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ABSTRACT

An existing apparatus for testing models of gas eductor

systems using high temperature primary flow was modified to

provide improved control and performance over a wide range of

gas temperature and flow rates. Secondary flow pumping,

temperature and pressure data were recorded for two gas

eductor system models. The first, previously tested under hot

flow conditions, consists of a primary plate with four

tilted-angled nozzles and a slotted, shrouded mixing stack

with two diffuser rings (overall L/D = 1.5). The second

consisted of the same nozzles and mixing stack, with a

modified shroud and three diffuser rings (overall L/D = 1.5).

A portable pyrometer with a surface probe was used for

the second model in order to identify any hot spots at the

external surface of the mixing stack, shroud and diffuser

rings. The second model is shown to have almost the same

mixing and pumping performance with the first one but to

exhibit much lower shroud and diffuser surface temperatures.
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I. INTRODUCTION

Energy and momentum diffusion in a low Mach number gas

eductor system is an interesting problem which has been under

study at the Naval Postgraduate School for some time. This

research has been motivated by the U.S. Navy's introduction

of marine gas turbine propulsion system in significant

numbers of modern combatant ships. The marine gas turbine

engine differs from conventional steam boiler systems in air

breathing characteristics. The gas turbine processes four to

five times the volume of combustion air and has exhaust

temperatures 300 to 400 degrees Fahrenheit higher than the

steam system. Such characteristics create problems in the

shipboard employment of these engines.

The high temperature gas heats uptake and stack surfaces,

increasing the vessel's susceptibility to detection and

targeting by infrared sensing equipment. The exhaust plume

itself is also a detection problem but of less significance

than the heated surface of shipboard structure. Various

types of electronic equipment and sensors carried by a

combatant vessel must be mounted as far above the water

surface as possible to obtain greatest area of coverage and

to maximize effectiveness. Materials used in construction of

these equipments and their associated cabling are subject to
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accelerated deterioration as well as the effectiveness of the

electronic components is much lower in the presence of the

heated exhaust plume. It is, therefore, desirable to reduce

as far as possible the plume temperatures in the vicinity of

such equipment. Finally, for combatants carrying aircraft it

is dangerous for these aircraft to descend through the ship's

low density and highly turbulent hot exhaust plume.

Due to the inherent design of a gas turbine engine,

reduction of the volume of the exhaust plume is not feasible,

consequently, reduction of the gas temperatures within the

plume becomes highly desirable. The most attractive way to

accomplish this goal would be to employ some sort of energy

recovery system within the uptakes, thereby simultaneously

reducing the plume temperatures and increasing overall plant

efficiency. Such energy recovery systems are, of course,

entirely feasible for certain engine applications. This is

demonstrated by the waste heat boilers used to provide steam

for auxiliary purposes in the DD963 and CG47 class ships.

These boilers, however, are installed in conjunction with the

gas turbine generator sets used to provide shipboard

electrical power and not with the marine propulsion engines.

An energy recovery design for use with propulsion engines

which is currently receiving serious consideration is RACER

(Rankine Cycle Energy Recovery). In this concept, steam from

a waste heat boiler drives a steam turbine which is paired

20





with the gas turbine power turbine through a combining

gearbox. In many proposals, it will be in operation only for

cruise speed. Thus, it is fairly certain that, although

desirable, energy recovery is not the solution to many

aspects of the plume temperature problem.

A second means of reducing plume temperature is water

suppression. In these systems, which are currently installed

in some ships, salt water is sprayed into the exhaust near

the stack exit. Such a method has many drawbacks. Use of the

suppression spray could intensify problems with most mounted

electronics equipment due to the deposition of salts. In

general, this system produces increased corrosion and

maintenance problems for all exposed weather deck areas.

Water suppression is an intermittent system and does not meet

the requirement for a system which can operate continuously

to reduce the exhaust plume temperature and to cool stack

surfaces.

Another method of cooling the exhaust plume, also in

current use, is to dilute the exhaust gas flow with ambient

air. The result is a larger volume of flow, but at

significantly lower temperatures and velocities. This

dilution is achieved by employing the exhaust discharge as

the primary jet in a gas eductor system. The eductor action

causes ambient air to become entrained in the flow and to be
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drawn into the mixing section of eductor where it mixes with

the primary flow.

The operation of gas eductors can be divided into three

regimes: at the high Mach numbers, greater than one, with

applications on aircraft and rocket engines; in the mid-

region with Mach number range from 0.4 to 0.5, with

applications on Vertical Takeoff and Landing (VTOL) aircraft

engines; and in the low-region with Mach number less than

0.2. The latter case is the region of interest of this

investigation which is an extension of work reported by Lt.

C. R. Ellin [Ref. 1], Lt. C. P. Staehli and Lt. R. J. Lemke

[Ref. 2], Lt. C. P. Ross [Ref. 3], Lt. D. R. Welch [Ref. 4],

Lt. C. M. Moss [Ref. 5], Lt. J. A. Hill [Ref. 6], Lt. C. I.

J. Eick [Ref. 7], The scope of the work reported here

includes verification of the results reported by Eick [Ref.

7], and the hot flow testing of a new eductor system similar

to the one tested by Eick but with an additional diffuser

ring and a different arrangement of the shroud and rings.

Moss [Ref. 4] provides an extensive literature review dealing

with gas eductor systems. Eick [Ref. 6] provides in complete

details the work that has been done so far on both cold and

hot test facilities.

The exhaust gas eductor system, Figure 1, is a device in

which the exhaust gases are discharged through nozzles into a

mixing stack. The purpose of this system is to induce a

22





secondary flow of cool ambient air, which is mixed with the

hot exhaust gases in order to produce a uniform flow at an

intermediate temperature.

The major requirements for a gas eductor are three: they

must pump large amounts of secondary flow into the mixing

stack; they must adequately mix the primary and secondary

flow; and they must not decrease significantly the gas

turbine's performance.

The overall performance of an eductor system of a single

nozzle was analyzed in order to determine the non-dimensional

parameters which govern the flow phenomenon. An experimental

correlation of these parameters has been used to evaluate the

eductor performance.

The geometric parameters which influence the gas

eductor's performance are the number, the size and the type

of primary nozzles, the distance from the primary nozzles to

the mixing stack (stand-off distance) , and the length and

diameter of the mixing stack. Many combinations of the above

parameters have been studied and reported in References 1

through 7.

The specific goal of this investigation was to verify the

high temperature performance of the particular eductor

configuration which was developed by Davis [Ref. 8] and

Drucker [Ref. 9] and tested by Eick, and to determine the

performance of that eductor modified by increasing the number

23





of diffuser rings from two to three and the shroud and

diffuser rings arranged in a different way. Tests were made

with the primary exhaust gas temperature over the range of

180 degrees Fahrenheit to 950 degrees Fahrenheit.
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II. THEORY AND MODELING

An eductor is a device which can pump a fluid (called

secondary fluid) by the direction of another fluid (called

primary fluid) through nozzles and a mixing chamber. In this

case the primary fluid is the exhaust gases of a gas turbine

and the secondary fluid is the ambient air.

An eductor is composed of a primary nozzle plate with one

or more nozzles, and a mixing chamber. The jet discharged

from the nozzles is directed into the coaxial mixing chamber

in which the primary fluid mixes with the pumped secondary

fluid.

Models used in this investigation are similar to those

used in previous investigations. The analysis, data

reduction and error analysis are, therefore, similar to those

conducted by Ellin [Ref. 1] and by Eick [Ref. 7].

One dimensional analysis of a simple eductor system was

used to determine the dimensionless parameters which govern

the flow. Based on this analysis, an experimental

correlation of the non-dimensional parameters was developed

and used in presenting and evaluating experimental results.

Dynamic similarity between model and a full scale prototype

was accomplished by maintaining Mach number similarity in the

primary flow.
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Tertiary flows, that is, flows induced by the diffuser

rings, though present, were not measured in this work.

A. MODELING TECHNIQUE

The primary flow of the prototype was determined to be

turbulent (Re = 105). Consequently, turbulent momentum

exchange is the predominant mechanism characterizing primary

flow, and kinetic and internal energy consideration dominate

viscous effects. Since it can be shown that the Mach number

represents the ratio of kinetic energy of a flow to its

internal energy, it is a more significant parameter than

Reynold's number in describing the primary flow through the

uptake. Similarity of Mach number was therefore used to

model the primary flow.

B. ONE-DIMENSIONAL ANALYSIS OF A SIMPLE EDUCTOR

The theoretical analysis of an eductor can be developed

in two ways. The first method attempts to analyze the details

of the mixing process of the primary and secondary flows as

it takes place inside the mixing stack and so determines the

parameters that describe the flow. This requires an

interpretation of the mixing phenomenon which, when applied

to multiple nozzle systems becomes extremely complex. The

second method, which is employed here, analyzes the overall

performance of the eductor system as a unit. Since details

of the mixing process are not considered in this method, an
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analysis of the simple single nozzle eductor system shown in

Figure 1 leads to a determination of the dimensionless

groupings governing the flow. The dimensional analysis which

follows is from Ellin [Ref. 1] and Pucci [Ref. 10].

The one-dimensional flow analysis of the simple eductor

system described depends on the simultaneous solution of the

equations of continuity, momentum and energy coupled with the

equation of state and specified boundary conditions.

To simplify the analysis, the following assumptions are

made:

1. Both gas flows behave as perfect gases with
constant specific heats.

2. The flow is steady and incompressible.

3. The flow throughout the eductor is adiabatic, the
flow of the secondary stream from the plenum (at section 0)

to the entrance of the mixing stack (at section 1) is
isentropic. Irreversible adiabatic mixing of the primary
and secondary flows occurs in the mixing stack (between
sections 1 and 2)

.

4. At the mixing stack entrance (section 1) the
temperature Tp and the primary flow velocity Up are uniform
across the primary stream, and temperature Ts and secondary
velocity Vs are uniform across the secondary stream, but Up
does not equal U s , and Tp does not equal Ts .

5. The static pressure distributions across the flow
at the entrance and exit plumes of the mixing stack (at
section 1 and 2) are uniform.

6. Incomplete mixing of the primary and secondary
flows in the mixing stack is accounted for by the use of a

non-dimensional momentum correction factor, Km which
relates the actual momentum rate to the rate based on the
bulk-average velocity and density and by the use of a non-
dimensional kinetic energy correction factor, Ke' wn i- cn
relates the actual kinetic energy rate to the rate based on
the bulk-average velocity and density.
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7. Flow potential energy differences due to elevation
are negligible.

8. Pressure changes PQ to Pi and P; to Pa are small
relative to the static pressure so that the gas density is
principally dependent upon temperature and atmospheric
pressure.

9. Wall friction in the mixing stack is accounted for
with the conventional pipe friction factor term based on
the bulk-average flow velocity Um ana the mixing stack wall
area Aw*

The conservation of mass principle for steady state flow

yields

wm = Wp + WS + Wt (2.1)

where:

wp = Pp Up Ap

Ws = ps Us As

wt = p t Ut At

wm = pm Um Am (2.2)

Substituting for Wm' the bulk-average velocity at the

exist plane of the mixing stack becomes

Um = (Ws + Wt + Wp)/Pm Am (2 ' 3)

From the assumption 1

pm = Pa/R Tm (2.4)

where Tm * s calculated as the bulk average temperature from

the mixed flow. Using assumptions 5 and 6, the momentum

equation for the flow in the mixing stack can be written

Kp(WpUp/gc) + (WsUs/gc) + (WtUt/gc) + PlAl = Km (WmUm/gc)

+ P2A2 + Ffr (2.5)
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Kp is a correction momentum factor which accounts for a

possible non-uniform velocity profile across the primary

nozzle exit. The way that Kp is defined is similar to that

of Km' using the assumption 4 it is set equal to unity, but

it is included here for completeness. The momentum

correction factor for the mixing stack exit is defined by the

relation

(^
Km = (1/WmUm) J U2 2

e 2
dA ( 2 - 6 )

where Um i s evaluated from equation (2.3) and is the bulk-

average velocity. The actual variable velocity and a

weighted average density at section 2 are used in the

integrand. The wall skin-friction force Ffr can lDe related

to the flow stream velocity by

Ffr = f AW (Um
2
pm/2gc) (2.7)

using assumption (9). For turbulent flow, the friction

factor can be calculated from the Reynold's number as

f = 0.046 (Rem)" * 2 (2 * 8)

where

Rem = "mOm Dm/ U m

Applying the conservation of energy principle to the steady

flow in the mixing stack (between sections 1 and 2) with

assumption (7)
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Wp(hp+Up
2/2gc) + Ws(hs+Us

2/2gc) + Wt(ht+Ut 2/2gc

wm(hm +keUm
2/ 29c) (2.9)

where ke ^ s t ^ie kinetic energy correction factor defined by

the relation

ke = (1/Wm Um 2)
j

u 2
3 P2dA (2.10)

It may be demonstrated that for the purpose of evaluating the

mixed mean flow temperature, Tm' the kinet i c energy terms may

be neglected to yield

^n = (Wp hp/Wm) + (Ws hs/Wm) + (Wt ht/Wm) (2.11)

where Tm = * ^m ) only t from assumption 1.

The energy equation for the isentropic flow of the

secondary air from the plenum (section 0) to the entrance of

the mixing stack (section 1) may be shown to reduce to

(Pos - Ps)/Ps = Us
2/2gc (2.12)

This comes from the steady, adiabatic flow, energy equation

dh = -d (Us
2/2gc )

recognizing that

Tds = dh - (1/p )dP =
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for the postulated isentropic conditions. Thus

dP/P s = -d(Us
2/2gc ) (2.12a)

But the pressure changes from the plenum to the mixing stack

are small (assumption 8) , and the temperature and density are

essentially constant, and thus, equation (2.12) is readily

obtained. Similarly, the energy equation for the tertiary

air flow is

< pot - Pt)/ P
t = Ut

2/2gc (2.13)

The foregoing equations may be combined to yield the

pressure depression created by the eductor action in the

secondary and tertiary air plenums. For the secondary air

plenum, the vacuum produced is

pa-Pos - (1/gcAm) ((KpWp 2/App
p ) + (Ws

2/As P s ) (i-.Am/2As )

- (Wm
2/Ampm) (Km+f

A

m/2Am )

)

( 2 - 14 )

where again the symbols are referring to Figure 1. Aw i s the

area of the inside wall of the mixing stack. Similarly for

the tertiary air plenum, we have

Pa-Pot - (1/gcAm) (Kp(Wp+Ws) 2/(Appp+AsPs )

+ (W t2/A tP t ) (l-Am/2At)-(Wm
2/Am p m ) (Km+f Aw/2Am ) ) (2.15)

We consider here as primary flow the sum of primary and

secondary flows.
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C. NON-DIMENSIONAL FORM OF THE SIMPLE EDUCTOR EQUATION

In order to provide the criteria of similarity of flows

with geometric auxiliarity, the non-dimensional parameters

which govern the flow must be determined. In order to

determine these parameters, we have to normalize equations

(2.14) and (2.15) which leads to the following terms:

P* = (Pa-Pos )/(P s/(up
2/2gc ) ) A pressure coefficient which

compares the pumped head (P a _

Pp S ) for the secondary flow to
the driving head (UD

2 /2g c j Q f
the primary flow.

pt* = (Pa-Pot) /( p t/ (Up 2/ 29c ) ) A pressure coefficient which
compares the pumped head (Pa "
pot) for the tertiary flow to
the driving head (Up^/2gc ) of
the primary flow. r

W* = Ws/Wp A flow rate ratio, secondary to
primary mass flow rate.

Wt * = Wt/Wp A flow rate ratio, tertiary to
primary mass flow rate.

T* = T s/Tp An absolute temperature ratio
secondary to primary.

Tt* - Tt/Tp An absolute temperature ratio,
tertiary to primary.

p s * a P s/Pp A flow density ratio of the
secondary to primary flow.
Note that since the fluids are
considered perfect gases,

Pt* = Pt/Pp

ps* = Tp/Ts " VT*

A flow density ratio of the
tertiary, or film cooling to
the primary flow. Note that
since the fluids are considered
perfect gases,

Pt* Tp/T t = 1/T t
*
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As* = As/Ap A ratio of secondary flow area
to primary flow area.

At* = At/Ap A ratio of tertiary flow area
to primary flow area.

Ap/Am Area ratio of primary flow area
to mixing stack cross sectional
area.

Aw/Am Area ratio of wall friction
area to mixing stack cross
sectional area.

K
p Momentum correction factor for

primary flow.

Km Momentum correction factor for
mixed flow.

f Wall friction factor

With these non-dimensional groupings, equation (2.14) may be

written as

P*/T* = 2A
p/Am((Kp-Ap B/Am )-W*(Kp+T*)Ap B /Am

+W* 2T*(1/A*) (Kp-Am/2A*Ap)-Ap0/Am)) (2.16)

where 8=1^+ (f/2 ) (Aw/Am) (2.17)

Equation (2.16) can be written as

P*/T* = C 1 + C2 W*(l+T*) + C3W* 2t * (2.18)

where

c l = 2 Ap/Am (Kp - Ap s/Am) (2.19)

C2 = - (Ap/Am) 2
8 (2.20)

C3 = 2 Ap/Am (1/A* - Am /2A*Ap - Ap0/Am) (2.21)
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Equation (2.18) may be expressed as simple functional

relationship.

P* = * (W*, T*) (2.22)

The same format is followed by equation (2.15) for the

tertiary flow so it can be expressed with the equation

(2.22) .

Two more dimensionless quantities have been used to

correlate the static pressure distribution across the length

of the mixing stack.

PMS* = (PMS/p s )/(up
2/2gc ) a pressure coefficient which

compares the pumping head
(PMS/p s ) for the secondary flow
with the driving head (UpV2gc)
of the primary flow. r

X/D Ratio of the axial distance
from the mixing stack entrance
to the diameter of the mixing
stack.

D. EXPERIMENTAL CORRELATION

A satisfactory correlation of P*, T* and W* takes the

form

P*/T * = * (w* T*n) (2.23)

where the exponent "n™ was determined to be equal to 0.44.

The details of the determination of the equation (2.23) as

well as of n = 0.44 are given by Ellin [Ref. 1]. The

experimental data is correlated and analyzed using equation

(2.23), that is P*/T* is plotted as a function of W* t* 0,44
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to yield an eductor's pumping characteristic curve. Variation

in geometry will change the appearance of the pumping

characteristic curve. The value of parameter W* T*0.44 when

P*/T* = will henceforth be referred to as the pumping

coefficient.
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III. EXPERIMENTAL APPARATUS

The experimental facility used was constructed by Ross

[Ref. 3] and modified by Welch [Ref. 4] and Hill [Ref. 6].

Eick [Ref. 7] brought the facility to the present condition

after extensive and significant modifications. The hot

primary gas is supplied to the nozzles and mixing stack

system by the combustion gas generator and associated ducting

(Figures 2 through 4). The eductor system is mounted in a

secondary air plenum (Figures 5 and 6). Ten ASME long radius

flow nozzles mounted in the plenum walls allow measurements

of the secondary flow. Combustion air is provided by a three

stage carrier centrifugal air compressor. Appendix A gives

complete instructions for the operation of the test facility

and the procedures of taking data.

A. COMBUSTION AIR PATH

The input air to the combustion gas generator is supplied

by a Carrier model 18P35 compressor (Figures 7 and 8) located

in Building 230 adjacent to the test facility, Building 249.

The input air is piped underground to a vertical stand pipe

which contains an eight inch butterfly valve and a globe

bypass valve (Figure 3). All air demands for this testing

can be met with the bypass valve. At the top of the stand

pipe is a tee connection. In one leg of the tee, an eight
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inch butterfly valve isolates the eductor facility from other

requirements. The other leg of the tee directs the air to

the combustion gas generator through an eight inch to four

inch reducing section. The pressure drop across this section

is used to measure the primary air flow rate. Eick fitted a

linear curve to Welch's calibration data for use in a data

reduction program. The correlation is presented in Figure

40. Air flows next to a splitter section (Figure 2) through

a four inch isolation butterfly valve.

Under control of two motor operated valves, a portion of

the air flow is directed through the U-tube to the combustor

section. The flow characteristics of this section, as

determined by Ross are presented in Figure 38. Combustion

was performed in a combustor taken from a Boeing model 502-6A

gas turbine engine. The hot combustion gas was fed into the

annular space of the nozzle box from the same engine. This

section contains the nozzle vanes of the gas generator

turbine of the engine. The by-passed cooling air was mixed

with the hot gas by a mixing section designed by Ross

[Ref. 3]. This section provided a swirl to the cooling air

which was counter to the swirl given to the hot gas in the

nozzle box vanes, thus improving the mixing of the cooling

air with the hot gas. The procedure for system light-off and

operation is included in Appendix A.
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The hot gas passes through a flow straightening section

and an uptake section which delivers the gas flow to the

primary nozzles.

B. FUEL SYSTEM

Service fuel is stored in a 55 gallon drum mounted on an

elevated stand adjacent to the building (Figure 10). A tank

isolation valve is followed by a sediment collector outside

the building (Figure 11). Another isolating two position

valve is located inside the building. The temperature of the

fuel is measured by a thermocouple installed adjacent to the

interior bulkhead valve. Fuel then passes the Fisher Porter

Model 10A3565A flow measuring rotameter installed by Eick to

a fuel filter (Figure 11). The flow characteristics of the

rotameter was determined by Eick and are presented in Figure

39. The linear curve fit to the data results in the

expression

WF = -3.0716 + 0.4048 * ROTA (3.1)

Taking suction on the filter is a 24 VDC motor driven fuel

supply pump (Figure 12). This positive displacement pump

contains an internal bypass and pressure regulating feature.

The normal operating pressure is 14-16 psig.

The supply pump provides positive suction head for the

high pressure pump (Figure 13). This is a 115 VAC motor

driven fuel pump and is provided with an external bypass with

valve called trimmer valve (Figure 13). The setting of this

38





valve controls the range of discharge of the high pressure

pump. The procedure of setting of the valve is included in

Appendix A. Another bypass valve controls the discharge

pressure at the pump and is located at the control station

(Figure 14) to allow easy adjustment of the exhaust gas

temperature. The fuel system contains also a drain valve, a

manually operated discharge valve (Figure 13) and an

electrically operated solenoid valve, located at the entrance

of the combustor. The necessary automization is produced by

a Monarch type 60o and 5 GPH burner nozzle, installed and

calibrated by Eick. Eick's calibration chart is presented in

Figure 41. Eick's modifications to the fuel system led to a

very easy and clean combustion, with 10 - 12 seconds

depending on the temperature of the fuel.

C. THE MEASUREMENT PLENUM

Secondary air flow is measured with a large metering box

which encloses the uptake and the inlet of the mixing stack

and acts as an air plenum. Ten ASME long radius nozzles, of

varying cross-sectional areas, are mounted in the sides and

roof of the plenum allowing the nozzle flow area to be varied

accurately. Measurement of the pressure difference between

the ambient and the plenum interior, and knowledge of the

ambient temperature permit calculation of the flow rate.

Appendix B presents a computer program written by Hill and

Eick to determine the flow rates. In order to improve the
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sealing of the plenum, and to minimis the heat loss in the

uptake, Eick modified the forward and rear sealing, and

insulated the uptake. These improvements are shown in

Figures 15 and 16. An adjustable support stand was used by

Eick to support the mixing stack assembly independently of

the seal plates. This stand facilitates model installation

and alignment. Alignment is accomplished by mounting the

model on the stand, installing centering plates, in each end

of the mixing stack, and in the open uptake pipe, and

adjusting the stand until the alignment ban passes freely

through holes in the centering plates. The alignment

apparatus can be seen in Figures 16 and 17. Standoff

distance is then set by installing the primary nozzles on the

uptake, and measuring the required distance from the nozzle

exit plane to the mixing stack entrance plane. Both tests

were made at a standoff ratio S/D equal 0.5. In order to

compensate for the expansion effects of the uptake, the

distance S was increased from 3.561 to 3.6875, so the actual

standoff ratio is higher than 0.5 in this cold position.

D. INSTRUMENTATION

1. Temperature Measurements

Two types of thermocouples are installed. Type K

thermocouples provide high temperature data, such as

combustion temperatures, uptake temperatures, mixing stack

wall temperature and exit plane temperatures. Table I gives
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the current channel assignments. Type T thermocouples

provide low temperature data. They measure inlet air,

ambient air, fuel, and shroud and diffuser surface

temperatures. Table II gives the current thermocouple

channel assignments. The display of the thermocouple

measurement and the schematic diagram of the temperature

measurement system are shown in Figures 14 and 18. A

portable pyrometer was used to provide data on the external

surface of the eductor assembly. The portable pyrometer has

the advantage that using a surface probe, it can measure

temperatures at any point of the surface. Another method

that has the same advantages with the portable pyrometer, but

smaller accuracy, is thermal imagery. This method was used

by Eick and is described in detail in his work.

2« Pressure Measurements

Five manometers are installed for gas generator

operation and data collection. The installation is shown in

Figure 19. They include a 20 inch upright water manometer

for measurement of differential pressure across the eight to

four inches inlet reducing section (DELPN) , 17 inch upright

oil manometer (it measures in inches of water) for measuring

uptake pressure (PUPT) , a 20 inch upright mercury manometer

for measuring inlet air pressure (PNH) , a 2 inch inclined

water manometer for measuring the differential pressure

across the burner U-tube (DELPU) , and a 6 inch inclined water
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manometer connected to a distribution manifold. Ten

individual manifolds located in the main control panel

(Figure 14) are interconnected to permit measurements of

plenum and mixing stack static pressure with respect to

atmospheric pressure. A schematic diagram of pressure

measurement system is shown in Figure 20. Also installed is a

laboratory mercury barometer. Another mercury barometer is

installed in Building 230.

E. THE MODELS

Two eductor models were tested. Each model consists of a

primary four nozzle plate mounted at the end of the uptake

and a mixing stack assembly. The mixing stack assemblies

include the mixing stack, a film cooling shroud, and an exit

diffuser. Characteristic eductor dimensions are given in

Figure 9. In both models tested, the mixing stack and the

nozzles are the same. The internal diameter of the mixing

stack, D, was 7.122 inches. This dimension was the same as

used in previous hot flow testing and is 0.6078 scale of the

cold-flow models. Both models tested employed a standoff

ratio, S/D, of 0.5. Table III provides a comparison of key

model characteristics.

1. Model A

Model A, which was previously tested by Eick, is

shown installed in Figure 21. This configuration includes a

primary nozzle plate with four tilted and angled nozzles
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(Figures 22 and 23). The configuration, 15/20, of the nozzle

refers to the characteristic angles. In this case the tilt

of the nozzle is 15o from the vertical and it is rotated or

angled in 20o from the tangential direction (Figure 24). The

mixing stack cross-sectional area to primary nozzle exit flow

area ratio is 2.50.

The mixing stack L/D is 1.0 and contains four rows of

film cooling ports. The dimensional diagram of the film

cooling ports is shown in Figure 25; the total port area to

mixing stack cross-sectional area was 0.141. Eight pressure

taps are installed in the wall of the mixing stack. They are

arranged into two rows, 45o apart (Figure 25). Twelve type K

thermocouples are located in an array 180o from the pressure

taps. The locations were chosen to determine the cooling

effects of the stack ports. Unfortunately, a failed

thermocouple at one of the two port locations chosen,

seriously reduced the information which could be obtained

regarding port effects. The shroud and diffuser rings were

made from 25 gauge cold rolled sheet steel. The arrangement

is shown in Figure 26. The separation between shroud and

mixing stack was .076 inches, and the separation between

shroud and diffuser rings as well as between the diffuser

rings was also .076 inches. A single row of type T

thermocouples was installed along the length of the shroud

and diffuser.
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2. Model B

The second model tested, pictured in Figures 27 and

28, was a modification of the Model A, the nozzles and the

mixing stack are the same as those of Model A. The shroud

was extended towards the inlet of the mixing stack, the

number of diffuser rings were increased from two to three,

the first ring was extended towards the inlet of the eductor.

These changes were made in order to cover the high

temperature regions detected on the Model A. The cooling

flow passage clearance was increased from 0.076 inches to

0.139 inches between mixing stack and shroud, and from 0.076

to 0.096 inches between shroud and diffuser rings. The

concept of increasing the cooling clearance was to allow

greater mass flow to pass through the diffuser, in order to

achieve better cooling. The overall L/D remained the same

with Model A (i.e., overall L/D = 1.5). The result of

increasing the cooling clearance was an increase in the

diameter and an increase in the half angle of the diffuser,

the half angle is shown in Figure 30. The arrangement is

shown in Figures 29 and 30. A single row of 11 type T

thermocouples was installed along the length of the shroud

and diffuser. A portable pyrometer was used to verify that

the thermocouples installed provided data representative of

the entire shroud/dif f user surface, and to detect any high

temperature spots on the external surface.
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IV. EXPERIMENTAL RESULTS

Modifications to the experimental apparatus having been

completed, data was taken on the performance of the two

eductor models described above. The purpose of retesting

Model A was to validate data acquisition procedures and to

ensure continuity with the results of previous researchers.

Model B was the model of interest.

A. MODEL A RESULTS

1. Pumping Performance

Figures 42 through 44 display the results of pumping

coefficient measurements for Model A, Tables IV through VI.

In each case the data is compared with that taken by Eick

[Ref. 7] on the same model. Here, the strong correlation in

pumping coefficient data that was obtained in all tests

throughout the current research is seen.

The pumping coefficient results for all data runs in

this series are presented in Figure 45 for comparison. The

dependence of pumping coefficient on temperature observed in

Welch's and Hill's data is apparent here, but exactly in the

opposite sense. In Model A, a substantial increase in

secondary pumping capability with the higher primary

temperature is observed. Although tertiary pumping was not

measured here, data on shroud and diffuser temperatures
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presented later indicate that strong tertiary pumping is also

present in this model.

2. Mixing Stack Temperatures

Figures 46 through 48 display the results of mixing

stack temperatures for Model A, Table VIII. In each case the

data is compared with that taken by Eick [Ref. 7] The

comparison of results is quite favorable throughout. If the

differences in ambient temperature and TUPT are taken into

account, it is seen that the results are almost identical.

Due to a recording error, data for the two internal

thermocouples located at the entrance at the mixing stack is

not available.

The mixing stack temperatures for all data runs in

this series are presented in Figure 49 for comparison. The

data is consistent with maximum temperatures of about 320o f

for the 950o f uptake temperature run.

3. Mixing Stack Pressure

The data obtained for mixing stack pressures is

presented in Figures 50 through 52 and in Table VII. The

comparison in results is quite favorable throughout. If the

small fluctuations of the pressure are taken into account the

results are almost identical. The comparison of the data for

all runs in this series is presented in Figures 53 and 54.

The temperature dependence at the pressure is apparent. This

was expected since there was a temperature dependence of the

46





primary flow pumping coefficient. The pressure depression

for a certain point of the mixing stack increases with the

temperature.

4. Shroud and Diffuser Temperatures

Figures 55 through 57 display the shroud and diffuser

temperature data found in Table IX. The comparison reveals

highly acceptable correlation with the data obtained by Eick.

If the differences in uptake temperature resulted in

different pumping coefficient are taken into account, it is

noticeable that the results are almost identical. The areas

of highest temperature lie on the shroud before the start of

the diffuser and at the termination of the second diffuser

ring. Maximum temperatures of 205OF, or about 135o F above

the ambient, were recorded at an uptake temperature of 950o

F. External surface temperatures of this model were much

higher than those appeared at Hill's model. The shroud and

diffuser temperature results for all data runs in this series

are presented in Figure 58 for comparison.

5. Exit Plane Temperatures

As with the other measures of performance presented,

the exit plane temperature profile data obtained corresponds

well with that of Eick. Figures 59 through 61 present the

raw data obtained. This data is tabulated in Table X. There

is a slight assymmetry in the profile which is probably due

to a misalignment of the mixing stack. It is also possible
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that a small positional error has been introduced by the

traversing mechanism. This mechanism which supports and

moves the thermocouple is shown in Figure 32.

A comparison of the data runs in this series is

presented in Figure 62.

The non-dimensional exit plane temperature

coefficients are presented in Figures 63 through 65. The

data is considered to be very consistent and having the same

profile with the exit plane temperature data. A comparison

of those coefficients for all three nominal uptake

temperatures is given in Figure 66.

B. MODEL B RESULTS

The uptake temperatures of data runs on the second model

were the same with the Model A in order to allow direct

comparison between the two models.

1. Pumping Performance

The pumping coefficient performance of Model B is

shown in Figures 67 through 69. Pumping coefficient data is

tabulated in Tables XI through XIII. The comparison of

results is quite favorable throughout. This was expected

since the primary nozzles and the mixing stack are the same

on both models and the pumping coefficient measurements are

based o the secondary flow. Although tertiary pumping was

not measured here, data on shroud and diffuser temperatures

and mixing stack pressures presented later, indicate that the
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tertiary pumping is stronger in this model. A comparison of

the pumping coefficient performance of Model B at all

temperatures tested is found in Figure 70.

2. Mixing Stack Temperatures

The thermocouples located at the entrance of the

mixing stack were welded at the same way with the remaining

10 thermocouples in order to have the same performance. The

thermocouple immediately upstream of the second cooling port

was replaced with a new one. The arrangement of the

thermocouples remained the same as with Model A, Figure 25.

The data obtained for mixing stack temperatures is

presented in Figures 71 through 73 and in Table XV. The

comparison between the data in Model A reveals a highly

acceptable correlation across most of the length of the

mixing stack. The last portion of the mixing stack is highly

influenced by the cooling effect of the shroud. Therefore,

as a result, the external wall temperature immediately

downstream of the last cooling port is only 40o F above the

ambient temperature in the 950o f uptake temperature run.

The pure effect of the cooling port is obtained by the data

of the port in the first row. The cooling air entering the

mixing stack through the cooling ports reduces the external

wall temperature immediately downstream of the port by

approximately 50o F. Points at the same L/D and 45o apart

exhibit different temperature. It is suspected that due to
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the tilted angle of the nozzles, the flow is not uniform

across the mixing stack and the sector between consecutive

nozzles exhibit lower temperatures.

Figure 74 is a comparison of the mixing stack

temperature data of Model B at all temperatures tested. The

maximum temperature of about 280o F being obtained in the

950o f uptake temperature run is 20o lower than the

temperature of the Model A, for the same uptake temperature

run.

3. Mixing Stack Pressures

The data obtained for mixing stack pressures is

presented in Figures 75 through 77 and Table XIV. In

addition to PMS, Table XV contains mixing stack pressure data

in a non-dimensional form, PMS*, which is a ratio of the

pumping head available for tertiary flow to the driving head

available from primary flow. The comparison between this

data and the data from Model A reveal a decrease in pressure

depression throughout the mixing stack. This happens because

the cooling clearance between the mixing stack and diffuser

ring was greater for Model B. The data from the position "A"

tap at the 0.5 L/D is higher than all other data and is

suspected that this sensing line has a small leak although a

search was made for such leak and none was found.

The comparison of mixing stack pressure data of Model

B at all temperatures tested is found in Figures 78 and 79.
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4. Shroud and Diffuser Temperatures

The data obtained on shroud and diffuser temperatures

may be found in Table XVI and is presented in Figures 80

through 82. The film cooling effect can clearly be seen at

the last data point on the shroud. The temperatures achieved

throughout the diffuser were substantially lower than the

values obtained for Model A. This is felt to be the result

of the bigger cooling clearances and the better shielding of

the shroud. The maximum exposed surface temperature in Model

B was 122. 4o f which occurred at the end of the third

diffuser ring being more than 80o F lower than in Model A.

A comparison of the shroud and diffuser temperatures

performance of Model B at all temperatures tested shown in

Figure 85 reveals that the temperature remains constant at

the entrances of the mixing stack and first and second

diffuser ring. The temperature remains constant across the

first ring; it increases rapidly at the last portion of the

third diffuser ring. It is suspected that there is not

sufficient film cooling at the last portion of the third

diffuser ring to reduce the temperature to the same level as

the other rings and shroud. Unlike the other rings, the last

portion of the third diffuser ring is not supplied with

induced film cooling on both sides, but only on the inner

side. Shortening of the third diffuser ring back to a point
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near the end of the second diffuser ring, might improve the

performance of this assembly.

5. Eductor External Surface Temperatures

The data obtained by the portable surface probe for

eductor external surface temperatures is presented in Figures

84 through 86 and in Table XVII. There are no data available

from previous works for comparison. In each figure, the film

cooling effect can clearly be seen in the reduction of

temperature at the first data point of the first diffuser

ring. The temperature remains lower than llOo F throughout

the external temperature of the eductor assembly. This is

consistent with the mixing stack temperature data, where the

thermocouples, located at the entrance of the mixing stack,

were always around 100o f shown in Figure 74 and the data

obtained on shroud and diffuser temperatures (Figure 82).

The comparison of eductor external surface

temperature for the range of temperatures tested shown in

Figure 87 reveal a sufficient cooling of the shroud and the

first two diffuser rings but an abrupt increase in

temperature of the third diffuser ring. It is suspected that

the velocity of the exhaust gases is relatively low at the

region of the third ring and so is the pumping capability.

6. Exit Plane Temperatures

The data obtained on the exit plume temperatures may

be found in Table XVIII and is presented in Figures 88
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through 93. Here again both raw data and temperature

coefficients are presented.

The comparison in results is quite favorable

throughout. The temperature profile for Model B data is

evenly arranged in contrast with Model A. It is suspected

that this happens due to the adequate film cooling induced by

the shroud and the diffuser rings. The comparison of exit

plane temperatures and coefficients for the range of

temperatures tested are shown in Figures 94 and 95. In the

850o f and 950o f runs, it is seen that the temperature

coefficients are almost the same and that the percentage of

cooling is independent of the uptake temperature. From this

observation we can predict the maximum plume temperature for

higher uptake temperatures.
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V. CONCLUSIONS

This investigation studied the effects on the eductor

temperature performance of a slotted, shrouded mixing stack

with two and three diffuser rings. Based on the data

presented, the following conclusions are drawn:

1. The data obtained from the model previously tested,

Model A, is found to be consistent with previous results.

2. The short, slotted mixing stack, with L/D = 1

combined with the 15/20 tilted-angled primary nozzles,

provide sufficient pumping performance and a relatively

uniform mixed exit flow.

3. The reduction in mixing stack wall temperature

downstream from the cooling slots is approximately 50o F.

4. The shroud and diffuser combination employed in Model

B permit the induction of substantial amounts of film cooling

flow. The surface temperatures for this assembly are

substantially lower than those found in Model A.

5. The maximum shroud temperature was reduced by

increasing the annular gap between the shroud and the mixing

stack.
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VI. RECOMMENDATION

In addition to providing insight into the effects that

geometric parameters have on eductor system parameters, this

reserch has also generated an awareness of the

investigation's shortcomings. Presented here are

recommendations for future research and improvements to the

test facility.

1. Test the effect on eductor system parameters of an air

stream moving perpendicular to the external surface of the

eductor. High air stream velocities may produce stagnation

areas on the surface resulting in local high temperatures.

2. Install a pressure tap at the exit of the nozzles and

record the pressure depression at this region and relate this

pressure to the uptake pressure.

3. Take additional temperature data on Model B with the

third diffuser ring cut back to the end of the second

diffuser ring. Eliminating the last portion of the third

diffuser ring which is cooled by film cooling only from the

internal side (the other diffuser rings are cooled by induced

flow on both sides); might eliminate the relatively high

temperature areas existing at the end of the third diffuser

ring.
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Figure 4. Combustion Air Piping
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Figure 10. Fuel Service Tanlc
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Figure 13. HP Fuel Piping and Valves
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Figure 16. Model Installation
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Figure 23. Dimensional Diagram of Primary Flow Nozzle Plate
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Figure 24. Tilted Nozzle Geometry
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Figure 32. Exit Plane Temperature Measurement
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Figure 33. Auxiliary Oil Pump Control
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.Figure 34. Main Power Supply and Control Panel
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Figure 37. Air Compressor Suction Valve
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TABLES

TABLE I

THERMOCOUPLE DISPLAY CHANNEL ASSIGNMENT, TYPE K

Channel Assignment

1 Exit plume (TEP)
2 Unused
3 Uptake (TUPT)
4 Burner (TBURN)
5 Nozzle Box set the position of

the removed burner
6 Mixing stack, thermocouple 5

7 Mixing stack, thermocouple 10
8 Mixing stack, thermocouple 11
9 Mixing stack, thermocouple 8

10 Mixing stack, thermocouple 12
11 Mixing stack, thermocouple 7

12 Mixing stack, thermocouple 4

13 Mixing stack, thermocouple 6

14 Mixing stack, thermocouple 2

15 Mixing stack, thermocouple 3

16 Mixing stack, thermocouple 9

17 Mixing stack, thermocouple 1

18 Unused
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TABLE II

THERMOCOUPLE DISPLAY CHANNEL ASSIGNMENT, TYPE T

Channel

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16-18

Assignment

Fueld Supply
Ambient Air (TAUB)
Inlet A:Lr Supply (TNH)
Unused
Model B shroud X/D = 0. 20
Model B shroud X/D = 0..40
Model B shroud X/D = 0..60

Model B shroud X/D = 0..80

Model B First Diffuser Ring
X/D s 0.90

Model B First Diffuser Ring
X/D = 1.00

Model B Second Diffuser Ring
X/D = 1.05

Model B Second Diffuser Ring
X/D = 1.15

Model B Third Diffuser Ring
X/D = 1.25

Model B Third Diffuser Ring
X/D = 1.35

Model B Third Diffuser Ring
X/D = 1.50

Unused

152





TABLE III

MODEL CHARACTERISTICS

MODEL A MODEL B

Uptake Diameter 7.51 7.51

Mixing Stack Assembly,
(L/D) Overall

Mixing Stack Inside Diameter (D)

L/D

Rows of Film Cooling Slots

Shroud Start Position (S/D)

Shroud Length (X/D)

Number of Rings

First Ring Length (1/D)

Second Ring Length (1/D)

Third Diffuser Ring (1/D)

Half Angle

Film Cooling Clearance Mixing
Stack Shroud

Shroud-First Ring

First Ring-Second Ring

Second Ring-Third Ring

Stand-Off Distance (S/D)

Primary Nozzles
Number
Type

Am/Ap
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1.5 1.5

7.122" 7.122"

1.0 1.0

4 4

0.25 0.14

1.04 1.096

2 3

.25 .50

.25 .375

.25

7. 30 10.943°

0.076" 0.139"

0.076" 0.096"

0.076" 0.096"

0.096"

0.5 0.5

4

Tilted-
Angled
(15/20)
2.5

4

Tilted-
Angled
(15/20)
2.5
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TABLE VII

MIXING STACK PRESSURE DATA, MODEL A

Axial
Position

Mixing Stack Pressure
(in H2o referenced to B)

Uptake
Temperature 180 850 950

Position A 0.0
0.25
0.5
0.75

Position B 0.0
0.25
0.5
0.75

1.96 -2.16 -2.25
1.15 -1.18 -1.23
0.23 -0 . 27 -0.17
1.26 -1.33 -1.25

1.84 -2.09 -2.17
1.13 -1.22 -1.23
1.21 -1.35 -1.31
1.14 -1.27 -1.28

PMS*

Position A 0.0 -0.031 -0.017 -0.016
0.25 -0.018 -0.009 -0.009
0.5 -0.004 -0.002 -0.001
0.75 -0.020 -0.010 -0.009

Position B 0.0 -0.029 -0.016 -0.015
0.25 -0.018 -0.010 -0.009
0.5 -0.019 -0.011 -0.009
0.75 -0.018 -0.010 -0.009

Ambient
Temperature 63.8 68.1 71.0

(o F)

Primary Nozzle
Velocity (ft/sec) 230.6 330.0 347.8
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TABLE VIII

MIXING STACK TEMPERATURE DATA, MODEL A

Thermocouple
Number

Axial
Position

Mixing Stack Temperature
(of)

Uptake

Temperature 180 850 950

6

7

8

9

10

11

12

13

14

15

16

17

0.0 62.0 xxxxx xxxxx

0.0 57.0 xxxxx xxxxx

0.41 63.0 134.0 161.0

0.41 65.0 155.0 207.0

0.36 67.0 171.0 203.0

0.46 66.0 130.0 139.0

0.61 71.0 188.0 210.0

0.76 83.0 247.0 262.0

0.89 72.0 218.0 268.0

0.89 92.0 292.0 309.0

0.84 62.0 xxxxx xxxxx

0.94 82.0 233.0 254.0

Ambient 64.4 68.1 71.0
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TABLE IX

SHROUD AND DIFFUSER TEMPERATURE DATA, MODEL A

Axial Temperature
Position (o F)

Uptake
Temperature 180 850 950

Shroud 0.25 65.5 80.0 88.4
0.5 65.9 90.3 96.7
0.75 70.4 124.3 131.8
1.0 78.7 185.2 204.6
1.15 76.1 162.3 185.0

First 1.15 68.0 88.5 91.0
Dif fuser 1.25 68.9 92.0 95.5
Ring

Second 1.25 69.9 91.2 94.0
Dif fuser 1.5 79.1 156.6 170.0
Ring

Ambient 63.9 67.4 69.8
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TABLE X

EXIT PLANE TEMPERATURE DATA, MODEL A

Axial Temperature
Position r/Rms (o F)

Uptake
Temperature 180 850 950

0.0 1.123 81 16 165
0.25 1.053 94 271 296
0.5 0.983 103 330 367
0.75 0.913 106 353 392
1.0 0.843 108 361 404
1.25 0.772 114 378 420
1.5 0.702 115 400 440
1.75 0.632 121 415 445
2.0 0.562 126 438 468
2.25 0.491 130 448 476
2.5 0.421 132 464 496

2.75 0.351 137 487 516
3.0 0.281 138 495 524
3.25 0.211 140 507 546
3.5 0.140 140 515 552
3.75 0.140 140 519 565
4.0 0.0 140 521 571

4.0 0.0 140 521 571

3.75 0.070 140 523 563
3.50 0.140 140 518 558

3.25 0.211 140 508 545

3.0 0.281 139 498 534
2.75 0.351 136 485 524
2.5 0.421 133 468 509
2.25 0.491 125 453 494
2.0 0.562 125 437 478
1.75 0.632 120 423 467
1.5 0.702 115 405 450
1.25 0.772 112 390 439
1.0 0.843 109 382 430
0.75 0.913 106 372 419
0.5 0.983 104 350 399
0.25 1.053 94 290 350
0.0 1.123 77 134 163

Ambient 63.8 68.7 71
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TABLE XIV

MIXING STACK PRESSURE DATA, MODEL B

Axial
Position

Mixing Stack Pressure
(in H2 referenced to B)

Uptake
Temperature 172 850 950

Position A 0.00
0.25
0.50
0.75

Position B 0.00
0.25
0.50
0.75

1.70 -2.02 -2.18
1.00 -1.15 -1.20
0.23 -0.35 -0.20
1.16 -1.30 -1.26

1.78 -2.00 -2.12
0.98 -1.07 -1.15
1.15 -1.27 -1.23
1.00 -1.10 -1.25

PMS-

Position A

Position B

0.00
0.25
0.50
0.75

0.00
0.25
0.50
0.75

0.028 -0.016 -0.016
0.016 -0.009 -0.009
0.004 -0.003 -0.001
0.019 -0.009 -0.009

0.029 -0.016 -0.016
0.016 -0.009 -0.008
0.019 -0.010 -0.009
0.016 -0.009 -0.010

Ambient
Temperature

(o F )

Primary Nozzle
Velocity (ft/sec)

60.0

227.6

60.0

327.2

59.0

347.1
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TABLE XV

MIXING STACK TEMPERATURE DATA, MODEL B

Thermocouple
Number

Axial
Position

Mixing Stack Temperature
(of)

Uptake
Temperature 172 850 950

6 0.00 56 91 110

7 0.00 55 80 98

8 0.36 66 170 202

9 0.41 61 138 158

10 0.41 65 179 215

11 0.46 63 132 146

12 0.61 74 204 228

13 0.76 82 250 276

14 0.84 82 238 260

15 0.89 69 189 215

16 0.89 83 262 290

17 0.94 56 79 92

Ambient 54 54 53.5
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TABLE XVI

SHROUD AND DIFFUSER TEMPERATURE DATA, MODEL B

Axial Temperature
Position (o F)

Uptake
Temperature 172 850 950

Shroud 0.20 61.1 62.5 63.8
0.40 60.1 65.1 67.6
0.60 62.4 76.2 79.8
0.80 64.0 86.1 91.4

First 0.90 61.4 61.2 61.5
Diffuser 1.00 61.8 62.8 63.3
Ring

Second 1.05 62.2 62.7 63.0
Diffuser 1.15 63.7 70.4 71.3
Ring

Third 1.25 63.2 71.6 73.4
Diffuser 1.35 66.1 80.7 81.7
Ring 1.50 73.7 118.2 122.4

Ambient 60.0 60.0 58.0
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TABLE XVII

MIXING STACK, SHROUD, AND DIFFUSER EXTERNAL SURFACE
TEMPERATURE DATA, MODEL B

Axial Temperature
Position (o F)

(L/D)

Uptake
Temperature 172 850 950

Mixing Stack 61.5 76.9 79.6
0.07 62.2 74.5 89.4
0.14 61.2 67.7 68.4

Shroud 0.21 60.5 57.0 59.0
0.28 60.5 58.2 60.1
0.35 60.5 58.3 60.5
0.42 60.6 59.4 61.1
0.49 60.6 60.3 62.6
0.56 60.6 62.2 65.2
0.63 60.7 66.0 67.2
0.70 60.8 68.4 71.0
0.77 61.0 72.0 72.0

First 0.84 60.8 58.2 59.5
Diffuser 0.91 61.0 60.5 58.4
Ring 0.98 61.1 59.3 61.0

Second 1.05 61.4 59.6 61.4
Diffuser 1.12 61.9 62.0 63.5
Ring 1.19 62.2 63.0 66.3

Third 1.26 63.0 70.0 62.5
Diffuser 1.33 64.5 77.5 79.6
Ring 1.40 66.0 93.0 97.0

1.47 69.3 107.0 108.0

Ambient 58.9 53.5 57.0
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TABLE XVIII

EXIT PLANE TEMPERATURE DATA, MODEL B

Axial Temperature
Position r/Rms (o F)

Uptake
Temperature 172 850 950

0.0 1.193 60 60 60
0.25 1.123 80 178 217
0.50 1.053 88 212 258
0.75 0.983 92 295 313
1.00 0.913 93 325 349
1.25 0.843 102 339 378
1.50 0.772 105 360 396
1.75 0.702 110 380 420
2.00 0.632 114 404 441
2.25 0.562 120 425 464
2.50 0.491 124 443 481
2.75 0.421 127 458 498
3.00 0.351 130 468 518
3.25 0.281 130 482 530
3.50 0.211 132 490 543
3.75 0.140 132 494 550
4.00 0.070 132 501 560
4.25 0.00 132 502 563
4.25 0.00 132 508 563
4.00 0.070 132 508 562
3.75 0.140 132 501 556
3.50 0.211 132 494 546
3.25 0.281 132 481 533
3.00 0.351 130 469 518
2.75 0.421 129 458 505
2.50 0.491 126 440 485
2.25 0.562 123 418 467
2.00 0.632 120 404 450
1.75 0.702 114 384 426
1.50 0.772 115 365 408
1.25 0.843 108 347 386
1.00 0.913 104 325 358
0.75 0.983 104 295 330
0.50 1.053 92 260 278
0.25 1.123 84 200 216
0.00 1.193 60 60 60

Ambient 60 60 58
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APPENDIX A

GAS GENERATOR OPERATION

I. PRIMARY AIR COMPRESSOR OPERATION .

The primary air flow for the gas generator is supplied by

a Carrier Model 18P352 three stage centrifugal air compressor

located in Building 230. The compressor is driven through a

Western Gear Model 95HSA speed increasing gearbox by a 300

horsepower General Electric induction motor. The compressor

serves various other experiments both in Building 230 and

249. Figure 8 is a schematic of the compressor system

layout. The cooling water system serves both the Carrier

compressor and the Sullivan compressor for the supersonic

wind tunnel in Building 230.

Lube oil for the compressor and speed increaser bearings

is supplied from an external sump by either an attached pump

or an electrically driven auxiliary pump. The lube oil is

cooled in a closed loop oil to fresh water heater exchanger.

Cooling water circulates within its own loop and is cooled in

an evaporative cooling tower which stands between Buildings

230 and 249. Makeup is automatically provided to the fresh

water loop by a float operated valve in the cooling tower.

It is recommended that the lube oil system for the

compressor be started approximately one hour prior to

compressor lightoff. This ensures adequate pre-lubrication
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and warms the oil to some degree, decreasing starting loads.

This is critical, as the compressor operates at near the

capacity of the breaker in the supplying substation. Should

this breaker trip out during the starting sequence it will be

necessary to call the trouble desk and have base electricians

reset it.

During periods when operations are being conducted daily

or when it is desired to operate early in the morning, it is

permissable to leave the auxiliary oil pump running overnight

with the cooling water system secured. This will maintain

the lube oil at a temperature suitable for lightoff and

eliminate this delay.

When fully warmed up the compressor supplies air to the

gas generator at 170-190O f. It normally takes the

compressor about one hour to reach stable operation at this

temperature. Although it is possible to obtain a gas

generator lightoff with a lower air supply temperature,

stable operation enhances data taking and reduces the number

of control adjustments required during data runs. It is,

therefore, desirable to allow the system to fully stabilize

prior to lighting off the gas generator or collecting data.

The following lightoff sequence is recommended:

A. Check the oil level in the compressor's external

sump. Oil should be within four inches of the top of

the sight glass.
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B. Start the auxiliary oil pump by positioning the

"hand-off-automatic" switch (Figure 33) in the "hand"

position. The electric pump will start and oil

pressure should registered approximately 30 PSIG.

Inspect the system for leaks and note the level in

the external sump.

C. Wait 45 minutes to one hour. During this period the

compressor bearing temperatures should rise to

approximately 70o f.

D. Line up the combustion gas generator for operation.

1. Open the two manometer isolation valves at the

pressure taps on either side of the inlet

reducing section (Figure 20). Reconnect

manometer tubing at the manometers if it has

previously been disconnected.

2. Ensure the main air supply butterfly valve is

fully closed (Figure 3)

.

3. Open the air supply bypass globe valve two and

one quarter turns (Figure 3).

4. Open the manually operated 4 inch butterfly

isolation valve (Figure 4).

5. Ensure that the main panel is not connected to

the isolation transformer, which limits the power

available to a lower level than the actual
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required for the apparatus. The electric circuit

of the system is shown in Figure 29.

6. Energize the main power panel (Figure 34) and

open the electrically operated burner air supply

and cooling air bypass valves fully.

7. Ensure the gas generator exhaust area is clear.

E. Start the air compressor fresh water cooling system:

1. Check the water level in the cooling tower; it

should be at the level of the inlet line.

2. Vent the cooling water pump casing. Open the

petcock on the suction side of the pump casing

until all air in the suction line is expelled.

3. Ensure valve "A" to the Sullivan compressor is

closed.

4. Open valve "B" to the Carrier compressor.

5. Start the cooling water pump and cooling tower

fan (Figure 35). The fan is interlocked with the

pump and will not start unless the pump is

running

.

6. Inspect the cooling tower drip lattice to ensure

water is circulating.

F. Open the drain on the air compressor air cooling bank

(Figure 36) .

G. Ensure the compressor air suction valve is fully

closed (indicator vertical) (Figure 37)

.
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WARNING ; When in operation the compressor produces

hazardous noise. Ensure all personnel in the

vicinity are wearing adequate hearing protection

prior to starting the compressor-

H. Start the air compressor motor (Figure 7) , the

controller uses an automatic two stage start circuit.

I. When the compressor is fully up to speed, switch the

auxiliary lube oil pump to the "automatic" position.

Lube oil pressure should remain about 24-30 PSIG.

Oil is now being supplied by the attached pump driven

by the speed increasing gearbox. If the oil pressure

should fall to 12 PSIG, the auxiliary pump will start

automatically

.

J. When compressor operation has stabilized, slowly open

the suction valve until the indicator is in the full

open (horizontal) position. Air is now being

supplied to the gas generator. Bypass air from the

supply to other experiments will also be discharged

outside the rear of building 230. Normally it is not

necessary to secure this bypass flow, but in unusual

circumstances it may be stopped by closing the

isolation valve on the cooling bank (Figure 36)

.

K. Operation of the air compressor should be monitored

periodically.
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1. Normal oil pressure from the attached pump is 24

PISG. Specified bearing pressures are 20-25

PSIG.

2. Normal oil pressure from the auxiliary electric

pump is 30 PSIG.

3. Normal oil temperature at the outlet of the lube

oil cooler is 100-105O p (135o F maximum)

.

4. Normal Bearing temperatures for the compressor

are 140-160O F. Speed increaser oil temperature

is normally 120-130O f.

5. Do not allow any bearing temperature to exceed

200o F. In the event bearing temperatures rise

above 180o F during normal operation, the oil

cooler should be inspected for proper water

temperature and flow rate.

II. GAS GENERATOR LIGHT OFF

Allow the air compressor to operate for approximately one

hour in order for air inlet temperature to the gas generator

to stabilize.

A. Approximately 15 minutes prior to gas generator light

off, line up the fuel system and place it in

operation.

1. Open the fuel tank suction valve (Figure 10) and

bulkhead isolation valve (Figure 11)

.
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2. Ensure the solenoid operated emergency fuel

cutoff valve is closed and close the HP pump

manual discharge valve.

3. Open the nozzle box drain valve.

4. If this is the first time the system is being

placed in operation, open both the fuel control

valve (Figure 14) and the needle trimmer valve

(Figure 13) fully. If the trimmer valve is known

to be properly set, it need not be adjusted as

described in this and following steps.

5. Start the fuel supply pump. Fuel supply pressure

will be 14-16 PSIG.

6. Start the HP pump. With both trimmer and fuel

control valves fully open the discharge pressure

will be 25-30 PSIG. With the trimmer valve pro-

perly set and the fuel control valve fully open,

the HP pump discharge pressure will be 80 PSIG.

7. If the trimmer valve is to be adjusted, close the

fuel control valve with the trimmer valve fully

open. Observing the HP pump discharge pressure,

slowly close the trimmer valve until the HP pump

pressure reaches 350 PSIG. The trimmer valve is

now set and the fuel control valve should provide

smooth control over a range of 80-350 PSIG HP

pump discharge pressure. All subsequent fuel
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control adjustments will be made using the fuel

control valve.

8, Using the fuel control valve, set the hp pump

discharge pressure at 200 PSIG and allow the

system to recirculate for 10-15 minutes to warm

the fuel. This facilitates combustion and

ensures a clean lightoff.

B. When the inlet air temperature reaches 170-180O F,

the gas generator may be lighted off.

1. Adjust inlet air bypass valve to obtain a pres-

sure of approximately 4.0 in Hg at the upstream

side of the inlet reducing section (PNH).

2. Ensure the burner air valve is fully open.

Adjust the bypass cooling air valve to obtain a

pressure drop across the U-tube of 1.60 inches

H2°« In some cases it may be necessary to leave

the cooling air bypass valve fully open and

reduce the inlet air pressure (PNH) slightly to

obtain this setting. The pressure drop across

the inlet reducing section (DELPN) will be about

15 inches H 0. This provides the recommended

lightoff air fuel ratio of 20.

3. Open the HP pump manual discharge valve fully.

4. Set the high temperature (Type K) readout to

monitor burner temperature (TBURN) . Set the low
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temperature (Type T) readout to monitor air inlet

temperature (TNH)

.

5. Ensure the gas generator exhaust area is clear.

6. Adjust the HP pump discharge pressure to 150

PSIG.

7. Turn the ignitor switch located behind the manual

isolation valve, Figure 7, to the "ME IGN"

position.

8. Depress and hold down the spring loaded ignitor

switch for 10 seconds.

9. While continuing to hold the ignitor switch

depressed, open the solenoid operated emergency

fuel cutoff valve. Ignition should be observed

in 6-12 seconds. If the gas generator fails to

light, close the emergency fuel cutoff valve and

release the ignitor switch. Allow the system to

purge for 5 minutes or until no raw fuel is being

expelled from the primary nozzle. If the gas

generator fails to light, raw fuel will be

expelled from the primary nozzles and will

collect in the base of the secondary plenum.

This should be wiped up prior to continuing.

10. When ignition is observed, release the ignitor

switch.
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11. Observe the burner temperature. When the burner

temperature reaches lOOOo F begin reducing fuel

pressure toward minimum (70-75 PSIG at the burner

nozzle, (PNOZ)) to stabilize burner temperature

between 1000 and 1300o f.

WARNING ; Do not allow burner temperature to exceed

1500o F.

It will be necessary to close the cooling air

bypass valve to about 50 percent open to achieve

stable operation at the desired burner

temperature.

CAUTION ; Do not allow burner temperature to fall

below lOOOo F. The gas generator will begin to emit

white smoke when the burner temperature falls to

about 950o f and combustion will cease at a burner

temperature of about 800o f. If combustion ceases

there will be a noticable change in sound intensity

accompanied by quantities of white smoke and rapidly

falling burner temperature; immediately close the

emergency fuel cutoff valve. Readjust fuel and air

controls to lightoff settings and reinitiate the

lightoff sequence.
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The prescribed lightoff sequence usually leads to

stable operation with an uptake temperature or

400-500o F and an uptake Mach number of about

0.07.

WARNING ; Do not allow uptake temperature to exceed

1200o f at any time.

12. When stable operation has been established, close

the nozzle box drain valve prior to attempting to

adjust the uptake Mach number.

III. TEMPERATURE/MACH NUMBER CONTROL

The control process consists of an iterative sequence of

adjustments in the uptake temperature (TUPT) , inlet air

pressure (PNH) , and bypass cooling air mass flow. Some

practice is necessary to achieve reasonable accuracy in the

adjustment process. It must be kept in mind that effect of

the bypass cooling air valve varies depending on the valve's

initial position. When the bypass valve is more than 50

percent open, opening the valve reduces air flow through the

burner, increasing burner temperature (TBURN) , however, the

increase in the proportion of cool bypass air mixing with the

combustion gas results in a lower uptake temperature. When a

majority of the air flow is already passing through the
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combustion chamber, that is, when the bypass valve is less

than 50 percent open, and particularly when it is less than

25 percent open, the increase in burner temperature resulting

from opening the bypass valve more than offsets the increased

proportion of cooling air and the uptake temperature will

raise when the bypass valve is opened. With these cautions

in mind, the following adjustment procedure is recommended:

A. Adjust the fuel control valve to obtain the desired

uptake temperature. Do not allow burner temperature

to fall below lOOOo p or to exceed 1300o f during

this process.

B. As burner temperature approaches one of the limits,

change air flow through the burner either by

adjusting the bypass valve or the inlet globe valve.

Choice of control device depends on the prior

operating state. If the system has been stabilized

at the desired Mach number it is usually best to

control burner temperature during transitions by

using the inlet globe valve. The key operating

parameters are uptake temperature (TUPT) and uptake

pressure (PUPT). Burner temperature is monitored to

ensure safe combustion is maintained. For operation

with uptake an Mach number of approximately 0.065,

the values in Table XIX are recommended:
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TABLE XIX

RECOMMENDED INITIAL CONTROL SETTINGS

TUPT PUPT
(0 F) (inches H20)

950 13.3
850 11.1
750 10.5
650 9.6
550 9.0
175 8.8

C. Compute the uptake Mach number (UMACH) using the

formula:

UMACH = 1.037 x 10-1 ( TUPTR/jf ) . 5 x ( ( ( (PNH + B) x DELPN

/ TNHR)0.5 + (2.318 X 10-4 x ROTA) + 2.085 x 10-1)

/ (B + (PUPT / 13.5717) )

)

(eqn. A. 1)

where: UMACH = Uptake Mach number

TUPTR = Absolute uptake temperature (or)

= Ratio of specific heats for air
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TABLE XX

VALUES OF THE RATIO OF SPECIFIC HEATS FOR AIR

TUPT Y

(o F)

175 1.3991
550 1.3805
650 1.3741
750 1.3677
850 1.3614
950 1.3556

PNH =Air pressure before the inlet reducing
section (inches Hg)

B = Corrected atmospheric pressure (inches Hg)

DELPN = Pressure drop across the inlet reducing
section (inches H2°)

TNHR = Absolute air temperature before the inlet
reducing section (or)

ROTA = Fuel mass flow rotameter reading

PUPT = Gas pressure in the uptake section (inches
H20)

D. Adjust the uptake temperature and pressure as

necessary using a combination of inlet globe valve,

cooling air bypass valve, and fuel control valve

changes until the desired test Mach number is

obtained.

E. If inlet air temperature has been allowed to

stabilize prior to gas generator operation, it will

be found that, once the desired uptake temperature
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and Mach number have been set, no adjustments to the

system will be required during data runs. Uptake

temperature will be maintained within plus or minus

four degrees and uptake Mach number will vary less

than 0.001 under most circumstances. The largest

variations in uptake Mach number observed have been

during pumping coefficient runs when changes in

secondary flow induce large changes in uptake

pressure. If the gas generator is at the operating

point prior to closing the plenum, it will be

unnecessary to make adjustments for the slight

increase (0.0005 to 0.0010) in Mach number which

occurs when secondary flow is shut off.

IV. SECURING THE SYSTEM

A. When data runs are complete, shut down the gas

generator by reducing the fuel pressure to minimum

and immediately closing the solenoid operated

emergency fuel cutoff valve.

1. Shut off the high pressure fuel pump

2. Shut off the fuel supply pump.

3. Open the cooling air bypass valve fully.

4. Open the inlet bypass globe valve until an inlet

pressure (PNH) of 4.0-5.0 inches Hg is obtained.
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5. Allow the gas generator to run in this manner

until the uptake temperature drops to

approximately the inlet air temperature.

6. Close the fuel system bulkhead and tank isolation

valves. It is good practice to refill the fuel

service tank at the end of each operating period.

Keeping the tank full of fuel reduces moisture

buildup from condensation. Any water or sediment

which might enter the tank during filling will

have time to settle out and can be removed

through the stripping connection prior to the

next lightoff.

B. When the gas generator has cooled sufficiently, the

air compressor may be shut down.

1. Close the compressor suction butterfly valve.

2. Stop the electric motor.

3. When the compressor oil pressure falls below 20

PSIG, switch the auxiliary oil pump control from

the "automatic" to the "hand" position.

4. Allow the lube oil system to run for one hour or

until the compressor bearing temperatures are

less than 80o p.

5. Stop the auxiliary lube oil pump.

6. Stop the cooling tower fan and cooling water

pump.
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C. Close the 4 inch butterfly manual isolation valve.

D. Close the inlet bypass globe valve.

E. Open the nozzle box drain valve.

F. Close the manometer isolation valves. It is also

good practice to disconnect the inlet air pressure

(PNH) and reducing section pressure drop (DELPN)

manometers at the manometer. Other users of the

compressor operate at pressures sufficient to over-

pressurize these instruments. Over-pressurization of

the mercury manometer which measures the inlet

pressure could result in a hazardous mercury spill.

G. De-energize the main power panel and shut off the

thermocouple readouts. It is recommended for

maintenance reasons, to disconnect the temperature

readouts and store them in a dry environment (in the

storeroom 208 at building 234) whenever runs are not

taking place for a long period of time.
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APPENDIX B

UNCERTAINTY ANALYSIS

The determination of he uncertainties in the

experimentally determined pressure coefficients and pumping

coefficients was made using the methods described by Kline

and McClintock [Ref. Kline]. The basic uncertainty analysis

for the cold flow eductor model test facility was conducted

by Ellin [Ref. Ellin]. Hill [Ref. Hill] follows this

development in analysis of the hot flow facility. Hill's

analysis has been corrected by Eick [Ref. Eick] for changes

in the measured uncertainties resulting from the installation

of new fuel flow measuring equipment. The uncertainties

obtained using the second order equation suggested by Kline

and McClintock [Ref. 11] were applicable to the experimental

work conducted during the present research and are listed

here.
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UNCERTAINTY IN MEASURED VALUES

Parameter

TAMB

TUPT

B

DELPN

PUPT

ROTA

PHN

TNH

PPLN

Value

537 R

1415 R

29.83 in Hg

6.20 in H20

13.6 in H2°

28.0

5.9 in Hg

649 R

5.18 in H2°

Uncertainty

1

1

0.005

0.05

0.05

0.2

0.05

0.2

0.01

UNCERTAINTY IN CALCULATED VALUES

P*/T*

W*T*o

1.7%

1.4%
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