
TECHNICAL 
LIBRARY 

HDL-TR-2010 

June 1983 

Fluidic Generator to Power a Modular Fuze for a Free-Fail 
Munition Fuzing System 

by Jonathan E. Fine 
Carl J. Campagnuolo 
OPT Patrick J. Ellis 

I H • D • Li 

U.S.  Army  Electronics  Research 
and  Development Command 

Harry Diamond  Laboratories 
Adelphi,   MD     20783 

Approved for public release; distribution  unlimited. 



The findings in this report are not to be construed as an official Department 
of the Army position unless so designated by other authorized documents. 

Citation of manufacturers' or trade names does not constitute an official 
indorsement or approval of the use thereof. 

Destroy this report when it is no longer needed. Do not return it to the 
originator. 



UNCLASSIFIED 
SECURITY  CLASSIFICATION  OF  THIS PAGE (When Data Entered) 

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

1.    REPORT NUMBER 

HDL-TR-2010 

2. GOVT  ACCESSION  NO 3.    RECIPIENT'S CATALOG  NUMBER 

A.    TITLE (and Subtitle) 

Fluidic Generator to Power a Modular Fuze for 
a Free-Fail Munition Fuzing System 

5.    TYPE OF   REPORT &  PERIOD COVERED 

Technical Report 

6. PERFORMING ORG. REPORT NUMBER 

7. AUTHORf»; 

Jonathan E. Fine, Carl J. Campagnuolo, and 
CRT Patrick J. Ellis (Canadian Air Force Exchange Officer, 
Eglin AFB, FL 32542) 

8.    CONTRACT OR GRANT  NUMBERfs) 

9.    PERFORMING ORGANIZATION   NAME  AND  ADDRESS 

Harry Diamond Laboratories 
2800 Powder Mill Road 
Adelphi, MD 20783 

10. PROGRAM ELEMENT. PROJECT, TASK 
AREA & WORK UNIT NUMBERS 

Program Element:  62602F 

It,    CONTROLLING OFFICE NAME AND ADDRESS 

U.S. Air Force 
Eglin AFB, FL 32542 

12.    REPORT DATE 

June 1983 
13.    NUMBER OF PAGES 

44 
14.    MONITORING AGENCY NAME &  ADDRESS(7f dlltetent from Controlling Olllce) 15.    SECURITY CLASS, fo/ Wi/» roporO 

UNCLASSIFIED 

15«.    DECLASSIFI CATION/DOWN GRADING 
SCHEDULE 

16.    DISTRIBUTION ST ATEMEN T Co/Wii« Reporf; 

Approved for public release; distribution unlimited. 

17.    DISTRIBUTION STATEMENT (of the abatrect entered In Block 20, it different from Report) 

18.    SUPPLEMENTARY NOTES 

MIPR-FY7621-81-90119 
HDL Proj: 489146 

19.    KEY WORDS (Continue on reverae aide If necessary and identify by block number) 

Alr-drlven generator 
Fluidic generator 
Power supply 

Battery 
Sating and arming 
In-line fuze 

Modular fuze 
Bomb fuze 
Wind-driven generator 

Wind energy for fuze 
Environmental signature 

20.    ABSTRACT fCbxrtfeue on ravuram side tf naceaaary and Identify by block number) 

A fluidic generator has been developed as a power supply for a modular fuze used in a free- 
fall munition fuzing system for an Air Force MK-80-series. bomb. The fluidic generator was 
developed in the laboratory to produce 1 W at 1 psl and 2 W at 2 psi within a pop-up housing, so It 
can be used on high drag bombs. The total operational range of the generator Is from 0 to 10 psig. 

00,^1473 EDITION OF   I HOV 6S IS OBSOLETE UNCLASSIFIED 

SECURITY CLASSIFICATtON OF THIS PAGE (When Data Entered) 



UNCLASSIFIED 
SECURITY CLASSIFICATION OF THIS PAGEfHTian Dmlm Bnfrtd) 

20. Abstract (cont'd) 

A wind tunnel test was conducted to evaluate the fluidlc generator's performance when 
mounted In the MK-84 GBU-10C/B bomb. The test Indicated that the fluidlc generator can pro- 
vide electrical energy above the required threshold at the lowest release conditions over the ex- 
pected range of flight attitudes of the bomb. 

The fluidic generator has adequate come-up time to voltage to arm the fuze in the required ar- 
ming time at the minimum airspeed and lowest release condition. 

UNCLASSIFIED 
SECURITY CLASSIFICATION OF THIS PAOEflWion D«« Entered) 



! 

CONTENTS 

Page 

1. INTRODUCTION    7 

2. REQUIREMENTS    7 

3. MODULAR FUZE OPERATIONAL CONCEPT    8 

4. FLUIDIC GENERATOR DESIGN CONCEPT    9 

5. LABORATORY DEVELOPMENT SUMMARY   10 

5.1 Test Method and Procedures   10 
5.2 Variation of Generator Parameters   12 

6. WIND TUNNEL TEST   20 

6.1 Objectives   20 
6.2 Hardware  21 
6.3 Instrumentation   23 
6.4 Analysis of Boundary Layer Rake Data   24 
6.5 Pressure Recovery in Fluidic Generator Housing   28 
6.6 Come-up Time   30 
6.7 Fluidic Generator Performance with RC Load at Various Wind 

Tunnel Conditions and Bomb Attitudes   31 

7. EXPECTED PERFORMANCE OF FLUIDIC GENERATOR IN FLIGHT BASED ON WIND 
TUNNEL RESULTS  34 

8. EFFECT OF CONTINUOUS OPERATION IN WIND TUNNEL ON FLUIDIC GENERATOR 
PERFORMANCE   37 

9. SUMMARY AND CONCLUSIONS   37 

ACKNOWLEDGEMENTS   38 

LITERATURE CITED   38 

DISTRIBUTION   39 

FIGURES 

1. Fluidic   generator          7 

2. Operational   envelope   for  MK-84   laser-guided  high   drag  bomb          8 

3. Schematic   diagram  of   fluidic  power   supply     10 



/ 

FIGURES (Cont'd) 

Page 

4. Fluidic Generator mounted in pop-up housing on bomb   11 

5. Adapter for evaluating fluidic generator performance in 
laboratory 11 

6. Air passage through ogive containing fluidic generator power 

supply   12 

7. MLRS test rig   12 

8. Initial development using MLRS ogive   13 

9. Housing developed by Air Force shown with fluidic generator 
developed by HDL   13 

10. Further development results with Air Force test housings   14 

11. Fluidic generator and laboratory test housing   14 

12. Arrangement for testing Air Force housing in laboratory   15 

13. Nozzle-resonator subassembly of fluidic generator showing parameters 
investigated   16 

14. Effect of nozzle-resonator distance on power output of fluidic 
generators in Air Force housing   17 

15. Effect of resonator diameter on power output of fluidic generator 
in Air Force housing   17 

16. Effect of step height on power produced by fluidic generator in Air 
Force housing   18 

17. Effect of resonator angle on power output of fluidic generator in 
Air Force housing   18 

18. Average values of electrical power for 28 generators of present 
design tested in HDL test housing   19 

19. Average values of electrical power for 28 fluidic generators of 
present design in HDL test housing over working pressure range .... 20 

20. Test article geometry and dimensions   21 

21. Test article location in tunnel 16T  22 

22. Bomb and fuze mounted in wind tunnel   22 



FIGURES (Cont'd) 

Page 

23. Schematic diagram of pop-up housing showing lanyard assembly   23 

24. Rake mounted on fairing for boundary layer measurements   24 

25. Drawing of rake showing location of pressure probes   24 

26. Modular fuze on bomb with pop-up housing retracted   25 

27. Modular fuze on bomb with pop-up housing deployed   26 

28. Typical pressure profile   27 

29. Local Mach number calculated for typical pressure profile as 
function of probe height   27 

30. Pressure recovery of pop-up housing at -4 deg angle of attack   29 

31. Pressure recovery of pop-up housing at 0 deg angle of attack   29 

32. Pressure recovery of pop-up housing at +8 deg angle of attack   29 

33. Simulated fuze circuit used on come-up time test   30 

34. Electrical circuit for measuring fluidic generator output as a 
function of Mach number and vehicle attitude   31 

35. Effect of angle of attack on fluidic generator voltage, PT = 8.33 
PSIA   31 

36. Effect   of   angle   of   attack   on  fluidic   generator   voltage,   PT  =   16.66 
PSIA     32 

37. Effect   of   angle   of   attack   on  fluidic   generator   output,   PT  =   16.66 
PSIA     32 

38. Effect of roll angle on fluidic generator voltage at +4 deg angle of 
attack   33 

39. Effect of roll angle on fluidic generator voltage at +8 deg angle of 
attack   33 

40. Operational envelope for high drag bomb   35 

41. Comparison of voltage values at q for repeated runs   36 



TABLES 

Page 
1. Effect of Slot Width on Power from Fluidic Generator Tested in Air 

Force Housing   16 

2. Summary of Effect of Mach Number, Total Pressure, and Angle of 
Attack On Boundary Layer Height for 0 Deg Roll Angle   28 

3. Wind Tunnel Conditions  36 



1 INTRODUCTION 

A fluidic generator driven by the ram air energy available during flight 
was developed by Harry Diamond Laboratories (HDL) for a modular bomb fuze. 
The fuze is being developed for Air Force MK-84 laser-guided bombs (including 
high drag bombs). The fluidic generator (fig. 1) provides an environmental 
signature to the fuze. 

Safety is achieved in that the generator provides power only after the 
munition has been intentionally released from the aircraft. This concept 
ensures that sufficient electrical power is not available until after an 
intentional release. The fludic generator has no mechanical governing, no 
moving parts, no bearings, and no lubrication reguirements. Hence, it is a 
reliable power source for the modular fuze system that operates in the envi- 
ronment of a free-fall munition. 

The purpose of this report is two-fold: 

(1) to describe the development of a 
fluidic generator to meet the Air Force 
requirements for the modular bomb fuze, 
and 

(2) to evaluate the results of the 
fluidic generator performance in a wind 
tunnel at conditions that correspond to 
minimum flight release speed. 

2.  REQUIREMENTS 

The fluidic generator was developed to 
meet the power requirements of the fuze 
for free-fall munitions, including low- 
speed/low altitude release. The opera- 
tional envelope for the generator is shown 
in figure 2, a representative flight 
envelope for Air Force munitions. Release 
altitude is plotted versus aircraft Mach 
number, with the indicated airspeed in 
knots shown at selected points of the 
envelope. The airspeed at any two adja- 
cent vertices represents the extreme 
values for all points between the ver- 
tices. The lowest airspeed is 185 knots,* which occurs at Mach 0.65 at 40 
kft. The airspeed remains between 185 and 200 knots for all lower Mach 
numbers. 

Figure 1.  Fluidic generator. 

*knot  =  0.51444  m/s 
tl  ft   =  0.3048 m 



The power requirement for the fluidic generator's operation in the low- 
speed/low altitude regime is the most stringent of the design requirements. 
The power required of the fluidic generator depends on the time available for 
charging the system's capacitor during flight, including generator come-up 
time. At 400 knots (200 m/s) the dynamic pressure is 2 psi. At this pres- 
sure a power of 2.0 W is required from the fluidic generator. At 200 knots 
(103 m/s—the lowest expected release speed), the dynamic pressure is 1 psi. 
At this pressure, 1.0 W is required. The effects of decaying airspeed upon 
activation of the retarding mechanism of high drag weapons must be taken into 
account when the generator is designed. To meet the requirements over' the 
full profile of figure 2, the generator must operate over a total pressure 
range from 0 to 10 psig,+ and above 2 psig must produce power of no less than 

2 W. 

200 to 700 knots (up to mach 1.4, whichever is less) 
from 0 to 40,000 feet 

50,000 

40,000 

s 
s- 30,000 
m 

1 m 

| 20,000 

10,000 

7,000 

185 knots indicated 
airspeed (KIAS) 

400 

694 KIAS 

J_ 
0.4 0.6        0.8 1.0 

Aircraft mach number 

Figure   2.     Operational   envelope 
for  MK-84   laser-guided  high   drag 
bomb. 
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3.  MODULAR FUZE OPERATIONAL CONCEPT 

The fluidic generator output is used to drive a transformer with two 
secondary windings. The lower winding drives a 1 5-V circuit that charges a 
300^1 F capacitor, which in turn powers the fuze logic. The upper winding 
drives a higher-voltage, 50-V circuit which powers the circuitry that provides 
the electrical arming and detonation functions. The load on each circuit is 
capacitive while the respective capacitors are being charged, and then becomes 
resistive.  After the bomb is released, the logic circuit begins charging at 

*1 psi = 6.8947572   x jo3 Pa 
+psig—differential pressure  above  ambient  atmospheric pressure  of   14.7 psi 



the lower voltage. The arming time starts after completion of the internal 
power-on reset of a microprocessor within the logic circuit, which occurs when 
10 to 12 V appears on the capacitor. The fuze come-up time is the time from 
bomb release that is required for this reset to take place and provides an 
additional delay to the adjustable arming time. 

The arming times are adjustable.  The minimum value is 4 s and corresponds 
to the lowest airspeed release conditions. 

4.  FLUIDIC GENERATOR DESIGN CONCEPT 

The generator design is an offshoot of the fluidic generator used in the 
M445 time fuze for the Multiple Launch Rocket System (MLRS).1 This generator 
is highly reliable since it survives pressures up to 150 psi and stagnation 
temperatures up to 1000 F* (at rocket burnout), yet provides continuous elec- 
trical power throughout a 1 to 2 min flight where altitudes as high as 69, 000 
ft may be reached. It was felt that the MLRS generator could be made more 
efficient in terms of power expenditure for the low velocity release condi- 
tions while retaining its inherent high reliability. 

The fluidic generator converts pneumatic energy (ram air), available along 
the flight trajectory, into electrical energy. The transformation in energy 
takes place in three distinct steps:2 pneumatic to acoustical, acoustical to 
mechanical, and mechanical to electrical. A schematic of the device is shown 
in figure 3. As can be seen, ram air passes through an annular nozzle into a 
conical cavity whose opening is concentric with the annular orifice. The 
annular jet stream issuing from the orifice impinges on the leading edge of 
the cavity, creating an acoustic perturbation which triggers air inside the 
cavity into resonant oscillation. The pulsation of the air within the cavity 
in turn drives a metal diaphragm (which is clamped about its perimeter at the 
end of the cavity) into vibration. The vibratory motion of the diaphragm is 
transmitted to a reed through a connecting rod. The reed is in the air gap 
between the poles of a magnetic circuit consisting of a pair of permanent 
magnets between a pair of magnetic keepers (fig. 1 ). The reed, made of magne- 
tic material, oscillates in the air gap at the system mechanical resonant 
frequency so that the magnetic flux passing through the reed alternates in 
direction as the reed approaches and recedes from the opposite poles in the 
air gap. The resulting alternating flux induces an electromotive force in a 
conducting coil around the reed. The power generated is mainly a function of 
the rate of change of the magnetic flux density and the amplitude of the reed 
excursion in the air gap. 

Richard L. Goodyear and Henry Lee, Performance of the Fluidic Power Supply 
for the XM445 Fuze in Supersonic Wind Tunnels, Harry Diamond Laboratories, 
HDL-TM-81-4   (February  1981). 

2CarI J. Campagnuolo and Henry C. Lee, Development of a High-Power Fluidic 
Generator for Hard-Structure Munition (HSM) Bomb, Harry Diamond Laboratories, 
HDL-TR-1988   (May   1982). 

*oK -   (oF +  45g,67)/1.8 
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Figure 3.  Schematic diagram 
of fluidic power supply. 
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5.  LABORATORY DEVELOPMENT SUMMARY 

5.1  Test Method and Procedures 

The generator for the modular bomb fuze is mounted (fig. 4) in a pop- 
up housing in the rear of the bomb between the fins. The housing is deployed 
by the removal of a lanyard as the bomb falls away from the aircraft, permit- 
ting the inlet duct to "pop up" into the airstream and provide air energy to 
the generator. 

To evaluate the generator's performance in the laboratory, a special 
adapter was made (fig. 5) that connected the inlet port to an adjustable air 
supply. The air supply was set to provide a pressure difference across the 
fluidic generator equal to whatever value was expected in flight. The actual 
relationship between flight conditions and air energy provided to the genera- 
tor had to be established through wind tunnel tests. 

The development of the fluidic generator was begun while the bomb- 
well housing was being prepared by the Air Force. Hence, the first generator 
was evaluated by using the MLRS ogive shown in figure 6. In the MLRS applica- 
tion, the ogive is mounted at the front of the projectile and contains an 
inlet port at the nose and radial exhaust ports. The air flow to and from the 
generator is symmetric about the ogive's axis.3 For laboratory testing, the 
generator and ogive were held in a test rig as shown in figure 7. The inlet 
pressure was adjusted by the valve to provide pressure settings within the 
desired range. 

3Jonathan E. Fine, Performance of Ram Air Driven Power Supply for Proposed 
High Altitude Rocket in Naval Surface Weapons Center Supersonic Wind Tunnel, 
Harry  Diamond Laboratories,   HDL-TM-80-31   (November  1980). 

10 



Figure 4. Fluidic generator 
mounted in pop-up housing on 
bomb. 

Figure 5.  Adapter for evaluating 
fluidic generator performance in 
laboratory. 

11 
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Figure   6.     Air  passage   through 
ogive  containing  fluidic  generator 
power  supply. 
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Figure   7.     MLRS   test  rig. 
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The results of the development effort using the MLRS housing are 
summarized in figure 8. The output of the initial design was only 0.35 W at 1 
psig and 1 W at 2 psig. Development efforts resulted in the improved design 
that produced 1 W at 1 psig and 2 W at 2 psig. In both cases the electrical 
load was 2000 ohms. Dimensional differences between the initial and improved 
designs are also given in figure 8. 

The Air Force housing, when completed, was used for subsequent labo- 
ratory testing. Figure 9 shows the flow path with the Air Force housing. The 
airstream is captured in a stagnation chamber and then ducted to the generator 
and out through exhaust slots. Because of these differences, the flow pattern 
is no longer symmetrical. As seen from figure 10 (the intermediate design 
curve), the Air Force housing reduced the output power, compared with the 
improved design curve in figure 8. Subsequent development efforts which are 
summarized in the body of the report, were needed to regain the previous out- 
put. The efforts culminated in the final design, with output also shown in 
figure 10. The final design was tested in a laboratory test housing (fig. 11) 
that closely simulated the pressure and flow characteristics of the Air Force 
bomb housing. 

5.2  Variation of Generator Parameters 

A schematic of the experimental arrangement used to test the fluidic 
generator in the laboratory is shown in figure 12, where an adapter was used 

12 



to conduct the air to the Air Force housing. The electrical load of the fuze 
was simulated by a 2000-ohm resistor in series with a 0.02-IJF capacitor. For 
each inlet pressure the generated power to the load was calculated from ob- 
served rms values of load voltage. The power supply was tested in the labora- 
tory at pressures up to 10 psig. 

Figure 8.  Initial development 

using MLRS ogive. —- 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

I 1 r 
(Dimensions in: (In.) x 0.304 8= (m)) 

Initial Improved 
design design 

Nozzle-resonator 
distance              0.280 0.250 

Slot (L x W)       0.8 x 0.250 1.0 x 0.375 
Sleeve length           1.09 1.9 
Resonator angle        8 deg 12 deg Improved 

Resonator diameter     1.5 1.6    / 
M   Design 

Step height                0 0.050/ 

Initial 
Design 

2.5 3.0 

AIR SCOOP 

A1RSTREAM STAGNATION CHAMBER 

FAIRING 

DIAPHRAGM 
IN RESONATOR 

CAVITY WOUND COIL 

Figure  9.   Housing developed by Air Force shown with fluidic generator 
developed by HDL. 
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Figure 11.  Fluidic generator and laboratory 
test housing. 
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testing Air Force housing 
in   laboratory. 
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Generator Exhaust Slots.—The fluidic generator parameters that were 
investigated are shown in figure 13. 

The effect of varying the slot width is presented in table 1. The 
powers for Ap of 0.5 psig, 1.0 psig, and 2.0 psig are tabulated for three slot 
widths. The slot of 0.375 in. width was optimum. The table shows that fur- 
ther increases in slot width to 0.5 in. reduced the output. Hence, a slot 1 
in. long and 0.375 in. wide was retained as being optimum. 

Generator Nozzle-Resonator Distance.--The effect of varying the 
nozzle resonator distance is shown in figure 14, where power output is plotted 
as a function of pressure up to 2 psig. The power increased noticeably as the 
nozzle resonator distance was reduced from 0.260 to 0.240 in. Further reduc- 
tion caused unstable operation (spurious oscillations) at pressures above 2 
psig. Hence, 0.240 in. was selected as the minimum value that yields stable 
operation in the pressure range from 0 to 10 psig. 

Resonator Diameter.--The 1.5-in. resonator diameter was far superior 
to a 1.6-in. resonator diameter, as seen from figure 15, in which electrical 
power is plotted versus inlet pressure. A reduction of 6.25 percent in diame- 
ter caused a 60-percent increase in power at 1 psig and a 44-percent increase 
at 2 psig. This figure suggests that reducing the diameter further should 
improve the output even more. This was not done, because it would have re- 
quired the making of new diaphragms, a much more costly change that would 
require long lead times. 

Resonator Step.--Previous designs employed a resonator with no step. 
The results of investigating the effect of increasing the step height are 
presented in figure 16, in which power is plotted versus pressure. As the 
step was increased from 0 to 0.025 in., the power at 1 psig increased from 
0.88 W to 1.3 W; and the power at 2 psig, from 1.90 W to 2.65 W. A further 
increase in step height, from 0.025 in. to 0.050 in., produced a slight in- 
crease in power from 1 to 2 psig, but a larger increase at the lower 
pressure—0.5 psig.  Hence, the 0.050-in. step appeared most promising. 

Resonator Angle.—The effect of resonator angle on the power output 
was evaluated by increasing the angle from 8 to 10 deg. This was done by 
machining material from the inside of the resonator. The results are shown in 
figure 17. A drop in power occurred as the angle was increased to 10 deg. 
Hence, 8 deg was taken as the preferred value. A lesser angle interferes with 
the diaphragm motion. 

15 
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Figure   13.     Nozzle-resonator 
subassembly   of   fluidic 
generator   showing  parameters 
investigated. 

TABLE   1.      EFFECT  OF   SLOT WIDTH   ON   POWER   FROM   FLUIDIC 
GENERATOR   TESTED   IN  AIR   FORCE   HOUSING 

Inches* 
Nozzle-resonator  distance 0.240 
Sleeve   length 1.69 
Resonator  diameter 1.5 
Step height 0 
Slot   length 1 

Resonator  angle 8 deg 

Electrical Power for Indicated Values of AP 

Slot width 

*!   in. 25.4  mm 

AP 

(in. ) 
0 .5   PSIG 1.0   PSIG 2.0   PSIG 

(W) (W) (W) 

0.375 0.302 0.890 1.90 
0.437 0.300 0.865 1.81 
0.500 0.288 0.852 1 .80 

16 



Figure 14.  Effect of nozzle- 

resonator distance on power 
output of fluidic generators 

in Air Force housing. 
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Final Design in HDL Test Housing.—The above efforts resulted in a 
design (dimensions shown in fig. 10) that satisfied the power requirements at 
1 psig. Twenty-eight generators were tested in a test housing at HDL that 
closely simulated the pressures and flows in the Air Force housing. The 
results are shown in figures 18 and 19, in which average power for all 28 
generators is plotted versus pressure difference. Minimum and maximum values 
are also shown. 

Figure 18.  Average values of electrical power for 28 generators of present 
design tested in HDL test housing. 
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Figure 19.  Average values of electrical power for 28 fluidic generators of 
present design in HDL test housing over working pressure range. 

Figure 19 covers the ' pressure range up to 2 psig. Figure 18 shows 
that the power supply not only produces the required power at 1 and 2 psig, but 
also that it operates up to a pressure of 10 psig. 

6.  WIND TUNNEL TEST 

6.1  Objectives 

A wind tunnel test was conducted at Arnold Engineering Development 
Center (AEDC), Tennessee, from 23 to 24 February 1982, to evaluate generator 
performance at subsonic flight conditions.4 The generator was installed in a 
pop-up housing mounted on a bomb that consisted of an MK-84 center body and 
canards and a GBU-10C/B nose and tail assembly (fig. 20). 

The primary objective of this test was to obtain the output voltage 
and frequency characteristics of the fluidic generator at low air speeds (200 
knots). Other objectives were to (1) determine the "start-up" time provided 
by the generator, (2) define any degradation experienced by the generator due 

4R. N.  Hobhs,  Wind Tunnel  Tests  of a Modular Fuze  at Mach Numbers   from  0.20 
to  0.50,  Arnold Engineering Development  Center,   AEDC-TSR-82-P7   (March  1982). 
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to extended usage, and (3) determine the boundary-layer distribution in front 
of the generator scoop. Data were obtained at Mach numbers from 0.2 to 0.5 
and at free-steam total pressures of 8.3 psia and 16.6 psia.* Angle of attack 
was varied from -4 to 10 deg at zero roll angle, and roll angle was varied 
from 0 to -90 deg at angles of attack of 4 and 8 deg. The general arrangement 
and location of the test article is shown in figure 21. Additional informa- 
tion about the tunnel, its capabilities, and operating characteristics can be 
found elsewhere.5 

-173.0- 

136.2- 

84.40- 

^^H 

■30.0 »> 

30" 

-pr^P r 

Center body 

Canard 
31.25 

Modular fuze at 
12 o'clock position 

Model roll angle ^ = - 90 deg 

Figure   20. 

(All dimensions are in inches.) 

Test article  geometry and dimensions. 

6.2     Hardware 

The test hardware consisted of an MK-84 center body and canards and a 
GBU-10C/B nose and tail assembly. A modular fuze was mounted between the tail 
fins with an aerodynamic fairing attached to its front (fig. 22). The test 
article was mounted on the propulsion wind tunnel (PWT) standard sting support 
mechanism, as shown in figures 21 and 22. During a special run to measure 
generator come-up time, a solenoid was used to pull the lanyard that remotely 
deployed the pop-up housing (fig. 23). 

5rest Facilities     Handbook     (Eleventh     Edition),    Propulsion    Hind    Tunnel 
Facility, ± (April   1981). 

*Uo/in.2- absolute 
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to alleviate strut blockage 

Model support 
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Figure 21.  Test article location in tunnel 16T. 

Figure 22.  Bomb and fuze mounted in wind 
tunnel. 
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Figure 23.  Schematic diagram of pop-up housing showing lanyard assembly. 

6.3  Instrumentation 

To determine the inlet conditions corresponding to the generator's 
output, a pressure rake was used to obtain the boundary-layer distribution in 
front of the generator scoop. The rake contained one static pressure orifice 
and 13 total pressure probes connected to pressure transducers (fig. 24 and 
25). The rake was attached to a simulated fairing and mounted 180 deg away 
from the modular fuze. 

A pressure transducer was mounted inside the fluidic generator to 
measure the static pressure difference in the generator cavity. The static 
pressure difference was used to define any generator degradation due to ex- 
tended usage by a comparison of the output voltage at similar pressure 
differences. Sting pitch and roll angles were measured by synchrotransmit- 
ters. The test article angle of attack and the roll angle were measured by 
electronic-pendulum angle sensors. The output voltage and frequency, the 
generator cavity differential static pressure, and the two "event" marks for 
measuring come-up time were recorded continuously on magnetic tape. Data were 
transmitted to an IBM-370 computer for on-line data evaluation and comparative 
analysis using an interactive graphics system. 
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An AC voltage across a 2000-ohm electrical load was furnished to the 
instrumentation. 

Figure 24.  Rake mounted on fairing 
for boundary layer measurements. 

-Flow 

hz = 3.075 

Yi? = 2.885 

Yii = 2.680 

Yin = 2.475 

Yq = 2.250 

YR = 2.060 

Y7 = 1.875 

Ye = 1.700 

Y5 = 1.525 

Y4 = 1.310 

Y3 = 1.110 

Y2 = 0.890 

Yl = 0.630 

PSR* 

-Station 0 

Figure 25.  Drawing of rake showing 
location of pressure probes. 

'Static pressure at base 
of boundary-layer rake. 

6.4  Analysis of Boundary Layer Rake Data 

The boundary layer rake was used to obtain a total pressure profile 
above the modular fuze housing to insure that the pop-up fluidic generator 
housing was properly positioned in the air stream and to determine the effect 
of flight conditions and vehicle attitude on the positioning. To do this, the 
rake was positioned on a fairing identical in size and contour to the modular 
fuze housing with the pop-up in the retracted position.  A close-up of the 
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modular fuze with pop-up retracted is shown in figure 26. (The rake is shown 
in fig. 24.) The rake was 180 deg from the fuze, and had the same orientation 
relative to the canards. Thus, the flow pattern at the rake corresponded to 
the flow pattern of the fuze at zero angle of attack. At nonzero angles of 
attack, the fuze was positioned antisymmetrically to the rake. Therefore, at 
that angle of attack, the bomb had to be rolled 180 deg to obtain the profile 
corresponding to the fuze location. 

Figure 26.  Modular fuze on 
bomb with pop-up housing 
retracted. 

Figure 27 is a closeup of the modular fuze with the pop-up housing 
deployed. The scoop inlet that conducts air to the generator is 0.9 in. above 

the fairing. 

As shown in figure 25, the rake consists of 13 total pressure probes 
located from 0.630 to 3.075 in. above the fairing. A static pressure tap is 
located at the fairing surface. A typical pressure profile is shown in figure 
28, consisting of the total pressure values at each probe for wind tunnel 
conditions of Mach 0.30, PT = 16.6 psia, 0 deg angle of attack, and -90 deg 
roll. The probe height above the fairing is the ordinate, and the total 
pressure at the probe is shown as the abscissa. The pressure increases from 
15.5 psia at probe Y1 at 0.69 in. from the surface to 16.66 psia, the free 
stream value at probe Y5, 1.525 in. from the surface. The pressure remains 
constant at 16.6 psia for all probes further from the surface. The boundary 
layer height is the closest point to the surface at which the total pressure 
is nearly equal to the free stream value, and corresponds to the knee of the 
curve. The static pressure at the surface, PSR, 15.37 psia, is lower than the 
free stream static pressure, P, 15.65 psia (fig. 28). 

The local Mach number is a function of the total pressure of the 
probe and the static pressure at the surface, and was calculated from the 

isentropic formula: 
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Local \y - i 
PSR 

HBLN/ 

V-f^) -0.28571 
PSR 

"HBLN/ 
- 1 

where Y = specific heat capacity ratio = 1.4 for air, 
= static pressure at fairing surface (fig. 28) PSR 

"^HBLN 

and 
= total pressure at the probe (fig. 2i 

Local Mach number rather than total pressure profiles is used to 
determine the boundary layer thickness because the local Mach number is pro- 
portional to the air velocity near the bomb. 

The local Mach number calculated as a function of probe height from the pres- 
sure data of figure 28 is plotted in figure 29. The curve has the same shape 
as the pressure profile. The Mach number increases with height up to a knee, 
and remains constant at a maximum Mach number for all greater heights. The 
maximum local Mach number is slightly higher than the free stream value be- 
cause of the lower static pressure used in the above calculations. The bound- 
ary layer height is defined as the distance above the fairing where the local 
Mach number is 95 percent of its maximum value. This furnishes the same value 
(1.1 in.) for the boundary layer thickness as the knee of the pressure pro- 
file. These values were calculated for a range of wind tunnel parameters and 
vehicle angles of attack. The results are summarized in table 2 and are 
discussed below. 

The boundary layer height as a function of flight Mach number for 
zero angle of attack, -90 deg roll, and 8.33 psia total pressure was obtained 
from the local Mach profiles, and the results are included in table 2.  The 

Figure 27.  Modular fuze on 
bomb with pop-up housing 
deployed. 
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boundary layer height remains constant with Mach number, at 0.9 in. from Mach 
0.2 to Mach 0.5. The scoop entrance is at 0.9 in., which is just at the outer 
edge of the boundary layer. 

TABLE 2.  SUMMARY OF EFFECT OF MACH NUMBER, TOTAL 
PRESSURE, AND ANGLE OF ATTACK ON BOUNDARY 
LAYER HEIGHT FOR 0 DEG ROLL ANGLE 

Run 
number 

Point          A^le   of 

number         attack 

(deg) 

Total 
pressure 

(PSIA) 

Mach 
number 

Boundary 
layer 

height 
(in.) 

Effect of Mach   number 
17 4 0 8. 3 3 0.2 0.87 

16 4 0 8.33 0.3 0.88 
1 5 1 0 8. 33  . 0. 4 0.90 

14 4 0 8.33 0.5 0.88 

Effect of total pressure 
15 1 0 8. 3 3 0.4 0.9 

40 3 0 16.66 0.4 1. 1 

Effect of angle of   attack 
40 3 0 16.66 0.4 1.1 

40 9 +8 16.66 0.4 1.34 
43 6 -8 16.66 0.4 1.08 

The effect of increasing the total pressure to 16.66 psia at Mach 0.4 
can be seen in table 2. The boundary layer height is again constant with Mach 
number, but has a higher value of 1.1 in. at 16.66 psia compared with 0.9 in. 
at 8.33 psia. Thus, the two-fold increase in total pressure has only a slight 
effect on the boundary layer thickness. 

The angle of attack does affect the boundary layer height, as shown 
in table 2. This angle corresponds to the extreme values of -8, 0, and +8 
deg. For -8 and 0 deg the boundary layer height was the same--1.1 in. As the 
fuze is tilted away from the flow to +8 deg, the boundary layer height 
increases to 1.34 in. For these cases, the scoop height of 0.9 in. is within 
the boundary layer. In summary, the raising of the scoop height to 1.4 in. 
would place the inlet above the boundary layer for all wind tunnel conditions 
and angles of attack tested. 

6. 5  Pressure Recovery in Fluidic Generator Housing 

A transducer was mounted in the fluidic generator housing to measure 
the differential pressure (PFG = PIN - P0UT) across the fluidic generator 
(fig. 9). This pressure should correspond closely to the gauge pressure, Ap, 
measured in the HDL test housing in the laboratory (fig. 12). 
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The pressure, Ap, in the wind tunnel housing (PFG) is plotted versus 
free stream dynamic pressure, q.,, for three angles of attack in figures 30, 
31, and 32, for total pressures of 8.33 and 16.66 psia. 

- 4 deg ingle of attack 

Prttturt recovery = 0.60      - 

Figure 30.  Pressure recovery of pop-up 
housing at -4 deg angle of attack. 

0.5 10 15 2.0 

q, = Free itream dynamic pretiure (PSI) 

Figure 31.  Pressure recovery of pop-up 
housing at 0 deg angle of attack. 
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Figure 32.  Pressure recovery of pop-up 
housing at +8 deg angle of attack. 
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At a -4 deg angle of attack, the data for both values of total pres- 
sure fell on the same straight line through the origin, with a slope of 0.60. 

The slope (pressure recovery) is defined as the fraction of the free stream 

dynamic pressure that appears across the generator. The pressure recovery was 

independent of total pressure. The same observation was made for angles of 
attack of 0 deg and +8 deg, where the pressure recoveries were 0.54 and 0.40, 
respectively. 

In summary, for different angles of attack, the pressure recovery was 

independent of total pressure and decreased with increasing angle of attack, 
because the scoop is tilted further from the free stream. 

6.6  Come-up Time 

The generator come-up time* to 12 Vdc was measured in the wind tunnel 

at the minimum airspeed release condition. For this test, the simulated fuze 

circuit (fig. 33) was used. Because at least 12 Vdc are needed to start the 

timers in the timing circuit, the come-up times with the simulated fuze cir- 

cuit were measured with a timer having an operational threshold of 12 Vdc. 

The fluidic generator come-up time was measured for the low airspeed release 
condition of 200 knots indicated air speed. To simulate this condition, the 
wind tunnel was set to operate at Mach 0.5 and at total pressure P. = 8.33 

psig. Then the pop-up housing, which had been held in the retracted position, 

was deployed by use of a remotely controlled lanyard assembly. The time that 

it took for the scoop to extend was recorded while the voltages on each of the 

two load circuits (timing circuit and arming circuit) were being measured as a 
function of time. 

0.022uF 

■If 
Fluidic 

generator 

50-V line 

IOOMF 

15-V line 

300MF 

Figure 33.  Simulated 

fuze circuit used on 

come-up time test. 

zener — 

Simulated 
logic 

circuit 

*Come-up time is the time for the logic circuit to activate after the scoop 
has been deployed. Once the logic circuit has been activated the arming 
sequence begins. The arming time is the time that starts with logic turn-on 
and ends when the detonator circuit is enabled. The latter requires about 
40 V. The arming time can be changed for each weapon's mission, but is at 
least   the  4 s  that   is  required for  the minimum  release condition. 
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The measured come-up time to 12 V was approximately 0.5 s for the low 
speed drops, and decreased for the higher airspeed release conditions. The 
measured time for the arming circuit to achieve an operational level of 40 V 
was approximately 2.15 s, including the 0.5 s come-up time. This gave a 
margin of 1.85 s for the 4 s arming time. 

In summary, the power output from the fluidic generator was suffi- 
cient under the minimum air speed release conditions to arm the fuze wel,l in 
advance of the required arming time of 4 s. 

6.7  Fluidic Generator Performance With RC Load at Various Wind Tunnel 
Conditions and Bomb Attitudes 

The fluidic generator output voltage was measured across a 2 kohm 
resistor connected in series with a 0.02 yF capacitor (fig. 34). This load 
was also used in laboratory tests at HDL, to permit comparison of laboratory 
and wind tunnel generator performance. In the wind tunnel, timer turn-on 
occurred at 15 Vrms. The fluidic generator performance in the wind tunnel is 
given in figures 35 to 39. 

O.OZMF 

Fluidic 
generator ZkQ 

Figure 34.  Electrical circuit for 
measuring fluidic generator output 
as a function of Mach number and 
vehicle attitude. 

Figure 35.  Effect of angle of attack 
on fluidic generator voltage, PT = 8.33  50 

PSIA. 
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Figure 36.  Effect of angle of attack 
on fluidic generator voltage, PT = 16.66 
PSIA. 

Figure 37.  Effect of angle of attack on 
fluidic generator output, PT = 16.66 PSIA. 

0.45 

Changes of generator voltage at angles of attack from -4 deg to +10 
deg at total pressure of 8.33 psia are shown in figure 35. The largest volt- 
age, at a Mach given number, was obtained at the largest negative angles of 
attack when the scoop was tilted into the flow. The voltage decreased linear- 
ly with increasing angle of attack up to +5 deg, and remained at that level up 
to +10 deg, as the scoop was tilted away from the flow. This corresponds to 
the increase in boundary layer thickness at the higher angles of attack noted 
previously. It is seen from the graphs that for any given angle of attack, 
higher voltage is obtained at higher Mach numbers. Note that for all condi- 
tions of Mach number and attitude the reguired threshold voltage {15 Vrms) was 
exceeded. 
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Figure 36 is the voltage data obtained for total pressure of 16.66 
psia. Note that the same trends were observed as with pressures of 8.33 psia; 
however, the output voltage levels increased proportionally more with Mach 
number than was the case for 8.33 psia. For example, at 0 deg angle of 
attack, as the Mach number increased from 0.3 to 0.4, the voltage output 
increased from 31 to 53 V, an increase of 71 percent. By contrast, from 
figure 35, at 8.33 psia the voltage increased from 22.7 to 35 V, an increase 
of only 54 percent, for the same Mach number change. 

The effect of angle of attack and Mach number on output voltage is 
summarized in figure 37. Generator voltage obtained at a total pressure of 
16.66 psia is plotted versus Mach number for the extreme values of angle of 
attack -8 deg, 0 deg, and +8 deg. The figure shows that the percentage reduc- 
tion in voltage at the extreme angles of attack was greater as the Mach number 
decreased. 

The effect of roll angle is shown in figure 38 for +4 deg angle of 
attack, and in figure 39 for +8 deg angle of attack. On each figure the 
orientation of the fuze at the two extreme roll angles of -90 deg and 0 deg is 
shown. Note that the scoop is mounted vertically at -90 deg roll so that 
increasing angle of attack in the positive (+) direction tilts the scoop away 
from the direction of flow. 

The threshold voltage of 15 Vrms was achieved for all attitudes above 
Mach 0.3 and for PT = 16.66 psia. At +4 deg angle of attack (fig. 38) the 
lowest voltage at any Mach number occurs at -90 deg roll, which corresponds to 
the maximum shielding of the fuze from the air stream by the bomb. The volt- 
age increased to a maximum as the bomb was rolled counter-clockwise from an 
angle of -90 deg to -20 deg. The output voltage remained constant for about 
15 deg, and decreased as the roll angle dropped to 0 deg. At Mach 0.4, the 
output voltage increase was from 48 V, at -90 deg, to 59 V, at -20 deg, an 
increase of 23 percent. At +8 deg angle of attack (fig. 39), the shape of the 
curve was different due to the greater shielding of the flow by the bomb. The 
maximum shielding occurs at -90 deg. For Mach =0.4 the voltage increased 
from 43.5 -V at -90 deg to 60.5 -V at 0 deg, an increase of 39 percent. From 
the above, it appears that the effect of roll angle is more pronounced at 
greater angles of attack. 

7.  EXPECTED PERFORMANCE OF FL0IDIC GENERATOR IN FLIGHT BASED ON WIND TUNNEL 
RESULTS 

This section shows that the fluidic generator output, as measured in the 
wind tunnel, is sufficient to power the modular fuze at the low airspeed 
flight condition, described by the flight envelope of figure 40. 

To facilitate comparison of wind tunnel and flight envelope conditions, 
the free stream total pressure and free stream dynamic pressure, q1, are also 
shown at each vertex of the flight envelope. The total pressure varies from 
3.6 psia at 40 kft and Mach 0.60, to 15.6 psia at sea level and Mach 0.3. The 
two values of PT of 8.33 and 16.66 psia were chosen as typical of the range of 
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release conditions on the portion of the flight envelope corresponding to the 
minimum indicated airspeed. The values of dynamic pressure (q1 ) over this 
portion of the envelope vary from 0.80 psi to 0.925 psi, and this range is 
fully covered by the wind tunnel test conditions selected, as shown by table 
3. This figure compares the indicated airspeed and dynamic pressure (q1) for 
each of the wind tunnel conditions. The wind tunnel conditions were chosen 
such that values of ql and indicated airspeed went beyond the values shown on 
the required envelope. By referring to the curves of generator voltage versus 
q1 for 0 deg angle of attack (fig. 41), it is shown that for valu'es of q1 of 
0.8, the minimum value on the flight envelope, voltages above 25 V (rms) are 
obtained.  This is well above the required threshold value of 15 V (rms). 
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Figure   40.     Operational  envelope   for  high   drag  bomb. 

Figure 37 indicates the relation of voltage output versus Mach number for 
a worst-case condition at an angle of attack of 8 deg. Table 3 and figure 37 
show that at the minimum value of q1 of 0.8, which occurs between Mach 0.25 
and 0.3, at a total pressure of 16.66 psia, the turn-on threshold voltage of 
15 V is achieved at +8 deg angle of attack. In summary, the wind tunnel data 
show that the fluidic generator produces voltages above the required threshold 
voltage for angles of attack up to +8 deg and for the lowest release veloc- 
ities  of  the flight envelope. 
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TABLE 3.  WIND TUNNEL CONDITIONS 

pt1 
(total 

pressure) 
(PSIA) 

Mach 
number 

Indicated 
airspeed 

(international 
knots) 

<*1 
Free  stream 

dynamic 
pressure 

(PSI) 

8.33 0.2 98 0.226 
8.33 0.3 144 0.49 
8.33 0.4 188 0.83 
8.33 0.5. 228 1.23 

16.66 0.2 138 0.45 
16.66 0.3 204 0.986 
16.66 0.4 266 1.66 
16.66 0.5 323 2.45 

Figure 41.  Comparison of voltage 
values at q for repeated runs. 
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8.  EFFECT OF CONTINUOUS OPERATION IN WIND TUNNEL ON FLUIDIC GENERATOR 

PERFORMANCE 

To verify that the fluidic generator performance had not degraded during 
continuous operation in the wind tunnel, at the end of the test the Mach 
number and total pressure conditions were repeated at runs with the bomb at 0 
deg angle of attack and the fuze in the -90 deg roll position. 

The voltage outputs at the indicated test runs are shown in figure 41 
versus free stream dynamic pressure q1. Each point corresponds to a single 
run. Voltages measured at the same values of q1 and total pressure were the 
same within 1 V. Hence, no degradation was evident in fluidic generator 
performance during the total duration of the wind tunnel test. 

9.  SUMMARY AND CONCLUSIONS 

The fluidic generator developed for the MLRS rocket fuze power supply was 
modified to power a modular fuze for Air Force bombs, including high drag 
bombs. There were efforts to increase the output voltage at low velocity. 
The generator output then was optimized to compensate for differences in the 
flow pattern between the Air Force pop-up housing and the MLRS ogive. As a 
result of this development effort, 28 units were evaluated and delivered to 
the Air Force for further testing. In the fuze configuration housing these 

units produced the required 1 W at 1 psig and 2 W at 2 psig. 

A wind tunnel test of the generator mounted as intended for use on the MK- 
84, GBU-10C/B bomb was conducted at Arnold Engineering Center. The purpose 
was to verify generator performance at the worst-case conditions of the bomb 
release envelope and to determine the pressure available to the generator at 

these conditions. 

Pressure measurements from a rake installed above a fairing identical to 
the fuze showed that the pop-up housing was located within the boundary layer. 
This condition did not lower the generator output below the threshold needed 
to power the fuze. However, improved performance could be achieved by raising 
the pop-up inlet by at least 0.50 in. above its present value of 0.90 in. 
Comparison of pressure measured in the housing with free stream dynamic pres- 
sure showed that the pressure recovery (defined as the fraction of the free 
stream dynamic pressure that appears across the generator) is independent of 
total pressure, but decreases with angle of attack. 

The wind tunnel test covered the low speed portion of the aircraft release 
envelope for which indicated airspeeds vary from 185 to 200 knots and free 
stream dynamic pressure changes from 0.8 to 1.0 psi. The voltage measurements 
for the expected range of flight attitudes showed that the fluidic generator 
provides voltage above the threshold value for attack angles up to +8 deg and 
dynamic pressures as low as 0.8 psi (5.5 kPa). 

Come-up time measurements show that the fluidic generator provides ade- 
quate voltage to arm the fuze well in advance of the required arming time at 

the minimum airspeed condition. 
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