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PERFORMANCE OF AIR-AUGMENTED

I WATERJET THRUSTERS

by

D. F. Dyer, G. Maples, H. 1. Cansler, and J. C. Maxwell, Jr.

ABSTRACT

- 
- This report describes an investigation of the performance of air-

[ augmented waterjet thrusters . The investigation is divided into two parts .

Part 1 describes a study of the injection of large diameter air bubbles
- I to reduce heat transfer between the air and water and, thus, increase the

- 
~~

. thrust. This study Is done analytically by solving the appropriate, governing

:: ‘ equations. The results indicate that the approach Is very worthwhile since

- [ thrust can be increased ten percent as compared to air-augmentation with

- - small bubbles . Several practical systems are discussed for Injecting large

I air bubbles .

Part 2 is an experimental Investigation of the thrust produced un der a

I wide range of conditions. The results show that a thrust Increase of more

- [ than 20% can be achieved by air-augmentation. Further, the performance

Improves for larger thrust nozzles.

I
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I
I INTRODUCTION

I 
The pump-driven waterj et becomes a strong contender as a propulsion system

for a high-speed, non-displacement vehicle , such as a Hydrofoil Craft or a Captured-

I Air-Bubble Craft. The disadvantages of a propeller driven system at high speeds

incl ude:

- 1 1. Loss in efficiency due to cavitation,

I 
2. Wake interference with the screw from non-displacement ships, and

3. Weight and unreliability of the drive systems. I ±

On the other hand , waterjet system performance inproves at higher speeds and the

wake interference and drive system problems are eliminated. As a result, there is

I considerable interest in building high speed marine craft utilizin g waterjet pro—

I pulsion both for military and coninercial applications .

About four years ago, the authors began research under contract to the Naval -i

Ship Systems Comand on their concept to improve the performance, (thrus t and effici-

ency), of a waterjet, by injecting high pressure gas from the power plant used to

I drive the waterjet pump into the thrust nozzle. A report [1]* on this research shows

- 

I that considerable (in some cases more than 20%) increase in thrust can be obtained with

this improvement. Experiments in the first year of research were limi ted to one

I nozzle size. Lkie to the potential shown by gas augmentation, it is desirable to

know the full-scale performance of a gas-augmented wateriet. To obtain this design

I Information, It is necessary to study various nozzle sizes so that the performance

of this device can be determined. In this investigation, the performance of nozzles
- 

of two sizes is determined.

I Another important element in the gas-augmented waterjet is the injection process .

An experimental investigation of various injectors is requi red in order to design an

efficient Injector which provides the proper size and distribution of bubbles. To

accomplish this objective, two types of injectors are tested: one with injection - ;

* Numbers in brackets deslanate references.

I 
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1_
i - ports in the water stream and the other with injection ports around the circlE-

ference of the water stream.
- In their earli er work , the authors identi fied a major problem wi th gas-augmented

waterjet propulsion. The compressed air usually has a relatively high temperature

and thermal energy, which is rapidly dissipated as heat once the gas is injected Into

the water. Part of this thermal energy in the gas would be transformed to thrust in

the expansion process if the two-phase heat transfer is greatly decreased. In this work an -
~

• 1 analytical study is made into reducing heat transfer by increasing the bubble size. 4
This object of this study is to determine the amount of thrust which can be captured -

.- 

-

from the thermal energy in the gas. It Is also desired to examine several practical

systems for accomplishing this objective.

- 

I.. The remainder of the report Is divided into two parts : Part 1 describes the

analytical study for transformi ng more of the thermal energy in the injection gas
into thrust, and Part 2 describes the experimental inves tigation of air-augmented

waterjet thrust nozzl es.

1.
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PART 1. ANALYTICAL STUDY OF LARGE BUBBLE INJECTION

I INTRODUCTION

I The gas-augmented waterjet has recently been studied [1] as a means to ±

increase thrust in a conventional waterjet for short periods of time. Previous

gas-augmented waterjet studi es considered small gas bubbles injected into the flow.

K
in those models studied , the thrust improvement came essentially from work done by

the gas in expandi ng from a high pressure to a low pressure. The gas itself has

the capaci ty to store thermal energy . However , due to high heat transfer rates

for small gas bubbles , this energy is quickly transferred to the water which is,

in essence, an infinite heat sink . Thus, the potential for thermal energy to be

transformed to thrust is lost.

I This chapter explores analytically one method of transferring the thermal

energy from a hot gas to a water stream in the form of work .

STATEMENT OF THE PI~)BLEM
- The object of this section is to provide the requirements for the mathematical

model .

The physical situation under consideration is the simul taneous flow of liquid

and gas through a converging-diverging nozzle. The problem is to determine

L 
whether the thermal energy contained in the gas can be effectively converted

to thrust.

I Considering the gas as a system by itself , the fi rst law of thermodynamics

states that, given a specific amount of thermal energy, any process that maximizes
the kinetic energy and work mus t minimize the heat loss from the system. Thus , -

~~~~~

I 
the main concern of this analysis is to minimi ze the heat transferred from the gas

to the liquid.

1 3

I
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I The rate of heat transfer is predicted by Newton ’s law of cooling, which states,

all other variables held constant, that the net heat transfer Is porportional to

the surface area through which the heat is transferred. This means that for a - -

spherical body that the heat transferred is porportional to the radius of the body

squared. The mass of such a homogeneous system is porportional to the radius cubed.

Thus, the ratio of heat transferred per unit mass of a spherical body is inversely

porportlonal to the radius of the body. For a given mass the net heat transferred

I must decrease if the bodies are collected into larger spherical bodies. The use

of larger radius bubbles is the method studied in this report. - -

I MATHEMATICAL MODEL

I 
In order to construct a mathematical model certain ‘a priori ’ assumptions are

made about the process. These assumptions are:

1 1. The flow is time independent and quasi one-dimensional .

2. The nozzle is frictionless and thermally non-conducting.

1 3. The liquid phase behaves as an isochloric and isothermal subsystem.

I 
4. The gas phase is a chlorically perfect gas.

5. The mass transfer between phases is negligible.

1 6. The gas-liquid phase mixture is homogeneous at any given nozzle station.

7. The gas phase pressure at each station in the nozzle is equal to the

local stream pressure.

8. The gas bubbles remain spherical duri ng residence in the nozzle, do not

U coalese nor di vide , and have uniform radii at any given nozzle station.

9. The heat transfer between phases follows the process of forced convection

only.

U 10. The large radii gas phase has signi ficant mass effects so that the

bubbles move with the liquid phase.

U
13
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The first nine assumptions as well as the basic computational model are due 3
- 

to Maxwell (2]. The last assumption Is made specifically for the large radius

I bubbles . Maxwell’s model is only valid for small  radius bubbles . Thus, some

modifications of the basic program are necessary.

I The prediction of the drag coefficient in reference [2] is based on the assump-

I tion of an unbounded medium. This is obviously not the case as bubble diameter

approaches the cavity diameter. To account for wall effects for the large radi i

I bubbl es, an arbitrarily large drag coefficient is chosen so that the velocity of

each phase is approximately the same.

I The computational model requires the speci fication of an initial velocity pro-

I file and local sonic velocity at the nozzle throat. The velocity profile used by

Maxwell [2] results in numerical instabilities in making computations for large

I bubbl es. The following modified velocity profile is used

- 
V( x) = 200 ( tanh (10 x -3) + tanh 3) + V0

J where V is local velocity, V0 is inlet velocity, and x is the coordinate positi on.

The basic premise of the computational model assumes supersonic flow is

I achieved in a converging—di verging nozzle. The l ocal properties and cross-

sectional area are then computed from the velocity profile.

I The limi tation of this model is mostly due to the time independence assumption.

As the bubble radius approaches the throat radius the time dependent terms may not

I be neglected. Hence, a restriction must be placed on the bubble size so that at no

time does the bubble radi us equal the nozzle radius.

Details of the model and computer program are given in reference [2] and are

U not repeated here. The modifications to that program are described above. - 
-

DISCUSSION OF RESULTS

The resul ts described in this section were obtained by the model and computer

program described in the previous section. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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• I Figures 1.1 through 1.4 are pl ots of thrust versus the inlet vol ume ratio of

gas to liqui d wi th inlet pressure, temperature, and bubble radi i as parameters.

I In each indivi dual graph, the gas inlet pressure and temperature are fixed and

I two curves are shown for bubble radi i of .025 and .00025 ft. Also, on each graph

results for adiabati c bubble expansion are given to indicate the maximum thrust

which can be achieved.

Figures 1.1 and 1.2 are for an inlet air temperature of 75O°R and pressures

I of five and ten atmospheres, respectively. It should be noted that wi th the -
~~ 

-

I exception of the lower limi t the curves are tightly grouped. This is because the
- thermal potential in the gas is relati vely low.

I Fi gures 1.3 and 1.4 correspond to Fi gures 1.1 and 1.2 except that the inlet

air temperature is 1000°R. The effect of the thermal potential is shown more • -

I dramatically in these figures. Note the l arge disparity between the small radii

I curve and the adiabatic limi t and the closec~ess of the large radi i curve to this

limit. This substantiates our assertion that more of the thermal energy in the ±

gas is converted i nto thrust for large bubbl es.

Tables 1.1 and 1.2 are the computed results from which Figures 1.1 through 1.4

are taken. The adi abatic cases are obtained by assigning the heat transfer

I coefficient the val ue of zero. Thus, no heat is exchanged between the gas and

liqui d phases in these cases.

Table 1.3 is important in i nterpreting the results in Tables 1.1 and 1.2. In 
-
~ -~

those tabl es the thrust is less for a gas inlet temperature of l000°R than for

750°R for a given inlet volume ratio. Table 1.3 shows that the mass of gas is

I 
si gnificantly lower for the 1000°R inlet temperature, thus, accountlhg for the

reduced thrust. The l ower mass flow rate results in a decrease in energy for the

l000°R case compared to the 750°R case, and , consequently, less thrust Increase. i -•
Table 1.4 compares net thrust Increase for equivalent mass flow ratios at

I di fferent inlet bubble radii , thus, showing the net Increase in thrust due to

I 
the thermal energy alone. This table shows that the increased inlet temperature 

~~~~~~~~~~~ - -~~~~~~- - — - - - - -
~~~-~~~~~~~~~~~~~~~~~~
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I

I TABLE 1.3 MASS RATIO AS A FUNCTION OF INLET CONDITIONS

• - 1  
_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I INLET VOLUME MASS RATIO (lbm gas to lbm liquid)
• RATIO OF 

_________________________ __________________________

GAS TO *p = 5 ATM P = ATM

I LIQUID ° ° _ _ _ _ _ _ _ _

- ~T = 750°R T0 = l000°R T~ = 750°R T0 = l000°R

L I  0

- - - II
1.0 .004206 .003155 .008412 .006309

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

-

• 1.5 .006309 .004732 .012619 .009464

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

-

1 2,0 .008412 .006309 .016825 .012619

* P0 = Inlet pressure

I • 
* T = Inle t temperature

I
- I
I

: 1
I
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TABLE 1.4 NET INCREAS E IN THRUST DUE TO THERML ENER GY IN THE GAS

Ii H
r NET THRUST INCREASE ( lb f )
LI. _________________ _________________________ ________________________

Inlet Bubble Ratio of Gas to Ratio of Gas toI Radius Li quid by Mass Liquid by Mass
1. (ft) = .006309 = .012619

• 1: .000250 2,7 5 6  (2 .2 %)  3.21 2 ( 1 . 5 %)

F .0250 13.591 (9 . 7 %)  24.945 ( 10.4%)

~1.~

F
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of the injected gas does produce increased thrust. The actual percentage increase

is contained in parenthesis beside the magnitude of the thrust increase.

I
CONCLUS ION

The propositi on outlined in the beginning of this report is shown to be

I theoretically feasible. The analytical results indicate that the performance of

a gas-augmented waterjet can be significantly increased by injecting large radii

gas bubbles with a high thermal energy. Furthermore this increase approaches the

theoretical limi t established in the adiabatic case.

I The practicality of this approach must be studied in an actual model . The

I 
construction of such a model must be made so that a comparison between actual and

theoretical resul ts may be measured. Two systema for achieving large radi i bubbles

are considered.

The first system considered uses two nozzles and a mechanical val ving system

to achieve the desired flow. The system would intermi ttently feed volumes of air

I 
and water into opposite nozzles . A schematic drawi ng is shown in Figure 1.5.

The valves would be connected mechanically or electrically so that when water

is fed into one nozzle air is fed into the other nozzle. The flow ratios would be

achieved by throttling the gas flow to the desired condition. The advantages of

such a sys tem would be to avoi d any “wate r haniner” effect upstream In the water

I 
flow . This system would also achieve slug flow di rectly.

The second system, shown in Figure 1.6, uses only one nozzle. A l arge plenum

( chamber located upstream of the nozzle is used to blow bubbles into a relatively

slow moving water stream so that the bubbles do not break into smaller bubbles.

The air stream is “pulsed” by an electronically controlled valve in order to provide

alternate slugs of air and water flow. This system is mechanically sin~ler than

I! the previous system; however, probl ems wi th obtaining homogenous flow due to gravity

effec -~s must be overcome. 

~• •— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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I This study shows tremendous benefit In thrust augmentation can be achieved

by capturing the thermal energy In the injected gas and effectively using it to

produce thrust. Practical probl ems in achievi ng this performance are obvious. -

The authors feel that experimental work should be performed to study methods of 
• 

-•

gas Inject ion which will allow these practical problems to be overcome.
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-1 Figure 1.5 Schemati r Di aqram of Two Nozzle System
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Flqure 1.6 SchematIc Diaqram of Pulse Operation System
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PART 2 EXPERI MENTAL INVESTIGATION OF AIR-AUGMENTED WATERJET ThRUST NOZZLES
- - I
1 

p INTRODUCTION

~~~~ I 
To acco mplish the objecti ve of obtaining experimental data on a large scale

- waterjet, the apparatus shown schematically in Figure 2.1 was designed and con-
- 

structed. A photographic view of part of this equipment is shown in Figure

2.2.

- - 
R GENERA L DESCRIPTION OF APPARAT US

- 

~ I The arrangement of components within the experimental facility and their

operation are bri efly described. Detailed descriptions of major components of

the system are given in the next section. (Component numbering is defined In
Figure 2.1).

Water Loop
• Water is pumped from a 4,000 gallon , open tank (21) through the wa ter intake

line (13) by a pump-motor set (10, 11). The water is discharged into a transfer

~ 
line (25) and the water flow rate is control l ed by a manual va l ve ( 15) . The

I 

outlet flow is passed through a venturi flow nozzle (12) for the determination

of the water flow ra te and then into the air-water mixing chamber (19). The air-

I water mixture Is expelled through the nozzle (18) for the production of thrust.

The discharge water from the nozzle is returned to the tank by a flow deflector

1 (20) .
Air Loop

I For pressures in the mixing chamber of less than 300 psi , the cut-off valve

I 
(6) is opened and the manual regulating valve (3) is closed. Air Is allowed to

flow from a 350 gallon low pressure tank (5) through a low pressure line (27).
- 

( 

The air flow rate is measured wi th a turbine meter (16) and is controlled by a

manua l flow regulating valve (24) after which It is discharged into the mixing

j [ 
chamber (19). For operation at higher pressures, the cut-off valve (6) is closed

and the manual flow regulating valve (24) is opened. Air Is dl scharqed from high

pressure cylinders ( 1) into a manifold (2). The air  leaves the mani fold by a

transfer line (26) and the air flow rate is controlled manually by a val ve (3).
L 18
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Thrust Measurement

I The nozzle stand Is mounted on two plates. A bar attached to the stand Is

i 
mounted such that it Is forced against the center of a transducer. The transducer

consists of a beam clamped at one end and simple supported at the other end. A 
- -I ~I strain gage is mounted on the back side of the transducer. The thrust produced

by the nozzle is transmi tted to the thrust transducer (28) which produces strain

I in the strain gage. The strain is measured by a conventional strain indicator (7).

I By calibrati on the strain can be directly related to the pounds of thrust produced.

Temperature Measurement

• I The open pond water temperature is measured with a thermometer (30). The

I temperature of the air is measured wi th a thermocouple (29) which transmits a

millivol t signal to the potentiometer (31).

I Flow Measurements

I 
The pressure drop in the venturi meter (12) is fed Into a differential pres-

sure transducer (14) which has a milliamp output proportional to the pressure

I drop. The milliamp output is determined by the 1~P indicator (9). By calibration

the milliamp output can be directly related to water fl ow rate.

I The air flow rate is measured by a turbine meter (16) whIch is connected to

L
a totalizer (8) which cuunts the number of revolutions of the turbine. By call-

bration, the turbine revolutions can be directly related to the air flow rate.

I DETAILED DESCRIPTI ON OF APPARATU S
The preceding section presented a general description of the test equipment.

I Several important elements of the system will be described in detail in thi s section.

[ Mixing Chambers

A cross-sectional view of the mi xing chamber and thrust nozzle is shown in

U Fi gure 2.3 and photographs are shown In Figures 2.4 and 2.5. Two types of

- II mixing chambers were used in this work: one had 78, 1/16 inch diameter

holes drilled around the circumference of a pipe for air injection

U 

-~~ — -- -~~~~- ~~-- 
-~~~ 

_



I
-~ 

- _LkNI I \”L.L.
1 ~1TH
~1 -s. r,~ I.o oo~~I “- ‘1 5

- \ V / J~~- - XV ’] -~, I/A x
~ rJ’j V z

~ rA~1 \~t
i 

N

—

~~~~D L U

~~ - I



-

~~

4..- . -

~~

- I

I
i~

a - i

ii
I I
4 Figure 2.4 Photograph of Components of Mixi ng Chamber and Thrust Nozzle

I
‘ii

-1 ’

I ~._ 

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

— 
— : - ~~~~~~~~~~~~~~~ ~~~~~~~~ —- — — - —- -~~~ ~~~~-—~~~



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i

__ 
~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
~~~~~~~ ~~~~ ~~~~~~~~~~~~~~~~~~

I 25 

-— - -- --—. — —

I
I
I
I
I ~~~~

. 
-~~~

I ‘

I -
- 

.

‘ 

. 

-

I
1
II

I
Fi gure 2.5 Photograph of Mixi ng Chamber, Thrust Nozzle Assembly

[

[[



—
~~~~~~~~~~~ -

—-- -—
~~~~~~~~- ~~~~~~ ~~~~~~~~~~~~~~~~_* --

~~~~~
--

~~~
•- - • - -~ - ---• - -

II 26

~~ ~~~
- (see Figures 2.6 and 2.7) and the other had 9, 1/4 inch diameter ti’es across the

flow area of the pipe from which air is injected through 660, 1/32 i nch holes ( see

t I Figures 2.8 and 2.9) . These mixi ng chambers are subsequently described as “open

port” and “cross tli)e’ , respectively. The mixing chamber shown In FIgure 2.3 Is of

I the open port type.

Two different throat diameters (0. 75 inch and 1.25 inch) were used. In

addi tion for each of these throat diameters, three different diffuser angles (5° ,

1 9-1/2° and 15°) we re tested.

I 
Nozzle Stand

An elevation view of the nozzle stand is shown in Figure 2.10. The nozzle stand
-

~ 

is attached to a concrete floor by a steel plate. Two flexures plates, attached

to this plate , support another plate on which the nozzle is attached. A rod

- I attached to the nozzle stand is fixed such that it presses against the thrust
transducer(seeFigure2.lO). The thrust transducer is rigidly fixed by a steel

~ t- I support attached to the concrete floor. The test stand is equipped with a cable

~ i 
attached to a load platfo rm which allows the nozzle stand to be subjected to a

known load for calibration .

~~~~~
- I Other Equipment

The remaining important equipment was purchased from commercial vendors.

Identification and description of this equipment is given in Tabl e 2.1 . l~ tailed
IL description of valves , thermocouples, and transfer lines are not given .

I- CALIBRATI ON OF INSTRUME N TS
Venturi Meter

I In order to calibrate the venturi meter, it is necessary to have a primary
-

- method to determine the water flow rate. This method consists of measuring the• I volume change of water removed from the open pond in a measured time increment.
A depth gage is placed in the pond and a deflector is used to prevent the water

- - • • ~~~~~~~~~~~~~~~~~~~~~~~
- - -
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Figure 2.6 Details of Open Port Injector

I
I

-
I 

- -~~~~~-



- ---w----• - — —-------- -----•• - •- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —• ,~~~~~~~~
- —

_________ - — ___ - -- —~~~~~

1 
28

I
I

- Figure 2.7 Photograph of Open Port Injector
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Figure 2.8 Details of Cross Tube Injector
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I Figure 2.9 Photograph of Cross Tube Injector
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- TABLE 2. 1 OESCRIPTION OF ITEI6 USED IN EXPERIMENTAL PROGRAM

I ITEM NO.
(SEE FIGURE 2. 1 ) DESCRIPTION OF ITEM MANUFACTURER

Ii 7 SR-4 Strain Indicator Baldwin-Lima - Hami lton
Corporation

1 8 Totalizer for Turbine Meter Ill Barton

- -1 9 Simpson Model 373 Meter Simpson Electronic Co.

i 
10 125 Horsepower Electric Motor Reliance, Inc.

11 Model 3316, Two Stage Goulds Pumps, Inc.
Centrifugal Pump

14 1151 OP Pressure Transmitter Rosemont

16 1-1/4 inch Turbine Meter ITT Barton

-I 
31 MillIvolt Potentiometer - Leeds and Northrup Co.

Mode1 8686

I 1 - -

II
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I
I from returning to the pond. By measuring the change in depth of the pond In a

measured time increment, the water flow rate can be calculated by computing the

I mass of water removed (— vol ume of water removed multiplied by water density)

L
and dividing this mass by the time increment. Thus, the mil liamp output of the

~P indicator can be directly referenced to the mass flow rate. The venturi
- 

I meter was calibrated by this method over the range of water flow rates encountered

in the experimental tests.

- Turbine Meter

j The turbine meter totalizer is factory calibrated with a specified accuracy

of ± 1/4% of actual flow. The totalizer reads directly In gallons which is

[ easily converted to mass by multi plying by the air density. Of course, the flow

rate is the amount of mass divided by the time increment.

Strain Indicator

[ The strain Indicator reads the number of micro Inches of strain. A cable

and platform on which weights could be used to load the thrust transducer was
- [ devised (see FigUre2.lO). By placing weights of known magnitude on the load plat- 

-

~~~

r form, a calibration of strain versus weight was obtained. Of course during the 4
L cal ibration no air or water was allowed to flow . The amount of strain with zero

air or water flow and zeroweight on the platform (i.e.,the ”zero reading”)

varied with temperature due to thermal expansion. Consequently at the

[ beginning of each run, It was ne~~ssary to obtain the zero reading. It was

determined, however, that the di fferential strain produced by a given load is

I independent of the zero reading to within 1%. In addition , the thrust versus

I strain curve was found to be linear within 1%.

Temperature

I The thermometer (30) is a secondary standard based on the National Bureau

I 
of Standards Specification. The thermocouple (29) output was checked against

the boiling point and ice point of water at atmospheric pressure.
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f TEST PROCEDURE
A brief description of the test procedure is given below. The description

I is divided into two catagories: preparation activities and testing activities. —

I Preparation Activities

1. Calibrate all instruments as described in section on calibration .

2. Turn on pump and allow water to flow through loop until thermal

equilibri um between water and piping is achieved.

1 3. Set air flow valves as indicated In the section: “Description of

Apparatus”.

1 4. Turn on power to instruments, zero air-fl ow totalizer and balance

-
I 

potentiometer.

5. Turn off pump after thermal equilibrium is achieved

6. Approximately 30 seconds after pump is stopped, obtain zero reading

I of strain indicator.

7. Turn on pump and bleed differential pressure transducer to remove any

trapped air.

I 8. Set the manual water flow regulating valve to achieved the desired

water flow rate. The test is ready to begin. —

Testing Activities

I i. Set the manual air flow regulating valve to give the desired ratio of

air to water flow rate. (The amount of air being suppl ied can be

judged from the back pressure produced in the mixing chamber).

2. Begin counting time with a stop watch. Note the number of gallons

I Indicated by the air total Izer when the stop watch Is started.

3. Record the following data Immediatel y after beninning the test:

1 (1) milliamp output of ~P indicator (for flow rate of water),

(2) mIcro inches of strain (for thrust), 

• ____
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(3) millIvolt output of thermocouple measuring air temperature, (4) aIr

supply pressure, (5) pressure inmi xing chamber and (6) the temperature

I of the pond water. A typical data sheet is shown in Figure 2.11.

4. Reset water flow rate to desired magnitude and repeat steps (1)

I through (3).

I 5. After making approximately five tests, shut off pump to check whether the - •

zero reading of thrust transducer has shifted. If zero has shifted

I more than 2% di scard data and repeat tests. Begin with item 7 of

preparation activiti es In order to carry out additional tests.

I
I
I
J
I

F

L . 
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FIgure 2.11 TypIcal Data Sheet

J ~ TE: November 1 , 1976

TEST SECTION: #1

THROAT DIAMETER : 1-1 /4
DIVERGING HALF ANILE 15°
AIR INJ ECTION : CROSS TUBE

_ _ _ _  
WATER 

_ _ _ _  
AIR 

_ _ _ _  _ _ _ _

RUN AH TEMP. PRESS. — TIME TEMP . PRESS.
NO . STRAIN - j

~~~
_ (°c) (psig) NO. NIL SEC. (°F) (psig) COMMENTS

1 3435 30 24 178 20.5 15 55 198 ~~~~~~~~~~~~

2 3588 36 24 252 27 15 55 270

3 3718 48 24 300 27 15 39 305 • -

4 3466 26.5 24 200 30 15 50 212

~ 
3443 36 

- 

25 170 13 15 52 180

6 3547 47 25 198 6 15 55 360 3090 at End
— Put in Plate: ~~9FU
7 33)6 36 25 156 7 17 48 265 at Start of Test

8 3350 36 25 187 13.8 15 52 245

9 3168 18.5 25 100 9.6 15 52 235

10 3070 9.5 25 49 6.7 15 55 227

11. 3110 9.5 25 74 19 15 55 205

12 3040 6.5 26 33 8.7 15 55 195

— 13 3060 6.5 26 50 19.1 15 55 175 
-

— 14 3162 20.5 26 80 4.7 15 55 175

15 3190 19.8 26 101 11.4 15 55 165 2990 at End
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I
REStLTS AND CONU.USIONS

Visual Results

The performance of the nozzle is greatly affected by the amount of air used .

I Therefore, the optImia~ design of the Inj ector-nozz le system depends on the amount

of air beinq used. In order to demonstrate this fact, several photographs were

taken under varying conditions. Figures 2.12 and 2.13 show the waterjet di scharging

I 
from the diverging portion of the 15° half-angle nozzle. In Figure 212 the

water flow rate is 340 gpm and the air-water ratio is 0.00025. The jet does not

I “fill” the outlet cross—sectional area. In Figure 2.13 the air-water ratio is

.009 with the same water flow rate. The waterjet fills the nozzle exit area in

this case. These photographs show dramatically that,in nozzle design,it is neces-

sary to consider the air-water ratio.

I The same phenomena is illustrated by Figures 2.14, 2.15, and 2.16 which are

I 
photographs of a waterjet discharging from the throat of a converging nozz le. The - -

air-water ratio varies from zero in Figure 2.14 to 0.004 in Figure 2.16.

I Experimental Resul ts

I 
Approximately 300 tests were conducted by the procedure outlined previously.

These tests covered the range of variables shown In Table 2.2 .

I TABL E 2.2 TEST ~ONDITI0NS

I Water Flow Rate 100 to 450 ~~~~~~~~ P
Inlet Water Pressure - 50 psia to 450 psia

I Ai r-Water Ratio (by Mass) 0 to .008
Converging Section, Nozzle Throat Diameter .75 inch and 1.25 inch
Diverging Section,Half—Angle 5°,9-l/2°, and 15° cross

I ______________________________________________ tube and open port

Results of these tests can be conveniently plotted as the ratio of actual

I thrust to ideal thrust, T T
A
/T

I~ 
versus the air-water ratio on a mass basis,

W~~ mA/mW . The I deal thrust, T1, Is computed as follows:

I
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1 Figure 2.12 Discharge Jet wi th Low Air-Water Ratio in Diverging Section
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I FIgure 2.14 Discharge Jet with No Air Injection, Converging Section 
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1 FIgure 2.15 D-tscharqe Jet with Low Ai r-Water Ratio, Converging Section
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j  Figure 2.16 Di~~harge Jet wi th High Ai r-Water Ratio, Converging Section
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T1 •nt,,V1

where m.~ 
Is the mass flow rate of water, and

-- 
V
1 

is the exit velocity achieved by the water in an isentropic expansion
to atmospheric pressure

Thus, the non-dimensional thrust T will be a relative measure of thrust augmentation

1 achieved by ~ir-injection. It Is to be expected that, for a given geometrical con-

figuration, the non-dimensional thrust, 1, wIll increase with air-water ratio, w.

The geometrical confi gu rations tested Incl ude twelve different cases obtained

by considering all combinations of the following variations:

I 2 types of injectors (cross tube and open port) - -.

2 nozzle throat sizes (.75 inch throat and 1 .25 inch throat)

I 
3 diverging section half-angles (5°, 9-1/2°, and 15°)

Data for dimensionless thrust, T, versus air-water ratio, w, are plotted on t’~
same graph for both type injectors for a given nozzle size and diverging half-angle.

Thus, the results are plotted in six graphs shown in Figures 2.17 through 2.22.

I Several important trends and conclusions based on these data are noted below:

I
l. Generally the thrust increases with air-water ratio as expected.

2. Thrust can be increased by 20 percent or more by air augmentation

I at air-water ratio, w, of 0.003. 
- 

-

3. Cross tube injection produces greater thrust than injection from

I side ports. This is almost certainly due to better mixing of the

I 
air with the water. Increased mi xing produces a greater transfer

of energy to the water. This conclusion is supported by the fact

I that open port Injection is the least effective for the smaller

nozzle throat. This nozzle produced higher pressures for a gi ven

- I flow rate. The higher pressure retards mi xi ng of the air for a given

air-water ratio.

II
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1 4. The data from the present work generally agrees with earlier work by

the authors [1] for smaller nozzles. In that data thrust augmentation

I up to 20 percent occurred at an air-water ratio of .004. However, the

i 
present data does show an increase in thrust for larger nozzles. There-

fore scaling does have some effect.

1 5. Performance is only slightly affected by the half-angle of the dive rging section.

6. Soaie data, particularly for injection from open ports, indi cate a 4 -

I dimensionless thrust less than 1. This presumably occurs because of

I poor air-water mixing results inefficient expansion. Thus, the

actual thrust even with air injection can be less than the ideal thrust

I for no air injection.

7. In Figures 2.17 through 2.22, the percentage thrust augmentation is

I indicated by the ratio of actual to ideal thrust. The actual percentage -

I 
augmentation, measured by actual thrust with air injection divide d by

actual thrust wi thout air i njection, would be greater than the data

I shown in Figures 2.17 through 2.22. This is true because the ideal

thrust (for isentropic expansion) Is always greater than the actual

I thrust (for i rreversible expansion) for the same water flow rate and no

air injection. 
- 
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