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ABSTRACT 

A flueric sensor for normal shock position has been developed and tested on a Mach 
2.5 mixed-compression axisymmetric supersonic inlet. The sensor detects shock posi- 
tion by sensing the most rearward minimum in static wall pressure profile. Static and 
dynamic responses of the sensor were evaluated. Static response agreed relatively well 
with theory, but dynamic response indicated further improvements to the sensor are 
necessary. Design approaches and fluid jet amplifier and component data are included as 
well as suggestions for improving the sensor's dynamic performance. 
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DESIGN AND PERFORMANCE OF A FLUERIC SHOCK POSITION SENSOR 

FOR A MIXED-COMPRESSION SUPERSONIC INLET 

by William S.  Gr i f f i n  

Lewis Research Center 

SUMMARY 

As a result of the requirements of control loops for advanced supersonic inlets, a 
program has been initiated at Lewis Research Center to develop a sensor for normal 
shock position in a mixed-compression inlet. Fluid jet amplifiers were chosen as the 
sensor's operating elements because of their potential advantages in a flight-weight 
application. A prototype flueric circuit was developed and tested on a Mach 2 .5  super- 
sonic inlet. The circuit detects the shock position by sensing the most rearward minimu. 
in the static wall pressure profile. 

bench tests. In general, the static performance of the sensor was satisfactory and agree 
with bench test results. Erratic operation of the sensor was observed when the shock 
was in the vicinity of the aft throat boundary layer bleeds. This is believed to be due to 
a combination of high noise in the signals furnished to the sensor when the shock is in 
this location and an excessive dynamic sensitivity of the sensor to such noise. Dynamic 
tests indicated that full-amplitude response of the sensor could be obtained for full ampli- 
tudes of shock motion and shock cyclic frequencies in excess of 50 hertz. At reduced 
amplitudes of shock motion, the response of the sensor was much lower, however. This 
is ascribed to the previously mentioned dynamic sensitivity. Corrections a r e  suggested 
which should improve the sensor's performance in this regard. 

other researchers to design duplicate or  improved versions of the sensor described 
herein. 

Both static and dynamic tests were performed in the wind tunnel and compared with 

Design approaches and fluid jet amplifier component data a re  presented to permit 

INTR OD U CT I ON 

For supersonic inlets which have a high degree of internal contraction, refined con- 
t rol  systems are  required to maintain inlet pressure and flow recoveries at optimum 



levels while, at the same time, preventing the internal normal shock wave from being 
expelled out the front of the inlet (inlet unstart). The optimum conditions of pressure 
recovery and bleed flow in general allow only a small stability margin relative to such 
inlet unstart. Most current control concepts use throat exit pressure o r  pressure ratio 
(Mach number downstream of the internal shock) as the sensed parameter, and by man- 
ipulating the downstream bypass doors indirectly keep the inlet close to the best oper- 
ating conditions with satisfactory stability margin. Variations and uncertainties in this 
setting due to changes in flight speed and altitude and variations in inlet geometry, due 
for example to aerodynamic loading and thermal growth, complicate such a control 
scheme and may require increased stability margin and decreased performance. An 
alternate and more direct control concept would use normal shock position itself as the 
sensed parameter. Stability margin would be thus directly controlled and optimum oper- 
ation more easily maintained. 

Development of a reliable normal shock wave position sensor has been a difficult 
task for inlets which have a high degree of internal contraction. The irregular, nonideal 
flow patterns found in an operational inlet render useless many schemes which would 
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Figure 1. -Typical wall static pressure distributions as 
function of shock position. 
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work with ideal flow patterns. As an example of the wall pressure distributions which 
might be expected in the vicinity of the shock wave, figure 1 shows data taken from a 
Mach 2.5 supersonic inlet which was tested in the 10 by 10 foot supersonic wind tunnel at 
Lewis Research Center. The inlet is a 25-inch (63-cm) diameter, axisymmetric mixed- 
compression inlet with a translating centerbody (ref. 1). The data plotted in figure 1 
were taken at zero angle of attack. The wall pressures shown in figure 1 are  far from 
ideal. Upstream of the shock wave small variations in static wall pressure occur as a 
result of imperfectly cancelled oblique shock compression waves which have passed 
through the throat at pressure tap D a dip occurs which is caused by a set of boundary 
layer bleeds. Thus, detection of the shock by simply measuring the presence of a posi- 
tive wall pressure gradient is not likely to be successful. Alternatively, determining the 
shock position by measuring the absolute values in wall static pressure levels is made 
difficult by the fact that these levels change both as the total pressure of the flow entering 
the inlet changes and also as the geometry of the inlet changes. A flight type inlet would 
have decidedly poorer pressure distributions due to factors such as larger fabrication 
tolerances. Pressure distribution will also vary with angle of attack. 

A program was instituted at Lewis to develop a more reliable normal shock wave 
position sensor. After studying several schemes, it was decided that the best method 
of directly determining shock wave position would be by digital comparison of a series of 
static wall pressure tap readings. Both electronic and flueric implementations of the 
sensing scheme were made. 

A flueric shock position sensor composed of digital fluid jet amplifiers appeared to 
have a number of advantages for potential flight-weight applications. Since there are no 
moving parts, its wear rate should be low and its reliability high. Operational speeds of 
the component amplifiers a r e  fast in comparison to most of the inlet's characteristic time 
constants and to the speeds of the bypass doors. Since fluerics can be packaged into 
relatively small integrated assemblies and would use the flow in the duct as a power 
source, it should be possible to make a completely self-contained sensor which could be 
located in the inlet cowl. A variety of outputs could be obtained from the sensor such as 
a series of on-off pressure actuated switches or the displacement of a bellows. If 
desired, the sensor's outputs could be used directly as a signal input to the bypass door 
actuators, thus obviating the necessity of running electrical lines back to the central 
electronics in the aircraft's fuselage. 

Design approaches and techniques a r e  discussed. The aim herein is to provide a basis 
for  the design of other more advanced flueric shock position sensors and to illustrate 
some of the practical advantages and shortcomings of the present sensor. 

This report describes the design and testing of such a flueric shock position sensor. 
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DESIGN APPROACHES 

Criteria for Establishing Shock Wave Position 

It can be seen, by referring to figure 1, that the shock wave position may be esti- 
mated reasonably well by eye. The visual criteria for establishing this position a r e  the 
presence of a strong positive pressure gradient preceded by either a neutral or slightly 
negative pressure gradient. The strong pressure gradient exists over several pressure 
taps. Since it would be desirable to specify the shock wave position to a resolution of 
one pressure tap spacing, the effective position of the shock wave may be defined as the 
intersection of the best straight line average of the neutral pressure gradient curve with 
that of the positive gradient curve. To the left of this intersection, the flow would pre- 
sumably be undisturbed, while to the right of it, the pressure rises associated with the 
normal shock would begin to appear. Thus, for example, the shock position represented 
by the symbol D in figure 1 would be somewhere between pressure taps B and C: For 
the shock position represented by the symbol 0, the shock would be between taps D 
and E. 

tions and, hence, the required flueric circuitry, only three pressure taps a re  compared 
at a time as opposed to the five or six that the eye might compare. The logical equations 
for pressure profile minimums which represent possible shock locations can thus be 
written : 

These criteria may be put into mathematical form. To simplify the logical equa- 

where the symbol 

readings to establish a trend in the gradient. Thus, the irregularities in the supersonic 
flow wall pressure distribution (lower bound of the curves in fig. 1) might cause false 
indications of shock wave position. Fortunately, this difficulty may be overcome. It is 

denotes the Boolean logical AND function. 
The use of only three pressure tap readings precludes the averaging of a series of 
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noted that the wall pressure curves do not have many irregularities downstream of the 
shock wave. The only one which exists is a dip caused by a wall boundary layer bleed 
(located at pressure tap D). This dip, however, is not prominent until the static wall 
pressure has risen well above its value for supersonic flow conditions. Examples would 
be the curves represented by circles or squares. Thus, if a method can be found to bias 
out a reading of shock position when the average wall pressures near this position are 
much higher than supersonic values, a shock wave position may be simply defined as 
being at the farthest aft location of indicated pressure profile minimums. As will be 
shown later, the biasing out process is taken care of automatically by the fluid jet ampli- 
fiers. Given this property of the fluid amplifiers, the logical equations necessary for 

where SbF denotes a shock between pressure taps E and F, SbE denotes a shock 
between pressure taps D and E, etc. , and the symbol - denotes the Boolean logical nega- 
tion. 

In a practical control system, the output signals of the shock position sensor would 
probably be converted into a stepwise proportional signal suitable for driving a propor- 
tional control element. Thus, the preceding logical equations, although correct, should 
be rewritten to give such a signal. Double primes are used to denote the new signals. 
Such a stepwise proportional output would use the output SAB to denote a shock posi- 
tion between stations A and B, the presence and sum of outputs SAB and SBc to 
denote a shock between stations B and C, and so on, where the unprimed S's are the 
pressure gradient changes defined in equation (1). Mathematically, the new criteria may 
be expressed as 

, 
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Si,  = (D 2 E) - (E < F) 

where, in addition to the previously defined logical quantities, + denotes the Boolean log- 
ical OR function. Thus, in equation (3), if a possible shock location o r  pressure profile 
minimum existed between taps B and C (SBc = (A 1 B) (B < C) exists) the outputs SEc 
and SxB would result. Similarly, if a pressure profile minimum between taps C and D 
was detected (ScD = (B 2 C) - (C < D) exists), equation (3) would yield the three outputs 
SED, Sgc, and SxB. Thus, as the farthest right indicated shock position advances to 
the right (downstream of the throat), more and more outputs appear in equation (3). Their 
weighted sum would thus constitute a stepwise proportional indication of normal shock 
wave position. It should be noted that if a pressure profile minimum yields an indicated 
shock position, for example, qE, other pressure profile minimums to the left of it,  for 
example, SAB o r  SBc, are of no consequence sinee the double primed outputs SiB and 
Sgc are already triggered by existence of the downstream output SEE. 

Flueric Ci rcu i t ry  Design 

Equations (3) were used as the basis of design for a fluid jet amplifier shock posi- 
tion sensor. The sensor's block diagram is shown in figure 2. Functionally, the sensor 
is divided into three main parts. The first part consists of a series of comparators 
which determine which of two adjacent wall tap pressures is the larger. The outputs of 
the comparator unit are in logically complementing pairs. Thus, if the output A 2 B 
exists, the output A < B must not exist. 

The second portion of the sensor consists of a series of logical AND units. These 
AND units compare adjacent comparator output signals and issue outputs only when the 
two adjacent comparator signals exist (have the logical value of true). Thus, the output 
SBc exists only when the comparator outputs A 2 B and B < C simultaneously exist. 

which are stepwise proportional to the most rearward indicated shock position. Thus, if 
The third portion of the sensor is an output stage which provides strong output signals 
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Readout switches 

Figure 2. - Block diagram of shock position sensor. 

the AND unit signal SCD exists, the output unit will generate the signals SXB, Sgc, 
and SED. The heavy lines in figure 2 indicate the outputs that a re  activated when the 
shockis between C and D. 

functional blocks labeled. The symbology is that used in reference 2. The top row of 
comparator units a r e  conventional fluid jet amplifier OR-NOR units. Their control ports 
are driven in parallel and the OR-NOR units a r e  used as monostable comparators. In 
combination with the opposite side vent V1 (shown by two parallel dotted lines), they 
provide a differential pressure signal to the amplifier. Thus, with the example of com- 
parator 2, an output will exist in the amplifier's R2 leg if B 2 C and will exist in the 
R1 leg of the amplifier if C > B. Since a differential pressure is applied to the control 
ports of the comparator amplifiers, they will not be switched by changes in average 
pressure level but by differences in pressures indicating pressure gradients. Thus, even 
if the inlet's internal flow conditions are not on design, the comparator amplifiers will 
still perform their task of comparing pressures. 

tional OR-NOR type fluid jet amplifiers. Again, both control ports are driven in parallel. 

Figure 3 shows a schematic of the flueric shock position sensor with the three main 

The second row of units are the logical AND units and a r e  also composed of conven- 
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Figure 3. - Schematic of f lueric shock position sensor. 

The logical AND function is obtained by supplying one input signal to the power nozzle and 
the other signal to the control port. The power stream jet is directed out the R1 leg 
of the amplifier and the logical product (AND) of the two applied signals is thus obtained. 
If either the power nozzle signal or the control port signal is applied separately, there 
will be no output from the R1 (AND) leg. 

The outputs of the logical AND units a r e  fed into the control ports of the fluid jet 
amplifiers on the output units. The output units are also OR-NOR units used convention- 
ally. The fluid jet amplifiers of the output unit are interconnected such that if one 
amplifier is made to switch by a signal from the AND unit, all other output fluid jet 
amplifiers that represent shock positions upstream of it will be switched. Thus, if the 
logical AND unit A2 is activated creating an output signal SCD, the output unit 3 will be 
activated. Its ?'OR'' output will activate output unit 2 which will, in turn, activate unit 1. 
Inspection of the circuit will show that the logical equations (3) are satisfied. The heavy 
signal lines in figure 3 indicate the outputs that a r e  activated when the shock is between 
C and D. 

Pressure actuated switches were used to read the outputs of the output unit fluid jet 
amplifiers. The switches were connected to the logical NOR legs of the amplifiers to 
avoid long charging time constants in the carry signal lines between amplifiers. Supply 
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flow to the circuit is furnished by a total pressure probe immersed in the inlet's main 
flow. Thus, supply flow to the-circuit is furnished as long as the inlet is operating. Not 
shown is an enclosure around the sensor which provides a common atmosphere to the 
exhaust ports of the fluid jet amplifiers. The collected exhaust is then dumped to ambient 
by means of a choked orifice. Exhaust ports on the amplifier, which dump into the 
enclosure, are not shown but are understood to exist (ref. 2). 

The total system exhaust flow is composed of the comparator and output amplifier 
power nozzle flows and the comparator amplifiers' control port flows. The power nozzle 
flows are approximately constant, since the power nozzles a r e  operating very close to 
choked conditions. Control flows to the comparator amplifiers will vary as a function of 
shock wave position, but a r e  usually less than 20 percent of the power nozzle flows. 
Thus, the exhaust flows of the amplifiers will be approximately constant plus or minus 
a small amount as a result of shock wave movement. Sensor exhaust pressure, which is 
proportional to the exhaust flow of the fluid jet amplifiers, will also be constant plus or 
minus a small amount (approximately 10 percent) as a result of shock wave movement. 

Since the power nozzle and control flows of the sensor's fluid jet amplifiers will  vary 
directly with the total pressure of the inlet's internal flow, their exhaust flow and, hence, 
the sensor exhaust pressure will also vary directly with the inlet's total pressure. Thus, 
sensor exhaust pressure will always be a given fraction of inlet total pressure, plus or 
minus a small deviation as a result of shock wave movement. This useful property is 
utilized to bias out the boundary layer induced dip in wall  pressure at pressure tap D. 

Biasing Out Bleed Induced Dips in Wall Static Pressure, 

It is seen by again referring to figure 1 that a systematic dip in the wall static pres- 
sures occurs at pressure tap D. This dip in wall pressure is caused by the presence Of a 
boundary layer bleed located at pressure tap D. For the curves composed of circles o r  
squares, the dip could be read as the presence of a throat normal shock. Since the sen- 
sor is designed to indicate the most rearward sensed shock position as being the actual 
one, such an e r ror  could be serious. For the case of the curve composed of circles, the 
normal shock is as far forward in the throat as it can go without causing inlet unstart. 
Thus, if the shock position sensor misread the curve composed of circles as indicating a 
shock position at pressure tap D, the bypass doors might be commanded to close and 
thus unstart the inlet. 

One method of eliminating such an e r ror  in indicated shock position is to make use 
6f the fact that, once the shock has advanced past pressure tap D, the bleed induced dip 
is not apparent until the wall static pressure has risen well above its supersonic value. 
Thus, if the comparator elements of the flueric shock position sensor can be made sen- 
sitive to gradients in wall static pressure only when their value is close to supersonic 
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flow conditions, the boundary layer bleed induced dip in wall static pressure will not 
cause a false shock position to be indicated. 

Fortunately, this property of variable switching sensitivity is an inherent charac- 
teristic of the OR-NOR units used in the flueric shock position sensor. Figure 4 shows 
a plot of average control port pressure required to switch an OR-NOR unit to and from its 
R1 receiver (forward and reverse switch in the figure) as a function of the vent V1 pres- 
sure. Both the control port and the vent V1 pressures are gage pressures and are  
normalized with respect to the OR-NOR unit's gage supply pressure. 

As can be seen from the figure, if the vent V1 pressure is close to ambient, the 
switching sensitivity of the OR-NOR unit is high. An average control port pressure of 
only 5 percent of supply will switch it. However, if the vent V1 pressure is raised, the 
switching sensitivity of the OR-NOR unit is markedly decreased. For a normalized vent 
VI pressure of 40 percent of supply, the normalized control port pressure required to 
forward switch the OR-NOR unit is 79 percent. The differential pressure required to 

Normalized vent V1 pressure, (pvl - pe)/ (pS - pe) 

Figure 4. - Control port forward and reverse switching pressures as 
function of vent V1 pressure. 
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forward switch the unit is therefore 39 percent (79 percent-40 percent) of supply pressure. 
Thus, the differential pressure required to switch the OR-NOR unit has risen from 5 per- 
cent of supply to 39 percent of 'supply for a vent V1 pressure rise from 0 percent of sup- 
ply to 40 percent of supply. This constitutes the desired decrease the switching sensitivity 
as a result of elevated signal (control port and vent V1) pressures. All that is required 
for this property to be usefully utilized in the flueric shock position sensor is for the sen- 
sor's exhaust pressure to remain fairly close to the inlet throat static wall pressure for 
supersonic flow conditions. 

fixed fraction of inlet total pressure, nominal sensor exhaust pressure may be set equal 
to nominal inlet throat supersonic flow pressures. The shock position sensor's com- 
parator amplifiers will be easy to switch at the front of the shock wave but hard to 
switch once the shock wave has passed. Thus, the required biasing out of the boundary 
layer bleed induced dip in subsonic wall pressure profile is automatically provided. 

This inherent method of biasing out the effects of the boundary layer induced dip in 
wall static pressure will  work only as long as the inlet throat static pressure is a 
reasonably constant fraction (say within 4 0  percent) of the inlet throat total pressure. 
Normally, with a properly functioning throat area control loop, this will  be the case. 
Malfunctions of the throat area control loop o r  constraints on ihlet operation as a result 
of operating envelope and engine limitations could cause the average local throat static 
pressure to vary from the design value, however. For such situations, a pressure tap 
could be placed ahead of the most forward expected shock position. The output of this 
pressure tap could be the reference (tangential) pressure for a vortex valve through 
which the sensor's exhaust flow would be passed. The vortex valve would regulate sen- 
sor exhaust pressure and hold it equal to the reference tap pressure. Thus, sensor 
exhaust pressure could still be maintained equal to the inlet's wall static pressure up- 
stream of the shock. 

Since, as mentioned previously, the sensor exhaust pressure remains a relatively 

BREADBOARD SHOCK POSITION SENSOR 

A preliminary breadboard model was made of the previously described circuit. 
Commercially available Corning OR-NOR fluid jet amplifiers equipped with barbed fittings 
were used and interconnected with thermoplastic tubing. Figure 5 shows a typical 
amplifier as received and gives some nominal operating characteristics. Performance 
curves of control port and receiver pressure-flow characteristics are given in 
appendix B. No manifolding was placed around the exhaust ports of the amplifiers, 
laboratory ambient served as exhaust pressure, and supply pressures to the amplifiers 
were maintained at 10.0 psig (6.9 N/cm ). The interconnection lines were sized using 2 
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Control port C1 

1- - -- - , 

(used as a control port) . I  
Receiver R1 ,.J -1- - -- -" 

/C-61-3672 
L --ll-ll. "" 

Figure 5. - Digital OR-NOR f lu id  jet amplif ier used in breadboard and prototype shock position sensors 
Power nozzle size, 0.020 by 0.080 i n c h  (0.0508 by0.203 cm); m in imum operational Reynolds number, 
230 (estimated); maximum operational Mach number, 1.2 (estimated). 

single reflection termination (ref. 5), and pressure actuated diaphragm switches were 
used as the readout devices. 

and occurrence of timing hazards (interference of pulses as a result of two amplifiers 
switching simultaneously). Individual amplifiers exhibited the expected 0.0005-second 
switching times and timing hazards did not prove a problem for circuit operating speeds 
of 160 hertz o r  lower. As a result of these favorable preliminary results, it was decided 
to make a prototype model which would be suitable for testing on a NASA Mach 2.5 
research inlet. Primary motivations for constructing the prototype sensor were the 

Bench tests were made of the circuit to check speeds of response, logical operation, 

following : 
(1) To gain experience with fluid jet amplifier operation under environments typical 

(2) To gain experience in packaging amplifiers into a closed system in which the 

(3) To evaluate problems that would be peculiar to an operational sensor mounted on 

(4) To attempt to establish the operational practicality of a flueric shock position 

of a supersonic inlet 

exhaust passages would be restricted 

an inlet and which would not be present in a laboratory bench test 

sensor 
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plifier Size and Operating Pressure 

The physical size of the internal geometry of the fluid jet amplifiers and their oper- 
ating pressures cannot be chosen arbitrarily, but must be compatible with two bounds on 
the amplifiers' operation. These bounds are (1) a lower power nozzle Reynold's number, 
and (2) an upper power nozzle Mach number. These two limits can be in conflict with each 
other. For example, if the power nozzle throat velocity is increased in order to raise 
the power nozzle Reynold's number, the maximum power nozzle Mach number may be 
exceeded. This situation becomes worse as the average absolute pressure level in the 
fluid jet amplifier is lowered or the absolute temperature of the supply gas is increased. 
For a given supply gas total temperature, the lowest exhaust pressure at which a digital 
fluid jet amplifier can operate occurs when the maximum throat Mach number and the 
minimum throat Reynold's number are simultaneously reached. If it is desired to use a 
digital fluid jet amplifier of given geometry at a lower amplifier exhaust pressure or at 
a higher supply gas temperature, the only alternative left is to increase the physical 
dimensions of the amplifier. Thus, for a given supply gas total temperature, the min- 
imum amplifier size that can be used varies inversely with the amplifier's exhaust pres- 
sure. Details of the scaling procedures and choices made in determining the amplifier 
size that was used in the sensor are covered in appendix A. A sensor fabricated of the 
selected fluid jet amplifiers should be capable of operating in an SST inlet at 70 000 feet 
(standard atmosphere) at a free stream Mach number of 2.7. 

Interconnection of Elements 

To minimize the effect of reflected waves, either acoustical termination or single 
reflection termination was used to size all lines. Acoustical termination occurs when the 
load at the end of a line is equal to the line's surge impedance. Under such conditions, 
a pulse sent down the line is completely absorbed and no reflections are sent back toward 
the source which drives the line. Single reflection termination occurs when the average 
output impedance of the source is approximately equal to the surge impedance of the line 
while the load's impedance is very much greater (details of this method of termination 
are given in ref. 5). If the source sends a pulse down the line, it will be partially reflec- 
ted by the load. The reflected pulse, however, is completely absorbed by the output 
impedance of the source. Since the reflected pulse is not seen as a separate pulse by the 
load, the pulse delivered to the load appears indistinguishable from that delivered by an 
acoustically terminated line. Because of the larger line diameter of the single reflec- 
tion line, frictional losses in it will be much lower than in an acoustically terminated 
line. Hence, to minimize frictional losses, single reflection termination was used 
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unless the lines were very short. Details of the sizing procedures are not included since 
they a re  adequately covered in reference 3. So that the choice of line sizes used may be 
verified the pressure-flow characteristics of the control ports, vent V1, and receivers 
of an OR-NOR type fluid jet amplifier are presented in appendix B. 

nent amplifiers, it was discovered that the switching performance of the amplifiers wits 
very sensitive to variations in the interaction region vent V1 pressure (shown as a pair 
of dotted lines, top row of elements, fig. 3). In particular, if the interaction region vent 
VI pressure was lowered below ambient more than 1 or  2 percent of the difference 
between the amplifier's supply and exhaust pressures, the amplifier would not switch 
back to its NOR leg. Thus, when the case of output unit Sf& of figure 3 is considered, 
if no control signal were furnished to it by the logical AND unit and at the same time its 
interaction region vent V1 pressure was slightly subambient, it would still remain 
switched, just as if a signal from the logical AND unit had never been removed. This 
problem is discussed in more detail in appendix B and points out a potential hazard that 
accompanies the use of these fluid jet amplifier OR-NOR units. 

In obtaining the control port pressure-€low characteristics of the sensor's compo- 

ldentif ication 

ports 

Figure 6. - Schematic of flueric shock position sensor. 
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A partial remedy to this problem was effected by connecting the interaction region 
vents of the output units to the NOR leg of the OR-NOR fluid jet amplifiers that served as 
passive AND units. This modification is shown in figure 6. Thus, when the passive AND 
unit was not delivering a signal, the control port and the interaction region vent of the 
output fluid jet amplifier would hopefully be at the same pressure. Even with this design 
change, the amplifier's performance sensitivity to interaction region vent V1 pressure 
continued to be bothersome. 

(a) Bdtom view, 
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Method of Fabrication 

Standard commercially available Corning OR-NOR type fluid jet amplifiers of the 
type shown in figure 5 were used as the basic flueric components. An ambient atmos- 
phere to the amplifiers' exhaust and control port vents as well as interconnections 
between elements was accomplished by cementing pieces of engraved phenolic board 
around the amplifiers Three blocks of amplifiers cemented together with phenolic board 

(a) Front view. 

(b) Bottom view. 

Figure 8. - Assembled shock position sensor. 
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were fabricated, corresponding to the three types of logic functions of figure 2. After the 
three functional blocks were fabricated and tested, they were interconnected with each 
other by means of properly sized copper tubing. Figures 7(a) and (b) show top and bottom 
views of the assembled shock position sensor minus the top and bottom cover plates and 
the associated supply and exhaust ducting. It is noted in the figures that the NOR leg 
outputs of the logical AND unit are returned to the AND unit exhaust instead of the control 
port vents of the output unit amplifiers. Routing the NOR leg outputs of the passive AND 
unit to the control port vents of the output unit was accomplished after these photographs 
were taken. 

The complete sensor with cover plates and supply and exhaust ducting is shown in 
figure 8. To be noted is the size of the exhaust manifold. Its cross-sectional area is 
9 .4  times the sum of the power nozzle throat areas of the active fluid jet amplifiers in 
the sensor, and it represented the largest tube that could be packaged between the sensor 
and the available space in the inlet. As a result of the small exhaust tube area and the 
changing flows associated with amplifier switching, however, small waves and fluctuations 
are generated in the exhaust tube. Although the waves and fluctuations might be only a 
few percent of amplifier gage supply pressure, it is believed that they are still large 
enough to cause erratic operation of the AND and Output units (see appendix B). 

EXPERIMENTAL RESULTS 

Bench Tests 

During fabrication of the prototype sensor, bench tests were performed on it during 
the various stages of assembly. The components worked reliably when used separately 
and when connected together as long as the exhaust manifold was absent. Installation of 
the exhaust manifold, however, gave rise to dynamic instabilities in the sensor's oper- 
ation. The source of the instabilities appeared to be the presence of pressure gradients 
in the exhaust manifold which caused erratic triggering of the logical AND unit and pos- 
sibly the output unit. The previously mentioned sensitivity of the OR-NOR type amplifiers 
(used as the AND units) to the interaction region vent V1 pressures rendered the pas- 
sive AND units particularly susceptible to small variations in the amplifier exhaust pres- 
sure (appendix B). A temporary solution to the problem, which rendered the sensor 
statically stable, was obtained by blocking the outputs of the output units. Dynamically, 
however, the sensor was marginally stable. As discussed in appendix B, future sensors 
should have much larger exhaust manifold cross-sectional areas to eliminate unwanted 
pressure waves. Reduction of the output stage supply to exhaust pressure ratio would 
have helped (appendix B), but, the ratio was left at the design value so that the units 
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could drive the available pressure actuated switches. The circuit of figure 6 was chosen 
over that of figure 3 at this time in an attempt to reduce some of the effects of exhaust 
manifold pressure waves. 

A bench test of the sensor's static performance was conducted using the pressure 
distribution of figure 1. All pressures were multiplied by a constant factor of 2.9 so that 
they would be within the range of available laboratory instrumentation. As discussed in 
appendix A and noted in reference 7, such scaling of pressure levels is permissible as 
long as pressure ratios are not changed and the minimum operating Reynolds number of 
the fluid jet amplifiers is not approached. Results are given in table I. The symbols of 
table I correspond to those symbols on the curves of figure 1. 

%E 

X 

X 

X 

X 

X 

0 

0 

TABLE I. - BENCH TEST OF FLUERIC SHOCK POSITION 

'EF 

X 

X 

X 

X 

X 

X 

X 

SENSOR PRIOR TO WIND TUNNEL TESTING 

X 

X 

0 

0 

[Pressure distribution of fig. 1 used for control signals; 
all pressures multiplied by a factor of 2.9; orifice hole 
distribution: taps A, B, E, and F, 0.070 in. 
(0.178 cm); tap C, 0.0465 in. (0.118 cm); tap D, 
0.086 in. (0.203 cm). ] 

X 

X 

X 

0 

Curve symbol 
(fig. 1) 

0 

0 

D 

n 
0 

0 

a 

ax 
0 

0 

0 

0 

0 

0 

Sensor output 

output, x; off output, 0. 

A s  can be seen by comparing table I and figure 1, the sensor gave a reasonably 
accurate indication of the shock wave position with the exception of the curves repre- 
sented by the symbols D and 0. Orifices were placed at the beginning of the sensor's 
input signal lines and, as noted in table I, the orifice sizes were not uniform. The pur- 
pose of the signal line orifices was  (1) to provide single reflection termination to the 
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signal lines (0.125 in. (0.317-cm) inside diameter), (2) to reduce the maximum signals 
which would be delivered to the shock position sensor, and (3) to partially bias out some 
of the irregularities in the experimentally observed inlet wall pressure distribution. 
Biasing out of the wall pressure irregularities is responsible €or the nonuniform sensor 
signal line orifice sizes. As will be shown shortly, the particular pressure tap orifice 
hole size distribution shown in table I may have been improper for optimum performance 
of the sensor under wind tunnel conditions. 

Wind Tunnel Tests 

Since the research inlet was being tested concurrently with the shock position 
sensor's bench tests, it was decided to mount the sensor in the inlet as a rider experi- 
ment to verify the laboratory results. The first set of static response tests in the wind 
tunnel was  made when the aft boundary layer bleeds on the inlet were closed. The pres- 
sure dip at pressure tap D in figure 1 was thus eliminated. Figure 9 shows the sensor 

Figure 9. - Flueric shock position sensor installed i n  research inlet. 
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Probable 
shock position 

- 0 Upstream of A 
17 Upstream of A 
D Between A and B 
A Between B and C 

- U Between C and D 
0 Between D and E 
a Downstream of F 

I I 

I Pressure E 
tap locations 

33 34 35 36 37 
Distance from spike tip, in. 

installed in the inlet for these tests. Figure 10 shows the resultant wall pressure dis- 
tribution as measured by a series of static pressure taps located at the same axial loca- 
tions as the sensor's taps but displaced 60' around the circumference of the inlet. 

Table I1 shows the static pattern of the sensor's outputs when the pressures of 
figure 10 were recorded. The symbols in table 11 correspond to those for the pressure 
distributions in figure 10. As can be seen, the output pattern of the shock position 
sensor gave a reasonably accurate indication of static shock position except for symbols 
0 and a. Subsequent to the wind tunnel tests used in obtaining the data of table 11, 
the inlet was  disassembled and the orifice holes at the beginning of the pressure tap 
lines were checked. It was found that a mistake had been made in installing the orifices. 
The measured hole diameters are given in table 11 and do not correspond with the hole 
distribution of table I. Nevertheless, the sensor performed well during the tests when 
the aft boundary layer bleeds were closed and, as will be shown later, it was possibly 
due to the inadvertent mixup of the orifice hole size distribution. 

The aft boundary layer bleeds were reopened so that the wall static pressure distri- 
bution would be similar to that of figure 1. The actual pressure distribution obtained is 
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shown in figure 11. The flueric shock position sensor signal line orifices were resized 
to conform to the orifice hole size distribution given in table I. 

flueric sensor's output. The electronic sensor used output signals from static pressure 
transducers which measured the pressure distributions of figure 11. It should be remem- 
bered that the pressure taps for the flueric sensor and the pressure taps for the electronic 
sensor were at the same axial location but displaced 60' from each other around the 
circumference of the inlet. Pressure distributions in the inlet were assumed to be 
axisymmetric. Functionally, the electronic sensor was identical to the flueric sensor 
except that electronic biasing of the measured input signals was incorporated and the 
minimum in wall pressure closest to the throat (after bias values had been subtracted) 
was taken to be the true shock position. Output of the electronic sensor was checked 
against measured wall static pressure distributions and found, with the exception of 
location D, to give an accurate indication of normal shock position. 

An electronic shock position sensor was implemented and used as a check on the 

Table III shows simultaneous static output patterns of the flueric and electronic shock 

Electronic sensor output Flueric sensor output 
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position sensors. Presence of a normal shock wave is indicated by a zero followed by 
an x. Because of foreign particle ingestion through the Pitot supply tube, the flueric 
sensor was not operating at the time the data of figure 11 were recorded. Thus, only the 
electronic sensor's outputs were available as a check on the flueric sensor's static 
performance. 

for the three upstream shock positions - SxB, SxB, and Sgc. 
the absence of SEE could not be made to simultaneously occur on the flueric sensor's 
outputs. Instead, the flueric sensor behaved as if the shock were unstable at position CD 
and flipped rapidly back and forth between BC and DE. The apparent shock location 
tended to prefer station DE and did not progress to station EF as rapidly as it should have 
(i. e.,  S i F  did not become zero on the flueric sensor's output as soon as it did on the 
electronic sensor's output). If the sensor was not malfunctioning because of ingested 
foreign particles (see Foreign Particle Ingestion section), the output pattern observed in 
table III was typical and repeated both during a run and from run to run. Lights were 
connected to both the output switches of the flueric sensor and also the outputs of the 
electronic sensor, so  that the progress of indicated shock position could be observed 
visually. The output of the flueric sensor was observed to be unstable and to oscillate 
rapidly when the electronic sensor registered a shock location between taps C and D 

As indicated by table IJI, the flueric sensor accurately tracked the electronic sensor - 
However, S t D  and 

(output SED). 
The preceding performance anomaly contrasted with the fact that the flueric sensor 

worked well, statically, when the boundary layer bleeds aft of the shock were closed. 
The following are possible explanations for this decreased static performance: 

(1) When the boundary layer bleeds were open, the pressures at C and D were 
observed to be very noisy when the shock was either on or  between these two taps. 

(2) The dynamic performance of the sensor tended to be erratic, especially for shock 
positions in the range of taps C and D (see Dynamic Tests). 

(3) It is theorized that these noisy signals, resulting from boundary layer bleed- 
shock wave interactions, excited the flueric shock sensor and drove it into unstable 
oscillations. 
Thus, it is possible that, although the sensor's static response was being evaluated, its 
dynamic response kept it from functioning properly. This explanation could also account 
for the fact that identical pressure distributions applied under laboratory conditions 
resulted in correct sensor output patterns. The laboratory pressures were highly noise 
free and, hence, did not excite the sensor into spurious oscillations. 

that its performance characteristics changed during the course of the wind tunnel testing. 
To check this hypothesis, the sensor was again bench tested after completion of the wind 
tunnel runs. Tables N and V show static response of the sensor using scaled pressure 
distributions of figures 1 and 11 and using the signal line orifice hole distribution of 

Another possible explanation for the decreased static performance of the sensor is 

23 



R 
9 
8 PI 

il 
8 
8 

8 

8 
i3 

w 
3 
GI 
Fr 

E 
W 
E 

m 

a 

d 
I 

W 
d 
E 

E; 
W 
E 
GI 

E E 

!2 
z 
2 

3 

3 s 
El 
i3 
CG 

m 

E 

il 

E 

PI 

X m 

Ei 
5 
8 
E; 

i3 

5 

E 

E 

W 
E 
X 
V 

a 
I 

w 
4 a 

.L 

3 

m 

a =c m 

Y 7 
,a 
g 

8 
k 
0 
m 

rn 

x x x x x x x  

x x x x o o o  

X P 0  x 0 0 0 0 

X P 0  0 0 0 0 0 

~ 

x o o o o o 0  
cd 

o n n a o o o  

Fr 
:W 
m 

W 
=17 m 
- 

17 :u m 

C 

I 
x x x x x  

0 0 0 0 0 0 010 
.. 

c) 

cd 0 0 0 0 0 0 0 ~  

24 



table I. As can be seen from tables IV and V, the sensor, in the post wind tunnel bench 
tests, did not give a good static representation of the effective normal shock position. 
The reasons for its inability to reproduce its performance prior to wind tunnel testing 
are not known, but it is suspected that foreign particle ingestion or  a gradual buildup of 
contaminants in the flow passages of the sensor's component fluid jet amplifiers is 
responsible. 

As suggested by tables IV and V, the result of this performance change effectively 
rendered the signal line C restricting orifice too small. A slight increase in the pres- 
sure applied to tap C yielded correct sensor output patterns. (In other words, raising the 
signal pressure to tap C by 14 percent makes table N identical with table I except SxB 
is "on" in the second row (curve symbol a).) Thus, the experimentally determined 
orifice hole distribution listed in table I may have become incorrect during the sensor's 
operation in the wind tunnel. 

A new set of orifice hole sizes for the input signal lines was  determined and the 
sensor again bench tested with the static wall  pressure distributions of figures 1 and 11. 
Its performance is shown for these two cases, respectively, in tables VI and VII. The 
orifice hole distributions a re  listed in the tables. As can be seen by comparing the tables 
with their respective figures, the second bench test of the sensor yielded outputs which 
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TABLE VI. - BENCH TEST OF FLUERIC SHOCK POSITION 

SENSOR WITH IMPEOVED ORIFICE HOLE DISTRIBUTION 
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[Pressure distribution of fig. 1 used for control signals; 
all pressures multiplied by a constant factor of 2.72, 
orifice hole distribution: taps A, B, C ,  D, and F 
0.070 in. (0.178 cm); tap E,  0.0465 in. (0.118 cm).] 
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TABLE VII. - BENCH TEST OF FLUElUC SHOCK POSITION 

SENSOR WITH IMPROVED ORIFICE HOLE DISTRIBUTION 

[Pressure distribution of fig.  11 used for control signals; 
all pressures multiplied by a constant factor of 2.9; 
orifice hole distribution: taps A,  B, C, D, and F ,  
0.070 in. (0.178 cm); tap E, 0.0465 in. (0.118 cm).] 

Curve symbol Sensor output I 

“on output, x; off output, 0. 

accurately indicated effective shock wave positions with the single exception of the most 
rearward shock wave position. 

In summary, the decreased static performance of the shock position sensor could 
have been caused by either of the two previously mentioned effects. In all likelihood, it 
was a combination of both - the improper orifice hole distribution rendering the shock 
position sensor less stable and leaving less margin of e r ror  between the pressures which 
were presented to the sensor, and those for which the sensor would not operate. This 
decreased stability and the reduction of the range of acceptable signal pressures rendered 
the sensor more susceptible to the high frequency noise which was present on taps C 
and D when the shock wave was in the vicinity of the boundary layer bleeds. 

Dynamic Response of the  Sensor 

Dynamic response tests were conducted on the bench at each stage of sensor 
assembly. After assembly, both bench and wind tunnel dynamic tests were performed. 
The bench tests on the sensor’s component amplifiers and functional blocks before inter- 
connection indicated approximately 0.0005-second switching times. Prior to installation 
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of the exhaust manifolds, the complete shock sensor exhibited response times of approxi- 
mately 0.0005 second per amplifier plus the time required for propagation of the signals 
along interconnection lines. Presence of the exhaust manifold, how 
of the sensor erratic and, at times, unstable. As m sensor was 
stabilized by connecting switches to its output. The 
Capacitance and diaphram movement were negligible. After suitable adjustments, the 
flueric sensor, under laboratory conditions, exhibited flat response at both full and half 
amplitude for cyclic input frequencies up to 115 hertz. It should be noted that, in the 
laboratory, it was not possible to cyclicly apply the pressure distributions of figures 10 
or 11. Instead, all signal inputs were held at sensor exhaust pressure except for one 
which was changed in a cyclic, stepwise manner with a slotted disk valve. 

Following bench dynamic tests, the flueric shock sensor's dynamic response was 
evaluated in the wind tunnel. The dynamic tests were conducted in two phases: (1) pass- 
ing the inlet's throat shock back and forth over all of the flueric sensor's taps, and 
(2) passing the throat shock back and forth over only a fixed number of the sensor's taps. 
Since the dynamic response of the inlet shock position was not a frequency insensitive 
function of the inlet bypass door opening, which was used to disturb shock position, the 
latter sensor dynamic test was more difficult to conduct. 

The full-amplitude wind tunnel shock sensor response tests a r e  shown in figures 12 
and 13(a) to (g). It is seen that full-amplitude response can be obtained from the flueric 
sensor for shock cyclic disturbance frequencies in excess of 60 hertz. Reduced- 
amplitude tests a r e  shown in figures 14 and 15. Test conditions for figure 14 were iden- 
tical to those for figure 13. Figures 15(a) to (d) show indicated flueric sensor output in 
parallel with pressure transducer recordings of the electronic sensor's inputs. When the 

tituted blocked loads. 

G .5 0 5 
Time, sec 

(a) Test frequency, 3.0 cps. (b) Test frequency, 9.7 cps. 

Figure 12. - Dynamic response of f lueric shock sensor. Aft boundary layer bleeds closed. 
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(g) Test frequency, 75.0 hertz. 

Figure 13. - Dynamic response of flueric and electronic shock position sensors. Aft boundary layer bleeds reopened. 
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shock excursions. Aft boundary layer bleeds reopened. 
Figure 14. - Dynamic response of flueric and electronlc shock position sensors at reduced 

shock crosses a pressure tap, the trace rises from its low-noise supersonic flow value 
to a high-noise subsonic flow value. The supersonic flow values for the various pressure 
taps are given the value (0 N/cm ) in figure 15. 

Figures 14 and 15 indicate that the apparently high dynamic response suggested by 
data from figure 13 might be more apparent than real. Figure 15(a) shows that the flueric 
sensor does not track measured shock amplitude accurately for test frequencies as low 
as 13.5 hertz. At higher frequencies, such as 20.7 hertz in figure 15(b) o r  60.1 hertz 
in figure 15(d), the sensor output usually indicates two shock positions with an occasional 
jump to three o r  four shock positions. However, as seen from figure 15(b), where only 
two output shock positions are indicated by the flueric sensor, actual shock excursion 
ranges from SFG to SgC. The flueric sensor, for the case of figure 15(b) should have 
been indicating at least four shock positions. The erratic dynamic performance shown in 
figures 14 and 15 suggests that the same instabilities and performance degradations 
noted in the laboratory when the sensor's exhaust manifolds were installed are present 
and causing the flueric sensor to malfunction in the wind tunnel. 

2 

Foreign Particle Ingestion 

A substantial amount of difficulty was experienced with foreign particle ingestion. 
The presence of foreign particles in the flueric sensor was manifested by erratic per- 
formance of the sensor's outputs. Output patterns would occur which were incompatible 
with the interconnection between output amplifiers. During a run, such patterns would 
exist for a period of time and then change to a normal arrangement as the sensor appar- 
ently cleared itself. 
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Figure 15. - Concluded. 
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Figure 16. - Exposed inlet surfaces showing pitting from particles in free stream. 

The source of the foreign particles is believed to be small pieces of alumina from 
the dryer beds of the wind tunnel. These pieces of alumina were carried along by the 
main flow of the tunnel, accelerated through the test section, and impacted on the 
research inlet. The flow which entered the inlet carried the particles, and a portion of 
them were swallowed by the forward facing Pitot tube which supplied the flueric shock 
position sensor. Figure 16 shows a portion of the inlet's slotted external surface. The 
downstream surfaces of the slots were inclined at an angle of approximately 45' to the 
free stream flow. That portion of the downstream slot surface which is not shaded from 
the approaching particles shows marked pitting. On the basis of impact counts made on 
this pitted surface, it was estimated that between 50 and 100 particles might have entered 
the sensor's supply tube and passed through the sensor's internal passageways. Since the 
power nozzles of the amplifiers used in the sensors were only 0.020 inch (0.0508 cm) 
wide and the craters left by the impacting particles were as large as 0.030 inch 
(0.0763 cm) in diameter, ample opportunity existed for the clogging of the amplifiers' 
passageways. Clearly, a requirement for future sensors, whether used in wind tunnels 
o r  in operational flight inlets, is the use of a particle trap and filter in the supply mani- 
fold. In addition, flow sources, located at the junction of the signal lines with the sensor 
inputs, should be used to reverse flow the signal lines with clean air. Thus, the signal 
lines would discharge air into the inlet instead of taking air and dirt particles from it. 
Since the reverse signal line flow would be constant and low (thus incurring low frictional 
pressure drops), pressure fluctuations at  the wall static pressure taps would be trans- 
mitted accurately to the inputs of the shock position sensor. 

DISCUSSION OF RESULTS 

Performance of Sensor 

For the inlet configuration which had no aft boundary layer bleeds, the flueric sensor 
exhibited satisfactory static performance. When the aft boundary layer bleeds were 
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opened and the distribution of the sensor's signal line orifices was changed, the sensor's 
static output became oscillatory-and inaccurate when the shock wave was in the vicinity 
of the boundary layer bleeds (between pressure taps C and D). This degradation in static 
performance is believed to be caused by (1) marginal dynamic stability of the sensor 
which causes it to be highly sensitive to the noise in the input signals which occurs when 
the shock is in the vicinity of the boundary layer bleeds, and (2) a change in the sensor's 
operating characteristics that occurred during the course of the wind tunnel testing. The 
marginal dynamic sensitivity is believed to be caused by pressure waves in the exhaust 
manifold. A larger cross-sectional flow area manifold is clearly indicated. The change 
in sensor operating characteristics during wind tunnel testing is believed to be a result 
of foreign particle ingestion. Filtration of the supply flow and reverse flowing the signal 
lines should eliminate this latter problem. 

Dynamic response of the sensor is not established. Laboratory bench tests were 
conducted at 11 5-hertz cyclic frequencies for various shock excursion amplitudes. The 
sensor could be adjusted to perform properly in these tests. However, when the actual 
static wall pressures of the inlet were applied to the sensor during wind tunnel tests, 
dynamic performance of the sensor was much lower than 115 hertz. Full-amplitude 
response of the sensor could be obtained for shock cyclic frequencies in excess of 
50 hertz, but less than full-amplitude response could not be obtained at test frequencies 
as low as 13.5 hertz. The dynamic interactions in the exhaust passages of the sensor 
are believed to be responsible for its degraded dynamic response in the wind tunnel tests. 
A major contributing cause of the sensor's dynamic sensitivity to exhaust pressure 
fluctuations is probably the extreme switching sensitivity of the fluid jet amplifier OR- 
NOR units to vent V1 pressures. This subject is treated in greater detail in appendix B. 

As a result of the bench and wind tunnel tests of the flueric shock position sensor, 
a number of improvements can be suggested to upgrade its performance: 

(1) The gage supply pressure to the output stage should be lowered by a factor of 
two. The ability of the logical AND unit to drive the output stage is marginal. If the 
supply to exhaust pressure drop of the output stage were reduced by a factor of two, the 
driving capability of the logical AND unit would be more than adequate. 

circuit techniques. This would enable a large reduction in overall sensor volume and 
lengths of internal sensor passageways. Size would be reduced and speed of response 
increased. Additionally, more space would be available for large cross-sectional area 
exhaust passageways. 

(3) In conjunction with fabrication of the sensor using flueric integrated circuit 
techniques, the height of the power nozzles of the fluid jet amplifiers used in the circuit 
should be reduced by a factor of two. Flow consumption of the circuit would be reduced 
by a factor of two. Thus, for the same total circuit flow consumption, twice as many 

(2) Future flueric shock position sensors should be fabricated using integrated flueric 

35 



samples of wall pressure and twice as many indicated output shock positions could be 
obtained. Conversely, for the same, fixed cross-sectional flow areas in the exhaust 
manifold, the exhaust manifold area to power nozzle area ratio would be doubled, thus 
decreasing the effect of pressure drops and waves in the exhaust manifold. 

(4) Filtration of the supply and reverse flowing the signal lines is mandatory. 

CONC LU S I ON S 

It is concluded that a flueric shock position sensor is feasible. The sensor described 
in this report accurately measured normal shock position when the inlet's aft bleeds 
were plugged. When the aft boundary layer bleeds were unplugged, the sensor gave 
reasonably accurate indications of shock position when the shock was not in the vicinity 
of the boundary layer bleeds. The sensor's static performance should be markedly 
improved by relatively simple changes to the existing circuit. 

Dynamic response of the sensor was well behaved with the exhaust manifold 
removed, but erratic with the exhaust manifold installed. In the wind tunnel, better 
behavior was observed for large shock position excursions than with small excursions. 
It is believed that these effects were caused by inadequate exhaust passageway sizes. 
Appropriate changes to the sensor's exhaust manifold size and supply pressures should 
enable the sensor's dynamic performance to be improved markedly. A goal should be 
partial o r  full-amplitude response in excess of a 50 hertz minimum. 

Erratic response and malfunctioning of the sensor was caused by foreign particles 
ingested through its supply tube. The particles would clog the small passageways of the 
fluid jet amplifiers. This problem should be even more severe for an operational sensor 
mounted in an aircraft's inlet. Filtration of the supply flow and reverse flowing of the 
signal lines will be necessary to eliminate,foreign particle ingestion. 

It is also concluded that significant decreases in sensor size and flow consumption 
are possible by the use of flueric integrated circuit techniques. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, August 8, 1968, 
126-15-02-20-22. 
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APPENDIX A 

SCALING AMPLIFIER SIZES AS A FUNCTION OF OPERATING 

PRESSURE AND TEMPERATURE 

For a digital, wall  attachment fluid jet amplifier of given geometry, two operational 
restrictions determine a minimum size which can be used for a given supply gas total 
pressure and temperature. These restrictions are the following: 

(1) The maximum power nozzle throat Mach number Mm, at which the amplifier 

(2) The minimum throat Reynolds number Remin at which the fluid jet amplifier 

A s  pointed out in reference 4, and also as verified experimentally during this develop- 
ment program by Lewis Research Center, the performance of an amplifier may be con- 
sidered to be relatively Reynold's number insensitive and pressure ratio insensitive as 
long as it is not operating in the vicinity of these limits. 

exhaust pressure at which a fluid jet amplifier of given geometry and size may operate. 
The power nozzle throat Reynolds number may be written 

will  still satisfactorily operate 

will satisfactorily operate 

Given the two limits of Mm, and Remin, it is possible to determine the minimum 

Regrouping and substituting the simultaneous limits of Mmax and Remin into equa- 
tion (Al) gives 

The first term in equation (A2) is an effective shearing stress and depends only on 
the speed of sound in the gas c at the power nozzle exit, the viscosity ,u of the gas, 
and the amplifier's power nozzle throat width D 
composition and temperature and for a given amplifier size, the first term in equa- 
tion (A2) is fixed. 

and the maximum throat Mach number terms. These terms are a function of the ampli- 
fier geometry alone and do not depend on the properties of the supply gas. Thus, it is 

j 
Thus, for a supply gas of given 

j '  

The second term in equation (A2) is composed of the minimum Reynolds number 

37 



seen that the right-hand side of equation (A2) contains two groups, one which is solely a 
function of the supply gas properties and amplifier size, and the other which is solely a 
function of the amplifier geometry. 

shock position sensor should be approximately equal to the inlet's wall static pressures 
upstream of the shock wave. Since the power nozzle exit pressure p. is approximately 
equal to exhaust pressure, 

A s  pointed out in the text, the exhaust pressure pe for the fluid jet amplifiers in the 

J 

Equation (A3) may be substituted into equation (A2) to determine the minimum free 
stream total pressure po at which the shock position sensor may operate and still have 
an internal exhaust pressure pe equal to the supersonic throat static pressure of the 
inlet. For this condition, po would equal ps. Thus, 

- 1  c . y  Remin 1 Po = PS,,in -- - - 
kDJ Mmax pth/po 

It was assumed that the amplifier used for fabricating the shock position sensor had 
a maximum power nozzle Mach number limit of 0 . 9 ,  a minimum power nozzle Reynolds 
number of approximately 2340, and a power nozzle throat width D. of 0.020 inch J 
(0.0508 cm). Conditions of the air in the inlet throat were 

2 ps = 13.15 psia (0.07 N/cm ) 

To = 547' R (318 K) 

These conditions give the following properties at the fluid jet amplifier's throat: 

T3 = (TJ/To) To = (0.861)(574) = 493' R (275 K) 

2 2 (1.72 (N)(sec)/cm ) y. = 2 . 5 ~ 1 0 "  (lb force)(sec)/in. J 
4 c. = 1 . 3 1 ~ 1 0 ~  in./sec (3.33X10 cm/sec) 

J 
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Substituting the previous values into equation (A4) gives 

2 which is satisfactorily less than the 13.15 psia (9.07 N/cm ) actually delivered to the 
amplifier. For the inlet's design free stream Mach number of 2.5, po, min would corre- 
spond to a pressure altitude of 0.461 psia (0.318 N/cm ) o r  approximately 77 600 feet 
(25 200 m). The next smaller, geometrically similar amplifier had a power nozzle width 
of 0.010 inch (0.0254 cm). This would have given a minimum free stream total pressure 

2 2 of 15.8 psia (10.9 N/cm ). Since the wind tunnel was to be run at 13.1 psia (9.02 N/cm ) 
total pressure, the smaller amplifier could not be used. 

It should be noted that, under actual flight conditions of Mach 2.7 at 70 000 feet 
(21 400 m)(typical values for  a supersonic transport), free stream total temperature would 
rise to 968' R (537 K). This higher total temperature would increase both the speed of 
sound and the viscosity of the supply gas to the sensor, thus decreasing the pressure 
altitude at which the sensor could satisfactorily operate. The minimum free stream 
total pressure under these latter conditions would be po = 15.1 psia (10.4 N/cm ). At 
Mach 2.7, this would correspond to a pressure altitude of 0.648 psia (0.448 N/cm ) o r  
approximately 70 000 feet (21 400 m). 

2 

2 
2 
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APPENDIX B 

INTERC~NNECT~ON OF THE CIRCUIT ELEMENTS 

This appendix deals with the procedures used to interconnect the sensor's flueric 
elements and a brief analysis of some of the interconnection problems encountered. The 
details of digital flueric element interconnection are not covered here since they are 
dealt with adequately in other literature. Reference 5 provides a good general back- 
ground. Reference 3 gives a detailed treatment of single reflection line termination which 
was used extensively in the sensor. 

necessitated rather long lines - of the order of 18 to 20 inches (46 to 51 cm). Because of 
the length of the lines, some means of acoustically dampening reflected waves in the 
lines was necessary if high-speed response of the sensor was to be obtained. Acoustical 
termination yielded lines of such small diameter that high frictional pressure drops 
resulted. While the sensor could be adjusted to operate with these pressure drops at  
any one given set of flight conditions, a change in altitude, free stream total pressure, 
or  temperature would possibly change the frictional pressure drops sufficiently to yield 
the sensor inoperative. Single reflection of the signal lines by means of an orifice at the 
beginning of the line was chosen instead. The orifice restriction was accomplished by 
drilling a hole in the inlet wall which was smaller in diameter than the diameter of the 
line to which it was conected. 

An analytical approach for sizing the orifice diameters was difficult because of 
crossflow between control ports of the comparator amplifiers. The signal line size of 
0.125 inch (0.318 cm) was chosen on the basis of acceptably low frictional pressure 
losses. The upstream orifice diameter to terminate this line was empirically deter- 
mined by feeding pulses to the beginning of. the orifice-line combination and observing the 
pressures delivered to the sensor inputs. Once the average orifice size was determined, 
the individual orifice sizes were altered to make the sensor yield correct output patterns 
with the inlet wall pressure distribution of figure 1. The final distribution of signal line 
orifice sizes obtained by this method is given in table I of the main text. 

Internal to the sensor, it was possible to size the interconnecting lines analytically 
using the procedures outlined in reference 5. Single reflection termination was used 
since it yielded lines which had low frictional pressure drops and which were close to 
commercially available tubing sizes. An average interconnecting line size of 0.125 inch 
(0.318 cm) was used. Graphical techniques were employed to obtain the sensor's 
internal line sizes. Typical pressure-flow characteristics used in these graphical con- 
structions are given in figures 17 to 21. These characteristics were of the Corning 
OR-NOR units. The termination characteristics were determined by coupling single 

Interconnection of the sensor's inputs with the inlet's static wall  pressure taps 
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2(Ps - Pel 
Normalized control port pressure, 

(a) Jet directed to receiver RT 
Figure 17. - Combined pressure flow characteristics for control ports C1 and CT (Data taken on 2X OR-NOR unit similar to that shown in  figure 5.) 
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PC + Pcll 2% 

2(Ps - Pel 
Normalized control port pressure, 

(bl Jet directed to receiver R1 
Figure 17. -Concluded. 

.5 .6 

(a) Jet directed to receiver RP 

Figure 18. - Vent V1 pressure flow characteristics. (Data taken on 2X OR-NOR unit similar to that 
shown in figure 5.) 
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Normalized vent V1 pressure, (pvl - pe)/(ps - pe) 

(b) Jet directed to receiver R2. 

Figure 18. -Concluded. 

elements with plastic tubing of the closest proper inside diameter. Good agreement was 
found between observed and predicted pulse heights and waveforms. In some cases, 
termination was not perfect and reflections occurred (due to the use of a commercially 
available tubing size rather than the one analytically determined). The magnitude of 
these reflections, however, was small and did not interfere with proper operation of the 
circuit. 

As mentioned in the text, the prototype shock position sensor worked well before the 
exhaust manifolds were attached and worked poorly after the manifolds were in place. 
Obviously, the effects of varying exhaust pressure had deteriorated the performance of 
some of the sensor's component fluid amplifiers. The remainder of this appendix is 
devoted to analyzing some of the problem areas which are believed to have caused the 
shock position sensor's dynamic sensitivity to changing exhaust pressure. 
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Normalized control port C1 pressure, (pel - pe)/(ps - pe) 

(a) Jet directed to receiver R2. 

Figure 19. - Pressure flow characteristics for control port C1 with control port C2 vented to exhaust. 
(Data taken on  2X OR-NOR unit similar to that shown in figure 5.) 

Analysis of Sensor Interconnection Problem Areas 

It is believed that most of the dynamic interconnection problems encountered in the 
prototype shock position sensor can be traced to the switching characteristics of the 
OR-NOR units. In particular, the unit's sensitivity to positive control port pressures 
and/or negative vent V1 pressures when switching from receiver R1 to receiver R2 
is believed to be responsible. This switching sensitivity is readily seen in the control 
port pressure-flow characteristics. Figures 17(b), 19(b), and 20(b) show that an average 
positive control port pressure of only 2 to 3 percent of the amplifier's gage supply 
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pressure will prevent it from switching from receiver R1 to reciever R2 if the vent 
V1 pressure is equal to amplifier exhaust. Similarly, figure 18(b) shows that a negative 
vent V1 pressure of only 2 percent of supply will  keep the amplifier from switching 
to receiver R2 when the average control port gage pressure is zero. Static pressure 
drops much larger than these small values were present in the exhaust manifold. To the 
exhaust manifold static pressure drops were added the pressures of waves in the exhaust 
manifolds as comparator or  output amplifiers changed state. Thus, ample opportunity 
existed for cross coupling between various elements in the shock position sensor. 

A second possible cause of the sensor's deteriorated performance was the fact that 
the passive AND units were marginally capable of driving the output amplifiers. When 
the prototype sensor was first designed, the pressure actuated switches used for sensor 
readout required actuating pressures approximately 20 percent of the comparator units' 
supply pressure. The supply pressure to the output stage was maintained at the same 
value as comparator's supply pressure to provide output pressures capable of actuating 
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0 .1 .2 . 3  .4 

Normalized control port C2 pressure, 

(a) Jet directed to receiver RP 

.7 .8 

Figure 20. - Pressure flow characteristics for control port C2. Control port C1 vented to atmosphere. 
(Data taken on 2X OR-NOR unit similar t o  that shown in figure 8. ) 

the switches. Because of the total pressure losses in the passive AND units, their 
output pressure was calculated to be only 14.5 percent of output unit supply pressure. 
The data of figure 19(a) shows that OR-NOR units require control pressures of only 
10 percent of supply to switch. Thus, this driving pressure should be sufficient if com- 
ponent variations and receiver loading effects do not have to be taken into account. 
Unfortunately, however, substantial variations in switching pressures exist between 
various OR-NOR units. In addition, OR-NOR units become more difficult to switch into 
the R1 receiver if the R1 receiver is driving a load such as an orifice or the control 
port of another amplifier. 

If the gage supply pressure to the output units is reduced by a factor of two (corre- 
sponding to a throat Mach number of 0.675 instead of the previous value of 0.905 calcu- 
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lated in appendix A), then the logical AND units are able to furnish a signal pressure of 
30 percent of the output units' supply, an adequate amount for driving the control ports 
of the output unit. Such a reduction in the supply pressure to the output units is con- 
sidered permissible since a second set of pressure actuated switches was obtained which 
would switch on less than 1 inch of water (0.025 N/cm ). Under wind tunnel conditions, 
the pressures delivered to the switches would be 1.2 psig (0.827 N/cm ) a value far 
higher than their actuating pressure. 

A third, final cause of sensor deteriorated performance could lie in the passive 
AND unit. Supply pressures to the power nozzles of the OR-NOR units which comprise 
the passive AND units is only 38 percent of the gage supply pressure to the comparator 
units. Thus, from figure 17(b), it is seen that vent pressures of only 2 percent X 0.38 
or  0.76 percent of the comparator unit's gage supply pressure will  keep the passive 
AND units from returning to their NOR leg outputs in the absence of control port pres- 
sures. This value is a very small percentage of the comparator's supply pressure and 

2 
2 
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(a) Receiver R1 characteristics. Receiver R2 vented to exhaust. 

Figure 21. - Receiver pressure flow characteristics. (Data taken on 2X OR-NOR un i t  
similar to that shown in figure 5.) 
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Normalized receiver R 2  Pressure, ( P R ~  - pe)/(ps - pe) 

(b) Receiver R2 characteristics. Receiver R1 vented to exhaust. 

Figure 21. - Concluded. 
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could easily occur as a result of small waves in the exhaust ducting or, for that matter, 
as a result of frictional and turning losses in the exhaust ducting. Laboratory bench 
tests with the exhaust manifolds removed did not indicate the sensor's operational pro- 
blems which were encountered when the manifolds were installed. Thus, further improve- 
ments to the shock position sensor should include the following: 

(1) Enlargement of the exhaust manifold cross-sectional flow areas so that pressure 
drops in them are negligible 

(2) Use of an OR-NOR unit in the passive AND stage which does not have the reverse 
switching sensitivity to vent VI pressures that the present OR-NOR units have 
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APPENDIX C 

SYMBOLS 

C. J 
c19c2 

Dj 
k 

g0 

M 

Mmax 
m 

P 

R1 R2 

Remin 

sxY 

%Y 

T 

v1 
OR 

static wall pressure taps on the ir ?t's wall (also refers to pressures 
measured by these taps) 

Boolean logical AND function (has value of true only if two inputs to 
the AND function have the value of logical true) 

speed of sound in power nozzle of fluid jet amplifier 

control ports on fluid jet amplifier 

width of power nozzle of fluid jet amplifier, in. ; cm 

ratio of specific heats of air 
acceleration of gravity, (lb mass)(in. V(lb force)(sec 2 ); 

2 (kg)(cm)/(N)(sec 1 
Mach number 

maximum Mach number at which fluid jet amplifier will operate 

mass flow rate 

pressure, psi; N/cm 

receiver of fluid jet amplifier 

minimum Reynolds number a t  which fluid jet amplifier will  operate 

outputs of logical AND units of shock position sensor, indicate a 

2 

possible shock location between pressure taps X and Y 

outputs of logical eqs. (2) (indicate exclusive existence of a shock 
location between pressure taps X and Y) 

outputs of logical eqs. (3), (also shock position sensor) (indicate non- 
exclusive existence of a shock between stations X and Y - i. e. , 
existence of S& means that either a shock exists between stations 
X or  Y or  that the output Syz or  higher exists) 

temperature, OR; K 

interaction region vent of fluid jet amplifier 

Boolean logical OR function (has the value true if either of the two 
inputs to it has the value true) 
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NOR 

P 

P 

Subscripts : 

S 

th 

V1 
min 

max 

Boolean logical NOR function (has the value true only if neither of the 
two inputs to it has the value true) 

density, lb mass/in3; kg/cm 3 

viscosity, lb force (sec)/(in. 2 ); N (sec)/cm 2 

refers to the pressure taps A, B, 6 ,  D, E, F, respectively 

respective control ports of fluid jet amplifier 

refers to amplifier exhaust conditions 

refers to conditions at throat of amplifier power nozzle or  to sensor 
exhaust pressure 

refers to supply conditions to fluid jet amplifiers or  to sensor supply 
conditions 

throat conditions in supersonic inlet, ahead of normal shock wave 

interaction region vent of fluid jet amplifier 

minimum value 

maximum value 

Superscript : 

denotes logical complement of quantity 
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