 145.8 133.1 1.1104 1.C1!6 0.67(3 0.6116

• 5.OOC 2.12! 5.10 3.*! 155.2 131.3 1.1821 1.CCCC 051136 0.6031

6.SOC 3.(2! 5.60 3.40 167.0 126.8 1.2714 0.5652 0.lfl! C.!*26

~4 10.000 4.125 6.30 2.*C 172.5 115.0 1.3138 0.8155 0.lSfl 0.5287
“S 1c.!0c 4.62! 6.C0 2.*C 168.4 110.8 1.2821 C.1440 0.7140 O.!CS!

. 115000 !.12! 5540 2.~ C 156.~? 113.0 1.2113 C.ILC1 0.1343 0.5152

11.5CC 5.42! 4.20 2.3C 14C.6 104.3 1.3’~~7 0.7638 0.6415 0.4762

; 11.75C 5.81! 1.60 1.35 87.0 79.9 0.6621 0.6C*2 O.35%7 0.2671
Ifl(GR~TIC ~LOh R * T E  • 58.89 CU.P7/SIC

• 4. 7.OCS LII’ISIC

~V1R iGE ‘SV!LOCIIY • 131.33 Fl/SEC 
.

: • PUP8PY FLCW AáTI. WP • 3.745 L8P’~S8C
c*I,.1~~ bELOCI1Y , UP • 217.!6 FT/SIC

~CP!~’1UP FACTC~, ~N • 1.027

‘
I (b) L/D = 2 15

TABLE XIV (CONTINUED)
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CATA IMEN ON 8 NA*C1 157* B’~ LE
IIKE AND ST*EHL I

s it s  S L/C• 2.!
zDA1

~
s1 S1UC I’; 4 NOZZL1SU.699 IN.)

! 

• 
áPEIIIIT PRESSURE • 26.979 Ih .HGA, TEMPESATURE • 6350 OEG.FAI’.R

PPDARY £UPTA~EI TEMFEUTUR* • 106.4 CEC ..FA~R

~ ~ PTA PTh bA ye VA/VAV VB IVA i ‘Stá/UF VI/UP
DC)ES IN.b’ZO FT/SEC

~
,I 0.0 !.flf 2.10 1.•C5 98.4 69.6 0.8643 056111 0.5450 0.3*82

(S5cc !.21! 3.C0 1.45 117.7 81.8 1.0330 0.71*2 0.6561 0.4162

• 15000 4.81! 3.30 1.65 123.4 87.3 1.C834 C.’)661 0.6882 0.4*66

1.SCC 4.~7! 4.25 1.85 140.1 52.4 1.2255 0.8112 0.7810 0.5153

2500C 1.81! 5.00 2.25 151.5 101.9 1.3326 0.8646 C.8411 0.5682

2.500 3.37! 4.55 .10 151.2 111.6 1.3269 3S~~800 0.8428 0.622!

3.CCC 2.875 4.85 Z.SC 146.6 115.7 1.3134 1.C1!6 0.8343 0.6431

3.5CC 2.375 4.40 2.!! 14255 12413 1.2510 1.CSI6 0.7546 0.6634
• 

4.CCC ~.fl! 4.2C 3.EC 135.2 128.5 1.222~ 151216 0.7764 0.7188

4.5CC 1.3~~ 3.80 3.65 132.4 129.8 1.1626 1.1364 0.131! C.72.~7

1.0CC C.E1! 3.60 3.!! 128.5 12850 1.1316 1.1221 0.7118 C.7138

1.1CC C.37! 3.45 2.!C 126.2 127.1 1.1076 1.1158 O.7O~6 0.’7CE1

6.CCO 0.12! 3510 3.! ! 127.1 128.0 1.1158 1.Ilfl 0.7011 C.713*
6.500 0.62! 3.65 3.2C 126.8 128.5 1.1394 1.1316 0.7227 0.7181

1SCcc 1.125 3.85 3.7C 133.3 130.7 ~.1702 1.1412 0.74 !! 0.7287

7.500 1.625 4.05 S.!! 136.7 128.0 1.2002 1.1237 0.7624 0.7138

I 8.OOC 2.121 4.45 3.35 143.3 124.3 1.2511 1.0616 0.7952 0.6S34

~ 
8.SOC 2 .62~ 4.65 25*5 151.2 114.7 1.3269 1.CC** 0.842* 0.635!

~ 6.000 1.13! 5.05 2.40 152.1 105.2 1.3403 0.5235 058513 0.5869

6.SCC .3.62! 5.10 2.CC 153.4 56.1 1.3469 0.8434 0.8515 0.5337

1cIccC 4.125 4.20 1.~ f 136.2 8956 1.2223 G.ilSC 0.17(4 0.5011
‘S t 3C.!CC 4.62! 3q55 1.1! 128.0 84.6 1.1237 0.742! 0.713* 0.4716

I 
11Iccc 1.125 2.80 1.45 113.7 81.8 0.9980 0.1182 0.6325 0.4562

~ 
115500 1.62! 1.45 1.~ 0 81.8 71.3 0.7182 0.62!! 0.45(2 0.3573

~~
• 

13.’7!C 1.67! 1.45 1.]C 81.8 71.3 0.7182 0.6215 0.45*2 0.3573
• ~ DTE G~ ATEO FLC~ ØITE • 85.18 CU.PT/SEC

• I • 6.220 IBM/SIC
JV IRAGE VEICCITV • 113.91 FT/SEC

PPI MA~ Y FLOW RITE, b~P • 3.759 IBM/SEC

PFIP~~PY VELOCITY, IJ~ • 179.34 FT/SIC

MOMENTUM FACTOR, KM • 1.038

,

~ 

(a) L/D = 2.5

• TABLE XV~ EXIT VELOCITY DATA FOR STRAIGHT MIXING STACK
WITH 3570 IN. NOZZLES

ki
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- : CA’TA TAXEI CI~ S PARCH 1678 EY LENKE AI~ID STAINLI. I ‘Sits U ; Lit. 1.•1
~

~ 
~UA~~.IT ~t~ CK$ 4 NOZLIES(3.699 IN.)

•
• AMB IENT PRESSURE • 29.854 IN.HGA, TEMPERATURE • 6650 OEG.E*)R

PPI M~ RY IIJPTA~’I) TEMPEPATURE • 110.6 CEG.FAPR
3 R PTA PTB VA VI V*/VAV VB/VA~ VA/LP yE/UP
II(C~’IS IN.120 FT~ SEC

• 050 1.e~! 1.20 ø.!C 74.0 48.3 C.6857 C.4426 0.4131 0.2671
~ ,

I (.5OC 1.37! 2.25 C.6! 102.3 55.1 C.6350 0.3(47 0.5666 0.304!

• 
- 1SCCc 4.815 3.30 1.CC 124.1 68.3 1.1372 0.626C 0.6*61 0.3717
I 1.SOC 4.375 4.40 1.C! 143.3 70.0 1.3131 0.641! 0.7623 0.311C

2.CCC 2.17! 5.40 1.10 158.7 83.7 1.4547 0.1667 0.8717 0.4626

•
:
• 2.5CC 2.31! 5.70 2.70 163.1 59.0 1.4945 0.6CJ~ 0.601* 0.5473

~ 2.0CC ~.*11 !.7C 2.60 163.1 110.1 1.4945 1.00S4 0.6011 0.6060

~ 2.3CC 2.37! 5.35 3.30 158.0 124.1 1.4479 1.1372 ~ 0.8126 0.6*61

I 
4.000 1.81! 4.15 3. (! 148.5 130.3 1.3643 i.IS6C 0.8222 0.7216

4.0C 3.37! ‘..C5 3.7! 137.5 132.3 1.2598 1.2122 C.76C1 0.7314
• ~ 5.OCC C.*1! 3.60 3.6! izs.g 130.! 1.1877 1.1S*C 0.11(6 0.7216

• 
- 

1.5CC C.!2! 3.20 3.SC 122.2 124.1 1.1168 1.1312 0.6711 0.6161

- 
6.CCC C.12! 3.20 3.15 122.2 121.2 1.1198 1.II1C 0.6717 0.67C4

6.5CC 0.62! 3.30 3.! ! 124.1 125.0 1.1372 1.141* 0.68*1 0.6613

7.COC 3.12! 3.60 3.55 12956 128.7 1.1817 1.1763 0.7166 0.7117

7.500 1.625 3.95 3.70 135.S 131.4 1.2441 1.2041 O.75C7 0.7265

8.000 2.12! 4.60 3.23 146.5 125.0 1.3426 1.1451 0.0101 056613

8.SCC 2.62! 5.43 2.15 159.5 113.3 1.4614 1.C3*1 0.1818 0.6264

• 9.000 3.12! 5.90 2.4C 163.9 105.8 2.1233 0.666* 0.9174 0.5831

• 5.SOC 2.62! 5.60 1.*C 161.6 91.6 1.4514 C.13S9 0.8938 0.~~0ó7

1c.000 4.125 4.60 1540 146.5 74.8 1.3426 0.61!) C.$1C1 0.4138

\ • 1 IcI!Cc 4.625 3.45 1.05 126.9 70.0 3.1627 0.6415 0.7016 3.3370

~ 115CCC 5.12! 2.40 0.60 105.8 64.3 0.9698 0 5939 0.5811 C.3!83
~ 11.1CC 3.62! 1.60 0163 $6.4 55.1 0.7913 0.3041 0.4718 0.3043

‘ I 11.7!C 3.87! 1.60 0.65 •6..4 35.1 C.7918 0.5047 ).4711 0.3C45
I IFTI8PATEO PLCb Mill • $2.17 CU.FT/SIC

~ 
• 5.354 LIP/SIC

•
i 

A~ ERSGE ~ILOCITY • 1CS.12 Fl/SEC
I PPINIRY •LOW RATE . WP • 3.747 IBM/SEC

~ 
PFIPh~ ’1 ~ELOCIlY, UP • 180.85 FT~SIC

I PCPIrI1LM FACTC F, MM • 1.01$

• 
(b) L/D = 1.75

TABLE XV (CONTINUED)

:
• 
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CATA TJ KII’ CIs 13 PARCI’S 1976 IV tEMKE AND STASHLI
S/C..!; LI(• 2.! 7 DEGREE SCu D DIFFISOR •t 4 POZZLESI3.656 iIi.)

• 
~ME IEN1 PRESSIRE • 30.166 Z).HGA, TEMPERATIRE • 7250 DEC.FAI’R

PFIP’AFY LLPT*hCEI TEMPERATURE • 111.2 CEG.FAI~R
3 p PTA PTE VA VI VA/VAV VB/VAV VA/IF VB/LP
DCHE! 1P~.I’2C FT/SEC

050 6.375 1.20 0.3! 74..6 40.3 C.7207 O.38c2 0.41’t 0.223 5
(.1CC 1.81! 2.25 0.7C 102.2 57.0 • 0.9869 O.55C4 0.5677 0.3166

1.CCC 1.37! 3.00 3.15 118.0 59.0 1.1395 0.U68 C.65!5 0.3277

1.1CC 4.615 3.60 1.13 - 129.3 71.5 1.24a3 C.oSCC 057181 3.3969

2Sccc 4.313 4.50 1.4C 144.5 80.6 1.3956 0.7784 0.ECZB 0.4478

2.5CC 3.81! 4.85 1.8! 15O.~O 92.7 1.4489 0.8548 C.8324 0.5147

2.000 3.31! 4.50 2.15 150.6 99.5 1.4563 0.9647 -3.8317 0.5341

2.5CC 2.875 4.80 2.65 149.3 110.9 1.4414 1.0730 0.8261 0.6161

4.000 2.31! 4.50 3.10 144.5 120.0 1.3956 1.15*4 0.8028 056663

4.5CC 1.8’i! 4.25 3.45 140.5 126.6 1.3563 1.2220 0.7802 0.7025
!.CCC 1.31! 3.90 3.10 134.6 127.5 1.2993 1.23C* C.74’~4 0.7080

1.500 0.815 3.55 3.45 128.4 126.6 1.2356 1.222C C.7131 0.7025

é.CCC C.315 3.30 3.21 123.8 IZZ.$ 1.1951 1.2*61 0.6815 0.6823
( 6.3CC C.123 3.20 3.20 121.5 121.5 1.1769 1.11*5 C.671C 0.6170

1•Ccc C.625 2.20 3.20 121.6 121.1 1.1769 1.1165 0.6770 0.6770

1.SCC 1.125 3.40 3.40 121.6 125.6 1.2131 1.2131 0.65~ 8 0.6518

8.000 1.225 3.65 3.25 130.2 122.8 1.2569 1.18*1 0.72!C 0.6823

8.1CC 2.12! 4.CC 3.CO 136.3 118.0 ~.3158 1.1355 0.7565 0.6555
55000 2.~2! 4.60 2.43 146.1 110.5 1.4110 1.C73C 0.312’) 0.6161

5.500 2.12! 4.65 2.20 150.0 103.3 1.4489 0.6518 0.8334 0.513S

1c.Cc0 3.62! 5.20 1.15 155.4 50.1 1.5003 O.87C3 0.8630 0.!CC6 .
• ,
‘

• 
IcS!0c 4.12! 5.00 1,4! 152.4 82.0 1.4711 0.1622 0.8462 0.4551

•
. 

11.000 4.62! 4.10 1.10 138.0 71.5 1.3322 0.65C0 0.7663 0.3565

11.100 5.125 3.30 0.80 123.8 60.9 1.1151 0.5864 0.681! 0.33*5
12.000 5.62! 2.35 0.60 104.4 52.5 1.3085 0.5066 O.5$C2 0.2631

12.500 6.12! 1.6C 0.30 86.2 37.3 0.8322 C.36C3 0.4787 0.2073

12.750 6.373 1.30 0.15 77.7 26.4 0.7501 0.2548 0.421! 0.1466

IlITI8RATED FLObs RATE • 91.82 CU.FT/SEC
. 4. 6.621. IBM/SEC

3’VEa*CE ~ELCCIl~ • 1C3.56 Fl/SEC

FrIP 8FY FI~~I RITE, ~ • 3.765 LB P/~~C
PPIP 8PV VELCC I1V, IP — 180.03 FT/SEC

PCPIPTUM FACTCA, MF • lj.083

(a) 7 DEGRE E SOLID DIFFUSOR, RUN 1

( TABLE XVI. MIXING STACK E~CIT VELOCITY DATA FOR VARIOUS
EXIT GEOMETRIES

24].
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0*1* 1A~IE* Cli 14 M*PCH 151* e~ LEM FE ANO ST*EI~LI
S/C— .!; L/C~ 2 !~ 1 OEGPEE ~0LID C Z FF USOR
4 tCZZLISI3.td IN.)

8PIIINT PRESSUPE • 30.136 IN.HGA , TEMPERATURE • 85.0 DEG.FAHR

PRIMARY ~UPTA~’Ei TEMPERATURE • 116.5 CEG.FAPR
x R PTA PTI VA V8 VA/VAV VB /VAV VA/tI P SE/UP
INCHES II5 .Is2C FT/SEC

050 6.315 C.75 0~05 59.5 15.4 o.sc;i 0.114* 0.2251 0.C850 -
44

05500 !.*1~ 1.50 0525 84.1 34.3 C.8481 0.3462 0.4614 0.15CC
1.cOO 1•flf 2.2C O.4C 101.9 43.4 1.0211 C.431C 0.5636 0.2403

15500 4.81! 3500 0.60 119.0 61.4 1.1954 C.6164 0.6581 0.3356

2.000 4.211 3.60 1.10 130.3 72.0 1.3139 0.7263 057209 0.3985

2.500 3.875 4.23 1.10 140.8 78.3 1.4152 C.18St 0.77*7 0.4332

3.000 3.375 4.80 1.*C 150.5 92.2 1.5172 0.6251 0.8325 0.5098

3.50C 2.87! 4.90 2.20 152.1 101.9 1.5329 1 .0271 0.8411 0.5636

4.0CC 2.375 4.30 2.10 142.4 112.9 1.4360 1.1315 0.7E~ S 0.6244

4.5CC 1.8~ 5 4.40 3.30 144..1 120.5 1.4526 1.2163 0.7973 3.6690

f.CCC 1.375 4.03 3.30 138.2 128.5 1.3936 1.29!! 0.1641 C.11C5

1.SCC C.875 3.~~ 3.25 129.4 123.e 1.3048 1.2484 0.7155 0.6*50

e.cCC 0.31! 3.25 3.20 123.3 122~ S 1.2484 1.2388 0.t8!0 0.6157

6.500 0.12! .3.20 3.15 122.9 121s9 1.2388 1.2250 O.*7’l 0.6744

7.000 0.62! 3.15 3.30 121.1 124.8 1.2290 1.2580 0.67’4 0.65C2

1.3CC 3.12! 3.25 3.40 123.8 126.7 1.2484 1.2165 O.68!O 057006

85000 1.625 3.45 3.~ C 127.6 124.8 1.2862 1.2!8C 0.7018 0.65C2

8.300 2.125 3.80 3.35 133.9 125.7 3.3499 1.2615 0.7407 0.6955
• 5.00c 2.625 4.25 2.15 141.6 113.9 1.4276 1.14*4 0.7833 0.6301

9.500 3.125 4.93 2.4C 152.8 10614 1.5407 1.012* O.84!4 0.5886

IC.OOC 3.62! 5.25 2.CC 157.4 97.1 1.5867 0.9793 0.8706 0.5374
\
‘. 

IC.SCC 4.125 5.00 1.45 153.6 82,7 1.5485 018335 c.e456 0.4575

• 11.0CC 4.625 4.10 1.20 136.1 75.2 1.4022 0.15*6 0.7694 0.4162

11.1CC 3.125 3.30 0.S0 124.8 65.2 1.2580 0.6570 0.65C2 C.36C!

12.0CC 5.625 2.40 OslO 106.4 48.6 1.0728 3.4867 0.58*6 0.2687

12.5CC 6.12! 1.75 0.25 90.9 34,3 C.9161 ~~3462 0.1021 0.15CC

12.150 6,375 1.25 0.20 76.8 30.7 C.7742 0.3061 0.4248 0.1699

IATEGRATED FLOW RilE — 87.63 CU.FT/SEC
• 6.239 IBM/SIC

IVERIGI ~.IL0CI1Y 
s 19.20 FT/SIC

PPIP IP’v FLC~ PIT!, WP • 3.743 IBM/SEC

PFIMIRY bELOCIfY , UP • 1!0.18 FTI5IC

~
I

I
~ PCP!~ TUP FACTCP, KM • 1.10*

(b) 7 DEGREE SOLID DIFFUSOR , RUN 2

TABLE XVI (CONTINUED)

242
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• I DA TA TA KEtI CN 26 IPRIL iSlE B’r LEMKE AND STIEMLI
S/Ca .!; L/Ca 2 .15  7 CECREE SCLIC DIFFUSOR RING ;4 .~4OZ2IES (~ 699 IN.)SECCI¼OIR S ECX CPiN; TERTIIR~ BCX CFEP ; BULK. INC CLAP. 1~~tAILED

A MBIENT PRESSIRE a 30.140 IK.HGA, TEMPERATURE • 86.0 OEC.FA I~R

• PPIPAR Y (UPTAKEI 1EMPERATUR E • 113.1 OEG.FAHR
•
• x R PTA PT! IA VI VA/VAV V8/VIV ~A /LP Va/UP

• INCIE! IN.~’2Q FT/2EC

?~ c.O 6.250 1.30 0.40 78.2 43.4 0.7843 0.4350 054336 C.2405
: (.5CC 5.75C 2.40 0.70 106.3 57.4 1.0656 0.51!! 0.5862 0.3182

• I
~ 

1.0CC !.25C 2.80 0.53 114.8 65.1 1.1510 0.6526 0.6364 O.36C8

1.500 4.1!C 3.50 1.20 135.5 75.1 1.3584 0.75 !! 0.751C C.4166

~ 2.0CC 4.25C 4.20 1.10 140.6 ES.4 1.4097 0.BS6S 0.7754 0.4956
I 2.5CC 2.1!C 4.7C 2.10 148.7 59.4 1.4913 0.5568 0.824! 0.5511

35000 3.25C 4.70 2.50 148.7 108.5 1.4913 1.C816 0.82’! 0.6013
3.500 2.750 4.60 2.60 147.1 116.8 1.4753 1.1714 0.8157 0.6476

I 4.000 2.250 4.40 3.4C 143.9 126.5 1.4429 1.2284 C.7917 0.7012

4.5O~) 1.750 4.10 3.!C 138.9 12853 1.3928 1.2*65 C.77C1 0.7115

!.Ccc 1.250 3.70 3.50 131.9 128 3 1.3231 1.2869 0.7315 0.7115

5.SCC C.7SC 3.50 3.~5 128.3 123.1 1.2869 1.24C1 0.7115 0.6854

6.0CC C.250 1.30 3.1C 124.6 120.8 1.2496 1 .2111 0.6909 0.6496
6.5CC C.25C 3.30 3.05 124.6 119.8 1.2496 1 .2013 0.6909 0.6642

1.0CC C.1SC 3.40 ~.20 126.5 122.7 1.2684 1.230! C.7C1Z 3.6803

• 1.5CC 1.230 3.60 3.25 130.1 123.7 1.3051 1.2401 0.7216 0.6856

I.u•~C 1.150 3.90 3.40 135.5 126.5 1.3584 1.2484 0.1510 0.7012
e.soc 2.25C 4.40 3.20 143.9 122.1 1.4429 1.23C5 0.7917 0.6*C3

sIOOC ~.7!C 4.cc 2.60 151.8 116.8 1.5227 1.1714 0.843* 0.6476

5.500 ~.2!C 5.10 2.40 154.9 106.3 1.5534 1.C6!8 0.E!U O.5e~~
1CS000 3.710 3.10 2.C0 15455 57.0 1.5534 0.S?2! 0.858* 0.531*

SI
’S 10.5CC 4.250 4.3C 1.70 142.2 89.4 1.4264 0.€S66 0.78*6 0.4551

• 11.303 4.750 3.00 1.4C 118.8 81.2 1.1914 0.8125 0.65*1 C.4SCC

11.500 5.230 2.30 1.20 104.0 75.1 1.0432 0.7535 0.5768 3.4166

; 121000 5.73C 2.00 0.80 97.0 61.4 0.9728 0.8152 0.5318 0.3402

12.5CC 6.250 0.90 3.4C 65.1 43.4 0.6526 0.4350 0.3608 0.2405

INTEG RATED FLOW RATE • 84.98 Cta.FTZSIC
• ~ S 04 5  IBM/SEC

I~ IRA (B VELOCI1~ • 99.72 FT/SaC

PpIpi ipY FLCW RITE, WP • 3.757 IBM/SEC

PPIMARY VELOCIl~ , IP • 180.36 FT/SEC
PCP!TITUM FACTCP, KM • 1.150

I 

(c) 7 DEGREE SOLID DIFFUSOR, RUN 3

~ TABLE XVI (CONTINUED)

,

1 
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DA TA TA KE S’ tP~ 27 APRIL 197* !Y LENKE AND STiE~iLI‘S/C— IS; Lit. 2.!; 1 DEG~~* ~OLlD CIFFIJSOR R ING;4 NOZZLES(3.699 IN.)
~ICC~ CAR ’I 8C CLCSEC; IERTZJRY BCX CFEN

ipeIE
~
T PRESS4.PE • 30.029 II~.HGA , TEMPERATISRE • 11.0 DEG.FAI-R

FF1PAP~ (IPTA ICE) TEMPERATURE • 106.6 OEG.FAHR
) P PTA PT! VA VB VA/VAV VB/VA~ VA/IF V8/IP

~ 
1NC~ E$ IP~.H2C FT/SEC

‘ 
CSO 6.250 1.60 0.33 86.1 37.3 C.S100 0.354C 0.47S3 G.2C7!
05500 5.150 2.70 3.50 111.8 48.1 1.1821 0.5C87 O.622t O.267S

1.GCC !.2!C 3.ZC 0.20 121.7 60.9 1.28~9 0.4434 0.6778 0.3385

15500 4.750 3.70 C.SC 130.9 64.6 1.3838 0.682! 0.728S 0.3555

2.003 4.2!C 4.cS 1.20 137.0 74.5 1.4417 0.7~8C 0.7626 054151

2.500 3.150 4.00 1.6C 136.1 86.1 1.4388 0.51CC 0.7518 0.4793

3.300 3.250 4.25 2.)C 14C.3 98.6 1.4830 1.0425 0.7812 0.5491

2.5CC 2.750 3.80 2.~ C 132.7 111.8 1.4023 1.1821 0.73*6 3.6226

~ 
4.CCC 2.25C 3~ 75 3.20 131.8 121.7 1.3931 1.28(5 C.1338 0.6178

~ 
4.5CC 1.7 0 3.55 3.50 128.2 127.3 1.3554 1 53458 0.7139 0.7089

: 5.CCC 1.250 3.45 • 2.4!~ 126.4 126.4 1.3362 1.3362 0.7C38 C.7C31

1.5CC (.750 3.25 3.40 122..7 125.5 1.2969 1.322~ C.6831 0.6587

~ 6.0CC C.2!C 3.25 3.20 122.1 121.7 1.2969 1.2865 0.6831 0.6118
I 6.1CC C.23C 3.25 3.15 122.7 120.8 1.2969 1.2168 0.6831 C.6725

75000 0.750 3.25 3.30 122.2 123.6 1.2969 1.3068 0.6831 0.6*33
7.5CC 1.2!C 3.4C 3.40 125.5 125.5 1.3265 153265 0.6937 0.6987

8.000 1.750 3.10 3.45 130.9 126.4 1.3838 1.E362 0.7289 0.7C3*
8.500 2.250 4.20 3.33 139.5 123.6 .4143 ~..3C6e 3.7765 0.6883

cScoO 2.75C 4.~~ 3.C! 145.2 118.9 1’.~5345 1.2563 0.3083 0.6617

9.500 3.253 4.60 2.SC 146.0 107.6 15 5429 1.1314 0.8127 0.5991

1c.CCC 3.1SC 4.~~. 2.05 139.5 97.4 1.4743 1.C3CC 3.1765 0.5425

‘ 
10.5CC 4.250 3.45 1.60 126.4 86.1 1.3362 0.51CC C.7038 0.4793

I 11.0CC 4.750 2.60 1 .30 101..1 77.6 15 1603 0.*2C2 0.6110 0.4320

~ 
11.5CC 5.230 2.30 1.C0 103.2 68.1 1.0910 0.7154 0.5741 0.3785

~ 12.0CC !.75C 1.60 0.65 8651 54.5 0.9100 o.!eoc O.47S3 0.3055
! 12.5CC 6.2!C 1.CC 0.35 68.1 40.3 0.7194 0.4256 053739 0.2242

~ DTECR ATEO FIC~I RiT E • 80.62 CU.F1/SEC

~ 
• 5.826 IBM/SEC

I I’S.EFIGE VELOCITY • 54.60 Fl/SEC
PRIM IRY FLOI’I RAT!, WP — 3.175 IBM/SE C

FPIPIPY VELCCITY, UP • 11S.6C FT/SEC
PC PEtslLM FACTCR , lip • 1.114

: (d) 7 DEGREE SOLID DIFFUSOR , RUN 4

~ 
I 

TABLE XVI (CONTINUED)
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DATA TAKEN ON U MAY 1518 e~ LE NKE AT~O STAEIILI
S/C— .5; LID . 2.5 T~ C SCL!C DIFFUSOR RINGS; 4 ~OZZLE S(3.69S ZN.)
SECC IIDIR~ ECX CP~ P4; TEPTIIRV BCX OPEK

3)81811’ FRESSL~ E • 30.128 IN.HCA , TEMPE RATURE • 76.0 DEC.FAI’R

p PIIIA RY LUFTAsE) 1EMPERATURE — 11155 DEG.FAHR

x P PTA PIB ‘S.A VE VA/VAV V8/VIV VA/IP V8/UP
1NCI

~
E$ ]N.I~2O FT/!EC

~~~ 
c.0 7.CCO 0.30 0.C1 37.4 658 0.4567 0.0824 3.20’~8 C.0375

• I (.5CC 6.5CC 0.55 0.3! 50.6 26.4 C.6184 0.1225 C.2814 0.1465
•~I RICOC 6.CCC 1.40 0.35 80.8 40.4 C.9866 0.4523 0.4485 0.2245

1.500 5.5CC 2.75 0.75 113.2 59.1 1.3827 0.1221 0.62’2 C.3286

2.000 5.OOC 3.55 1.40 128.7 8O.E 1.5110 0.9866 O.71’S 0.4436

2.5CC 4.SOC 4.1C 1.85 138.3 92.9 1.~ 883 1.1341 0.7683 0.5161
• 3.000 4.030 4.40 2.C5 143.3 97.8 1.7450 1.1538 0.7955 0.5432

3.500 2.530 4.20 2.1~ 140.3 112.2 1.7088 1.37C1 0.7776 0.6234

~.0O0 3.C00 4.00 2.85 136.6 115.3 1.6676 i.AC16 0.7588 0.640!

4.500 2.500 2.90 3.2C 134.9 122.2 1.6466 1.4516 0.7493 0.6T~ 7

!.Ccc 2.CCC 3q65 3.3C 13 C.5 124.1 1.5930 1.5147 0.7249 0.6892
5.500 1.500 3.40 3.25 125.9 123.1 1.5375 1.5032 C.6956 0.6840

e1CCC 1.000 3.25 3.~0 123.1 122.2 2.5032 1.4516 0.6840 0.6787

6.5CC C.500 3.10 2.1! 12C.2 •• 121.2 1.4681 1.4799 0.é6*C C.t734

i.CCC C.O 3.20 3.10 122.2 120.2 :.4916 1.4281 ~.6781 0.6680

1.5CC C.!0G 3.15 3.15 121.2 121.2 1.4799 1.4755 0.67 4 0.6734

8.OCC 1.CCC 3.25 3.3C 123.1 124.1 1.5032 1.5147 0.6840 C.&3S2
8.500 1.SOC 3.40 3.~ 5 125.9 125.0 1.5375 1.5261 0.6956 0.6544

5.0CC 2.OOC 3.EC 3.30 133.1 124.1 1.6254 1.5147 0.7356 3.6852

9.500 2.500 4.15 3.IC 139.1 120.2 1.6986 1.4681 0.7726 0.66*0

10.000 3.033 4.35 2.60 145.7 110.~ 1.7786 1.3445 0.8053 3.611*
ICSSOC 3.500 4.20 2.4C 141.6 105.8 1.7290 1.2511 0.7866 0.5878

11.000 4.000 4.10 2.CC 138.3 96.6 1.6883 1.17~2 0.7683 3.5366

31.SCC 4.5CC ~.20 1.30 122.2 33.6 1.4916 1.C212 0.6787 0.4647

12.000 5.000 2.30 1.C! 103.6 70.0 1.2645 0.8144 0.5754 0.3888

12.5CC 5.5CC 1.40 0.60 80.8 52.9 0.9866 0.6455 0.4489 0.2939

13.CCC 6.030 0.80 Ø•35 61.1 26.4 0.7458 0.3229 0.3354 C.1465

13.5CC 6.5CC 0.30 0~05 37.4 15.3 054567 O.1E~ 4 0.2078 0.0848

14.0CC 7.COC 0.15 C.C 26.4 0.0 C.3229 0.0 0.1469 0.0

II~TEGPITEC FLC W ~~TE • 87.56 CU.FT/SEC
• 6.284 IBM/SEC

i’S ERI GE VELOC ITY - 81.50 FT/SEC

PRIMARY FLOW RATE , WP • 3.158 LBP#!EC

FRIMAF’v bELOCITY, UP • 179.99 FT/SEC

PCMEII1LM FACTCR, PP • 1.285

(e) TWO-RING DIFFUSOR

TABLE XVI (CONTINUED)
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CA TA TAKE I~ CN 34 JULY 3578 e’ LE MIC E AND STAEPSL I
c/c..!; L/D. 2.!; THREE SO&IC OIFFUSCR RINGS; 4 NOZZIES~ 3.699 IN.)
~ECONCAR Y ECX CPEIs; TER T IAP’V BOX OPEN

AMB IE f .! PRESSL~E S 29.969 IPs.HGA , TEMPERATURE • 85.0 OEG.FA~’R

FPI#’AP Y (IPTAKE) T EMPERATURE • 114.5 CEG.FAIR

X R PTA P78 VA VB VA/VAV VB/ ’S.A~s VA/LP VB/UF
INC IES IN.I’~ C FT/SEC

I C.C 1.00C 0.20 0.02 30.8 9.7 0.3e29 0.1214 0.1699 0.0537

•
•
~

•
I (.5CC 6.5CC 0.80 0.20 61.5 30.8 0.7679 0.3839 0.33~~5 C.1699

1.CCC 6.000 1.90 0.8C 94.9 53.3 1.1834 0.tL!C 0.5238 0.2643

I~~ ~.5CC 5.5CC 3.05 1.00 120.2 68.3 1.4993 0.8535 0.6636 0.3800

2.0CC !.CCC 3.60 1.40 13C.6 81.4 1.6289 1.01! ! 0.7210 0.4496

I I 
2.500 4.5CC 3585 1.10 135.0 89.1 1.6845 1.1153 0.7456 0.4555

‘ 
3.000 4.0CC 4.CC 2.20 137.6 102.1 1.7170 1.2734 0.76CC 0.5634

I 

2.500 3.5CC 3.90 2.10 135.9 113.1 1.6554 1.41C6 0.1504 C.6244

45000 3.030 3.85 3.10 135.0 121.2 1.6845 1.511! 0.7456 0.6651
I 4.500 2.!OC 3.75 3.50 133.3 128.7 1.6625 1.6C61 0.7359 0.7106

I 5.000 2.000 3.60 3.4C 13C.4 126.9 1.6289 1.532C 0.7210 0.7CC)
I 5.SCC 3.500 3.50 3.40 128.7 126.9 1.6061 1 .5830 3.7109 3.7007

6.000 1.000 3.25 3.3! 125.9 125.9 1.5713 1.5713 0.69!! 0.66!!

~ 
6.5CC 0.500 2.20 3525 123.1 122.1 1.5357 1 .5237 0.6798 0.6744

t 7.000 0.0 3.25 3.20 124.1 123.1 1.5477 1 .5357 0.6850 0.6798
.
~.5Cc C.500 3.40 3.20 126.9 125.0 1.5830 1.5155 C.7007 0.6503

3.OCC 1.0CC 3.60 3.40 130.6 126.6 1.62e9 1.5830 0.7210 0.7007

3.5CC 1.5CC 3.50 1.3! 135.6 125.9 1.6954 1.5?)! 0.15(4 0.6655

5.OCC 2.C0C 4.35 3.20 143.! 123.1 1.7905 1.5357 0.192! 0.6758
5.5CC 2.ZOC 4.3C 2.60 150.8 111.0 1.8809 1.3843 0.832! 0.6L27

3cI000 3.CCC 5.C0 2.10 153.9 99.7 1.9156 1.2441 0.2451 0,55C7

\
‘. 

10.500 2.500 4.70 1.10 149.2 89.7 1.8612 1.1163 0.8238 0.4555

115000 4.CCC 3.85 1.25 135.~ 76.9 1.6845 0.5563 0.7456 0.4248

11.500 4.500 3.00 0.50 116.2 65.3 1.4870 0.3144 0.6582 C.36C5

121CCC !.CCC 1.80 0.50 92.3 48.7 1.1518 0.6070 0.5398 0.2687
S 12.500 5.500 1.10 0.20 72.2 30.8 0.9304 0.3*35 0.3985 0.1696

13.0CC 6.000 0.60 0.IC 53.3 21.8 0.6650 C.2715 0.2943 0.1202

13.5CC 6.500 0.15 0.C~ 26.7 11.9 0.3325 0.1487 0.1472 C.0658

14.CCC 1.000 0.05 0.C 15.4 0.0 0.1920 0.0 0.0850 0.0
IFI’T*CQ AT!D FLOIS RATE • $5 69 CU.FT/SEC

• ~.657 IBM/SEC
AVE RAG E VELOCITY • 80.16 FT/SEC

‘ PFIP PY FLCW RATE , ~P • 3.741 LIP/SEC
‘ PPIMA RY VELOC ITY, UP — 181.09 FT/SEC

PCPENILM FACTC R, PP — 1.318

I 
(f) THREE-RING DIFFUSOR

TABLE XVI (CONTINUED)
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I~A1A 1AI(EN ON I AU~UST 1673 IV LENKE AND STAEPLI
~,C • .5$ I/C • 2.. 

I

PORTEC M IXING STAC K; 4 IICA7L ES ~3.695 IN.); A— i B—i C—2 C—2 CONFIGIRITION

APEI EPI PPESSL~PE • 29.954 IP.HGA , TEMPERATURE • 102.0 DEG.FAHR

PPI MA R ’S~ LLPTA KE) TEMPERATURE — 132.8 OEG.FAHR

X P PTA PTB VA VS VA/V AY V*/VAV VA/lI P VE/IP
INCHES IN.H20 FT/SEC

d o  5.875 1.90 1.30 96.4 T9.7 0.8077 0.66*1 0.5248 0.4341

0.500 5.375 2.70 1.!! 114.9 95.1 0.9629 0. 1570 0.6256 0.517*

1.0CC 4.87! 3.10 2.25 123.1 104.9 1.031 * (.8790 0.6703 0.3711

1.500 4.37! 3.70 2.!! 134.5 111.6 1.1272 0.5356 0.1324 C.6C*0

2.0CC 3.875 3.~~ 2.50 135.4 119.1 1.1348 C.i575 0.7373 0.6484

2.5CC 2.31 ! 3.80 3.35 136.3 128.0 1.1423 1.0726 0.1422 0.6969

3.CCC 2.875 3.60 3.85 132.6 137.2 1.1119 1.145! 0.7224 0.7470
3.3CC 2.37! 3.50 4.03 130.8 140.7 1.0963 1.1793 3.1123 0.7662

4.000 1.175 3.33 3.55 128.0 138.9 1.0726 1.1646 0.6625 0.7567

4.5CC 1.313 3.10 3.60 122.1 132.6 1.0318 1.1116 0.67C! 0.7224

1.0CC 0.833 3.IC 3.45 123.1 129.9 1.0318 1.0884 0.6703 0.7012

5.500 0.375 3.10 3.35 123.1 124.1 1.0318 1.C4CC 0.67(2 0.2151

6.000 0.12! 2.20 3.15 125.1 124.1 1.0423 1.0400 0.6811 0.6157
I 6.500 0.62! 3.4C 3.25 128.9 128.0 1.0805 1.C’726 0.7020 0.6965

7.OOC 1.12! 3.40 3.1C 132.6 134.5 1.1119 1.1272 0.12~ 4 0.1324

1.5CC 3.62! 3.50 3.SC 138.1 138.1 1.1573 1 .1573 3.7519 0.7519

3.000 2.125 4.15 3.50 142.4 138.1 1.1938 1.1513 0.7756 0.7!1S

~ 6.SCC 2.62! 4.40 3 .65 146.6 133.6 ~.2292 1.1155 0.7986 3.7274

~ 5_ COC 3.12! 4.30 3.40 145..C 128.9 1.2152 1.C80! 0.7E~5 C.7C20

‘ 
5.5CC 3.625 4.00 2.70 136.8 114.’~ 1.1720 0.5625 C.7613 0.625*

1C.0CC 4.125 3.30 2.60 127.0 112.7 1.0645 0.9445 3.691* 0.6136
I 

1C.!cC 4.625 2.70 2.60 114.9 112.? 0.9629 0.9449 0.6258 0.6139

11.0CC 5.125 2.20 2.ZC 103.7 103.7 C.8692 0.8652 0.5441 0.5647
. 

1I.!0C !.62! 1.65 1.80 89.8 93.8 0.7527 0.7862 0.48S1 0.310*

11.750 5.175 1.50 1 .30 85.6 79.7 0.7177 0.66*1 0.4623 0.4341

L S  INTEGRATED FLO~I PA lE • 89183 CU.FT/SEC
~ 

• 6.152 IBM/SEC

A VERAGE VILOCITY • 119.30 FT/SEC
I~ F PIPIPY FLC h PATE, WP • 3.674 IBM/SIC

I I  
FFI MA PV ‘SELCCITY . UP • 183.42 FT/SIC
PCPEPT!IP FACTCF, KM • t.OIS

I TABLE XVII. EXIT VELOCITY DATA FOR STRAIGHT PORTED MIXING
STACK

4
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1

rATA TA KEN ON 16 AU GU T 1678 BY EMK E AND STAEHLI

~ 
/C • .5; LID • 2.5, ~~~ SCLI D D~tFFUSCR RINGS
CATED PI XING STACK; 4 NOZ2LES 13.699 IN.); A—i 8-1 C—2 0—2 CONFIGLRATIO N

‘S A MBIENT PRESSLRE e 29.978 IN.HGA, TEMPERATURE • 28.0 DEG.FA)~R

‘S 
PPIPAPY (IFTAKE) TEMPERATUR E — 112.C OEG.FANR

X R PTA PU ‘S~A VS VA/VAV VB IVA’ S. VA/IP yB/UP
INCPES IN.P20 FT/SEC

I

~ 

(.0 7.000 0.15 0.C2 26.4 9.7 0.3434 0.1254 0.1462 C.0534

c.5CC *.SOC 0.40 0.04 43.2 13.7 0.5608 0.1114 C.2327 0.0155

1.0CC t.CCC 1.20 0.28 74.8 36.1 0.9714 0.4662 0.4134 0.1667

1.5CC 1.5CC 1.50 0.65 94.1 55.0 1.2223 0.7149 0.52(2 0.3043

2.CCC 5.030 2.80 3.85 114.2 62.6 1.4838 0.8176 0.631! 0.3410

2.5CC 4.SOC T.SC 1.20 134.8 74.8 1.7312 0.9714 0.7453 0.4134

2.000 4.0CC .50 1.20 144.8 86.4 i.aaii 1. 1211 0.IOC2 0.4174

3.500 3.500 4.70 2.IC 148.0 98.9 1.9225 1.2850 0.0132 0.5466

4.000 3.000 4.60 2.50 146.4 107.9 1.9019 1.4C21 0.806! 0.5528

4.500 2.500 4.30 3.00 141.6 118.2 1.8388 1.5359 0.7826 0.6131

5.0CC 2.000 4.15 3.40 139.1 123.9 1.8065 1 .6351 3.7689 0.6959

5.500 1.5CC 2.90 3.6C 134.8 129.~ 1.7512 1.232! 0.7453 0.7161

6.0CC 1.000 3.65 3.2! 13C.4 130.4 1.6942 1.6542 0.7211 0.7211

6.500 0.500 3.45 !.!0 126.8 127.7 1.6471 1.6590 0.1O1C 0.7061

1.CCC G.0 3.40 3.45 125.9 126.8 156351 1.6411 0.6959 0.7010

1.5CC (.5CC 3.45 3.13 126.8 128.3 1.6471 1.66*1 0.7010 0.7061

8.0CC 1.0CC 3.65 3.70 130.4 131.3 1.6942 1.7057 0.7211 0.1260

8.500 1 .500 4.05 3.70 137.4 131 .3 1.7846 1.7057 0.715! 0.726C

6.OOC ~.00C 4.SC 3.40 144.8 123.9 1.8811 1.6351 0.8006 0.6556

9.500 2.533 4.65 2.65 151.9 117.3 1.6729 1.!2~ 3 0.13i1 C.6432

10.000 3.000 1.05 2.!C 153.4 107.9 1.9928 1.4021 0.84*1 0.566*

1C.500 ~.!00 4.7C 2.00 148.0 96.5 1.9225 1.2541 0.81*2 0.3731

115000 4.000 3.70 1.(C 131.3 16.4 1.1057 1.1217 0.1220 054114

31.5CC 4.5CC 2.00 1.25 114.2 76.3 1.4838 0.6614 0.6315 0.4220

12.000 5.000 1.80 0.EC 91.6 61.1 1.1897 0.1631 C.5064 0.337*
q 12.5CC 3.5CC 1.00 0.40 68.3 43.2 0.8868 C.56C8 0.377’. 0.2387

13.000 6.0CC 0.40 0.20 43.2 30.3 0.5608 0.3962 0.23(7 C.16$B

13.3CC 6.50C 0.20 0.03 30.! 11.8 0.3966 0.1536 0.1688 0.0634

14.0CC i.COC 0.15 0.0 26.4 0.0 0.3434 0.0 0.1462 0.0

J~~TEGFATED P1Db RA TE • 82.30 CU.FT/SEC
• 5.910 IBM/SEC

A VER A GE VELOCITY • 76.99 Fl/SEC

PRI MARY FlObi RATE , WP • 3.754 IBM/SIC

PPIMAR 1 ‘S~EL0C I lY , j
~~ • 160.88 FT/SIC

I

• ICPIN1I$ F*CTCR, pp • 1.355

~ ( TABLE XVIII. EXIT VELOCITY DATA FOR STRAIGHT PORTED MIXING
STACK WITH A TWO-RING DIFFUSOR
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CATA TA KEN CM fl AUGUST 1613 I~ LENXE AND STAENLI

5/0 • .5; LiD • 2.!, T~ C SCUD DIFFUSCR RINGS INC SHROUD

PCRTEC MIX ING STACK; 4 ACZ2LES (3.69S IN.) ; A-i B—i C—2 0—2 CONFIGURATION

A MBIENT PRESSIRE • 29.980 IK.HGA , TEP~PERATIRE • 88.0 OEG.F*~ R

FPI PA R ’I CIPTA KE) TEMPERATUR E a 124.0 OEG.FAHR

X R PTA PTB VA VS VA /VAV VB/~ A V VA/L.P VB/UF
2Nd-ES IN.)2C I FT/5~C

050 7.030 0.21 0.02 34.6 9.8 0.4131 0.1168 0.1900 0.0537

cI SCC 4.5CC 0.70 C.1C 57.9 21.9 0.6913 0.2613 0.3115 0.1202
1.000 6.CCO 1.70 0.4C 90.2 43.8 1.0773 0.5222 0.4955 0.2403

1.5CC 5.5CC 2.80 0.30 115.8 61.9 3.3826 C.~ 35C 0.6359 0.3399

2.CCC !.CCC 3.70 1.2C 133.1 75.8 1.5893 0.9011 0.7310 0.4163

2.5CC 4.500 4.10 1.60 140.1 87.5 i.67~0 1.0451 O.7~ S5 0.4807

3.000 ‘..COC 4.30 2.20 143.3 102.7 1.7133 1.2255 O.78E0 0.5636

3.5CC 3.5CC 4.45 2.60 146.0 111.6 1.7430 1.3323 0.1C16 0.6127

4.000 !.CCC 4.30 3.20 143.5 123.8 1.7133 1.413C 0.7880 0.*1~ E

4.5CC ~.!0C 4.10 3.45 140.1 128.6 1.6730 115347 3.766! ‘1.7056

!UccC 2.000 3.15 3.20 135.8 131.3 1.6212 1.5611 C.14!6 C.72iC

~d 
5.5CC 3.500 3.65 3.2! 132.1 132.2 1.5785 1.516! 0.7260 0.7260

~ ‘.1 2.CCC 1.COC 3.48 3.55 129.1 130.4 1.5413 1.5526 C.7CES 0.7160

6.500 0.530 3.30 3.3C 125.7 125.7 1.5009 1.500S ~.6902 0.6503

1.CCC C.C 3.20 3.25 125.7 124.8 1.5309 1.4855 0.6903 0.6851

7.500 0.500 3.33 3.35 126.7 126.7 1.5123 1.5123 C.69!5 0.69 !!

3.0CC 1.CCG 3.55 3.50 130.4 129.5 1.5568 1.145* 0.7163 0.7109

3.SCC 1.5CC 3.90 3.~ C 136.7 133.1 1.6317 1.585! 0.75(5 0.7310

6.CCC 2.000 4.25 3.50 142.7 136.7 1.7033 1.6311 C.7824 0.7505

6.5CC 2.5CC 4.35 3.15 144.4 134.0 1.7233 1.6000 3.7926 0.1355

~C.0C0 3.0CC 4.35 3.4C 144.4 127.6 1.7233 1.5233 0.7526 C.7CC7

10.500 3.5CC 3.50 2.75 136.7 114.3 7.6317 1.3702 0.75C! 0.63C2

]1.CCC 4.CCC 3.1C 2.20 121.5 102.7 1.4547 1.2255 3.66c1 0.3636

11.500 4.500 2.30 1.75 105.0 9116 1.2531 1.0933 0.57*3 0. 502 7

12.000 5.000 1.60 1.20 87.5 75.8 1.0451 0.9051 0.48C7 0.4163

12.500 5.530 0.62 0.30 62.7 61.9 0.7482 C.735C I 0.3441 0.3395

13.000 6.030 0.!! C.3! 51.3 40.9 0.6128 0.4*68 0.2818 0.224*
13.5CC 6.5CC 0.20 0.15 31.0 26.8 0.3655 C.3200 0.1699 0.1472

13.590 1.C0C 0.05 0.C3 13.5 12.0 0.1848 “ .1431 C.Ce!0 0.0658
INTEGRATED FIO~I RA TE • 95.42 CU.FT/SEC

‘ B 6.248 IBM/SEC

A VERAGE VELOCITY • 13.77 FT/SIC

PPIMIPY PLGW RATE, NP • 3.703 IBM/SEC 
4

F F I t ’ I R Y  VELCCITY, UP • 182.14 FT/SEC
( ,__ PCMEN1L M FACTOR , PP • 1.286 

I • .

• (a) SHROUD WITH A TWO-RING DIFFUSOR

TABLE XIX. EXIT VELOCITY DATA FOR A SHROUDED PORTED MIXING
STACK WITH DIFFUSOR
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C AT A TAKEN ON 29 AUGUST BY LEMKE INC STAEILI
~/O — •5; L/D • 2 5. TWC CCL IC OIFFU !CR RINGS ANC SHROU D

~ ~CPTEC MIX ING STALK: 4 NC~ ZLES (3.666 IN.) ~ 1—1 8—1 C—2 0—2 CONFIGUFATZON

I
I 

AP eZEN T PRESSIFE • 29.902 IK.HGA , TEMPERATURE • 80.0 DEC .FAtR

PRIM A RY I$.PTAI (E) T EMPERATURE • 114.0 OEG.FMR
I~ x P FTA PT! VA VB VA /VAV ~B/VA V VA/IF YB/UP
~! 

INCPIS 1h.P2C FT/SEC

I d c  ~.C0C 0.25 0.03 34.4 15.4 054201 0.1316 0.1895 0.0847

I
II (.500 6.500 0.65 0.10 55.4 21.7 0.6775 0.2651 0.3055 0.1198

I 1.CCc 6.CCc 1.60 0.12 87.0 23.8 1.0629 0.2511 C.4754 0.1313

~~ I 1.5CC 5.5CC 2.50 3.40 111.1 43.5 1.4313 0.5314 0.6453 0.2357

2.000 !.CCC 3.80 0.30 134.C 61.5 1.6380 0.7516 0.7331 0.3390
~ ~ 2.5CC 4.500 4.40 1.20 144.2 75.3 1.7626 0.92C5 0.79’9 0.4131

1 1 ~ 
3.0CC 4.0CC 4.4C 1.45 144.2 32.3 1.7626 1.0118 • 0.79’9 0.4563

I~~ 3.500 3.5CC 4.50 2.20 145.8 102.0 1.7825 1.2464 0.6039 0.5621

4.000 3.000 4.35 2.65 143.4 111.9 1.7526 1.3616 0.7904 0.6165

4.500 2.!nC 4.15 3.10 140.0 121.0 1.7118 1.416! 0.7720 0.6672

5.000 2.000 3.95 3.!C 136.4 128.6 1.6701 1.572C 0.7532 0.1OSC

5.5CC 1.5CC 3.15 3.85 133.1 134.9 1.6272 1.6488 0.7339 0.7436

6.000 1.000 3.67 3.55 131.1 136.6 1.6398 1.21C1 0.7260 0.7532

~ 
6.5CC 0.500 3.60 3.EC 13C.4 134.0 1.5943 1.633C 0.7190 0.7387

7.000 0.0 3.70 3.25 132.2 131.3 1.6163 1.6054 0.7289 0.7240

1.5CC (.500 3.80 3.6! 134.0 131.3 1.6380 1.6C!4 0.7387 0.7240

3.0CC 1.0CC 4.10 3.65 139.2 131.3 1.7015 1.6054 0.7613 0.7240

3.500 1.5CC 4.35 3.80 143.4 134.0 1.7526 1.6380 0.75(4 0.7387

6.0CC 2.CCC 4.50 4.00 145.8 137.! 1.7825 1.68C6 0.8035 0.7576

5.500 2.5CC 4.7C 3.55 149.0 136.6 1.8217 1.67C1 0.8216 0.1532

10.0CC 3.000 4.40 3.16 144.2 133.3 1.7626 1.6254 0.1546 C.7348

\ 105500 3.530 3.45 3.35 131.3 125.8 1.6054 1.5380 0S72~ 0 0.663*

~ 
11.000 4.0CC 2.33 2.65 116.1 118.1 ].41e6 1.4433 0.6368 0.6505

~ 11.300 4.500 1.80 2.25 92.2 103 .1 1.1274 1.26C* 0.50*4 0.5684

•

I 

12.000 5.000 1.00 1.65 68.7 88.3 0.8403 1 .0754 0.3760 0.4868

,

I 

12.500 5~ 500 0.60 1.15 53.2 73.7 0.6509 0.6011 0.2525 0.4064

~~I I 
13.CCC 6.000 0.30 0.10 37.7 57.5 0.4602 0.1C3 C 0.2076 0.3171

: 13.300 6.500 0.10 0.20 21.7 37.7 0.2657 0.4602 0.1158 0.2076

14.CCC 1.COC 0.05 0.0 15.4 0.0 0.1879 0.0 0.0847 0.0

ZPTEGRATID FLO h RITE • 87.45 Cu.FT/’EC
• 6.194 IBM/S1d

I 
AVE RA GE VELOCI TY • 81.81 FT/SEC

11 ~ I PFIMA PY P1.0W RATE, IF • 3.742 LeM/SEC

~ 
PRIMARY VELOC ITY, UP 181.40 FT/SEC

I PCMENTUM FACTC R, PP • 1.312

( (b) SHORTENED SHROUD WITH TWO-RING DIFFUSOR
_I 

TABLE XIX (CONTINUED)

~~ •

k .  

_ _ _  
11
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DATA TAKEN ON 26 A~ GIST BY LEPPE AND STAINLI~ S/C • 5 1  LID • 2 5,FIC~ IPRU SHROUD AND DIFFUSOR RING
FCFTED MIXING STA~ K$ 4 NOZZLES (3.b9S IN.) a A—i B—i C— 2 0—2 CONFIGI.RATION

APEII NT PRESSIRE • 29.902 ZN.HGA, TEMPERATURE • 30.0 DE (.FltR

I
I 
~ PPI.ARY )&JPTAMI) tEMPERATUR E • 114.0 DEG.FAHR

II I I 
x R PTA PTB ~.A VB VA/VAV VB /VA~ V*/LP VE/UP

INCPIIS IN.~~20 FT/SEC

I~~; 
c.C 1.CC( 0.25 C.35 34.4 26.6 C.4049 0.3136 0.186! 0.1461

(.5CC 2.5CC 0.25 C.!! 35.4 51.0 0.6529 0.600! 0.30 !! C.261C

~ 3.CCC 6.CCC 1.50 1.35 84.2 7357 C.6S18 0.6614 0.4641 0.4064
I

I 
7.500 5.5CC 2.1C 1.35 113.0 79.9 1.3306 0.S405 0.6221 C.44C3

2.000 5.030 3.80 2.00 134.0 57.2 1.5785 1.1452 0.7317 0.5356

~ 
2.5CC 4.5CC 4.40 2.50 144.2 108.7 1.6986 1.23C4 0.7949 3.5652

I 3.000 4.030 4.55 2.85 146.8 116.1 1.7273 i.367C 0.8034 0.635*
4 , 

3.500 2.500 4.50 3.30 145.1 124.9 1.71 71 1.4710 0.8029 0.6314

4.0CC 2.CCC 4.30 3.15 142.9 133.1 1.6792 1.5661 0.7858 0.7335

~ 4.500 2.500 4.1! 3.SC 140.0 135.8 1.6496 2. 5552 0.7720 0.74 4
I~~ 5.0CC 2.CCC 4.00 3.15 137.5 134.9 1.6195 1.3835 0.7519 0.7436

5.5CC 1.5CC 3.70 3.60 132.2 134.0 1.5576 1.51*! 0.7289 0.7387

I~~~ t.CCC 1.000 3.50 3.40 125.2 130.4 1.5149 1.5364 0.7090 0.7190

~ 
I ~ 

6.500 0.530 3.50 3.! ! 126.6 129.5 1.5149 1.5257 0.70CC 0.7140
,~~~~I 7.0CC C.C 3.35 3.53 129.3 129.5 ‘.5257 1.5251 0.7140 O.714C

~ I 
1.5CC 0.5CC 3.65 3.10 131.3 132.2 1.5471 1.5576 0.7240 0.72*6

~ 8.0CC 1.000 3.85 4.10 134.9 139.2 1.5889 1.6366 0.1436 C.7673
•
~i~ 

1.500 1.5CC’ 4.15 4.35 140.0 143.4 1.6496 1.6866 0.77~O O.75C4

~ ~ 
5.0CC 2.000 4.35 4.4C 143.4 144.2 1.6889 1.6686 O.79C4 0.1646

I I
I 6.500 2.500 4.50 4.20 145.8 140.9 1.7178 1.6555 0.8039 0.1126 :

1

I 1 
1C.000 2.000 4.15 3.45 140.0 127.7 1.6496 1.5C41 O.77 0 0.7C35

“S 
IC.500 3.500 3.40 2.15 126.8 114.0 1.4931 1.342* 0.6568 O.6m84

11.000 4.000 2.!! 2 .25 109.8 103.1 1.2931 1.2146 0.6052 0.5684
71.5CC 4.500 1.95 t.SC 56.0 84.2 1.1338 0.6518 0.5252 0.4641

111 1 ! 12.000 5.0CC 1.10 1.C0 72.1 68.7 0.8493 0.8066 C.3975 0.3790
I 12.5CC 5.5CC 0.70 0.! ! 51.! 51.0 0.6175 O.6CCS 0.3171 0.2810
.5 13.0CC 6.000 0.35 0.25 4C.J 34.4 0.4791 0.4049 0.2242 C.1163
I 13.5CC 6.500 0.10 0.05 ~1.7 15.4 0.2561 0.1*11 0.1)98 0.0847

I 14.OOC 4.0CC 0.05 0.02 13..4 9.7 0.1811 0.1145 0.0347 0.C53*
IPTIGFATED P1Db RATE • 90.75 CU.FT/SIC

• 6.428 LIP/SIC

A bIRIGI VELOC ITY • *4.19 Fl/SEC

PRIMARY PLOW RATE , WP • 3.142 LEPISEC
S 

FFIMAPY ‘~ELOCIlY . IP — 181.40 FT/SEC

~ 11 

MCMIN1LM PACTCR, PP • 1.266

Ii i (~) 
(C) FLOW-THROUGH SHROUD WITH RING DIFFUSOR

I 

I 

• TABLE XIX (CONTINUED)
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H APPENDIX A

I
~ ~ FORMULAE

Presented here are the formulae used to obtain the primary

and secondary mass flow rates. According to the ASME Power

I Test Code (5], the general equation for mass flow rate

appearing in equation (a)

W (lbm/sec ) = (0.12705) K A Y F ~ 
~~~0 5  (a)

I may be used with flow nozzles and square edge orifices pro-

~ vided the flow is subsonic. In the above equation , K

(dimensionless) represents the flow coefficient for the

metering device and is defined as K = C(l - ~~4)
-OI5 where

I C is the coefficient of discharge and B is the ratio of

throat to inlet diameters; A (in2) is the total cross sectional

area of the metering device; Y (dimensionless) is the expansion

I~ factor for the flow; F (dimensionless) is the area thertnal-

I 
expansion factor; p (lbm/ft3) is the flow mass density ; and

II ~P (inches H20) is the differential pressure across the

metering device. Each of these quantities are evaluated ,

according to the guidelines set forth in Reference [5], for

the specific type of flow measuring device used .

Using a square edge orifice for measurement of the primary

‘ mass flow rate, the quantities in equation (a) are defined

as follows:

~ 

I

~~
I 252
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1. The flow coefficient K is 0.62 based on a $ of 0.502

: and a constant coefficient of discharge over the
I
•
~ 

range of flows considered of 0.60.
I

~~ 2. The orifice area is 37.4145 in2.

3. Corresponding to the range of pressure ratios

~ 
encountered across the orifice, the expansion factor

: Y is 0.98.
I 

4. Since the temperature of the metered air is nearly

ambient temperature, the thermal expansion factor is

~ essentially 1.0.

t 5. The primary air mass density 
~or is calculated using

the perfect gas relationship with pressure and

temperature evaluated upstream of the orifice.

Substituting these values into equation (a) yields

Wp (lbm/sec) = (2.8882) 
~~or ~

‘or~
0 5  (b)

The secondary mass flow rate is measured using long

\, radius flow nozzles for which case the quantities in equation

~1i 
(a) become:

~ 
1. For a flow nozz].~ in~ta]led in a plenum, 8 is approxi—

mately zero in which case the flow coefficient is

approximately equal to the coefficient of discharge.

~~• For the range of secondary flows encountered , the flow

coefficient becomes 0.98.

1 2. A is the sum of the throat areas of the flow nozzles

I m use.
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I 
3. Since the pressure ratios across the flow nozzles

I’ ( are very close to unity, the expansion coefficient

~ Y is 1.0.

4. Since the temperature of the metered air is nearly

~ 

I ambient temperature, the thermal expansion factor

i is essentially 1.0.

5. The secondary air mass density p5 is evaluated using

~ 
the perfect gas relationship at ambient conditions.

I Substituting these values into equation (a) yields the

~ equation for the secondary mass flov’ rate measured using

I~~ long radius flow nozzles.

: 
~5 

(lbm/sec) = (0.13451) A 
~~ 

~~~]0 5  ( C)

k1~1~

~~~

I~~~

~~ 

I

I )
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APPENDIX B

~ ~ CALCULATION OF THE MOMENTUM CORRECTION FACTOR
j sj

I~ 
The momentum correction factor is defined as the ratio

of the actual momentum rate to the pseudo-rate based on the

bulk-average velocity. Defining the actual momentum as that

obtained by integrating over the velocity surface, the momentum

correction factor may be written as

A

K 
~~~~ 

(4)
m m 0

The density of the air at the mixing stack exit p 2 is a

weighted average of the densities of the primary and second-

ary air flows. Assuming a secondary to primary mass flow

ratio of 0.65, which is consistent with experimental results ,

1 
p2 is expressed as

I~~ p
~ 

p
2 

= 

~avg. ~ i.~~s~
0.65 + ~~1 • (a)

~ 

Using this average density of the mixed flow , the mass flow

rate leaving the mixing stack may be expressed as

Wm 
= ‘~avg 

U A  (b)

where A has units of ft
2
. Combining equations (4) and (b)

results in an equation for the momentum correction factor

255
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in terms of the experimentally determined mixing stack exitr
~ ‘~ velocity profiles,

A

Km ~
‘ - 

m 

(c)
U A 0

Figure 36 illustrates the orientation of the two velocity

traverses.

To integrate the mixing stack exit velocity over the

three—dimensional velocity surface using only the two traverses

requires making some approximations :

1. Traverses A and B represent the maxim um and minimum

values of the velocity surface respectively .

2. The three—dimensional velocity surface is symmetrical ,

i.e. a velocity traverse passing above the other two

primary nozzles, perpendicular to traverse A , is

equal to that of traverse A and likewise for traverse

B.

3. The circumferential variation of the velocity surface

is sinusoidal with the maximum and minimum values at

a given radius occurring at traverses A and B

respectively.

The velocity traverse obtained experimentally consists of

discrete points rather than a continuous curve. Each of these

point values of velocity is representative of a radial element

of the velocity traverse of length equal to the spacing between

C
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successive points. The procedure is to fit a circumferential

I 

~~ 
sinusoidal curve through the maximum and minimum velocities

of traverses A and B respectively. Then treat this circum-

ferential band as representing a segment of the velocity

surface of incremental width dr equal to the spacing between

the data points and integrate circumferentially over successive

radial elements. Completion of the integration yields the

actual momentum of the mixed gases leaving the exit of the

mixing stack.
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~ APPENDIX C

~ 

I 

UNCERTAINTY ANALYSIS

~ The determination of the uncertainties in the experixnen-

I~

’ tally determined pressure coefficients, pumping coefficients,

;; and velocity profiles was made using the method described by

Kline and McClintock C 6 1 . The uncertainties obtained by

j Ellin [1] using the second order equation suggested by Kline

~ and McClintock I 6 ] are all applicable to the experimental
I :. work reported herein and are summarized in the following table.

I ~ TABLE XIV
I UNCERTAINTY IN MEASURE D VALUES
I

I

I j  T5 ± l °R

~! 
‘ ‘ T~ ± l ° R

~
‘a ± 0.01 psia

~p ± 0.01 in. H2O

~~
I

I

~~ p
V ± 0.01 in. H2O

‘ I ~u 
0.05 in. H20

I
~~I~~~~ 

I AP
~ 
(1•) ± 0.01 in. H20

H PoE ± 0.0]. in. H20

~~or ± 0.20 in. H2O

iI~ 
T ± l ° R

T ± l °R

PT (1•1•) ± 0.1 in. H20

258

I ~~I • 11 

~~~~~~~~~~~~~~~~~~~~~~~ I I ~I



~~~

. 
11 ~~~~~~11 ~~~~~~~~~~~~~~~~~ 1 I I ~~~~~~~~ 

~~~~~~~ 
~~—‘ ~~~~~~~ 

II~ 11 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~ ~~~~ - II~~

t
l 

~

‘

;

~ 
‘ UNCERTAINTY IN CALCULATED VALUES

*
-
~~~
- .

W *T* 0 4 4  1.4 %

V/V 2.5 %avg

: 
(1•) The pressure differential across the secondary

flow nozzles , P , is the major source of
uncertainty in tRe pumping coefficient .

I 
( t t )  The measurement of the total pressure for the

velocity profile is the major source of
I uncertainty in the velocity calculation.
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EPILOG

I~ The authors feel that this has been a joint thesis in

I every phase of its production. From planning , fabrication ,
I 

I I and testing through the computing and compiling of the data,

I ; we feel that both members of this thesis team have contributed
I
I~
1 

equally. The rough drafts for the Introduction , Theory and

I
I I~ Analysis , and Experimental Apparatus sections were written

I ~ by Lt. Staehli. The rough drafts of the Experimental Methods

I , and Experimental Results sections were written by Lt. Lemke.

The Conclusions and Recommendations were by both authors as

II were the final corrections and additions to the rough copy.
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