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ABSTRACT

Instrumentation has been developed for the measurement of dynamic

pressures and drag forces in high velocity, high pressure airstreams which

are laden with dust. The instruments are intended specifically for the

high overpressure regions (up to 500 psi) during atmospheric tests of

nuclear weapons over desert surfaces.

The development program included the design and construction of:

(1) four total pressure probes (SRI-MAD gages) capable of measuring

almost independently the total pressure of the gas phase and

the momentum flux of the suspended dust,

(2) four total drag probes to measure directly the drag force on

a cylinder,

(3) four dust sampling devices to obtain representative samples

of suspended dust for particle size distribution analyses,

and

(4) a surface shear gage to measure the magnitude of airblast

induced shear stresses in the soil.

Items (1), (2), and (3) were designed for the 50,100,20(0 and 500 psi over-

pressure regions, one of each Ltcm for each pressure. Item (4) was de-

signed for the 200 psi overpressure region.

Additional tests will be required on items (i) and (4) before they

can be used in the field.
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I I NT'rODUCTION

Dluring iuc l ear w:,lpensl tests over desert r-'gions such as the Nevada

Test Site (NTS) it has but-n observed that large quantities of dust are

ra ised from thu surface and carried in suspensUion with the airblast. When

this occurs the paalterl of the air flow may be significantly altered by

thl' preseInce, of the dust, terrors may be introduced into the measurement

of dynamic pressures by conventional methods, and the dust itself may

contribute significantly to target damage.

To better understand the flow phenomena associated with dusty air-

blasts and the forces experienced by exposed drag sensitive targets,

Stanford Research Institute (SniI), under the sponsorship of the Defense

Atomic Support Agency (IASA) has performed a comprehensive series of

Iheoretical and laboralory situdies dealing with particle laden gas flows

under Cent i-act IDA--19-116-XZ-02- .

The entire program was conducted in five phases. In Phase I several

total pr-essure probes that had been used in field tests were calibrated

in SHI's "dusty" wind tunnel to determine their sensitivity to dust. Phase

II was a theoretical study of the effects of suspended particulate matter

ini steady incompressible, subsonic flow around cylinders and spheres.

The theories developed in Phase II were tested experimentally in Phase

III for validity and range of applicability. Iln Phase IV the theory was

extended to cover rectangular bodies and to include the effects of com-

pressibility and unsteadiness of flow.

This report covers Phase V of the program, in which the instruments

for field test measurements of dusty airblast effects in high overpressure

regions have bueen designed and prototypes constructed. The following

three types of measuring instruments were developed:

(i) a total pressure probe designed to measure almost independently

the dynamic pressure of the air phase and the momentum flux of

the suspended particulate matter;
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(2) a total drag probe for measuring directly the total drag force

on a cylindrical body; and

(3) a subsurface shear gage for measuring airblast induced ground

surface shear forces.

Four each of the total pressure probes, designated SRI-MAD gages

(for measurement of air and dust.), and total drag probes were designed

and constructed for use in the 50, 100, 200, and 500 psi overpressure

regions, respectively. The interpretation of data from the MAD gages

requires a knowledge of dust particle size distribution. Therefore, a

device was developed also for obtaining representative samples of the

suspended dust. Four of these dust samplers were constructed to be used

in conjunction with the MAD gages. One surface shear gage, designed for

the 200 psi overpressure region, was constructed.

The MAD gages were patterned after a design previously developed at

SRI for use in subsonic flow. The original gage had been calibrated in

the SRI subsonic "dusty" wind tunnel and experimental results were in

agreement with predicted behavior. 1* Analytical and experimental data

from this earlier program can be used to predict the response of one of

the current gages, designed for the 50 psi region where the flow is sub-

sonic (see Table 1). Since the other current MAD gages were designed for

overpressure regions in which supersonic flow obtains, the subsonic tunnel

was inadequate for calibration purposes.

For these gages an electrical analog (with particle size and free

stream velocity as variables) was developed to predict the response to

dust, and a series of rocket sled tests at high supersonic velocities

(up to Mach 2) were conducted to test the dynamic behavior in clean and

dusty air. Artificially created dust clouds of known density were used

in the sled tests to simulate dusty airblast phenomena.

The total drag probes and the surface shear gage were calibrated

statically in the laboratory.

* Numbered references are listed at the end of this report.
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II SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The instrumentation developed on this project is suitable for use in

high velocity, high pressure air streams which are laden with dust. The

research was undertaken to provide means of measuring dynamic pressure

and dust momentum flux in regions where the flow is supersonic, and to

provide experimenital means of measuring surface shear and of checking

theoretical estimates of the total drag on a cylindrical body.

The development program included:

(1) The design and fabrication of four total pressure probes

(SHI-MAD gages) designed to measure almost independently the

air phase dynamic pressure and the dust momentum flux.

(2) The design and fabrication of four devices for capturing samples

of the suspended dust for particle size analysis (needed in the

interpretation of MAD gage data).

(3) The design and fabrication of four total drag probes to

measure the drag force on a cylindrical body.

(4) The design and fabrication of a gage for measuring airblast

induced surface shear forces.

Items (1), (2), and (3) were designed for each of four overpressure re-

gions, 50, 100, 200, and 500 psi; item (4) was designed for the 200 psi

overpressure region.

The total drag probes and shear gage were calibrated in the laboratory.

In the absence of a suitable laboratory facility for calibrating the MAD

gages, an analog computer program was developed to predict their response

to dust as a function of dust particle size and free stream velocity.

A series of rocket sled tests was undertaken to test the dynamic behavior

of the MAD gages in clean and dusty air.

The calibration of the drag probes and shear gages indicates that

these instruments cover adequately the range of loadings for which they

were intended. As test conditions are now envisioned, the sensitivities

and response times of the instruments are also entirely adequate. The
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calibrations were performed to check design and fabrication procedures

rather than to provide working calibration curves. Final calibrations

should be conducted with the instruments connected to their associated

elect ronics.

The time response of the MAD gage, particularly with respect to dust,

is difficult to determine in the laboratory since it is a dynamic instru-

ment. lndicatiunb are that the rise time in response to a step input is

about 10 or 12 milliseconds for air dynamic pressure, and about 4 or 5

milliseconds for dust momentum flux. It is probable that some improvement

will be necessary for field tests. This can be done by filling some of

the pressure passages with low-compressibility fluid such as silicone oil

or grease during assembly.

The design concept of the MAD gage is the same as that for the sub-

sonic gage developed previously (Ref. 1) and their geometries are quite

similar. There is no reason to believe that the analytical and experi-

mental work done at that time cannot be used to predict the behavior of

the MAD gage that is designed for use in the 50 psi overpressure region

where the flow is supersonic.

The dust response data from the rocket sled tests were inconclusive

and failed to either prove or disprove the validity of the analog solutions

for dust registry coefficients in supersonic flow.

The sled tests produced only negative results with respect to clean

air behavior and disclosed the necessity for a design modification.

A unique feature of the MAD gage design is the incorporation of a

static pressure port to enable the front transducer to sense the

difference between total and static pressures. In this way the dynamic

pressure can be measured directly in one instrument at one location,

rather than by correlating total pressure measurements from one instrument

with stalic pressure measurements from another instrument nearby. It is

evident from the track test clean air data that the static port is not

sensing true static pressure. Some additional experimentation will be

necessary before this desirable feature of measuring dynamic pressure

directly can be incorporated in the gage.
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There are at least three practical approaches to the problem. The

simplest but least attractive, perhaps, would be to revert to the original

design in which the front transducer measured total pressure only and

static pressure was measured by another instrument independently. This

could be accomplished by simply plugging the static ports. A second

approach would be to calibrate the gages for static pressure error as a

function of velocity and angle of attack. It may be possible, by minor

relocation of static pressure ports, to make the gages insensitive to

angle of attack. A third approach would be to relocate the static ports

to locations where they sensed true static pressure. This would necessi-

tate lengthening the probes (a relatively simple task) or creating a static

pressure area in the near vicinity of the MAD gage, perhaps in conjunction

with the mounting bracket. The second and third approaches would each

require a limited amount of experimentation in a supersonic wind tunnel

or on a rocket sled track.

it is recommended that this apparent deficiency in the MAD gage be

investigated by a cembination of approaches two and three. If a promising

method of obtaining dust response data can be devised (perhaps by a sled-

borne tape recorder) the investigations of dust registry coefficients and

clean air behavior should be combined in one experimental program. If

the investigation is to be restricted to clean air behavior experimentation

in a supersonic wind tunnel would be more efficient.

In the latter case, that is, in the absence of an experimental program

to determine dust response it will be necessary to rely on the analog

solut ,n for the determination of dust registry coefficients.

It should be realized that the instruments developed in this program

difrer substantially from instrumentation used heretofore. The shear gage,

in addition, will be used in a new area of investigation where phenomena

are not clearly defined. When the instruments arc used in the field for

the first time it would be highly desirable to deploy as many of each

type as possible to provide cross-checks. In the case of the shear gage

it would be desirable also to conduct preliminary laboratory type tests

to help establish orders of magnitude and to investigate methods of gage

deployment.
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III EXPERIMENTAL WORK

A. Design Operating Conditions

The prediction of field test operating conditions (i.e., flow Mach
number and dust loading) for the various overpressure regions was based
on data contained in Refs. 2, 3, and 4. The predicted values of flow
Mach number, clean air dynamic pressure (q ar), and maximum dust momentum

flux (€dust) are given in Table I.

Table I

PREDICTED FIELD TEST OPERATING CONDITIONS

Overpressure Flow Mach q air dust
(psi) Number (psi) (psi)

50 0.95 32 96
100 1.25 112 336

200 1.50 308 924
500 1.88 1075 3225

In estimating the errors in drag and shear force measurements due to
motion of the ground mass it was assumed that the horizontal acceleration
of the ground mass would not exceed 10 g in the area of interest.

B. Design of the MAD Gage

1. Description

The SRI-MAD gage (see Fig. i) is a modification of a gage developed
previously at SRI for use in subsonic flow regimes. It consists of a
vented pitot tube about 6 -inches-long with ports for measuring the local
pressure at two locations along the tube's length. Pressure is measured
as near the forward end of the tube as possible, and again as near the
rear as possible. Free stream static pressure is measured through static
taps in the wall of the gage at an appropriate distance aft of the nose.
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The pressures from the front and roar ports are transmitted through

separate passages to two Ultradyne variable reluctance pressure trans-

ducurs arranged in such a way that the front transducer senses the

difference between the front port pressure and static pressure, while the

rear transducer senses the difference between the front and rear port

pressures. Venting of the pitot tube (to avoid plugging with dust) is

controlled by a metering orifice at the rear of the tube. The error in

total measurement due to venting of the pitot tube is less than 1% for all

free stream velocities of interest.

The design details and calculations for the MAD gage are given in

Appendix A.

2. Theoretical Performance

As the stream of dust laden air impacts on the nose of the tube, the

air phase decelerates almost immediately to the velocity of the metered

airflow within the tube. The dust particles being considerably more

massive decelerate gradually due to air drag, slowly transfer momentum to

the air, and cause a corresponding increase in pressure with distance along

the tube's length.

Ideally the dust particles would not decelerate at all before passing

the first port, and would have decelerated to air velocity before reaching

the rear port. If this were the case the front pressure transducer would

register air phase dynamic pressure only, while the rear transducer would

reflect the total dust momentum flux. Unfortunately, these phenomena can

only be approached in reality. A finite deceleration of lighter particles

ahead of the forward tap cannot be avoided, and particle velocity inside

the tube approaches air velocity asymptotically.

A detailed theoretical analysis of the behavior of an idealized model

in subsonic flow is given in Ref. 1 where the capture efficiency, e, and

dust registry coefficient, N, are plotted for each of two assumed probe

geometries and for various free stream Reynolds numbers.

In supersonic flow, for which three of the present MAD gages have

been designed, a shock wave stands ahead of the mouth of the tube. The
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shock detachment distance is so short that even the lightest of particles

cannot have their trajectories changed appreciably and virtually all

particles directed toward the mouth of the tube in the free stream are

captured. Thus, the capture efficiency loses its significance in super-

sonic flow. However, the analysis of the gage's behavior with respect to

the dust registry coefficients at the front and rear ports becomes more

complex.

Directly behind the shock wave (where the air phase has become sub-

sonic) the dust particles, still traveling at nearly free stream velocity,

are usually supersonic relative to the surrounding air. Furthermore, the

air phase is undergoing rapid and drastic property changes. Under these

conditions, calculation of particle deceleration rates is extremely

difficult.

Preliminary analyses of particular extreme conditions indicated that

for some free stream conditions of interest the small particles would

decelerate appreciably before reaching the front port of the gage, while

for other free stream conditions the large particles would not decelerate

sufficiently before reaching the rear port. Since the function of the

MAD gage is to measure independently the air phase dynamic pressure and

the dust momentum flux, it is necessary to know to what extent the dust

contributes to the forward port pressure and to what degree the rear port

pressure fails to reflect all of the dust momentum flux. A suitable

calibration facility was not available and analytical determinations for

particular conditions are tedious and time consuming. Therefore, the

problem of predicting the MAD gage's response to dust of different particle

sizes and at different free stream velocities was handled on an electrical

analog computer. The theoretical analysis and the analog computer program

are described in Appendix B.

3. Testing and Calibration

The dynamic testing of the MAD gages was conducted on the Supersonic

Test Track at the Air Force Missile Development Center (AFMDC), Holloman

Air Force Base, New Mexico. Specific objectives of the test were to check

the behavior of the gages as supersonic pitot tubes in clean air, including
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their sensitivity to angles of attack and yaw, and to spot-check the analog

computer solutions for dust registry coefficients. An incidental objective

was to check the tendency of the gages to plug as dust was encountered.

The rocket sled and the deployment of MAD gages is shown in Fig. 2.

MAD gage A, designed for the 50 psi overpressure in field tests,

was mounted in the center with its axis aligned with the flow streamlines;

gage B1, designed for 100 psi overpressure, was mounted on the starboard

side at a 100 angle of attack; and gage C, designed for 200 psi overpressure,

was mounted on the port side at 100 angle of yaw. MAD gage D, designed

for the 500 psi overpressure region, was not sufficiently sensitive to

be used in track tests.

Dust loading in the track tests was simulated by artificially created

dust clouds. The generators used for this purpose are shown in Fig. 3.

Dust was introduced at a metered rate into the high velocity throat section

of a convergent-divergent duct. The mixture of air and dust, contained in

a frangible polyethylene duct, was then directed across the path of the on-

coming sled. Metering was accomplished by spreading a measured amount of

dust evenly on a porous cloth conveyer belt (see insert, Fig. 3). A few

seconds prior to the sled's arrival, a signal was provided to start the

belt which then proceeded at a known rate. At the throat section of the

air duct, the belt passed over a slotted hollow idler pulley where a

secondary airstream was used to blow the dust off the belt and into the

air duct. Two dust generators were used in tandem (about 3 feet apart)

to increase retention time. Four types of dust were used at each of two

sled velocities, 1200 ft/sec and 1600 ft/sec. When the dust generators were

placed at the track station where sled velocity was 1200 ft/sec the MAD

gages were exposed to dust loading for about 7-1/2 milliseconds; when

placed at the 1600 ft/sec station, exposure time was about 5-1/2 mill>.-

seconds. A total of 13 tests were conducted with peak velocities approach-

ing Mach 2. Meaningful clean air data were obtained in 10 of the tests,

eight of which involved dust loading.

The clean air response of the MAD gages is shown in Fig. 4 where the

average pressure readings from the MAD gages are compared with the computed

dynamic pressure for the test conditions. Unfortunately, the dust response

10



1, *

________il 
It' -4 -- ..

FIG. 2 ROCKET SLED SHOWING SRI-MAD GAGE DEPLOYMENT: (a) ROCKET SLED,(b) MOUNTING OF MAD GAGES, (c) SHOCK PATTERN AROUND MAD GAGES

11



ill ~~POLYETHYLENE DUCTS •,..- - -. . .

SLOrTT-.D IDLER PULLY SECONDARY
(CONCEALED BY BELT) RSPL

OuT LAYER
0 PIOROUS

COVEYOR BELT

SFB- 3108- 4

FIG. 3 DUST CLOUD GENERATORS FOR TRACK TESTS

12



1.0

0.8

80.6 0
a:

41

0'0
OA

0.2 0 PROBE A a =0
* PROBE B as+10°

01
1000 1200 1400 1600 1800 2000 2200

VELOCITY- ft/sec
RB-310-60

FIG. 4 MAD GAGE CLEAN AIR RESPONSE IN ROCKET SLED TESTS

13



data were not conclusive due to insufficient dust generation and inadequacy

of the telemetry system (see discussion, Appendix C).

Test conditions and calculations of air dynamic pressure and dust

momentum flux are given in Appendix C.

C. Design of the Total Drag Probe

1. Description

The drag sensitive target in the total drag probe is a hollow 3-inch-

long section of a 3-inch-diameter mounting cylinder 33 inches long over-all.

To minimize end effects, the mounting cylinder is machined to the exact

diameter of the target cylinder for a distance equal to about two diameters

on either side of the target. The target cylinder is restrained axially

by set screws to avoid fouling at the ends. When in use the cylinder is

mounted with its longitudinal axis horizontal and normal to the direction

of air flow.

The basic design of the probe is illustrated in Fig. 5. An octagonal

proving ring inside the hollow target cylinder is used to measure the total

drag force. This strain sensing element extends the full length of the

hollow target element, providing support and alignment.

Two strain gages, one near each end of the sensing element, are used

in series in each leg of a four leg bridge to obtain a measurement of the

total drag force acting on the target cylinder.

Detailed design calculations for the total drag probes are outlined

in Appendix A. Primary consideration was given to minimizing errors due

to horizontal acceleration of the ground, and to increasing the natural

frequencies of the probes (thereby reducing their rise time). Optimizing

on these two parameters, while at the same time designing for adequate

structural strength, suggested the use of different materials for different

probes. Consequently, probes A and B, designed for the 50 and 100 psi over-

pressure regions, respectively, are all aluminum; probe C, designed for the

200 psi overpressure region, has a steel target cylinder with an aluminum

strain sensing ring; and probe D, designed for the 500 psi overpressure

region, is all steel. The mounting cylinders are steel for all probes.
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The error to be expected from accelerations of the ground mass is

in all cases less than 0.5% of the anticipated maximum drag force. The

natural frequencies of the probes vary from about 4 kc for probes A and

B to 5-1/2 kc for probe D.

2. Calibration

The total drag probes were calibrated statically in the laboratory

using a Baldwin Tate Emory testing machine to supply the loading force

and a Baldwin Lima Hamilton strain indicator to measure the resulting

strain. The calibration curves for the four total drag probes are shown

in Fig. 6. The sensitivity of each gage provides for measurements as

low as 1% of design loads, and dust loadings up to five times the expected

air loading can be tolerated without exceeding elastic limits.

D. Design of the Dust Sampler

1. Description

A typical dust sampler is shown in Fig. 7. It consists of a 2.00-

inch I.D. cylindrical tube open fore and aft and-aligned with the blast

streamlines. For field tests the tubes will be equipped with explosive

closing devices about 20 inches apart in tandem. On signal (initiated,

probably, by the advancing shock wave) the devices will fire simultaneously,

pinching off a section of the tube in the form of a sausage and capturing

a sample of dust laden air. Small holes are provided to bleed off the

overpressure before the tubes are opened to remove the dust sample. The

function of the samplers is to obtain representative samples for determining

particle size distribution; the measurement of dust loading, i.e., the mass

ratio of dust to air, is the function of the MAD gage.

The obvious advantage of the dust sampler design is its simplicity,

In supersonic flow, isokinetic sampling can be achieved if the shock wave

is made to attach to the forward end of the tube since the particle

trajectories are then undisturbed until the tube entrance is reached. It

is necessary that velocity equilibrium between dust and air be re-

established before reaching the location of the first device and that the

two closures are accomplished simultaneously. With these ideas in mind

the leading edges of the tubes are sharpened to minimize the shock

16



1750

1500

1250

S .1000

v50

PROBE 8
500

PROBE A

250

3000
0 1000 2000 3000 4000

LOAD- 1Wf

3500

3000

2500-

2000 .PROBE C

z
Z ~PROBE I)

S1500

1000 -

500 -

0 I A
0 10,000 20,000 30,000 40.000

LOAD - Ibf
m SKIS Nut5

FIG. 6 TOTAL DRAG PROBE CALIBRATIONS-STRAIN vs. LOADING FORCE:
(a) PROBES A AND B, (6) PROBES C AND D

17



BLEED HOLES

LEADING EOGE

MOUNTING
CLAMPS

FG 7 DI - (ll -4s

FIG. 1 DUST SAMPLER (Explosive Closures Not Shown)

18



detachment distance and the first device can be placed about six diameters

aft of the loading edge. It is estimated from calculations for the MAD

gage that equilibrium is re-established within about three diameters (see

Appendix B). The tube walls comply with specifications for an existing

closure system that has been tested extensively and used successfully in

field tests. The manufacturer of the explosive devices (Lockheed Missiles

and Space Company) advises that initiation of the closures can be

controlled within ± 1/4 microseconds, and the completion of closure con-

trolled to within t I or 2 microseconds, depending on the selection of

high explosive. The time for closure is about 30 microseconds.

The details of the dust sampler design are given in Appendix A.

E. Design of the Surface Shear Gage

1. Description

The basic design of the surface shear gage is shown in Fig. 8. It

consists of a flat aluminum plate 1-foot-square supported on two octagonal

half-rings similar to the one full ring used in each total drag probe. The

strain rings in turn are fastened to a steel mounting plate. The purpose

of the gage is to measure airblast induced shear forces at a ground plane

near the surface sufficiently deep that the covering soil will remain in

place. When in use the assembly will be placed in a horizontal plane under

the surface of the ground with the longitudinal axes of the half-rings

normal to the direction of blast.

Two strain gage bridge circuits are used in the surface shear gage

to obtain independent measurements of normal and shear forces. The

placement of the strain gages and their electrical connections are shown

schematically in Fig. 9. As in the total drag probes each leg of the

Wheatstone bridges contains two strain gages in series, one mounted at

each end of the strain sensing element.

The surface shear gage was designed for a shear stress of 40 psi.

The natural frequency of the gage itself is about 2600 cps and the error

due to ground motion (assuming a maximum acceleration of the ground mass

of 10 g) is less than 1%. It should be realized that an indeterminate

amount of soil will move with the gage and increase its effective mass to

some extent.
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The type of measurement for which the shear gage is intended has not

been attempted before and little is known about the magnitude of the

shear stresses to be expected. However, it is known that the limit of

transmissibility of shear stresses in soils is about 0.2 times the normal

stress. Thus, 40 psi is probably a reasonable estimate of the maximum

shear stress in the 200 psi overpressure region. 40 psi also sounds

reasonable from the standpoint of dynamic pressure. The air phase dynamic

pressure in the 200 psi overpressure region is about 325 psi. Therefore,

the estimated 40 psi provides for a surface drag coefficient of about 0.1

referred to the air phase, plus a contribution from the suspended dust.

Design calculations for the shear gage are given in Appendix A. The

present program was limited in scope to the design and fabrication of the

gage itself and did not include plans or specifications for field use.

2. Calibration

The calibration curves for the surface shear gage are shown in Fig.

10 where strain is plotted as a function of applied force. The design

shear stress of 40 psi is equivalent to an applied force of 5760 lbf while

the design normal stress of 200 psi is equivalent to an applied force of

28,800 lbf.
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IV DISCUSSION

The results of the track tests were disappointing and questions about

the MAD gages' behavior remain unanswered. Duo to shortcomings in telemetry

and in the simulation of dust loading, dust response data were inconclusive,

neither proving nor disproving the validity of the analog solution. From

the clean air data it is evident that the gages are not sensing true static

pressure.

Unfortunately, the tests were condensed into a short period of time at

the end of the program and velocity data were not available in time to take

remedial action. It is probable that the problem of sensing static pressure

correctly could have been resolved had some of the tests been directed toward

that objective.

When the telemetry and dust loading problems were recognized every

effort was made to improve performance, but there seemed no reasonable

alternative to continuing the tests as planned, once the expense of pre-,

paring for them had been borne. It seemed unlikely that a practical method

could be developed whereby dust loading at supersonic velocities could be

simulated in the laboratory and calibration in our subsonic "dusty" wind

tunnel would be meaningless.

Although the scope of this program did not include plans or specifi-

cations for deployment of the instruments in the field it was necessary to

visualize their field mountings in order to arrive at practical configura-

tions. The MAD gages, total drag probes, and dust samplers can be con-

veniently mounted on the same kind of towers that have been used at the

Nevada Test Site in previous tests.

In planning the track test program a sled borne tape recorder system

was rejected in favor of telemetry because the "pre-record-erase"

method of recording used at AFMDC did not have.a satisfactory

frequency response. Had the telemetry problem been anticipated at

the outset it is probable that a satisfactory direct-record system

could have been developed.
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The surface shear gage can be deployed in several basically different

ways. For example, the shear plate of the gage may be covered or uncovered,

and, if covered, may be isolated from the surrounding soil or made an

integral part of it. There is also the question of whether the gage should

have its bottom surface fastened to a solid foundation or simply be imbedded

in the soil.

At present we favor a solid mounting with the shear plate isolated

from the surrounding soil and with a shallow covering of soil perhaps

2- to 4-inches-thick. Therefore, the gage was designed for (but is

certainly not restricted to) being bolted down solidly.

Tentative plans call for the gage to be mounted on a concrete base

surrounded by concrete walls to a height even with the top of the shear

plate. The shear plate, the walls, and the surrounding area will then be

covered with a layer of soil of appropriate depth. A soft rubber membrane

will be installed between the shear plate and the surrounding concrete

walls to exclude soil during the preparation of the surface. Depending

on the nature of the soil layer, it may be possible to provide a small air

gap between the soil directly over the shear gage and the surrounding soil.

This could be accomplished by a removable framework placed over the gage

while compacting the soil.

The prediction of a 40 psi shear stress for this gage in the 200 psi

overpressure region is certainly doubtable and must be considered as a

first approximation. However, the gage can withstand over five times the

design shear stress without exceeding elastic limits while the least count

of the gage in shear is about 1% of the design.

The proper operation of the dust samplers depends almost entirely on

the precision timing of the closure devices and these have been extensively

tested and used successfully in the field. It will be necessary to develop

a triggering circuit that will initiate the closures at the proper time.

It is our feeling that the firing signal can be initiated by the advancing

shock wave through a pressure switch. Information on shock patterns ahead

of cylindrical tubes is readily available in the literature (see Ref. 5).
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APPENDIX A

DESIGN CALCULATIONS

MAD Gages

Except for a sharpening of the nose section to minimize the shock

detachment distance, and an increase in the effective length of the pitot

tube, the critical dimensions of the MAD gages are very nearly the same

as those of the probe developed previously for subsonic flow.

The pitot tube I.D. is 0.093-inch compared to 0.096-inch in the

previous design and the vent-to-tube area ratio is 5.7 compared to 5.8.

The effective length of the pitot tubes in the current gages is approxi-

mately 6.5 inches compared to 6 inches previously. The major diameter of

the gages is 1.75 inches and their cantilevered lengths, that is, the

distance from nose tip to forwa2d extremity of mounting bracket, are

roughly 7-1/2 inches for gages A, B, C, and 8-1/2 inches for gage D.

Assuming as the limiting case that the Mach number of the flow out the

vent is unity, the Mach number of the flow through the tube is then, from

Ref. 5, approximately 0.1 and the pressure inside the tube is approximately

0.993 P0 where P0 is the total pressure of the air phase in the free stream.

Thus, the error introduced by venting is at all times less than 1% of

dynamic pressure.

The pressure transducers used in the MAD gages are dual coil, variable

reluctance diaphragm type, Ultradyne Model S-30. Standard pressure ranges

are used, selected on the basis of the operating conditions shown in Table I

(Ch. III) and assuming a maximum dust registry coefficient, N, of 0.75 for

the rear port. The appropriate values are tabulated in Table A.l. The

transducers in gages A and B will withstand 200% of full range pressure

and the other transducers will withstand 150% of full range pressure with-

out effect on their calibration.

The time response to air phase dynamic pressure with air as the

pressure medium in all pressure passages is about 10 milliseconds. This

response was measured by applying pressure to the probe through the front

inlet and suddenly releasing the pressure by rupturing a mylar diaphragm.

27



Table A.1

PRESSURE RANGES FOR MAD GAGE TRANSDUCERS*

Gage Design q R Transducer Pressure
Overpressure da dans psi)No. (psi) (psi) (psi) gea (psi)

Forward Rear

A 50 32 72 0 - 75 0 - 75

13 100 112 252 0 - 150 0 - 300

C" 200 308 692 0 - 750 0 - 1000

D 500 1075 2420 0 - 2000 0 - 3000

The time response to dust momentum flux cannot be measured conveniently

since a pressure differential between two points in an open tube is

required. However, on the basis of relative volumes, the time response

to dust is estimated to be between 4 and 5 milliseconds. There is

opportunity for improving the response time to both air and dust, perhaps

by a factor of two, by partially filling the pressure passages with an

incompressible fluid.

Total Drag Probe

Design Loads. Refer to Table I (Ch. III) for dynamic pressures and

compute the drag force, FD, for each probe. In Table A.2,

F D C CD A q tot (A.1)

where

CD = 1.0 by assumption

A = 3 x 3 a 9 in. 2 (projected target area)

q = q1  + •d (from Table I)

*Nomenclature definitions are listed on a fold-out page at the end

of this report.
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Table A. 2

TOTAL DRAG PROBE DESIGN LOADS

Probe Design F W M
No. Overpressure qtot D max max

(psi) (psi) (ibi) (lb/in.) (in.-lb) (in.)

A 50 128 1150 180 32.1 0.0878

B 100 448 4030 630 112.3 0.165

C 200 1232 11100 1750 312 0.1634

D 500 4300 38700 6000 1070 0.250

Mount ing Cylinder

Consider the mounting cylinder as a 3-inch-diameter beam canti-

levered from point of attachment 2-1/2 diameters (7.5 inches) from the

center of the probe.

I I

S: 7.5 in.

z 1 . 2.651 in.
w : qCtot

RA-3108-59R
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Then,
o wy, 3q tot x 7.52 -3. tt(.2

max 2Z 2 x 2.651 31(.

For a factor of safety of 1.8, use materials with working stress, a, as

follows:

ti = 1.8 x 31.8 x 125 = 7150 psi for probe A

S- 1.8 x 31.8 x 448 = 25700 psi for probe B

a " 1.8 x 31.8 x 1232 70500 psi for probe C

a - 1.8 x 31.8 x 4300 246000 psi for probe D

Target Cylinders

Make all cylinders 2-1/2-inch I.D. with a nominial 3-inch O.D. For

maximum bonding stress consider the cantilevered section from the 250

point to have a triangular load distribution diagram varying from WMax

at the 250 point of support to 0 at the point of interference with the

fixed portion. W was chosen conservatively high so the load distribu-max

tion diagram to be expected from a cylinder in cross-flow was entirely

enclosed in the triangular load diagram (see Ref. 6).

Then, from Ref. 7,

s 2 W 1.6352 •W

M max 1 max
max 15 15

(A.3)

0.178 W
max

SMC 6M
j = o ,or (A.4)

h max (A.5)
a
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S250

S:1.635

MA-3101-64

These design parameters are tabulated in Table A.2. Target cylinders A

and B and octagonal rings A, B, and C were made from 2024-T4 aluminum

with a working stress of 25000 psi. Target cylinders C and D and ring

D were made from 4140 steel and heat treated to the calculated strength.

Octagonal Proving Rings

From Ref. 8,

1.09 F r

D - (A.6)
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K 2.5 E bt3 (A.7)1.8 r3

D- (A.8)

C = (A.9)

where

a stress at the point of strain measurement

F = total drag force (Table A.2)

b = three inches for all gages

6 deflection at design load, FD

e strain at the point of measurement

For aluminum (gages A, B, and C), E 10 x 106 psi. For steel (gage D),

E := 30 x 106 psi.

fN (A.10)N 2nT m

where

fN = natural frequency of the system

m i mass of the target cylinder, plus one-half of the mass of
the octagonal ring

To estimate the error, AF, in drag measurement due to acceleration of the

supporting structure, assume a maximum ground mass acceleration, a g of

10 g. Then,

A cyl x a f 10 m (A.11)
g g
9c

or

AF 10mFD FD (A .12)
FD D
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Table A.3

DESIGN PARAMETERS, TOTAL DRAG PROBES

Probe J n' r t K f N m -C

No. (bf) (in.) (in.) (pi) I (bf/in.) (in.) (A in. /in.) (Ibm) (cps) ) F/Fd

A 1, 150 0.875 0.25 5.850 W17 x 103 (2.0012 585 0.555 4130 0.0048

It 4,030 0.1875 0.25 20,500 907 x 103  0.0042 2,050 0,555 4130 0.00137

C I I, 100 0., It ) 0.362 25,000 3000o x 1 003 0.031 2,500 1.4470 4900 0.00132

1) 38,700 0.828 1,344 8,8.500 86o0 tx id 0.0043 3,280 2.596 5800 0.00067

Dust Sampler

The dust sampler tubes were made to conform with specifications for

an existing tube-closure system (Ref. 9). The tubes are 36-inches-long,

2-inches I.D., and have 1/4-inch-thick walls. Material is 1010-1020

annealed steel tubing (Shelby seamless). The walls at the leading ends

of the tubes are tapered to a 150 wedge to permit the attachment of an

oblique shock wave around the periphery (Ref. 5). "Pillow block" type

clamps are provided at two points along the tube's length, one 12 inches

aft of the leading end and one 12 inches forward of the trailing end.

Grooves are provided at the points of attachment to enable the clamps to

resist axial thrust of the tube (see Fig. 7). Two small bleed holes are

provided under each clamp to permit venting before the tubes are opened

for analyses.

Each of the two explosive closures in a dust sampler involves a

detonator, a high explosive cbarge, and the containing hardware. When

a signal is fed simultaneously to the two detonators, the initiation of

the closure can be controlled to within t 0.25 microseconds, and the

completion of the closure to within ti. 1 to 2 microseconds depending on the

selection of the high explosive charge, i.e., whether the two charges

were taken from the same batch. The time required for closure is about

30 microseconds.
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Surface Shear Gage Design

Design Loads

The surface shear gage was designed for the 200 psi overpressure

region and the surface area of the gage is i-ft 2 . Therefore, the design

normal force, F'N is

FN =• 200 x 144 : 28. 800 lbf (A.13)

As a first approximation it was assumnd that the maximum shear stress, FS,

in the 200 psi region would be 40 psi (see discussion, Ch. III). Thus,

the total design shear force is

FS = 40 x 144-= 5,760 lbf (JI.14)

The feasibility of using an aluminum honeycomb sandwich structure was

investigated but the complexities in mounting and attachment of components

more than offset the savings in weight. Therefore, a solid aluminum plate

was used as the load bearing surface.

Shear Plate Design

'Ponsider as a simply supported w: 200 lbs/in.

beam of unit width and A 2.828 a

(for optimum. support). _n .-- T
Fhen, from Ref. 7., L

RA-3100i-4

4G.62 i 'A.15)

L = 12-inches

1 = 2.828 a

1 y!
c 6
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or

WL 2

46.62 j

For 6061-TO aluminum with a working stress of 25,000 psi,

200 x 122
46.62 x 25,000

y -,- Z -z 0.38 , say y = 3/8 inch

Octagonal Ring Design

From Ref. 9, considering the two half rings as one full ring,

1.09 F<r
(T = -- b-t-i- (A. 17.)

where, for a unit width beam, b - 1.0, and F/ = 200 x 12 = 2400
N

or 1.09 F/ r

ba (A.18)

Assume 2024-T4 aluminum with a working stress of 25,000 psi and try

r = 1 inch for a first approximation. Then,

1.09 x 2400
J\=A. 25,000 0.324

Adjusting to r ý 0.85, trying for an even 2-inch height,

1/.09 x 2400 x 0.85
t \' 25,000 0.298 , say t = 0.300 inch

Horizontal Strain

From Ref. 9,

/
2.18 F r

bt2s (A.19)
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who rc'

F - 40 x 12 = 480 (for a unit width beam)

r - 0.85

b =1

t 0.3

E 1 10 x 106

2.18 x 480 x 0.85

S io 10, x 1 X = 0.00099 inch.

Stiffness in Shear and Natural Frequency

From Ref. 9,

2.5 Ebt 3  2.5 x 107 x 0.33 X 103Ks 6 3 306 xo6lbf/in. (A.20)

The natural frequency, fNJ' neglecting the mass contribution from the

octagonal rings and the soil is

fN K where i = 0.45 ibm/unit width (A.21)
M-

/30.6X 104 x 386

1 v 0.45 2580 cps

Ground Acceleration Error

Assuming the ground mass acceleration, agP does not exceed 10 g the

error in shear measurement, aFs, is

AF < M a (A.22)
s - g g

9c

where

M = 12 m = 5.4 Ibm

F = 12 F 5760 lbf

and

AF Ma
S g 5.4 x322 = 0.0094 (A.23)

F - g F 32.2 x 5760
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APPENDIX B

ANALOG SOLUTION FOR MAD GAGE

The general problem of predicting dust registry coefficients for the

MAD gages was handled on a Model 2100 Donner analog computer and tests

were conducted on a supersonic rocket sled track to check particular

solutions.

To make the problem tractable several simplifying assumptions are

necessary. The general assumptions used for the analog computer solution

are:

(i) The dust and air are in velocity equilibrium in the free stream.

(2) The air flow pattern is not affected by the presence of dust.

(3) The air behind the shock decelerates isentropically.

(4) The dust particles behave as individual spheres without inter-
action and decelerate due to drag forces alone.

(5) The dust is distributed uniformly and the particle diameters
are very much smaller than the probe entrance diameter.

(6) All dust particles entering the probe exit at velocities
greater than or equal to the velocity of the aspirating air.

(7) The capture efficiency of the probe is unity for all particle
sizes of interest.

(8) Heat transfer effects are negligible.

(9) All particle momentum loss is recovered as a pressure rise
within the tube.

(10) The velocity of the dust particles will not decrease sub-
stantially in going through the shock wave.

Assumptions (2) and (4) imply that the dust concentration will not

be too high. At high dust concentrations the particles will interfere

with each other and influence the airflow pattern. Although it is

difficult to define a "high" dust concentration with assurance, it should

be realized that even with a mass ratio (dust to air) of unity the dust

particles occupy less than 1/10 of 1% of the total volume occupied by

the mixture.
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Assumption (8) tends to make the computed deceleration rate less than

the actual rate. The air temperature increases upon crossing the shock

wave while the particle temperature, because of thermal lag, requires a

finite time to reach equilibrium. Therefore, the particles will be

receiving heat from the air resulting in a decrease in air temperature and

viscosity of the air and an increase in air density. If these effects

were taken into account, the computed drag would be larger. However, the

error is not expected to be large because of the very short transit time

and the low heat transfer coefficient between particles and air.

As a consequence of assumption (1), we may consider the pressure rise

due to dust momentum transfer independent of the air phase.

Referring to the diagram and using the momentum law,

<STA 
f 

2R ? 
P/A 

r

RA- 3108-62

then,

W 1 ,W v(B1(Pfm - Pfe = A-v - - (Ai "fi (B.l)C gc

where

Pfm pressure at the front port for the mixture (psi)

Pie = pressure at the front port for clean air (psi)

w = mass flow rate of dust (lb/sec)

A = cross sectional area of the tube (in. 2 )

v = dust particle velocity (ft/see)
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Subscript i refers to a particle of a particular diameter. The first

term on the righL of Eq. (B.1) is the momentum flux per unit area directly

behind the shock. The second term is a summation of the dust momentum

flux at f.

From assumptions (1) und (10), Eq. (B.1) becomes

g (Pf - Pe) • A V1 - Z (Y) v (B.2)

and for a dust composed of particles of uniform size Eq. (B.21) becomes

c (Pfm - Pe) = A (V 1 - vf (B.3)

Equations (B.1), (B.2), and (B.3) apply to the rear port if we replace

subscript f with subscript r.

The efficacy of the MAD gage may be expressed in terms of a dust

registry coefficient, N, which is defined as the ratio of air phase

pressure rise to total dust momentum flux. From Eq. (B.3) for dust of

uniform size,

V -vf
Nf 1 (B.4)

and

V - v
1 r (B.5)r V1

Ideally, Nf - 0 and Nr ý 1 which means that the front port measures

air dynamic pressure only and that the rear port measures all the dust

momentum flux.

To compute particle velocity we apply Newton's second law ,o a

particle in motion, i.e.,

3 dv Pa
4/3 " 'd ad - a 2 cD2- (v - V) 2  (B.6)
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where

Pd -dust particle density (lb/ft 3 )

2 a -; dust particle diameter (ft)

vi dust particle velocity (ft/sec)

t time (see)

C drag coefficient

p a air density (lb/f t)

V -local air velocity (ft/sece)

Equation (B.6) becomes

d- Cd 2 N R (v -V) (B.7)

with boundary condition, v I at T = 0 (B.8)

where we define

- V
V I

V
2v

and N Reynolds number A (V - •) 2-P (with the air density taken

R a Pa as the average between con-

di-tions just behind the shock

and at the mouth of the probe)

T Vit
S

S/Pda V

where X = Stoke's law stopping distance =2 (PI Vs 9 ý Ia i

Equation (B.7) is nonlinear since both CD and NR are functions of the

relative velocity (v - V) and a closed form solution is not apparent.

Substituting the nondimensional velocities in Eqs. (B.4) and (B.5),

we write

Nf 1-v (B.9)

and

Nr 1-v (B.10)
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Particle velocities were computed from Eqs. (13.7) and (B.8) using a Model

3100 Donner analog computer. The program is described in Fig. B.1. The

computed velocities were then used in Eqs. (B.9) and (B.10) to determine

the theoretical dust registry coefficients, front and rear. Particular

solutions were obtained for the following range of variables:

Pd =170 (lb/ft 3 ) (chalk dust)

2 - 4, 20, 40 (microns)a

M,= 1.25, 1.47

T, -- 530 (OR)

P• 14.7 (psi)

The air velocity is assumed to decay linearly from V2 just behind the

shock to the aspirating velocity, 0.2 V2 , at the mouth of the probe. An

aspirating velocity of 0.2 V2 means that the maximum Nr is 1 - 0.02 V2

-= 2 [0.2 + 0.8 (i (B.11)

The new variables are defined as

V2 VIa
V.,

x ix

where

x = distance from the shock wave

I = shock detachment distance

The drag coefficient was considered to be a function of both Mach

and Reynolds numbers. For Mach numbers greater than 0.3, data from

Ref. 10 were used; for Mach numbers less than 0.3 incompressible data

were used.

The viscosity was computed from the Sutherland type equation,

3.27 x i0-7 (ST - 3) lb (b.12)
1008 ft-sec

1+ ST - 3
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where T is the temperature in degrees Rankine taken as the average between

the conditions behind the shock wave and at the mouth of the probe.

The dust registry coefficients computed from Eq. (B.7) for three

particle sizes and for two velocities are tabulated in Table B.1.

Table 13.1

COMPUTATION OF DUST REGISTRY COEFFICIENTS

Mach V, 2a
No. (fps) (11) Nf Nr

1.25 1400 40 0.052 0.750

20 0.243 0.837

4 0.86 0.86

1.47 1660 40 0.034 0.668

20 0.295 0.875

4 0.89 0.89
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APPENDIX C

ROCKET SLED TESTS

Summary and Conclusions

The test program was undertaken in the absence of a suitable labora-

tory facility to check the analog solution for dust registry coefficients

and to test the behavior of the gages as supersonic pitot tubes in clean

aiir .

Due to the inadequacies in the telemetry system and in the creation

of dust momentum flux no conclusive data on dust registry coefficients

were obtained. This was the first time a telemetry system had been used

in a small monorail sled and the high vibration environment together with

the low profile resulted in unsteady signal transmission. The records

indicate that the time response of the gages was satisfactory but the

information recorded during the very short interval of dust loading-

about 5-1/2 milliseconds at the 1600 ft/sec station and 7-1/2 milliseconds

at the 1200 ft/sec station--was invariably obscured by noise. To obtain

meaningful data it would have been necessary to sustain dust loading for

tenths of seconds rather than milliseconds. Furthermore, it was much

more difficult to create heavy dust clouds than was anticipated and dust

loading was much lower than planned.

For the clean air portion of the runs the data, though difficult to

interpret accuraely, leave no doubt that the dynamic pressure measure-

ments are consistently low and that the ratio of measured dynamic pressure

to actual dynamic pressure is not constant with velocity. The clean air

behavior of gages A and B is shown in Table C.1 and in Fig. 4. The ratios

of gage pressure to actual pressure and the mean values and standard devia-

tions are based on the results of eight tests. The records from gage C,

the least sensitive of the three gages, were in general too noisy to

yield reliable data.

The gages were checked before each run and there was no evidence of

plugging; shadowgraph photos taken at different stations indicated that

the air stream was undisturbed ahead of the probes. Therefore, the only
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Table C.1

MAD GAGE CLEAN AIR RESPONSE

Gage Response, qdgage

Sled
Velocity qideal GAGE A GAGE B

(fps) (psi) Mean Standard Standard( )Deviation Mean Deviation

2050 46.2 0.723 0.0321 0.738 0.0305

2000 43.6 0.733 0.0651 0.701 0.1415

1950 41.1 0.732 0.0816 0.715 0.1226

1900 38.9 0.708 0.0619 0.684 0.0976

1850 36.5 0.710 0.0771 0.679 0.1158

1800 34.2 0.690 0.0951 0.684 0.1156

1750 32.2 0.684 0.0906 0.703 0.0322

1700 30.0 0.655 0.0926 0.660 0.0461

1650 27.9 0.653 0.1008 0.629 0.0758

1600 26.1 0.593 0.0857 0.632 0.0898

1550 24.2 0.595 0.1158 0.599 0.1019

1500 22.2 0.569 0.1248 0.600 0.1113

1450 20.4 0.550 0.1098 0.601 0.1451

1400 18.7 0.516 0.1462 0.588 0.1754

1350 17.2 0.480 0.1202 0.614 0.1861

1300 15.6 0.455 0.1460 0.708 0.1848

1250 14.1 0.472 0.0921 0.712 0.1862

1200 12.8 0.421 0.1458 0.618 0.2055

1150 11.5 0.424 0.1197 0.642 0.2055
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explanation for the low dynamic prossure measurements is that the static

pressure is not being sensed correctly. Shadowgraph pictures indicate

that the flow is again supersonic before reaching the mounting plate but

this does not mean, necessarily, that free stream conditions obtain at

the static pressure ports. It is unfortunate that the track tests were

run so late in the program and in such a short interval of time that

velocity data were not obtained in time to change plans. Had the problem

in static pressure measurement been recognized in the middle of the test

series it may have been resolved in subsequent runs.

Test Plans

The voltage controlled sub-carrier oscillators in the telemetry system

were not directly compatible with the variable reluctance transducers in

the MAD gages. Therefore, a miniaturized signal conditioner package was

designed and built by SRI. It provides 3-KC excitation for the Ultradyne

transducers, an Ac voltage amplifier and rectifier-doubler to give an out-

put output of 0 to 5 volts. Calibration in the laboratory was accomplished

by pressurizing the transducers directly and reading the voltage output

from the signal conditioners. The calibration curves for the front and

rear transducers in MAD gages A. B, and C are shown in Fig. C.1. The

gain in the signal conditioners was adjustable within limitations. The

calibration curves in Fig. C.1 represent the gage sensitivities for the

major part of the test series. A 5-volt signal from the signal conditioner

is equivalent to full band width for its sub-carrier oscillator. The

magnitude of the pressures to be measured by the front transducer are

shown in Table C.1 as qideal; the pressures to be measured by the rear

transducer are shown in Table C.2 as I Calibration steps with the sled

in place before each run were provided by a pressure-resistance simulator

box that produced the appropriate voltages at the output of the signal

conditioners. The trackside calibration steps were transmitted to the

receiving station and recorded on the tape.

During each test continuous velocity data were obtained by ribbon

frame cameras. A typical space-time record is reproduced in Fig. C.2.
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FIG. C.1 CALIBRATION OF MAD GAGES FOR TRACK TESTS

Dust blowers were placed at track stations where the appropriate

velocities were expected to be reached in the coast phase of the sled's

trajectory. Dust feeding was started automatically 2 seconds before time

zero and continued until the dust was expended (about 14 seconds). The

sled reached the dust in about 3-1/2 seconds when the generators were

placed at the 1600 ft/sec station; the 1200 ft/sec station was reached

in about 5 seconds. A log of the test series is shown in Table C.2.

Calculations

Clean Air Dynamic Pressure

AsueToe 5450R, (Psave 12.75 psi (Ref. 11). Then,, from

Ref. 5)

c = 49.02 n545 = 1145 ft/sec (C.l)

M V V (C.2)
c 114-5
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FIG. C.2 SPACE-TIME HISTORY FOR TYPICAL TRACK TEST
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P
0 •p0 * (cC.3)

P

P 0 12.75 x -- (C.4)
0o P

q -O - p 12.75 - I (C.5)

Dust Momentum Flux

The mass flow rate of air,Wa, through the dust generators was com-

puted on the basis of the average velocity in the high velocity region.

The average velocity was computed from pitot-static measurements at 42

points in the 1-inch x 36-inch duct.

a pV (C.6)

where

air density

A = duct cross sectional area

V = average velocity

The mass flow rate of dust, Wd), was based on the average rate of

dust addition.

md Vb
Wd d b (C.7)

where md = net dust added to the system (i.e., the initial amount less any

dust left in the duct)

V b dust conveyor belt velocity

j = length of the dust layer

*x- Function yp is given in Ref. 5
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d 2 g Vc (c.8)

who Iye

V is now the sled velocity, and

PM is thie dcensity of the mixture of air and dust in the dust cloud.

w ± w
a dp - (0.9)

a 'a Qd

or, since Qd" Qa

*~,.+d w. + w
Pm - a - d wd

a W a 'a

Thus,

NV (c .io)•d " a w a2 g

a C
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NOMENCLATURE

a acceleration or dust particle radius P0  total pressur
A projected or cross-sectional area P static pressu

s

c distance from neutral axis to extreme fiber or sonic velocity q dynamic press

CD drag coefficient Q volume flow r

o capture efficiency, defined as the ratio of the actual capture qtot total air dyn
rate to the capture rate if particles were not deflected from
straight line trajectories r radius

E modulus of elasticity s arc length

f natural frequency t thickness orn

F force T absolute temp

FD drag force v dust particle

g unit of acceleration = 32.2 ft/sec2 V air velocity

g proportionality constant = 32.2 ft-lbmw mass flow rat
c lbf sec 2

h target cylindetr wall thickness Wmax loading param

I moment of inertia x distance behi

K spring rate Z section moduli

Slength or shock detachment distance a angle of atta•

lbf pound force 6 deflection

lbm pound mass A difference

m mass strain

M moment or Mach number Stoke's law st

N dust registry coefficient Sviscosity

N Reynolds number pi density

I moment of inertia
L stress

P pressure

-A



Po total pressure
x

P s static pressure
momentum flux

city q dynamic pressure

Q volume flow rate

pture qtot total air dynamic pressure plus dust momentum flux Subscripts
from

r radius 1 free stream

s arc length 2 behind the shock

t thickness or time
a air

T absolute temperature (RANKINE) d dust

v dust particle velocity
f front port

V air velocity
r rear port

w mass flow rate or beam loading per unit length
g ground

W loading parametermax m mixture

x distance behind the shock wave
N normal

Z section modulus
s static

Sangle of attack S shear

6 deflection

A difference

a strain

s Stoke's law stopping distance

viscosity

p density

G stress
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