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ABSTRACT

Sroject 1.1d of Cperation UPSEOT-ICIUTHOLE measured dynamic pres-
sures in the shock vave and preshock pressures. It also conducted &
feas'!bility study of new and mod:fied gages to measure dynsmic pres-
sure, density, tempersture, and particle velocity.

Measured dynamic pressures can be compared wvith those calculated
from the measured overpressures using the Rankine-Bugoniot 3hock rela-
tions and regular reflection theory. When no precursor ia formed,
neasured dynamic pressures are in reasonable agreement vith tivse cal-
cuiated although scme elTects of thermal and mechanical interaction are
noted., Dycamic pressures measured in the precursor are much higher
than those calculated. lLaboratory tests bave indicated that the cnd
mmntuﬂeddourecpcndwdmtuvcuntosu, ‘:fc
tity measured by these gages is apparently (4 o u?) + (PU)qust
vhen dust is present in the shock vave, as i3 trus ﬁrth- precurior.

Miasurements have showvn a fev instances of real but small pre-
shorx increases in air pressure, all apparently caussd bty thermal
rediation alone.

Results of the gage feasibility study indicate that the q-tube
(2Qynamic pressure) and the centripetal density gage are suitable far
use on full-scale nuclear tests. Both the modifizd soniec vind and
scund speed indicator and the vhistle temperature gage must te sub-
Jected to further modification before they are suitable for field use.
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FOREWORD

This report is on: of the reports presenting the results of the
78 projects participating in the Military Effects Tests Progrsa of
Operation UPSHOT-KIOTIOLE, vhich included 11 test detonations. For
readers interzsted in other pertinent test information, refererce is
made to WI-782, Suma-y Report of the Techbnical Director, Military
Effects Progran. & suemary report includes inlTorma-
tion of possible gemeral interest.

b.

Ce

d.

NCLASS

An over-all description of each detonation, including
yield, bheight of burst, ground zero location, time of
detonation, wmmbient atmospheric conditions at detona-
tion, ete., for the 11 shots.

Caxpilation and correlation of all project recsults on
the basic mcasuremsnts of blast and ahock, thermal
radiation, and nuclear radiation.

Coapilation and correlation of ths various project
results on weapons effects.

A summary of each project, including odjectives and
results.

A camplete listing of all reparts covering the Military
Effects Tests Progrem.
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SECRET

COAPTER 1

DYNAMIC PRESSURE

1.1 CBJICTIVE

This phase of Project l.1d of Operation UPSHOT-KNOTHOLE was de-
signed to measure experimentally, near ground level, the dynamic pres-
sures associated with blast waves fram nuclear explosiona. At the re-
quest of the conducting agencies special measurements of dynamic pres-
sure vere also made in conjunction wita studies of the effects of blast
cn bridge structures (Project 3.4) and tree stands (Project 3.13).

Past practice in formulating blast damsge criteria has been to as-
sociate damage to targets with a specific overpresaure level.l/ It
must be recognized, however, that damage to wvind-sensitive targets suca
as tovers, bridges, and trees is almost eatirely a function of dynamic
pressure level and that dynam!c pressure may also play a significant
role in damage to targets normally tbhought of as overpressure-sensi-
tive. The validity of using overpressure alone as a damage criterion,
especially for wind-sensitive targets, depends upon the existcnce of a
unique relsation between overpressure and dynamic pressure in the region
of interest. For a single shock wvave the Rankine-Hugoniot shock rela-
tions2/ shov that a unique relation does exist. For shock waves re-
flected from plane surfaces this relation is no longer cue between
overpressure and dynamic pressure alone, but is also a function uf the
angle of incidence of the shock wvave,

1.2 THECRY AND BACKGROUND

l.2.1 Theory

The Rankine-Rugoniot shock relations permit us to write, for
shocks in air,

2
2 AP (1.1)
q - &pu "] 2.5 7'?0—-i—§)_-

vhere q is dynamic pressure, ® i{s air density, u is air velocity, P 1a
ambient pressure, and AP is overpressure. Either of two basic uuﬁp-
tions regarding the behavior of a shock wvave may be used to deri{ve the
conservation eqm’-iqrﬂtfnl_, aomentua, and epergy vhich are used to
2 ‘.‘.- A LN I -
l" 1~ .

A TN
wE |




Jdortve the Rankine-lugoniot shoch relations. Courant and Pricd.richag/
lave based their derivation on the assumption that the shock front {s a
mathematical discontinuity, while Penney and Pikel/ have assumed that
atealy-state rlow odbtaing within the shock vave, Thus we may consider
tae Rankine-Hugoniol relations as valid for steady-state flov even
toough the shock front has a finite thickness., Another method of
treating the problem for shock waves having rourded fronts is to con-
sider them as compressive waves, ie, cases of isentropic flow.
Clandraack j has shown that even vhen AP/P_ is as large as 1.5, the
particle velocity calculated using the 1uentr8p1c equations is only
1.4 per cent lces than that calculated from the shock relations, vhile
the density is only 3.8 per cent less. It would therefcre be axpected
*.at the Rankire-Hugoniot relation and Eq l.1 wouid be & good approxi-
zation when applied to the peak valucs even though the shock had a
rounded wvaveforna,

Since the shock wave in the region of Mach reflsction is a single
shock vave, Bq 1.1 would bte expccted to apply. In the region of ree
Jular reflection, on the other hand, this equation must be modified to
take into account the effect of cngle of incidence of the shock vave
with the reflscting ground surface, The theory of regular reflece
tion 539/ imposes upon the Rankire-Rugoniot relations the boundary con-
ditions that the camponents of particle velocity normal to the reflect-
ing plane are aqual and opposite for the incident and reflected shock
waves and that the {ntersection of the tvo wvaves stays oo the growund.
Thus the strength of the incident vave®, ( = P_/P, = po/(p + &P), amd
the angle, G, between the incident shock front’and the®reffecting plane
are swfficient to cetermine the angle of reflection, &', and the
strength of the reflected shock wvave, {' = P./P.. Polachek and Seeger
present graphs (their Figs. 4.b and 5.b) of &' &nd (' as functicns of
g and { « The dynamic preasure in this instance is

qa=30' (u stna' + uetn a). (1.2)

When we insert {nto this equation the relations for the dependence of
denoity and velocity on the two shock strengths,

5 1+ 6
Q-SPO[(L-E) J(”l«o;)EL‘+6)"“°

+-—£—'-'-l—uln a']2 . (1.3)

V(Z(' obs

*
{ ss defined here and used -~ Eq 1.3 1s that used by Folachek and
Seeger, and is the reciproial of that used elgevhere in this report.




Thia r ~  on and Figs. 4.b and 5.b of Polachek and Seeger provide
a straightf . d means of calculating q in the region of regular rec-
flection. Experimentally measured q's may then te compared with q's
calculated fram the measured incident overpressures and from the angles
of inciderce camputed fram the relative positions of the burst point
and the gage. Such a camparison will be not simply a check on the
validity of the Rankine=-Rugoniot relations but will be indicative of
the combined effects upon the reflection process of such factors as
thermal gradients, dust, nonrigidity o the reflecting surface, and the
characteristic decaying nature of the shock wave itself.

Theoretical values for various parameters of the shock front can
be camputed from the Rankine-Hugoniot shock relatfons; conditions at
the skock front may then be used as initial conditions to calculate
these parameters for the portion of the wave bueaind the front from the
equations for isentropic flow. FPorzell/ has given these t.eoretical
valuea of overpressure, dyramic pressure, particle velocity, and den-
sity, both at the shock fron. and behind it, for the expansion of a
blast wave into free air, that is, into a hamogeneous ataosphere con-
taining no perturding influences. Because of the camplicated interac-
tions inherent in the reflection proceas, theoretiral values for tlese
rarameters have not been calculated throughout the shock wave {n *he
regions of reguw.ar and Mach reflection. All experimental measurements
presented here were made near the ground and therefore in the regions
of regular or Mach reflection. Consequently any camparison of measur-.d
and theoretical dynamic pressures must be limitad to peak values.

Forzel also presents thearetical beight-of-burst charts for over-
pressures and dynamic pressures at the shock front; tha* for dynamic
pressure is presented as Fig. l.1. The horizontal casponent of dynamic
pressure, after reflection in the regular reflection region, is given
here. We can see fram this figure that regular reflection leads to re-
duction of dynamic pressures a" smmall ground distances fram ground zero
for airbursts; therefore choosing a height of burst to maximize the
radius of a given dynamic pressure level vill result in an inner cirscle
in vhich dynamic pressures are smaller than desired. This circle may,
in fact, be quite large.

Formation of a precursar shock wvave can nave a decided influence
on dynamic pressures in doth the re and Mach reflection regions.
While there 1s general agreement$;9;10/ regarding the phencmencn lead-
ing to precursor formation, ie, a heated leyer of air near the earth's
surface, the theoretical deascription of its effect on dynamic pressure
is incamplete. In his digcussion of the dynamic pressure bheight-of-
burst chart Porzel asserts that “Thoaretical considsrations indicate
that to a fair appraoximation, the height-of-burst curves for dynamic
pressures are applicable to all types of surfaces”. A thecretical and
experimental investigation of the problem bty J. R. Banister and the
suthor (App D, E) has shovn that measured dynamic pressures are af-
fected iy the presence of large quantities of suspended dust.

1.2.2 Iarlier Experizental Measurements

Dynsmic pressure meesurements on Operation mm-amrm&/
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and IVY12/ using the pitot-static gage (Section 1.3) gave '+ valid ex-
perimental values covering an overpressure range cf 1-20 psi. When
these neasured dynamic pressures wvere compared with tlose calculated
fronm the corresponding measured overpressures, no systematic trend of
differences as a function of overpressure cculd be found; 9 were
greater and 5 smaller than those calculated fram the overpressures, de-
viations ranging from -2 to +35 per cent. The algebraic mean devia-
tion wvas +3 per cent, and the RMS deviation 17 per cent. This alge-
braic nmean deviation 18 not significant because of the small number of
values and the wide spread in deviations. The logarithmic derivative
of 2q 1.1,

AP dap
%‘[2 "7?0"'+'AP] =’ (2.4)

shows that the freactional error in q approaches twice the fractional
error in AP as AP approaches zero. For AP/P_ = 1, dq/q = 1.875 dAP/AP,
and errors of 10 per cent iy AP correspond errors of the order of 20
per cent in q.

1.3 XISTRUMENTATION

l.3.1 The Pitot-Static Gage

Tiis gage (Fig. 1.2) vas selected as the instrument for dynamic
pressure measurements on the basis of feasidility tests conducted
during Operation TUMBLER-SNAPPER. Essentially it is a doubla-erded
pitot-static tube on a mounting stem. It contains a fiunt and a rear
differential gage, each connected between a pitot opening at the end of
the tube and a static pressure opening on the side of the tute six
inches from the ond. ldeally, for flov along the axis of the pitot
tube, the differential gage responds to the difference in pressure,

qc-Pt-P.-q(l+0.25)‘2+0.@5)(u¢...)

vhere Pt = total or stagnation nressure
P‘ = free-stream static pressure
M = local Mach number of flov = velocity of air divided by local
speed of sound.

For tiis series of measurements only the front differential gage vas
used, and o0 attempt vas made to measure dynamic pressures in the neg-
ative phase, A gage vhich reads static pressure alone is also counected
to the static pressure orifices.

Actual pressures at the total and static pressure inlets arc ds-
pendent upon the angle betvzen the direction of flow and the axis of
the tude as vell as upcn the Mach oumber of the air flov in more vays
than the above formula suggests. um»gn_ the pitot-etatic gage had
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been calibrated in previous wind-tunnel tests ,Q/ it was recalibrated
under more rcalistic conditions -- a larger range of Mach number and
of' yawv and pitch arglese Yaw angle (y) is defined herc as the angle in
the plane normal to tie mounting stem between the wind dircction and
axis of the pitot-static tube (i'ig. 1l.2); pitch angle (1) is the cor-
responding angle {n the piane o th: mounting stem and the pitot-static
tube (Fig. l.4). The relations betwcen actual measured differential
pressure, Q,, aad as wvcll as between neasured atatic pressure, Pp.
and free-stream static pressure, Py, are presented in Figs. 1.3, 1.k,
and 1.5 as functions of \,i , and Mach mumber. Calibration covered y's
ranging fram -30° %o +30°,0 's ranging fraa -45° to +45°, and Mach num-
bers of 0.1 to 0.9. Asymetry of the resulting curves is largely
traceable to the design of the static-pressure orifices, which can be
improved by redesign. Calibration is accurate to within 1 per ceat.

1.3.2 Yawmeters

Yamteral_-v vere used to determine ¢. direction of the blast
vinds, In this yavmeter pressure orifices at the end points of two
orthogonal redii of a sphere are connected to a differcntial pressure
gage vhose record is calibrated to provide a measure of wvind direction.

l.3.3 Towver Accelerameters

Wiancko ucelemuul_"/ wvere used to measure radial accelers-
tion of the towers to vhich the gages wvere mounted so that the behavior
of the gages cculd be evaluated. The accelerameters vere placed at the
10-ft lsvel in regions vhere overpressures vere expected to be high.

l.3.4 The Recording System

To record the data, electrical signals fram the gages wvere fed
through individual information cables to a Consolidated Recording
Systez D in an underground skelter; the Coasolidated galvanameter re-
ccxders were backed up in parsllel by Ampex magnetic tape recorders
(Model S-3128). A detailed description of this recording cystem is
p.esented the Sandia Corporation operaticoal repart oa UPSROT-
Y:IOTHOLE. 2

1.4 XPSRIMENTAL DESICH

1.4.1 Gage Coding System

The coding system used to identify gages at various locatioas
vas similar to that used Yy other agencies. The first twvo digits de-
signated the station mmber, the letter or letters ths type of gage
(App A), and the last one or two digits the height above grownd. For
example, O8FS vas the front differential element of the pitot-etatic
gage at Station P-208, vhich vas mounted 8 feet adbove ground.
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1.4.,2 Stot 1

Shot 1 vas a tover burst (300 ft) of a 16.2-KT veapon. Since in
this serics of measurements there wvas particular interest in measwing
Jynanic preesures at higher overpressure levels than oa previous opera-
tions, pitot-stati: gages vere installed at predicted overpressure
levels of L0 and 2% psi (Stations 3-234 and 3-26%)(Fig. l.c) to deter-
ainc the maximim overpressures that couwld be withstood by the instru-
ment, Resultirg data could, oY course, be compared vith those obtained
“rom later measuremente on Shots 9 and 10.

rig. 1.6 — Pitot-8tatic Cege Moumted ca 10-Ft
Tover at Station 3-250 on Rhot 1

A tover accelercmeter wes . -unted at Station }-28k to measure
redial acceleration of tte tower ¢  ths predicted overpressure level of
ko ”1. *
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A third pitot-static gage vas installed at the 10-psi overpressure
level (Station 3-289) on this shot so that data recorded by it could be
correlated with those from a group of experimental gages being svalu-
ated under another phasc of this project (Ch 3).

1.k.3 Shot 9

Shot 9 vas an airdurst having ap intended yield of 30 KT and &
beight of burst (2420 ft) scaled fram that for TUMBLER Shot 1. Since
0o precursor vas expected to form, it vas anticipated that measuremezts
made on this shot would serve as an experimental check on Eqs 1.1 and
1.3 under the conditions of idesal shock vaves.

The layout of the blast line is illustruted in FMg. 1.7, and per-
tinent details of the instrumentation are presented {a Tables 1.3 and
1.4, Except for that at ‘ntended ground tero, vhich vas mounted to
measure vertical flov (Fig. 1.8), all pitot-static gages vere mounted
to respond t0 horitontal flow. At stations al the aain dlast line
the gages vere mounted at elevations of 10 feet (Fig. 1.9).

At the request of Project 3.4 (btridge structures) pitot-static
gages vere also placed at the 25- and L0-ft levels at Station P-200 to
j<ovide measurements of dynamic precsurw as a function of height above
ground, And at the requast of Project 3.19 gages vere ins at the
10- and 35-ft levals at Station F-285 on the blast line and at P cor-
responding ground range at the 10-, 35-, and 60-ft levels (Statioca
F-285) in the tree stand (Pig. 1.10).

Yawvaeters installed on tliis shot vere mounted to measire the ver-
tical componsnt of wind direction in the region of regular reflection
to verify the assuaption that fiov dehind the reflocted shock wave ac- .
tually vas horisontal. Pertinent datails of their positions are given
in Tadle 1.8.

Accelercmetsrs vere inrtalled at Station F-280 oo the goal post
and at Statios F-216 oo the 50-ft tuwer to determine /hether accelers-
tions vere large enough to affect the pressure gages significantly.

1.4.4 8Shot 10

The intended yield (15 XT) and deight of Lurst (500 ft) for tiis
shot vere such that a precursor vas expected to form. Rxcept for
several minar changes the layout vas essertially the sxae as for
Shot 9 (Tadles 1.5 and 1.6). Btatica F-214 at ground sero vas removed,
and an additicoal pitot-etatic gage was mountsd at the O-ft level at
Station 7-217. Station P-286 in the tree sta>d wvas instrumented with a
q-tude (Ch 3}) for this shot, it being felt 'y this time that this in-
strument vould bde more accurate for recording the lov Qynamic pressures
anticipated Rere.

Iswvmsters for this sdot (Table 1.8) vere oriented to msesure the
angle in the hariszontal plane betveen tra direction of the shock winds

and the bBlast line to determine vhethar cives flovw in ths precursor was *
significant.

Both the tower accelarameters (Thdle 1.9) used to messure redial
accalaration on 8ot 9 vere resctiva’ed for Shot 10. .
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FMg. 1.8 -= Pitot-Btatic Oage at
Station P-214 (intended ground
zero), Nounted to Measure Vertical
Mov

[NPLASSIFIED

Hg. 1.9 -= Pitot-Static Gage at the
10-ft lLevel at Station P-280. Also
Showvn are the Yavmeter (top) and the
Resistance Tempersture Gage (bottom)




Fig. 1.10 -« Preshot View (locking toward intended
ground zero) of Pitot-Static Gages at
the 10-, 35=-, and 60-ft Levels in the
Trce Stand for Shot 9

Lb.5 shot 1

Instrument towers had been blown down in the region vhere the
precursor existed on Shots 1 and 10, apparently because of large dynam-
ic pressures in the precursor regio». Hurried plans were thereforc
made to install a single pitot-static gage on Shot ll. This gage wvas
loared to the Stanford Research Institute, the instrumenting agency for
the blast line, vho installed, calibrated, and rccorded the information
from this gage. Its locaticn and other pertipent details of its in-
stallation are presented in Tadle 1.7.

1.5 RESULTS AND DISCUSSION

1.5.1 Presentation of Results

Data {ram the pitot-stat'ic gage are listed in Tables 1.l and 1.2
for Shot 1, in Tables 1.3 and 1.4 for Shot 9, in Tables 1.5 and 1.6 for
Shot 10, and in Table 1.7 for Shot 11. Data from the yavmeters and
tover acc:lerameters arc presented in Tubles 1.8 and 1.9. The usual. .
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signifiicant information on arrival times, peak pressures, positive and
negative phase duraiicns, and details of gage locations is tabulated.
All symbols and abbreviations are defined in Appen: - A; ylelds, bdurst
points, and shot conditions are fabulated in Appendax B; and tracings
of the records from individual gages are presented in Appendix C.

As might bc expected, the type of reflection region in which they
are recorded a.d effects of localized tharmal or mechanical intarac-
tions imparts certain characteristic features to the overpressure- and
Jdyramic pressure-time vaveforms observed at various locat.ons. Some of
these characteristic vaveforms are illustrated in Fig. 1.11, Types A-?
representing dynanic pressure-time vaveforms and Types A'-F' the cor-
responding overpressure-time vaveforms. Those observed near the ground
“vhen no precursor has formed are typified by A-D and A'-D'. In the re-
gion of regular reflection ideal wvaveforms vill be like those of A and
A', vhile B and B' shov the effects of localized disturbences upon the
iaitial portions of these sam: shock vaves., Types C=C' and D-D' are
exexplary vaveforms for the region of Mach rellection under analogous
conditions. The tvo-step rise in the region of regular reflection in-
dicates that the incident and reflected shock waves arrived at the gage
at different times; 1n the region of Mech reflection, of course, only a
single vave is recorded so long as the Mach stem is higher than the
beight of the gage cft the ground. Types E and E' are highly stylized
represep’ tions of vaveforms observed in the precursor shock wave;
vhile th rounded froants and erratic fluctuations behind the front are
generally characteristic, they vary considerabdly im actual msasured
vaveforms. ‘Types P and F', vhile observed in ths precursor shock vave
on Shot 1, wvere actually measured at a ground distance such that the
precursor had virtually died out. Although identical in shape to A and
A'. they a>e a manifestution of an entirely different phencmenon, as is
indicated Yy the fact that the same type vaveform wvas observed Yy the
gound bafflc gages as Yy the gages adove ground.

1.5.2 c_Pressures in the Regular and Mach Reflection Regions
ursor

Nost of the msasurements of &ynamic jressure that vere unaf-
fected Yy precurscr formation wvere made on 8bot 9; only three vere made
on Shot 10. Before discus.ing the significance of ther~ msasured
values, hovever, tde folloving obdervations should dbe made.

1. It vill de noted :hat in vaveforms of Types A and C the record
does Dot decay to tero. DBecause the front differential gage of the
pitot tude is much less eensitive in ths negative than in ths positive
direction, and decause maximm dQynamic pressures in ths negative phase
are much smaller than in the positive ptase, wve vould expect sy sigmal
from the gage during the osgative pbass to de so amall as to be hardly
dstectible., 7To dateruine vhy the signals were actually positive, the
gt Vas tested i th ladaretary YWy applying a pressure pulse vhich
decayed to zero ia apraximately tvo seconds. These tests revealsd
shart-time “lysteresis” of variable magnituis viich vas attriduted
incipally to the grease damping used in the Wiancko gage. It is
therefore concluded tht‘&h eod of the positive phase of Qyuemic
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pressure should be taken to be the end of the period of rapid decay as
illustrated in the vaveforms of Types A and C; and the tabulated dura-
tions on Shots 1, 9, and 10 bave been read i{n this fashion.

2. On Shot 9 the yawmeters in the region of regular reflection
sboved flov to be horizoutal after arrival of the reflected vave.
Records from the yswmeters at Stations F-280 acd F-202 4id indicate,
hovever, that flov vas apparently not horizoatal until 20 and k0 msec
after arrival of the reflected shock wave. Subsequent calibration of
these tvo gages revealed that the slov decay of these signals vas
caused by obstructions in tbe pressure inlets to the gage. Thus the
apparent nonhorizontal flow wvas not real but the result of a spurious
response of the gage.

3. Tover accelerstions measured in the regular reflection regica
on Sbhot 9 vere co small a3 to have little effect on e performance.

4. Waveforms for Shot 9 (Figs. C.2 through C.5) give evidence of
& generwul rounding of the shock froats and irregularities of the wave-
form during the first fev milliseconds after arrival at the gage. This
behavior is more pronounced for the reflected wvave in the region of
regular reflection, but the over-all effect becane less pronounced at
incressing ground distances vith tvo exceptions. One of these vas at
Station F-266 in the tree stand and the other at Station P-285
(rig. C.3db), which had a rosd intersection in froat of it. It is be-
11 ved that the 6-12-in. layer of fine loose dust in fromt of the lat-
ter station may bhave coatributed to the irregularity of the initial
portica of ths shock at this station. Because of this general rounding
of the shock fronts, t': times after arrival at vhich maximm r.sssure:;
vere recorded are also tabulated.

These observations should be kept in mind in the folloving comper-
ison of mesasured dynaaic pressures vith those calculated fram the meas-
ured overpressures. In the regular reflection region the bhorizontal
component of q after reflection is calculated in accordance vith
Section 1.2.1. Overpressures used for thege tions obtained
by averagirg those measured by Projects 1. and 1.1 vith
those measured by the pitot-static gage. 7These measured end calculated
values of dynamic pressure as vell as frectional deviations of the
measured fram the calculated valies are presented in Tadble 1.10. The
algrbraic mean of all deviations is 4.4 per cent, the measured dynamic
pressures averaging greater.

In the region of Mach reflection, 7 of ths 10 measured valies de-
viated in the positive direction, ths meen deviation for this regioca
being +8.% per cent. With a single exceptiom all records from this re-
glion manifested rounded, irregular waveforms. JFour of these records
vere taken at Statioa F-285, vhere dust loading wes anticipated, snd
three were taken at Statioa F-206 in the tree stand. Dynamic pressures
acasued on previous experimental operations had deea found to be in

agreemsnt vith those calculated from the msasured overpressures

Sectionm 1.2.2), tut {t abould de pointed cut, too, that tacse recordsd
pressure-tims vaveforms vere Type C vaveforms. It would seem prodedls,
then, oa ths basis of this experimental evidence, that if dymsmic pres-
sures are msasured in the Mach region under comditions such that the
wvaveforms are rounded by mechanical intsrection so that they sore
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nearly approach those characterized by Type D, they may be somewhat
hizher than those calculated fram the corresponding measured overpres-
sures. A posgible explanation for this observed increase in dynamic
pressure may be found in the response of the pitot-static gage to dust-
loading of the air (App D). Apparently the sage registers the dynamic
press.re of the dust, and as (ou )aust rather than as (3o Jaust-

In the region of reg:lar reflection, on the other hand, oniy two
out ol five measured dynamic pr2ssures were zroater than . wse calcu-
lated, the mean deviation being -3.3 per cent. Again the wvaveforms ex-
hibited the rounded fronts and irregularities characteristic of thermal
and mechanical interaction near the ground. But the deviation is so
sonll that it is probdably not significant, and we may assume that other
factors in the reflection process acting to reduce the dynamic pressure
counteract any tendency towurd increased dynamic pressures that results
{rom dust loading. One such factor is the variation of incident over-
press.re vith height above the ground that causes reflected pressures
to be less than ideal as based on the incident pressures at 10 feet,

Figwe 1.12 is & graphic caaparison of measured and calculated
dynamic pressurec for Shot 9 upon vhich is superimposed a curve of dy-
nanic pressure derived fruam Porzel's theoretical dynamic pressure
height-of-burst chart (Fig. 1.1). The break in the curve drswn through
the Qynsaic pressures calculated from measured overpressures, vhick is
more or less corroborated ty the experimentally measured values, {l-
lustrates vividly the importance of gage height alove ground in the re-
gion vhere the Mach stem is only a fev feet high. For example, at a
ground distance of 2160 feet the Mach stem vas 9 feet high, and the dy-
nanic pressure measured at the 10-ft level, vhile lower than tlL:{ cal-
culated fram the overpressure in the Mach stem, ~as considsrebly higher
than those msasured at the 25- and LO-ft levels. The theoretical curve
of q vs dlstance (Porzel) differs consideradly from that for measured
or calculated q's; these differences might be anticipated, however,
since this curve is dased upon ideal overpressures and dymamic pres-
sures at ground level so that in {1 the regicas of regular a'd Mach re-
flectioa vere joined in a smooth curve. As experimsntal measurements
bave shovn, actual dynamic pressures in the transition region are quits
seasitive to ths beight adove ground at vhich msasurensr-'s aie taken.

1.5.3 Dynaaic Pressures in the Precursor Regicu

Before discussing the significance of the experimentslly meas-
ured dynamic pressures in the precursor region ve vish to emphasize ex-
isting uncertainties to vhich thess data are sudject:

1. On Shots 1 and 10 the set ranges of ths gages in the precursar
region vere much amaller than the signals received; consequently the
response of the recording zystem vas noalinear. For the Coosalidated
syster used, the galvancmeter daflection is asymptotic to appraxisately
tvice the daflection used for set range, reaching th‘s saturation value
for an input about four times that correspooding to the set range.
validrations of the recording system subsequent to the operation were
used to correct for this nonlinearity. Thus the dynsmic yressurss
1isted are the minimum values consistent vith these calideatiocns.
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However, records from three gages, 82F13, 17F10, and 17F4O (Fig. C.h4),
used on Shot 10 indicated that either the gages or the recording rys-
tem vere completely saturated; therefore the values of dynamic pressure
for tbese gages (Table 1.5) have been preseated simply as greater than
the saturation values obtained froc the calibration records.

2. The records were also correctz:d in accordance with the cali-
bration curves presented as Figs. 1.3 and 1.4 by assuming that the
angle between wind direction and the appropriate axis of the gage was
that obtained from the geometry of the actual burst point and thnt L£low
vas horizongal. Valugs of q were further corrected from q. = 3 ou
(1 +0.25 4 + 0.C25M% + ...) to q = 3 Pu? by assuming the Mach number
to be that obtained from the overpressure, using the Rankine-Hugoniot
relaticn. Both corrections did not exceed a total of 15 per cent in
the value of q in any instance.

Motinn pictures of the precursor on Shot 10 shov that initially
the direction of flow was upward at an angle of 40° - 60° and probably
became horizontal sometime after the dust front had passed. The dust
reached only a def nite height and the particles at the front moved
horizontally as they reached this maximum height. Therefore the ini-
tial values of dynamic pressure (as rapresented by q; and % of wvave-
form Type [, Fig. 1.11) should be corrected for this angJ.e An exact
correction can not be made since the direction of flow is not known ac-
curately; hovever, it is believed that such a correction could not more
than double the meazured initial pressures (q, and in Tables 1.1 and
1.5). Even if thess initial pressures vere abubled Zthey woull still
be less than the values measured later (qy and q in these same tables)
vhich vere measured after the dust front behind thes precursor shock
vave had arrived at the gage, at vhich time flov was probably hori-
zontal.

3. with the exception of the gage at Station 3-269 on Shot 1,
vhich vas at the very end of the precursor, all instrument towers and
gages in the precursor on Shots 1 and 10 wvere destroyed during passage
of the shock wave. Postshot photographs of the gage from Station 3-285
on Shot 1 (Fig. 1.13) snd Station F-200 on Shot 10 (Fig. 1.14) 1llus-
trate the complete destruction that took place. Comparisca of the dy-
namic pressure records fram these gages vith overpressura: records from
the same locaticas and from corresponding ground-vaffle gages indi-
cates that the gages probadbly operated long enough to record aaximm
pressuras actually obtained in the dlast vave. This conclusion cannot,
of course, be stated as an absolute certainty.

Since the tovers and gages vere blown avay, the question arises as
t0 vhat effect acceleration or chn.:@q orientation aay have bad on the
output of the gsge. Previous test of the Wiancko traasducer indi-
cated that its scceleration sensitivity would be lsss then 1 per cent
of set range at acceleraticns of tae ordser of 50 g, as vere obsarved on
Shot 1 (Table 1.9). Doudle integraticn of the recnrd from this ac-
celervaster (vhich was mounted on the same tower as the pitot-static
gage nsarest ground sero) indicates a displacement of oaly 6 inches
vhen thas recard from the pitot-atatic gage failed. On Shot 10 acceler-
cmeters vere mounted at the 10-ft levsl at Stations F-280 snd *-216,
both of vhich vere nearer ground sero than Station F-282, whare the
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cleosest pitot-static gage was installed. At the time these acceler-
ometers talled the indicated displacements vere only 6 inches and 3
inches, respectively. Therefore the dynamic preassure records from
gages that were destroyed were probably not seriously affected by
either acceleration or orientation.

4. For convenicnce the differential pressures measured by the
pitot-static gages in the precursor region have been labeled q (dynamic
pressurg) in the tables and figures. Hovever, since q has been defined
as {sou only for a gas, and since these measurements vere made in the
presecce of considerable quantities of suspended duat, this label is
misleading.

Ia this new experiment dust loaded into the shock wave caused the
shocx front to became rounded at the point of loading, but tke fromt
shocked up again as it traveled down the tube. A major result of these
shiock-tube tests is evidence that the Wiancko gage registers the dyna-
mic pressure gf dust particles, at least those 1-100 microns in diame-
ter, as 1o qu4, vhere uq is the velocity of the dust particles and P
1s dust demsity (ie, the masa of dust per unit volume, not the d.enu%y
of the individual dust particles). This coefficient of one should de-
pend scmewhat upon dust density, particle size, and gage coastruction;
however, this dependence appears to be fairly weak.

Let us nov examine the dynamic pressures mesasuret in the prec.:-
sor on Shots 1, 10, and 11 in the light of these obse:vations. The:
vaveforms (Figs. C.l1, C.6, and C.T) showv initial lov aynamic preassixes,
vhich, even if ccrrected for angle of incidence, are consideradly lover
than those recorded after arrival of the dust front behind the precur-
sor shock wave; the same phenomenon vas obeerved in the shock tube.

The corresponding overpressure records have rounded rises, the rounding
being lecs pronounced at greater heights above ground. This rounding
can be attridbuted to dust loading and to rapid expansion of the precur-
sor front near the ground; that there is a rapid expansion can be
deduced from photographs shoving that the inclined froat is straight
to vithin about five feet of the ground.

Table 1.11 is a comparison of the maximm Q's messured in the
precursor with those calculated from the overpressurs as mesasured
sizultanecusly by the pitot-static gage. On Shot 1 at tne two closer
stations wvhere the precursor vas strongest the measursd §'s wore
approximately 20 and 10 times those calculated; but at the {arthest
station, vhich was near the point viiere the precursor vas dying out,
measured and calculated q's vere in good agreement. On Shot 10 the
measured q's vere about 3-4 times those calculated except for one value
7.5 times as great. On Shot 1l the maximus measured q vas abcut twvice
that calculated, and that in the initiai step was b times that ~alcu-
lated.

Appenaix E presents arguments indicating that acasured Q's in the
dust-laden sbocks of the strengths eancountered bhere would not be ex-
pected to be more than 3-4 times those cuiculated from the overpres-
sures and suggests possible explanations for the few extremely high
measured q's.

In Pig. 1.15 the ¢'s measured in the precursor are campared
graphically vith idealited phirves derived from Porsel's dynaaic
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TABLE 1.1l - Campa-ison of Measured and Calculated Dynamic
Pressurees in Precursor Region

Shot | Goae re ¢ AP (calculated) ! (measured) Deas
Mo. 1 sc 11 ped) (psi) (po1) | acaTed
1 | &umo , B T 5.4 us 21

851‘1‘.’ i LG l_} u 1 !60 9.8
89713 b ocuod T N4 0.52 0.55 1.06
P8 2.38 2.20 0.5

¥

10 8r13 1169 30,0 8 L >57 3.1
170 1h22 26.4 1ol > 9.6 > 0.6k

17FLO 1622 12.9 h o] >11.6 >2.9

0F10 | 10 | 1.0 2.95 10.9 3.7

0QF25 1920 | 12.1 3.55 11.6 3.3

oorko | 1920 8.1 1.65 12.4 7.5

n ups 3435 5.24 0.Th 3.0 4,0

n'b 3'3 j.p 1.8

pressure height-of-burst chart (Fig. 1.1). The single measurement on
Shot 11 and that at & ground range of 2600 feet on Shot 1 are in gooo
agreement vith the thearetical curves. The tvo values for a groun)
range of 1422 feet on Shot 10 vere measured under conditions such that
the gage and/or recording system vere campletely saturated, and al-
tlough the measured values are apparently lov, we know that the actual
values vere samevhat higher. Other experimentally measured q's all
appear to be considerably higher thin the theoretical values, however.
Consequently, although it appeared initially that dynamic pressure
msasured in the precursor wvere approximated bty the ideal curvu,d
at pressot the over-all agreement betveen measured and ideal dynamic
jressures does not seem a8 good, 15 the light of prgsent knovledge
that the gages register dust as lou‘ rather than 4pu“ it woulc seem
that any agreement betveen measured and ideal values is mere coinci-
dence. On the basis of the discussion in Appendix E it is believed
that dQynsmic pressures msasured are influenced [rimarily bty relative
alir and dust densities and Yty 1eed of energy to the material bdehind
the precursor front fram higher-pressure regisns above the precursor.

1.5.4 Dynamic Pressures in Secondary Shocks

While this information adout secondary shocks is not of primary
impartance to this study, it is felt that it adds to the campletensss
of the discussion of data fram this series of msasuremsnts.

In the overpressure records from Bbhot 9 a caspressioz vave pulse
is seen to move from the end toward the deginning of the negative
phase as the shock vave progresses. This pulse appsars as a positive
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signal in the dynamic pressurc records, indicating that the winds
actually reversed their direction and blew in the direction away from
ground zero during this pulse.

Overpressure records fram Stations F-286 and F-285 on Shot 9 give
evidence of a secondary shock near the end of the negative phase that
does not appear in the dynamic pressure records; there i{s a similar
situation in the records from Stations F-208 and F-285 on Shot 10.
Apparently in these instances there was no reversal of vind direction.

1.0 CONCLUSIONS AND RECOMMENDATIONS

Experimental evidence from this series of measuremeants on UPSHOT-
KNOTHOIE indicates that wvhen a precursor has not formed, measured
dynanic pressures are in reasonable agreement with those calculated
from the measured overpressures. When the shock front is disturbed
and there is same dust in the shock wvave, measured dynamic pressures
in the region of Mach reflection are, on the average, abc .t 8 per cent
higher than those calculated from the overpressure; in the region of
regular reflection dynamic pressures measured uprder the same conditions
did not differ significantly from those calculated. These deviations
are not to be interpreted as correction factors, however, but mercly
as indications of the small extent to which measured dynamic pressures
may diffe> from those calculated. Thus it would seem that vhen there
is no precursor dynamic pressures are sufficiently vell known for most
practical purposes.

laboratory tests have indicated that the pitot-static gage regis-
ters dust in the shock vave as approximately loduj « Differential
pressures measured in the precursor region are therefore believed to
represent the dynamic pressure of ‘he air plus the 'dynamic pressure’
of the dust. The ratios of measured ‘dynamic pressures' to those
calculsted from the uverpressures in the usual faghion vary from 2 to
20. The exact value of this ratio for any particular condition will
depend upon the amount of dust being carried along by the shock wave
and upon the amount of energy fed into the material behind the shock
front.

A structure exposed to a blast wvave vill dbe affected by any sus-
pended dust, and messurements of dynamic pressure should include the
contribution of the dust as vell as that of the air. The pitot-static
gage measures the particular cambination
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On the otber hand, the drag force per unit frontal areca on & structure
vill probadly be a different camdbinstion expressed as

T/A = Cply * C'p%4
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In general drag coefficients for air, C., may vary from O.% to 2.0 for
dirferent structural shapes, whereas tbRt for dust, C'D, for reasons
cited in Appendix D, is expected to be spproximately 1 for small ob-
stacles. Dynamic pressures measured in the field under conditiocas of
dust loading are certainly greater than could be explained on the
basis of the dynamic pressure of air aloae, and there is a need for'
measurements that will distinguish betwveen “he contributions of air
and dust.

It {s recommended that intensive laboratory studies be made of
the effect of dust loading on shock wvaves t¢ determine

1. The accelerations and velocities of dust particles of
varicus sizes as a function of time after entry ‘nto
the shock wave in the absence of obstacles to the flow.

2. How dust irteracts wvith nbsztacles, both gages and
structures.

3. The progress of shock waves through dust-laden air.
4. Any alteration of these shock waves by dust.

5. How dust is picked up from the ground by passing shock
vaves.

Measurezents of overpressure and dynamic pressure at lccations
above the ground are needed on future full-scale tests on shich pre-
cursors are anticipated to provide experimental data not subject to
the uncertainties of the results reported here. Every effort should
be made to cbtain meusurements throughout the entire passage of the
blast vave. Supplementary measurements of air density and temperature
as vell as dust density and velocity are needed to permit better under-
standing of the complicated interactions in the precursor and tbus per-
mit more reliable prediction of damage from muclear explosions
producing precurscrs.
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PRESHOCK PRESSURE MEASUREMENTS

2.1 OBJECTIVE

This phase of Projcct 1l.1d was initiated specifically to deter-
aine experimentally whether there was any observable increase in air
overpressure prior to arrival of the main shock wave. Measuremcnts
vere taken at two elevations above ground.

2,2 BACKGROUMD AND THEORY

Previous neuurmenta&-e—‘?/ have demonstrated unquestionably the
occurrence of one type of preshock pressure increase -- the precursor
shock waye -- ynaer giver conditions. Formatiun of the precursor is
ucribed_a&_;lo to heating of the air near the ground surface by
thermal radiation from the fireball. The precursor shock wave, whicl
obtains its coergy {rom the main shock wave, actually precedes the
main shock wvave, traveling at au increased velocity through the beated
laycer of air.

But the question has arisen vhether the sudden tdv.;mal beating of
the air can in itself produce a rise in pressure; such an effect would
depend essentially upon vhether the incident thermal radiation ver=
delivered ccnsiderably more rapidly than the heated air could expand.
It seemed likely too, that experimental investigation of such & pres-
sure increase might provide information that would aid in interpreting
the precursor phenamenon.

2.3 DISTRUMENTATION

Instrumentation for the preshock pressure measurements consisted
of Wiancko air pressure gages in side-on baffles, mounted at the 2-
and 10-ft levels. On Shot 9, Station P-214 at intcnded ground zero
and Station F-215 at an intended ground range of 500 feet vere instru-
mented. Only the gages at Station F-215 vere used on Shot 10.

2.4 RESULYS AND DISCUSSION

2.4.1 Shot ©

Pressure-time records fram the various gages used are presented
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as Fig. 2.1, and the resultant data are sumarized in Table 2.1. On
Shot 9 all gages indicated a preshock pressure increase that reached
its naxinum 0.1-0.2 second after zero time but decrecased to zero be-
fore arrival of the main shock wave. At Station F-214 these rises
were fairly rapid and the peaks well defined, occurring 2.5 msec
earlier at the 2-ft level than at the 10-ft level. Over-ali pressure
increases were approximately equal, being about 0.45 psi. At Station
F=215 the pressure increase occurred later and in the fora of a btroad,
rounded pulse; arrival times at the 2- and 10-ft gages wure virtually
simultaneous, tut the over-all pressure increase at tlue 10-ft level
wvas oniy’ about half that at the 2-ft level. Recorded overpressures
oAy, because of their small magnitudes, be in error by +30 per ceat.
Arrival times of the main shock vave at the 2- and 10-ft levels
would indicate that it vas not ‘toed out' at eitbher station on Shot 9.
It should be pointed out here that the Wiancko canisters vere
thermally insulated fram their mounts and vers side-on to intended
ground zero. However, because the drop missed ground zero oa Shot 9
the baffles at Station F-2l4 wvere facing avay from the burst and the
baffles at Stetion F-219 were facing obliquely (at an angle of 19°
between the thermal rays and the faces) into the burst. Thus it seens
unlikely that the gages at Station P-214 were subject to redistion
beating, but those at F-215 may have been heated somevhat. Evidence
that tkese presswre rises vere not the result of electrical disturbd-
ances is the fact tha® no cignals vore recordsd Ly either the static
or differential pressure elemsnts of the pitot-static gage at Station
P-214. ‘Neither element would be expected to observe this preshock
pregsure signal, but both should de sensitive to electrical disturbd-
ances. The static pressure elemsnt would not be sensitive enough to
sce the early sigmal, and the differential ¢lement vould not reepond
t0 any pressurs change affecting both camponent gages simultansously.

2.h.2 Shot 10

A monotoric increase in air pressure fram zero time until ar-
rival of the first shock vave vas odbserved in the records from the two
gages at Station F-215 on Shot 10 (Pig. 2.1). Again the pressure at
the 2-ft level vas higher than at the 10-ft level. An analysis of the
records from al)l other air pressure gages used ty this project on Shots
1 and 9 revealel that any inherent 4rift of the pressure-time traces
from zero time until shock arrivel vas randomly distriduted positive
and negative. Moreover, the magnituds of any such drift (all vere less
than 0.2 i) 1s considerably less than the pressures of 3.5 and 2.9
psi recor’sd ca Shot 10. Other gages used os Shot 10 to measure o/er-
pressure aiso indicated preshock pressure increases, ths magnitudes of
vhich decreased with increasing distance fram ground zero (0.5-1 psi
st 1000-1200 feet as campared vith 0.1-0.2 pei st 2000 feet). Prom
this evidence it must de concluded that the presbock increese is alr
pressure otserved at Station F-215 on this shot vas real and that it
dacreased in wmagnitude vith increasing bdeight adove ground and vith
distance {rom ground gero.
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The irst shock wave to arrive at Station F-215 had overpresswes
of 69.6 pai at the 2-ft level and 56.0 psi at the 10-ft level. It ar-
rived at the 2-ft level 2.8 msec before it arrived at the 10-ft level.
Thus it is apparent that this shock vas 'toed out' at this station and
that the precurso. had formed closer to ground zero than this ground
range of L2l feet.

2.5 CONCLUSIONS AND RECOMMENDATIONS

These mcasurements have shovn that for certain heights of dburst
and yields, thermal radiation alone may cause preshock increases in
air presswe in a iimited region. However, additional measurcments of
this type on future full-scale tests of nuclear veapons are not justi-
fied as it vould appear that adeqis :@ measurements of preshock signals
can be made using pressure instrum:atation designed for other purposes.
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CHAPTER 3

GAGE SVALUATION AND SUPPORTING ATR BIAST
""" S TORTING AIR BIAST MEASURENENTS
3.1 SCOPE AND DESICN OF THE EXPERIMENT
\

Field evaluation tests of four ne or improved gages vere coa-
ducted on UPSBOT- KNOTHOLE to deternine their suitability for use an
full-scale tests of nuclear veapons. In addition to dynsmic end
static pressures these Gages vere designed to measure air density,

velocity, and vind or particle velocity. Direct Reasuresent of these
variables {s desirable, particularly for nonideal shock wvaves, to per-

accurately predictabdle.

Prototypes of two oevly developed §Ages, the cantripetal density
gage and the whigtle tmontun §88¢, and rf nodified versions of two
previcusly used gages, the q-tude and tl. sonic vind and scund speed
indicatar (SWASSI), camprised the Eroup to be fleld-tested. Groupings
of these {nstruments vere installed at appropriste locations oa Shots
1, 9, and 10 1n cowum}ou vith installations of pitot. tatic and
resistance temperatur €8g¢s 90 that measured dynaaic pressures and
texperatures could be used to evaluate the performance of the experi-
Bental guges. Pigure 3.1 ehovs the group of gages installed at Sta-
tion 3-299 oa Shot 1.

Pitot-static gage Reasurements of dynamic pressure have
been discusced in (1 ]. Data fram the resfstance texperature gage are
presented in Tabdble 3.1 and tracings of the texperature-tine vaveforas
in Fig. 3.2. 1o the three instances in vhich valid teaperature meas-
urements vere obtained thers ves excellent agreement betveen measured

pressures. This agreement must be taken into account 1n evaluating
data fram the experimental gages.

3.2 CENTRIPETAL DENSTTY GAGE
M
3.2.1 Background

Alr density 14 o significant paremeter in #vLluating the effects

of moaideal shock waves lmw atamic explosicas
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Fig. 3.1 -- Views of Zxperimental Cages Installed {n Field. Top Fhoto-
graph Shows, Left to Right, Wiancxko Air Pressure Gage in
Stde-ca Bafrle, Fitot-Static Gage, Resistance Temperature
Cege, q-Tube, and Density Cage. Lower Fhotograph Shows a
oensity Gage, SWASSI, and Resistance Tempcerature Gege In-
stalled at Another lecation.

over land surfaces. Thus it vas felt that erperimental data on air
densities within such shock waves should be gcnerally e2oplicable to
evaluating stock wave theery as well as specifically aprlicable to
evaluating data on Reasured dynamic rressures.

Direct ueasur::meg& of density have been made on previous experi-
aental nuclear bvrsts—j using a beta densitameter. Hewever, this
instrument measured total density cf matter, both air and dust. It
was hoped that the centripetal dei: ity g8age developed by sandia Corpo-
ration would measure a quantity more nearly approximating true air
density, exclusive of Just.
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3.2.2 Instrumentation

The centripetal density gagee-l/ (F1g. 3.3) vas designed to taac
continuous measurements of air density fram zero time throughout pas-
sage of the shock wave. A rotating air column is produced in the gage
by a set of blades mounted radially on a disc after the fashion of
blades in a conventional centrifugal air blower. At the circumference
of this disc are tvo pressure pickup tubes, one facing in the direction
of rotaticn, the other in the opposite directicn. These pressure pick-
ups provide a reading of differential pressure, which is proportional
to the dynamic pressure imparted to the air by the rotor; but since
the speed of rotation is constant, the differential pressure is also
proportional to the density.

To obtein equal f1ll times for the two pressure openings and en-
sure cssential freedom from hysteresis, a diaphragm-type differential
pressure transducer (Fig. 3.4) vas designed for use with the density
gage. Mcvemer| of the diaphragm unbalances an inductive dbridge cir-
cuit.

For use in the field the entire gage assembly vas mounted in a
side-on baffle 36 inches in diameter (Pig. 3.5). A static pressure
gage incorporating the same type of transducer element was also
mounted in the side-on baffle, immediately delow the density gage.

Static tests of the density gage in a ¥ iable-density and
-temperature chamber and in the vind tunne indicated that measured
differential pressures vere directly proportional to density and vere
essentially insensitive to Mach mumber of the air flov past the baffle
and to the lngl. of incidence of the vind vwith the baffle for angles
less than 1C°.

In field use the mo and recording system vere checked for line-
arity of respanse by applying known pressure differences to the
differential transducer element. A record of the galvanameter deflec-
tion corresponding to the air density at calibration is obtained.

This deneity 1s calculated from measured ambient temperalures and
pressures. Together these measuraments provide a calibration curve of
galvancmeter deflection vs air denaity.

A single density gage vas installed at Station 3-289 c= Shot 1 of
UFSHOT-XNOTHOLE, and on each of Shots 9 and 10 gages vere installed at
Stations F-217 and F-208.

3.2.3 Results and Discussion

Measured density ratios (p/po) have been campared vwith those
calculated from the overpressures (Table 3.2); overpreuure ed for
calcylytion vere aversges of those obtaired by Projects 1 bJ
1.1652/ Overpressures measured by the static elument of the density
gage are listed in Table 3.3. Note the excellent agreement betveen
measured and calculated density ratios except for that from gage 17D10
o1 Shot 10. This gage wvas the only one ip the precursor, the measured
iensity ratio being considerably greater than that calculated. Un-
fortunately the record ceased prior to arrival of the heavy dlg}t. front
behind the precursor front. The relation presentpd by Forze (sen
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also App Z) for a shock wave moving through uniformly dust-laden air
wvould account for a higher air density ratio. However, in this in-
stance the shock wave was loaded with dust at the ground, and the
shock front reached ths gage before the dust front; therefore quantita-
tive ccaparison is 2ot justified, and no conclusion can be drawn about
this apparently high density ratio. There is still same question
whether the gage wuld register any dust component. The record from
this same gage indicated that upcn arcival of the precursor shock wave
the dersity bad decreased to 0.8 its value at zero time; the magnitude
of this decrease¢ before arrival of the main shock wave is in agreement
vith the measured temperature increase at this statio 2 ; the pressure
gage shoved 82 increase in ambient pressure of not more than 1.2 per
cent (0.15 psi).

Density-time and overpressure-time vaveforms for the gages at
Stationa F-217 and F-208 on Shots 9 and 10 are presented in Fig. 3.6.
The record from gage 17D10 oa Shot 10 exhibits oscillations character-
istic of the gage operated at its present rotor speed. Waveforms for
the otLer records have been derived by drawing curves through the
averages of these oscillations. Since the frequency of these oscilla-
tions increases vwith increaging rotor speed, they may be eliminated
entirely by operation at high rotor speeds and installing an electrical
filter. Such modification should not affect density measurements in
the frequency range of interest.

3.2.4 Conclusions and Recomrzendations

Except in the extremely dusty atmospbere of the precursor this
gage has proved eminently satisfactory for use in field measwements
of air density under the conditions of Jull-scale nuclear testa; as
demonstrated by the excellent agreement betveen messured and calculated
density ratios.

Redesign to reducs the sisze and veight uf the gage wvould facili-
tate handling in the field, and in redesign tbe rotor speed should de
increased to elininate troublesame oscillation. Both these reccmsenda-
tions are being acted upon.

3.3 q-TUEE
3.3.1 Baciground

In 1ts original form the q-tubr‘—v vas Ject %0 inherent ae-
ctanical Jdefects in the operation of the -tni:,t‘MIenentl used to
peasw. e doflecticn ¢f the sensing element ¥y vind drag forces. Devel-
opment of the differential pressure transducer for uee in the centripe-
tal density gage (Section 3.2.2) led to an improved modification of the
criginal q-tube wiiich would, it vas hoped, prove leasible as an alter-
pate to the pitot-static gage for messuring dynamic pressure urder
field conditions on full-scale tests, particularly at lover overpres-
sure levels.
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3.3.2 Instnzmentaticn

IXxcept for replaccacnt of the strain guges by diffcerential
presswre plekups, the q-tuce und its mcunt are essentially the seame as
described in an cvgluation report on its field performance during
TUMBLER- SNAFFER. 1Y/ Dutails of the modified sensing element are illus-
trated in Fig. 3.7; diflcrential pressure pichups at thc frcat and back
of the deflecting disc are connected to the differentisl pressure
transducer as shown. Theoretically the front opening chould sce total
Jressure and the back opening a pressure that {s lcss t.an {ree-streanm
static pressure by some fracticn of Jdymamic oresswrs. Thus the
diiferential pressure as recorded by this instrument should exceed the
dymanic pressure vy a factor between 1 and 2. Wind-tunnel tests of the
3ase_bave shown this factor to be 1.49 for Mach numbers of less than
J.0:2Y hence the sensitivity of this gage is somevhat greater than
trat of an inst:ument that measures the difference between static and
stegnaticon pressures. as Joes the pitot-static gage.

Because the time availahle for fabrication of test prototypes of
the modified gage wvas relitively short. it vas planned to in tall dut
a singls gage on =2ach shot. These vere placed in regions suca that
iical shock vaves having overpressures of 10 psi{ or less vere antici-
pated. As discuss2ad {n CL 1, a second gage vas installed at Station
F-28 on Shot 10 to measure Jymuamic pressures in the true stand.

Teld installation of tie g-tuve is shown in Fig. 3.1.

3.2.3 Results and Discussion

Feax dynamic pressurcs measured by the q-tube are listed in
Table 3.4, vhile tracings cf the c-rresponding pressure-time curves
are presented as Fig. 3.8. Table 3.5 campares measured dynamic pres-
sures vith those calculated :rom the overpressures at the same location
tions.

The record from the q-tube at Station 3-269 indicated thet the
gage falled arproximately 2¢ seconds after tero time, and e post-shot
survey of this station revealed that the lnstrument could have been
anocked fram its mount by flying dedris (Fig. 3.9).

This gage vas acar the outer limi? of the precursor and exhidbited
the tvo-step vaveform seen by all other gages at this statfion. The
peax dynanic pressure in tkte initial short-duration step as measured
by this gage ves consilerably higher than that calculated and that
deasured oy the pitot-static gage. 2ut the peak dynamic pressure oess-
ured i1n the second step, wvhich is attridbuted to the main shock wave, 1s
in excellent agreement vith that calculated as vell as that measured dy
the pitot-static gage.

Cn sShot 9 the peax dynamic pressure measured by gage O8qll at
Station F-2C8 deviated by less than 3 per cent fram that calculsted.
Althou. 1 or Shot 10 the same gage recorded a dynamic presgure 35 per
cent groater than calculated, the measured dynamic pressure vas vithin
© per cent of that measured by the pitot-staiic gage at the same loca-
ticn.

While the gage at Stapion F-200 ia the tree stand measured a peak
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3.4 WHISTLE TEMPERAT'RE GAGE

3.4.1 Background

A need for accurate experimental data on preshock air tempera-
tures resulting from full-scale detomaticn of nuclear weapons has been
recogalized for same time. 1In its present form the rc¢sistance tempera-
ture gage developed by Sandia La?omtory for use in measuring tempera-
tures within the shock wavell:1Z/ i1s unsuitable for making preshocx
measurements because of its inherent susceptibility to heating by
thermal radiation from the fireball. Previocus experimental me ure-
ments or p.eshock temperatures have made use of themocoup 25
of instiuments designed to measure sonic transit c.mes. 'I‘heae
instruments vere not campletely ideal for use .n the field. If thermo-
couples are to have a fast response, they must be made small and
became rather fragile for use under field conditions. Sonic velocity
methods have the dravbacks of being subject to noise interference and
requir ing complex electroaic equipment.

The whistle temperature gage wvhich vas field-tested for the first
time on UPSHOT-KNOTHOLE was originally conceived as a means for meas-
uring preshock temperatures. During its develomment it appeared that
it might also function throughout the shock wave anl measure tempera-
tures both prior to and following the arrival of the shock froamt.

3.4.2 Instrumentation

The whistle temperature gage is essentially an open-ended reso-
paat cavity vhich is caused to vhistle by draving air past its open
end by means cf a vacuum pump. A standing wvave is thus forxed vhose
wvave length, A, is four times that of the cavity. The speed of sound
for air, ¢, the frequency, f, and the temperature, T (in degrees
Xelvin), are related as

¢ =At, (¢/c )? = /1,

Thus the frequency depends only upon the ai: temperature, and if \t-
ambient freguency, fos 18 measured at temperature T,, a corresponding
meagurement of frequency { provides a aeasure of tewperature T,

A aicrophone picks up the output of the vhistle and feeds it to an
PM discriminator (Fig. 3.10) whose output is in turn . >corded on a
galvanameter. The deflection, d, of the galvanameter i{s proportional
toc the frequency of the vhiatle. Thus if zero deflection corresgonds
tof at T,

o o

r-ronm.

From these relations the temperature of the air car be computed.
This metbod of recording the sigomal from the gage wvas adopted
during the planning stage vhen it wvas uncertain vbhether the Ampex
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magnetic tape recorder would be available for use in the field. Re-
cording could be considerably simplified it the microphone output
signal were directly recorded by the Ampex recorder.

A detail draving of the gage 10 its mount is presented as
Pig. 3.11. Invar, an alloy having a temperature expansion coefficient
of esseptially zero, was used for the rescnant cavity. The cavity is
mounted in the front of a canister similar to that of the Wiancko air
pressure gage, end the microphonc is mounted in the rear of the canis-
ter. A side-on baffle of the kind used %or air pressure measuremcuts
serves as a mount for the canister assemblr. A solenoid-operated
drop-avay shield helps prevent the cavity from filling with dust prior
to use.

txperimental models of the whistle temperature gag: were installed
at Station 3-289 on shot 1 and at Station F-217 on sShot 0. Figure
3.12 shows the gage mounted at Station 3-289 with the du  cover re-
moved.

3.4.3 Results and Discussion

Data fram these two stations are presented in Tsble 3.¢. Om
Shot 1 the gage operated satisfactorily until shock urrival and shoved
no change in temperature. Upon arrival of the shock front, however,
operation of the gage became intermittent; it did ope;ate during the
last portion of the positive pbase and throughout croc over into the
first portion of the negative phase. If the record is :xtrapolated
back to arrival time of tLe shock wave, the extrapolated value for
peak temperature is in good agreement vith that measured by the re-
sistance temperature gage.

On Shot 10 the tape vhich had been placed over the orifice of the
cavity after calibration to provide a semipermanent seal against enter-
ing dust vas inadvertently left on during the shot. Consequently the
gage did not function at all on this shot.

3.k.k Conclusions and Recammendations

Whereas both full-scale and laboratory tests bave indfcated that
the vhistle gage can be used to measure air temperatures, it is Joudbt-
ful whether the gage in its present form will functionm throughout pas-
sage of the shock vave. It is possible that its response during
passage of the shock vave may be improved by redesign of the orifice
and cavity.

Certainly before thiz gage is satisfactory for field use it will
bave to he modified to eliminate thLe tendency for dust to clog the
cavity and interfere vith its operation. Measures should de taken to
elimipate bulky accessory equipment like the vacuum pump. Laborstory
study sbould be continued, but no plans madr to use tne gage on full-
scale field tests until the results of such a stuly become available.
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Fig. 2.12 -- Whistle Gage Mounted in tke Field with Dust Cover
Removed

TABIE 3.6 - Temperatures, Whistle Temperature Gage

Qround
Shot! Sta Oage (] tl AT aT (oc) Ato Al.o
%o.| ®o. Xo. ?r:? (sec) | (°c) |(cared) | (sec) | (°C)

1 | 3-289 | 89m0 | 2600 | 1.0mak | u9* W3 0.59 0
10 |r-217 | 17vao | a2 Did not function

‘Opnrution intermittent; extrapolated velue
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3.5 SO.JIC WDID AND SOUID SPZED DNDICATOR (SWASSI)

3.5.1 Background and Theory

This instrument was designed to measure wind and sound speeds
wheu wind direction is known; essentially it is a speaker-microphone
arrangement incorporating equipment to measure transit times of sound
pulses in two opposite directiogs. In the form in which it wvas used
on mr.m-smpmlj and ME? the gage did not operate properly
because the sound source, a crystal transducer, did not deliver sound
pulses poverful enough to override the noise produced by the shock
wave., The crystal transducer used as the receiver rings at its natural
frequency when struck by the shock wave, and in earlier models it vas
necessary that the transmitted pulse be of the same frequency to ob-
tain the desired sensitivity. As a result there vas no vay of distine
guishing the transmitted signal from this shock-induced noise. Both
defects have been corrected bty using a more poverful pulse of a fre-
quency differing from the natural frequency of the receiver.

3.5.2 Instrumentation

A pulsed siren is used as the sound source in the current modi-
fication of the SWASSI (Fig. 3.13). The siren is & rotor-stator type,
and it emits a pulse vhose length, frequency, and repetition rate are
governed by the rotational speed and gecmetry of the rotor-stator
openings. At the normal rotational speed of 135 rps the pulse length
is approximately 400 msec and its frequency 19.4 kc. The wvaveform
closely resembles a sine wvave, and the gzound beam has a full vidth of
about 70°, over which the intensity is nearly constant. Tim‘ng signals
to mark the emission of each sound pulse are generated by a emall mag-
net mounted on the rotor and coils mounted on the stator.

The microphones bave a flat response in the 19.4-kc region, and
vhile their sensitivity is less than at their natural frequency of 50
kc, the powerful signal fram the siren results in outputs in excess of
those from the 50-kc signal in earlier models. Since the received
pulse is fed to a tuned amplifier, any 50-kc noise is filtered out,
These axplifiers bave a Land vidth of approximately 4 kc; consequently
the rotor spesd is critical within 5 per cent if the signal is to be
passed bty the amplifiers. The detection, amplification, and recording
gystems and calidbration procedures are analogous to those used wvith
earlier models.ll

A single SWASST wvas installed on Shot 1 and two on each of Shots 9
and 10, In Pig. 3.1 the SWASSI is shovn mounted on the cross piece of
a goal post tover. The center pipe contains the siren and the tvo end
pipes the receivers. The crosspiece vas aligned at an angle of 45°
vith the line from ground zero to the center pipe of the gage. Except
for that at Station P-217 on Shot 10 it was anticipated that all gages
vould be in regions such that ideal shock wvaves would obtain.

The output of one of the receiver amplifiers used on Shot 1 wvas
displayed on an oscilloscope and photographed <o obtain detailed in-
formation about the size and shape of the transmmitted pulse as compared
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3.5.3 Results and Discussion

Table 3.7 is a campilation of data for Shots i, 9, and 10. Om
Shot 1 the sirea did not attain its proper operating speed until about
10 seconds after arrival of the shock froat because the line voltage
to the motor vas too lov. Consequently the pulses fram the receivers
vere nct strong enough to trigger the interval timer. A photographic
record of the microphone output aid indicate, hovever, that the probleam
of noise interference has been solved, for only ons noise pulse st the
instant of shock arrival vas of sufficient amplitude to trigger the
interval timer.

TABIE 3.7 - Sound and Wind Velocities - SWASSI

Ground t o u
Shot| Sta | Gage range a ar (c%l.cd) u (calcd)
No.] No. Yo. (£2) (sec) 1 (°C) ] (Pc) (rt/sec) | (£t/sec
1 | 3-289 | 89sws13 | 2600 Bo record
9 | P-217| 17SwWs13 | 1683 1.k00 | 50 66 300 350
P-208 ] Bsws13 | Wo60 2.810 1| ko AT L10 M6
10 [ P-217 | 17SWS13 | 122 N0 record past tero time
F-208 | Hsws1l| 3918 No record past zero time .

On Shot 9 the gage at Station P-217 operated satisfactorily, but
that at Station F-208 failed about 100 msec after arrival of the shock
front because of mechanical dinding in the rotor of the siren. This
d=~fect vas corrected prior to using the same gage on Shot 10. The
measured peak temperstures and particle velocities in the sbock vave
are compared vith those calculated from the meeasured overpressures in
Table 3.7. Agreement i{s not particularly good. There wvas a much
larger scatter in the transit times of the tranmmitted rulses emitted
betveen zero time and the end of the positive phase of the shock vave
than in those measured before zero time and after the end of the nega-
tive pbase. The scatter prior to shock arrival i{s probably attribdu-
table to local turdbulence cauged by thermal {nteracticn. Also ths
actual ground zero on Shot 9 was displaced to an extent that the direc-
tion of the blast vinds wvas more nearly along the lins of the trens-
nitter and receivers rather than at an angle of 45°, and there vas very
likely interference from the turbulent vake of the mounting pipes along
sn appreciavlie portion of the scund path. :

On Shot 10 all gagee functioned properly until tero time vhen -
three of the four records vent off scale. Presumably this malfunction
vas the effect of the electramagnetic transient on the interval timers,

although the exmct cause Cgppot dbe determined. -‘xsii ficulty bad
® ‘ - e
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never been experienced on previous experiments and was totally un-
expected.

A comparison of the records fram the free runs at calibraticn time
with the prezero-time portions of the records from Shots 1, 9, and 10
in the light of the ambient temperatures and winds has indicated that
the electronic detection system is not sufficiently stable and that the
transit times may be consideradly in error.

3.5.4 Conclusions and Recammendations

As it stanis tae SWASSI is stil oot & field gage. Ome of the
principal defects of earlier models has been overcame in incorporating
the pulsed siren sound source. Howvever, the electronic system for
messuring transit times is unsatisfactcry still, and vork is in pro-
gress on further remedial modification.

USSR,




o

"HD’W&B I*JRQ-UO

B B

(o

P
ar

CRMERLY

APPENDIX A

ABEREVIATICRS AXD SYMBOLS

In gage code, accelerumeter
(subscript) air

In gage code, beck dynsaic pressure element of pitot-
static gage

Ratio of density of dust suspended in air to that of air
Speed of sound

In gage code, density element of the density gage
(subscript) dust

In gage code, static pressure element of the density gage

Energy gained by the mass of material in a unit volume
behind the shock front in passing through the shock front

Internal energy per unit mass

In gage code, froot dynamic pressure element of the pitot-
static gage

Ground range; distance from GZ to a specified position
Grouad zero; point directly beneath durst

Accelerstion of gravity (32.2 ft sec'z)

Specific heat of dust

Ispulse per unit area

(subscript) incident shc.k vave

Magectum per unit area

Mass per unit arca

Rezistering coefficient for dust (multiplying factor for
p u which gives the dynamic pressure of dust)

(aubxcrlpt)-l_nbient condition abead of shock front
Pr:ssurr

(Nerprel:.ure.
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qQ  Dynsmic presswre (30 u2)
qQ In gage code, the q-tube

' % dtagnation pressure minus frre-stream static pressure
(qt ® q(l ¢+ 0.25 M + 0.C25 M* + ...))

Dynsmic pressure measured at time Atl,2,3,h

(subscript) reflected shock vave

In gage code, static pressure element of pitot-static gage
In gage code, sonic vind and sound speed indicator (SWASSI)
Temperature

Texperaiure increase in shock vave

Time

Time interval after arrival of shock wvave

r
8
sW
T
ar
t
at
t‘ Time of arrival ¢f first pressure signal of blast as
referred to zero time of burst

R

™

Y

u

v

Y

b 4

In gage code, resistance temperature gag:
In gage code, vhistle temperature gage
Shock velocity

Particle velocity

Specific volume (V= 1,0)

In gage cods, yawvmeter

Ratic of dynamic pressure in dust-laiesn shock tc that in
clean shock

a Angle betveen incident shock front ad reflecting plane

Ratio of specific heat at constant pressure to that at
constant volume

" Ratio of density behind shock front to that im fromt of
shock front (2 °o)

A Wave length

g e L2
7y -1
[ Density

¢ Ratio of adsolute pressure dehini shock front to that in
front of shock front

¢ Yav angle
L s e FORMERLY =S ICTED DATA

e Everay Agt 1954
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APPENDIX C

MEASURED WAVEFOGRMS, SBOTS 1, 9, 10
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APPENDIX D

PRELIMINARY INVESTIGATION OF THE
RESPONSE OF PRESGCURE GAGES TO TUST-LADEN AIR

J. R. Banister & C. D. Broyles

In full-scale nuclear explosions dust is often suspended in the
air both before and after passage of the shock front, its concentra-
tion being greater bebind the front. This dust {s of concern because
it Day alter the vaveform of the shock wave and because its concen-
tration may be 8o great as to affect the dynamic load imposed upon an
obastacle. During recent nuclear explosions dynanic pressures measured
in regicns of large quantities of suspended dust wvere higher than would
be ccmputed from the measured overpressure using the Rankine-Hugoniot
shock relations.

This observation vas at variance vita the resuits of a cursory
shock-tube experiment by Cook and Richanhon}z/ designed to investi-
gate the effect of dust loading of a shock vave on dynamic pressurecs
recorded by & differentiai pressure gage. They used a L-msec squars
pressure pulse loaded with chalk dust and a pair of Wiancko air pres-
sure gages oriented to simulate the Wiancko differential pressure els-
mepnt of a pitot-static gage. Although they found dynamic pressures
little changed by dust during passage of the positive pulse, their
reJults vere dirficult to interpret, particularly because it vas va-
certain vhether the sharp spike vhich appeared in the record three
nilliseconds after passage of the shock vavo was attributadble to dust
striking the gage or to some other phenomenon caused by the dust. They
chose to neglect 1t, and decided that dust probably does not register
on & 4iancko gage. Thelir conclusion seemed reascnable becsuse the
gage 18 so constructed that the dust momentum could have beun absordbed
by the acoustical damping material.

Tre pogsibility that the pressure spike obtserved by Cook amd
Richardson could te a result of dust loading and the results observed
on full-scale tests led to reinvestigation of the problem in the pres-
ent series of shock-tube experiments.

D.1 EXP*RIMENTAL PROCEIXIRE

Experimental arrangemen:.s for the current study are similar to
those used by Cook and Richardson vith two excepticons. A fiuely pov-
dered sand (S1C5) and a pulveriz~i pumice, both of which probably
contaipned particles of smaller ai: -an the chalk dust used in carlier
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exprriments, have teen used. Alsc the positive pulse 18 of longer du-
ration so that the dust is in the positive pulse when it arrives at
the gage; ambiguous results can thereby be avoided, for it is now
fairly certaln tpat the spike observed in Aynamic pressure curves from
the earlier experiment was ceused by dust strixinz the gage.

Both Rutishauser and Wiancko gages are used for these measure-
ments, the Rutishauser gage being used as a standard against which to
evaluate the performance of the Wiancko gags. The response of the
Rutishauser gage to dust may be anticipated to a certain extent and
thus give scme 1dz2a of the distribution and velocity of the dust a.
the gzage position.

A ccomplete descripticn of these gages and their cperation i3 not
essential here; however, some characteristics of the pickup elements
are significant in interpreting the experimental resulte. The pres-
sure pickup of the Wiancko gage<ld/ incorporates a variable reluctance
controlled by rotation of a bourdon tube. This tube 18 subject to
acoustic resonance vhich is damped by placing & Fiberglas vick inside
it; the gages used in this experiment are so damped.

The pressure piclup of the Rutishauser gage is a variable-cepaci-
tance stator-diaphraga arrangement such that a change of capacitance
betveen the stator and diaphragm produces a voltage signal vhich {e
nearly proportional to the pressure applied at the diaphragm. The
face of the gage is 3/4 inch ir diameter; the diaphragm, vkich ie 3/1f
inch in diamater, is at the center of and lush wvith the face. Be-
cause of its repid response, details of the loed imposed on the gage
may be examined closely. Schematic cross sectiocns of the two gages
are shovn in FPg. D.l.

A third type of pressure gage, the model Pb-O m._.ufactured by the
Beta Corporation, vas used in some preliminary measuresents. Liks the
Rutishauser gage it i{s a diaphragn-type gage but c t be calidrated
statically. It uses an electrokinetic transducer.xz -

These gages are mounted in the shock tube in a manner similar to
that described by Cook and Richarvison. A pearly square pressure pulse
is produced in the usual fashior. This pulse passes through a
screen approximately & fect from the cellophane diaphragm separating
the compression chamber from the e.pansion tube, ard a side-on and
head-on gage are placed 8-1/h inches beyond the screen (Pig. D.2). The
ccpressica chamber ie long enough to produce a positive ulse of 10
msec.

Dust {s added to the shock vave by loading the screen as uniformly
as possidble vith veighed quantities of dust. Sincé all 4dust on the
screen is remcved by the shock vave, the amouat of dust in suspension
zay be arrived at by estimating the percentage of duat shaken off
during installation of the screen. loads of about 0.08 g m™2 (beavy
loai) and 0.0 g am™< (light loed) are used; control runs are mode
using an unloaded screen.

Ranges of dust diemstsrs are dsterained by microscopic axamina-
tion Of the dust on a calidrated slids. Particle diameters of the
sand range from less than one to ten microns, thoss of the prmioce fyom
ten to one Mundred microns. Bpecific gravities of both types of éuat
particles are estimated to be 2.5.
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Initial shock overpressures (before the shoci strikes t> > screen)
are 7.0 and 3.8 psi. Side-on measurements indi-ate that *ha screen
attenuates the overpressure by 9 per cent for the stronger ehock and
8 par cent for the veaker, but without sigrificantly changing the vave
ehapa,

Pressure-time records are obtainsd by feeding the ocutputs of the
gages %o a Tektronix Type 512 cathode-ray oscilloscope and using a
Polaroid oscillosccpe camera to photograph the traces. Records are
obtained froum the heaa-on gas2 alone, from the side-on gage alone, and
of the difference betwveen the readings of the bead-on and side-on
gages (dynamic pressure or g).

All gages are calibrated by the stetic-pressurs method, and care
is taxen thsat the sensitivities of all side-on and liead-on pairs used
for dynaaic prescure measuresents are egual.

Secaute the clean pressure pulse iz aprroximately square, the
Rankine-Bugoniot shock relsiiocns and the equations Of state for air
may be used to calculate various characteristic parameters of the
shock vave vhich has passed through the dust-tree screen. Camputed
values for these paramesters of the strong and veak shock vaves are
lioted in Twblse D.l.

TABIE D.1 -- Computed Cha:racteristice of the Clean
$hock Arter Passing Through the Screen

Shock

over- Shock Material Density of Dyommic

pressure velocity velocity air pulse pressure

(ps1) (fr/sec) (ft/sec) (g ca-3) (pei)
6.2 1,380 352 0.00130 1.1
3.6 1,280 219 0.00117 0.38

Positive pulse Curativa: 10 msec Ambient pregsure: 12 psi

Joam temperature: 25°C, 29d°K Ambient dsnsity: 0.000967 g a3

3peed of sound: 1,140 ft/sec

D.2 30 THECRETICAL ASPECTS OF THE PPCBLEM

Oos of the first questicns that arises ia an analysis of the ex-
perimental results f{e the manner in wvaich the dust is accslsrated.
dhils it might at firet seem <32at the shock front is responsidle for
Qust ascelsratioa, an elementary approximate calculation showe that
this cannot be true for dust particles of ordinary density. Llet us
coasider a eingle particls struck by the shock froat, the force on
vhich is approximately 2 PA vheru P {s the saock overpressure, A is
the froatal area of tae particle, and the of 2 sccounts for the
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pressure doubling at reflection. This force acts for a time x/U where
x {8 the distance the shock must travel tn envelop the particle and

U is the velocity of the shock front. The total momentum imparted is
approximately 2 PAx/U, and since the mass of the particle is approxi-
mately Axf, where 8 is the density of tbe particle, the velocity im-
parted by the shock front alone is of the order of 2P/US. For a
6.2-psi shock overpressure and a particle density of 2.5 g ca”3 the
resultant particle velocity 13 only 0.3 fps.

Our erperizental situation is, of courve, quite diffarent in that
the dust is packed into the operings of the scresn and behaves more
or less as a solid wall until it is driven clear. We may thersfore
describe the Lehavior of the dust by assuming the overpressure to be
doubled on reflaction, vhereupon the force per unit area becomes 2P
and thy acceleration of dust having a mass cf mg per unit area is
2?,’:.1. The differential squation is sizmple since acceleratiou is con-
stant until the dust is clear of the screen; integrating %:%ce and
ealiminating the time fector, we find that the velocity impa..ed in
the dust in this atage is 2 ~/Ps/my, vhere s is t:: thickness of tir
screen. Since this thicimess is about 0.1 cm, ths ejection velocit:
of dust is sbout 50 fps for hesvy loads and strong shocks. This ve
locity {s far less than that observed at the gage, and it is evident
that in this phase the dust is broken up but does not attain its maxi.
mm velocity.

Drag forces, then, must account for most of the observed velocity
of ths dust particlss. Drag forces may be approximated by using
Stoke's lavw snd asmuming that dust particles behsve ss mmooth spheres.
The force on such a particle wvould be 6wpr(ug, - ugq), vhere r s the
radius of the sphare, 7» the air viscosity, and u, and uy are the air
and dust particle valocities. Using Newton's second lawv ve may state

4u
c-lf‘- = 24‘_-— (u‘ - ud) (p.1)

vhere t i{s tine. This equation was used to calculate the t.h’e- of
Table D.2, assuzing a dust particle density, 8, of 2.5 g ca™’., Tn's
treatnent of drag forces is only approximate, hovever, since the dus.
particles are not smooth spheres, and at aigh Reynolds mumbers Stoke's
law gives a force lowver than is observed experimectally. </  Actual
t!mes required to reach various fractions of air velocity are prob-
ably considersbly less than those listed in Table D.2, which should
be regarded only as order-of-eagnitude approxinations. Moreover,
Table D.2 does not imply that in the experimental arrangement dust
particles attain tte indicated fractions of the pnssible terminal ve-
locities in the time intervals specified; ti:i{s situation arises not
from any failurw of %q D.1 but rather becsuse locally u, is reduced
by dust that the air has alreany parsed througn.




TABLE D.2 -- Times haquired for Smooth Spheres to Keach Various
Practions of the Alr Veloeity (from Stoke's Equation)

Particle u,/u
diameter s
(cm) 0.1 0.3 0.5 0.7 0.9

1070 P.7x10%ec  2.6x10 °sec S.MO-osec 8.8x10 sec lTx.l.O-éeec
J.O-3 Same except that the exponent of 10 is -4

10°° [Bane except that the exponent of 10 is -2

Specific gravity of the sphere (8): 2.5
Alr viscosity (n) at T = 40PC: 190 x 10  poise

We may nov examine the behavior of a mixture of air and dust upon
encountering an obstacle, for example, a gage. This problem is oot a
simple one, and no analytical solution bas been found as yet, If there
vere no dust, the problem would be relatively simple and is treated in
texts on fluid dynamics.z2<" For air alone the dynamic pressure,
being the difference betveen the pregsure at a stacnation point and
that in free flov, would be g = }Oaull if we neglect the correction for
the Mach number of the flow.

Por dust particles of two comparatively extreme sizes the problem
1s also a simple one. If dust particles are of nearly molecular size,
they behave in the seme vay as air and ve may consider the density as
that of the air augeented by that of the dust. If, on the other hand,
dust particles are extrzmely large, we may aeglert the effect of drag
forces and the problem reduces to one of mechanics. Actual sizes of
most dust particles are somevhere between tuese extremes, hovever,

For these intermediate particle sizes an upproxizate calculaticn
has been made, too lengthy for inclusion xere, which indicates that
pearly all the dust mass moving tovard an obstacle th~- siie of a gage
face does strike it, at least under the expe.imental ccnditions used
here. Tuis assumption may then be used to predict the response of the
Rutishauser gage to dust. Wwhen dust particles are stopped by cge dia-
pbragm, the dust increases the apparent dynamic pressure by 2,uj, vaere
Py is the dust density® :od uy i3 the dust velocity. If the particles
rebound, and {f drag forcee are neylecied, ve would expect the 'ont51—
butlor from the dynaaic pressure of the dust to be great:r than 0,uy
vhen the mean free path of the rebounding particles is of the order of
or greater than the dimensions of the gage face (or obstacle). If, on
the other tand, the mean free path of the particles is small campazed

® .y dust density is meant 70t the density of individual narticles but
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with the dimensions of the obstacle, the rebounding particles cause
familiesw of collisions which reduce tne momentum of the oncoming dust
by that of the revgunding particles and the dynamic pressure would
still be about odzg.

Before discussing the experimental results it might be well to
discuss the theoretical aspects of methods used for their evaluation.
A fairly exact method would be to apply the principle of conservation
of momentum since the loss in momentum for the clean and dusteladen
shocks should be about aqual. Unfortunately, however, it 1s difficult
to evaluate the momentum of the dust-laden shock wave from the pressure-
time records obtained, and admittedly more approximate methods rust
be used to analyze the data.

Some typical records (Fig. D.3) for clean and dust-laden shocks
reveal that once the pulse which contains most of the dust has nassed,
the side-on pressure curve for the dust-laden shock differs little
from that for %<he clean sbhock wave. This observation suggests that
experimental results could be evaluated on the basis of their dynamic
impulses, vhere d;mamic impulse i{s defined as the integral of the dye
namic pressure over time, PFor the dust-leden shock the dynmic im-
pulse, I', would be

< <
L I
I'e }f o‘u‘z at + nf odui at (p.2)

o °

| S J

since ﬁn.\x‘2 is the dynsmic pressure of the air. Here p} is the air

density end u{ tho air velocity for the dust-laden shock vhile o4 and -
uq are dust density and velocity; n is the registering coefficient for

dust. Time, t, is taken to be zero vhen the dust pulse awrrives at the

gage, and T is an interval long enocugh to allov all the dust to pass »
the gage. When there {s no &ust, the dynmmic impulse, I, for the swre

time interval is

<

Ied L D.ui at (p.3)

vhere p_ is the air density and u, the air velocity.
u! us nov consider the difference betwveen these dynmic impulses:

< <
Aleal'-Te u{ pd“i at - QL (o‘ui - o;‘u;z) at.  (D.b)

From the pressure records wve Imov that the integrand of the second

tern 1is of significant magnitude only during the passage of the dust
pulse, &8, Furtbher gppruximation is possidle in taking into sccount
that the air density for the dust-laden shock 1s lees than but nearly '
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equal to that for the clean sliock, Ve may then write:

L Ot
- 2 L 2 2,
I3 uf pqyy 4t - 3 CI (u& At -J- Uy ds) (D.5)
o (5}

gince uy is a constant auring the interval At. Because the acceler-
ation time of the dust particles is short and most of the dust is car-
ried vith the dust pulse, we approximate the last in‘egral as at,
vhere Uy is the average velocity of the dust at the gage. The actual
value of the integral should be greater than this, sc two of the sim-
plifying assumptions have a tendency to cancel euch other.

The first tem {8 easily recognizable as being equal to n mydy,
where my i8 the mass of dust per unit area. Thus ve arrive at the
expressivn

2 el
I?amgd, - ¢ pat (u - i) (D.6)

Note that n decreases monotonically as ug increases. This work-
ing expression is useful because Al and At are deterained expert-
mentally and my is known, as are u, and 8,. Certain reasonable limits
may be specified for Uy, or it may be calculated if n is assumed to
be one for the Rutishauser data.

Experimontal results may also be evaluated by comparing peak dv-
namic pressures observed for clean and dust-laden shock vaves. Their
ratio, y, 1s

2 e
(3 ons® + rogui®)
° 2

§ OQuI

y == . (0.7)

Rere the variadbles for the dust-laden shock vave are evaluated
at the maximm dynamic pressure; note that ve need to know P2, ua, P4
uq to evaluate n; y may be determined experimentally, and gy and u,
have been calculated (Table D.1).

D.3 ANALYSIS CF EXPERIMENTAL RESULTS

It is perhaps to the peoint to begin this discuesion with a quali-
tative sumation of the results as exemplifi+d {n some typical records
(FMg. D.3) from the Wianzko and Rutishauser gages under various experi-
mental conditions. All differential pressure records begin at the
time the air disturdbance arrives at the gage. letter desigiations in
the text incicale appropriate vaveforms in Fig. D.3.

wWhen there {s no dust on the ecreen the vaveform observed by the
side-on gage (A and E) is little different from that vhen no screen
1s used although overpressures are reduced sosewiat. Dut vaep dust {s
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placed on the screen (all except A and E), the vaveform is altered
considerably; the pressure front is rounced, and in scme instances
a small shock is noted in the negative phase for the weaker shock (C).

Head-on gage records taken with and vithout the screen in place
vere quite similar except for some irregular increases® near the end
of the positive phase vhen no screen vas used. Head-on records vhen
the screen is cust-loaded (all except A and E) shov a rounding of the
pressure front similar to that in the records rom the side-on gages.
A rise caused by the first dust striking the gage occurs 2-3 msec after
the first air disturbance, and the dust continues to register as an
irregularity for several milliseconds.

Differential records taken with no dust on the screen indicate a
nearly constant pressure during passage of the positive ptase (A and
E). When the screen is loaded vith dust, these records shov littie
displacement until arrival of the dust at the gage (all except A and
E). The dust is registered as a sharp rise, the pattern varying some-
vhat from run to run; in general the dynamic pressure remains at a
high level for abocut 3 msec for heavy dust loads and 2 msec for lighter
loads, then drops to & level scmevhat greater than would be expected
for air alone.

Differential records from the Wiancko and Rutishauser gages under
conditions of strong shocks and heavy losds (B and F) differ somevhat
in their manner of aecay from tue peak value; for light loads the vave-
forms are similar (C, D, F, and G) and follov the pattern of the
Ruvishauser gage for beavy loads, ie, a plateau-type decay.

Wiancko gagea in the side-on position shov a slight increase vith
time in overpressure for the positive phase (A) vhereis the Rutishsuser
gage in tle corresponding position shows a constant overpressure (E)
as does tle Bsta gage.

The Futishauser gage in the head-on position showve a slight de-
crease in overpressure after the vave front strikes the gage (E).
Portunately this effect disappears before the dust pulse arrives.

¥o differences in delay time between arrival of the air and dust
disturbances are noted for fine sand and pumice (B and D). Waveforms
are similar although the duration of the dust pulse is somevhat looger
and the dynamic pressure somevhat lover for pumice (D and G). Por
both bheavy and light loads of pumice a plateau is observed behind tbe
dust pulse (D).

Data from all runs are presented in Table D.3. ihile most of
these are taken frim the dynmmic p.essure records, the time intarval
betwveen arrival of the air disturdance and arrival of the first dust
vas determined from the records of the head-on gage. Dynmmic impuilse
vas obtained by exmmining the interval between arrival of the dust
pulse and arrival of the rarefaction vave from the open end of the
shock tube. This interval vas chosen to ensure including all tbe dust
and to sexclude comrlications introduced by the rurefaction. The d4y-
namic impulse of the clean shock vave vas measured for a corresponding
interval.

# Ceused by cellophans shards from the ruptured disphragm.
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TABLE D.3 -- Summary of Rxperimental Data

Peak
Initial® Load per dynamic Dynanic
joverpressure Type unit a | pressure | Delay impulse
(psi) _gage (g =) (pst) (rmsec) |(psi-sec :
NO DUST
7.0 w“iancko - 1.1 - 0.0097
7.0 Wiancko . 1.1 - 0.0108
7.0 4{ancko - 1.2 - o.0117
7.0 Rutishauser - 1.7 - 0.0170
7.0 Rutishauser - 1.9 - 0.0150
3.8 diancko - .2 - 0.0029
5102
7.0 Wiancko 0.070 L.6 2 0.0200
7.0 Wiancko 0.064 3.3 2 0.0198
7.0 Wiancko 0.038 2.7 2 0.0133
7.0 Wiancko C.035 3.3 2 0.0161
7.0 Rutishauser 0.08s% 5.0 2 0.080
7.0 Rutishauser 0.085 L.7 2 0.0258
7.0 Rutishauser 0.0L7 L. 2 0.0R10
3.8 Wiancko 0.070 1.1 3 0.006h e
3.8 Wiancko 0.035 1.1 3 0.00L8
PRUMICE .
7.0 Wiancko 0.070 3.0 2 0.0167
7.0 diancko C.038 3.0 2 0.0157
3.8 Wiancko 0.035 1.1 3 0.0058 ’

® Before shock vave reached screen

In general, peak dynmmic preseures msasured by the Rutishauser
gage vere higher than those measured by the Wiancko gage under the
same conditions. Comparison of dynamic pressures measured in the
clean shock vith those computed from theory i{ndicates that the readings
of the Rutishauser gage were too high, prodably as a result of inade-
Quats celidration. If {t is assumed that the s-TOr {s one of non-
linearity but that the zerv trace is correct, the theoretical dynsaic
pressure may be used as a standard to correct® the average peak pres-
sure dsrived from the Ru’ishauser data, as vad done in Table D.h.
After this correction vas made, the peak dynamic presscures read by the
Wiancko gage vere the higher. In view of the correction required,

e of the Nutlishauser gage vere multiplied by a factor of
1.1/1.8 vhere 1.1 {s the theoretical valus and 1.8 the sversge &y-
pamic pressure observed bty the Rutishauser gage vhen no dust ves
present. ’
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hovever, the significance of the trend is questicnable. The correc-
tion vas not made to the data on impulse, for to do so would lead to
‘mprobable results. In the future 1t vill be advisable to use a cali-
bration procedure that vill eliminate such arrors.

TABLE D.4 -- Average Peak Dynamic Pressures for Strong Shocks and Sig

Average dynamic p=essure (psi)

“{ancko Rutlshauser
No dust 1.1 1.1
Hsavy loaed 3.9 3.0
Iight load 3.0 2.7

The average velocity of the first dust treaveling bdetween screen
and gage may easily Se calculated. Observed delays detween the ar-
rival cf the air and dust disturbances vere 2 msec for strong shocks
and ] msec for weak ones. About 0.6 msec should be required for the
air disturbance to travel this distance. Therefore the average ve-
locity of the first dust is 200 fpe for the strong shock anmd 190 fpe
for the wveak shock, in both instances about 80 per cent of the initlal
saterial velocity of the shock vave. Bowvever, the actual velocity of
the first dust at the gage position should de higher than this since
the dust etarts from Teet. Moreover, it i{s pot surprising that the
delay times for pumice anl sand are the same since the acceleration
times for the finer particles of either material are smaller than the
time required for the 4dust to move from screen to gage.

Having same idea of the velocity of the dust, wve may appiy Eq D.o
to estimate the range of n under experimental conditions. The maxi-
mm possible value of Uy may be specified as u,, the material velocity
behind the shock front; we can therefore calculate a ainimum value of
n. Setting & lower value of average dust velocity at the gage is more
arditresy. Sioce the average velocity of the first dust between screen
and grge is approximately 0.8 uy, ve have assigned a minimm value of
0.7 1 o for the average dust velocity at the gage vith some confidence
sir.e the dust behind tha first dust {s accelerated fuor a longer time.
We may use this value to calculate an approximate saximm value of n.
he saximm and minimum values of n {n Tedble D.S have been calculated
for these limits of average dust velocity, using dust-pulse durations,
At, of ] msec for beavy loads and 2 msec for light loads. Note that
saximm vaiues of 0 are about ane or greater and ainimum values one
or less.

This analysis say be extended by assuming n to be adbout one for
the Mutishauser gage. This assumption is Justified if we can show
that the msan free path of the dust is small compared with the 4dimen-
sions of the gage face. 3ince most of the dust is in the &ust pulse,
the dust density should be about my/Ugdk. Por beavy loads of fine
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sand the density would de greater than 2.5 kg a3 since Uq cannot be
greater than ug. Accoruingly the mean free path (approximately rd/3s4)
for the average particle radius (2.5 micions) would be lesee than 0.035
inch as compared vith a radius of 0.375 inch for the face of the Rutis-
hauser gags. Calculations for the light load lsad to e similar result.
Thus the mean free path {s short enocugh to satisfy the limiting con-
ditions. Tte calculated density i{s that of the free-stream dust; the
actual dust density in front of the gage should de greater bec-use of
stagnation effects. Actually it {s prodably still great enn after
the dust pulse has passed that lagging dust particles als: ¢ a reg-
fstering coefficient of about one.

Using the Rutishauser data and assuming that n = 1, ve may cal-
culate the approximste value of Uy from Eq D.6, vhich averages 266 fps
or 0.81 uy for a strong sbhock loaded with sand. But siice the average
velocity of the first dust is about 0.8 ug for doth strong and weak
shocks, ve may assume & similar relation for the weak shock. 38imi-
larly ve assume that 0y = 0.81 u, for pumice vith the reservation that
the largest particles may not be included. With these values of Uy
ve may nov use Eq 2.6 to epproximate n for the Wiancko gage (Table
D.5); the average vas about ons, the standard deviation being O.3.
Deviations appeared t0o be about randos excapt than n vas greater than
one for beavy loads of sand and trong shocks and leses than one for
weak shocks losded with sand.

By saking edditional assumptions ve could use Eq D.7 to evaluate
0. Rather than using the expression directly, let us take the infor-
agtion from the prior analysis and use it as a check since the peak
dust densities should be about the samm for the Rutishauser and Wiancko
gages. If ve use the sams assumptions thet vere made for the dynmmic
inpulse analysis and evaluate n as one for the Mutishauser data, n for
the Wiancko gage aversges 1.4 for heavy loads of sand and 1.2 for light
loeds vhen a strong sbock is wsed. Thus while the dynamic impulse and
peak dynamic pressure methods of evaluating n are in approximats agree-
msnt, the second method gives samevbat higher valuss of n for the
Wiancko gage.

The high va.uea of a for the Wiancko gage vben used vith stroog
shocks and heavy loads of sand may be assocciated vith the discrepancy
in shapes of the Aynamic pressure curves. A possibls sxplanation ie
that dust trapped in the gage during the dust pulse impedse relsase
of pressure from the sensing element and results in an appareat in-
crease in registering coefficient. [Even if such a relaxatioa effect
exists, hovever, it should de of littls coasequsace in fleld work ua-
less the gage is campletely plugged, for there the dust pulse would
be much loager and coild be regarded as nearly a steafy-state flow,

For field measuremsnte, then, the current best estimate for the Wiamcko
gage i that 0 = 1 for the types of duat used for this experimemt,
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TA\RLE D.5 ~- Summary of Dynamic Impulse Calculations

Shoek
pverpressur=#® Type ax Dust load t t $
sl) gage (vs1-8ec) | (=':2"?) | "max |"=tn | “enle
Results for fine Sith
~.0 “iancko 0,003 0,070 1.4 C.d 1.2
~0 41ancko S.1 S.x3 1.6 3.2 1.3
7.0 W“iancko 0.0C26 0.038 3.9 oL Q.7
7.0 4iancko 0,004 2.03%8 1.7 1.9 1.4
~.0 Rut{ishauser | J.011S 0. 8¢ 1.% NI 1.2
7.0 Rutishauser | 0.0093 0.08s 1.2 Q.7 1.0
7.0 Rutishauser | 0.0C4S S.N? 1.1 3.2 C.9
3.8 Wiancko 0.m03% 0.070 3.3 S.5 2.7
3.8 diancko 0.0C1y Q.08 J.3 | o.8 0.7
Regults for pumice
~.0 4iancko 0.00¢9 Q.07 1.2 e 2.8
T.0 4lancro 0.0C%d 0.038 1.5 0.8 1.2
3.8 d{ancro 0.0¢23 0.93% 1. d.3 1.1

SCverpreszure dbefore striking screen; 'Ca.lculated cn_tasi{s that
dda/ug = 9.7; $Calculated cn basis that Ug/ug = 1.0; Scalculated on
basis that uy/u, = 0.81

D.4 CONTU'SIONS AND PLANS POR FURTHER RESEARCR

<hile this experiment has given considerable {nzight ino the re-
sponse of the wWiancko and Rutishauser gages to dust-laden shock vaves,
a0st of the ronclusions wust dbe regarded as tentative {n the light of
the comparatively fev measurements to date. Hcwvever, {t may be stated
vith certainty that suspended dust doey affect dynamic pressures oeas-
ured by the gages. A prodable expression for the dynanic pressure
seasured {s

2 2
Dynamic pressure = % o ul + mo,u,

vhere p, and o4 are the air and dust densities anl ug and uy their ve-
locities. Por the Rutishauser gage n should dbe about one provided the
restrictions outlined earlier are satisfied. This experiment has in-
dicated that n i{s also about one for the Wiancko gage (standard de-

viation 0.3). Decsuse of the limited scope of the experimsat to date
this last conclusion applies only to dust particles having specific .. .-
grevities of approximately 2.5 and diameters ranging from 1 to 100 -




aicrons. There s some question regardiing its applicabdility to the
largest and smallest particlus of this range.

Caution is necessary in using total dynamic pressures messured
by an {nstrument such as the pitot-static gage 0 calculate forces on
an obstacle since no distinction can be made between the contributions
of air and dust. At best such mesrurements can be regarded as an in-
dex of the dynamic pressure at the forvard stagnation point on an ob-
stacle of size similar to that of the pitot-static gage. The relation S
betveen drag forces and dynamic pressures is discussed more fully in
Chapter 1. If used to messure pressure distridution, the Wiancko gage
would provide satisfactory measurements of the forces on an odbstacle
{n the path of a dust-laden shock vave provided the dust density vere
such that the mean free path Of the Qust particles vas amall compared
vith the dimensions of the odbstacle.

Tvo assumptions made in this analysis are open to Juestion and
may ba clarified only by further experimental and theoretical research.

First, {o the light of limitations discussed haire, it does not seem
Justifiable to assume that the reglstering cuvefficient of dust is in-
dependent of dust density, perticularly for tbe Rutishauser guge.
Closely relasd {s the tacit sssumption that air and dust register
independently at the gage, vhich s clearly justified only if the
change in dust velocity is szall i{n the flov pattern adbout the gage.
Thie condition s probably met by particies larger than ten microns
in diameter. Further investigation of the Qust-air i{nteraction {s in
progress.

Ansvers to these and other more general questions of immediate
practical significance could be provided dy contimuing these lalora-
tory tests and increasing their scope. QCurreatly planned extensions
of the prograa include

1. More extensive shock-tube studies of the responses of
the gages to a varisty of dust typee, shock strengths, ¢
and screen-gage distances.

2. Studiee of the interaction of dust with the shock wave,
including different methods of introducing dust into
the shock vave.

3. Investigating the effect of dust-air aixtures on ob-
stacles; this prodlem would seem at prosent to be more
easily attacked from the theoretical point of viev,
but eome experimental vork may be done.

h. Application of the results of tbese svudies to deter-
aine ths effects of dust ia muclear explosions.
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APPZNDIX E

DY:.AMIC PRESSURES I DUST-LADZIN SHOCKS

Sane theoretical relaticns fcr dust-laden shock vaves are derived
bere, and dymanic pressures cacputed therefram are compered with those
neasured ty this project (Ch 1). An outline of the derivution of the
sbock relavions for clean air is followed by an analogous derivation
“cr dust-laden air. PFram these derived relations and the kncwledpe of
houv dust is registered by the gages are caxputed the ‘theor=tis-- dy-
panic pressuresn used in this comparison.

E.1l SHOCK REIATIONS FOR CLEAN AIR

As pointed out in Ch 1, the coaservation lavs for mass, namentunm,
and crergy at the shock 7ront can be deriveld by sssuming either (1)
that the shock front is a discontinuity (of infinitesioal thickneess)
and not neccssarily a case of steady flov or (2) that it is a condition
of steady-state flov and not neccssarily of infinitesimal thiclness.
The use to vhich we have put the shock relations here led us to choose
the latter assuzption. The conservation lavs may be stated as

oJU-p(U-u) Mass

Dol)u = P - Po Mmentva
. W - Povo
$(PepP )V -V)e e Energy

vhere p is the air density, U the sbhock velocity, u the particle veloc-
1ty, P the adbsolute pressure, V the specific volume (V = 1/p), and y
the rat:io of specific Lheat at constant pressure %0 that at coastant
valime. The sudecript ¢ derotes andient (preshock ' conditions. The
sbock is presumed to move into still air. JFraam these conservation lavs
the Rankine-Rugoniot shock relaticns are odtaipned:

g‘;—- (¢-1) [Wh'—f-n]& (2.1) .
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== [ “jl] - (E.2)

2
% b + » (3'3)
co
and
N = &‘s—:*;u—l- (B.h)

2 ;
vhere ¢ is the velocity of sound (¢“ = yP/p), (= (&P + P )/P,
ne0/0 ,andu = (y +1)/(y = 1). Alsc of interest s ti8 endrgy. %,
gained ﬁy that mass in a unit volume of the shucked medium in passing
through the shock front,

. } 2 W-POVO
- pu+—7-_—I—-D-P(!-1) (%.5)

By cambining 2qs E.1 and 3.4 wve obtain the relation for dynamic pres-
sure:

a=douedr B2 (-1 (£.6)

For a { less thar avout 8, y for air is essentially constant and equal
to 1.4. Substituting ia Bq B.6 gives

2
-1
Q=2.5P ‘éﬁ)— > (5.7)

or in terms of AP,

TR (2.8)
o

E.2 SHOCK REIATIONS FOR DUST-LADEN AIR

Derivatior of these shock 7elations is bLaszed on the assumptions
that (1) each dust particis alvays bas the seme velocity as the sure

rounding air, (2) air and dust temperetures ure also the same, and (3)
the space ocoupied Wy the dust particles is 80 sxnll compered vith the
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volume of air in whicn they are dispersed that the ideal g~s laws still
apply to the air component, that 18 Vair + dust * RT/Paq, . Again ve
choose to think of applying these relations to the case of eteady flov
ad therefore to shock fronts of finite thickness. Consequently the
assumption regarding velocity equilibrium seces reasonable in the light
ot calculations in Appendix D indicating that the time taken for small
particles reach velocity equilibrium is approximately 1 msec. Livke-
vise Pbrzel.-/ has showvn that the time taken for dust partic.es of the
order of 1 micron in diameter to reach thermal squilibrium is of the
order of 1 msec. Since the specific gravity of dust particles is about
Jg cn-3 as campared vith a density of about 0.001 g en-3 for air, the
space cccupied by the dust is small compared vith the volume of air it
1s dispersed in even though the dust dersity™ 1s 10 to 20 times that of
air.
For dust-laden air the conservation lav-' are

(14000 = (1+0) e2(v" - ut) Mass  (£.9)
(1 +0) oc',U'u' = P - Pc.) Momentum  (E.10)
P'V' - Pév‘;

HP' » PINV! - V') = + oh(T' - T') Energy (2.11)

y -1

vhere b is the ratio of dust ¢ensity to air deasity, h is the specific
heat of the dust, T is the absolute temperature, p' i{s the mass of air
per unit volume, "and V' = 1/p'. Primes are used here to distinguish
paramnters for dust-laden shocks from those for shocks in cleen air,
Prom these conservation laws the following shock relations are ob-
tained:

' , . r ' . *
AR P i e b)] ' HE)
- 3
U' 1 po + 1
o7 " [;'t:“Tm—w] : (-13)

*)ass of dust per unit volume and not the specific grsvity of the
individual dust particlss.

! mis treatment is dus to Porzel
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2 '
S = -f,-.- : (2.14)

" - E‘%‘A% (2.15)

vhere

The energy, E', gained by that mass contained in & unit volume of
the shocked medium in paseing through the shock front is

1+b s P'V'. P'V!
1 g =2t 1yt ' o9 ' .pt) o pint.
E 53— p'u' +p —-7—-i__ + p'bh(T To) P'(n'- 1) (E.16)
vhere the first tem on the right is the kine%tic energy per unit
volume in the shocked medium and the second and third terms are the
increases in internal energy per unit volume for air and dust, respec-
tively. Oubstitution from Eqs E.9, E.10, and E.1ll reduces these ex-
pressions to the simpler form.

The expression for the dynamic pressure of the air component alone
is simtlar to Bq B.6:

P '
Q; - ip'“.z - '59' a +»b)(€]'. + B ((' - 1)2 . (3'17)

Experiments indicate (Appe D) that the pitot-static gage responds
to any duat present as lpg vhere o4 and uq are the density ani par-
tiole velocity of the 4ust; oonsaquently the total appereat dynmmioc
pressure is




Q' = doru? s ol
- 30'u? (1 + 20). (5.18)

Then the ratio of q for a dust-laden shock vave of strength (' to that
for a shock in clean air of strength { is

Y
y e (1 +2v) %-(1+2b)g-\lé-, (£.19)
su

or

- (128) (550) (29) () - o

1at us nov digiess from our discussion of dynmmic pressure long
enough to examine the sffect of dust loading on shock strength (or
o‘nrm}-un). Forsel's sain interest in his treatment of dust-laden
shoc vas to obtain a relation between the strengihs of the same
shock in oclean and dust-laden air, ie, detween { and {’; %0 46 s0 he
equated the excess energies per unit volume (B = B') dehirs the shock

frout in each instance, thus:

et o) -2 -1)(¢ -1
(Lu—rls‘r-r——lot%zis-—la ('.21)

Por ehucks moving from clean into dust-laden air this reletion gives an
approximation of the shock strength, (', in Qusty air, any reflsctioc
of energy that might take place in passage from clean air to the dusty
asdium deing neglected.

One might instead equate the energies gained by the matarial in a
unit volume of the medium ahead of the shock in passing through the
ehock froat in each instance, is, E/9 = E'/y' -- or altermatiily, the
energy gains per unit time per unit area of material passing through
the froant, EU/9 = B'U'/v'. Resulta obtained using the riret of theee
squations differ only slightly from those cbtained uaing By 2.21, dut
results from the latter equation seem intuitively unreascssbls in that
¢ would de greater than { .

If wvo ocould actually measure {, (', q, and Q' for a shook veve
traveling from cleaa into dust-ladea air, it would bde apropos to use
I P.21 to evaluate y in By R.20 for oomperisca with dyusaie pressure
ratios derived from experimentally msesured values. Bowever, aa ax-
perimatal check of these relations is poesidle that doss mot depend
om scuating tho excess energies. If we set { o (', Iy B.20 permits
us %0 predict the retio of ' tbrnms;l.dumto‘hchunr

.
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for the same shock strength. This ratio can then be compared vith the
ratio of the dynamic pressure measured in the precursor to that calcu-
ht«; for clsan air from the measured overpressure (c¢f Ch 1, Table
1.11 *

If ve set ¢ » ¢{' in Bq BE.19, we obtain

) ) o

This ratio has an upper limit that depemis only on ¢ as the dust
density becomes increasingly larger, for

Lays2 $24 . (5.23)

be

Yor & { of 2 to 3 (the rangs covered by messurements in the precursor)
values of y are presented in Table E.1 for various duat densities.

TAKLE E.1 - Dynamic Pressure Ratios for Various
Dust Densities and Shock Strengtha

) 4
J e X LS b= 10 Pae
2] 190 2.28 2.67 2.90 3.20
3} 2.00 2.8 2.98 3.25 3.60

These values of y are to bde compared with thoee determined experimen-
tally (Tedle 1.11, Ch 1). For mesasvremsnts oa Bwts 10 and 11 theee
ratios could Us said to de in rough agisemest with those calouleted
se determined from measurements Xy gage
O0F0. KNovever, ratinos Jased on mrasured valuss are in geperul same-
vhat greater than those caloulated nere. )asured q's from gage 00FNO
and from the two gages on Shiot 1 are much higher than are predicted
from this simple theory.
8ince this thecry involves a treatmsmt of oonditions at the shook
front only, and since in the precursor energy might be expected to feed
into the precursor from the highsr-pressure regions above it, (uilita-
tively it might de anticipated that this aisplified approech would give
low predictions. There are two other possible reeasoms for thie dis-
orepancy, bowvever. It may be that the msasured q's are mot ec"'est or
that the &uat actually registere vith a cosfficiemt of more thas oms.
T underestand detter the phencmsca ocbeerved, these questioms vill have




to be resolved. An analysis of how much energy is fed into the precu:
sor is in onler, but it {s certainly beyond the s~cpe of the simplified
apprvach used here.

E.3 CONCLUSIONS

An outline for the deri{vaticn of shock relationa for dust-laden
shock waves has been presented; the derivation is wnalcgous to that
used for shock waves in clean alr. Althicugh these relations apply
only to the shock front and are subject to several limiting assump-
tions, they may be used, with the assumption that duat registers as
lpdug, to calculate dynamic pressures for given shock strengths and
dust densities. <hen the theoretically calculated ratios of dynamic
pressures for dust-laden shock wvaves to those for clean air vere cum-
pared vith the ratios measured on Cperation UPSEOT-KNOTHOLE, it vas
found that some of the measured ratios vere in reasonable agreement
vith those calculated by assuming dust densities of the order of 0-5
times the air densities. On the other hand some of thoc measured
ratios were much higher than could be predicted from thic simplified
theory. Several possible contributory factors to this discrepancy are
advanced:

1. Energy fed i{into the precursor fram aigher-pressure
regions above could increase the dynamic pressure
behind the shock front. This energy feed almost
certainly takee place to some degree, but howv esig-
nificaut it is is not known.

2. The excessively high ratice meesured by several of
the gages nay be grossly in error. MNore measureaents
are needed to clarify this point.

3. The duat may register as nouz. vhere n is greater
then 1. Rather elementary theoretical considerations
of the mechanics of dust propagation would, hovever,
lesd to the feeling that it {s unlikely that dust
registers vith a coefficient appreciably srsatier than
one axcept for very low duet densities or large par-
ticle sizes.

UNCLASSIFIED

[~ "V




l.

9.

10.

REFERENCES

Capabilities of Atomic Weapons, Department of the Army Technical
Manual T 23-200, Revised ed, Octobder 1, 1952 (Secret)

Courant, R. and Friedrichs, K. O., Supersonic Flov and Shock
Waves, Interscience Publishers, Inc., New York, J@IE, PP 120=131

Penney, 4. G., and Pike, H. H. M., "Shock Waves and the Propa-
gaiion of Finite Pulses in Fluids,” Reports on Progress in

Physics, 13, 46 (1950)
Chandrasekhar, S., On the Decay of Plane Shock Waves, Ballistic
Research Laboratories report g}, 1963 lﬂmmuiﬁas

von Neumann, J., Progress Report on the Theory of Shock Waves
National Defense Research Comaittee report Ogb_-mm_’
(Unclassified)

von Neumann, J., Oblique Reflection of Shocks, Navy Departmsnt
Bureau of Ordnance Explosives Research report No. 12 (BuO-ER-12),
October 12, 1943 (Unclassified)

Polachek. ., and Seeger, R. J., Regular Reflection of Shocks in
Ideal Gajes, Navy Bureau of Ordnance Dxplosives Research report
No. 13 [B.Z_ER-13) February 12, 1geék (Unclassified)

Porzel, F. B., Hefght of Burst for Atcmic Bombs, los Alamos Scien-
tific laboratory report LA-1400 (to be published); Theoretical
Blast Curves (draft copy), J-17837 (istter), May 25, 1953;
Theoretical Blast Curves (dnﬁ copy), J-1970% (letter), August

- cret,

Aronson, C. J., et al, Free-Air and Ground-level Pressure Measure-
nents, Operation TUMB repo - , November cret,

Shelton, F. d., The Precursor, Ite Formation, Prediction, and
Effscts, Sandia Corporstion report A

S e \Nm‘_.S\f

R s
e et : I‘_.

, ~ %




13.

lh.

15.

16.

17.

18.

' 19 .

20.

21.

23.

Cook, T. B., and Karmermeyer, K., Sandia Laboratory Shock-Gauge

Evaluation Tests, Operation TUMBLER-SNAPPER report WT-505,
October 2, 1952 (Confidential, RD)

Covan, M., Jr., Shock-Winds, After-Winds, and Changes in Air
Temperature Resulting from large Atomic Bursts Near the Earth's
Surface, Operation IVY report WI-603, May 1953 (Secret, RD)

Liepman, H. 4., and Puckett, A. E., Ae amics of a Compressible
Fluid, John 4iley and Sons, New York, 1947, pp 25-27

Northrop, P. A., Instrumentation for Structures Program, Part II,
Operation GREENHOUSE report WI-10, August 1951 (Secret, RD)

Rollosson, G. W., Test Procedures and Instrumentstion for Projects

l.lc-1, 1.1c-2, 1.14, and 1.4, Operation UPSHOT-XNOTHOLE report

#1-787, December 1953 (Confidential)

Morris, W. E., Alr Blast Measurements, Operation UPSHOT-KNOTHOLE
report WI-710 (Secret, RD)

Fons, W. W., Blast Damage to Coniferous Tree Stands by Atomic

losions, Operation UPSHOT-KNOTHOLE report Wr-731, January
%955 {Confidential, RD)

Swift, L. M., Air Pressuve vs Time, Operation UPSHOT-KNOTHOLE
report Wr-T11 {Secret, RD)

Cook, T. B., and Richardson, H. N., The Response of Wiancko L
to Dust-Laden Shock Waves, Sandia CuTvoration Technical Memorsndum

¥o. 168-53-51 (Re? sym 1'9"35-3-(22)), September 14, 1953 (Confi-

dential)

Shelton, F. H., and Broyles, C. D., Nev Pressure-Distance Data
for lov Heights of Burst and a Height-of-Burst Chart for Dynmaic

Pressure in the Precurzc: Region and for a Surface Detonation
Bandia Corporation Technical Memorandum No. 132-53-51 (Ref sym
1925-3-(14)), Augus: 18, 1953 (Secret, RD)

Summary Report on [lagnostic Measurements (W. E. Ogle, Bd), Oper-
ation TUMBLER-SNAFPER report WI-550, November 1952 (Secret, RD)

Porsel, P. B., Blast Measurements, Operation TUMBLIR-SNAPPER re-
port Wr-556, August 1952 (Secret, RD)

Church, P. K., and Valentine, J. W., Densi for Alr Shock-
Wave Nesasurements, Sandia Corporation report 8C- ), Octobder

15, 1357 (Uoclassiried)

UNCLASSIFIED _-sommiasesaiimemses.
R —————

s aaaaad

nalhl . .-




Jo.

3.

3.

3.

UNCLASSIFIED

Shreve, J. D., Jr., Air Shock Fressure-Time vs Distance for a
Tover Shot, Operation UPSROT-KNOTHOLE report WI-:12, August 1954

‘S’!\.Nt RD)

Foushee, F. C., Sound Velucities Near the Ground in the Vicinit
of an Atomic Explosion, Operation UPSHOT-KMOTHOLE report WI-;70.
Decemdoer 1953 {Confidential, RD)

Church, P. K., A Differential Pressure Type g-Tute, Sandia Corpo-
ration report SC-3123{TR), November 23, 1953 (Official Use Only)

Broida, T. R., et al, Alr Temperatures in the Vl..lnitz of a Nu-
clear Explosion, Operation TUMBIFR report WT-942, September 1,
1952 (Secret, RD)

Mcloughlin, R. C., Sound Velucity Changes Newr thie Ground in the
Vicinity of an Atomic =Xploslon, Operstion TUMBLER report WT-Sbo,
March 1943 (Secret, RD)

Vuaigan, 5. J., "The Jiancko Afr-Pressure Gauge,” Appendix B to
Preasure-Distance~Heysht Study of 250-1b TNT Spheirvs, Operation
TUMBLFR report «T-520, March 13, 1953 (Secret, RD)

411liams, M., "rlectivkinetic Transducers,” Rev. Sci. Inst., 19
ob0 (October 1348)

Blealuwy, W., #etmer, D, K., and Fletcher, C. H., "The Shock Tube:
A Factlity for Investipgation in Fluld Dynamics,"” Rev, Sci. lunst.,
20, 807 (Cctober 1949)

Fluid Motion Panel, Mxern Developments in Fluid Dynamics, Vol II,
Oxford University Press, London (1938) r

Clauert, H., The Elements of \wrofell and Alrscrev Theory (2nd
ed), University Press, Cant-idge (1948)

Lamb, R., Hydrodynamics (oth ed), Dover Publications, Nev York
(1932)




I

[

~ & s

8- o

u- 1

- 1
21

3
<

»Nn-n
».
»-n

n

1

n

»

”

¥»-

L
L ]

UNCLASSIFIED

DISTRIBUTION

AR ATIVITIIS

Aset. Chtef of Steff, 1.V, T 4, Veehingte 2%, D. .
AT lep. o ie ) (R )

Aset. ‘nBtef of Steff, i-e, I 4, Weenligtan %, D.C.

Mtef of Crdnance, D A, Yeehingtur J4, T . ATRY
URDTT AR

htef Stgnel Cffeer, O A, PO Tivieten, Vashingtos
M, DL ATTe: slXP

The Surgeesa enersl, D 4, Veehingtam 9, J.°.
htef AAD Divietem

Jatef Jdewicel OfTiier, T A, Vearingtom 4, T

T™he quai lermmeter enerel, n. LW teun Cfllcer, Io
search and Twvelejment tv., T A, Veenl:gt.w. [, D °

Rief of Brginesre, D 4, Weahirgtlan %, 2.0, ATTR
o

Shlef of Trenspertetiam, Miltte-y 'lant ing arvd latel-
ligense Div . , Veerlngtwm /o, 7

Jalef, Arwy Tie.d Porces, PU

S\

ATTR:

wnree, Ve.

Proctdamt, Raard €1, V2P, PX. Prega, B

Presiémat, Pasrd #5, OATT, X, Pouning, i@

Procisamt, Beard fs, NAF¥, P Plles, Tea.

(omanding Joreorel, I".7. armyp ‘eritieaa, Fr.
T2 ATE w0

Jammanbdor-in-def, Por Beet ..
San “Teasloece, .ollf. ATTW a4 (B, o

Commading wnerel, U'.3. Aray Bureje, AFO '), ¢ v M,
Sow Tora, 1. 7. ATTR (XY Tiv., ‘cahat Jwv. B¢,

Cummadent, Samecd sd enerel Meff Jollege, M.
Lesvenwsrid, Kan. aTTE  all d(ad)

Commadast, The A7Siliery Sadkesl, P*. 81LL, Cule.

Sssrvtary, The AMMDI Bruneh, The artillery Svhesi,
. Rllee, Tes. ATTR: L8, Cal. Alders D. Bpley,
Duga. of Taetice and Coudiland Aras

(ammading Jenarel, Nsdlosl Flold Servies Sedas),
Brestn Arag Wedierl Jsater, PN, Jam Boweten, Tes.

2irester, Sreeiel Veapmme Development OfTles, M.
Dites, Twm. ATTR LL. aTWwr Joctlerwy

comadest, Aruy Madical Serviee Jreduwate Serael,
Velter Bosd Avuy Wedicel ‘entar, Yeskingtam 29, D.0.

saedar,

d, AFO AV, ¢ o MM,

P@eriatentens, T.6. Rilitery acodouy. Weet Polat, B.T.

ATTE: Pref. of Ordasase

{omnadest, Damicel Jarps Sebeel. Danlcel Jorpe
Treiaiang ‘emanad, FA. Rallellan, als.

coammading Jemsrel, Messared ond Daglasertng . ommmad
srag habicel Jemter, M. ATIE Dupuiy for T ond
Tea-teste Mterial

Comnad ing Jenarel, Adecdesa Previag Joemnde, M.
(lamse cavulope) ATYE: 1D lamtrel Officer (ler
Jtreeter, Balilotice Bnesared loberetery)

{ommanding Jensrel. The Dagitaser Jenter, Y. Beivelr,
VYo. ATTE: soet. [oumunient, Ingleser Sedesl

Jommading 0CTioer, Duglaser Bossured snt Soveleph ot
Laberutory, Ft. Balveir, Pu. ATIE atef. TweAntesl
lstelligemnse Dreash

commaliag fTieer, Plestiong ’ resrel, Dovre, 0 0.
177N OPED -TX

Commanding OfTiesr, Aruy Mullosl Doseared leabaretery,
n e, Q.

commaldiag OfTicer, "hamisel Carpe Choni ol ont Budio-
lagloel Labereiary, Aruy “amicel {wter, M. AT
Teed. Lideery

Comandiag OfTlear, Trenspartiation BAD Medlam, ™.
Dastie. T,

Jrestar, Teshaliel Desvmmnte .wster, Pvane Signel
SIS LE7, Jlaar, 0.0

Dlrestar, Yetorvase Rsguriaent Motiam. PO Bus 031,
Vichobuprg, Bive. ATH  Libveery

Corw

- o]

ry

Tirector, Aresd Torves | vuuu of Petholugy, "\ and
Indeponience svenus, .., bashingt.w ™, J. .

Directoe, Crerstions Rsesench ffice, .. hne Beritre
~iverstty, ‘1N “nnesticut ave., Nevy hese, WM.
AT ltbeery

TocAntaal Inforwstien 3ervice, (ud Ridge, Team.
(Suwryiue)

AT ATIVITIS

Mol .f Nevel Mperetime, W, Veahlagtem /4, .0,
ATTE P-w

‘nief of Vavel Cyervtiens, U
s BN SERSYTN Y

Tlrevter of Yave. .rtelllgence, D B, Veahligtlur %,
IR St RS SR NA |

Nief, Mseen of Madleine ond Purgery, O ¥, Veshingtam
SN 2.0 ATTE: spedlial Veapens ODefunes Div.

Dtef, Ireen of Ordneane, D V. Veehingtes 49, D.J.

Chlef, Puresu of Bhipe, D W, Yechingtem 7, J.0. aTTW:
Sabe YoB

Shief, Buress of Terde sad Devde, D %, Vesdingtem 29,
9.0, ATTH: D9

SRief, Puresy of Pupyllee ond secommte, DV, Vesding-
tem 2, 2.0,

Chle., Duress of Asrwmantics, D Y, Vesdingtam ¥, D.C .

Chlef of Deval Dessarch, Departamatl of We Bevy
Veshingtam 14, D.0. ATTE: LT{:q) 7. Melne, (W0

Commadar-la<tief, U'.3. Pediflc Flost, Piemt Poet
Office, Sea Prancisee, Jollf.

Commader-1a-Chief, C.80. Atlamtile Plast, U.0. Bovel
Buse, Berfels i1, ¥s.

Commedast, U.8. Wartas Jearpe,
ATTR: Cote a0

Preoctéons, U.0. Basul Yer Uollege. Dewpars, B 1.

Spuriatonient, U 8. Nevel Pens@ebnte Biaml,
Temtearey, Jollf.

Commaoding OfTloar, U.0. Kevel Sabhusie Jummmnd, U
Sevel NMetlan, Trenewvw lsland, Sea Premsicse,
vellf.

commnading Jffleer, U.9. Fioot Tvuining Joater, Bevsl
Sese, Barfeld 11, Ta. a™R: Fpueilal Vespene Schewi

commnding 0fTlear, T.4. Flest Training Jeates, Beve)
Metten, Soa Dlage ¥, Jallfl. a®™W: (3P Debesl)

Jommeding CvTiser, ALr Jeveloguant Spwadsem 9, 1.9,
U.9. Spval 4%r SRatian, BDafTert Pleld, eltf.

{ommading MTieer, UV.0. Pevel Jusmge . entrel Tvelalag
‘oster, Bovsl Dase, Milsdsijatle (2. M. aTYS: A’
Sefenes ‘euwree

Commnding fTlear, T.5. Baval N1, JDemisel arye
bekonl, Arup Danisel Trelning Jenter, Y. Wallellea,
ale.

Jolat hdln Parve Poard, Marine Barvests,

3, Yeakington 2%, D.. .

Yeshingtem #. B.0.

. Seval Grésness lebaretery, Sllver
Sering 1!. - AT: B

Jamusder, T 8. Dowal -h-o m Niver
Syring 19, M. 2TW: B

(ommadar. T 1. Sevul Ovdnanse Laberetery, ou-r
Spring l¢, M. ATTR 9

Commeger, U 3. Secsl Ovémsase Test Mu—. 1 apotars,
“Nias leas, slif.

OfMier-tn-Narew, T.9. Baes] Civil Bnginsering Des.

e .9 Bevsl ‘wetrtie Dol

Dubiesms, volll ATTS . wfe ™%

o T 2. Toeul Wmdice] Buosarid Jeev

LILY
IR

\\N




retary, Yeshingtam

* Cemmading Uffiser ead Director, U'.5. Wevy Elestremies
Lederetery, Sea Diego 32, Jelif. ATTE. lede &2}

Cemmanadiag 0ffleer, U.3. Beve! Bediaiogicel Jufence
Lederetery, Seaa Pransicee ie, Jalif. ATTE: Teshaleal
Informstion Divielon

Cemmandiang Off1:er and Direster, Jevid V. Tayler Nedal

Beolx, Vesdingtam 7, D.J. ATTV liwery
WX Commander, U.§5. Baval Alr Develogmeat Jeater, JeAne-
ville, Pu.
W1 Direster, CfTf1:¢ of Bavel Mocar-d reasd 2fflse, 100
Jeary 64., Saa Prueasiese, Cealif.
Teakalsal {nfermatien Servies, Oak Ridge, Twsa.
(Swrpius)

AR FOKCE ASTIVITIO®

Aset. for Atemle Baorgy. Beadquartiare, ('SAF, Veading-
tea &, D.C. ATH: X300

111 Direstar of Oyerstians, Beedquartere, COAP, Vesdingiem

£, D.C. AYTE: Jparstions Ass.vele

112 Direstar of Mane, Boadqustere, (SAP, Veshiagtea 9,

2.0, ATTS: Ver Plams Div.
WU Direster of Decsarsd end Jovelicpmmat, Rendquartars,
TRAS, Yeshiagtes J9, D.7. ATIW. ‘ambet . enpemsate
Div
Jrester of [ntelligmes, Ivadqueriare, UBAF, Veaking-
tea 29, D.C. ATTN: AJOIR-LOS
116 The Durgeen Jeasrsl, Dosdgusriere, (UAF, Veshingtem 29,
2.0, ATIN: Dle. Deof. Wr., Preo. M. Div.

LT Acet. Jhlef of Stwrrf, [2telligease, Boedquartare, T.8.
Alr Parees Dreye, AJO 8}), ¢. & M, Bow Ters, B.7.
ATIS: Alr Intelltscase Dreasa

us ¢ dor, SVTRA Roe 1 Toshaicsl Squdres

9

f

{Augnented), AFO &)}, s.0 M, Bow Tory, B.7.
Cammabar, Tor Bast Alr Poveses, AFO W), ¢. 0 M, Saa
freasloee, Uelif,

LV Jemmmader, tretegle Alr Cammaad, OfNtL Alr Ferve
Sase, Cmnda, Bebrucia. ATTE: fSpesisl Yeapans
Brened, Inspeetion Jlv,, [sepester Jemeral

121 Cremmnder. Tediltel aLr Cemmnnd, lLeagley APD, Ve.
ATTE: Desvasate Seewrity dreasa

W27 lemmmader, Alr Defense Jammmad, But AFD, Jele.

Commander, al7r Naterisl .aamand, Yright\-Petlareen AP,

Sayten, O. ATIS: WaAIDS

Y Cammeter, Alr Tvelai.q cenmand, Boett AFS, Bellerlle,
1lL. aTT8: XY O P

1L Cenmsader, Alr Bececarch ond dJovelopumes Commnd, O
Pas 13VA, Baltimare, M. ATY: KXB

" lemmsader. atr Preving Jrewd Jemmnd, iglla A9,
Pla. ATTE: 43790

Cammmader, Alr (mivereily, Maswell AFS, Als.

NI Jemmmmicy, Plying Treining ALr Porve, Vess, Tes.

ATTS: Sirestier of Ceerver Trelalng

13 lemmader, Jrev Treining alr Peres, Bendelpa Fleld,
Tem. aTT® A, Q30

U9 Jemmcder, Seadguarters. Tweanlssl Treialng ilr Paree,

Ielfpart, Rise. atT™8. Ta0D
lammusdert, Alr Perse Gchenl f Avistiien Mudlsiae,
Bends.gh AFD, Tea. :

-8

*e

_—
-

- A e Sum . Pupese

==

PR L

8

189
101V
v
1%

1%
1.0

158-10a

170-1™

1%

10318

-1

19319

i9%-190

218

ni-ns

ns-ar

Conmmnder, Vright Alr Develepment Jenter, Yrignt:
Pettareen AFS, Daytaon, 0. ATTY: wEBP ‘
Commander, Alr Torve Jembridge Beeearch Cemter, 230
Aibeny Jtreet, Jenbridge ¥, Mase. ATTH: OB,
Atlasle Varfere Direatarste
Semmsnder, 41r Ferve lembdridge Becsared Ceaster, 2%
Albany Street, Cambridee 3. Mese. ATTS: JMQAT-2 -
commender, Alr Faree Specis. Veepeas Coater, Tirtlend '
AV, §. Mea. ATTR: liwrary
cammanrdant, (B4 Inetitute «f Teshaslegy. Yright-
Pettorsen AT, Dugytex. 0. ATYS: Besideat Callage
ceommader, Lowry AV, Jemver, Jele. ATIS: Departasst
of Areament Trelaing
Cemmader, 1X2 Spocial Veapane Squedrea, Bned-
Quarters, (3AF, Vashingtea 39, 2.0,
T™he MIET Carparstion, .00 Mals Ftreet, Saste Mealss,
Jeltf. ATTE: Ruslear Baevgy Divislen
Toshaieal afermstian Service, Oumk Ridge, Tam. Owplws)

oI BADEIT & ETENE ATTVITIES

Aset. Besretary of Defenss, Boccarvh end Deeslapment,
27, Veaaiagtea M, D.<.
U.3. Betienal Nilitary Bejressatetivy, Beadquastare,
SRAPE, AFC Y9, t & NI, Dov Tark, 5.T. ATTS: Car
J. P. Bealy
Directar, Veapens Oyervams Tvelwstien Oveg, OND, I»
7AL0¢, Peatagen, Vesdisgten 29, D.C.
Aset. fer Clvil Defusse, OED, Veshingtea
Arusd Sorvices Rplesives Ity deard, 2
Wildizg T-7, evelly fetat, Vashiagim 5, D.C. ’
Coumaadast, Arend Perees Staff (ellage, Burfeld L1,
Ya. ATTH: Bearetary
Comaniing Jmerel, Pield Command, Arwnd Perees Opo-
elel Veapeme Prajeet, MO Dam 3100, Aldwguerqws, §.
s .
Qef, Arast Nerees Spesaiel Yeapens Pryeyest, O b
2010, Yeshiagtea 13, B.C.
Camanding sensrel, Flold Cammand, Avasd Ferese
Speeial Vempes Preject, O Bes 100 Alduguergws,
Bow Nas. ATTV: Teed. Treiring lrew .
Teshalesl Iaferuntion Servies, Oa) Ridge, Tems.
(Gurplus)

. B.C.

ATGET EEBOT COSQUSION ACTIVITIED r

U.8. Avenie Busrgy Comniosion, Closoiflied Teshaisal
Lidtewry, 190! Canotitutlon Ave., Yeshingtea ¥), B.C.
ATH: Wre. J. N. O'Leary (Per BB)

Los 4leanse Selemtifie loduretery. Sepert Libwwry, M
Ses 106), Los Alamme, §. Mus. ATYN: Delen Potma

Sentie Carpereiien, (laseifled Jmeumment Divisiem,
Seatle Doos, Alnguarywe, . Mus. ATH: Watia
Lusere

Oaivereity ~f Callfernis Dadilstien Lodaretery, N b
08, Livermpre, Collf. ATTR: Nargaset Béluwnd

Veagma Dets Sestim, Teshalesl Infwruntiien sarvies,
Oud Dibge. Toma.

Teshaien (aforustion Berviee, Gud Ridge, Twma.
(Pwrpins)

UNCLASSIFIED o
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Defense Special Weapons Agency
6801 Telegraph Road
Alexandria, Virginia 22310-3398

OPSSI MAY 8 198

MEMORANDUM FOR DISTRIBUTION

SUBJECT: Declassification Review of Operation UPSHOT-KNOTHOLE Test Reports

The following 90 reports concerning the atmospheric nuclear tests conducted
during Operation UPSHOT-KNOTHOLE in 1953 have been declassified and cleared for
open publication/public release:

WT-702, WT-703, WT-705, WT-709 thru WT-711, WT-713 thru
WT-719, WT-721 thru WT-742, WT-744 thru WT-746, WT-749 thru WT-755, WT-757
thru WT-761, WT-763, WT-764, WT-766 thru WT-781, WT-784 thru WT-787,
WT-789, WT-790, WT-792 thru WT-796, WT-798, WT-801, WT-805, WT-808, WT-
809, WT-811, WT-812 WT-814, WT-817, WT-820, and WT-822

An additional 6 WTs from UPSHOT-KNOTHOLE have been re-issued with
deletions and are identified with an “EX" after the WT numbey. These reissued versions
are unclassified and approved for open publication. They are:

WT-745. WT-747, WT-802, WT-810, WT-825, and WT-828

This memorandum supersedes the Defense Special Weapons Agency, OPSSI
memorandum same subject dated June 11, 1997 and may be cited as the authority 1o
declassify' copies of any of the reports listed in the first paragraph above.

TThube

RITAM. METRO
Chief, Information Security

DISTRIBUTION
See Attached





